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Abstract: The high volume of mine tailings generated during mining activities poses significant
worldwide storage risks. However, these tailings often contain valuable metals that can be recovered.
Therefore, reprocessing mine tailings has emerged as a crucial strategy to assess secondary metals
resources and mitigate storage risks. Furthermore, the mining industry’s extensive use of freshwater
necessitates exploring alternative water sources. In this study, the leaching of base metals from
mine tailings in chloride-based media was investigated. Approximately 52% Cu, 73% Zn, and
100% Pb were leached from the sample in the presence of HCl and NaCl. The substitution of
freshwater with seawater yielded comparable results, demonstrating the potential of seawater as
an alternative freshwater source that does not compromise leaching effectiveness. Additionally,
77% of Pb precipitated as PbSO, from the pregnant leach solution. Through solvent extraction,
approximately 100% Cu was recovered using LIX 984 as an extractant, and 71% Zn with D2EHPA.
The use of Fe’ significantly reduced the co-extraction of Fe in the Zn recovery step. Overall, this
study provides a potential route for reprocessing mine tailings, ensuring maximum leaching and
efficient recovery of metals from sulfide mine tailings.
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1. Introduction

Mine tailings represent the primary waste stream produced in mining operations [1,2].
It is estimated that between 5 and 7 billion tons of tailings are generated annually [3].
Tailings can be described as mixtures of waste materials and process fluids produced during
the extraction of minerals and metals from an ore, with their mineralogical composition
dependent on the original ore body [1]. Sulfide tailings, resulting from the extraction of
base or precious metals such as Cu, Co, Zn, and Au, typically contain, among others, pyrite
(FeSy) as the most common mineral, alongside gangue fractions as quartz (5iO,).

Tailings are stored in impoundments, known as tailings storage facilities, often re-
ferred to as “tailings dams” or “tailings ponds”, designed to contain the waste material and
prevent its contamination of the surrounding environment [2]. The production of acid mine
drainage (AMD) significantly impacts the environment, as it results from the oxidation
of sulfide minerals, particularly pyrite [4]. The resulting high concentration of acid and
dissolved metals forms a hazardous mixture that can contaminate groundwater, streams,
and rivers, leading to significant environmental damage. Additionally, the rupture of tail-
ings dams poses a critical environmental and humanitarian issue, causing the destruction
of ecosystems and resulting in incalculable impacts on local populations, including the
displacement of residents and the loss of numerous lives [5,6].

Mining activities also consume a significant volume of water. For example, in Chile,
mining operations accounted for approximately 3% of the total freshwater consumption in
the country [3]. Of this consumption, 14% was attributed to hydrometallurgical processes
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in 2019. The use of seawater in mining operations offers an alternative solution to alleviate
water scarcity issues, particularly in regions where freshwater resources are limited [3,7].
However, the corrosive nature of seawater presents a significant challenge for its use.
Furthermore, the desalination process required to make seawater usable can be both
energy-intensive and expensive [3]. To address these challenges associated with chloride
systems, various strategies have been developed, including the use of reactors constructed
from materials with anti-corrosive properties [8,9]. Nevertheless, the positive impact
of using non-desalinized seawater in copper ore processing to mitigate AMD has been
demonstrated [10].

The reprocessing of mining tailings on a large scale is still in its early stages, and it
is therefore difficult to estimate its cost [3,11]. However, its role as a secondary source of
metals is a crucial approach to reduce waste and mitigate storage-related risks. While the
concentration of valuable metals in tailings is generally lower than that in concentrates
or ores, there is still significant potential for recovery since the mining and particle size
reduction processes have already been completed during ore processing [2,12].

Hydrometallurgical processes have been successfully implemented over the years
due to their versatility, offering various processing options (e.g., leaching, oxidation, and
complexing agents) for a wide range of valuable metals [13]. Chloride-based leaching
systems are known for their aggressive nature, providing several advantages, including
increased metal solubility, faster leaching kinetics compared to sulfate-based systems, low
pyrite reactivity, and the production of elemental sulfur instead of sulfate, which can be
stored for further processing [14,15]. Moreover, the formation of chloro-complexes in
aqueous solutions makes chloride-based media ideal for leaching base metals like Cu,
Zn, and Pb [16,17]. Numerous studies have explored chloride-based systems in leaching
processes [9,16,18-24], including bioleaching with chloride-tolerant bacteria [25,26]. How-
ever, more research employing mine tailings in chloride-based media is needed. While
the use of seawater in mining processing has been implemented on a large scale [7], the
application of seawater-based media in chemical leaching processes, particularly in the
context of mine tailings, remains largely unexplored to the best of our knowledge. In light
of these considerations, this study primarily aims to assess the extraction of base metals,
namely Cu, Zn, and Pb, from sulfide mine tailings in the presence of saltwater (NaCl and
artificial seawater). Furthermore, the recovery of the metals from the leached solution was
investigated by solvent extraction.

2. Materials and Methods
2.1. Mine Tailings Sample

The tailings sample used in this study was sourced from the Neves-Corvo mine,
located in the southeastern region of Portugal. This mine is a high-grade Cu—(Sn)-Zn
underground deposit and is situated within the Portuguese sector of the Iberian Pyrite
Belt (IPB). It is estimated that 17 Mt of tailings were stored at the Cerro do Lobo tailings
management facility (TMF) between 2010 and 2019 [27,28]. About 25 kg of sample was
received under water to prevent oxidation. Prior to its use, the sample was dried at 40 °C,
homogenized, split, and stored in vacuum-sealed plastic bags for further use.

The chemical composition of the starting sample was analyzed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES, ICP5100 Agilent Technologies,
Santa Clara, CA, USA). For ICP-OES analysis, a combination of acid and melt digestion
methods was employed. The sample was first dissolved using HCl and HNOj3, and the
residue was then fused with Li;B4O7 and leached with HCI melt digestion. To analyze
sulfur content, the sample was mixed with MgO and Na,;COj3, ignited at 850 °C for
2 h, and subsequently dissolved in diluted HNOj3. The mineralogical composition was
determined through X-ray diffraction using an X'Pert Pro diffractometer (XRD, PANalytical,
Almelo, the Netherlands). Particle size distribution was assessed by laser diffraction
in suspension using a Sympatec Helos/KR with a Quixel disperser (Sympatec GmbH,
Clausthal-Zellerfeld, Germany).
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2.2. Chemicals

The following chemicals were utilized in this work: hydrochloric acid (fuming HCI > 37%,
P.A., Honeywell | Fluka, Brunn am Gebirge, Austria); sodium chloride (NaCl > 99%, USP,
Carl Roth, Karlsruhe, Germany); magnesium chloride hexahydrate (MgCl,*6H,0O > 98%,
Carl Roth, Germany); sodium sulfate (Na;SO4 > 98.5%, Carl Roth, Germany); calcium chlo-
ride (CaCly > 99%, USP, Carl Roth, Germany); potassium chloride (KCl > 99%, USP, Carl
Roth, Germany); sodium bicarbonate (NaHCO3 > 99.7%, P.A., Honeywell | Riedel-de-Héen,
Seelze, Germany); potassium bromide (KBr > 99%, P.A., Carl Roth, Germany); boric acid
(H3BO3 > 99.8%, PanReac AppliChem, Darmstadt, Germany); strontium chloride hexahy-
drate (SrCly*6H,0 > 99%, P.A., Carl Roth, Germany); sodium fluoride (NaF > 99%, Carl
Roth, Germany); sodium hydroxide (NaOH > 98%, USP, PanReac AppliChem, Germany);
LIX 984 (2-hydroxy-5 nonyl-acetonphenoneoxime and 2-hydroxy5-dodecylsalicylaldoxime,
BASE, Ludwigshafen, Germany); D2EHPA (di-2-ethyl-hexyl phosphoric acid, Obermeier,
Bayern, Germany); EXXSOL D100 (Biesterfeld, Hamburg, Germany).

2.3. Leaching Experiments

The leaching experiments were carried out in glass reactors containing 10:1 liquid-to-
solid ratio. The glasses were placed on a combined heating plate-magnetic stirrer device
(MR Hei-Tec, Heidolph, Schwabach, Germany) at 250 rpm and set temperatures for each
assay. The temperature of the solutions was measured and controlled using an external
temperature sensor connected to the heating plate. The tailings sample was added to the
lixiviant solution as soon as the desired temperature was reached. The leaching time started
at the time the solid sample was added. The pH and oxidation-reduction potential (ORP,
Ag/AgCl reference electrode) were measured over the experimental time. Samples were
withdrawn at regular time intervals. The metals concentration in the filtrated aliquots of the
pregnant leaching solution (PLS) were analyzed by ICP-OES (ICP5100 Agilent technologies,
USA) in triplicate (n = 3). The leached solid residues were filtered, washed, and dried at
40 °C overnight. The assays were performed in duplicate or more (n > 2), and the error
bars were calculated as the standard deviation.

2.4. Design of Experiments

The optimum leaching efficiencies regions were investigated based on a 3* Box-
Behnken design. This design of experiment (DoE) is a non-orthogonal model and an
incomplete factorial design containing three levels (low, medium, and high, or —1, 0, and
+1, respectively) and N numbers of experiments according to the Equation (1):

N =2k x (k— 1) + Co, 1)

where, k is the number of factors and Cj is the number of replicates at the central point [29,30].
Three factors were studied in this work: the concentration of (A) NaCl, (B) HCI, and
(C) the temperature. In total, 15 experiments were randomly carried out in three levels
and three central points (Table 1). The factors levels were selected based on preliminary
studies, as described in [17], as well as a literature review [9,15,16,18-24]. Samples were
taken at 0.5 h and 1-4 h of testing to observe the leaching behavior of the metals over the
leaching period tested. The State-Ease Design-Expert® software (version 10.0.8) was used
to estimate the model coefficients through regression analysis. It was also used to build the
response surfaces for each response measured: the leaching efficiencies of Cu, Zn, and Pb.

Table 1. Experimental parameters of the 33 Box-Behnken design.

Levels
Factors Unit -1 0 +1
A: NaCl g/L 10 35 60
B: HC1 mol/L 0.1 0.5 1.0

C: Temperature °C 20 45 70
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2.5. Leaching Time and Seawater Tests

The optimum leaching condition obtained by the DoE was further studied by increas-
ing the leaching time up to 24 h. Samples were taken at defined time intervals. The use
of artificial seawater in the leaching efficiency of Cu, Zn, and Pb metals from the tailings
sample was also tested over 24 h. The seawater solution was prepared according to ASTM
D1141-98 standards [31] (Table S1). The lixiviant solution was prepared by replacing the
deionized water with artificial seawater.

2.6. Metals Recovery

The precipitation of Pb from the pregnant leach solution (PLS) was performed by
adding Na;SOy4 based on the stoichiometric ratio of S0,42~ /Pb%*. The test was conducted
in a glass beaker placed on a stirring plate at 500 rpm for 30 min at room temperature. At
the end of the experiments, the solutions were filtered, and aliquots were withdrawn for
ICP-OES analysis.

For Cu and Zn recoveries, the solvent extraction (5X) method was used. The extraction
tests were carried out at pH levels ranging from 0.5 to 5.0, adjusted with HCI and NaOH
solutions. LIX 984 and D2EHPA were used as Cu and Zn extractants, respectively. The
extractants were diluted in a 1:10 (v/v) EXXSOL D100 solution. The volume phase ratio of
aqueous (A) to organic (O) phases was fixed at 1:1. The experiments were performed in
glass beakers at room temperature, with stirring at 500 rpm for 15 min. The concentration
of Cu and Zn in the aqueous phases were determined by ICP-OES.

3. Results and Discussion
3.1. Tailings Sample Characterization

As shown in Table 2 [17,27,28], the sample is primarily composed of iron (Fe, 28.6 wt%),
sulfur (5, 24.9 wt%), and silicon (Si, 23.1 wt%). The content of the target metals is 0.4 wt%
Cu, 1.03 wt% Zn, and 0.36 wt% Pb. The minerals phases detected by the XRD analysis
(Figure 1, [17]) indicated the presence of quartz, pyrite, chlorite, illite, and dolomite. The
mineralogical analysis performed by Escobar et al. [27] demonstrated that Cu is predomi-
nantly present in chalcopyrite (CuFeS;), Zn in sphalerite [(Zn,Fe)S], and Pb in galena (PbS).
The fresh sulfide mine tailings sample was received with a fine grain size of dgg = 115.86 pum,
meaning that 90% of the total particles are below this size (Figure S1). The starting sample
was studied without further comminution.

Table 2. Elemental composition of the mine tailings sample.

Element wt% Element wit%
Fe 28.6 Na 0.2
S 249 Ti 0.2
Si 12.1 Mn 0.06
Al 3.0 Ni 0.03
/n 1.0 Sb 0.03
Mg 0.9 Co 0.02
Ca 0.5 P 0.01
As 0.5 Ba 0.01
K 0.4 Cr 0.01
Cu 0.4 Sr 0.003
Pb 0.4 Ag 0.002

Adapted from [17].



Sustainability 2023, 15, 15515

50f 15

25,000

-

20,000 ~

15,000 3 §
10,000 - 2 i

5
L44 1|

Intensity (counts)

ﬁ—

uJL_MJ\, Y MJM 1222
0 T T

20 40 60 80 100
2 theta (degree)

Figure 1. XRD pattern of the starting mine tailings sample (quartz: SiO,; pyrite: FeSy; chlorite:
As ¢TuZ1s, where A = Al, FeZ*, Fe3*, Li, Mg, Mn, or Ni, while T = Al, Fe3*, Si, or a combination
of them, and Z = O and/or OH; illite: (K,H30)(Al,Mg,Fe),(5i,A1);019[(OH);,(H,0)]); dolomite:
CaMg(CO3), [17].

3.2. Leaching of Base Metals from the Mine Tuilings Sample

Leaching, which involves the dissolution of metals from ore into a liquid solvent, has
traditionally been used for the extraction of precious metals from ores [32,33]. However,
in recent years, great attention has been given to the leaching of metals from alternative
sources, such as mine tailings. This shift in focus can be attributed to the depletion rates
of high-grade ore reserves, along with the advancements in technology that have made
feasible the extraction of valuable metals from low-grade sources [34,35]. Additionally,
there is a growing environmental and sustainable awareness regarding the recycling and
reprocessing of mine tailings to minimize waste generation [2]. In this study, the leaching
behavior of base metals from a mine tailings sample was investigated with the assistance
of a DoE. This statistical and mathematical tool enables researchers to plan and conduct
experiments with a varying set of parameters across different levels (minimum, interme-
diate, and maximum) while performing a relatively small number of experiments [36].
The leaching efficiencies of Cu, Zn, and Pb were determined by exploring the effects of
NaCl and HCI concentrations and temperature through the 33 Box-Behnken design. The
experiments were conducted over a 4 h period to evaluate the response of these factors at
the different levels. These results are presented in Tables S2-54.

Temperature appears to play an important role in the leaching efficiencies of the metals
from the sample, especially for Cu and Zn. Very low extraction rates of Cu (<7%) and Zn
(<12%) were observed for all conditions carried out at 20 °C, regardless the acid and salt
concentrations. At a temperature of 45 °C, with 0.5-1.0 mol/L HCl and 10-60 g/L NaCl, Cu
yields ranged from 7-11% and Zn ranged from 12-22% after 4 h (exp. 3, 4, and 13-15). On
the other hand, at a temperature of 70 °C, the highest Cu and Zn leaching efficiencies were
achieved. The extraction of these metals increased from 12-17% at 0.5 h to about 29-36%
at 4 h in experiments with 0.5 or 1.0 mol/L HCI and 10-60 g/L NaCl as lixiviants (exp. 7,
8, and 12). Conversely, in the test performed at 70 °C with the lowest acid concentration
(0.1 mol/L HCI), the extraction of Cu was only around 11%, and for Zn, it was 19% at
4 h (exp. 11). These findings strongly suggest that the extraction of Cu and Zn within
the studied parameter range is closely associated with an acidic media, specifically HC]
concentrations exceeding 0.5 mol/L, and higher temperatures of >70 °C. High temperature
is often described as an important factor for leaching the refractory Cu-bearing mineral
chalcopyrite (CuFeS;,). In the presence of NaCl, increasing the temperature from 45 to 75 °C
resulted in an increase from 17 to almost 100% of Cu leached after 144 h [37]. The reaction
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was found to be controlled by the surface reaction model. Significant improvements in Zn
leaching were observed as the temperature increased from 40 to 80 °C over 4 h [38]. After
15 min, 2 and 13% of Zn was leached from a zinc concentrate, while at 4 h, the Zn recoveries
increased to 14 and 82% for 40 °C and 80 °C, respectively. The increase in temperature
(1590 °C), HCl concentration (1-5 mol/L), liquid-to-solid ratio (2-10 mL/g), and chloride
ion concentration (3-6 mol/L) also promoted higher metal extraction from pre-treated mine
tailings [39]. Among other metals, approximately 70% of Pb and 40% of Zn were leached
from the roasted sample. The authors pointed out that using high acid concentration and
liquid-to-solid ratio would significantly increase leaching costs, and the use of lower levels
would be more appropriate.

Moreover, chloride ions have been associated with enhancing the solubility of metals
through the formation of both metal chloro-complexes and an S° porous layer on the
mineral surface [40,41]. The S° porous layer facilitates reagent diffusion to the mineral
surface and, consequently, increases metal extraction. Nevertheless, the results obtained
in the present work indicated that the leaching efficiencies of Cu and Zn metals were not
significantly affected by the concentration of NaCl within the studied range. Altinkaya
et al. [42] investigated the impact of varying NaCl concentrations (150250 g/L) and cupric
ions as an oxidant (0-50 g/L) on the leaching of metals (Au, Cu, Zn, Co, Ni) from flotation
tailings. The results demonstrated high leaching efficiencies (>50%, 24-72 h) for all the
studied metals, even in the absence of an external oxidant. The authors suggested that
inherently occurring oxidizing ions in the sample were sufficient for dissolving metals
from low-grade tailings. In the presence of the oxidant, an increase in NaCl concentration
was found to enhance the leaching of all metals except for Cu, which exhibited a higher
leaching efficiency at the lower chloride concentration. The positive effect of an adequate
amount of chloride ions in the solution, rather than an excess, has been demonstrated [43].

The leaching efficiencies of Cu, Zn, and Pb as a function of time are shown in Figure 2
(also refer to Tables S2-54). For better visualization, only the three best results (exp 7, §,
and 12) are shown in this figure. Additionally, the pH values and redox potentials found
for these conditions are presented in Figure S2. As displayed in Figure 2, the extraction of
each metal gradually increased as time progressed from 0.5 to 4 h. While the extraction
of Cu, Zn, and Pb was approximately 12, 16, and 75% after 30 min, after 4 h, the leaching
efficiencies reached an average of around 30, 33, and 84%, respectively. This increase in
metals’ leaching efficiencies can also be associated with accelerated reaction kinetics at
higher temperatures, as explained by the Arrhenius equation (k = Ae~F«/RT where k is
the rate constant, A is the pre-exponential factor, E; is the activation energy (kJ/mol), R is
the universal gas constant (8.314 ] /mol K), and T is the absolute temperature in Kelvin).
High temperatures increase the reaction speed due to the increase in the kinetic constant
of the reaction [17]. This association may also explain the lower extraction of the metals
obtained at lower temperatures, even at higher acid concentrations (exp. 3-6, 10, 13-15,
Tables S2-54).

50 ‘ . ‘ 100 . : :
(@) (b) %0] (©) ]
401 gol
~ _ 70
= 301 & 60]
Yy y 50,
= 20 2 401
N a L
101 20]
10]
0 0
0 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (h) Time (h) Time (h)

10 g/L NaCl + 0.5 mol/L HCI (exp. 7) —— 60 g/L NaCl + 0.5 mol/L HCI (exp. 8) —+— 35 g/L NaCl + 1.0 mol/L HCI (exp. 12)

Figure 2. Highest leaching efficiencies (LE %) of Cu (a), Zn (b), and Pb (c) obtained from the
3% Box-Behnken design throughout 4 h leaching test.
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Interestingly, high leaching efficiency of Pb was achieved in almost all conditions
tested (60-87% Pb at 4 h test, Table 54), except for the experiment that contained the lowest
Cl~ content (exp. 1). This result can be attributed to the formation of soluble lead—chloride
complexes (Equations (2)—(5)) in aqueous solution in the presence of an excess of Cl~,
which promotes the solubilization of lead chloride (Ksp = 1.2 x 1075) [44,45]. As displayed
in Figure 2c, between 70-90% of Pb was leached from the sample under the best leaching
conditions found for Cu and Zn.

Pb*" + CI~ — PbCl™ K; = 12.59 )
PbCl* 4+ CI~ — PbCl, K, = 14.45 (3)
PbCl, + CI~ — PbCl; K3 =3.89 x 107! (4)
PbCl; + CI™ — PbCli~ Ky =892 x 1072 (5)

The results from the 3* Box-Behnken design were evaluated through regression anal-
ysis and analyzed for the lack of fit using analysis of variance (ANOVA). To model the
data, a complete second-degree polynomial was chosen. Equations (6)—(8) represent the
quadratic model for each metal.

Cu = +10.07 — 0.31A + 2.16B + 9.43C + 0.20AB — 0.83AC + 4.48BC + ©)
2.99A2 — 2.01B? + 5.77C2

Zn = +20.03 — 0.41A + 4.22B + 9.29C — 0.15AB + 0.025AC + 3.25BC + )
0.67A% — 1.70B2 + 0.57C2

Pb = +79.30 + 4.71A + 12.76B + 4.88C — 13.35AB — 0.43AC + 0.025BC — @®)
5.15A% — 13.30B2 + 5.37C2

where A, B, and C are the codified variables that, respectively, represent NaCl concentration,
HCI concentration, and temperature. All three models presented significant lack of fit to a
confidence level of 95% (p-value < 0.05). Nevertheless, the coefficients of determination
(R?) were 0.89 for Cu, 0.98 for Zn, and 0.83 for Pb, indicating that more than 80% of the
metals’ leaching behavior can be explained by the estimated model.

Figure 3 shows the contour plots for Cu, Zn, and Pb leaching, respectively. Figure 3a,c,e
set the axis x; and x; of the graphs as the independent variables B(jpcyj) and Cremperature),
varying from 0.1-1.0 mol/L and from 20-70 °C. The factor A(naciy was fixed at —1.
Conversely, Figure 3b,d,f present the axis x1 and x; as Bycij) and Anac), ranging from
0.1-1.0 mol/L and from 10-60 g/L. In this case, the factor C(remperature)was fixed at +1.

Figure 3a,c demonstrate a correlation between the increase in leaching efficiencies
of Cu and Zn metals and the rise in temperature and HCl concentration, supporting the
findings in Tables S2 and S3. Additionally, as observed in Figure 3b,d, NaCl did not appear
to have a strong effect on the leaching of those metals, as long as a sufficient amount of acid
was present (<0.5 mol/L HCI), which also corroborates the analysis of the Tables 52 and S3.

On the other hand, Pb leaching was strongly affected by the concentration of C1~ avail-
able in the solution. Figure 3e indicates that the Pb leaching efficiency was not significantly
affected by C(temperature) (¥2); however, a minimum concentration of 0.5 mol/L of factor
By(rciy) (x1) is necessary when factor A nacyy) is fixed at —1. For a high leaching efficiency
of Pb, intermediate levels of factors A naciy) (x1) and B(pcy)) (x2) should be present, as de-
picted in Figure 3f. As previously discussed, the solubility of Pb is favored in the presence
of an excess of chloride ions, leading to the formation of lead—chloride complexes.
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Figure 3. Contour plots of the leaching of Cu (a,b), Zn (c,d), and Pb (e,f) from the tailings sample
obtained by the DoE. Fixed factor for (a,c,e) was NaCl at —1; fixed factor for (b,d,f) was temperature
at +1.

Based on the results obtained by the DoE, the leaching efficiency of the metals was
mainly affected by (i) temperature (Cu and Zn), (ii) concentration of the acid (Cu and Zn),
and (iii) availability of chloride ions in solution (Pb). Among the three optimum conditions
identified (see Figure 2), the condition consisting of 10 g/L NaCl, 0.5 mol/L HCl, and 70 °C
(exp. 7) was selected for further investigation. As the impact of NaCl concentration did
not appear to have a strong effect on the leaching efficiencies of the metals, the solution
containing its lowest concentration was chosen.

3.3. Effect of Time and Artificial Seawater

As demonstrated in Figure 2, the leachability of the three target metals also increased
as time progressed, and the leaching was not finalized at 4 h. Therefore, a leaching test over
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24 h was carried out with the best condition selected from the DoE (exp. 7; 10 g/L NaCl,
0.5 mol/L HC], and 70 °C). Under this condition, two tests were performed (Figure 4): one
in deionized water (a) and one in seawater (b) (without NaCl addition). At the end of the
24 h, 52.3% of Cu, 72.6% of Zn, and ~100% of Pb (<0.5 mg/L limit of detection (LOD) of the
ICP-OES) was extracted from the tailings sample in deionized water (Figure 4a), whereas
56% Cu, 74.8% Zn, and ~100% of Pb (<0.5 mg/L LOD of the ICP-OES) was extracted in
the seawater test (Figure 4b). An increase of 61% for Cu, 130% for Zn, and 15% for Pb was
achieved by increasing the leaching duration from 4 h to 24 h. In addition, in both tests, Fe
content remained around 20% after 24 h. These results show very similar leaching behavior
of the metals regardless of the type of water used. The XRD analysis (Figure S3) also
presented no significant differences in the mineral phases after leaching. This finding paves
the way for the substitution of freshwater by seawater in leaching processes of tailings
samples without detriment to the metals extraction. This is especially of interest in arid
regions where freshwater is scarce.
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Figure 4. Leaching efficiencies of Cu, Zn, Pb, and Fe in (a) deionized water and (b) artificial seawater
over 24 h leaching test.

Other studies have already investigated the use of seawater in hydrometallurgical
processes, particularly for chalcopyrite (CuFeS;). For instance, Hernandéz et al. [46]
compared the dissolution of chalcopyrite ore in seawater-based media (in HCl, HpSOy,
and HNOj3) for 168 h at 45 °C. The mixture of HCI and seawater provided higher Cu
extraction (33.7%) than in distilled water (13.9%). Conversely, the addition of 0.16 mol/L of
CI™ (from NaCl) did not improve the leaching efficiency of Cu in seawater-based media
(25.3% compared to 32.1% of Cu in distilled water). The authors attributed this result
to the increase in the ionic strength of the solution due to a higher C1~ concentration
(HCI + seawater + NaCl) that might have led to a decrease in the mobility of the ions.
Nonetheless, Torres et al. [14] studied the effect of tap water, seawater, and synthetic
process water on the leaching of Cu from a low-grade copper ore. In H,SO4-based media,
there was no difference in Cu extraction between tap water and seawater media within the
24 h test, whereas the use of process water enhanced the recovery of Cu from 24 to 48 h.

In our previous study carried out under hybrid sulfate—chloride system [17], the
extraction of the three target metals was proposed in two-step leaching due to the lower Pb
extraction when a higher sulfuric acid concentration is employed. Nevertheless, using an
acid—chloride system enabled a high co-extraction of the metals in a single step. This not
only significantly reduced the total leaching time but also eliminated the need for a solid—
liquid separation step that was required between the multiple leaching stages previously



Sustainability 2023, 15, 15515

10 of 15

Pb precipitation (%)

100

used. Moreover, the use of seawater was investigated, which yielded promising results
without compromising extraction efficiency. This outcome offers a sustainable alternative
by replacing a non-renewable resource (freshwater) with seawater in the leaching of mine
tailings. To the best of our knowledge, there are no studies to date exploring the leaching of
Cu, Zn, and Pb from sulfide mine tailings in seawater-based media; most leaching studies
under this experimental condition are related to concentrates or low-grade ores.

3.4. Metals Recovery

After leaching of the tailings sample under the optimal condition (0.5 mol/L HCI,
10 g/L NaCl, 70 °C, 24 h), an acidic PLS (pH ~ 1.0) containing the target metals was
obtained. Different strategies were applied for the maximum removal of the metals from
the PLS (Figure 5).
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Figure 5. Individual recovery of metals from the PLS: (a) precipitation efficiency of Pb in presence of
5042, (b) Cu recovery by SX with LIX 984, and (c) Zn recovery by SX with D2EHPA.

For the recovery of Pb, stoichiometric amounts of Na;SO,4 were added to the solution
to precipitate Pb as PbSOy (Ksp = 1.8 x 1078), according to Equation (9):

PbCl, +SO;~ — PbSOys) + 2C1, )

As shown in Figure 5a, about 70 to 80% of Pb was precipitated from the solution
containing 3.3 to 5.7 SO42~ /Pb** stoichiometric ratio. The high SO42~ /Pb?* ratio found
in this study might be attributed to the consumption of SO4%>~ from other ions present in
the PLS. Therefore, an excess of SO4>~ was needed for the precipitation of PbSO, from
the solution. Additionally, other parameters could be investigated, like temperature and
pH; however, an increase in pH is linked to precipitation of the other metals (target or
undesirable metals).

Cu and Zn were recovered from the PLS by SX. This metal recovery technique involves
the reaction of metal ions present in an aqueous solution with an organic solvent, resulting
in the formation of an organic-metal complex. This causes the metal ions to transition from
the aqueous phase into the organic phase. The pH of the aqueous solution is one of the
most important parameters that directly affect the efficiency of extraction in an SX process,
since H* ions are taking part of the process (Equation (10)) [33]:

1\/[21L

+
(aq) +2H

+ 2HR( (aq)’

& MRy (10)

org) org)

where HR is the extractant and M is the ion metal. According to Equation (11), the
equilibrium of the reaction is influenced by the pH value, as 1 mol of R releases 1 mol of H*.
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Then, if the pH value is low, the equilibrium shifts towards the left, leading to a decrease
in the extraction efficiency. Conversely, if the pH value is high, the equilibrium moves
towards the right, causing the extraction efficiency to rise. However, an increase in pH also
leads to the precipitation of metals from the solution. Therefore, the pH value has a great
impact on the recovery of metals from SX and should be particularly considered to achieve
optimal efficiency.

In this work, the recovery of the Cu and Zn metals in the chloride medium through
SX was investigated under pH ranging from 0.5 to 5.0. The effect of pH in Cu recovery is
illustrated in Figure 5b. The extractant LIX 984 was used as the Cu extractant, as it has been
reported to present high Cu selectivity over other metals, such as Fe [47]. As shown, the
recovery efficiency increased from 83 to ~100% of Cu (<0.5 mg/L LOD of the ICP-OES)
by increasing the pH from 0.5 to 1.5. Higher pH values did not result in any changes in
recovery; therefore, they are not shown on the graph. Hence, pH 1.5 was found to be the
optimal Cu efficiency with the extractant LIX 984.

D2EHPA extractant was used for the recovery of Zn from the PLS. As presented in
Figure 5c, 72% of Zn was recovered from the solution at pH 3.0; this agreed with [48,49],
which determined the optimal pH range of 2.5-3.0 for Zn extraction in a chloride medium.
pH values greater than 3.0 resulted in large precipitation of iron as iron (III) hydroxide,
observed by the change in color to reddish-brownish and the formation of gelatinous
precipitates, which hindered the filtration of the solution. Moreover, co-precipitation of
other target metals, e.g., Zn and Pb, was also noticed (Figure 6). Consequently, higher pH
values were not considered due to the high loss of target metals.

110
100 i

90

]

<

< opm
4 peR
1

\G{i

oF
[
1

80

70 . ‘ -
1 Y I ] = Cu
4 B SN 4

60 1 X ] o 7n

50 4 i A Pb
] i [ v Fe

40 .

30 4 .

Metals precipitation (%)

204 -
10 .

0 —T 1 - 1 T T T T T T T T T T 7
0.5 1.0 15 20 25 30 35 40 45 50

pH

Figure 6. Precipitation of metals based on the pH of the PLS.

3.5. Proposed Multi-Stage Recovery Process

Based on the results presented in the previous sections, a combined multi-stage metals
recovery (Figure 7) was performed under the best conditions identified in this study. Firstly,
high leaching efficiency of the target metals was obtained after 24 h in 10 g/L NaCl,
0.5 mol/L HCl, and 70 °C from the tailings sample in the chloride-based media. The PLS
generated underwent the metals recovery processes.
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Figure 7. Combined leaching and metals recovery processes. Basis 1 ton of sulfidic tailings. Leaching
of mine tailings with 10 g/L NaCl, 0.5 mol/L HCl, 70 °C, and 24 h; Pb recovery from the PLS with
4.15 SO42~ /Pb?* stoichiometric ratio for 30 min and 500 rpm; Cu recovery by SX with LIX 984 and
EXXSOL at pH 1.5 for 15 min and 500 rpm; direct Zn recovery by SX with D2EHPA and EXXSOL
at pH 3.0 for 15 min and 500 rpm; and reduction of Fe3* to Fe?* by addition Fe® followed by Zn
recovery with D2EHPA and EXXSOL at pH 3.0 for 15 min and 500 rpm.

The precipitation of Pb as PbSOy4 from the PLS was carried out by the addition of
4.15 SO4%~ /Pb?* stoichiometric ratio. After 30 min under vigorous agitation, 77% of Pb
was precipitated from the PLS with low coprecipitation of Cu (2.1%), Zn (2.0%), and Fe
(3.8%). Then, the pH of the Pb-depleted aqueous phase was adjusted to 1.5, and the filtered
solution underwent Cu SX with LIX 984 for 15 min. As a result, almost complete Cu
recovery was attained with the co-extraction of only 2.9% Pb, 2.0% Zn, and 1.5% Fe. This
confirms the high selectivity of LIX 984 for Cu over Pb, Zn, and Fe.

It is known that D2EHPA readily extracts Fe(IlI) from aqueous solutions [50], and it
can also be used for the removal of Pb under a suitable pH range [51]. For that reason,
for the recovery of Zn in the third and final stage, two approaches were investigated. On
the one hand, the pH of the Cu-free aqueous phase was increased to 3.0 with NaOH. The
filtrated solution was then treated with D2EHPA for 15 min, and 70.8% of Zn was extracted
from the aqueous phase, along with 11.7% Fe and 12.5% Pb. On the other hand, to minimize
Fe co-extraction during Zn removal, Fe¥ was added to the solution to reduce Fe3* to Fe?*,
as displayed in Equation (11):

2Fe3t

24
(aq) + Fe(s) — 3Fe q

(a )/ (11)

After 1 h of agitation with Fe, the solution was filtrated, and the pH was adjusted to
3.0. Interestingly, after the rise of the pH, the filtration of the solution was fast, as no gel-like
precipitate formation was observed due to the elimination of Fe**. As seen in Figure 7,
71.1% of Zn was extracted. The efficiency achieved in the second approach was comparable
to that of the first approach, indicating that the addition of Fe" did not negatively affect the
Zn removal process. Moreover, the Fe co-extraction was reduced to only 4.7%.

The findings suggest a potential route for the leaching of the three base metals fol-
lowed by their selective recovery from the leachate. Firstly, efficient leaching of the target
metals from the tailings sample in chloride-based media was obtained. Additionally, the
replacement of freshwater by seawater was proposed since no significant change was
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observed. The leach residue could be, for instance, incorporated as a feed material in the
construction sector [52,53], while the PLS undergoes the metals recovery steps. Secondly, Pb
could be easily precipitated as PbSO, from the PLS; however, in this work, a stoichiometric
ratio cannot be directly proposed, as a higher SO,?~ /Pb?* ratio was needed. It might be
possible to further purify the Pb concentrate with an additional solvent extraction or ion
exchange steps. Thirdly, SX was successful in selectively removing both Cu and Zn from
the aqueous solutions, and the Cu/Zn-rich organic phases can be further processed (i.e.,
scrubbing, stripping, and electrowinning) for the recovery of the metal, depending on the
desired product [54]. The use of Fe? to minimize the co-extraction of Fe in the Zn recovery
stage was demonstrated, with a reduction of 60% of Fe co-extraction. To optimize the
extraction of the metals, multiple stages of SX are typically employed, which may increase
Zn recovery from the PLS. Other parameters should also be investigated in detail, such
as the aqueous—organic ratio, concentration of the extractant, time, and temperature [48],
although these were out of the scope of this work.

4. Conclusions

High leaching efficiencies of the metals were achieved in chloride-based media in a
single step under the optimum leaching region determined by the design of the experiments’
results. The replacement of freshwater by artificial seawater was demonstrated without
detriment to the leaching efficiencies. This result proved that seawater is a viable alternative
water source for leaching processing, which is particularly important for arid areas that
are affected by a scarcity of freshwater. Furthermore, the recovery of the metals from the
pregnant leach solution was shown through precipitation and solvent extraction with high
recovery efficiencies. The findings presented in this work demonstrate a potential route for
achieving high extraction and recovery of base metals from sulfide mine tailings.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/su152115515/s1, Table S1. Composition of artificial sea-
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ters and Pb leaching results of DoE, Figure S1. Particle size distribution of the Cu—Zn tailings used in
the experiments (d1g = 2.16 pm, dsp = 21.39 um, dgy = 115.86 um), Figure S2. pH and ORP measured
during the DoE experiment, Figure S3. XRD pattern of the mine tailings sample leached with (a)
deionized water and (b) artificial seawater (quartz: SiO,; pyrite: FeSy; chlorite: As ¢T4Z13, where
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