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Abstract
Purpose The study was aimed to provide information on the decontamination of sediments polluted with heavy metals by soil
washing and attrition scrubber techniques, assessing the efficiency of a prototype machinery for the improvement of sediment
quality dredged in the Ravenna Harbor (Italy). An additional purpose was to compare the heavy metal distribution in sediment
fractions collected after these treatments.
Materials and methods Textural and geochemical characteristics were determined in bulk sediments and after the treatments of
soil washing and attrition scrubbing by a smaller scale prototype. Statistical analyses were carried out to verify the heavy metal
correlations at each step of the treatments.
Results and discussion Textural features after treatments showed moderate separation of sand and silt/clay fractions after soil
washing and an increase of the fine fractions after attrition scrubbing. Bulk sediments polluted by arsenic (As) were
decontaminated after treatments. Concerning heavy metals, mercury was concentrated in the sand while aluminum, As, cadmi-
um, chrome, iron, manganese, zinc, and vanadiumwere concentrated in the silt/clay fraction. Bivariate plots showed a significant
correlation of heavy metals with sand percentage after soil washing and attrition scrubbing.
Conclusions The results suggest that heavy metal concentrations were significantly affected by grain size distribution. Soil
washing resulted in the complete decontamination of As in the sediments. The heavy metal concentration was altered in each
step of the treatments according to three different trends.

Keywords Attrition scrubber . Dredged sediment . Heavymetals . Remediation . Soil washing

1 Introduction

Marine sediments near large industrial and urban areas usually
show high levels of contamination. Pollutants are usually rep-

resented by heavy metals (Romano et al. 2004; Colacicco
et al. 2010; Lepland et al. 2010), polycyclic aromatic hydro-
carbons (PAHs; Simpson et al. 1996; Alebic-Juretic 2011),
tributyltins (TBTs; Bhosle et al. 2006; Antizar-Ladislao
2008), organochloride pesticides (OCPs), oil, radionuclides,
rare earth metals, and other organic compounds that originate
from anthropogenic activities (Galkus et al. 2012). The prob-
lem of managing contaminated sediments is strictly related to
the activities of remediation (Agius and Porebski 2008) in
addition to the need for periodical dredging in order to pre-
serve navigability in ports and waterways (Simonini et al.
2005).

Heavy metals are very common contaminants (Gibbs 1993;
Mezencevova et al. 2012; Yamagata et al. 2015). As reported
by European Environmental Agency (2011) and Liao et al.
(2016), heavy metal-contaminated sites have reached about
37.3% of the total contaminated European soil and 20.17% of
Italian soil. Heavy metals usually transfer significant toxicity to
aquatic organisms and thereby affect human health through the
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food chain (Peng et al. 2009). In sediments, heavy metals can
be occluded in amorphous materials, adsorbed on clay surfaces
or precipitated with iron/manganese oxy-hydroxides, integrated
with organic matter, or found in the lattice of primary minerals
such as silicates (Peng et al. 2009) and secondary minerals like
carbonates, sulfates, or oxides. High heavy metal levels in sed-
iments require decontamination treatments that lower their con-
centrations. These interventions include physical remediation
(soil replacement, thermal desorption, slurry injection, dehydra-
tion, and particle separation); chemical remediation by
leaching, using fresh water, reagents, and others (fluids or gas,
electrokinetics, or vitrifying techniques); and biological reme-
diation (phytoremediation and microbiological remediation)
(Yao et al. 2012; Kim et al. 2016). Among these treatments,
particle separation through soil washing is considered one of
the best methods for remediation of heavy metal contaminated
sites; it is mostly used for polluted soils, but it is also useful for
sediments (Mulligan et al. 2001; Peng et al. 2009). The soil
washing process exploits a physical-chemical approach used
in mining to concentrate metals in specific particle fractions,
using trommels, screw classifiers, attrition mills, or
hydrocyclones (Mann 1999; Dermont et al. 2008).
Hydrocyclones use centrifugal force to separate solids from
liquid streams (Wu et al. 2012; He et al. 2013). The system
has no movable parts, operates simply, and is low-cost and
space-saving (Kim et al. 2016). Soil washing separates and
treats gravel and sand fractions, so that they may be re-used
as clean backfill. It may also concentrate through physical sep-
aration up to 90% of contaminants in the finer fraction, that is,
silts and clays with a mean diameter of 50 mm or less (Lee et al.
1997; Gomes et al. 2016), for further treatment or disposal
(Mann 1999). Physical separation concentrates metal contami-
nants into a smaller volume of soil by exploiting differences in
physical characteristics of particles, such as size, density, mag-
netism, and hydrophobic surface properties (Griffiths 1995;
Anderson et al. 1999; Dermont et al. 2008). However, Clozel
et al. (2006) showed that metal distribution within the sedi-
ments were not completely transferred from the sandy fraction
to the silty-clayey fraction; thus, in some cases, sieving may be
insufficient to separate a polluted fine fraction from a non-
polluted coarse one. Attrition scrubbing may improve the effi-
ciency of separation methods by hydro-classification (Williford
et al. 1999) or shaking table (Marino et al. 1997; Bisone et al.
2013) and has therefore been applied in several studies to im-
prove sediment cleaning (Stražišar and Sešelj 1999; Bayley and
Biggs 2005; Pétavy et al. 2009a). The attrition scrubber has
been employed as a suitable remediation process for contami-
nated sediments because it may remove particles and contami-
nants from the surface of sediments, reducing the viscosity of
the slurry and allowing the sand to settle quickly in the soil
washing plant (Kuhlman and Greenfield 1999). Moreover, the
attrition process causes abrasion, scrubbing, scouring, and par-
ticle disintegration (Jiang et al. 2009) that affect the physical

parameters of agglomerated particles (Marino et al. 1997;
Strazisar and Seselj 1999). A direct link between the duration
of attrition and the efficiency of removal (the ratio between the
removed contaminant and the input quantity) was found by
Stražišar and Sešelj (1999), with 90% of contaminants removed
in 90 min for lead-contaminated calcite samples. The same
authors also reported an increase in the removal efficiency re-
lated to an increase in the range of particle size (46% for a size
range 0.1–0.4 mm and 65% for a size range 0.8–1.25 mm).
Treatment times also play a role in addition to particle size:
the duration of attrition is positively correlated with the produc-
tion of fine particles (Pétavy et al. 2009b), from 17 to 31% of
the total mass (during 30 and 180 s of attrition, respectively).

The attrition scrubbing favorably compared with other re-
mediation technologies (for instance, ultrasonic separation
and jet reactors). Attrition provides excellent mixing and sur-
face abrasion and has been successfully used to speed up the
leaching dynamics of gold ores (Feng et al. 2001). Jobin et al.
(2015) reported that attrition significantly increased the effi-
ciency of gravity separation due to a change in shape of soil
particles and to higher release of the contaminants by breaking
and separation of agglomerated particles. Attrition may also
improve the effectiveness of particle density separation (Peters
1999) in comparison to other techniques. An added advantage
is that the equipment cost and maintenance can be significant-
ly lower to other systems (Feng et al. 2001).

Unfortunately, studies on heavy metal decontamination are
limited and experimental data on the operative conditions of the
attrition scrubber are still incomplete. Moreover, a comparison of
heavy metal concentration before and after soil washing and
before and after attrition scrubbing has never been performed.

This study examines the distribution of the heavy metals after
each step of the decontamination process with the following pur-
poses: separate the polluted fractions using a tailored treatment
based on soil washing, attrition scrubbing, and sieving; determine
the efficiency of a physical test for decontamination of dredged
sediments by soil washing, followed by attrition scrubbing; and
compare heavy metal concentrations in sediment fractions.

2 Materials and methods

2.1 Study area

Sediment samples were collected into the Candiano channel
(Fig. 1), next to the harbor of Ravenna (Emilia-Romagna
Region, northern Italy). Ravenna is one of the most important
Italian harbors for commercial trade with the eastern
Mediterranean Sea and the Black Sea, occurring by bulk cargo
and general cargo (approximately 30% of the total Italian na-
tional trade excluding oil products). The traded products are
mostly concrete, timber, and electrical coils, amounting to
about 25,962,764 tons and 234,511 container voyages in
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2016 (Ravenna Port Authority 2017). In the sediments of the
Candiano channel and of the adjacent lagoon BPialassa della
Baiona^ (Fig. 1), high levels of hydrocarbons have been re-
ported, as well as contamination by mercury (Miserocchi et al.
1993; Fabbri et al. 2003; Matteucci et al. 2005), related to the
large amount of mercury spilled between 1957 and 1977 in the
lagoon by a local acetaldehyde factory (Covelli et al. 2001).

2.1.1 Sampling

Sediments were sampled in 2011 at three different sites, la-
beled Bgreen^ (G), Byellow^ (Y), and Bred^ (R) along the
Candiano channel in Ravenna Harbor (Fig. 1) (LIFE
SEDI.PORT.SIL. 2011). The sampling sites were identified
on the basis of previous geochemical characterizations carried
out in the Candiano channel from 1998 to 2008 and by an
official survey by local authorities in 2007, aimed to define
the spatial distribution of pollutants in the study area (LIFE
SEDI.PORT.SIL. 2011).

The G site was located between the urban areas of Marina di
Ravenna and Porto Corsini, the Y site was in the intermediate

area of the Candiano channel, and the R site was in the inner-
most part of the channel, near the industrial area of the harbor
(Fig. 1). For each site, three sampling points (G1–3, Y1–3, R1–
3) were randomly selected and for each point about 10 m3 of
wet sediment was collected by a sealed bucket, coupled with a
core sample for stratigraphic characterization, reaching a
dredged depth between 5 and 5.5 m. All sediments were ana-
lyzed and characterized in situ by measuring temperature, pH,
and redox status (data not shown) and later in the laboratory
according to the Italian Legislative Decree 152/2006, A column
for national standard levels of heavymetal contents, the Nitrates
Directive (Council Directive 91/676/EEC; European
Community 1991), and the Water Framework Directive
(Directive 2000/60/EC; European Community 2000).

2.2 Treatments

The experimental treatments were carried out by a soil wash-
ing prototype (Diemme Soil Washing Ltd., Lugo, Ravenna,
Italy) (Fig. 2) during the project BRecovery of dredged
SEDIments of the PORT of Ravenna and SILicon extraction^

Fig. 1 Map of locations of the sediment sampling (modified after LIFE
SEDI.PORT.SIL. 2011). G, Y, and R sampling sites refer to levels of
contamination by Corsini et al. (2007) according to the Italian
Legislative Decree 152/2006, UE directive (2000/60/CE; 91/156/CEE;

75/442/CEE, 91/689/CEE and 94/63/CE), and LIFE SEDI.PORT.SIL.
(2012). Red dots indicate the sites of a previous survey carried out by
the Ravenna Port Authority with the support of the Regional Agency for
Prevention, Environment and Energy (ARPA) in 2007
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LIFE ENV/IT/000158 (LIFE SEDI.PORT.SIL.) to test an ex
situ remediation process with harbor sediments. In the soil
washing tests, each sediment sample was separated at the frac-
tion cutoff thresholds reported in Fig. 2 (CF, coarse fraction;
IF, intermediate fraction; FF, fine fraction). A hydrocyclone
Warman C4 (Weir Minerals Ltd., Glasgow, UK) was
employed, characterized by an inner cylinder section diameter
of 100 mm and a cone angle of 10°. A centrifugal pump with
67 l/min capacity at 18 °C was used to feed dredged sediments
into the hydrocyclone; a pressure gauge and flowmeter
(Diemme Soil Washing Ltd.) were also installed. Ball valves
were set up in front of the flowmeter and after the centrifugal
pump in order to control the flow rate. The inflow velocity of
the hydrocyclone was 3 m/s, and the operative pressure was
80 kPa.

A second phase of the treatment consisted in applying an
attrition test and a cutoff at < 3.75φ to the IF of each sample.
The attrition tests removed the contaminants from the surface
of the particles, with special attention to residual heavy metals.
The attrition apparatus consisted of a cell LIGHTNIN
Attrition Scrubber (Lightnin SPX Flow, Rochester, New
York, USA) with a vertical tree and three levels of stirring
paddles supplied by a 3-kW electric engine at 1490 rpm.
The attrition time was set at 10 min according to Jobin et al.
(2015). The cell had a capacity of 15–20 l and treated dry
matter at 60–70% of solid ratio, close to the best solid ratios
(65 and 75%) obtained respectively by Gül et al. (2006) and
Feng et al. (2001), with a density of 1.5–1.8 kg/l. The FF was
pressed to reduce volume and finally discharged.

The prototype used in this study was configured for semi-
industrial use with a work capacity of 1 ton per hour (24 tons

per day), calibrated for the experiments carried out within the
LIFE SEDI.PORT.SIL. project. Consequently, the prototype
was smaller than a common industrial treatment plant (2000–
6000 tons per day) but had the same technical characteristics.

2.3 Textural and chemical analyses

Textural and chemical analyses were performed on bulk sedi-
ments, on the two sediment fractions before treatment (IF and
FF), on the fractions obtained by soil washing (IFsw and FFsw),
and during the attrition process (IFatt) (Fig. 2). The analyses were
carried out at the Department of Physics and Earth Sciences of
the University of Ferrara (Ferrara, Italy) and at CRSA MED
Ingegneria Ltd. (Marina di Ravenna, Ravenna, Italy).

The bulk sediments were wet sieved through a 3.75-φ
sieve to separate the finer fraction (silt and clay) from the
intermediate one (sand fraction). The IF particle size, between
− 1 and 3.75 φ, was measured by using a settling tube, while
the FF (< 3.75 φ) was determined with a sedigraph
(Micromeritics 5100, Japan). Finally, the Wentworth scale
was used to classify the sediments, and the textural parameters
were obtained through the statistics package Gradistat (Blott
and Pye 2001) applying the Folk and Ward (1957)
classification.

Heavy metals (aluminum, Al; arsenic, As; cadmium, Cd;
total chromium, Crtot; exavalent chromium, Crvi; iron, Fe; man-
ganese, Mn; mercury, Hg; nickel, Ni; lead, Pb; copper, Cu;
vanadium, V; zinc, Zn) were analyzed by inductively coupled
plasma-mass spectrometry (ICP-MS) Model X (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) after total dissolu-
tion with HF and HNO3, following the methods EPA 3051A
2007 (EPA 2007a) and EPA 6010C 2007 (EPA 2007b) for
heavy metal analysis with a detection limit of 0.1 mg kg−1.
The EPA Reference Standard SS-1 (a type B naturally contam-
inated soil) and the EPA Reference Standard SS-2 (a type C
naturally contaminated soil) were used to crosscheck and vali-
date the results. These total dissolution procedures included a
total digestion of sediment samples using HF and HNO3, ac-
cordingly to widely used for ICP-MS analysis of polluted har-
bor sediments, as applied by Adamo et al. (2005) in Naples
(Italy), Caplat et al. (2005) in Port-en-Bessin (France),
Mendoza et al. (1996) in Hidalgo State (Mexico), and
Miserocchi et al. (1993) in Ravenna (Italy).

The physical-chemical parameters of sediments, including
temperature, pH, and redox potential, were measured by a
multi-parameter Multiline P4 (WTW, Rozzano, Milan, Italy).

2.4 Statistical analyses

Statistical analyses were performed by the Statistical Package
for Social Sciences (SPSS) version 20 (Statistics Solutions)
and Microsoft Excel version 2017 (Microsoft Office,
Redmond, Washington, USA). All measured variables of IF

Fig. 2 Experimental protocol for treatment of dredged sediments in three
phases (soil washing, attrition, and sieving). IF intermediate fraction, FF
fine fraction, CFsw coarse fraction after soil washing, IFsw intermediate
fraction after soil washing, FFsw fine fraction after soil washing, IFatt
intermediate fraction after attrition scrubbing, FFatt fine fraction after
attrition scrubbing
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and FF were elaborated using a correlation matrix before and
after treatments. The matrix was generated using the Pearson
correlation coefficient. Linear regressions were elaborated to
identify the relationship among heavy metals under the differ-
ent treatment conditions. All statistical data were presented in
the Electronic Supplementary Material (S1-S4).

3 Results

3.1 Characterization of bulk sediments

Bulk sediments corresponded to coarse silt or very coarse silt
in accordance with the classification system by Folk andWard
(1957). Overall, the mean diameter and the sorting index var-
ied from 4.19 to 5.32φ and from 0.98 to 1.63φ, respectively
(Table 1). Red samples (mean diameter between 4.19 to
4.33φ and sorting index ranging from 0.98 to 1.09φ) showed
textural parameters very similar to the green samples (mean
diameter between 4.40 and 4.61 φ and a sorting index be-
tween 1.21 and 1.35 φ) (Table 1). Yellow samples had the
highest mean diameter (between 5.00 and 5.32φ) and sorting
index (1.45–1.63φ). The sand content varied from 23.47% in
the Y2 sample to 65.5% in the R3 sample (Table 1). Heavy
metal concentrations in bulk sediments, also reported in
Table 1, were compared with the thresholds for intervention
according to the Italian standards for soils (Legislative Decree
n. 152/2006). All bulk sediments showed concentrations be-
low the legislative limits, except As in sample R2
(32.9 mg kg−1), that exceeded the lower risk threshold of the
Legislative Decree n. 152/2006-A Column. The values of Al,
Fe, and Mn concentrations were not considered because the
Italian law had not yet defined intervention thresholds for
these metals (Table 1). The distribution of heavy metals in
IF and FF of the bulk sediments was analyzed in order to
determine their enrichment in relation to particle size. The
general tendency observed was that the IF of bulk sediments
(corresponding to the sand fractions > 3.75 φ sieved in the
laboratory before treatment) was depleted in heavy metals,
while the FF (silt and clay < 3.75 φ of bulk sediments)
showed the highest concentrations (Table 1 and Fig. 3). This
trend was clearly observed for Al, Crtot, Cu, Fe, Ni, Pb, and V.
The elements As, Cd, Mn, and Zn had also a similar behavior,
although in some samples, the concentration value of a given
metal in bulk sediments, IF and FF, was about the same.
Compared to the other heavy metals, Hg showed an inverse
distribution between IF and FF, with a higher concentration in
IF (Fig. 3). The Hg content in IF was even higher than in the
bulk sediments, except in samples R2 and Y1. A correlation
matrix of heavy metal concentrations was reported in the
Electronic Supplementary Material S1 for IF and for FF be-
fore treatments. The results showed a similar correlation of Al,
Crtot, Fe, Mn, and V both in IF and FF, but As, Cd, and Crvi

showed different correlations in the two fractions. The As
content had a significant correlation only with Pb in IF, but
was correlated with Crvi, Ni, Pb, and Cu in FF, and Cd corre-
lated with Pb and Cu in IF, but correlated to Crtot, Crvi, Fe, Pb,
Cu, V, and Zn in FF. Finally, Crvi significantly correlated with
Fe and Mn in IF and with Pb and Cu in FF. The element Hg
did not show any significant correlation with other heavy
metals in either IF or FF.

3.2 Characterization of treated sediments

3.2.1 Textural changes induced by treatments

The soil washing process separated the bulk sediments into
sandy and silt-clay fractions. However, the separation per-
formed by our prototype did not allow a complete separation;
thus, a percentage between 13 and 25.32% of silt and clay was
found in the sandy fraction (Table 2). The obtained sands were
classified as fine sands (or very fine sands in the case of sam-
ple R3); they were moderately well-sorted (0.55 φ) or poorly
sorted (1.12 φ), with a mean diameter ranging between 2.24
and 3.00φ (Table 2). After the attrition scrubbing process, the
intermediate fraction treated with attrition scrubber (IFatt),
classified as fine sand, showed a mean diameter of 2.49–
3.15 φ and a sorting index of 0.71–1.23 φ (Table 2). The
IFatt had a mean diameter slightly lower than that of sand
obtained by the soil washing treatment. The abrasion process
of the sandy fraction induced a slight increase of the silt and
clay (2.15% in sample G1 and 3.54% in sample R1). In sam-
ple Y1, the percentage of silt and clay decreased by 5.88%.
The abrasion also produced an increase of the sorting index
compared to the washed samples (from + 0.10 to + 0.64 φ).

3.2.2 Heavy metal distribution after soil washing

Heavy metal concentrations in sediments after soil washing
were reported in Table 3. The As distribution induced by the
soil washing treatment showed a similar removal efficiency
for the treatment of each fraction, and as expected, the As
concentration decreased in all samples. In detail, in sample
R2 which had the highest As content, As decreased from
28.0 to 8.1 mg kg−1 in IF before and after soil washing and
from 42.0 to 12.0 mg kg−1 in FF before and after soil washing,
obtaining an As removal higher than 28.6%. The physical
parameters of IF and FF after soil washing were described in
the Electronic Supplementary Material S2. The IF and FF
showed similarities in their residual sediment moisture (rang-
ing from 95.52 to 99.00 g kg−1), while the average dry sedi-
ment percentage ranged from 66.99 to 73.63% in FF and IF,
respectively. Some differences were observed in pH and redox
potent ia l between the two fract ions (Elect ronic
Supplementary Material S2). To investigate the relations be-
tween physical parameters and heavy metal concentrations in
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IF after soil washing, a correlation matrix was generated
(Electronic Supplementary Material S3), which showed a sig-
nificant correlation between temperature, pH, and redox po-
tential. However, after treatment Al, Hg, V, and Zn positively
correlated with temperature and negatively with redox

potential. Negative correlations were also observed between
residual moisture and Crtot, Ni, and Fe, while As, Cd, and Pb
did not show significant correlations with other heavy metals
or physical parameters. Concerning correlations among
metals, Al was positively correlated with Fe, Mn, Hg, V, and

Fig. 3 Heavy metal concentrations (mg kg−1) in bulk sediments, IF and FF fractions. R1–3 sampling points in R site, Y1–3 sampling points in Y site,
G1–3 sampling points in G site

Table 2 Textural parameters of IF
fractions after soil washing and
attrition scrubbing treatments

R1 R2 R3 Y1 Y2 Y3 G1 G2 G3

IF after soil washing

Sand (%) 85.88 85.00 82.00 74.68 82.00 87.00 81.35 85.00 80.00

Silt-clay (%) 14.12 15.00 18.00 25.32 18.00 13.00 18.65 15.00 20.00

Mean diameter (φ) 2.24 2.79 2.85 3.00 2.85 2.27 2.88 2.28 2.90

Sorting (φ) 0.55 0.56 1.00 1.12 1.00 0.60 1.02 0.56 1.04

IF after attrition scrubber

Sand (%) 82.34 n.d. n.d. 80.56 n.d. n.d. 79.20 n.d. n.d.

Silt-clay (%) 17.66 n.d. n.d. 19.44 n.d. n.d. 20.80 n.d. n.d.

Mean diameter (φ) 2.56 3.10 3.00 3.10 2.90 2.65 2.99 2.49 3.15

Sorting (φ) 0.81 1.20 1.18 1.22 1.19 0.87 1.15 0.71 1.23

n.d. not determined
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Zn, and Crtot showed positive correlations with Ni. Highly
significant correlations (< 0.01) were found between Mn-Zn
and Hg-Zn, and significant correlations (< 0.05) were also
found between Hg-Mn, Hg-V, Cu-Mn, and V-Zn (Electronic
Supplementary Material S1).

3.2.3 Heavy metal distribution after attrition scrubbing

Heavy metal concentrations in IF after attrition scrub-
bing were reported in Table 4, and the related correla-
t i on ma t r i x was p re sen t ed in the E lec t ron i c
Supplementary Material S4. After treatment, Al correlat-
ed with Fe, Pb, and V. Negative correlations were also
observed between As, Mn, Cu, and Zn, but As did not
show any significant correlation in IF treated by soil
washing (Electronic Supplementary Material S3). The
element Cd was negatively correlated with Pb, while
Crtot showed a positive correlation with Ni and a nega-
tive correlation with Zn after soil washing (Electronic
Supplementary Material S3). The element Fe was corre-
lated with Mn and V and with Mn and Cu. Unlike what
observed for IF after soil washing (Electronic
Supplementary Material S3), Hg did not show a signif-
icant correlation with any other heavy metal, while Pb
was correlated with Al and Cd. The element V positive-
ly correlated with Al, Mn, Fe, and Cu after soil wash-
ing (Electronic Supplementary Material S3). Finally, Zn
was negatively correlated with As, Crtot, and Ni.

4 Discussion

4.1 Bulk sediments

Previous studies (Miserocchi et al. 1993) indicated a sand
percentage from 10 to 21% in the tidal inlet zone of the
Candiano channel. These values were much lower than those
detected in R and G samples, whose sand contents were 56
and 47%, respectively. The high percentages of sand in the
Candiano channel are probably due to the specific sediment
features. Recent stratigraphic studies (LIFE SEDI.PORT.SIL.
2011) reported that the Candiano channel sediments were
characterized by a 3-m-thick sand layer at 2 m depth in the
R site. According to these data, the G site showed a surface
layer of silty clay of thickness 0.70 m and a layer of fine sand
to a depth of 1.2 m, followed by thin layers of silt and sand.
Finally, the Y site was characterized by a 1-m-thick layer of
silty clay, followed by alternating layers of silt, clayey silt, and
sand. The results of the textural analysis confirm the preva-
lence of sand in the red and green samples.

The observed heavymetal contents (Table 1) are lower than
those measured byMatteucci et al. (2005) for Cd, Cu, Hg, Pb,
and Zn near Pialassa della Baiona. These authors indicated an
average value of 1.5 mg kg−1 for Cd and a range of 66–
75 mg kg−1 for Cu, 24–70 mg kg−1 for Hg, 43–47 mg kg−1

for Pb, and 148–501 mg kg−1 for Zn. In our samples, the
average values were 0.16 mg kg−1 for Cd, 17.9 mg kg−1 for
Cu, 0.22 mg kg−1 for Hg, 10.5 mg kg−1 for Pb, and

Table 3 Heavy metal contents in IFsw and FFsw after soil washing

Heavy metals (mg kg−1)

Al As Cd Crtot Fe Mn Hg Ni Pb Cu V Zn

IFsw
R1 4.91E+03 7.35 0.01 38.16 6.57E+03 312.60 0.18 27.89 16.57 4.75 10.18 22.10

R2 4.53E+03 8.06 0.01 38.60 6.57E+03 320.80 0.41 27.75 4.13 4.62 9.75 17.81

R3 2.14E+03 7.01 0.16 9.63 4.24E+03 110.70 0.07 10.78 5.83 7.43 4.12 10.43

Y1 5.31E+03 8.05 0.01 23.45 8.34E+03 485.40 0.58 27.05 5.09 8.42 10.77 38.96

Y2 4.99E+03 6.18 0.01 26.88 6.46E+03 357.90 0.49 22.99 3.62 5.63 10.91 28.21

Y3 4.01E+03 5.83 0.01 29.34 5.69E+03 302.10 0.34 23.09 2.79 3.93 8.62 21.48

G1 5.80E+03 7.78 0.01 28.10 8.17E+03 422.40 0.54 22.93 3.98 5.74 12.80 32.28

G2 7.31E+03 11.23 0.06 30.54 1.26E+04 432.00 0.63 28.90 6.58 3.89 11.39 32.52

G3 8.41E+03 7.28 0.01 39.69 9.77E+03 520.30 0.64 31.37 6.02 6.01 15.00 43.93

Mean 5.27E+03 7.64 0.03 29.38 7.60E+03 362.69 0.43 24.75 6.07 5.60 10.39 27.52

Std. deviation 1.82E+03 1.55 0.05 9.37 2.48E+03 122.33 0.20 6.01 4.13 1.54 2.99 10.61

FFsw
R1 4.78E+03 10.64 0.18 20.78 8.02E+03 186.43 0.11 19.49 12.54 18.35 9.31 27.04

R2 6.60E+03 12.00 0.17 29.47 1.14E+04 271.47 0.29 27.10 14.08 23.40 12.47 34.82

R3 5.31E+03 7.85 0.01 44.80 7.32E+03 343.10 0.38 31.42 4.67 4.85 11.23 22.72

Mean 5.57E+03 10.16 0.12 31.68 8.91E+03 267.00 0.26 26.00 10.43 15.53 11.00 28.19

Std. deviation 9.37E+02 2.11 0.10 12.16 2.18E+03 78.43 0.14 6.04 5.05 9.59 1.60 6.13
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38.8 mg kg−1 for Zn. The average concentrations in bulk sed-
iments measured in our samples were 0.16 mg kg−1 for Cd,
17.9 mg kg−1 for Cu, 0.22 mg kg−1 for Hg, 10.5 mg kg−1 for
Pb, and 38.8 mg kg−1 for Zn. These results may be easily
explained based on the different depths at which sediments
were sampled: Matteucci et al. (2005) analyzed heavy metals
of sediments near the surface sediments, while we sampled
sediments at depths up to 5–5.5 m. Other studies found a
decrease of heavy metal concentrations with depth, for exam-
ple, in Boston, USA (Bothner et al. 1998), in Naples, Italy
(Adamo et al. 2005), in Port-en-Bessin, France (Caplat et al.
2005), and in Haiphong, Vietnam (Ho et al. 2012).

According to Chen et al. (2012), Hg content in sediments
should not be related to particle size (p > 0.05). In the
Candiano channel sediments, the low correlation between tex-
tural characteristics and Hg concentration is due to the anthro-
pogenic origin of the metal (Miserocchi et al. 1993; Covelli
et al. 2001; Fabbri et al. 2003; Matteucci et al. 2005).
Excluding the Hg-specific distribution, our results of IF and
FF before treatments are in agreement with those of Pétavy
et al. (2009a), indicating a depletion of inorganic pollutants in
the coarsest fraction (> 2000 μm) of all samples and a deple-
tion of Cd, Cr, Cu, and Zn in the fractions between 80 and
2000 μm. The highest heavy metal values were recorded in
the finest fraction (< 80 μm), as previously observed by
Pétavy et al. (2009a). The concentrations of Al, Cr, Fe, Mn,
Ni, Cu, V, and Zn are often associated with mineral lattice
structures (Hornberger et al. 1999) or with fine particulate
terrigenous sediments, due to weathering processes (Ni et al.
2009).

Correlations similar to those found in Ravenna Harbor for
Al-Cr-V, Al-Cu-Fe-Cr, and Cr-Cu (Electronic Supplementary
Material S1) were previously reported by Hornberger et al.
(1999), Chen et al. (2007), and Xu et al. (2016). The fact that

Hg did not show a significant correlation with other heavy
metals in IF and FF was also reported by Liao et al. (2009)
and Xu et al. (2014-2016): these authors explained the result
as due to the competition with mineral particles that have
larger specific surface area (e.g., Fe, Mn, or Al hydroxides).

4.2 Textural and heavy metal changes induced
by the treatments

The incomplete separation of sand and silt-clay fractions after
soil washing is probably due to the diameter of the
hydrocyclone used for separation (100 mm). Kim et al.
(2016) showed that the separation efficiency was higher with
an internal diameter of 50 mm in comparison to a diameter of
100 mm, especially for particle size of silt, clay, and very fine
sand (from 0.001 to 0.1 mm), when the inflow flux velocity
was constant, as it was in our tests. The same authors also
suggested an operative condition of 60 kPa of pressure and
150 l/min as a flow rate for a 100-mm-diameter hydrocyclone
(Kim et al. 2016), while we employed a pressure of 80 kPa
and a flow rate of 67 l/min. This pressure had no negative
effects on the separation of sand and fine particles, although
it was higher than that recommended by Kim et al. (2016).
The lower flow rate probably induced the incomplete separa-
tion of silt and clay from the sandy fraction (Wang and Wang
2012).

According to Jobin et al. (2015), after attrition scrubbing,
the increase in fine size particles could be due to their positive
correlation with the diameter of the sand introduced in the
scrubber: the authors observed an increase up to 7% of fine
particles for the 0.250–1 mm sand fraction and up to 10% for
the 1–2 mm fraction.

In our tests, the IFatt showed an increase in fine particles
from + 2.15% in G samples to + 3.54% in R samples.

Table 4 Heavy metal contents in IFatt after attrition scrubbing

Heavy metals (mg kg−1)

Sample Al As Cd Crtot Fe Mn Hg Ni Pb Cu V Zn

IFatt
R1 5.05E+03 7.16 0.19 43.81 7.00E+03 370.00 0.42 33.17 4.84 4.15 11.18 22.67

R2 4.59E+03 7.46 0.19 49.28 6.21E+03 341.60 0.42 29.24 3.00 2.84 9.80 21.71

R3 5.27E+03 7.51 0.18 51.02 7.11E+03 360.20 0.50 32.03 3.53 3.72 11.42 21.08

Y1 4.60E+03 6.57 0.19 27.44 6.43E+03 368.10 0.50 23.90 2.71 4.54 10.12 27.49

Y2 4.85E+03 6.04 0.19 31.61 6.73E+03 408.40 0.30 24.73 4.01 5.07 10.69 28.43

Y3 5.99E+03 6.00 0.18 35.21 8.15E+03 430.20 0.30 30.38 3.99 5.75 13.87 31.28

G1 5.74E+03 6.38 0.19 24.43 7.11E+03 389.00 0.49 21.00 3.58 5.26 11.99 35.51

G2 5.99E+03 6.33 0.05 33.35 6.52E+03 321.39 0.55 20.21 5.73 3.38 9.57 32.52

G3 7.31E+03 5.82 0.12 49.22 9.37E+03 452.43 0.53 27.28 5.90 5.23 16.11 30.51

Mean 5.49E+03 6.58 0.16 38.37 7.18E+03 382.37 0.45 26.88 4.14 4.44 11.64 27.91

Std. deviation 8.76E+02 0.64 0.05 10.13 9.94E+02 42.05 0.09 4.70 1.13 0.98 2.13 5.12
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Another interesting result is that the soil washing induced
complete As removal. As previously detected for soil
(Kumpiene et al. 2008), the behavior of As during ex situ
treatment was mainly controlled by adsorption/desorption
processes, redox processes, and co-precipitation with the met-
al oxides of Fe and, to a lesser extent, of Al and Mn.

Chloride, nitrate, and sulfate ions have no relation with
changes in As concentration, but the presence of waste prod-
ucts (electrical semiconductors, insecticides, pesticides, weed
controllers, industrial, and sewage materials or paint products)
may inhibit the mobility of arsenical compounds (Livesey and
Huang 1981; Sisr et al. 2007; Jang et al. 2016). It should be
noted that the sediments treated in this study were polluted by
benzo(a)pyrene, benzo(g,h,i)perylene, chrysene, and PCBs
derived from industrial pollution and the total hydrocarbons
produced by harbor traffic (LIFE SEDI.PORT.SIL. 2012). The
mobility of As should therefore be affected also by these pol-
lutants and by the precipitation of the As minerals during
mechanical weathering.

The pH value strongly affects the solubility of heavy
metals: a high pH promotes adsorption and precipitation while
a low pH weakens the strength of metal association and pre-
vents the retention of metals by sediments (Belzile et al. 2004;
Guven and Akinci 2013). In our case, the lowest pH values
were associated with the most polluted fractions before treat-
ments (FF of red samples) that were automatically discarded
by the plant and processed into pressed filter panels.

Bivariate plots of heavy metal concentrations versus sand
percentage of each sample were used to identify correlations
between heavy metals in sediment textures at each step of the
treatments (Fig. 4). Three different trends could be identified.
The first trend showed that heavy metal concentrations of bulk
sediments were higher than in fractions after treatments: the
plots therefore displayed a negative correlation of heavy metal
concentrations against sand percentage. This trend was ob-
served for Al, As, Fe, Pb, and Cu (Fig. 4) that were accumu-
lated in the finest particles. A similar distribution has been
observed in several studies as the result of sand

Fig. 4 Bivariate plots of heavy metal concentrations vs sand percentage for bulk sediments, IF after soil washing (IFsw) and IF after attrition scrubbing
(IFatt)
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decontamination during the treatment. For example, Williford
et al. (1999) indicated a depletion of Pb in fine and very fine
sand (fractions 2–4 φ) after hydro-classification treatment.
They also reported a decrease of Pb between 7.1 to 1.5% in
sands after the attrition scrubbing and therefore an increase of
this metal in the fine particle fraction amounting to about 87%
(Williford et al. 1999). Another study by U.S. Environmental
Protection Agency (2002) in Winslow Township (New
Jersey) reported a decontamination of bulk sediments to pro-
duce clean sands with a As concentration reduced by about
69% after soil washing. Mann (1999) performed several soil
washing and attrition scrubber tests on soil, obtaining a Cu
reduction and clean decontaminated sands.

The second trend showed a positive correlation between
heavy metal concentrations after treatment and the sand per-
centage. Treated sands were enriched in Hg andMnmore than
bulk sediments: this result could be explained based on the
origin of sediments, because the metal contamination in in-
dustrial soils is usually distributed in the different particle size
fractions (Yarlagadda et al. 1995; Dahlin et al. 2002).
Furthermore, the high residence time, allowing to accumulate
oxide coatings and associated metals, together with the pres-
ence of coarse fractions of dredged sediments, may be respon-
sible for the level of metals in the coarse size fractions at the R
site. In this case, separation based only on size could not
accomplish a sufficient separation of metal contaminants. A
separation based on density or floatability should therefore be
investigated as suggested by Dermont et al. (2008).

In the third trend, the concentrations of bulk sediments and
treated sands did not show any specific distribution for Ni, V,
Zn, and Crtot: these heavy metals showed similar concentra-
tions before and after treatment. Similar results were also
reported by Pétavy et al. (2009b) in sediments from Cheviré
Island (France), especially concerning the concentrations of
Ni and Zn in fractions > 2000 μm. However, our trend of
Crtot was different from that reported by Williford et al.
(1999), indicating Cr partitioning after attrition scrubbing.

5 Conclusions

We analyzed the distribution of heavy metals in sediments
dredged near Ravenna Harbor after soil washing and attrition
scrubbing. The main conclusions of our study may be sum-
marized as follows:

1. The soil washing treatment, together with the attrition
scrubbing, acts on the textural characteristics of the sedi-
ments due to the separation of sandy and clayey-silty
fractions. This process represents an essential phase in
decontamination protocol and reuse of the sediments, al-
though the results of the textural analyses on the washed

sediments showed incomplete separation of the fractions
of sands down to silt/clay grain sizes.

2. The total metal content in the sandy and clayey-silty frac-
tions confirmed the quality of the sediments for what con-
cernedmetal pollution. According to Italian laws, the only
heavy metal pollution was that of As, which was identi-
fied in sediments from the inner part of the Candiano
channel: the amount of As was completely removed by
our treatments.

3. The comparisons of sandy fractions after soil washing and
attrition scrubbing showed that heavy metal concentra-
tions were altered by treatments. The results of correlation
matrices supported the conclusion that the composition of
heavy metals changed in each treatment step, affected by
the grain size distribution. Comparing the sediments after
soil washing and attrition scrubbing, an increase of the
finer percentage clearly due to the abrasion of particles
was detected.

4. The further separation of the finer fraction abrasion by
sieving could be a suitable solution at an industrial scale.
Consequently, the residual concentrations of contaminants
and of clayey-silty particles may be completely eliminated.

For full-scale applications of soil washing and attrition
scrubbing, further investigations are needed in order to eval-
uate the influence of the liquid/solid ratio and the operative
conditions (hydrocyclone geometry, water recirculation and
disposal, contaminated slurry separation after abrasion) and
to assess the energetic and economic balance.
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