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A B S T R A C T   

Several metals and metalloids (e.g., As, Cd, Cu, Pb, Zn) are toxic at low concentrations, thus their presence in 
sediments can raise environmental concern. However, these elements can be of economic interest, and several 
techniques have been used for their recovery and some of them have been widely applied to mining or to in-
dustrial soils, but not to sediments. In this work, wet high-intensity magnetic separation (WHIMS) was applied 
for As, Cd, Cu, Pb and Zn recovery from polluted sediments. A composite sample of 50 kg was taken in the Avilés 
estuary (Asturias, North Spain) with element concentrations above the legislation limits. Element distribution 
was assessed using wet-sieving and ICP-MS analysis, revealing that the 125–500 μm grain-size fraction accounts 
for the 62 w% of the material and that element concentration in this fraction is lower than in the other grain size 
fractions. Subsequently, WHIMS was applied at three different voltage intensities for the 125–500 μm and <125 
μm fractions, revealing excellent recovery ratios, especially for the coarser material. Furthermore, magnetic 
property measurements coupled to microscopy analysis revealed that the success of the technique derives from 
concentrating metal-enriched iron oxides particles (ferro- and para-magnetic material) in a mixture of quartz and 
other minerals (diamagnetic particles). These results indicate the feasibility of the magnetic separation for metal 
and metalloid recovery from polluted sediments, and thus offer a double benefit of coastal area restoration and 
valuable material recovery in the context of a circular economy.   

1. Introduction 

Coastal areas have great ecological value and economic importance 
as they are home to several autochthonous plants and animals, including 
numerous migratory birds, several species of fish, and a considerable 
number of mammals (Anbuselvan et al., 2018; Jha et al., 2019). More-
over, coastal areas offer favourable conditions for the industry and 
human settlements due to the abundance of fresh water and fertile land, 
inexpensive transportation facilities by ship, and their potential for 
tourism and recreational activities (Mossinger et al., 2013). These fea-
tures have made them preferred places for human settlement and, thus, 
they are frequently drastically altered by industrial activities, naviga-
tion, agriculture, and municipal uses, even waste disposal (Kennish, 
2002, 2017). These activities may affect sediment quality, interfering 
with wildlife and even posing a threat to human health. Several types of 
pollutants - including metals and metalloids - can be present in coastal 

environments. 
Some metals and metalloids (e.g., As, Cd, Cu, Pb, Zn) are toxic even 

at low concentrations (Li et al., 2022; Xu and Fu, 2022). Although they 
exist naturally in the Earth’s crust, their presence is often a consequence 
of anthropogenic activities such as mining and industry (Liu et al., 2020; 
Wu et al., 2018). These elements can be released to different environ-
mental compartments from natural or anthropogenic sources (Xu et al., 
2015), such as industrial emissions, coal combustion, non-ferrous metal 
production, or mining activities (Fernández et al., 2020; Forján et al., 
2019). Their accumulation in these environments can cause loss of 
wildlife habitats, biomagnification, degradation of plankton pop-
ulations, and it can even affect human health by direct exposure or by 
the consumption of contaminated animals (Li et al., 2020). Therefore, 
their presence in sediments pose a severe risk for human health and the 
environment due to their non-degradative nature, persistence, and 
long-term effects. 
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To resolve the problems associated with polluted sediments, several 
treatment technologies have been developed over the last decades, such 
as dredging, in situ immobilisation, capping methods, chemical injec-
tion, physical separation, thermal treatments, or biological technologies 
(Gao et al., 2021; Mulligan et al., 2001a; Wang et al., 2018). The most 
common treatment is sediment dredging, although, when the sediments 
cannot be reused, they are disposed of in landfills (Norén et al., 2020). 
Moreover, dredging is an essential technique to maintain proper water 
depths in ports (Crocetti et al., 2022). To diminish the size of these 
landfills, alternative treatments have been studied. Physical separation 
was found to be a cleaner way of polluted sediment management, 
reducing the quantity of polluted materials (Mulligan et al., 2001b; Peng 
et al., 2009). Furthermore, with increasing metal prices, higher landfill 
costs, and cheaper metal recovery techniques, the metal extraction from 
polluted sediments is an opportunity to recover valuable metals, it 
contributes to a circular economy, and reduces the need for their mining 
(Norén et al., 2020; Pell et al., 2021). 

Although several physical separation processes have been used for 
cleaning polluted sediments, mainly screening (Peng et al., 2009), 
flotation (Cauwenberg et al., 1998), ultrasonic-assisted extractions 
(Kyllönen et al., 2004; Meegoda and Perera, 2001) or hydrocyclones 
(Mulligan et al., 2001a, 2001b), magnetic extraction has not been suc-
cessfully applied so far (Akcil et al., 2015; Mulligan et al., 2001a). 
However, this approach has been effectively tested in soil remediation 
(Baragaño et al., 2021; Dermont et al., 2008; Sierra et al., 2014b). In this 
context, the main objective of this work is to test the feasibility of 
high-intensity magnetic separation for recovering arsenic and metals 
from a polluted sediment using geochemical, mineralogical and mag-
netic tools. 

2. Methodology 

2.1. Site description and sampling 

Avilés has been one of the most important industrialized areas in the 
north of Spain (Gallego et al., 2002). Metallurgical industries that have 
been operating in the area affected air (Negral et al., 2020), soil (Sierra 
et al., 2014a) and sediment (Baragaño et al., 2021) quality for decades. 
The sampling area for this study (Fig. S1) was located on the left bank of 
the River of Avilés, in the surroundings of a Zn smelter, where sediment 
samples revealed metal (loid) contamination exceeding Sediment 
Screening Levels (SSLs) (Baragaño et al., 2021). This area is part of the 
San Juan de Nieva beach and the El Espartal dune system, which is the 
largest aeolian dune system of Asturias (Flor-Blanco et al., 2013) and 
was declared a Natural monument in 2006 (CMAOTI, 2006). The 
characteristic sediment of the area is a medium sand formed by the 
fragmentation of the Triassic siltstone, Jurassic limestone, and Middle 
Jurassic siliceous conglomerate (Flor-Blanco et al., 2013; Julivert et al., 
1973). To perform the experiments, a bulk sediment sample of about 50 
kg was collected. A composite sample was generated by several sub-
samples covering the whole area where As and several metals were 
detected at higher concentrations. 

2.2. Sediment characterization and wet sieving 

The sediment sample was homogenised and representative sub-
samples were obtained by wet sieving of the particle-size fractions of 
<125, 125–500, 500–2000 and > 2000 μm. Standard sieves were placed 
in a column, and batches of 100 g of the material were placed in a sieve 
shaker for 5 min with a water flow of 0.3 l/min (ASTM D-422-63, 
Standard Test Method for Particle-Size Analysis). Fractions were then 
dried at 30 ◦C to prevent chemical alterations and weighed. 

To standardize the conditions used for chemical analysis, samples of 
>125 μm were ground in a RS100 Resch mill at 400 rpm for 40 s. Then, 
1 g of the different representative subsamples (i.e., bulk sample, 
different grain-size fractions, etc.) was subjected to acid digestion. The 

total concentrations of As, Cd, Cu, Fe, Hg, Pb, and Zn in the digested 
material were determined by Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) at the accredited (ISO 9002) Bureau 
Veritas Laboratories (Vancouver, Canada). 

Furthermore, a preliminary mineralogical analysis of milled samples 
was obtained by X-Ray diffraction analysis (XRD). Powder X-Ray 
diffraction (PXRD) patterns were measured on a PANalytical X’Pert Pro 
MPD diffractometer with Cu kα1 radiation (1.540598 Å) to determine 
the mineralogical composition. After determining the position of Bragg 
peaks observed over the range of 2θ = 5–90◦, the minerals were iden-
tified using databases of the International Centre for Diffraction Data. 

2.3. Wet high-intensity magnetic separation 

For the finer fractions, dry magnetic separation is not effective. When 
soil particles are extremely fine (even <63 μm), wet high-intensity 
magnetic separation (WHIMS) is a suitable technique that can sepa-
rate paramagnetic and non-magnetic materials and avoids dust gener-
ation. In this work, the OUTOTEC Laboratory WHIMS 3X4L was used. 
Feed sediment samples were prepared previously by mixing 50 g of the 
grain size fraction of <125 or 125–500 μm with 200 g of water. Then, 
the pulp was fed into the apparatus passing through a matrix canister 
filled with magnetized steel spheres 12.7 mm in diameter; this is where 
the separation occurs. The sediment mixture retained in the matrix 
represented the magnetic fraction (MF), while the non-magnetic fraction 
(NMF) passed through the matrix and was collected in a pan. Finally, the 
magnetic field was reduced to zero, and the MF was obtained by washing 
the spheres. The magnetic voltages used in the tests were 10, 30 and 
50% of the maximum output voltage. After separation, both MF and 
NMF samples were air-dried and, subsequently, subjected to chemical 
analysis (described in the previous section) and magnetic analysis. 

2.4. Metallurgical efficiency and general economic assessment 

The results of chemical analysis obtained from the magnetic sepa-
rations were used to evaluate the effectiveness of the processes. Firstly, 
from a technical point of view, we determined the weight recovery (WR) 
defined as the percentage of material of each fraction (i.e., MF and NMF) 
with respect to the feed material (Wills and Napier-Munn, 2006). For the 
MF fraction, WR is calculated using the following expression: 

WRMF =
mMF

mMF + mNMF
• 100 (1)  

Where mMF and mNMF are the masses of sediment of both fractions, MF 
and NMF respectively, in grams. Likewise, WRNMF can be calculated as 
the difference between 100 and WRMF, as expressed in the following 
formula: 

WRNMF = 100 − WRMF (2) 

Secondly, element recovery (ER) was calculated for each element. It 
can be defined as the percentage of the amount of the element in each 
fraction with respect to the amount of the element in the feed material. 
For example, in case of element recovery in MF, the ER is calculated 
according to the following formula: 

ERMF =
WRMF • cMF

(WRMF • cMF) + (WRNMF • cNMF)
(3)  

Where cMF and cNMF are the element concentrations in the separated 
fractions, MF and NMF respectively. Similarly to WR, this parameter can 
be also determined for the NMF: 

ERNMF = 100 − ERMF (4) 

Then, both parameters were plotted on a graph to compare the 
separations for all the studied elements. 

Finally, Fe concentration was used to evaluate the magnetic sepa-
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ration due to its usual ferromagnetic contribution to the particles. Thus, 
a separation efficiency parameter was determined according to the 
following formula (Chen, 2011): 

E =WRMF •

(

1 −
[Fe]F •

(
[Fe]H

)

[Fe]MF •
(
[Fe]H − [Fe]F

)

)

(5)  

where, [Fe]F and [Fe]MF are the Fe concentration in the feed and MF 
respectively, and [Fe]H is the maximum iron concentration of hematite 
(70% Fe). Note that Fe concentration is expressed in percentage, thus E 
is within the range of 0–100. 

On the other hand, the feasibility of the approach has been also 
tested from an economical point of view. In this sense, three different 
scenarios were compared to determine the economic impact of the 
magnetic separation during the site restoration process. In the first 
scenario, the economic cost of excavation and transport of the 
contaminated material to a waste landfill was determined, taking into 
account real data provided by private companies from the region to 
calculate the operational costs of the restoration actions. In the second 
scenario, the cost of the magnetic separation technique and the transport 
of the magnetic fraction to the waste landfill is incorporated, along with 
the associated costs. In the last scenario, the second one is modified to 
eliminate the transport of the polluted material to the landfill, and the 
revaluation is estimated to recover the Zn present in this material. 

2.5. Magnetic characterization 

WHIMS uses the most intense magnetic field among the experiments, 
thus it makes it possible to separate the ferro-, ferri- and paramagnetic 
particles from the diamagnetic ones. To evaluate the separation, mag-
netic hysteresis loops were obtained for the feed sediment and sediment 
fractions (MF and NMF) obtained by WHIMS using a Microsense EV9 
vibrating sample magnetometer (VSM). The magnetization (M) was 
measured as a function of the magnetic field (H) in a complete cycle 
between 20 kOe and − 20 kOe at room temperature. 

The saturation magnetization (σs) and the high-field susceptibility 
(κ) of each sample were determined by fitting the measured data of the 
high-magnetic field region (5–20 kOe) according to the following 
expression (Baragaño et al., 2021): 

σ = σS

(

1 −
a
H
−

b
H2

)

+ κH (6)  

2.6. Mineralogical approach and electron microprobe 

After the chemical analysis, the magnetic fractions (MF) were 
selected for a mineralogical and petrographic study, which formed the 
basis of the characterization process and made it possible to identify the 
pollutant bearing phases. An OpM (Leica DM 6000 polarization micro-
scope), a SEM (JEOL JSM-5600 SEM, using W-Filament, acceleration 
voltage of 20 kV and Inca Energy-200 software) and a Cameca SX-100 
electron microprobe (EMPA) equipped with five WDS spectrometers 
and one EDS spectrometer were used. All the experimental runs and 

studies were performed at the Geological Survey of Spain and at the 
University of Oviedo. 

3. Results and discussion 

3.1. Sediment and grain-size characterization 

The ICP-OES analyses revealed that As, Cd, Cu, Pb and Zn concen-
trations in the sediment exceed the Probable Effect Levels (PELs) 
established by the Canadian Guidelines for Protection of Aquatic Life 
(Table 1), indicating adverse effects on biota (CCME, 2001). Further-
more, Table 1 summarizes the results of the grain-size analysis for the 
three obtained fractions, as well as the element concentrations in each of 
them. The finest (<125 μm) and the coarsest (500–2000 μm) fractions 
represent the 38 w% of the material, while the 62 w% is formed by 
particles from the 125–500 μm grain-size fraction. Therefore, the <125 
μm and 125–500 μm fractions were selected for WHIMS experiment 
since the 500–2000 μm fraction only represents 8 w% of the material. 
Pollutant concentrations were high in the finest grain-size fraction, and 
high concentrations were also found in the coarse grain-size fraction. On 
the other hand, the screening of the sediment revealed that a great 
amount of material (the 125–500 μm fraction, which is 62 w% of the 
total) did not present significant As, Cd, Cu, Pb and Zn concentrations, 
although their concentration values were still slightly higher than PELs, 
with the exception of Cu. 

Pollutant distribution indicates that different materials were mixed 
in the study area (Baragaño et al., 2022). These materials included sand 
from the beach (with a grain-size distribution of 125–500 μm), slag 
particles with large grain sizes, and finer particles probably deposited 
from dust emission. It is also noteworthy that Fe content in the polluted 
grain-size fractions (i.e., the 500–2000 μm and the <125 μm fractions) is 
considerably higher than in the unpolluted fraction (125–500 μm), 
which suggests that the pollutants are probably linked to Fe-enriched 
particles, and therefore to ferromagnetic particles of the sediment. 

Regarding sediment mineralogy, XRD patterns of the <125 and 
125–500 μm fractions (Fig. 1) reveal similar composition. Quartz and 
glauconite are the main mineral phases, although their concentration is 
higher in the 125–500 μm fraction than in the one <125 μm. Both phases 
are minerals typically found in marine sedimentary environments 
(Nukazawa et al., 2021; Wang et al., 2018). Secondary minerals are 
calcite and fluorspar; iron oxide, dolomite, and Zn–Mn iron oxide were 
identified in minor amounts. Other detected chemical products are 
calcium arsenide and lead hydroxide, which might come from the Zn 
smelter close to the site (Baragaño et al., 2022). Taking XRD results into 
account, and in accordance with Fe concentrations, the feasibility of the 
magnetic separation looks promising since ferromagnetic materials, 
such as iron oxides, could be easily separated from the main phases, i.e., 
quartz and glauconite (diamagnetic materials). 

3.2. Metallurgical accounting 

For a chemical evaluation of the magnetic separation, the separation 

Table 1 
Grain size distribution and element concentration of the bulk and initial grain-size fractions. PEL = Probable Effect Levels (CCME, 2001). Results are the average values 
of three measurements with a standard error < 5%.  

Element Unit Detection limit Bulk sediment Grain-Size fractions PEL 

500–2000 125–500 <125 

WRc %  100 8 62 30  
As ppm 2 142 398 54 141 41.6 
Cd ppm 0.5 18.9 17 6.6 41.1 4.21 
Cu ppm 1 132 70 61 292 108 
Fe % 0.01 2 3 0.95 3.18  
Pb ppm 2 469 575 149 960 112 
Zn ppm 2 5100 1851 1840 12,700 271  
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efficiency parameter was determined using the Fe concentration. The 
results are shown in Table 2. Higher values were obtained for the 
125–500 μm fraction than for the <125 μm fraction, which suggests that 
magnetic separation works better for the medium-size particles. XRD 
revealed a higher percentage of quartz in this grain-size fraction, thus 
Fe-bearing particles could be easily separated and reported to the MF. 
Comparing different applied intensity levels, separation efficiency 
increased with increasing voltage. The greatest change was observed in 
both fractions when increasing voltage from 10% to 30% due to the 
strong influence of the intensity on the Fe recovery (Table 2). 

In order to assess As and metal recovery, weight recovery and 
element recovery of the MF were determined for each element, and 
values were plotted in Fig. 2. As expected, weight recovery (WR) 
increased with increasing voltage (Fig. 2), thus more ferro- or para- 
magnetic particles were reported to the MF. However, WR was lower 
for all separations performed on the 125–500 μm fraction, which is in 
accordance with the higher amount of quartz in this grain-size fraction. 

Fig. 2 reveals two clusters that are clearly separated according to 
grain-size, and, thereby, indicates that this parameter had a strong effect 
on the separation. Comparing As and metal recovery (ER values) to Fe 
recovery, a similar performance was revealed for the finest particles 
(<125 μm fraction). ER drastically increased for all elements with the 
voltage intensity change from 10% to 30%, but not with the change to 
50%. This suggests that these elements are linked to the same Fe 
enriched mineral phases, thus come from the same pollution source. On 
the other hand, element recovery showed a different trend for the 
125–500 μm fraction (Fig. 2). When increasing the voltage intensity, Fe 
recovery increased progressively, but the trends of other metal re-
coveries varied. For example, As recovery was similar to Fe recovery at 
10% and 30% voltage intensity, showing that probably As associated 
with the MF was linked to Fe-bearing particles. However, at the highest 
voltage intensity, As recovery decreased compared to the values ob-
tained at lower voltage intensities. Thus, Fe-bearing particles were 
added to the MF, as revealed by the increase in Fe recovery, but these 
particles were not enriched in As, thus the As concentration in the MF 
was reduced by dilution. Therefore, when increasing the voltage 

intensity higher than 30%, not only anthropogenic particles were re-
ported to the MF, but also geogenic particles without As content. 

From an environmental perspective, the 125–500 μm fraction was 
successfully remediated, since pollutant concentration in the NMF was 
decreased below PEL values for As, Cd, Cu and Pb, and the amount of 
material corresponds to 95% of the sediment (Table S1). However, Zn 
concentration was not reduced below the PEL value, although it was 
decreased to the 57% of the initial concentration in the feed material 
(from 1840 to 780 mg/kg). Similar trends were detected for the particles 
<125 μm, although the decrease in the NMF was not sufficient to reveal 
concentrations below PEL values, even at the highest voltage, which 
provided the best results. Moreover, the amount of material reported to 
the NMF was lower than for the 125–500 μm fraction, thus the reme-
diation approach was ameliorated. 

Fig. 1. X-ray diffraction patterns of the polluted sediment of grain size 125–500 μm (blue) and <125 μm (orange). Characteristic peaks of main crystalline phases are 
shown: quartz (Q), glauconite (G), calcite (C), and fluorspar (F). 

Table 2 
Iron concentration, Fe recovery and separation efficiency for each magnetic 
separation.  

Soil fractions 125–500 μm <125 μm 

Voltage (%Vmax) 10 30 50 10 30 50 
Fe concentration (%) 7.04 4.87 4.40 5.91 5.34 4.79 
Fe recovery (%) 45.3 64.9 70.4 26.5 54.4 58.8 
Separation efficiency (%) 39.7 52.9 55.9 12.8 23.0 20.7  

Fig. 2. Element recovery vs. weight recovery for MF after WHIMS. Samples 
inside the grey box correspond to the 125–500 μm fraction, and the others 
correspond to the <125 μm fraction. Vertical alignments, from left to right, 
indicate increasing output voltages. 
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3.3. Separation assessment according to magnetic quantification 

Fig. 3 shows hysteresis loops obtained from magnetic measurements 
for the feed sediment (both grain size fractions, <125 and 125–500 μm) 
and the magnetic and non-magnetic soil fractions (MF and NMF). Based 
on the hysteresis loop patterns, ferromagnetic behaviour was detected in 
the <125 μm fraction of the feed material, while the 125–500 μm 
fraction showed diamagnetic behaviour (Fig. 3). The saturation 
magnetization of the <125 μm fraction was around 0.25 emu/g 
(Table S2), however, this value dropped to 0.04 emu/g in case of the 
125–500 μm fraction, suggesting that higher percentage of ferromag-
netic particles are present among the finest particles of the sediment. 

Considerable differences were detected between the two grain-size 
fractions. The <125 μm fraction of both MF and NMF (Fig. 3a-b) 
revealed a ferromagnetic material pattern; however, the 125–500 μm 
fraction of NMF showed a diamagnetic material pattern (Fig. 3c), in 
accordance with the chemical analysis (see Fe concentration described 
above). In this sense, the magnetic characterization suggests that in the 
coarse material, the metal (loid) source is mainly anthropogenic, with a 
high affinity to Fe particles. Therefore, when magnetic separation was 
applied, the geogenic quartz particles from the beach and dunes area 
were reported to the NMF, showing the distinctive diamagnetic pattern. 
Increasing the separation voltage, higher volume of ferro- and para-
magnetic particles were reported to the MF, thus saturation magneti-
zation was decreased due to dilution effects. On the other hand, lower 
differences were found regarding NMF when separation voltage was 
increased. 

3.4. Mineralogical analysis of magnetic fraction 

The study of the magnetic fractions revealed the presence of As, Cu, 
Pb, and/or Zn enriched particles (Fig. 4). Although the bulk composition 
was given by common silicates and oxides (XRD characterization, see 
section 3.1) that are rather resistant to leaching, the presence of sulphur, 
such in sphalerite particles (Fig. 4a), indicated a potential increase of the 
solubility of these metals. The sphalerite found in MF probably comes 
from the feed material used in the Zn smelter located close to the sam-
pling area. After a more detailed analysis, hematite was found around 
the particles, probably produced by oxidation and alteration of the 
sphalerite surface. Moreover, chalcopyrite inclusions were observed, 
which justifies the presence of Cu in the samples. These types of sul-
phurs, recovered by the magnetic separation, are a potential source for 
metal recovery by secondary metallurgical processes. 

Regarding the As source, some aggregates of particles were found 
with higher contents of As, Fe, O and S. We hypothesize that As-enriched 
sulphurs, such as arsenopyrite, had been present in the mineral para-
genesis of the Zn smelter feed material, and, after metallurgical pro-
cessing, these particles were oxidized. Finally, Pb oxide particles were 
also found (Fig. 4b) that might have been produced during the Zn 
metallurgical processes, since low S content was detected, but Zn con-
centrations were significant (Table 3). 

3.5. Applicability, advantages and limitations 

Magnetic separation is applicable for recovering metal-bearing par-
ticles from soils and sediments when the difference in magnetic prop-
erties between these particles and non-polluted particles are significant. 
In case of non-polluted sediments, the technique is not appropriate since 
the sediment matrix is heterogeneous and metals of interest are not 
usually associated with the ferromagnetic materials (Dermont et al., 
2008). On the other hand, the recovery of metals is suitable for highly 
polluted sediments using magnetic separation, although some limita-
tions could be presented on the large-scale applications. Mainly, the 
treatment system requires large spaces for its operation because the 
volume of material to be treated must be large to be economically 
feasible (ITRC, 1997). However, the technology drastically reduces the 
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volume of polluted sediment and favours the possibility for metals re-
covery. In this sense, an analysis of the feasibility of the magnetic sep-
aration application over the study site was assessed. 

In 2001, an area located on the left bank of the Avilés Estuary was 
restored for improving the chemical quality of the San Juan de Nieva 
beach and dunes (Baragaño et al., 2021). During this activity, 180,000 
m3 of polluted sediments were excavated, transferred and deposited on a 
hazardous waste landfill, and a sandy refill from a nearby submarine 
deposit was used for completing the restoration. Taking into account the 
average density of the polluted sediments, 2.65 t/m3, 477,000 t were 
removed from the site. 

For the economic assessment, three different scenarios were evalu-
ated. First one consisted on the excavation of the sediment and the 
transfer to the hazardous waste landfill. The cost of this operation was 

estimated on 28.6 M€, thus the unit cost was 55€/m3. For the second 
scenario, the application of magnetic separation and the transfer of the 
magnetic fraction (contaminated material) to a hazardous waste landfill 
is taken into account. The application of magnetic separators could 
reduce the polluted sediment mass 4 times at least, which means less 
than 120,000 t of polluted sediment. For the operating costs of the 
physical separation, a treatment plant with a capacity of 500 tonnes per 
day supposes 10 €/t approximately (Drobe et al., 2021). Therefore, 
operating cost for the mineralurgical proccess is expected on 4.7 M€. 
This cost could be drastically increased due to milling or sieving pro-
cesses, but according to grain-size distribution, it should not be neces-
sary for this case. This estimation is in accordance with other soil 
washing approaches performed in EEUU and Belgium using magnetic 
separation for cleaning soils with similar capacity (NATO/CCMS, 1998; 

Fig. 4. Optical microscope and SEM photomicrographs and analysis points for EMPA.  

Table 3 
Element concentrations determined using EMPA for the points marked in Fig. 4.  

ID As Al Ba Ca Cd Cu Fe K Mg Mn Na O P Pb S Si Sr Zn 

1 0.08  0.08 0.81   65.5     28.5 0.13 1.03 0.08   2.12 
2     1.02  3.21     1.32  2.41 26.5   62.1 
3      28.6 30.3        28.8    
4       0.08     51.8    45.5   
5 27.0 23.9 0.52 5.82   20.5 0.16   0.14 16.7 0.29   0.92 0.20 2.05 
6 0.38 38.6  0.77   4.02 3.89 0.87  0.37 27.1 0.17   20.8  0.45 
7    8.67   19.1  4.85 0.28  39.8 0.38   24.0   
8 21.7  0.09 1.25  0.71 37.7     25.7 0.08  9.49 2.32  0.67 
9  6.51  18.4   2.85  7.77  0.12 38.6 0.75   21.7   
10 1.72 23.2  0.7   1.58 0.09   0.17 37.3 0.1 0.12  31.3  0.20 
11 5.24  0.18 1.92   63.2     25.5 0.55 0.08 0.37 3.20  0.69 
12    8.15   17.4  5.76 0.35 0.16 39.9 0.34   24.2   
13 24.9 26.3 0.31 1.74  0.56 24.9     16.8 0.10   0.78 0.11 0.72 
14 0.06 14.2  10.9 0.11 0.05 0.11    0.16 14.7 7.26 50.1  0.09  0.62 
15 0.19 35.0  2.37 0.09 0.17 5.79 1.09 0.18 0.14 0.06 12.8 1.83 26.1  4.65  6.87 
16 0.48 19.3  0.35  0.37 2.40 0.23 0.33 0.23 0.52 19.0 0.09 29.5 1.37 2.86  18.2 
17 0.06 27.8  1.34  0.27 21.1 0.18 0.17 0.28 0.94 17.5 0.52 7.18 4.69 3.44  12.3 

Only values higher than 0.05% are shown. 
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NJDEP, 2001). Furthermore, according to the unit cost for transferring 
the 120,000 t of magnetic fraction to the landfill, the operating cost 
would increase to 11.9 M€ (4.7 + 7.2 M€). However, for the third sce-
nario it was hypothesized that the Zn recovery could be performed from 
the magnetic fraction in the framework of the circular economy context. 
Assuming an average concentration of 2% Zn, the mass of Zn in the 
magnetic fraction would be 2400 t. For decreasing the operating costs, it 
is expected that Zn smelter close to the site could process these material, 
achieving the Zn recovery of 55% at least. In this sense, the cost of 
transportation and transfer to the landfill would be decrease to 7 M€, 
decreasing the total operating cost to 11.7 Mt. The economical benefit of 
Zn recovery would depend on the market price and the operating costs 
for the metallurgical processes performed by the Zn smelter. 

According to the three scenarios, the application of magnetic sepa-
ration for reducing the polluted sediment volume drastically impacts on 
the operating cost of the restoration approach. The reprocessing of Zn at 
the Zn smelter also decreases the operating cost, although the analysis of 
the metallurgical process needs to be addressed. 

4. Conclusions 

Affected coastal areas represent a major concern from an environ-
mental point of view, which eventually will need to be solved. One of the 
most urgent problems is aroused by dredging activities, which are 
crucial for the proper maintenance of ports and bays and that generate 
high amounts of sediments considered toxic wastes due to the presence 
of metals and other pollutants. To solve this problem, these sediments 
can be transformed from waste to valuable resources by the application 
of magnetic separation. 

Arsenic and metals, such as Cu, Pb, and Zn, were recovered from 
sediments taken in a highly impacted area using a wet high-intensity 
magnetic separator. Pollutants were concentrated in a small portion of 
the sediment due to the ferro- and paramagnetic properties of the 
polluted sediment particles. These properties were assessed by magnetic 
measurements. On the other hand, non-magnetic particles, mainly 
quartz, were also encountered in large amounts and with no pollutants. 
Therefore, the advantage of the method is twofold: Zn-enriched particles 
detected in the magnetic fraction can be subjected to metallurgical 
processes for Zn recovery, and unpolluted sediments can be reused as a 
valuable material for multiple uses, such as filling or construction 
materials. 

For the economic assessment, three scenarios were defined to eval-
uate the impact of magnetic separation on the restoration of the site. The 
cost of the usual excavation, transfer and deposit on hazardous waste 
landfill approach would be reduced from 28.6 M€ to 11.9 M€ by the 
application of magnetic separation for decreasing the volume of polluted 
sediment. The reprocessing of magnetic fraction at the Zn smelter would 
reduce the operating costs on 0.2 M€. In this sense, future work will 
focus on reproducing the technology on a larger scale, coupled to hy-
drometallurgical processes, to evaluate if the promising results obtained 
in this work would be economically feasible in industrial applications. 
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