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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Electrochemical remediation of real 
polluted marine sediments at low elec-
tric fields. 

• Low electric fields allowed to simulta-
neously desorb, mobilize and degrade 
PAHs. 

• Low electric fields are not appropriate 
for the remediation of Hg and As.  
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A B S T R A C T   

To date, remediation, protection, and restoration of contaminated sites is a global concern. The current tech-
nologies to restore sediments characterized by heterogeneous characteristics, several pollutants, fine grains, and 
low hydraulic permeability are poorly effective; hence their remediation is still challenging. A promising 
approach for the sediment’s remediation could be the electrochemical route since it is a not-expensive, effective 
and noninvasive in situ technology. Electrochemical remediation (ER) is commonly studied under relatively high 
electric fields (E ≥ 1 V cm− 1) and using costly processing fluids in a three compartments cell aiming to desorb 
and transport the contaminants into the processing fluids (secondary dangerous effluent). In this work, 
contaminated marine sediments were electrochemically treated focusing on the insertion of electrodes directly in 
the sediments and adopting, for the first time for real sediments, low E values (≤ 0.25 V cm− 1) for 4-days period. 
It was observed that PAHs can be simultaneously transported and degraded in situ preventing the production of a 
secondary dangerous effluent and reducing the energy consumption. Firstly, clay marine sediments dragged from 
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Capo Granitola Coast (Trapani, Italy) spiked with five PAHs congeners (5PAHs), Hg and As were used as a 
simplified model matrix and treated to simulate a real case study. A total PAHs removal efficiency of 57% was 
reached after 96 h of treatment under 0.05 V cm− 1. Then, real polluted marine sediments from Augusta Bay 
(Syracuse) and Bagnoli-Coroglio Bay (Naples) in the southern Italy were treated as real contaminated sediments 
to be restored, to validate the proposed approach for real cases. A quite good removal efficiency of PAHs was 
reached after 96 h of electrochemical treatment coupled with a low energetic consumption due to the rather E 
values adopted. In addition, it was observed that this approach, under the adopted conditions, is unsuitable for 
the remediation of Hg and As.   

1. Introduction 

Over the last decades, the contamination of marine sediments due to 
human actions has been one of the most pressing environmental prob-
lems. Many polluted sites worldwide are present because of improper 
management and accidental spills of dangerous chemicals (Chen et al., 
2018; Gereslassie et al., 2019; Huysegoms and Cappuyns, 2017; Ronchi 
et al., 2019; Song et al., 2018). Based on the pollutants in the environ-
mental matrices, the Italian government has identified 39 Sites of Na-
tional Interest (SIN) (MATTM, DM 2013), namely areas requiring 
immediate restoration due to the high level of dangerous pollutants, 
including Pb, As, Hg, and recalcitrant hydrocarbons, such as Polycyclic 
Aromatic Hydrocarbon (PAHs). As an example, marine sediments of the 
Bagnoli-Coroglio Bay (Naples) and Augusta Bay (Syracuse) were iden-
tified as SIN due to the severe state of pollution caused by almost 140 
years of industrial exploitation (including production of cement, steel 
and fertilizers, chlor-alkali plant, crude oil refining) (Armiento et al., 
2022; Buccino et al., 2022; Romano et al., 2018, 2021). To date, 
handling actions for polluted marine sediments include low-efficiency 
techniques requiring treatments with serious impact on the environ-
ment, need a long time, and are expensive. Moreover, currently used 
technologies are extremely invasive, leading to a low-level of a social 
and environmental sustainability (Rosestolato et al., 2015). For 
example, phytoremediation treatments require extremely long remedi-
ation time, due to the slow hyperaccumulation process for the removal 
of contaminants, which is unsuitable for the applicative scale (Han et al., 
2012; Muscetta et al., 2023). In bioremediation, there is a low mobility 
of the microorganisms, and their metabolism can be inhibited by the 
pollutants’ toxicity. In leaching, a huge amount of secondary pollution is 
generated, which must be disposed and treated properly (Han et al., 
2012). 

Among the other strategies, a prominent approach to remediate such 
contaminate sites characterized by low-hydraulic permeability, fine 
grains, heterogeneous conditions and miscellaneous of pollutants 
(Sharma and Reddy, 2004) is the electrochemical technology (Reddy 
and Cameselle, 2009). Electrochemical remediation (ER) presents sin-
gular benefits (Acar and Alshawabkeh, 1993; Reddy and Cameselle, 
2009; Zanko et al., 2020) including:  

- adaptable technology as ex-situ or in-situ method to transport and/or 
convert or extract contaminants which are difficult to recovery by 
other means;  

- environmentally friendly methods which avoid the usage of not 
ecofriendly solvents or enhancing agents;  

- manageable design and application in real polluted sites the field; 
- simple integration with other process, versatility, noninvasive tech-

nology and amenability to automation;  
- low-cost for the simple needed equipment and could allow to 

mineralize organics with lower power costs with respect to conven-
tional methods. 

Moreover, empirical evidence reveals that traditional remediation 
techniques, including chemical oxidation or soil flushing, are poor 
effective in low permeability soils and sediments because of their low 
permeability and their high sorption capacity (Ferrarese and 

Andreottola, 2010). ER technologies are adaptable and practicable for 
various pollutants and sediments/soils, mainly for low-hydraulic 
permeability clays enclosing adsorbed and/or solubilized chemicals 
(Saini et al., 2021). 

A difference of potential between two or more electrodes was used in 
the ER to induce a gradient electric field (E) in the polluted sites. Under 
gradient E, electroosmosis, electromigration, electrophoresis (motion of 
water, ions, and charged particles, respectively) and redox reactions 
were induced into the sediments (Acar and Alshawabkeh, 1993; Reddy 
and Cameselle, 2009; Zanko et al., 2020). In the case of electrokinetic 
(EK) under low values E (namely also electrochemical geo-oxidation 
(ECGO) or EK at low potentials) (0.0025 < E < 0.25 V cm− 1) other 
than these four mechanisms involved in the high relatively E (≥ 1 V 
cm− 1) (Malarbì et al., 2015; Wen et al., 2021), an additional degradation 
mechanism was observed, via redox reactions at the micro-scale (Reddy 
and Cameselle, 2009; Zanko et al., 2020). Even if, the mechanism of this 
last route was not completely clarified, it was demonstrated that under 
suitable conditions, the use of low E values can increase the minerali-
zation of organics in the soil (Proietto et al., 2023; Zanko et al., 2020). 
Particles of soil would serve as ‘micro-conductors’ and moist soil as a 
‘diluted’ electrochemical solid bed reactor, where redox reactions might 
be promoted on or near the particles of the soil (Rahner et al., 2002; 
Röhrs et al., 2002), theoretically leading to the conversion of part of 
organic pollutants to CO2 and water near the conducting surface of the 
particles (Sharma and Reddy, 2004; Zanko et al., 2020). 

The mobility of PAHs and heavy metals in low-hydraulic perme-
ability sites is typically low, resulting in low-rate processes remediation. 
Several authors investigated the removal of these contaminants 
(Alcàntara et al., 2008; Ammami et al., 2014; Colacicco et al., 2010; 
Falciglia et al., 2017; Iannelli et al., 2015; Lofrano et al., 2017; Malarbì 
et al., 2015; Pazos et al., 2010; Wang et al., 2012) aiming to transport the 
contaminants from the sediments towards the external compartments 
under a relatively higher E (≥1 V cm− 1). Among these authors, Falciglia 
et al. (2017) reported relevant results. This work reveals that the 
simultaneous use of an anolyte based on MGDA and Tween 80, as 
enhancing agents, under 1.2 V cm− 1 for 240 h resulted in a removal of 
both Hg and total PAHs up to approximately 60% using stainless steel as 
electrodes. 

Up to our knowledge, the ER of marine sediments from recalcitrant 
organic pollutants (e.g., PAHs) using low values of E (i.e., <0.25 V cm− 1) 
was explored mostly assisted by microbial activities (Chen et al., 2021; 
Huang et al., 2011; Li et al., 2017; Wu et al., 2018). Recently, a suc-
cessful demonstration of the ECGO with a high removal efficiency was 
reported by Zanko et al. (2020) for the treatment of polychlorinated 
biphenyls polluted sediments from the New Bedford Harbor (Massa-
chusetts) for approximately 1900 days. Moreover, EK/EGCO technology 
was investigated by Hsueh et al. (2022), also, for the treatment of 
metal-polluted soils (i.e., Cr/Ni) under different operative conditions 
(such as E gradient, process’ electrolyte and electrodes). More recently, 
Proietto et al. (2023) studied the ER of spiked kaolin with phenol using 
extremely low gradient E values (≤ 0.25 V cm− 1). According to that 
work, the proposed approach can desorb, mobilize and, also, in-situ 
degrade the contaminant with a total removal of up to 90% at 0.15 V 
cm− 1 in the presence of Na2SO4 into the kaolin and using compact 
graphite’s electrodes. 
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ER is commonly studied under relatively high electric fields (E ≥ 1 V 
cm− 1) and using costly processing fluids in a three compartments system 
aiming to desorb and transport the contaminants into the processing 
fluids, producing a secondary dangerous effluent which must be treated 
and disposed properly. Here, polluted marine sediments were electro-
chemically treated focusing on the insertion of electrodes directly in the 
sediments and adopting low E values (less than 0.25 V cm− 1) for 4-days 
period for the first time for real sediments. This approach allows to avoid 
the generation of a secondary effluent and minimizes the energetic 
consumption due to the low involved current. Also, more conventional 
operative conditions, such as E of 1 V cm− 1 and the presence of electrode 
compartments and electrolyte solutions, were used for the sake of 
comparison. In the first stage, a simplified model matrix to simulate real 
marine sediments was used. This model matrix consists of marine sedi-
ments dragged in the Capo Granitola Bay (Sicily region) spiked with 
proper synthetic mixtures of five PAH congeners (Fluorene - FLU, 
Phenanthrene - PHE, Benz(a)pyrene - BAP, Benzo(ghi)perylene - BPR, 
Indeno(123cd)pyrene - INP), named 5PAHs, and two heavy metals, i.e. 
Hg and As (CG-spiked). Hence, the effect of the ER under low values of E 
on the performances of the treatment was explored and analyzed 
regarding the distribution of each i-pollutant (Ci/C◦

i) and its total 
removal (R) from the sediments. Afterwards, to validate this approach in 
a real context, two real polluted model sites were electrochemically 
treated using a very low value of E. Real marine sediments dragged in 
the Augusta Bay (characterized by relevant organics and Hg) and 
Bagnoli-Coroglio Bay (characterized by relevant amounts of organics 
and As) were used. 

2. Material and methods 

2.1. Chemicals 

To set the moisture of the model marine sediments water HPLC grade 
(Sigma Aldrich) was used. A mix of sixteen PAH congeners (acenaph-
thylene, naphthalene, fluorene, acenaphthene, phenanthrene, anthra-
cene, pyrene, fluoranthene, chrysene, benzo(a)anthracene, benzo(k) 
fluoranthene, benzo(a)pyrene, benzo(b)fluoranthene, indeno(123cd) 
pyrene, benzo(ghi)perylene and dibenz(a,h)anthracene), and a mix of 
deuterated PAHs (AcenaphtyleneD8, PyreneD10, Benzo(a)pyreneD12) 
were used to fine-tune the GC/MS. A mix of five PAH congeners was 
realized ad-hoc in acetone, mainly Fluorene (FLU), Phenanthrene (PHE), 
Benzo(a)Pyrene (BPA), Benzo(ghi)Perylene (BPR), Indeno(123cd)Per-
ylene (INP), named 5PAHs and used to spike the sediment sample and as 
a hazardous model for organic compounds, and two heavy metals, i.e. 
Hg (supplied by Carbo Erba) and As (supplied by Fisher Scientific), as 
model inorganic persistent pollutants. 

Acetone (HPCL grade, Sigma Aldrich), and hexane (Pesticides grade, 
Sigma Aldrich) were used to extract PAHs from the sediment samples. 
Compact graphite (supplied by Carlo Erba-Reagents) was used as elec-
trode material. 

2.2. Marine sediments: sampling and characterization 

Clean clay marine sediments from Capo Granitola Coast, CG, 
(western Sicily, N 37◦33.895′, E 12◦39.626′ and N 37◦30.941′, E 
12◦33.263′), Italy, were used to be artificially contaminated with 
5PAHs, Hg and As. 

Real polluted marine sediments from Augusta Bay (Syracuse, 
southern Italy, N 37◦12.244′, E 15◦11.175′) and Bagnoli-Coroglio 
(Naples, southern Italy, N 40◦48.691′, E 14◦09.755′) were selected and 
used for their well-known contamination. After being dragged, real 
marine sediments were stored in a freezer for six months before their 
characterization. 

2.2.1. Spiking of clean marine sediments 
Spiking of real and clean marine sediment was carried out following 

the OECD Guidelines (OECD, 2007). About 500 g of clean sediments 
(CG) were artificially contaminated with 3 mL of 1000 mg/L of Hg(II) 
(standard for ICP/MS, CAS N. 10,045-94-0, supplied by Carlo Erba) and 
45 mL of 1000 mg/L of As(V) (purity 99,9%, supplied by Fisher Scien-
tific) standard solutions, respectively. After 2 h of homogenisation in a 
rotary vapor balloon, the sediment under vacuum was dried. After that, 
3 mL of 5PAHs mixture with a concentration of 1000 mg/L per each 
component was added. Following the previous procedure, after the 
homogenisation in a vapor balloon, the sediment was dried under 
vacuum. 

Finally, this aliquot of 500 g of spiked sediment was mixed with 
another 2.5 Kg of the same sediment and homogenised for 24 h in a 10 L 
closed rotary tank bottle. These spiked sediments were named “spiked- 
CG”. The artificially dried sediment samples were stored for 6 months at 
4 ◦C to maximize the contaminants—sediments interactions. Therefore, 
the moisture content of the CG-spiked was fixed at approximately 50%, 
to be close to the real marine sediments. 

2.2.2. Grain size method 
Horiba Partica LA-950V2 laser particle size analyzer was used to 

determine the grain size of Capo Granitola and Augusta samples. Data 
were subsequently processed using the HORIBA LA950 V. 5.20 software 
for Windows, which calculates statistical parameters and reconstructs 
the grain size distribution curves. 

Bagnoli sediments were analyzed using a mechanical vibrating 
shaker and an ASTM sieve stack at half-phi intervals ɸ/2, with apertures 
ranging from 2 mm (-1ɸ) to 63 μm (4ɸ). Data samples were elaborated 
with the “Fritsch Particle Sizer AUTOSIEB/A20” software. 

Geometric Wentworth classification (Wentworth, 1922) was used to 
categorize all the samples (logarithmic transformation (φ scale) with 
limits expressed in ɸ (ɸ = -log2d, d is the grain’ diameter, mm)), ac-
cording to the scale proposed by Krumbein (1934). Six independent 
replicate tests were performed for the grain size characterization of the 
sediments. 

2.2.3. Heavy metals determinations 
For total Hg measurements an aliquot of ~0.05 g of dry sediments 

was loaded in nickel boats and directly transferred into the DMA 80 
(Milestone_DMA-80 Tricell, Wesleyan University, Middletown, CT, USA) 
and analyzed following the US-EPA (7473) method. 

As determination in sediment was carried out using ICP/MS. The 
analyses were performed by previous microwave-assisted digestion of 
0.25 g of sediment (dried at 35 ◦C) with an acid mixture of concentrated 
HNO3, HCl and HF and with a solution of HBO3 (4%), nitric and hy-
drofluoric acids (EPA 3050b) and then according to EPA 6020 method. 
DISCOVER SP-D80 microwave oven (CEM Corporation) was used for the 
digestion of the mixture of acid and sample placed in a Teflon closed 
vessel (EPA 3052 EPA 3051A). Inductively Coupled Plasma with tech-
nologies in the Q Cell (by Thermo Fischer - iCAP-Q) was used for the 
quantitative determination of total dissolved metals. Quality control on 
Hg and As determination in sediment samples was carried out by ana-
lysing a Marine Sediment Certified Reference Material (PACS-3; NRCC, 
Canada) every ten samples to assess accuracy and precision (routinely) 
both for DMA-80 and ICP/MS instruments. Referring to Hg, accuracy 
and precision were estimated to be between 94 and 109% and less than 
7% (RSD% on 5 replicates), respectively. Moreover, samples were 
analyzed in duplicate to evaluate the reproducibility of sediment sam-
ples (<5%). Referring to As concentrations, the accuracy and precision 
within 94–106 % and less than 7% (RDS%, on 3 replicates), respectively, 
were estimated. Furthermore, duplicate samples were analyzed to esti-
mate reproducibility (about 94%). To determine the heavy metals’ 
initial concentration level (namely, C◦

Hg and C◦
As), ten aliquots of each 

sediment (CG-spiked, Augusta and Bagnoli) were measured. 

2.2.4. PAHs determination 
The concentration of PAHs of real marine sediments of Augusta Bay 
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and Bagnoli Bay was evaluated GC/MS. The concentration of the PAH 
congeners in surface sediment was performed using: a microwave probe 
a microwave probe (HD, 2070 SONOPULS get by Bandelin, Germany) at 
high-frequency sonication treatment with 20 kHz pulse frequency (ac-
tivity 0.7 s (ON) – inactivity 0.3 s (OFF)) directly immersed in a glass test 
tube containing 0.5 g of dry sample and 3 mL of a mixture of hexane: 
acetone (80:20 v/v) for at least 10 min with an 80% of the power. Then a 
spoon of Na2SO4 anhydrous was added in the test tube, agitated with 
vortex for 1 min, and at the end, a solution was separated by sediment 
using a centrifuge at 3000 rpm. 

The extracted solution was purified (EPA 3630C method) using SPE 
FLORISIL 200mg/3 mL cartridge, the eluted solution was dried by a 
multi-vapor (get by BUCHI), and the residual was re-dissolved in 1 mL of 
n-Hexane with 200 μg mL− 1 of PAH-mix9 (internal standard deuter-
ated). The detection of PAH was performed by GC/MS in SIM Mode, 
following the EPA 8270D method. GC was equipped with a DB5-MS (30 
m × 0.25 mm x 0.5 μm) capillary column. The GC/MS was set as follows: 
injector in split-less mode; T = 280 ◦C; volume injected: 2 μL; oven 
temperature T = 60 ◦C for 4 min, T = 270 ◦C at 10 ◦C min− 1 (hold for 5 
min), T = 340 ◦C at 20 ◦C min− 1 (hold for 5 min). 

The recovered contaminants achieved (>90%) were satisfactory for 
the aim of this work. 

2.2.5. Moisture and organic content, specific gravity and pH 
ASTM D2974-14 method was followed for the moisture and organic 

matter determination, ASTM D854-92 method for the specific gravity 
Sediment pH (ratio sediment/water of 1:5) was measured by applying 
the ISO 10390:2021. Checker® pH Tester (HI98103) HANNA® instru-
ment was used. 

Soil buffering capacity measures the capacity of the solid to hold out 
an alteration in pH. The acid titration method was used to evaluate the 
acid buffering capacity. In particular, the initial pH of a suspension of 
sediment/water 1:5 was measured after a mixing by magnetic stirrer for 
30 min. Then, the pH was measured after the addition of 1 mL of 0.1 M 
HCl every 60 min. This operation was iterated until the pH value was 
stable. Hence, pH values vs the amount of H+ added per g of sediment 
(μmol g− 1) were plotted for four kinds of sediments: CG-spiked, Augusta, 
Bagnoli and kaolin (see Supporting Materials, Fig. S1). Data were dis-
cussed in qualitative form, by the comparison of the sediments with the 
kaolin (characterized by low acid buffering capacity). 

2.3. Electrochemical treatment 

Two electrochemical cells were used for the electrochemical treat-
ment, i.e., system I (Fig. 1a) and system II (Fig. 1b), previously described 
by Proietto et al. (2023). Briefly, system I is a Plexiglass® cell with an 
empty volume of 60 mL. Graphite electrodes were inserted directly in 
contact with the sediments at an electrode distance of 10 cm. The 
working area of the electrodes was 3 cm2. To fill the cell, sediments were 
allocated inside the cell layer by layers, pressed and packed down to 

Fig. 1. a) System I: Illustrative ECGO cell for the electrochemical treatment under low E values. b) System II: Illustrative EK cell for the electrochemical treatment 
under 1 V cm− 1. 

F. Proietto et al.                                                                                                                                                                                                                                 

astm:D2974
astm:D854


Chemosphere 350 (2024) 141009

5

minimize void space for 12 h, as better described in Proietto et al. 
(2023). Plexiglass cover was used to prevent evaporation of water. 66 g 
of sediments was inserted in system I. At time zero, since a small amount 
of water and contaminants might be volatilized in the course of prepa-
ration, at least 3 sediment samples already placed in the cell were 
analyzed to check the initial contaminants concentration, moisture, and 
sediment pH. An Amel 2053 potentiostat/galvanostat was used to apply 
a constant direct E (range: 0.05–0.25 V cm− 1). 

EK treatment under E of 1 V cm− 1 was performed using system II 
(Fig. 1b), in detail described by Proietto et al. (2023). The main differ-
ence with system I is that this configuration presents 3 compartments. 
Two of these are external compartments, where deionized water (30 mL) 
and graphite electrodes were placed, while the sediment (CG spiked: 
100 g with W of 66%) was placed into the middle compartment. The 
working area of the electrodes was 4 cm2 and placed very close to the 
sediment. The three compartments were separated by filter paper. To 
avoid water evaporation the middle compartment was sealed with a 
Plexiglass cover. AMEL 2549 potentiostats/galvanostat was used. 

Electrolyses were performed over a 4-day period at ambient tem-
perature and, at least, in duplicate to assure repeatability of the results. 
Moreover, blank tests (control) without the application of a gradient E 
were performed for comparison over a 4-day period. In the control test, 
approximately 94% of the initial PAHs were recuperated (which is 
consistent with this work’s aim). Volatilization of PAHs and/or their 
adsorption to the ER apparatus (such as graphite, sample vials, and cells) 
may be the cause of the mass balance difference. 

After 96 h, sediment samples were retained from three different 
sampling points, shown in Fig. 1 and namely S1 (near to the anode), S2 
(in the middle) and S3 (near the cathode). Moisture, sediment pH and 
residual amount of sediment’s contaminants were determinate 
following the procedure described in Section 2.2. Analyses were carried 
out three times and data were reported as the average of them. 

2.4. Performances 

At the end of the treatment, the distribution of the i-contaminant in 
the sediments along sections S1, S2 and S3 was analyzed considering the 
ratio between the final i-contaminant content (Ci) and the initial content 
(C◦

i). For each experiment, the C◦
i was evaluated to certify the con-

taminants homogeneity distribution in the sediment by sampling sedi-
ment samples from each region S1, S2 and S3, drying and analysing 
them following the procedure reported in Section 2.2. At the zero time, it 
was found that the initial value concentration for all the contaminants 
was approximately to the fixed one Ci/Ci

◦~ 1 ± 0.06. 
PAHs removal efficiency was calculated by eq. (1) (Falciglia et al., 

2017). 

RPAHs =
(c0

PAHs − ct
PAHs

)

c0
PAHs

∗ 100[ = ]% (1)  

In which c0
PAHs and ct

PAHs are the initial content of PAHs (mg Kg− 1) and 
the residual PAHs after 96 h (mg Kg− 1) per all the g of dried treated 
sediments in the test. 

Energetic consumption (EC) was evaluated according to eq. (2): 

EC=
I ∗ ΔV ∗ t

w
∗ 10− 3[ = ] kWh

/

Kg (2)  

Where I is the intensity current (A), ΔV the applied cell potential (V), t 
treatment time (s) and w is total amount of dried sediments treated (Kg). 

3. Results and discussion 

In this work, clay marine sediments dragged from Capo Granitola 
Coast (Trapani, Italy) spiked with a certain amount of five PAHs con-
geners, namely 5PAHs, (i.e., FLU, PHE, BPA, BPR, INP), Hg and As were 

first used as a simplified model matrix, namely CG-spiked, to simulate a 
real case study. Real marine sediments dragged from Augusta Bay 
(Syracuse, Italy) and Bagnoli-Coroglio Bay (Naples, Italy) were also used 
as models of real contaminated sediments to be restored. 

In the first stage of this work, CG-spiked and real marine sediments 
from Augusta Bay and Bagnoli-Coroglio Bay were chemically and 
physically characterized. In the second stage, to evaluate the proposed 
approach (e.g., EK at low-strength electric fields) and find best operative 
conditions for the remediation of this kind of matrix, CG-spiked with 
5PAHs sediments were treated under very low values of E. Finally, real 
marine sediments dragged from Augusta Bay and Bagnoli-Coroglio Bay 
were treated as models of real contaminated sediments to be restored, to 
validate this approach for real cases. 

3.1. Characterization of the spiked and real marine sediments 

Table 1 reports the chemical and physical characteristics of the 
selected three marine sediments. From the results of grain size exami-
nation, CG-spiked and Augusta sediments are mainly composed of silt 
and clay compounds (approximately 99.2 and 93.4%, respectively), 
while marine sediments from Bagnoli Bay are primarily consisting of 
sands (approximately 97.4%) (Table 1). 

The Hg, As and PAHs quantification on sediment samples was carried 
out on ten replicates and was reported in Table 1. In the artificially 
contaminated CG sediments, the Hg concentration detected was 
consistent with the quantity added to the clean CG (about 1.17 mg 
kg− 1); conversely, the As level was greater than that added one (36.7 mg 
kg− 1) since it was already detected in the clean sediments before the 
contamination (Table 1). Hg concentration in real sediments of Augusta 
Bay was estimated to be approximately 9.00 mg kg− 1, which is over the 
content in the CG-spiked sediments. This relevant Hg level in Augusta 
sediments is related to chloro-alkali industrial activities. In the case of 
Bagnoli samples, a very high level of As was detected of approximately 
95 mgAs Kg− 1, which was higher than that found in Augusta (17.4 mgHg 
Kg− 1) (Table 1). According to the international Sediments’ Quality 
Standards (SQSs) (MacDonald et al., 2000), which can be used for both 
sea and freshwater (Muscetta et al., 2023), Hg in the case of Augusta and 
As in the case of Bagnoli exceeded all the threshold concentration (i.e., 
Threshold Effect Concentrations (TEC) and Probable Effect Concentra-
tion (PEC), see Table 1). 

The amounts of PAH congeners added on CG-spiked were about 112, 
353, 748, 1036, and 1036 μg kg− 1, respectively, for FLU, PHE, BAP, INP, 
and BPR. It was noted that the concentration of FLU and PHE were less 
than the expected value (1000 μg kg− 1). This low concentration was 
tentatively attributed to their more volatility than BAP, BPR and INP, 
and probably evaporated during the vacuum process with rotavapor 
used to dry sediments. The PAHs concentration level on Augusta sedi-
ment is lower than the TEC and PEC value (Table 1), while Bagnoli 
sediment shows concentration of different orders of magnitude more 
than the TEC and anyway value greater than PEC, showing the probable 
effect on live organisms, mainly due to PYR, FLE, ANT, CHR, BAA, BAP 
pair to 9100, 12761, 1065, 3947, 4603, 5911 μg kg− 1 (Table 1). 

3.2. Electrochemical remediation of PAHs spiked marine sediments of 
Capo Granitola (TP) 

3.2.1. EK under direct low-strength E 
To study the efficacy of the EK approach under very low gradient E 

values for the remediation of 5PAHs and heavy metal contaminants from 
CG-spiked sediments, experiments was carried out under a low direct 
value of gradient E of 0.25 V cm− 1 for 4-days. To prevent extra electrical 
resistance due to the presence of some physical separator, graphite 
electrodes were inserted directly in contact with the sediments. Compact 
graphite was selected as electrodes because they are appealing for the 
applicative scale as regards other kinds of electrodes (e.g., Dimension-
ally Stable Anode-DSA and platinum, which are expensive materials, or 
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stainless steel, that requires anti-corrosion treatment), due to their good 
electrical conductivity, low-cost, and because their usage does not need 
complicated treatments (Proietto et al., 2023). The performances of the 
process were analyzed in terms of i) i-contaminant distribution (Ci/C◦

i 
where i- is the selected contaminants: FLU, PHE, BPA, BPR, INP, Hg or 
As) in the treated sediment, to directly evaluate the relative change of its 
concentration, and ii) the total 5PAHs removal, R. The Ci/C◦

i of the 
different contaminants after the treatment of CG-spiked sediments is 
reported in Fig. 2. 

At the beginning of the treatment, each i-contaminant in CG-spiked 
sediments was homogeneously distributed (Ci/C◦

i ~ 1). After 96 h, it 
was observed that, for each of the 5PAHs, the Ci/C◦

i is lower than 1 and 
the main distribution into the sediments of each contaminant is char-
acterized by the same trend: the i-contaminant concentration is lower in 

the region S1 (anode area), and higher in S2 (middle area) and S3 
(cathode area). In the ER treatment of contaminated sediments, move-
ment of ions, water and colloids through fine-grained sediment can be 
mainly due to electromigration and electroosmosis transports which 
causes the migration of contaminants from the region close to one 
electrode towards the opposite one (Reddy and Cameselle, 2009). In our 
case, it is plausible to assume that the migration of the 5PAHs due to the 
electromigration process can be neglected due to their non-polar char-
acteristics; hence only electroosmotic flow, which moves towards the 
cathode, could explain why the higher concentration of 5PAHs was 
observed close to the cathode side (S2 and S3). Although it should be 
noted that, in this case, also the electroosmotic transport is slow and 
difficult, due to the PAHs hydrophobic nature and low solubility. 
Moreover, under the adopted conditions (E of 0.25 V cm− 1 after 96 h), it 
was observed a R value of approximately 32% (Table 2, entry 1). In 
particular, the higher the number of the aromatic rings of the 5PAHs 
(high molecular weight), the lower its removal: INP < BPR < BPA <
PHE < FLU (Fig. 2). This suggests that, in addition to the electroosmosis 
movement of the 5PAHs, other mechanisms for the transformation of 
5PAHs into other chemicals were involved:  

i) According to the literature, under an induced E, several chemical 
radicals are expected to be generated in situ on the sediment particles 
and they can take part on the degradation process (Reddy and 
Cameselle, 2009); although, to date, the real associated mechanisms 
are not totally clear. PAHs can easily react with H or OH radicals to 
give other organic compounds (Bai et al., 2022; Cordeiro and Corio, 
2009; Nayebzadeh and Vahedpour, 2017).  

ii) Under the adopted conditions, organics could be directly oxidized at 
the anodic surface. According to the literature, at the anode, the 
oxidation via electrochemical routes might be started with the direct 
electron transfer from adsorbed PAHs to the anode, which produces 
PAHs radicals that undergo successive reactions (Ajab et al., 2020; 
Cordeiro and Corio, 2009) or by oxidation by electro-generated OH 
radicals. As an example, Alcàntara et al. (2008) demonstrated a total 
degradation of PHE, BAP and ANT in aqueous solution using graphite 
electrodes over 3 days, highlighting that currently the involved 
mechanisms are complicated and not entirely clear. 

Volatilization might be also one of the causes of the removal of 
5PAHs from sediments. At 0.25 V cm− 1, a current density of 0.300 ±
0.025 mA cm− 2 was recorded; according to the literature, under the 
adopted conditions, it can be neglected the fluctuation of the sediment 
temperature (Falciglia et al., 2017; Garcia-Blas et al., 2020; Proietto 

Table 1 
Characterization of synthetic and real marine sediments and contaminants TEC 
and PEC values.  

Physical properties Marine sediments SQSs ( 
MacDonald 
et al., 2000) 

Spiked 
Capo 
Granitola 
Coast 

Augusta 
Bay 

Bagnoli- 
Coroglio 
Bay 

TECa PECa 

Specific gravity (at 
20 ◦C) 

2.53 2.52 2.58  

pH 7.30 7.10 7.20 
Moisture content (%) 50 ± 3.0 53 ± 3.5 49 ± 2.6 
Organic matter (%) 10 ± 0.19 9.46 ±

0.17 
6.23 ±
0.02 

Particle size distribution (%) 
Clay 56.9 ± 0.9 36.0 ±

0.7 
2.7 ± 0.2 

Silt 42.3 ± 0.9 57.4 ±
0.7 

Sand 0.86 ± 0.2 6.6 ±
0.4 

97.4 ±
0.2 

Heavy metalsb (mg kg− 1) 
Hg 1.17 

(0.044) 
9.00 0.14 0.18 1.06 

As 36.5 (20.4) 17.4 95.1 9.79 33.0 

PAHsb (μg kg− 1) 
Naphtalene NAP – 4 – 176 561 
Acenaphtylene ACN – 12 – – – 
Acenaphtene ACA – 5 – – – 
Fluorene FLU 112 6 – 77.4 536 
Pirene PYR – 46 9100 195 1520 
Fluoranthene FLE – 61 12761 423 2230 
Phenanthrene PHE 353 58 – 204 1170 
Antracene ANT – 14 1065 52.7 845 
Chrysene CHR  26 3947 166 1290 
Benzo(b+k) 

Fluorantene 
BBF – 39 6477 – – 

Benzo(j) 
Fluorantene 

BJF – – 1917 – – 

Benzo(a) 
Anthracene 

BAA – 24 4603 108 1050 

Benzo(a) 
Pyrene 

BAP 748 24 5911 150 1450 

Benzo(ghi) 
Perylene 

BPR 1036 30 4092 – – 

Indeno(123cd) 
Pyrene 

INP 1036 25 5190 – – 

Dibenz(a,h) 
Antracene 

DAN – 10 831 33 –  

a The Probable Effect Concentration (PEC) represents pollutant’s level below 
which adverse effects on marine organisms are infrequently anticipated; 
Threshold Effect Concentration (TEC) represents the pollutant level above which 
negative biological impacts are often found. 

b All these concentration values are the average of 10 replicated with a de-
viation standard close to 10 %. 

Fig. 2. Plot of Ci/C◦
i for the different contaminants: FLU, PHE, BAP, BPR, INP, 

Hg and As at the different position S1, S2 and S3. Red dashed line (— — —) 
marks Ci/C◦

i equal to 1 (time zero of treatment). E = 0.25 V cm− 1 t = 96 h. 
Sediment: CG-spiked. System I. 
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et al., 2023). In addition, a control test in the absence of E was per-
formed, and minimal variation in the 5PAHs level was assessed within 4 
days. Reasonably, in our approach, the reduction of 5PAHs from the 
sediments due to the volatilization could be neglected. Hence, it is 
plausible to suppose that, in our case, the reduction of 5PAHs concen-
tration at the end of the treatment can be due to both their direct 
oxidation at the anode surface and its chemical conversion, through 
these free radical ions, into other organics and/or, optimistically, to 
their mineralization. 

In the case of heavy metals, after 96 h of electrochemical treatment 
no change in concentration values of both Hg and As was observed 
(Fig. 2); thus, showing that heavy metals cannot be moved in the sedi-
ments under in-situ EK under low strength E, at least under adopted 
operative conditions. This comportment could be attributed to the 
nonionic nature of the complexes formed in the CG sediments after the 
contaminations, which were not transported under the E or attracted 
towards the electrodes. Moreover, according to the literature, the elec-
trochemical processes could affect the binding strengths between the 
sediments and metals. Hsueh et al. (2022) demonstrated that the ECGO 
process contributed to shifting the more stable bindings between metals 
and soils to the less stable bindings, favoring metals removal from soil, 
working under relatively high potential gradient E of 0.6–1 V cm− 1 and 
for 26–34 days. Our experiments were carried out under significant 
lower E values and, in particular, for shorter treatment time of 96 h (4 
day), which cannot be suitable for appreciating the binding strengths 
and the consequent mobility of the metals. Thus, suggesting that this 
approach under the adopted operative conditions is not effective for the 
remediation of heavy metals. 

Overall, the achieved results show that ER, performed at a low 
gradient E value (of 0.25 V cm− 1), of marine sediments artificially 
contaminated by persistent organic pollutants and heavy metals might 
be a proper strategy for concomitantly desorbing, mobilizing and 
degrading PAHs from marine sediments, even if this approach seems not 
appropriate heavy metals removal. 

3.2.2. Effect of the electric field strength 
The gradient E strength could significantly affect the process, hence, 

to improve the performances, electrolyses were planned with the aim to 
study the effect of E values on the remediation of CG-piked. Compact 
graphite was used as electrode material. Fig. 3 reports the Ci/C◦

i of FLU 
(Fig. 3a), PHE (Fig. 3b), BPA (Fig. 3c), BPR (Fig. 3d), INP (Fig. 3e), Hg 
(Fig. 3f) and As (Fig. 3g) in section S1, S2 and S3 of the treated sediments 
over 96 h at different E values (range: 0.05 ÷ 0.25 V cm− 1). In the case of 
FLU, at 0.15 V cm− 1, the CFLU/C◦

FLU is also lower than 1 (close to 0.30) 
(Fig. 3a). Moreover, by reducing the induced E value, a further decrease 
in the FLU final concentration was observed reaching approximately 
0.20 at 0.05 V cm− 1 (Fig. 3a). Similar trends as a function of the E value 
were observed also for the other contaminants, although an absolute 
higher final value of concentrations was recorded. As an example, in the 
case of BPR, by decreasing the applied E progressively from 0.15 to 0.10 
and 0.05 V cm− 1, CBPR/C◦

BPR was reduced from approximately 0.85 to 
0.80 and 0.57, respectively (Fig. 3d). Overall, an enhancement of the 

efficacy of the treatment of the sediments on the PAHs removal was 
observed by decreasing the applied gradient E (Table 2). An increase of R 
from 32 to 35 and 40% was achieved by changing from 0.25 to 0.15 and 
0.10 V cm− 1 (Table 2, entries 1–3), respectively. A further reduction of E 
at 0.05 V cm− 1 allowed to increase the R of 5PAHs up to 57% (Table 2, 
entry 4). Hence, the lower the E value, the higher the R; which is in line 
with the literature. Indeed, this behavior was previously reported for the 
remediation of artificially phenol-polluted kaolin (Proietto et al., 2023). 
The beneficial results might be tentatively imputed to the fact that using 
0.25 V cm− 1 the current is expected to be transported partly by the 
sediment particles (thus allowing them to serve as microelectrodes and 
to activate reduction-oxidation reactions at the interface of the 
diffuse-double layer (DDL)) and in part in the fluid of the pore (Rahner 
et al., 2002). By lowering the value of the applied E, the amount of 
current transported by particles is likely to be higher than the ionic one 
in the pore’s fluid; this should increase the impact of redox reactions 
involved at the DDL interface (Zanko et al., 2020), and consequently 
improve the generation of free radicals on the particle of the sediment, 
which become the main actors in the in situ PAHs chemical oxidation). 

Under the applied E, no significant changes in the pH of the marine 
sediments were observed (Table 2, entries 1–4), thus suggesting that the 
selected sediments are characterized by a high buffer capacity. To clarify 
this point, a series of chemical tests was performed by the addition of a 
certain amount of acid to the sediments and waiting for the equilibrium. 
It was found that the pH of the CG-spiked slightly changes with the 
addition of H+ (see Supporting Materials, Fig. S1), thus confirming the 
high buffer capacity of the used marine sediments. Hence, it is plausible 
to assume that the movement of H+ towards the cathode (acid front) 
might be hindered as a consequence of the high acid sediment buffering 
capacity. 

The distribution of Hg (Fig. 3f) and As (Fig. 3g) did not significantly 
change by varying the E value after the treatment of the sediments, thus, 
confirming that this approach is not suitable for the remediation of 
heavy metals. 

To compare the ER under low E values with the electrokinetic (EK) 
process, electrochemical remediation of CG-spiked sediments was per-
formed under 1 V cm− 1 (values in accordance with the usual operative 
conditions adopted for EK in literature) using system II. EK processes use 
higher values of E and two external electrode/electrolyte compartments 
(see Section 2.3, Fig. 1b). Moreover, to avoid additional costs due to the 
usage of enhancing agents, water was utilized as the processing fluid. 
During the process, the electrolyte solution was replaced with fresh 
deionized water every 24 h. Approximately 100 g of CG-spiked with a 
water content of 50% was used. Fig. 4 reports the Ci/Ci

0 of the 5PAHs in 
the regions S1, S2 and S3 after the treatment. Also in this case, the 
concentration of each 5PAHs is lower than the initial concentration 
value (Fig. 4) with a similar distribution of the experiments performed 
under very low E (Fig. 2). Furthermore, in this case, the R reached 
approximately 45% (Table 2, entry 5). Under EK treatment, the removal 
of PAHs from the sediments can be attributed to the migration process 
towards the electrolyte’s compartments and their electrochemical 
degradation at the electrode’s compartments, which is in line with the 

Table 2 
Effect of the electrochemical treatments on the performances of the process a.  

Entry Sediments Technology/Electrolyte E/V cm− 1 pH R of PAHs/% EC/10− 3 kWh/kg 

S1 S2 S3 

1 CG-spiked System I/— 0.25 6.65 6.60 7.66 32.0 9.100 
2 CG-spiked System I/— 0.15 6.76 6.50 7.68 34.8 1.680 
3 CG-spiked System I/— 0.10 6.80 6.65 7.70 40.0 0.540 
4 CG-spiked System I/— 0.05 6.70 6.50 7.70 57.1 0.057 
5 CG-spiked System II/DW 1.00 8.50 11.3 12.1 45.3 1610 
6 Augusta Bay System I/— 0.05 7.50 7.75 8.10 57.7 0.067 
7 Bagnoli Bay System I/— 0.05 7.25 7.05 7.50 49.5 0.048  

a Overall removal efficiency of Hg or As was approximately zero. DW: Deionized Water. 66 or 100 g of CG-spiked sediments were treated in system I or II 
respectively. 
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Fig. 3. Plot of the Ci/C◦
i for a) FLU, b) PHE, c) BPA, d) BPR, e) INP, f) Hg or g) As in the region S1, S2 and S3 under 0.25, 0.15, 0.10, 0.05 V cm− 1. Red dashed line (— 

— —) marks Ci/C◦
i equal to 1 (time zero of treatment). E = 0.25 V cm− 1 t = 96 h. Sediment: CG-spiked. System I. 
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literature (Ammami et al., 2015). 
Although quite high removal of R from the sediment can be achieved 

at 1 V cm− 1, higher energetic consumption per kg of dried treated sed-
iments (EC) was observed in the EK approach with respect to the ECGO 
experiments (compare Table 2, entry 5 with Table 2, entries 3 and 4). In 
addition, EK process suffers from the production of a dangerous sec-
ondary effluent (due to the movement of contaminants in the electrolyte 
compartments), increasing the post-treatment expense. Sediment pH in 
this case is higher than the initial value. This can be attributed to the 
basic front from the cathode showing the low base buffering capacity of 
the sediments. Hence, it is possible to conclude that, to reach similar 
values of R, the EC of the treatment can be reduced working at low E 
value. 

In this case, it was observed a slight change in the distribution of Hg 
and As along the treated sediments. A slightly higher concentration of 
both metals was observed in region S1, which is near the anode area. 
This might be tentatively attributed to an electromigration transport of 
metal ions under the high E values, which can be possible only if Hg and 
As forms present a negative charge. 

3.3. Electrochemical remediation of real marine sediments 

To validate the ECGO for the remediation of real case studies, marine 
sediments dragged from Augusta Bay (Syracuse, Italy) and Bagnoli- 
Coroglio Bay (Naples, Italy) were treated under low E value of 0.05 V 
cm− 1 for 96 h. The sediments dragged from Augusta Bay were treated as 
clay model matrices containing both PAHs and Hg; while contaminated 
sediments dragged from Bagnoli-Coroglio were used as sandy model 
matrices containing high-level PAHs and As. Fig. 5 reports the distri-
bution Ci/C◦

i of the sixteen PAHs identified in the sediments with respect 
sections S1, S2 and S3 after the electrochemical treatment of Augusta 
Bay (Fig. 5a) and of Bagnoli-Coroglio Bay (Fig. 5b). In both cases, it was 
observed a similar contaminant position in the sediments. In the case of 
the marine sediments of Augusta Bay, it was observed a Ci/C◦

i lower 
than 1 for most of the contaminants except for ACN (Fig. 5a). More in 
detail, the lower concentrations were observed for contaminants with 
high molecular weight (i.e. BBF, BPA, INP, BRP, DAN). This results in a 
total R of PAHs close to 58 %. In the case of real marine sediments, the 
presence of a quite high concentration of chloride ions is expected 
(which was confirmed by ionic chromatography analysis of the water 
content of the Augusta sediments). According to literature, under 
oxidative conditions, active chlorines might be generated at the anode 
(adsorbed chloro and/or oxychloro radicals) and at the surface of the 
particles as a result of the following reaction mechanism (eqs. (3)–(5)) 

(Scialdone et al., 2021) promoting the abatement of PAHs. The presence 
of Cl2, HClO or/and ClO− is determinated by pH values (Scialdone et al., 
2021). 

2Cl− =Cl2 + 2e− pH < 3 (3)  

Cl2(aq) +H2O = HClO + Cl− + H+ 3 ≤ pH ≤ 8 (4)  

HClO=ClO− + H+ pH > 8 (5)  

In the case of Augusta, final pH was higher than 7.5 in S1, S2 and S3 
(Table 2, entry 6). Hence, this suggests that the concentration of PAHs 
can be reduced for this real case also due to the synergetic contribution 
of the presence of various oxidants (including adsorbed chloro and 
oxychloro radical at the anode surface and active chlorine at both the 
anode surface and particles surface), of a miscellaneous of other reactive 
oxygen species, including •O2, H2O2 and HO• generated by water 
oxidation and the stimulation of microbial activities. Furthermore, the 
concentration of Hg did not significantly change after the treatment, 
resulting in its removal efficiency close to zero. 

Also, in the case of Bagnoli marine sediments, the adoption of low E 
values of 0.05 V cm− 1 allowed to remove of a significant part of PAHs 
(Table 2, entry 7), reaching a R of PAHs of approximately 49% after 96 
h. A trend of the distribution of the contaminants in the sediments like 
that observed for Augusta was detected, although, for Bagnoli the 
highest concentration of the contaminants was recorded in the middle 
side of the cell (region S2) (Fig. 5b). This behavior was in line with 
previous works (Falciglia et al., 2017). Also, in this case, the distribution 
of As did not change. 

Moreover, in both cases of Augusta and Bagnoli, a control test 
without the application of a gradient E was performed and Ci/C◦

i for 
each contaminant was approximately 1, hence showing that, without 
the application of E, no volatilization was observed. 

The results achieved for the treatment of the real polluted marine 
case studies present some differences with respect to that achieved for 
the treatment of the CG-spiked matrix. More in detail, in the case of the 
treatment of the real marine case, the removal of low molecular weight 
compounds was more challenging than in the case of the artificially 
spiked CG sediments (i.e., the normalized concentration of FLU reached 
0.7 in the case of Augusta and 0.25 in the case of spiked-CG after 96 h of 
treatment under 0.05 V cm− 1). This can be tentatively attributed to the 
different nature of the sediments, the interaction of the different con-
taminants with the particles of the sediment, the heterogeneous condi-
tions, and the presence of more stable complexes in the real matrices. 

4. Conclusions 

In the present work, the electrochemical remediation of three type of 
contaminate marine sediments inserting the electrodes directly in the 
sediments without the use of electrode compartments/electrolyte solu-
tions was studied under very low gradient E values (E ≤ 0.25 V cm− 1). 
Clay marine sediments dragged from Capo Granitola Coast (Trapani, 
Italy) artificially spiked with five PAHs congeners (5PAHs), Hg and As 
were treated as a simplified model matrix (CG-spiked) to simulate a real 
case study; real polluted marine sediments from Augusta Bay (Syracuse) 
and Bagnoli-Coroglio Bay (Naples) in the southern of Italy, classified as 
SIN, were treated as models of real contaminated sediments to be 
restored, in order to validate this approach for real cases. 

The key outcome of this study is that the utilization of very low E 
values for the remediation of PAHs from the sediments might allow to 
desorb, mobilize and degrade in situ organic pollutants minimizing the 
energetic consumption of the process and avoiding the production of a 
secondary waste effluent. 

In the case of the CG-spiked sediments, a removal efficiency of 
approximately 57% was reached by lowering the gradient E and the 
remediation was easier for low molecular weight 5PAHs. Moreover, 

Fig. 4. Electrokinetic treatment of CG-spiked under 1 V cm− 1 after 4 days using 
distillate water as electrolyte. Plot of the Ci/C◦

i vs. S1, S2 and S3. Red dashed 
line (— — —) marks Ci/C◦

i equal to 1 (time zero of treatment). t = 96 h. 
Sediment: CG-spiked. System II. 
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promising results were observed by the treatment of the two real case 
studies for the remediation of PAHs under low values E by reaching a 
removal higher or equal to approximately 50%. However, the used 
approach is not efficacy for the remediation of heavy metals (Hg and As). 
To prompt the development of this technology for the restoration of 
polluted sites, further studies will be focused on investigating in-depth 
the involved mechanism reaction by the identification of by-products 
and of the main oxidant agents and on studying the electrochemical 
remediation process on a larger scale (bench, pilot, prototype). 
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