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Highlights

e Electrodialytic extraction of arsenic, copper, tin and tungsten was assessed.

Electrodialytic 2 and 3-compartment reactors were studied applying 50 or 100 mA.

Effluent and NaCl were tested as enhancements on electrodialytic setups.

The highest extractions occurred in a 3-compartment reactor with NaCl as enhancement.

Copper, tin and tungsten extraction were 10—13% while for arsenic was 63%,

Abstract

The sustainability of mining activities is compromised due to the high amounts of mining
residues generated that have to be disposed of, often in open dams, that may cause
environmental deterioration, e.g. release of toxic elements to water supplies. These residues are,
however, secondary resources of raw materials. In the case of Panasqueira mine, they even are
a source of tungsten, considered a critical raw material. The present work aims to assess the
electrodialytic process efficiency for raw materials extraction from Panasqueira mine residues.
Experiments were performed with 2 and 3-compartment electrodialytic reactors, applying

current intensities between 50 and 100 mA, from 4 to 14 days, and sample suspensions
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enhanced with NaCl or effluent. Additionally, control experiments with no current application
were carried out. The results showed that a 3-compartment reactor operating at 100 mA, with
NacCl as supporting electrolyte, presented the highest extraction of copper (13%), tin (10%),

tungsten (13%) and arsenic (63%).

Keywords: Mining residues, Electrodialytic treatment, Tungsten, Copper, Tin, Arsenic

1 Introduction

The market of raw materials has increased the demand over the last few years across the globe
(Mancini et al., 2019). Raw materials, constituents or substances used in goods primary
production or manufacturing, are essential for human well-being and can influence the
sustainable development. Their production, consumption and end-of-life is causing numerous

environmental and social negative impacts (Mancini et al., 2019; Schreck and Wagner, 2017).

To tackle reliable and undistorted access to raw materials and improve growth and
competitiveness of the EU economy, the European Commission (EC) launched the Raw
Materials Initiative in 2008 (EC, 2008). In this context, EC has been presenting and updating
the critical raw materials list, based on current raw materials economic relevance and supply
risk (EC, 2017). Europe's transition towards a circular economy has been stimulated through

secondary resources recovery, contributing to ‘close the loop’ of product life cycles (EC, 2020).

Mining residues are often a slurry of fine materials as a result of metals separation from mined
ores. Their large production generates landscape and serious environmental problems. Besides
the mining operation itself, the most significant impacts are waste rock dumps and residues

disposal (Almeida et al., 2020a).
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Panasqueira mine (Centro Region, Portugal) has been working for more than a century, being
on the top list of the largest tin (Sn)-tungsten (W) deposits in Europe (Candeias et al., 2014a).
The well-known tungsten trioxide (WO3) production from wolframite, with grades up to 75%,
is one of the best quality W products worldwide (Yang et al., 2016). Additionally, Panasqueira
mine has a secondary production of copper (Cu) from chalcopyrite and Sn from cassiterite

(Yang et al., 2016).

Panasqueira area is occupied with piles of mining residues and mud dams, nearby small villages
and Zézere river (Coelho et al., 2014). The presence of sulfides, such as arsenopyrite, presents
severe risks for the surrounding ecosystem, namely for water resources. Secondary products
are discharged to dams with 30% of arsenic (As) contents, that are prone to be released into
various environmental compartments (Candeias et al., 2014b). According to Portuguese
legislation (Diario da Republica, 2017), As concentration in water for public consumption must
be below 10 pg As/L. Due to its characteristics, mining activities, and consequently their
residues, have been one of the focus for the sustainable development goals (Mancini et al.,

2019).

Research and technology have empowered the reuse of mining secondary resources,
particularly focusing in construction products (Almeida et al., 2020a). However, the pH
conditions may affect the leachability of As from a cement matrix (Randall, 2012). To assure
safety requirements and to tackle primary resources over exploitation, versatile technologies

are needed for harmful substances and raw materials extraction, namely critical metals.

The electrodialytic treatment (ED) is used to remove inorganic and organic contaminants from
liquid or solid matrices (Ribeiro and Rodriguez-Maroto, 2006). When a low-level direct current
is applied between pairs of electrodes, the movement of charged contaminants is promoted

(Guedes et al., 2014). Three main mechanisms are responsible for contaminants” transport:
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electromigration, electroosmosis and electrophoresis. lon exchange membranes are used to
separate the contaminated matrix and to control the electrolyte conditions. The water
electrolysis at inert electrodes generates an acidic media at the anode (H") and an alkaline media

at the cathode (OH—) (Ribeiro and Rodriguez-Maroto, 2006).

The ED process has long been applied to mining resources aiming the extraction of materials
(Hansen et al., 2007), namely from sulfidic reserves (Zhang et al., 2019). Furthermore, strong
acids and acidic salts such as H>SO4, HNO3 and NH4Cl, have been used to assist the process
and improve the extraction ratios (Hansen et al., 2007; Ortiz-Soto et al., 2019). The
implementation of green chemistry principles would promote the sustainable growth of ED
technologies (Chen et al., 2020) for this application. In this sense, due to their low volatility and
toxicity, natural deep eutectic solvents (DES) were applied on the extraction of metals and
alloys, as As and W (Almeida et al., 2020c). Additionally, the reuse of available liquid
secondary resources, as effluent from wastewater treatment plants, could also be an alternative
for ED enhancing purposes. This would decrease effluent discharges and tap water consumption

needed for sample suspensions preparation (Almeida et al., 2020b).

The present work aimed to assess the feasibility of Cu, Sn, W and As extraction from
Panasqueira mining residues through the electrodialytic process. Several reactor setups and
experimental conditions were tested to understand raw materials behavior and optimize a

bottom-line treatment strategy.

2 Experimental

2.1 Materials

Mining residues mud was directly sampled from the sludge circuit output of Panasqueira mine
(Covilha, Portugal, 40°10'11"N, 7°45'24"W). Typically, this mud contains fines with particle

sizes lower than 2 mm diameter (Castro-Gomes et al., 2011). The annual production of W at
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Panasqueira mine is estimated in around 90,000 t with concentrated grades of approximately
75% WOs (Franco et al., 2014). Panasqueira samples were dried at 20 °C for 48 h in a fume
hood, before starting the experiments. Effluent was collected from the secondary clarifier (May
2019) of a wastewater treatment plant located in Lisbon (Portugal) and all the experiments were

performed with samples from the same batch.

2.2 Elements extraction analysis

The concentration of As, Cu, Sn and W in the sample was determined after a pre-treatment in
accordance with EPA3051A (USEPA, 2007): 0.5 g of dry sample, 9 mL of HNO3 (65%) and 3
mL of HCI (38%) were placed in a vessel and extracted in a Microwave (Milestone Ethos,
Bergamo, Italy). The microwave program was set to reach 175 °C in 15 min, and to keep the
temperature for the next 15 min. After, the samples were collected and filtered through a 1.2
um MFV3 glassmicrofibre filters (Filter lab, Barcelona, Spain) and stored until analysis. Liquid
samples (electrolyte and suspensions liquid phase) were also filtered through a 1.2 pum MFV3
glassmicrofibre filters (Filter lab, Barcelona, Spain) and stored until analysis. As, Cu, Sn and
W contents were measured in an Inductively Coupled Plasma — Atomic Emission Spectrometer
(ICP-AES), Varian 720-ES. For Cl— and SO4>— quantification, 5 g of mining residues were
mixed with 25 mL deionized H>O and placed in a shaking table for 24 h, at room temperature.
The samples were prior filtered by vacuum, using 1.2 pum MFV3 glassmicrofibre filters (Filter
lab, Barcelona, Spain) and further analyzed by ion chromatography (DIONEX ICS-3000
equipment, Waltham, USA), equipped with conductivity detector and a Thermo Ionpac AS9-
HC AGY9HC column (250 x 4 mm). The eluent used was Na,CO3 (8§ mM) at a flow rate of 1

mL/min. The sample injection volume was 10 pL at 25 °C.
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2.3 pH desorption tests

To determine the pH influence in As, Cu, Sn and W desorption, 2.5 g of mining residues were
suspended in 12.5 mL of different concentrations of HNO3 and NaOH, as well as in deionized
H>0, in order to have solutions with pH between 1 and 14. The suspensions were placed in a
shaking table for one week, at room temperature. At the end, pH was measured with an EDGE,
electrode meter (HANNA Instruments, Rhode Island, USA). The suspensions were filtered by
vacuum using 1.2 pum MFV3 glassmicrofibre filters (Filter lab, Barcelona, Spain) and As, Cu,
Sn and W concentrations were determined by ICP-AES.

2.4 Electrodialytic laboratory reactor

The experiments were carried out in a 2-compartment (2C) and 3-compartment (3C) ED reactor
(Fig. 1). The reactors had an internal diameter of 8 cm and were separated by commercial anion
and/or cation exchange membranes, from lonics (AR204SZRA and CR67, MKIII, Blank,
respectively). The compartment where the mining residues were placed had a length of 10 cm
in the 2C configuration, and of 5 cm in the 3C setup. The electrolyte (anolyte or catholyte)
compartment had a length of 5 cm. A pair of electrodes were placed in the reactor according to
its design. The platinized titanium, with a 0.3 cm diameter and a length of 5 cm (Bergsee Anti
Corrosion A/S, Herfoelge, Denmark), were selected for the system due to its performance
reported in other ED studies (Ferreira et al., 2018; Magro et al., 2020). A power supply (Hewlett
Packard E3612A, Palo Alto, USA) was used to maintain a constant direct current and voltage
drop was also monitored (Kiotto KT 1000H multimeter). The electrolyte, 0.01 M NaNOs
(PanReac Appli Chem ITW Reagents, Germany), was recirculated by means of a peristaltic
pump (Watson-Marlow 503 U/R, Watson-Marlow Pumps Group, Falmouth, Cornwall, UK),

with one head and two extensions.
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(A)

Fig 1. Schematic design of the electrodialytic laboratory tested reactors: (A) 3-compartments, 3C; (B) 2C with CEM - cation

exchange membrane, and (C) 2C with AEM - anion exchange membrane.

2.5 Electrodialytic experimental conditions

In total, ten experiments were performed with constant and sequential current intensities,
different reactor setups, operation times and enhancing agents (Table 1). E1-E3 experiments
were performed under regular ED conditions (no enhancement agent), BW, EF1-EF3
experiments were performed adding NaCl or effluent to the sample compartment as enhancing

agents, and C1-C3 were conducted with no current applied, working as control tests.

In the 2C reactors, the sample compartment was filled with 39 g of mining residues and 350
mL of deionized H>O or effluent (EF), while in the 3C setup 22.2 g of sample were added to
200 mL of deionized H>O, both with a Liquid/Solid (L/S) ratio of 9. For the experiment with

3C configuration, in order to ensure enough conductivity to test this design, a brine solution
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was created by adding 11 g of NaCl to the deionized H>O present in the sample suspension

compartment (BW experiment).

The electrolyte was recirculated using a flow rate of 3 mL/min in the electrolytes compartments.
To guarantee the suspension of the mining residues, a magnetic stirrer was used in the sample

compartment. All the experiments were performed in a fume hood at room temperature.

Table 1. Electrodialytic experimental conditions

Sample

Experiment Setup Membrane Current (mA) Running days

compartment
ED experiments (n=2)
E1l 2C CEM 100 Anode 14
E2 2C AEM 100 Cathode 14
E3 2C AEM 50 Cathode 8
Enhanced ED experiments (BW n=2; EF n=1)
BW 3C AEM and CEM 100 Central 5
EF1P 2C AEM 50 Cathode 4
EF2° 2C CEM 50 Anode 4
EF3P 2C AEM 65-55-45-352 Cathode 4
Control experiments with no current (n=2)
C1 2C AEM 0 Cathode 10
C2 2C CEM 0 Anode 10
C3 3C AEM and CEM 0 Central 10

BW — Brine water; EF — Effluent; AEM — Anion exchange membrane; CEM — Cation exchange membrane.
3Sequential decreasing current intensity, n — number of experiments performed, Yeffluent was placed in the sample
compartment.
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2.6 Statistical analysis

Statistically significant differences among samples for 95% level of significance were evaluated
through ANOVA tests using GraphPad Prism software (version 8). Statistical differences were
analyzed for pH and conductivity variations in the reactor compartments, and for elements
extraction considering: (1) same element, different experiments, and (2) same experiment,
different elements. The notation selected to present statistically significant differences among
the results obtained was lower case letter versus same capital letter. Thus, data with lower case
letter is statistically significant different from the data with the same capital letter, with 95%

confidence interval.

3 Results and discussion

3.1 Initial characterization

Table 2 presents the initial composition of mining residues by ICP-AES method. Regarding the
target compounds, As presented the highest concentration (3743 + 471 mg/kg), comparing to
the contents of Cu (1790 £+ 202 mg/kg), Sn (75 £ 8 mg/kg) and W (488 + 88 mg/kg) in the
sample. The presence of salts and other elements, namely Fe (7250 + 318 mg/kg) and SOs>—
(217 £ 5 mg/kg), may influence ions mobility due to uncharged complexes generation, affecting

elements extraction by ED (Almeida et al., 2020b).

Table 2. Composition of mining residues.

Parameter mg/kg
ICP-AES analysis
As 37432 £471.0°
Ca 97.3 + 44 8Ab
Cu 1790.3 + 202.34B<
Fe 7250.2 + 318.4ABCd
P 46.6 + 12.7A€P
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Parameter

mg/kg

Sn

/4

75.11 £ 8.64¢P

487.8 + 87.54CD

IC analysis
Cl—

S04~

5.0 £2.3A6D

217.0 £ 4.64¢P

ICP-AES, Inductively Coupled Plasma - Atomic Emission Spectrometer.

IC - Ton Chromatography.

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically

significantly different to data with the same capital letter.

3.2 Electrodialytic experiments

During the ED treatment, pH fluctuations occurred due to electrode reactions (described later

in Egs. 1 and 2). Accordingly, desorption tests were performed before the remediation process

to understand As, Cu, Sn and W concentration in the aqueous phase as function of pH (Fig. 2).
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Fig 2. Arsenic, copper, tin and tungsten pH desorption at different concentrations of HNO3 and NaOH solutions

with pH between 1 and 14.
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The solubility of compounds, namely oxides, hydroxides, carbonates or mineral forms, is highly
dependent on the media pH. Also, cationic/anionic constituents are related to solid residues
through adsorption/desorption on mineral or organic surfaces with a pH-dependent charge.
Dissolution and sorption processes provide a pH-dependent leaching trend where the release of
cations increases in low pH media and the release of anions increases towards high pH solutions

(Krol et al., 2020).

Generally, elements desorption from mining residues were higher at pH values below 2 (Fig.
2) due to the chemical speciation of the studied elements, where the release of cationic species
was more pronounced. Only As showed a second desorption peak at pH above 11. At high pH,
HAsO4?— is the dominant As species, followed by AsOs*— considering an oxidizing media.
These anions can react with Ca?" to form amorphous or crystalline arsenate (Vempati et al.,
1995). This means that during the ED process the sample should be theoretically placed at the
anode compartment, where an acidic pH (below 2) is promoted and, as a consequence, higher
desorption rates are expected. Considering the ED system, it is foreseen that the most common
forms of As, Cu, Sn and W, in extreme acidic conditions and with soluble forms at pH below 2
are, respectively, H3AsO4/H3AsO3 (Chen et al., 2014), Cu?>*/Cu(OH)" (Cuppett et al., 2006),
Sn?*/Sn(OH)** (Dulnee and Scheinost, 2015) and WO3 (Cao and Guo, 2019). Nevertheless, the
mobility of these elements during ED experiments may be limited due to eventual complexation

with other substances present in the media (Almeida et al., 2020b).

In a first stage, the ED process was applied considering 2C and 3C reactors at 50 and/or 100

mA. The pH behavior of the sample compartment during the treatment is presented in Fig. 3a.

11
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The values were collected daily, except on weekends and national holidays.

Fig 3. Mining residues: (a) pH, (b) conductivity and (c) voltage between working electrodes during the
electrodialytic experiments. EI-CEM, 100 mA; E2-AEM, 100 mA; E3-AEM, 50 mA; Cl-control AEM; C2-

control CEM; C3-control AEM and CEM.

Generally, after the ED process, sample pH decreased when mining residues were placed in the
anode compartment (Fig. 1b), while the opposite was verified when the matrix was at the
cathode compartment (Fig. 1¢). Sample pH increased in E2 and E3 tests and decreased in E1
test. This was expected due to water electrolysis phenomena occurrence at the electrode
compartments. Herein, H" is generated at the anode (Eq. 1) while OH— is formed at the cathode
end (Eq. 2), promoting an acidic and alkaline pH media, respectively. Also, the presence of
chloride in the ED system may lead to the formation of active chlorine, which is an oxidant

agent (Eq. 3).

H,0 (1) — %02 (9) + 2H* + 2e- (1)
H0 (1) + e~ — 2H; (g) + OH~ )
Cly () + 2e~ — 2CI- 3)

12
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As the pH in the residue suspension decreases, a higher dissolution of the residue is expected
(Fig. 2). Fig. 3 (b) and (c) also shows the conductivity behavior and the voltage variation on the
sample compartment during the experiments, respectively.

Conductivity in the media has to be assured to promote current passage and electrochemically-
induced extraction of substances. Typically, mining residues are characterized by low
conductivity values, with an average of 0.3 mS/cm (Almeida et al., 2020c; Almeida et al.,
2020b; Magro et al., 2019). The initial electrical conductivity of the suspension was in average
approximately 1 mS/cm (Fig. 3). When a 2C reactor design was tested (E1, E2 and E3), the
conductivity of the sample compartment tended to increase (Fig. 3b), due to the generation of
free ions in the media (Eqgs. 1 and 2), which was advantageous for current passage and,
consequently, for the ED process performance. This increase was more pronounced at the end
of E1 (9.8 mS/cm) and E2 (4.9 mS/cm), where 100 mA were applied. However, there are
oscillations in the conductivity, namely in E1. This may be explained by CEM properties, since
sulphonation is required to maintain good conductivity, ion exchange capacity and
permselectivity on the system. A high degree of sulphonation may have caused instability

(Shukla and Shahi, 2019).

A voltage decrease tendency was verified (Fig. 3c), due to the decrease of the internal resistance

in the reactor along the experiments, based on Ohm law (Eq. 4):

=17 (4)

where I is the current intensity (in amperes), V is the voltage (in volts) and R the resistance (in

ohms) applied.

Moreover, when the current was applied, the pH at the anolyte compartment decreased to
around 2, while the pH at the catholyte compartment increased until approximately 10 (Table

S1, in appendix A). In all experimental setups, conductivity increased at the end of the

13
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experiments, from approximately 1 to 4—6 mS/cm. This was predictable due to the increment
of free ions, corroborating the generation of ions by the electrodes and the electromigration of

substances from the sample to the electrolyte compartments.

Furthermore, when mining residues were placed in the central compartment (3C reactor case,
Fig. 1a), the current passage was not facilitated due to the extremely low conductivity of the
sample, being unfeasible to operate the process according to the time set for the experiments,
without the addition of adjuvants. Electrokinetic effects promote non-homogenous slipping
flows over charged surfaces, which may impact hydrodynamics of tight porous materials, as
mining residues (Karaca et al., 2017). Regarding the transport of ionic solutions, both
hydrodynamic and electrokinetic transport are expected. However, the transport due to electric
fields (e.g. electroosmosis) is more prominent in tight pores where electrical diffuse layer is not

negligible (Godinez-Brizuela and Niasar, 2020).

In fact, the ED 3C reactor could not perform properly without adding enhancing agents, to
assure enough conductivity in the media and avoid operation problems, such as pressure
fluctuations inside the reactor during the operation time. Considering this limitation, mining
residues were treated in a 3C reactor design adding brine water (BW), and in 2C reactor designs
using effluent (EF) as enhancing agents (Table 1). Whereas NaCl was added to the sample
compartment only to assure enough conductivity, effluent was tested as an eco-friendlier
alternative, comparing to water, in both 3C and 2C reactor designs. Additionally, the application
of decreasing current intensities was tested in solid matrices (Guedes et al., 2016). Thus, a
sequential decreasing current intensity was applied to an effluent experiment to test their
feasibility on ED experiments, aiming to improve the process efficiency and the overall stability

of the ED system.

14
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Table 3 presents pH, conductivity and voltage behavior on enhanced ED experiments with EF

and BW.

Table 3. Initial and final pH, conductivity and voltage values in the reactor's compartments, on enhanced ED

experiments.
Experiment Compartment pH Conductivity (mS/cm) Voltage between working
electrodes (V)
Initial Final Initial Final Initial Final
BW (3C) Cathode 6.8+£0.2 35+0.5 0.7+0.1° 6.3+ 1.6¢ 29.2+9.1 162+1.4

Central (sample)

Anode

53+0.7 45+1.0°

6.8+0.2 1.5+£0.14

12.6 = 1.6B¢ 3.8+1.2°

0.7+0.1¢ 13.5 = 1.6PF

EF1 (2C) Cathode (sample) 7.5 12.4 1.6 2.2 20.5 14.5
Anode 8.0 1.9 1.1 5.0

EF2 (20) Cathode 7.6 12.4 0.7 1.9 227 8.4
Anode (sample) 4.82 2.2 0.8 1.5

EF3 (20) Cathode (sample) 7.6 12.7 0.7 3.2 323 11.8
Anode 4.8 2.7 0.8 1.6

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically

significantly different to data with the same capital letter.

The same pH, conductivity and voltage trends verified on Fig. 3 were observed in enhanced

experiments. The sample pH decreased to around 2 when mining residues were placed at the

anode, and increased to approximately 12, when the sample was at the cathode compartment.

Concerning the BW experiment (performed in the 3C reactor), the pH at the central

compartment decreased from 5.3 to 4.5, once the anion exchange membrane has limited

15
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permselectivity (Ribeiro and Rodriguez-Maroto, 2006). Only protons (H") are able to cross this
membrane, promoting the decrease of the pH in the central compartment, during the
experiment. Conductivity dropped about 70% in the central compartment at the end of
experiment, due to the electromigration of charged species towards the electrolyte
compartments. Thus, a conductivity increase was verified in the cathode (6.3 £ 1.6 mS/cm) and

anode (13.5 = 1.6 mS/cm) compartments, where the second was more pronounced (Table 3).

On experiments performed with 2C reactors, using effluent as an enhancing agent, the pH at
the anode compartment decreased to around 2, while the pH at the cathode compartment
increased until approximately 12. The conductivity at the end of the experiments in the sample
compartment increased in all experiments. The experimental behavior was similar to E1, E2
and E3 experiments (Fig. 3), corroborating that water replacement by effluent to perform the

liquid suspension did not significantly affect the ED system balance.

Electrochemical reactions that occur at the anode and cathode (oxidation and reduction) may
contribute to the increase of conductivity in the media. The removal process may cause the
presence of more ions in solution (free ions), and consequently higher conductivity at the end
of the experiments. As expected in all tested cases, the voltage values decreased as electrical
conductivity increased, which is in line with Ohm's law. BW voltage decrease from around 29

to 16 V; EF1 from 21 to 15 V; EF2 from 23 to 8 V and EF3 from 32 to 12 V (Table 3).

3.3 Elements extraction

After the ED process, As, Cu, Sn and W final distribution in the reactor compartments was
assessed. Fig. 4 presents the amounts of each studied element detected at the anode (anolyte),
cathode (catholyte) and sample (solid sample and liquid phase) compartments, for all

experiments performed.

16
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Fig 4. Arsenic, copper, tin and tungsten distribution in the ED reactor after the ED experiments. E1-CEM, 100
mA,; E2-AEM, 100 mA,; E3-AEM, 50 mA; Cl-control AEM; C2-control CEM; C3-control AEM-CEM; BW-AEM-
CEM, NaCl, 100 mA; EF1-AEM, 50 mA; EF2-CEM, 50 mA; EF3-AEM, 65-55-45-35 mA (sequential current

intensity).

Generally, after the ED experiments (E1, E2 and E3), As demonstrated the highest mobility
since As was detected in the anolyte on experiments E2 (19%) and E3 (14%). Thus,
predominant As extraction was observed towards the anode, where the rising current intensity
promoted its speciation. Also, 60% of As was solubilized in the liquid phase on E1. Only trace
amounts of Cu (0.3%), Sn (0.3%) and W (0.1%) were detected in the solid sample at E1. Copper
was detected at the cathode compartment and in the liquid phase in E1, while Sn and W where
mainly detected in E1 at the catholyte (Sn =0.3%; W = 0.01%) and in E2 in the liquid phase of

the sample suspension (Sn = 0.02 %; W = 1.1 %).

Contrarily, enhanced experiments (BW, EF1, EF2 and EF3); demonstrated an increase on
elements extraction. BW showed the highest electromigration rates, since elements were

detected in the anode and in the cathode compartments. Arsenic was detected in the anolyte
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(28%), while Cu (12%) and W (11%) were mainly detected at the anode end. Tin was detected
in both electrolyte compartments in the same proportion (2%). Regarding effluent experiments,
advantages namely for Cu, Sn and W extraction were observed, when compared to E1, E2 and
E3 experiments. Copper, Sn and W were detected in higher percentages at the anode on EF1
and at the cathode on EF2. The solubilization of Cu (1%), Sn (1%) and W (5%) was obtained
when the ED experiment was performed with a combination between effluent and the
application of a sequential decreasing current intensity (EF3), that may improve ED efficiency
and stability. Thus, the combination of the three tested setups could present advantages for the

extraction of Cu, Sn and W.

The possible complexation of metals with substances present in the media may have hindered
the extraction and electromigration rates towards the electrolyte's compartments. At lower pH,
As can form insoluble complexes with Fe oxides as AsFeOs, since high levels of Fe are present
in the sample (7250 + 318 mg/kg, Table 2). Thus, arsenate species may react in an easier way
with ferrous ions, inhibiting at the same time Fe reaction with other species, also present in
solution (Guan et al., 2011). This type of As, associated to insoluble complexes, is immobile.
However, in the reduction state, arsenite is predominant and the complexes formed are mobile
(Yang et al., 2015). The presence of Ca (97 £ 45 mg/kg) in the sample may promote the
generation of Caz(AsQOas), as well (Mahapatra et al., 1984). Copper complexation may also occur
in presence of As (Cu(OH)AsOs) (De Pedro et al., 2011), Fe (CuFe204) (Satheeshkumar et al.,
2019) or SO4*— (CuSO0s4) (Xi et al., 2019), limiting Cu extraction. Additionally, Sn complexes

may also be formed in the presence of Cu, as CusSns or CuzSn (Liu et al., 2016).

The W most common form is WO3, which is present in solution at pH below 2. In addition,
SO4?- presence (217 + 5 mg/kg, Table 2) may promote the formation of WO2(SO4)3*~. These

species also blocks oxygen reduction reaction, which is already low in cationic dissolution in
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electrochemical processes (Lassner and Schubert, 1999). CaWO4 may also be formed in the

present conditions (Yekta et al., 2016), complicating W extraction.

In lower proportions, due to the Cl— presence in the initial sample (5 = 2 mg/kg, Table 2),
AsCls (Cazzoli et al., 1978), [CuCl2]— (Cotton et al., 1974), SnCls~ or SnCls>~ (Sherman et al.,
2000) and [W2Clo]*— (Rollinson, 1973) may also be formed. However, when NaCl was added
to the sample suspension in BW (11 g) and also during effluent experiments, which is also reach
in Cl— (193 mg/L, Table S2 in appendix A) (Magro et al., 2020), the increase in Cl— content
may have potentiated the formation of the species mentioned, promoting at the same time their

extraction.

The summary of the extraction of the studied elements from the original matrix is presented in

Table 4.
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Table 4. Arsenic, copper, tin and tungsten extraction from mining residues after ED experiments.

Extraction (%)

Experiment

Arsenic Copper Tin Tungsten
El 60.1 £24.1° 0.6+£0.54 0.3+0.14 0.1+0.12
E2 23.4+3.940 0.1+0.1 03+02 1.1+0.3
E3 14.3 £0.54¢ n.d 04+0.1 04+0.1
BW 63.2 +28.38.C4 13.4+1.7° 10.2 +6.7° 12.6 £3.6°
EF1 15.1 1.6 0.4 1.2
EF2 5.8 1.5 1.6 3.1
EF3 1.5 1.7 1.6 5.6
Cl 0.5+0.24P nd nd nd
C2 1.1+0.34P n.d 02+0.2 n.d
C3 21.0£0.64P 0.1+0.1 0.7+03 n.d

n.d — not detected.

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically
significantly different to data with the same capital letter.

EI-CEM, 100 mA; E2-AEM, 100 mA; E3-AEM, 50 mA; Cl-control AEM; C2-control CEM; C3-control AEM-
CEM; BW-AEM-CEM, NaCl, 100 mA; EFI1-AEM, 50 mA; EF2-CEM, 50 mA; EF3-AEM, 65-55-45-35 mA

(sequential decreasing current intensity).

According to Table 4, As showed the highest extraction ratios, compared to the other studied
elements. A maximum of 63% of As was successfully extracted from the matrix in the BW
experiment, whereas Cu, Sn and W extraction reached 13, 10 and 13%, respectively. Arsenic
may have been solubilized from the solid to the liquid phase of the sample compartment due to

the pH changes that lead to its speciation. The changes in As oxidation states may have
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generated a “mobile phase” of this element, potentiating its electromigration to the
anolyte/catholyte compartment. Moreover, As extraction is statistically significantly different
(p value <0.0001) compared to As extraction in other experiments, and to Cu, Sn and W in the

same experiment (E1 and BW).

4 Conclusions

Generally, secondary mining residues are stable matrices with low conductivity, implying
changes both in the ED reactor design and in the process itself. From the results obtained it was
observed that an ED 3C reactor might be the most suitable setup for raw materials extraction,
comparing to ED 2C systems. The conductivity increases by the addition of NaCl on the sample
compartment improved the current passage, and consequently, the species extraction (As =
63%; Cu=13%, Sn = 10% and W = 13%)).

At the studied conditions, the ED process potential for Cu, Sn and W extraction from the mining
residues is lower than for As, due to the poorer solubilization and migration rate of species to
the electrolyte compartments.

Arsenic was successful extracted from the initial sample during the tests performed due to its
conversion into mobile forms. Contrarily, raw materials ED extraction was mainly affected by
the presence of other compounds in solution, where the formation of complexes inhibited the
migration of the elements inside the reactor. However, the development of different treatment
stages can overcome the electromigration low rate.

The application of enhancements could be a key factor to improve elements extraction ratios
from the mining residues. Additionally, ED operation time could be optimized, promoting
savings in terms of labor and energy costs.

Summing up: The improvement of the ED performance targeting the Panasqueira mine residues

was achieved by adding eco-friendly enhancements as NaCl and effluent, particularly to As, as
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mobile forms were obtained with the generated pH changes. For Cu, Sn and W, further

adjustments have to be studied in order to increase their extraction efficiencies.
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Table S1. Initial and final pH and conductivity values in the electrolytes’ compartments on regular and control

ED experiments. EI-CEM, 100 mA; E2-AEM, 100 mA; E3-AEM, 50 mA; Cl-control AEM; C2-control CEM;

C3-control AEM-CEM; BW-AEM-CEM, NaCl, 100 mA; EF1-AEM, 50 mA; EF2-CEM, 50 mA; EF3-AEM, 65-

55-45-35 mA (sequential current intensity).

pH Conductivity (mS/cm)
Experiment Electrolyte
Initial Final Initial Final
El Catholyte 6.1£04 9.8+1.22 1.2+0.1 45+43
Anolyte 1.6+
E2 52+0.6 0.7+0.5 63+1.6
0.140
Anolyte 1.8+
E3 53+0.6 09+0.1 4.1+05
0.44¢
Cl Anolyte 6.1+0.3 49+0.14 1.2+04 1.1+0.1
Catholyte 4.1+
C2 6.1£0.3 1.2+04 1.0+0.1
0.644¢
Anolyte 1.9+
3.1+£06
0.14¢
C3 57+0.9 1.4+0.1
Catholyte 82+
1.3+0.1
1.8B,C,D,E

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically

significantly different to data with the same capital letter.
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609 Table S2. Effluent initial characterisation.

Total suspended solids
(mg/L)

CrI

NOs~

SO42'

<15
Effluent*

193

82

28

610  *Data from (Magro et al., 2020)
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