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Abstract: This study combines a traditional chemical characterization with a simultaneous biological
evaluation through histological, immunohistochemical, and enzymatic observations to assess the effi-
ciency and sustainability of soil washing on Hg-contaminated sediment in terms of the bioavailability
of the contaminant before and after the treatment, as well as the potential drawbacks of the treatment
that are not revealed by a simple chemical characterization of treated sediments on its own. Different
extracting agents, that is, ethylenedinitrilotetraacetic acid (EDTA), ethylenediaminedisuccinic acid
(EDDS), sodium thiosulfate, potassium iodide (KI), and iodine (I2), have been compared in this work
to evaluate their efficiency in the removal of Hg from contaminated sediments. Speciation analysis
was applied to assess the mobility of Hg from different fractions of aged sediments. Biological evalu-
ation was carried out through the use of large mesocosms and Mytilus galloprovincialis as biological
sentinels. Results from bench scale tests have shown Hg removal of up to 93% by means of the
multi-step KI/I2 washing process of the sediment. Results from histological, immunohistochemical,
and enzymatic analysis have shown significant differences in the degree of alteration of biological
tissues and their functional integrity between organisms in contact with contaminated and restored
sediments. The reduction in 5-HT3R immunopositivity in the mesocosm with treated sediments
suggests a tendency for mussels to recover a healthy condition. This result was also confirmed by
the measurement of the enzymatic activity of AChE in mussel gills, which was significantly reduced
in organisms from the mesocosm with polluted sediments compared with those from the one with
restored sediments. The proposed approach could help stakeholders all over the world select, at an
early stage, the most efficient cleaning action from a more holistic perspective, including not only
pollutant concentration and economic reduction but also a direct assessment of the ultimate impact
of the selected process on the biological system.
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1. Introduction

Since the first industrial revolution, industries have provided means to improve our
quality of life. Unfortunately, some of their emissions, side-products, and residues are
inherently detrimental to the environment.

Because of its crucial geographical position, the Augusta Bay (Sicily, Italy) hosts
one of the most important European industrial harbors. This quality led to the creation
of one of the largest and most complex petrochemical districts in Europe in the early
1960s [1]. The Augusta Bay is currently considered a high environmental risk area due
to its historical soil contamination and uncontrolled chemical discharges, which were
legally allowed to take place before the implementation of the first Italian water pollution
control law [2], and, on occasion, as a result of some industrial accidents [3]. As a result
of the contamination of the air, seawater, and marine biota, the Italian Government
has included the Augusta coastal area in the list of the Contaminated Sites of National
Relevance (G.U.R.I., Law 426/1998).

The sediments of the Augusta Bay are highly contaminated by a variety of pollutants,
including anthropogenic mercury, which has been discharged by a chlor-alkali plant since
the 1960s [4–6]. An exhaustive study of the characteristics of mercury in sediments was
provided by Salvagio et al. [7].

The sediments in the Augusta Bay, where some zones display Hg concentration
values well above 100 mg/kg, have in turn induced significant contamination of the
aquatic biota [8], which has been detected by means of organisms that are commonly
used in biomonitoring metal pollution programs. In the past, this contamination was
ascribed to the transformation of Hg into Methyl mercury, which is more toxic than
inorganic mercury compounds and is the main cause of mercury biomagnification in
fish [9,10]. Balance between the reduced and oxidized form of Hg essentially depends
on redox reactions to these mediums.

It has also been shown that mercury-polluted sediments are a potential pollutant
source for the Mediterranean ecosystem, as well as a potential risk for human health [1]. At
the same time, they constitute a hindrance to the economic development of the area, as the
depth of the bay is inadequate for the most recent tankers, and dredging is strongly limited
in terms of authorizations.

These facts have pushed stakeholders to recognize the need for remediation action
in the area [11,12]. However, an appropriate and holistic evaluation of the advantages
and drawbacks of such an activity is still not available. Such an intervention could be
complex, costly, and environmentally risky [13]. Therefore, it is essential to compare historic
pollution and natural remediation actions, that have occurred over the last few decades,
with any expected disturbance that could be induced on sediments via sea turbulence
and human activities. Such a comparison would help to create a sustainable choice in
view of expected industrial development limitations on harbor activities if limited or no
interventions are introduced [14]. Moreover, a sustainable remediation approach needs to
be defined in terms of economic and environmental burdens.

The usually adopted Hg-contaminated sediment management strategies [15] include
natural attenuation, dredging followed by electrokinetics [16], phytoextraction [17], thermal
desorption [18], soil washing [19–21], and stabilization/immobilization [11].

Treated sediments may then be returned to the same areas in the bay or used as fillers
in a Confined Disposal Facility (CDF); alternatively, untreated sediments could be landfilled
(a costly and partial solution).

Since each remedial action can result in a change in the physical, chemical, and
biological conditions of the sediments [21], it is possible that the speciation and transport
properties of mercury might change [22] as a result of a remedial action [23,24]. Each
potential remediation operation should therefore be evaluated carefully, since each one
can produce different benefits and risks, depending on the specific context in which it
is applied.
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The conventional concentration-limit approach, which is based on the chemical char-
acterization of the impacted matrix, may not be sufficient to appropriately assess the
post-remediation residual risks for ecosystems, as many local conditions (i.e., temperature,
pH, redox potential, salinity, presence of organic substrate, etc.) can affect the bioavailability
and toxicity of a pollutant. Furthermore, the distribution and availability of chemicals and
by-products, as well as their potential interactions, may result in unexpected and unwanted
effects on the ultimate toxicity of the treated sediment.

Integrating traditional analytic techniques with a simultaneous biological investiga-
tion could provide an early warning of the potential effects (positive or negative) of an
adopted technological solution [25–27] before its implementation.

The use of sentinel organisms as biological models [28–31] allows for the bioavail-
ability of pollutants and their potential risk of diffusion throughout the trophic network
to be assessed [32] and for the response of the system to the remediation/depollution
action to be predicted [33–36] at different biological organization levels [37,38].

Bivalve mollusks appear to be perfect biological models, as they are able to bio-
accumulate and concentrate pollutants and are therefore able to provide evidence of
both the chronic and fast effects [39] of bioremediation technologies on an impacted
ecosystem [40–42].

This study had the aim of evaluating the possibility of sustainably removing Hg
from Augusta Bay sediments. Specifically, the aim of this study was to (1) evaluate
the distribution of mercury throughout different fractions of sediments (through a
sequential extraction procedure); (2) evaluate the efficiency of a soil-washing treatment
by comparing different leaching agents and establishing the required number of leach-
ing cycles; (3) provide information on the environmental benefits/risks associated
with the residual contamination of treated sediments through a mesocosm study using
M. galloprovincialis as a bio-sentinel; and (4) propose a new approach—based on system
biology—to help stakeholders in any part of the word identify the best strategy by
selecting, at an early stage, the most efficient cleaning action from a more holistic
and broad perspective, including not only a pollutant concentration and costs assess-
ment, but also a direct assessment of the ultimate impact of the selected process on a
biological system.

2. Materials and Methods
2.1. Sediments

The study area is represented in Figure 1a. Polluted sediments were sampled in
the Augusta Bay (Syracuse, 37◦10′39.20100′′ N, 15◦12′26.286′′ E), while uncontaminated
sediments were sampled in Brucoli (Syracuse, 37◦17′23.67′′ N, 15◦12′40.68′′ E), which was
chosen as a reference site (Figure 1b).

The sampling site for Hg-contaminated sediments was chosen in the southernmost
area of the Augusta Bay (Figure 1c), where high Hg contamination levels had been detected
in previous monitoring campaigns (Figure 1d), and close to the southern Bay outlet, where
the spread of contaminated sediments toward the open Mediterranean water was more
likely [1].

Sampled sediments consisted of silt (49.3 ± 1.7%), clay (40.8 ± 3.0%), and sand
(9.9 ± 1.7%). More than 100 kg of wet sediments were sampled during two sampling
campaigns and used for both bench scale and mesocosm experiments.
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to simulate the effect of sediment resuspension—as induced by marine turbulence effects. 
The pump was turned on twice a day to cause the partial resuspension of the superficial 
layer of the sediment over the entire water column. 

The experimental setup, outlined in Figure 2, included: 
1. A white (W) mesocosm, with a bottom layer made of uncontaminated sediment (18 

kg, with a thickness of ~6 mm), which was used as a control. 
2. A black (B) mesocosm, with a bottom layer made of contaminated sediment (18 kg, 

with a thickness of ~6 mm) from Augusta, which was used to measure the effects of 
contamination on the M. galloprovincialis chosen as a sentinel. 

3. A gray (G) mesocosm, with a bottom layer made of Augusta sediments previously 
treated by a soil-washing process, which was conceived to test the efficiency of the 
treatment process considered on M. galloprovincialis, as well as any undesired side-
effects. The sediment-washing treatment was designed according to studies in the 
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30 kg of the polluted sediments were previously treated with three cycles of a KI/I2 
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is explained in more detail later on in this paper. A total of 18 kg of treated sediments, 
with a thickness of ~6 mm, were disposed at the bottom of the gray mesocosm. 
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Figure 1. (a) Study area; (b) Location of the sediment sampling points: uncontaminated—white trian-
gle, contaminated—red square; (c) location of various companies along the edge of the Augusta Bay
and bathymetry of the Augusta Bay; (d) qualitative representation of the Hg contamination of the sedi-
ments at different depths from the bottom of the sea [43] (ICRAM 2008) (green cells = Hg < 1mg/kgss;
yellow cells = 1 mg/kgss < Hg < 5 mg/kgss; red cells = 5 mg/kgss < Hg < 500 mg/kgss.

2.2. Mesocosm Setup

All the experiments were carried out at the Mesocosm Facility at IAMC-CNR in
Messina (Italy). Tanks measuring 150 × 150 × 150 cm (5 cm of free board) with a volume
of approximatively 3400 L were used in the experiment. The flow rate was 125 L/h, with
a turnover of approximately 1 day [41]. Natural seawater was processed, as previously
reported in Pirrone et al. [44]. A recirculation pump was operated within each mesocosm
to simulate the effect of sediment resuspension—as induced by marine turbulence effects.
The pump was turned on twice a day to cause the partial resuspension of the superficial
layer of the sediment over the entire water column.

The experimental setup, outlined in Figure 2, included:

1. A white (W) mesocosm, with a bottom layer made of uncontaminated sediment (18 kg,
with a thickness of ~6 mm), which was used as a control.

2. A black (B) mesocosm, with a bottom layer made of contaminated sediment (18 kg,
with a thickness of ~6 mm) from Augusta, which was used to measure the effects of
contamination on the M. galloprovincialis chosen as a sentinel.

3. A gray (G) mesocosm, with a bottom layer made of Augusta sediments previously
treated by a soil-washing process, which was conceived to test the efficiency of the
treatment process considered on M. galloprovincialis, as well as any undesired side-
effects. The sediment-washing treatment was designed according to studies in the
published literature [45] and previous experiments by the authors. In mesocosm G,
30 kg of the polluted sediments were previously treated with three cycles of a KI/I2
soil-washing solution, which had been selected during bench-scale experiments and
is explained in more detail later on in this paper. A total of 18 kg of treated sediments,
with a thickness of ~6 mm, were disposed at the bottom of the gray mesocosm.



Water 2023, 15, 3258 5 of 19Water 2023, 15, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 2. Mesocosm experiments: (a) Layout of the mesocosm facility at CNR-IAMC with the three 
mesocosms (white, gray, black); (b) Sketch of a single mesocosm. (c) Picture of the black mesocosm. 

2.3. Chemical–Physical Parameters and Metal Measurements in Sediments and Water 
Water samples from mesocosms were analyzed to determine the temperature and pH 

and DO, as reported in Caliani et al. [40] and Ancora et al. [41]. Water flowing into the 
mesocosms was interrupted during mixing and for a further 30 min to prevent the 
sediment from being lost from the systems. Sediment samples were analyzed using the 
EPA 3051A: 2007 and EPA 6020B:2014 analytical methods, which consist of acid 
microwave digestion and ICP-mass spectroscopy (ICP-MS NexION® 350D, Perkin Elmer, 
Waltham, MA, USA), respectively. Exhausted solutions and liquid fractions, produced by 
the acid digestion of the sediments, were analyzed according to EPA 6020B:2014 (ICP-
mass spectroscopy). 

2.4. Quality Control Hg Analysis 
Briefly, all digested sediments were diluted with MilliQ® water to a final volume of 

20 mL and filtered using nitrocellulose filters (0.45 µm). The test for Hg analysis was 
performed with an ICPMS Elan DRCe (ICP-MS NexION® 350D, Perkin Elmer, Waltham, 
MA, USA)). Standards for instrument calibration were prepared using a multi-element 
certified reference solution ICP Standard (Merck), including the Hg. The system was 
calibrated using an external calibration; the calibration line was made up of 5 points of 
increasing concentration of Hg (by 0.0005 to 5 mg/kg), with a linear regression (R2) of 
0.9925. Analytical blanks and recovery samples were run in the same way as the real 
samples, and concentrations were determined using a standard solution prepared in the 
same acid matrix to validate the calibration. LOD of Hg was calculated as 0.00002 mg/g 
d.w. 

  

Figure 2. Mesocosm experiments: (a) Layout of the mesocosm facility at CNR-IAMC with the three
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2.3. Chemical–Physical Parameters and Metal Measurements in Sediments and Water

Water samples from mesocosms were analyzed to determine the temperature and pH
and DO, as reported in Caliani et al. [40] and Ancora et al. [41]. Water flowing into the
mesocosms was interrupted during mixing and for a further 30 min to prevent the sediment
from being lost from the systems. Sediment samples were analyzed using the EPA 3051A:
2007 and EPA 6020B:2014 analytical methods, which consist of acid microwave digestion
and ICP-mass spectroscopy (ICP-MS NexION® 350D, Perkin Elmer, Waltham, MA, USA),
respectively. Exhausted solutions and liquid fractions, produced by the acid digestion of
the sediments, were analyzed according to EPA 6020B:2014 (ICP-mass spectroscopy).

2.4. Quality Control Hg Analysis

Briefly, all digested sediments were diluted with MilliQ® water to a final volume
of 20 mL and filtered using nitrocellulose filters (0.45 µm). The test for Hg analysis was
performed with an ICPMS Elan DRCe (ICP-MS NexION® 350D, Perkin Elmer, Waltham,
MA, USA)). Standards for instrument calibration were prepared using a multi-element
certified reference solution ICP Standard (Merck), including the Hg. The system was
calibrated using an external calibration; the calibration line was made up of 5 points of
increasing concentration of Hg (by 0.0005 to 5 mg/kg), with a linear regression (R2) of 0.9925.
Analytical blanks and recovery samples were run in the same way as the real samples,
and concentrations were determined using a standard solution prepared in the same acid
matrix to validate the calibration. LOD of Hg was calculated as 0.00002 mg/g d.w.

2.5. Sequential Extraction Procedure

The sequential extraction procedure was carried out in triplicate (samples A, B and C)
and consisted of seven steps, according to Orecchio et al. [46], as indicated in Table 1.
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Table 1. Steps of the sequential extraction procedure.

Step Fraction Extraction

I Water-soluble (Hg-w)
Solution: Distilled water

Stirred for 20 min (250 rpm)
Treated for 1 h at 95 ◦C

II
Soluble (Hg-h) or

exchangeable human
stomach acid

Solution: 1M of sodium acetate + 0.1 M di HCl
Stirred for 1 h (250 rpm)

III Carbonate Bound (Hg-CO3) Solution: 1M of sodium acetate + acetic acid
(pH = 5) Stirred for 4 h (250 rpm)

IV Fe and Mn bound Hg (Hg-Me)

Solution: 0.04 M Hydroxylammonium chloride
on 25% (v/v) acetic acid/water.

Stirred for 20 min (250 rpm)
Treated for 6 h at 95 ◦C

V Organo-chelated (Hg-o) Solution: 1 M potassium hydroxide
Stirred for 18 h (250 rpm)

VI Elemental Hg (Hg-e) Solution: 12 M nitric acid
Stirred for 18 h (250 rpm)

VII Mercuric sulfide (Hg-s) Acid digestion with aqua regia

2.6. Soil-Washing Tests

Soil-washing solutions were chosen from literature studies [45,47–49] on the extraction
of heavy metals from soil and sediments, with particular attention to Hg contamination.

Four extraction agents were consequently tested on the Augusta Bay Hg-contaminated
sediments:

• EDTA disodium salt (Ethylenedinitrilotetraacetic acid, disodium salt dihydrate,
C10H12N2Na2O8·2H2O) 0.2 M solution;

• EDDS 1 M ([S,S]-ethylenediaminedisuccinic acid,C10H13N2Na3O8) 1 M;
• Na2S2O3 Sodium Thiosulfate 1 M;
• KI (potassium iodide) 0.2 M + I2 (Iodine) 0.2 M.

All the leaching agents were of reagent grades.
First, two different sets of soil-washing lab-scale experiments were performed:

(1) a single-step batch process (using the 4 leaching agents separately). This set was
repeated twice in triplicate;

(2) a three-step batch process, performed in triplicate, with the best-performing leaching
agents as determined in the previous set of experiments.

The following procedure was used for each sediment sample: 2.00 g of sediment was
weighed and put into a 50 mL vial. A vial was filled with 50 mL of the washing solution
(solid/liquid ratio, S/L, equivalent to 1:25) and stirred for 2 h at a speed of 250 rpm. The
vials were centrifuged at 4500 rpm for 10 min to separate suspended sediment from the
exhausted solution. The liquid fraction was vacuum filtered using a 0.45 µm filter, and the
eluate was acidified with HNO3 (0.5–50 mL, 1:100 ratio) to maintain the extracted metals
in the solution. The liquid fraction was refrigerated and kept in double-tap containers
for subsequent analysis. The solid fraction was stored directly in the vial for subsequent
analysis. The sediments used in the gray mesocosm were treated on a larger scale, according
to the three-step soil-washing batch process, using an industrial mixer.

2.7. Histological Analysis

The mussel gills used for the histological assessment were fixed in 4% paraformalde-
hyde in a 0.1 M phosphate-buffered solution (PBS, pH 7.4) at 4 ◦C, dehydrated in a graded
series of ethanol, and embedded in Paraplast (Bio-Optica, Milan, Italy). A total of 5 µm thick
histological sections were cut using a rotary automatic microtome (Leica Microsystems,
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Wetzlar, Germany), glass-slide mounted, and then stained with Hematoxylin/Eosin (Bio-
Optica, Milan, Italy) to evaluate its morphological features. Observations were made on
five fields of one section per sample using a 40× oil-immersion objective with a motorized
Zeiss Axio Imager Z1 microscope (Carl Zeiss AG, Werk Gottingen, Germany) equipped
with an AxioCam digital camera (Zeiss, Jena, Germany).

2.8. Immunohistochemical Analysis

The histological sections of the mussel gills were also used for the immunodetection of
neurotransmission biomarkers by applying an indirect immunofluorescence method [50] for
the localization of neurotransmitters involved in the serotonergic system, such as serotonin,
or 5-hydroxytryptamine (5-HT) and its receptor (5-HT3R); and neural transmitters of
cholinergic neurotransmission, such as acetylcholinesterase (AChE) and the enzyme choline
acetyltransferase (ChAT). Briefly, sections were incubated for 1 h with a normal goat serum
(NGS) in PBS (1:5) to block non-specific binding sites for immunoglobulins. The sections
were then incubated overnight at 4 ◦C in a humid chamber with primary antisera, namely
a mouse anti-5-HT antibody (Product No. M0758; Dako Cytomation, Milan, Italy), diluted
1:50; a rabbit anti-5-HT3R antibody (Product No. S1561; Sigma-Aldrich, St. Louis, MO,
USA), diluted 1:100; a mouse anti-AChE antibody (Product No. MAB304; Chemicon
International, Temecula, CA, USA), diluted 1:50; and a rabbit anti-ChAT antibody (Product
No. AB6168; Abcam, Cambridge, UK), diluted 1:250. After rinsing the sections in PBS for
10 min, they were incubated for 2 h at room temperature with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG (Sigma) or tetramethylrodamine isothiocyanate
(TRITC)-conjugated goat anti-mouse IgG (Sigma), diluted 1:50. Positive controls were
performed to label the specificity of each peptide by incubating sections with antiserum
pre-absorbed by the respective antigen (10 and 100 g/mL). Pre-absorption procedures
were carried out overnight at 4 ◦C. Negative controls, which involved substitution of the
non-immune sera (without antibodies) with the primary antisera, were also performed. All
the observations were made on five fields, considering one section per sample, and using
a 40× oil-immersion objective with a motorized Zeiss Axio Imager Z1 epifluorescence
microscope (Carl Zeiss AG, Werk Gottingen, Germany), equipped with an AxioCam digital
camera (Zeiss, Jena, Germany). Images from the sections were taken using appropriate
filters for the excitation of FITC (480/525 nm) and TRITC (515/590 nm) and then processed
using AxioVision Release 4.5 software (Zeiss).

2.9. Enzymatic Analysis

Acetylcholinesterase (AChE) activity was measured in the gills of the mussels using the
Ellman et al., colorimetric method [51], albeit with slight modifications. Briefly, thiocholine
derivatives were hydrolyzed by acetylcholineterase to yield thiocholine, which was then
combined with 5,5-dithiobis-2-dinitrobenzoic acid (DTNB) to form the yellow 5-thio-2-
nitrobenzoic acid anion, which absorbs to a great extent at 412 nm. AChE activity was
expressed as mmol/min/mg.

2.10. Statistical Analysis

Statistical analyses of the immunohistochemical and enzymatic data were conducted
with GraphPad software (Prism 5.0, San Diego, CA, USA). The results that were obtained
were expressed as a mean± standard deviation (SD). All data were first tested for normality
by applying the Shapiro–Wilk test. One-way analysis of variance (ANOVA) was used to sta-
tistically analyze the data by applying the Mann–Whitney U test for immunohistochemical
data, and Student’s one-tailed t-test for enzymatic data. Data were considered statistically
significant at p < 0.05.
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3. Results
3.1. Water and Sediment Characterization in the Mesocosms

The water in the three mesocosms showed mean temperature values of 15.5–16.0 ◦C,
with daily fluctuations of less than 1 ◦C. pH values were approximately constant, with a
mean value of 7.9 ± 0.1. Dissolved oxygen levels were similar in all three mesocosms with
values of 7.95 ± 0.12 mg/L. Sediment samples were characterized in terms of their metal
and hydrocarbon contents. The results of the sediment characterization are given in Table 2.
Among the different metals, only the Hg concentration was above the intervention value
proposed by ICRAM (2008) [43]. For this reason, Hg was the only target contaminant that
was taken into account when assessing the soil-washing efficiency on these sediments.

Table 2. Sediment characterization of the Augusta (black) and Brucoli (white) samples and compari-
son with intervention limits.

Element Black Sediment
(mg kg−1)

White Sediment
(mg kg−1)

Intervention
Values [43]
(mg kg−1)

Harmful heavy Metals
As (mg/kg) 12.4 ± 1.9 10.09 ± 6.7 32
Cd (mg/kg) 0.197 ± 0.03 0.30 ± 0.16 1

Cr total (mg/kg) 27.7 ± 4.2 7.0 ± 0.3 150
Hg (mg/kg) 47.7 ± 7.2 0.04 ± 0.00 1
Ni (mg/kg) 12.6 ± 1.9 3.9 ± 0.1 63
Pb (mg/kg) 23 ± 3.5 5.55 ± 0.6 80
Cu (mg/kg) 60.3 ± 9.1 2.35 ± 0.06 75
Zn (mg/kg) 86 ± 13 10.1 ± 1.0 165

Hydrocarbons
Light Hydrocarbons (C6-C12) BDL (0.5) BDL (0.5)

Heavy hydrocarbons (C12-C20) BDL (0.5) BDL (0.5)
Heavy hydrocarbons (C20-C30) BDL (0.5) BDL (0.5)
Heavy hydrocarbons (C30-C40) BDL (0.5) BDL (0.5)
Heavy hydrocarbons (C40-C50) BDL (0.5) BDL (0.5)

Σ Heavy hydrocarbons (C12-C50) BDL (0.5) BDL (0.5)
Note: BDL Below the detection limit.

3.2. Hg Sequential Extraction
3.2.1. Sample A

The standard sequential extraction procedure (SEP) conducted on sample A shows
that more than 75% of the HgT in the sediments was extracted in step 6 (Figure 3), thus
indicating that Hg has a highly stable phase and is trapped in a mineral lattice or bound
to humic substances. Around 14% of the Hg was extracted in the seventh step (mercuric
sulfide), in the same way as insoluble Hg forms such as cinnabar (HgS), m-HgS, HgSe, and
HgAu. Less than 1% of the HgT was released in the first three steps, which involved more
soluble and bioavailable forms.

3.2.2. Sample B

As in sample A, sample B had nearly 78% of HgT in the sediments extracted in
step 6 (Figure 3). Around 9% of the Hg was extracted in the fifth step, as organo-chelated
mercury. About 8% of the HgT was extracted in step 7, just like the insoluble Hg forms. Only
1% of the HgT was released in the first three steps (more soluble and bioavailable forms).

3.2.3. Sample C

The SEP of sample C shows that more than 74% of the HgT in the sediments was
extracted in step 6 (Figure 3), thus confirming a highly stable phase of Hg trapped in a
mineral lattice or bound to humic substances. Around 16% of the Hg was extracted in the
fifth step as organo-chelated mercury. More than 9% was extracted in the seventh step,
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just like such insoluble Hg forms as cinnabar (HgS), m-HgS, HgSe, and HgAu. Less than
1% of the HgT was released in the first three steps, that is, in a labile or human-stomach
soluble form.
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3.3. Soil Washing

The adopted soil-washing experiments are reported as a single-step batch process
(two sets) and as a multi-step batch process. Both the lab test results and the ones obtained
from the sediments used for the mesocosm set-up are indicated.

3.3.1. Single-Step Batch Process: First Set

The first batch leaching experiments indicated that, of the four tested solutions
(Figure 4a), the iodide/iodine solution is the only one that was efficient in the removal
of Hg from the examined sediments. On average, the solution extracted 88.9% of the Hg
from aged sediments. On the other hand, the sodium thiosulfate solution only extracted
2% of Hg, and the EDDS and EDTA solutions did not extract any significant amounts of
Hg (0.25% and 0.06% for EDTA and EDDS, respectively).

3.3.2. Single-Step Batch Process: Second Set

A second set of soil-washing experiments was performed, because of the highly
heterogeneous efficiencies that were obtained from the first soil-washing batch test, using
the same leaching solutions (EDTA, EDDS, Na2S2O3 and KI/I2) to validate the results of the
first set of experiments on the specific sediment from the Augusta Bay. The second set of
soil-washing experiments basically confirmed that the leaching efficiencies obtained from
the first one (Figure 4b): EDTA and EDDS (efficiencies of 0.21% and 0.07%, respectively)
were not fully effective in the removal of HG; sodium thiosulfate did not have adequate
removal capacity (3%) to implement a full-scale process; iodide/iodine (89.3%) could have
the potential to be applied in industrial soil-washing processes aimed at the removal of Hg
from sediments. These results prove that a high Hg extraction efficiency can be obtained by
applying a suitably strong leaching agent to aged sediments, in agreement with the first
conclusions obtained for the SEP procedure.

3.3.3. Single-Step Batch Process: Second Set

A second set of soil-washing experiments was performed, because of the highly
heterogeneous efficiencies that were obtained from the first soil-washing batch test, using
the same leaching solutions (EDTA, EDDS, Na2S2O3 and KI/I2) to validate the results of the
first set of experiments on the specific sediment from the Augusta Bay. The second set of
soil-washing experiments basically confirmed that the leaching efficiencies obtained from
the first one (Figure 4b): EDTA and EDDS (efficiencies of 0.21% and 0.07%, respectively)
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were not fully effective in the removal of HG; sodium thiosulfate did not have adequate
removal capacity (3%) to implement a full-scale process; iodide/iodine (89.3%) could have
the potential to be applied in industrial soil-washing processes aimed at the removal of Hg
from sediments. These results prove that a high Hg extraction efficiency can be obtained by
applying a suitably strong leaching agent to aged sediments, in agreement with the first
conclusions obtained for the SEP procedure.
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Figure 4. Results of the single-step soil-washing batch tests: (a) first set; (b) second set and of the
multi-step soil-washing batch tests at the lab and mesocosm scales: (c) Hg mass removal; (d) Hg
removal efficiency and cumulative expectation.

The iodide/iodine solution showed a mercury removal efficiency of 89.3% for the first
soil-washing cycle, 67.1% for the second cycle, and 46.2% for the third cycle (Figure 4d).
Each efficiency was calculated with regard to the initial concentration of Hg in the sediments
at each step. The three-cycle lab process allowed an Hg concentration to be achieved in the
sediments, which was below the intervention value (1 mg kg−1), with an overall efficiency
of 99%.
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The overall quantity of sediments needed to implement mesocosm G (35 kg) was
treated on the basis of the results of the lab-scale experiments. Achieved efficiencies
(Figure 4d) were slightly lower than the ones obtained at the lab scale. The iodide/iodine
solution showed a mercury removal efficiency of 85.5% for the first soil-washing cycle,
41.2% for the second cycle, and 16.7% for the third one. Each efficiency was calculated with
regard to the initial Hg concentration of the sediment in each step. The overall efficiency of
the three-step process was 92.9%. The three-cycle process achieved a residual concentration
(3.41 mg kg−1) that, unlike the results obtained with bench-scale experiments, was above
the intervention value (1 mg kg−1). This result was attributed to the need to process larger
amounts of sediments and to the less energetic mixing carried out at the soil washing
mesocosm with respect to the bench scale experiment.

Polynomial interpolation has been utilized to appraise the expected relationship
between the number of washing cycles and achievable removal efficiency. It shows that,
in the case of sediment treated at a larger mesocosm scale, a similar fourth cycle would
probably remove only a marginal amount of Hg, thus making the sustainability of the
increase in number of cycles with the same leaching agent concentration questionable. An
increase in the strength of the leaching agent in subsequent steps or more energetic mixing
conditions would probably help reduce residual concentration to below 1 mg kg−1.

3.4. Histological Analysis

A normal morphology of mussel gill tissue (Figure 5a), consisting of parallel filaments
whose whole surface is coated by cilia, was observed in the gills of M. galloprovincialis from
mesocosm W. A relevant loss of cilia was noted in the gills of mussels from mesocosm
B (Figure 5b), whereas a moderate alteration of cilia was revealed in the mussels from
mesocosm G, together with a relevant presence of hemocytes in gill tissues (Figure 5c).
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Figure 5. M. galloprovincialis gills stained with Hematoxylin and Eosin (H&E): (a) the white mesocosm,
(b) the black mesocosm, (c) the gray mesocosm. (* indicates a loss of cilia, while arrows show
hemocytes). Scale bars, 20 µm.

3.5. Immunohistochemical Analysis

As far as the serotoninergic system is concerned, the gills of the mussels from meso-
cosm W showed high cellular immunopositivity for 5-HT (Figure 6(a1)) and a low ex-
pression for 5-HT3R (Figure 6(b1)). A reduction in immunopositivity was observed in
mesocosm B for serotonin (Figure 6(a2)), with a concomitant increase in the signal of the
receptor at a gill fiber level (Figure 6(b2)). Moreover, a moderate increase in 5-HT im-
munopositivity was revealed in both the cells and fibers of gills of mussels from mesocosm
G (Figure 6(a3)), compared to mesocosm B, while the receptor was mainly localized along
the fibers and in the hemocytes (Figure 6(c3)). Quantification and statistics of 5-HT (Figure
S1) and 5-HT3R (Figure S2) immunopositive cells detected in the gills of the mussels from
the three meso-cosms are reported in the Supplementary Materials.
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Figure 6. Immunohistochemical labeling of 5-HT in the gills of the mussels from: (a1) the white
mesocosm, (a2) the black mesocosm, and (a3) the gray mesocosm; Immunohistochemical labeling
of 5-HT3R in the gills of the mussels from (b1) the white mesocosm, (b2) the black mesocosm, and
(b3) the gray mesocosm; Immunohistochemical labeling of AChE in the gills of the mussels from (c1)
the white mesocosm, (c2) the black mesocosm, and (c3) the gray mesocosm; Immunohistochemical
labeling of ChAT in the gills of the mussels from (d1) the white mesocosm, (d2) the black mesocosm,
and (d3) the gray mesocosm. Scale bars, 20 µm.
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As for the cholinergic system, AChE and ChAT showed good immunopositivity in
the gill cells of the control mussels from mesocosm W (Figure 6(c1,d1)). Low cellular
immunopositivity of AChE and ChAT was observed in mesocosm B, with a higher signal in
the fibers (Figure 6(c2,d2)). The immunopositivity of both enzymes increased in mesocosm
G, compared with mesocosm B, and was mainly expressed in the cells (Figure 6(c3,d3)).
Quan-tification and statistics of AChE (Figure S3) and ChAT (Figure S4) immunopositive
cells detected in the gills of the mussels from the three mesocosms are reported in the
Supplementary Materials.

3.6. Enzymatic Analysis

A significant reduction of about 20% of AChE activity was revealed, through a compar-
ison of enzymatic activity in the three different mesocosms, only in the gills of the mussels
exposed to the natural polluted sediments in mesocosm B (data statistically significant). The
enzymatic activity of AChE was not inhibited in mesocosm G where the sediments were
treated by soil washing, as its level was almost equivalent to that recorded in mesocosm W
(Figure 7).
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3.7. Hg Removal Efficiency

Hg Removal efficiencies, as evaluated in this study, were compared with other litera-
ture data evaluating leaching agents and Hg initial concentration, as reported in Table 3.

Table 3. Comparison of different Hg removal efficiencies as functions of the leaching agent and the
initial Hg content.

Ref. Process Reagent
Hg Initial

Concentration
(mg/g)

Hg Removal
Efficiency (%)

[47]
Column 0.1 M KI + 0.5 M HCl 113.5 76

Batch 0.1 M KI + 0.5 M HCl 47.1 99

[48] Batch 0.2 M I2 + 0.4 M KI 35.0 98

[45]

Batch 0.1 M KI 6.1 28

Batch 1 M Na2S2O3 6.1 37

Column 0.1 M KI 6.1 35

[49] Three-step batch H2O2, Na2S2O3, Na2S 2.1 87

This study Single-step batch EDTA 0.2 M 47.7 0.2
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Table 3. Cont.

Ref. Process Reagent
Hg Initial

Concentration
(mg/g)

Hg Removal
Efficiency (%)

This study Single-step batch EDDS 0.1 M 47.7 0.7

This study Single-step batch Na2S2O3 47.7 2.5

This study Single-step batch KI 0.2 M + I2 0.2 M. 47.7 89.3–85.5 *

This study Double-step batch KI 0.2 M + I2 0.2 M. 47.7 96.4–91.5 *

This study Three-step batch KI 0.2 M + I2 0.2 M. 47.7 98.0–93.0 *
* lab (first value), mesocosm (second value).

4. Discussion

As already mentioned, Hg contamination in the Augusta Bay is caused by discharges
from a chlor-alkali plant, based on Hg-cell technology, which was in operation from
1958 to 2003. During that period, it was legally permitted to “wash” the Hg-cell with
seawater, and this led to an estimated discharge of over 500 tons of Hg into the sea [52].
Because of the historical origin of this Hg contamination, it is possible to refer to such
contaminated sediments as being “aged”. This aspect has significant implications in terms
of sequential extraction results, as well as in terms of the main expected mechanism of
mussel contamination.

The toxicity and bioavailability of mercury in sediments depend above all on the
site-specific distribution of its forms and their interaction with the sediment matrix under
aqueous conditions. Sediment pore water, which usually contains high concentrations of
mercury, could readily release mercury into overlying water [53]. Certain activities, such
as dredging and shipping, as well as natural occurrences, such as storms and tides, could
also remobilize mercury from the sediments [54]. Bloom and Loasorsa [55] conducted a
laboratory experiment in which they mimicked ocean dredging, and they reported that
about 5% of MeHg and less than 1% of total mercury was released from contaminated
sediments during the dredging simulation. SEP results can help to identify the main binding
sites and phase associations of Hg when assessing the risk for humans and the environment.

The sequential extraction procedure showed that Hg is strongly bound to sediments,
since very aggressive reagents were necessary for its extraction from the solid matrix. Hg is
mostly present in the matrix in the form of elemental mercury (60%). These results are fully
in agreement with those obtained from other SEP studies carried out on sediments from
the Augusta Bay [46,56].

The results of the fractionation analysis were used to establish the most suitable agents
to use as leaching solutions to remove aged Hg-polluted sediments, like those from the
Augusta coastal area. Table 3 shows a comparison of the different Hg removal efficiencies
as functions of the leaching process, the leaching agent, and the initial content of Hg in the
treated matrix.

The poor results obtained with EDTA and EDDS are not surprising, as Mercury is a
class B element with a very high covalence index and no affinity for oxygenated groups
(involving carboxylic and alcoholic or phenolic functional groups), such as those present
in EDTA or EDDS. However, these two chelating agents were tested here to provide the
local Harbour Authority with direct and clear information of the inadequacy in the use
of these compounds for such applications. For the chelation of Hg, the -SH group shows
an enormous affinity, as do amines and polyphenols. Examples of these chelators are
the recurrently used Dimercaprol (2,3-Dimercaptopropanol), also called BAL (British anti-
Lewisite), and the usual medication to treat poisoning from Hg. Other chelators for Hg
are Penicillamine, Dimercaptosuccinic acid, etc. Chelators containing thiol, amines, or
polyphenols groups could improve results obtained by an iodide/iodine solution.

The results of this study also suggest that, in the case of the Augusta Bay, the main
contamination path could now be the simple resuspension of aged sediments induced by
marine turbulence or by anthropic activities that cause the local fauna to directly “ingest”
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contaminated particles. Since Hg is predominantly present in a very stable form, the risk
of its dissolution in the water is more limited. For this reason, a more holistic approach is
needed to assess the effect of potential Hg contamination.

The use of a multi-biomarker approach to perform a comprehensive evaluation of the
biological responses elicited by M. galloprovincialis mussels challenged by petrochemical
pollution has already been employed successfully [44,57,58]. It was documented that
the histomorphological alterations of biological tissues represent a signal of damage and
also of the functional integrity of the tissues [58,59]. In this study, the gills of mussels
from mesocosm B exhibited severe histological damage, as well as an important loss of
cilia, whereas only moderate alterations were observed in the branchial epithelium of the
mussels from mesocosm G, even though the presence of hemocytes was evident. The
cilia of marine mollusks are actively involved in numerous gill functions, such as nutrient
uptake and gas exchange, while hemocytes have a complex cell-signaling network that
has a high homology with that of vertebrates, which allows them to modulate their own
functions [60,61]. The observation of hemocytes, a sign of inflammation, in the gills of
mussels from mesocosm G from treated sediments is due to the presence of residual
mercury. In fact, soil washing was able to reduce metal concentrations, but mercury levels
remained above allowed limits (Ministerial Decree No. 260/2010; Dutch Sediment Quality
Guidelines, SQGs). The residual presence of Hg in treated sediments might have been able
to trigger cytotoxic and inflammatory responses in the branchial tissue of the mussels.

In order to evaluate the neurotoxic potential of the residual contaminant, which is still
present—albeit to a lesser extent—a battery of biomarkers that are indicative of neuronal
perturbations, mainly related to the serotoninergic and cholinergic neurotransmission
system that regulates the movement and beating of gill cilia [62–64], was also assessed in
treated sediments. As far as the serotoninergic system is concerned, the immunopositiv-
ity to serotonin in the gills of mussels from mesocosm G was found to be lower than in
mesocosm W but moderately higher than in the mussels from mesocosm B. Reduction in
serotonin, as observed in mesocosm B, was comparable with data reported about the gills of
mussels exposed to complex pollution in the field [58,59]. The increased immunopositivity
of serotonin recorded in mesocosm G indicates that the condition present in the mesocosm
with treated sediments is somewhat similar to the control environment represented by
mesocosm W. As expected, evaluation of the 5-HT receptor, by means of the immunohisto-
chemical assay in mesocosm B, showed an increase in serotonin receptor immunopositivity
compared to that recorded in mesocosm W. This result is an adaptive response that is
mediated, in the gills, by paracrine signaling activities that are aimed at recovering the
regular physiological activity of the branchial epithelium [58,59,63]. Reduction in 5-HT3R
immunopositivity in mesocosm G with the treated sediments is worth noting, and it is
similar to the response observed in mesocosm W, thus suggesting a tendency for mussels
to recover a healthy condition.

The cholinergic system was also investigated with the aim of obtaining more com-
plete insights into the neurotoxic potential of any petrochemical pollutants still present
in sediments after treatment. The cholinergic system is responsible for the physiological
functioning of the efferent nervous system [64]. The choline acetyltransferase enzyme
(ChAT) is responsible for synthesis of the neurotransmitter acetylcholine into the cyto-
plasm of cholinergic neurons, whereas the acetylcholinesterase enzyme (AChE) catalyzes
the breakdown of acetylcholine into choline and acetate within cholinergic synapses and
neuromuscular junctions [65]. The immunopositivity of the two enzymes in the gills of
mussels from mesocosm B was found to be lower than that recorded in the mussels from
mesocosm W (control) and mesocosm G (treated sediments). This data were also confirmed
through the measurement of the enzymatic activity of AChE in mussel gills, which was
significantly reduced in the mussels from mesocosm B, compared to those in mesocosms W
and G. The concomitance of the inhibition of both AChE and ChAT is a clear sign of the
severe compromising of the cholinergic system, since no adaptive compensatory responses
were elicited by the mussels, thereby resulting in important repercussions for the ciliary
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function and also for the filtering activity of mussel gills. Similar data had previously been
documented in a field study with mussels caged for 60 days in a coastal marine area greatly
affected by multi-contaminant (i.e., hydrocarbon and Hg) pollution [58].

5. Conclusions

The results of bench-scale washing tests indicated the Hg removal efficiency that is
achievable through a multi-step process. Overall removal efficiencies were 99% and 93% at
the lab and meso scale, respectively, when the most effective extractive agent (iodide) was
used. Chelators containing thiol, amines, or polyphenols groups could improve the results
obtained by an iodide/iodine solution.

Regardless of the experimental efficiency obtained and the specific removal process
adopted here, the main aim of the work is to propose an innovative approach that is aimed
at preventively assessing the environmental (positive) impact of a remediation/treatment
process, not only through conventional chemical measurements (i.e., the achieved reduction
in pollutant concentrations in the treated matrix—regardless of how it is performed and
reported) but also through a simultaneous and direct measurement of the remediation
strategy effects on a target biological community. Although we have focused on the soil
washing of Hg-contaminated sediments (i.e., removing–treating–reallocating the sediments)
as a potential decontamination strategy in this paper, the proposed approach could be
applied to several other processes through a comparative approach. In other words, when
restoring a contaminated environment or reducing pollutant discharge (e.g., industrial
wastewater discharge), the use of mesocosms could help to preventively address the
selection of the most efficient process by simulating—at a significant but still controlled
scale—the marine environment and its biological response. By comparing the effects
of both the untreated and treated matrix (i.e., the sediments) on the same sentinels, the
proposed approach appears to be much more effective than using only traditional chemical
measurements of the efficiency of treatment, and thus, a more direct and holistic picture
of the final environmental effect of the restoration can be attained. When referring to a
controlled system, any potential field (site-specific) interferences are prevented, and only
the effects of the proposed treatment can thus be “read”.

The proposed approach that can be applied to any kind of remediation/treatment
action in any part of the word could help stakeholders to allocate funds to the best strategy
by selecting, at an early stage, the most efficient cleaning action from a more holistic and
broader perspective.
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www.mdpi.com/article/10.3390/w15183258/s1. Figure S1: Quantification of 5-HT immunoposi-
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immunopositive cells in the gills of mussels from the three mesocosms; Figure S3: Quantification of
AChE immunopositive cells in the gills of mussels from the three mesocosms; Figure S4: Quantifica-
tion of ChAT immunopositive cells in the gills of mussels from the three mesocosms.
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