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1. Introduction

Potentially Toxic Elements (PTEs) are known to be widespread and present complex challenges due to their failure
to decompose, difficulties with remediation, toxicity to plants and in the food chain, and damage to soil ecosystems
(Beiyuan et al,, 2018; Gu et al,, 2018; Li et al., 2019a,b). These pollutants are well-known by-products of human activity,
including mining, waste disposal, agriculture, electroplating, and coal combustion (Piccolo et al., 2019; Rui et al., 2019;
Wau et al., 2015), thus, soil contamination with PTEs is currently one of the most pressing environmental issues we are
faced with. Several million hectares of PTE-contaminated soils are found in Europe alone, accounting for nearly 40% of
all contaminated soil worldwide (EEA, 2009). Beyond Europe, this issue affects many other nations, principally the USA
(Uchimiya et al., 2011), Japan (Makino et al., 2006), and Brazil (Franca et al., 2017).

PTE-polluted soils can be remediated using physical (soil replacement, physical soil washing, thermal desorption),
chemical (chemical soil washing, solidification/stabilization electrokinetic, vitrification), and biological (phytoremediation,
microorganism remediation, animal remediation) (Anderson et al., 1999; Beiyuan et al.,, 2018; Dermont et al., 2008)
treatment methods. Soil washing techniques have their origin in the mining industry and involve either the separation of
soils by particle size and density generally using water as the carrier agent (physical washing) or the use of a chemical to
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extract the contaminant (chemical washing) (Anderson et al., 1999). Such techniques result in a clean fraction that can be
backfilled on site and a contaminated fraction that can be disposed of appropriately. In comparison to other methods,
physical soil washing is one of the most remarkable decontamination techniques due to its capacity to permanently
remove PTEs, fast processing, waste volume reduction, and significant cost/effectiveness ratio (Baragafio et al., 2021, 2023;
Feng et al., 2020; Khalid et al., 2017; Wang et al., 2018; Xu et al., 2014; Zhao et al., 2017).

Electrostatic separation makes use of differences in electrical conductivity between minerals (Inculet, 1984) and on the
face of it, this method would seem to be a universal method of separation because all materials exhibit some variation in
conductivity. In reality, however, it has several limitations, specifically, its low capacity for fine grain sizes, the processing
requirement of a dry monolayer feed, limitations with soil sample variability, sensitivity to moisture and moderate to
high energy consumption (mainly due to drying) (Kawatra and Young, 2019). Typically, this method is used with granular
feeds with particle sizes ranging from 40 wm to 1 mm (Kawatra and Young, 2019).

As discussed in Yang et al. (2018), electrostatic separation is widely used for the recovery of ilmenite ore, rutile, and
zircon from sands. It also plays a part in many recycling processes, for example in the separation of metal from plastic
in lots of scrap electrical cabling (Bedekovi¢ and Trbovi¢, 2020; Park et al., 2015), and in the food industry to isolate or
concentrate proteins found in various foodstuffs (Kdidi et al., 2019; Tabtabaei et al., 2017, 2019). In addition, the technique
is used in the petrochemical industry for desalting crude oil (Aitani, 2004) and for the purification of certain products (Li
et al,, 2019a,b, 2021; Villot et al., 2012).

Despite its proven effectiveness in many areas, however, electrostatic separation does not appear to have been
investigated as a method for soil decontamination. As stated above, one reason for this may be the fact that this
method requires a dry feed. The costs involved in drying soils before processing represent a major obstacle to the use of
electrostatic separation in a soil washing operation. The site we are considering in this research, La Cruz in the Linares-La
Carolina mining district (Southern Andalusia, Spain), side-steps this problem as its Mediterranean climate means there is
little rainfall, and its soils are thus completely dry for most of the year (Lorite et al., 2023). Thus, with its arid climate it
is an ideal site to test electrostatic separation of soils.

Following from the discussion above, the primary goals of the current study are:

e To evaluate the feasibility of electrostatic separation as part of physical soil washing treatments for soils containing
PTEs.

e To explain the underlying aspects of the separation by means of a detailed mineralogical study.

e To test a novel formulation (attributive analysis) for the assessment of separation efficiency and thus determine
optimal separation conditions.

2. Materials and methods
2.1. Site description

Galena (PbS) has been mined at La Cruz for over two centuries making it one of the most important led ore mining
regions in the world (Lillo Ramos, 1992; Martinez et al., 2007b,a, 2012). The led ore is found in veins with sphalerite (ZnS),
chalcopyrite (CuFeS,), and barite (BaSO4) thus processing and extracting the useful ore creates a significant quantity of
waste which is often dumped on the land next to mining operations. Moreover, much of the mineral processing at the
site considered here involved gravity separation and froth flotation resulting in both medium and fine grain rejects that
were then sent to nearby landfills or dumps. In addition, the solid, liquid, and gaseous contaminants produced by the
district’s foundries remain on these sites in the form of slag and dust, an environmental problem discussed by Adamo
et al. (1996) and Li and Thornton (2001) at similar sites in Canada and the UK, respectively. When these industrial residues,
containing fractions with a high concentration of heavy metals, are dispersed and dumped on the ground without any
prior remediation treatment the action of weathering increases their chemical availability (Loredo et al., 1999; Martinez
et al., 2007a) making them even more environmentally hazardous. In this way, mining waste in all its forms constitutes a
significant problem for the extensive agricultural areas of the zone (Sierra et al., 2013). Location map is presented in SM1.
According to Heliosat (SARAH), the study site receives an average of 3.3 h of sunlight per day, with 5.82 peak sun hours
(PSHs) and an average annual solar radiation of over 5 kwh/m? on a horizontal surface (H) (e.g., Pfeifroth et al. (2017)).
Based on this information, it is evident that solar energy can serve as a viable alternative energy source to power the
electrostatic separation process.

2.2. Sample preparation

Samples were taken from 10 randomly selected sites across the location of interest. All samples were taken from
the top 35 cm layer of soil; the depth was measured using a stainless-steel calliper and a shovel was used to collect the
sample. In total a bulk sample of 25 kg was collected. The sample was then homogenized and kept at room temperature
in inert plastic containers until further preparation and analysis. All soil analysis was completed within 15 days of the
initial sampling.

The bulk sample was wet sieved in batches for five minutes with a water flow of 0.3 1/min to obtain granulometric
fractions of 63, 63-125, 125-250, 250-500, 500-1000, and 1000-2000 pm (ASTM D-422-63, Standard Test Method
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Fig. 1. Scheme of the high voltage electrostatic separation process.

for Particle-Size Analysis of Soils). Note that, sodium hexametaphosphate and sodium carbonate were used to aid the
separation of the silt-clay fraction (<63 wm) from the larger particles. The process was repeated until 3 kg of the 1000-
2000 pm fraction was obtained. This fraction was divided into twelve subsamples, which were reserved for further
processing in the electrostatic separator. Additional subsamples were taken from each fraction, and these were air dried
at 40 °C before being sent for chemical analysis.

2.3. Electrostatic separation

As described above, twelve samples were made from the 1-2 mm fraction of soil collected from the site of interest.
Each sample was tested at a different separation voltage with experimental runs at each voltage repeated three times.
An average of these results was taken and is presented in this article. The apparatus used was an eForce high voltage
electrostatic separator (model EHTP by Outotec) (Fig. 1 and SM2) which is one the few semi-industrial electrostatic
separators operating in Europe.

The apparatus employed has the following design characteristics:

e Feed particle size range: 0.074-10 mm.

e Treatment capacity: up to 150 kg/h.

e Vibratory tray and hopper with variable speed control for coarser particles and a positive speed feed chute and
vibrator hopper for finer particles.

e Hopper with 2 adjustable dividers for the collection of non-conductive, intermediate (middling), and conductive
products.

e 2 interchangeable stainless-steel rollers:

o Of sizes 25.4 and 35.56 cm (10 and 14”) in diameter by 15.24 cm (6”) wide (industry standards) and
o Of variable roll speed with a 1/2 HP direct drive motor.

e 2 DC electrodes, one corona and the other static, which can be set at a range of voltages to a maximum of 41.5 kV;
and 1 AC wiper electrode at 18 kV.
e High voltage transformer, adjustable up to 12,000 VAC.
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e Grounded roller brush for particle removal: adjustable and with infrared roller heating capability.

The module was operated under the following conditions:

e Corona electrode angle: 30° with respect to the vertical.
e Electrostatic electrode angle: 45° with respect to vertical.
e Roll speed: 50 rpm.

Samples were fed into the feed hopper and onto the roller. The corona electrode ionizes the surrounding air and charges
the particles on the roller as they approach the electrode. Conductive particles lose their charge quickly to the earthed
roller and are thrown into the conductors bin due to the centrifugal force of the roller. The more insulating particles
retain their charge and will stay on the roller until they are brushed off and fall into either the middlings or insulators
bin (depending on particle size and roller speed).

The degree of separation that can be achieved for a given sample will depend on the composition of the sample, roller
speed, electrode positions, and separation voltage (the voltage of the corona electrode). In this work, the only variable
was the separation voltage which was set at a range of values from 20 kV to 41.5 kV in order to determine the optimum
voltage for the soils sampled here.

2.4. Chemical and mineralogical analysis

Before chemical analysis, subsamples (6 from the grain size fractioning and 108 from the separation experiments)
needed to be standardized thus, all fractions >125 wm were milled using a vibrating disk mill (RS 100 Retsch) at 400
rpm for 40 s Then, representative samples of 1 g were taken from each subsample, and these were subjected to “Aqua
regia” (HCI + HNO3) digestion before being sent for ICP-OES analysis at the ISO 9002 accredited laboratories, Actlabs
International (Ancaster, Ontario, Canada). Tests returned the total concentrations of the following 36 major and trace
elements: Ag, Al, As, Au, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Se, Sr, Te, Th,
Ti, TI, V, W, Zn. Samples that exceeded the limit of quantification for the previous method (13 in total) were treated in
triplicate with Fusion-Inductively Coupled Plasma-Sodium Peroxide Oxidation (FUS-Na,0,) in the same laboratories. This
process involves sintering the sample at 650 °C after oxidizing it with sodium peroxide. The resulting oxidized material
was then dissolved in aqueous HNO3, and various elements in the resulting solution are quantified using ICP-OES (report
number: A19-03313).

The subsamples were also examined using a stereoscopic binocular microscope (Nikon SMZ1000) and micrographs
were obtained with a high-resolution Nikon DS-Ri1 camera. The morphology and composition of minerals was examined
using an SEM-EDX system, comprising a Jeol JSM-6100 scanning electron microscope and an energy dispersive X-ray
analyser (INCA Energy 200).

3. Results and discussion
3.1. PTEs concentration in soils

Nine PTEs tested for in this study (As, Cd, Cu, Cr, Hg, Ni, Pb, Sb, and Zn), were found in quantities above the target limits
set by current international standards (Buchman and Office of Response, 2008) and three (Cu, Zn, Pb) were significantly
above both the intervention limit (Table 1), and the contamination ratio (CR: the quotient of sample concentration and
the target value for the element of interest). The concentration of Mo in the soil samples was determined to be below the
reference levels. Nevertheless, it was included in the study due to its geochemical importance and economic significance,
as well as its notable performance in the separation process. Furthermore, the analysis also incorporated Al and Fe due
to their high conductivity. Cu was the most significant soil PTE at the site of interest (176.13 mg/kg to 802.32 mg/kg,
mean: 362.7 mg/kg; CR: 106.68) followed by Zn (376.06 mg/kg to 2375.37 mg/kg, mean: 1051.03 mg/kg; CR: 65.69), and,
as expected, Pb (1620.25 mg/kg to 3455.43 mg/kg, mean: 2412.81 mg/kg; CR:43.87). Another PTE, As was found to have
a CR of similar order to the main 3 PTEs (53.84). In this way, there is a major case for a soil decontamination programme
at the site of interest focusing principally on Cu, Zn, and Pb but which might be extended first to As, and later to Ni, Cr,
Cd, Sb, and Hg. The soil exhibited a sandy loam texture, like many soils found in Mediterranean regions.

3.2. Electrostatic separation

The results of electrostatic separation were initially assessed according to three standard ore processing parameters:
yield (y), recovery (¢), and enrichment ratio (u«) (Wills and Napier-Munn, 2006). The yield or weight recovery is the
quotient of the feed mass and that of the conductive fraction collected for a given experimental run. The recovery is the
quotient of the mass of an element of interest found in the conductive fraction and that of the feed for a given experimental
run. Finally, the enrichment ratio is the quotient of the concentration of an element of interest found in the conductive
fraction and that of the feed for a given experimental run.
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Table 1
PTEs concentrations in the bulk sample, the international standard (target and intervention limits), and contamination ratio for each PTE tested for
in addition to Al, Mo and Fe. Elements marked with an asterisk are those with concentrations surpassing both the intervention and target values.

Element Concentration (mg/kg) Dutch standards (mg/kg) (Buchman and Office of Response, 2008) Contamination ratio
Intervention Target

Al 4681.2 - - -

As 48.46 55 0.9 53.84

cd 7.48 12 0.8 9.35

Cr 10.41 220 0.35 29.75

Cu* 362.70 96 34 106.68

Fe 19 590.53 - - -

Hg 0.76 10 0.3 2.54

Mo 1.71 115 190 3

Ni 9.17 100 0.26 35.28

Pb* 2412.81 530 55 43.87

Sb 11.96 15 3 3.99

Zn* 1051.03 350 16 65.69
100
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Fig. 2. Yield (y) distribution between fractions for experimental runs.

Experimental runs were completed for 12 values of corona electrode voltage starting with the highest voltage available
(41.5 kV). The voltage was gradually reduced on each subsequent run to determine the optimal operating conditions. At all
voltages, we observed lowest yields (y = 0.69% - 9%) for the conductive fraction compared to the middlings (y = 50.68%
- 90.59%) and insulating fraction (y = 8.72% - 48.89%) (Fig. 2).

Looking in detail at the relationship between the yield for the conductive faction and applied voltage, here we found a
positive correlation: the higher the voltage, the higher the yield with an almost directly proportional relationship (SM3).
This suggests that higher voltages increased the number of conductive particles collected from the feed. However, higher
voltages may also increase the capture of insulating particles, which could reduce recovery, and this highlights the need
for more exhaustive study into the selection of an optimal operating voltage.

For most PTEs, the enrichment ratio, u, is lower for the middlings and insulating fractions (<1% in all cases) compared
to the conductive fraction (Table 2). This is a reflection of the fact that most pollutants tested here were metallic or
semi-metallic and thus would be expected to report to the conductive fraction.

No clear tendencies were seen with respect to the enrichment ratios for any of the separated fractions (insulating,
middlings, or conductive) and voltage. Considering the specific elements of interest (Fig. 3), here it can be seen that while
some reached their highest enrichment ratio in the lower voltage range (e.g., Cu had u = 7.49 at 20 kV in contrast with
an pu = 7.26 at 41.5 kV), others exhibited the converse relation (e.g., Sb had © = 9.15 at 39 kV compared to u = 4.54 at
22.5 kV).

As with the yield, recovery (¢) in the conductive fraction also demonstrated a clear, positive correlation with voltage.
Considering the recovery of individual elements, here Zn removal was the most successful, with recovery values of about
80% for voltages from 37 kV to 41.5 kV. The maximum recovery value for this element was 83.25% with a yield, y =9 %,
at an operating voltage of 40 kV. Recovery for this element decreased abruptly at 37 kV, a pattern seen for all 10 elements
studied (Fig. 4). Referring back to Fig. 3 we see that the enrichment ratio for this element was high and varied very little
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Table 2
Partial merit index (Q.i), adjusted correction factor (Aj‘:') and global merit index (Q}) for each experiment (i) and element (j).
Tens. (kV) j Q;'
As Cd Cr Cu Hg Mo Ni Pb Sb Zn
- T T — T T T T T T —
1 1pl 1 1al 1 14l 1 1al 1 1al 1 1al 1 1al 1 14l 1 1al 1 1al
9 9 o 9 o 9f ¢ 9 g of o 9§ ¢ i o 9f § gy ¢ on
415 1013 0092 0921 0106 0926 0080 0881 0094 0636 0104 1081 0185 1081 0111 0997 0111 1081 0108 1059 0.176 1.142
40 1077 0096 1077 0095 1003 0076 1041 0129 0588 0085 1060 0.165 1015 0089 1077 0089 1019 0094 1077 0.173 1.089
39 1037 0075 0758 0067 0843 0053 1109 0.125 0622 0083 1032 0102 0790 0039 1044 0039 1080 0078 1.104 0.118 0818
375 1069 0093 0852 0074 1088 0092 0973 0159 1088 0.113 1063 0.112 0951 0098 1061 0098 1066 0.103 1081 0.134 1.067
35 0842 0052 0725 0046 0788 0054 0911 0055 0536 0042 0913 0066 0861 0046 0725 0046 0767 0054 1008 0078 0559
; 325 0722 0049 0617 0039 0766 0043 0643 0039 0602 0032 0845 0050 0865 0053 0584 0053 0493 0053 0959 0053 0.469
30 0616 0041 0628 0044 0587 0041 0647 0052 0613 0035 0812 0051 0754 0050 0758 0050 0.699 0047 0866 0051 0.467
275 0506 0.040 0471 0038 0536 0046 0643 0041 0681 0030 0620 0041 0494 0040 0594 0040 0510 0.036 0697 0043 0.402
25 0443 0034 0589 0049 0379 0049 0533 0027 0484 0020 0550 0032 0379 0033 0514 0033 0452 0031 0675 0035 0339
237 0535 0037 0610 0036 0521 0040 0527 0020 0574 0023 0622 0017 0471 0055 0556 0055 0561 0027 0668 0018 0302
225 0.603 0038 0648 0048 0.646 0039 0605 0029 0663 0020 0614 0030 0603 0042 0614 0042 0585 0.031 0679 0025 0334
20 0592 0043 0631 0036 0615 0038 0807 0029 0565 0039 0697 0023 0768 0036 0623 0036 0612 0036 0696 0023 0341
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Fig. 3. Enrichment ratio in the conductive fraction for each PTE (plus Al and Fe). Average of three experimental runs at each voltage with a standard
error <5%.

with voltage (9 to 16%). Taking 39 kV, in the middle of this high-recovery range, the enrichment ratio © = 13.09% for
which y = 6.33% and ¢ = 82.86%.

Mo concentrations in the soil tested were below reference levels, however, we mention it here as its recovery levels
were almost as high as those seen for Zn (see Fig. 6). That this method appears to be highly effective at separating this
particular PTE is significant due to Mo’s geochemical importance and economic interest.

The third best recovery values were recorded for Cu, the most important PTE in the soil tested. The maximum recovery
value was 77.65% and this was achieved at 39 kV where the enrichment ratio recorded was 12.27%. As for the other PTE’s
examined here, the best results came at the highest voltages, with recovery values decreasing rapidly at lower voltages.

Regarding Sb, Ni and Pb, the maximum recovery values for these PTEs were 59.65% (41.5 kV), 53.73% (41.5 kV), and
48.92% (40 kV), respectively (Fig. 5). At these high voltages, the enrichment ratios for these elements were between 5 and
9%. As with the other elements tested, recovery fell dramatically at lower voltages.

Satisfactory yields were also obtained for Cd, Cr, and As, for which the maximum recovery values were 44.97% (40
kV), 41.85% (37.5 kV), and 41.75% (40 kV) respectively, with enrichment ratios ranging from 4 to 6%. Mercury was the
lowest yielding element in these experiments with a maximum recovery value of 25.88% (37.5 kV) and a corresponding
enrichment ratio of 3.31%. Total concentrations results after the separation are presented in SM4.
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Fig. 6. Selected SEM images of each of the three predominant particle species present in soil fractions obtained after electrostatic separation with
representative EDS spectra. (a) Feldspar particle found in the insulating fraction, (b) mica particle found in the middlings fraction, and (c) slag particle
found in the conductive fraction.

3.3. Mineralogical analysis of the separated fractions

In order to evaluate the electrostatic separation method from a mineralogical point of view, the three fractions
generated were examined under a binocular microscope. In this way, three main types of particles were identified (species
1, 2, and 3) and these were manually separated and studied using SEM-EDX to determine their mineralogical composition.
Species 1 (spc.1) particles were found in the insulating fraction (nonconductive material) and were identified as feldspar
(Fig. 6a). Further analysis revealed that these particles (Fig. 6, spc. a) were not pollutant bearing, suggesting a geogenic
origin for the feldspar in these soil samples. Species 2 (spc. 2) type particles were found to be mica (Fig. 6b), and these
were present in highest abundance among the middlings fraction. Analysis of the chemical composition of these particles
revealed the presence of Pb and Zn, although in low concentrations (Fig. 6b, spc b). Finally, the most abundant particle
in the conductive fraction (Fig. 6¢), species 3 (spc. 3), corresponds to the slags identified in previous work on other soils
in the region surrounding the site sampled here (Sierra et al.,, 2013). The presence of Cu, Pb, and Zn in conjunction with
high levels of Fe, O, and S (indicating iron oxides and sulphides) points to the existing mineralization and/or mining and
metallurgy activities as possible origin of these elements.

3.4. Selecting the conditions for optimal soil washing

We applied the technique of attributive analysis to our experimental results to determine the optimal experimental
conditions (specifically the voltage used) for soil washing by electrostatic separation. This technique was designed by
Sierra et al. (2010) and details of its derivation can be found in that article. Attributive analysis calculates a merit index
(Q) for each experimental test based on the main parameters involved in the mineralogical concentration process thereby
enabling tests to be ranked according to their effectiveness.

Optimal separation minimizes yields while at the same time maximizing recovery values. Thus, the merit index of
experiment i (where i = 1, 2, ...m representing each of the experimental voltages) with respect to PTE j (where j = 1, 2,
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...n representing each of the PTEs tested) is as follows:
Min{y} £
yi Max{e};

Q=
where:

e y': Yield of experiment i.
o &¢,: Recovery value for the PTE j in experiment i.
° jS: Merit index for experiment i with respect to element j.

Of course, we wish to find a merit index that takes into account a particular experiment’s performance across all elements
of interest. However, we cannot simply add the individual merit indices for each experiment and element, since firstly,
not all pollutants are equally abundant, and secondly, they each have very different maximum limits. Thus, a weighting
factor, A, had to be introduced for each PTE (Egs. (2), (3)):

. oz}
1
Al = v (2)
Al
A/? — J (3)
L
where:

° oz}: Grade of the feed for the test i and element j.

e TV;: Target value (international standard, see Table 1) for element j.
° A}: Correction factor.
° A;.": Adjusted correction factor.

Finally, the global merit index for each experiment was calculated as follows (Eq. (4)):

n

r=2 QA )
j=1

In this way, we have an indicator of how effectively each experimental voltage achieved separation: minimizing yield and
maximizing recovery for each PTE taking into account its individual target levels. The results obtained using this formula
for each voltage and PTE are shown in Table 2. It can be observed that higher voltages produce higher merit indices,
indicating that broadly, higher voltages lead to more effective separation suggesting that these are the best operating
conditions. Attributive analysis of this sort is expected to give an absolute maximum on the side of higher recoveries
(41.5 kV) and thus, we conclude that, for optimal one-step separation, 41.5 KV is the best operating voltage.

4. Conclusions

Soils in regions with a history of mining and metallurgy often contain high levels of PTEs that require treatment. In
this study, we treated soil samples taken from the La Cruz site in the Linares-La Carolina mining district. This sandy loam
soil, typical of the Mediterranean region, contained significant levels of several PTEs, particularly Cu, Zn, and Pb.

Physical and chemical soil washing are well-established remediation strategies for PTE-contaminated soils. Electrostatic
separation offers the possibility of separating virtually any mix of materials provided there is enough conductivity
difference between components in that mix. Thus, we feel electrostatic separation should be considered among the
available tools for soil separation in soil washing operations. The main limitation of electrostatic separation is the need for
low moisture levels in the feed and thus the high cost that would be entailed in drying soils before processing. Fortunately,
due to the local climate conditions of the site studied here, the soil to be treated was entirely dry.

The results presented here prove that electrostatic separation is a potentially useful tool for decontaminating the
coarser fractions of sandy, dry, slag containing soils. In addition, the semi-industrial rig used in this investigation offers
the immediate possibility of scaling up operations. The yields obtained in this work ranged from 0.69% to 9% with high
recovery values for three PTEs: Zn (83.25%), Cu (77.65%), and Mo (81.01%); and significant recovery levels for six others:
Sb, Pb, As, Ni, Cr, and Cd (45%-60%). This suggests that substantial quantities of contaminated soil might be economically
treated in a single, real-scale stage, which is unusual for a soil washing procedure. This initial success makes it feasible
to envisage subsequent rewashing cycles aiming for a complete soil treatment.

Finally, we have demonstrated that attributive analysis can provide a quality index to establish an optimal separation
voltage. According to this analysis, optimal concentrations for the PTEs tested are obtained at 41.5 kV. We suggest that
programmes for soil remediation should make use of this mathematical procedure to improve outcomes. Further quotients
could be included in this methodology to take account of not only separation performance but also environmental and
economic aspects so incorporating the concept of the circular economy into soil remediation operations.
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