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Abstract

Over the last decade, AMD waters have gained more attention as a potential source of metals due to the emerging need to
recover or recycle metals from secondary resources. Metals recovery supports sustainability and the development of a cir-
cular economy with benefits for resource conservation and the environment. In this study, five extractants (Acorga M5640,
LIX 54, LIX 622, LIX 622 N, and LIX 864) diluted (15% (v/v)) in Shell GTL with 2.5% (v/v) octanol were compared and
evaluated for Cu recovery from an extreme AMD sample (5.3 +0.3 g/L Cu) collected at the inactive Sdo Domingos Mine in
the Iberian Pyrite Belt of Portugal. Of the five extractants, Acorga M5640 showed the best selective efficiency. Further tests
showed that 30% (v/v) of this extractant was able to selectively extract ~ 96.0% of the Cu from the AMD in one extraction
step and all of the remaining Cu (to below detection) in three steps. Among the different stripping agents tested, 2 M sulfuric
acid was the most efficient, with & 99% of the Cu stripped, and the recyclability of the organic phase was confirmed in five
successive cycles of extraction and stripping. Furthermore, contact time tests revealed that the extraction kinetics allows the
transfer of &~ 97% of the Cu in 15 min, and aqueous to organic phase ratios tests demonstrated a maximum loading capacity
of ~ 16 g/L Cu in the organic phase. Raising the concentration of Cu in the stripping solution (2 M sulfuric acid) to = 46 g/LL
through successive striping steps showed the potential to recover elemental Cu using traditional electrowinning. Finally, a
biological approach for Cu recovery from the stripping solution was evaluated by adding the supernatant of a sulfate-reducing
bacteria culture to make different molar ratios of biogenic sulfide to copper; ratios over 1.75 resulted in precipitation of more
than 95% of the Cu as covellite nanoparticles.
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Introduction

Acid mine drainage (AMD) is formed by the oxidation
of sulfide-rich ores exposed to the atmosphere by mining
(Kefeni et al. 2017). Conventional pH control with cost-
effective neutralizing reagents has been the most widely used
approach for AMD treatment (Kalin et al. 2006; Taylor et al.
2005), but lime neutralization produces large amounts of
precipitated metals and sludge that require further manage-
ment and appropriate disposal. AMD is being increasingly
considered a secondary source of metals with the goal of
establishing effective methods to recover metals from AMD,
increasing the circular economy, and contributing to envi-
ronmental protection and resource conservation (e.g. Macias
et al. 2017; Wang and Ren 2014)).

Portugal has more than 100 inactive mine sites (Morais
et al. 2008), and Sdo Domingos is one of the most repre-
sentative mining districts in the Portuguese sector of the
Iberian Pyrite Belt. The intensive mining activity has caused
environmental deterioration of the area (Alvarez-Valero etal.
2008; Batista 2000; Matos et al. 2006). The massive ore
body of the Sdo Domingos Mine consists of 45-48% total
sulfur, primarily in the form of pyrite (FeS,), chalcopyrite
(CuFeS,), sphalerite (ZnS), galena (PbS), and blended [(Zn,
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Fe)S] minerals that are usually found in association with
pyrite (Oliveira and Oliveira 1996). Currently, no measures
are in place to remediate the local environment affected by
the inactive mine, and local watercourses and surrounding
soils are heavily contaminated with various metals. Consid-
ering the size of the Sio Domingos area (~ 50 km?) affected
by historical mining and the volume and type of wastewa-
ters, an environmentally friendly and economically viable
AMD treatment and recovery method is needed to reduce
the associated environmental problems, recover metals, and
increase the availability of water for irrigation.

Most metal supplied to the global economy is obtained
through mining of finite sources that are rapidly decreas-
ing due to economic expansion, higher living standards, and
modern industrialisation (Arndt et al. 2017; Segura-Salazar
and Tavares 2018). Copper (Cu) is one of the important
metals present in high concentrations in the Sdo Domin-
gos AMD, and its recovery could generate additional eco-
nomic activity and value due to its high demand. Since 2011,
the recycling rate of Cu has been continuously decreasing
(from 36% in 2011 to 29% in 2016), while refined secondary
production is relatively stable over the same period (ICSG
2018). According to available data, 20,474,372 metric tons
of Cu are produced per year (based on 2018 data) (Reichl
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and Schatz 2020), and, according to the International Copper
Study Group (2019), global Cu consumption will continu-
ously increase due to population growth, product innovation,
and economic development. In a recent study using differ-
ent scenarios with regression and stock dynamics methods,
Schipper et al. (2018) estimated the Cu demand for the
year 2100 to be in the range of 3 to 21 times the current
Cu demand. Indeed, estimates of the short-term supply risk
criticality indicate that in the next 2-3 decades, different
industrial sectors will struggle to maintain their demand for
several metals (Elshkaki et al. 2016; European Commission
2014; Frenzel et al. 2015). As a result, to meet future Cu
demand, a combination of primary raw materials coming
from mines plus recycled and recovered materials from sec-
ondary sources is required, preferably taking advantage of
eco-friendly and sustainable technological improvements
and more efficient process designs. Until now, metal recy-
cling rates from secondary sources are still very low, and
significant potential exists for improving metals recovery
from such sources (Schifer and Schmidt 2019).

In this context, solvent extraction (SX) is a powerful
technique that allows the recovery of metal ions from both
diluted and concentrated solutions (Andersson and Reinhardt
1983). SX is a well-demonstrated and widely used technique
at the industrial scale for separation and recovery of metals
from aqueous solutions in the hydrometallurgical treatment
of ores and other secondary materials (Hedrich et al. 2018).
In the hydrometallurgical industry, SX processes make
use of organic phases consisting of extractants diluted in
solvents to specifically target metal ions (e.g. Cu**) from
impure multi-metallic leaching solutions; the metals are then
stripped from the organic phase into pure aqueous solutions
from which the metals can be recovered (Davis-Belmar et al.
2012; Ruiz et al. 2019). Nevertheless, such processes are
often challenged by the inability to separate valuable metals
from low-concentration, metal-bearing solutions (Matinde
2018; Nordstrom et al. 2017). For example, Cu recovery by
SX from waters with Cu concentrations below 1 g/L is not
considered economically viable (Sole and Hardwick 2016).

The most widely used commercial Cu extractants, recog-
nised for their selectivity, are hydroxy oxime-type organic
acids, such as Acorga and LIX extractants (Ruiz et al. 2020;
Vander Linden 1998). The equilibrium reaction of cupric
jon (Cu?*) with these extractants has attracted interest, and
several models have been proposed (e.g. Alguacil et al.
2004). In the case of Acorda M5640, Agarwal et al. (2010,
2012) reported that the extractant optimises the metallur-
gical performance relative to ketoxime-based extractants
while protecting against nitration and oxidative degrada-
tion. These characteristics reduce the extractant consump-
tion and improve operational reliability, as it ensures a final
high-quality extractant that can be reused in the extraction
circuit (Alguacil et al. 2004). In the extraction reaction,

Cu?*complexes with the extractant and releases a hydrogen
ion, according to the reversible mechanism (Flett et al. 1973)
presented in Eq. (1):

Cu”*" + 2HE 2 CuE, + 2H* (1)

where E is the extractant and CuE, is the Cu-chelate
complex.

In this reaction, the acidity of the aqueous phases in the
extraction and stripping stages controls the loading and
stripping of Cu to and from the organic phase (Hoh and
Wang 2007).

In recent years, technologies that recover value from
metal-bearing wastewaters have gained attention as a way
to reduce the negative impact of mine water treatment
processes. Moreover, combining chemical and biological
extraction technologies to remove and recover metals can
improve the adaptability to changes in feed flow and the ease
of operation, which are essential characteristics in the treat-
ment process. The use of sulfate-reducing bacteria (SRB)
is a good option for metal recovery from mine-impacted
waters (Kaksonen and Puhakka 2007; Villa-Gomez et al.
2011). Biogenic sulfide is advantageous because it allows
the formation of insoluble metal sulfides, even at low metal
concentrations and low pH values (Lewis 2010).

The need to develop alternative processes for metal
recovery from secondary sources stimulated the present
research. The application of an SX process like those used
in the hydrometallurgical industry for extraction of Cu from
pregnant solutions was tested and optimised to separate this
metal from extreme AMD waters, using a mine water sample
collected at the Sao Domingos Mine as a model. In addition,
a process was tested to recover Cu from the resulting purified
solution using biogenically produced sulfide to precipitate
covellite nanoparticles.

Materials and Methods
Extreme AMD

Mina de Sao Domingos, a village in southeastern Portu-
gal, has a mine that was exploited during the Roman and
Islamic occupations of the Iberian Peninsula that was the
largest mine operating in Europe between 1857 and 1966.
The primary ore body was a massive pyrite deposit, and Cu
and sulfur (S) were the main elements extracted (Tavares
et al. 2008).

Since mining activity ceased in the 1960s, the vast mining
area, from the open-pit to the ruins of the Achada do Gamo
factories where the ore was processed and the large waste
piles were deposited, has produced a significant environmen-
tal footprint. Here the most prominent concern is AMD with
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high concentrations of sulfate (SO42_) and metals, mainly
aluminium (Al), iron (Fe), Cu, zinc (Zn), and manganese
(Mn) (Alvarez—Valero et al. 2008; Pereira et al. 2004).
Most of the AMD flows through several reddish-yellow
diversion channels and dams until merging in a unique
stream that joins the Mosteirdo stream, which enters the
Reservoir of Changa River, a major tributary of the Gua-
diana River. However, some AMD generated in the Achada
do Gamo zone remains in two impoundments: one of about
8700 m? (Fig. 1, area 2) and another of about 2400 m?
(Fig. 1, area 3). These impoundments are in the area where
low-grade Cu ores were roasted in piles and washed with
acidic water to extract the Cu that was later precipitated
onto iron sheets in a cementation tank. The impoundments
are surrounded by slag remaining from the roasted pyrite
ore piles (sulfur factory tailings), roasted iron oxide (hem-
atite-rich) ore, and leached materials in seasonally flooded
areas (Alvarez-Valero et al. 2008). The AMD in the larger
impoundment has a very dark colour, is very dense and
extremely contaminated, likely due to successive cycles of
accumulation in winters and evaporation in summers, and
was the source of the AMD sample used in our work (Fig. 1,
area 2). The sample was collected on 25 October 2018 and
immediately transported (= 90 min transport time) to the
laboratory for characterisation and Cu recovery tests.

Solvent Extraction

The extraction procedures and the experiments performed
to select the extractant and optimise and characterise the
extraction conditions are described in Melka (2019). The
initial metal concentrations (Fe, Al, Cu, Zn, and Mn) in the

Fig. 1 Aerial view of the Sdo
Domingos mining area and a
closer view of the sampled zone
obtained from Google Maps:
coordinates: 37°40'06.7”N
7°29'28.5”W. 1 Open pit mine;
2 Sampled impoundment with
extreme acid mine drainage
(AMD); 3 Another AMD
impoundment; A Roasted pyrite
ore slag; B modern slag
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raw AMD, [M,];, and their final concentrations in the aque-
ous phase after solvent extraction, [Maq]f, were measured.
The metal concentrations in the final organic phase, [M,, ]
were calculated by mass balance, and their removal efficien-
cies were determined by: Removal % =100X [M,,]¢/ [M,g];-
The extraction distribution ratios (D) of the target metal ions
were calculated as D= [Morg]f/ [Maq]f.

Recovery Through Bioprecipitation
Precipitation with Biogenic Sulfide

The addition of the sulfide-rich liquid phase from an SRB
culture was tested as a method to precipitate Cu sulfide
(covellite) from the loaded stripping solution (2 M H,SO,)
obtained after SX with the selected organic phase. Three
stripping solutions from successive extractions and strip-
ping steps were mixed to produce enough Cu solution for
the tests.

The SRB consortium used in our work was enriched
using Postgate B medium (Postgate 1984) inoculated with
sludge from a wastewater treatment plant located in south-
ern Portugal and incubated at room temperature (25 +3 °C)
under anaerobic conditions (for SRB enrichment details see
Carlier et al. 2019). The SRB consortium is maintained in
the laboratory through successive cultures in Postgate B
medium inoculated with 1 to 10% (v/v) of previous cultures.
A fresh culture was prepared and used when all sulfate in the
medium had been reduced to sulfide. Sulfate reduction was
monitored by analysing the sulfate and sulfide concentra-
tions in the culture medium every 3 days.
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To find the optimal sulfide to Cu ratio (S:Cu) that would
maximize Cu precipitation, a fixed volume of stripping solu-
tion was mixed with different volumes of bacterial culture
media to test different S:Cu ratios above the stoichiometric
value of 1:1 for CuS (covelite). The mixtures were main-
tained in closed Falcon tubes for 24 h at room temperature
(25+3 °C), and the volumes were then adjusted to a constant
volume with distilled water to facilitate centrifugation and
calculations. Afterwards, the mixtures were centrifuged at
2500 g for 20 min at room temperature, and the superna-
tants were collected and used for Cu determination and mass
balance calculations of Cu precipitation efficiencies.

After removing the supernatant, the precipitates were
covered with 45 ml of a 50% (v/v) ethanol in water solution
and sonicated for 15 min. The samples were then centri-
fuged for 15 min at 2500 X g for 10 min at room temperature,
and the supernatant was discarded. Afterwards, they were
washed overnight with 96% ethanol in an orbital shaker and
centrifuged at 2500 X g for 60 min at room temperature, and
the supernatant was removed. Finally, the precipitates were
dried under vacuum overnight.

Analytical Methods

A pH/E meter GLP 21 (Crison) with a glass pH electrode
(VWR, SJ 223) was used to measure pH. A Pt electrode
coupled with a reference-saturated calomel electrode
(CRISON, 52 61) was used to measure redox, which was
converted to Eh using a conversion factor of 241 mV. A
UV-visible spectrophotometer DR2800 (Hach-Lange) was
used to measure sulfate and sulfide concentrations using the
sulfaVer4 (Method 8051, Hach-Lange) and the methylene
blue (Method 8131, Hach-Lange) methods, respectively. The
samples collected for metals determination were acidified
with concentrated nitric acid (5%). Flame atomic absorp-
tion spectroscopy (FAAS) with a novAA 350 system (Ana-
lytik Jena) was used to measure the concentrations of Fe,
Zn, Cu, Mn, and chromium (Cr), and microwave plasma
atomic emission spectrometry with a 4200 MP-AES (Agi-
lent) was used to measure the concentrations of Al, arsenic
(As), and cobalt (Co). In both methods, calibration curves
were built using standards prepared from the following stock
solutions in 0.5 M HNOj;: Fe(NO3);, Zn(NO3),, Cu(NO5),,
and NaNO; (Merck Certipur, Germany); Mn(NO3),,
Al(NO3);, As(NO3);, and Co(NO;), (Panreac AA, Spain);
and Cr(NO;); (BDH Laboratory Supplies, England). The
concentrations of lead (Pb), nickel (Ni), selenium (Se), cad-
mium (Cd), magnesium (Mg), sodium (Na), and calcium
(Ca) were determined by inductively coupled plasma mass
spectrometry (ICP-MS) at an external accredited laboratory
(Hidrolab, Spain). Ferrous iron (Fe’*) concentrations were
determined with a UV—visible spectrophotometer DR2800
(Hach-Lange) using the 1,10-phenanthroline (Method 8146,

Hach-Lange) procedure at 510 nm, and ferric iron (Fe**)
concentrations were calculated by difference with total iron
determined by FAAS.

The precipitates collected and washed in the recovery
experiments were analysed by x-ray diffraction (XRD), by a
variable pressure scanning electron microscope coupled with
energy dispersive x-ray spectrometry (VP-SEM-EDX), and
by transmission electron microscopy (TEM). XRD analysis
was performed using a PANalytical X’Pert Pro powder dif-
fractometer, operating at 45 kV and 30 mA, with Cu Ka
radiation filtered by Ni. The XRD patterns were recorded
using an X’ Celerator detector, with a step size (20) of 0.03°
and a time per step of 400 s. Peak analysis and crystalline
phase identification were conducted using High-Score Plus
software with the ICDD PDF-2 database. The crystal size of
each sample was estimated using the Scherrer equation,

CS = %, considering a form factor of 0,94. VP-

SEM-EDX analysis was carried out using a Hitachi™
S3700N SEM coupled to a Bruker™ XFlash 5010 SDD
EDS Detector®. The samples were analysed at low vacuum
(40 Pa) with an accelerating 5- and 20-kV voltage.

For the TEM analysis, precipitates were resuspended in
ethanol and sonicated for 30 min to pulverise the samples.
Then, 5 pl of each sample were applied to 400 mesh Cu grids
with thin carbon support (01844-F, Carbon Film only on 400
mesh, Cu, Tedpella), and the grids were dried and stored in a
desiccator until imaging. Samples in the grids were imaged
with a JEOL JEM-2100 electron microscope, operating a
LaB6 electron gun at 200 kV, and images were acquired with
a “OneView” 4 k x 4 k CCD camera.

To analyze the purity of covellite, 64.47 mg of precipi-
tates (weighted using a Sartorius MSA36S-000-DH Micro
Balance) were dissolved in 2.5 mL of aqua regia using a
temperature ramp from 50 to 107 °C for 6 h, followed by a
period of 16 h at 107 °C. At the end, 4 mL of concentrated
nitric acid was added, and the final volume (6.2 mL) was
noted for calculations. Finally, a 1:3 dilution in dionized
water (Milli-Q® purification system) was used for elemental
analysis.

Results and Discussion

Extreme AMD

The AMD sample collected at the Sao Domingos inactive
mine from the impoundment near the old sulfur factories of
Achada do Gamo was analyzed at CCMAR’s laboratories for
pH, sulfate, Fe, Al, Cu, Zn, Mn, As, and Co). In addition,
several other metals (Cr, Pb, Ni, Se, Cd, Mg, Na, Ca) were
determined by an external accredited laboratory. The AMD
composition is presented in Table 1.
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Table 1 Initial characterization of the extreme AMD sample from
Mina de Sdo Domingos (impoundment next to the sulphur factory
ruins at Achada do Gamo) collected on 25 October 2018 [mg/L, and
standard units for pH]

Table 2 Extraction distribution ratios (D) of primary metals in the
extreme AMD sample, with 15% (v/v) of each extractant diluted in
Shell GTL+2.5% (v/v) octanol, using an A/O=1/1 and a contact
time of 30 min at room temperature (25 +3 °C)

Parameter Value Standard deviation
pH 1.19 -
SO, 142,000 15,100
Fe? 63,200 6074
Fe’t 55,500 6630
Fe’* 7770 551
AP 6470 148
Cu? 5250 313
Zn? 1960 449
Mn® 131 2

As? 21.40 0.09
Co? 6.46 0.03
Pb® 5.280 -

Ni® 3.040 -

Se® 1.990 -

cdb 1.890 -

cr 1.16 0.07
MgP 0.260 -

Na® 0.251 -

Ca® 0.138 -

#Averages and standard deviations of five determinations using inde-
pendent dilutions at CCMAR

®Analysis at the accredited laboratory Hidrolab (see analytical meth-
ods)

The acidity and the pollutant concentrations in the AMD
sample used in our work were much higher than those in
samples collected from the flowing AMD streams, which
usually have pH values between 2 to 3 and have the fol-
lowing approximate pollutant concentration ranges: sulfate
(1000-5000 mg/L), Al (100-500 mg/L), Fe (50-500 mg/L),
Zn (20-150 mg/L), Cu (20-100 mg/L), and Mn (5-20 mg/L)
(e.g. Costa and Duarte 2005; Costa et al. 2008). The AMD
sampled can be classified as High-acid and Extreme-Metal
using the Ficklin diagram, where the sum of the concentra-
tions of Zn, Cu, Pb, Cd, Co, and Ni (rather than more com-
mon metals such as Fe, Al, and Mn) is plotted against pH
(Ficklin et al. 1992; GARD Guide, Chapter 2, 2022).

Solvent Extraction
Extractant Selection
Among the five tested extractants, Acorga M5640 and LIX
622 more specifically extracted Cu, while LIX 864, LIX
54, and LIX 622 N co-extracted iron and zinc, iron, and

aluminium, and iron, respectively (supplemental Fig. S1).
The extraction distribution ratios are presented in Table 2.
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Extractants Metal Distribu-
tion ratio
(Dy*

ACORGA M5640 Fe -

Al -

Cu 5.16

Zn -

Mn -
Lix622 Fe -

Al -

Cu 0.59

Zn -

Mn -
Lix864 Fe 0.26

Al -

Cu 4.38

Zn 0.005

Mn -
Lix54 Fe 0.24

Al 0.01

Cu 0.02

Zn -

Mn -
Lix622N Fe 0.11

Al -

Cu 5.77

Zn -

Mn -

— metal not detected in extractant, A/O aqueous/organic volume ratio
‘D= [Morg]f/ [Maq]f

Of the 5,250+ 313 mg/L initial Cu concentration, 85+4%
was extracted from the aqueous phase to the organic phase
containing Acorga M5640, and 37 + 1% was extracted to the
organic phase with LIX 622. LIX 54 preferentially extracted
Fe over Cu from this AMD sample: just 2+ 1% of Cu was
extracted, but 20 + 1% of Fe was co-extracted.

The higher efficiency of Acorga M5640 to specifically
extract Cu from such extreme AMD confirms previous
results obtained using model and leaching multi-metallic
solutions. For example, Ochromowicz and Chmielewski
(2013) showed that Acorga M5640 is a superior extract-
ant for Cu compared to LIX 984 N and LIX 612 N-LV for
multi-metallic sulfuric acid leachates. Wang et al. (2019)
successfully extracted over 90% of Cu from multi-metal-
lic sulfuric acid leachates of printed circuit boards (from
electrical and electronic equipment) using Acorga M5640,
and Tanaydin and Demirkiran (2020) found that Cu can be
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extracted from perchloric acid leachates of malachite ore
using Acorga M5640.

Extraction Optimisation and Characterisation

Based on the results obtained in the extractants’ screening,
Acorga M5640 was selected for the subsequent experiments
to optimise and characterise the extraction of Cu from the
extreme AMD sample collected at the Sdo Domingos Mine.

For the optimisation, different concentrations of Acorga
M35640 in the organic phase were tested to find the best ratio
of the extractant active compound to Cu ions. The Cu extrac-
tion percentage increased as the Acorga M5640 concentra-
tion increased in the organic phase, and the maximum effi-
ciency of 96.0 +3% (which corresponds to 5,040 + 158 mg/L
Cu extracted) was achieved with 30% (v/v) Acorga M5640
(Fig. 2). This corresponds to 0.57 mol/L of the extractant’s
active compound (5-nonyl-2-hydroxy-benzaldoxime) to
0.0694 mol/L of Cu extracted, making an ~ 8:1 ratio of
active compound to Cu ions. Considering the complexity of
the chemical matrix in the AMD sample, this can be con-
sidered a good ratio. It is just four times higher than the
theoretical ratio of 2:1 in the equation expressing the extrac-
tion reaction of Cu with Acorga M5640 in sulfuric systems
(see Eq. 1). On the other hand, the 8:1 ratio estimated in our
work is three times lower than the 24:1 ratio reported by
Agarwal et al. (2010) when using 20% (v/v) Acorga M5640
(0.38 M active compound) diluted in ShellSol D70 (also a
kerosene-like diluent); the 24:1 ratio result held for both the
initial aqueous solutions these authors tested (1 g/L Cu?*
and a more complex solution of 1 g/L Cu**, 40 g/L Zn(II),
and 15 g/L Fe(IIl) at pH 1.4).

mFe BAl 8Cu BZn 8Mn

100
90
80
70
60
50
40
30
20
10

Extraction (%)

TTNT. 1+
10% 20%

[Acorga M5640]

Fig.2 Extraction efficiencies from the extreme AMD with Acorga
M5640 at concentrations of 5, 10, 20 and 30% (v/v) diluted in Shell
GTL+2.5% (v/v) octanol, using an A/O=1/1 and a 60 min contact
time at room temperature (25+3 °C). Results are averages of tripli-
cates, and the error bars are standard deviations

In the test with 30% Acorga M5640, the extraction of iron
reached 8 + 5%, which reveals a high co-extraction of iron
since its concentration in the initial extreme AMD sample
is about 12 times higher than the concentration of Cu. This
corresponds to a final concentration in the organic phase of
5,060 + 3,160 mg/L iron, similar to the Cu concentration
achieved. Nevertheless, it is possible to separate these two
metals in the stripping process (see below). The iron extrac-
tion (albeit in a small percentage) raised the question of
some loss of specificity for Cu under these extraction condi-
tions, leading to additional analysis of another concentrated
contaminant: arsenic. The results (0+ 1% arsenic removal)
indicate that this metalloid is not efficiently extracted. Thus,
30% Acorga M5640 was chosen as the optimal percentage,
and additional parameters were studied using this extractant
concentration, including contact time (kinetics), Cu loading
capacity in the organic phase, efficiency of stripping agents,
and organic phase recyclability.

Finally, the raffinate water resulting from the extraction
of Cu under these conditions has the potential to undergo
further recovery because it still contains high concentra-
tions of sulfate (133 g/L), metals, and metalloids (primarily
Fe: 58,200 mg/L, Al: 6,340 mg/L, Zn: 1,960 mg/L, Mn:
131 mg/L and As: 21 mg/L). Indeed, zinc is another impor-
tant metal with growing demand, for which the recovery
from secondary sources will need to have a major role in
the next 50 years (Sverdrup et al. 2019). Thus, the recovery
of zinc from industrial wastes has beem a focus of research
for decades (e.g. Jha et al. 2001). Moreover, sulfuric acid
could potentially be recovered and contribute to the eco-
nomic feasibility of an integrated recovery process from
extreme AMD samples. For example, Nleya et al. (2016)
have reviewed techniques used to recover sulfuric acid
from various wastewater solutions and studied the sustain-
ability assessment of the recovery and utilisation of acid
from AMD. In any case, the raffinate from the Cu extraction
process under study in our work cannot be released to the
environment without prior treatment.

Contact Time (Kinetics)

The extraction of Cu from the extreme AMD using 30%
(v/v) Acorga M5640 with an aqueous:organic (A/O) volume
ratio of 1:1 required 5 min to transfer 92% of the Cu to the
organic phase; after 15 min, the maximum Cu transfer (~
97%) was achieved (Fig. 3). Wang et al. (2019) found that
only 1 min was needed with CuSO, and chloride leaching
solutions (with ~ 6 g/L. Cu at pH 1.1) to achieve over 90%
Cu extraction with 16% (v/v) Acorga M5640 in kerosene.
One significant difference that could have accounted for the
longer time to achieve the extraction equilibrium in our work
is the extremely high concentrations of other metals in our
AMD sample. Nevertheless, our results are fairly consistent
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120
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Contact Time (minutes)

Fig.3 Copper extraction efficiency from the extreme AMD with
30% v/v ACORGA M5640 in Shell GTL+2.5% (v/v) octanol, using
an A/O=1/1 and different contact times (1, 5, 15, 30 and 60 min) at
room temperature (25+3 °C). Results are averages of duplicates and
the error bars are mean deviations

with the 85% Cu recovery from sulfuric acid feed solu-
tions of 10 g/L Cu at pH 0.75 reported by Ochromowicz
and Chmielewski (2013), who used 30% (v/v) Acorga 5640
diluted in a kerosene-type diluent Escaid® 100, with a con-
tact time of 5 min at 25 °C and an A/O ratio of 0.75:1. In
addition, Wang et al. (2019) did not add alcohol to the dilu-
ent, and in our work, 2.5% (v/v) octanol was added. Adding
alcohol to the solvent used to dilute Acorga M5640 may
affect the extraction of Cu. Agarwal et al. (2010) reported
that adding 5% isotridecanol to the organic phase with 10%
Acorga M5640 slightly impeded the rate of recovery by
changing the equilibrium to 96% extraction in 1 min instead
of the 99% achieved without the addition of alcohol or with
the addition of 2.5% isotridecanol.

Loading Capacity of Cu in the Organic Phase

The loading capacity of Cu extracted from the extreme
AMD to 30% (v/v) Acorga M5640 in Shell GTL with 2.5%
(v/v) octanol was determined by raising the aqueous/organic
(A/O) volume ratio (Fig. 4). The results revealed good
extraction performance, with a maximum loading capacity
of 16.2 g/L of Cu in the organic phase. Afterwards, three
consecutive cycles of extraction without the stripping step
were carried out, always using the same organic phase but
new extreme AMD in each cycle, to evaluate the potential to
build up the Cu concentration in the organic phase through
successive extractions and the capacity of accumulating con-
centrations of Cu up to ~ 16 g/L (Table S1).

Agarwal et al. (2012) studied the extraction equilibrium
of Cu from sulfate media with Acorga M5640 in ShellSol
D70 (kerosene-like solvent). They proposed a model consid-
ering the non-ideality of the extractant (due to the dimerisa-
tion of the active compound) to predict the distribution ratio
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Fig.4 Equilibrium isotherm for the extraction of copper from the
extreme AMD, using different A/O volume ratios (1/1, 2/1, 3/1, 4/1,
and 5/1, graph points from left to right) using 30% (v/v) Acorga
M5640 in Shell GTL+2.5% (v/v) octanol and a contact time of
60 min at room temperature (25+3 °C). Results are averages of
duplicates and the error bars are mean deviations

and the Cu loading isotherms. In that work, they reported
maximum loading capacities of 11 g/L. Cu in 20% (v/v)
Acorga M5640 in ShellSol D70, using extraction isotherms
built either with simulated values or experimental results.
Subsequently, Vasilyev et al. (2017) studied the extraction
equilibrium of Cu in the organic phase over a wide range
of Acorga M5640 extractant (5-25 vol%) in kerosene and
using various Cu concentrations (1-45 g/L) in the aqueous
phase, and confirmed that the extraction is highly corre-
lated with the total concentration of the extractant in the
organic phase. Moreover, the phase equilibrium model they
developed and validated also accounts for the non-ideality
of the organic phase: the extraction of Cu from the aqueous
phase increased nonlinearly with an increase of extractant
concentration in the organic phase for values above ~ 14%
(v/v) Acorga M5640, with a less pronounced increase in
Cu extraction at higher values. In addition to the limita-
tions due to the high viscosity and high operational costs of
concentrated Acorga M5640, these authors also pointed to
chemical limitations. However, according to Vasilyev et al.
(2017) neither the dimerisation of the unreacted extractant
molecules nor the solvation of the Cu-extractant complexes
was sufficient to explain the organic phase non-ideality.

In our work, Acorga M5640 was also diluted in a ker-
osene-like solvent (Shell GTL), but 2.5% (v/v) octanol
was added for two reasons: (1) according to Agarwal et al.
(2010), although the presence of 2.5% (v/v) isotridecanol in
the solvent does not increase the Cu transference, it favours
the rejection of iron; (2) according to Ferreira et al. (2010),
adding 2.5% (v/v) isotridecanol to the solvent improved the
stripping efficiency. Ferreira et al. (2010) reported a load-
ing capacity of 5.2 g/L Cu in 10% (v/v) Acorga M5640 in
ShellSol D70 with 2.5% isotridecanol when using leaching
solutions with pH values of = 1 as aqueous phases. Agarwal
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et al. (2010) have determined maximum loading capacities
of 4.8,5.2, and 5.5 g/LL Cu for organic phases with 10% (v/v)
Acorga M5640 in kerosene-like solvent (ShellSol D70) with
5% isotridecanol, with 2.5% isotridecanol, and without any
alcohol, respectively. These authors also reported 10 and
11 g/L Cu loading capacities for systems with 20% (v/v)
Acorga M5640 in solvents with 5% isotridecanol and with-
out added alcohol, respectively. This allows us to roughly
estimate a loading capacity of 10.5 g/L Cu for an organic
phase with 20% (v/v) Acorga M5640 in a solvent with 2.5%
alcohol.

By plotting these reported loading capacities for systems
with Acorga M5640 in solvents with 2.5% alcohol and the
loading capacity of Cu achieved in our work against the
respective percentages of extractant, a linear correlation
was obtained (y=0.55x — 0.3667) with high confidence
(R2=0.9996). This suggests a linear phase equilibrium
model for systems using 10% to 30% (v/v) Acorga M5640 in
kerosene-like solvents with 2.5% (v/v) alcohol. Our results
also suggest the ideality of such type of organic phase, con-
trasting with the non-linear models reported by Agarwal
et al. (2012) and Vasilyev et al. (2017) for this extractant
when diluted in such solvents without any alcohol. Never-
theless, the objective of our work was not to develop and
validate a phase equilibrium model but rather to evaluate the
feasibility of Cu recovery from complex wastewaters such
as the extreme AMD.

Stripping Agents

Different stripping agents were tested for the re-extraction
of Cu from the loaded organic phases, which consisted of
30% (v/v) Acorga M5640 in Shell GTL with 2.5% (v/v)
octanol. First, tests using three different acidic solutions at
0.1 M revealed stripping efficiencies in the following order:
sulfuric acid > nitric acid > hydrochloric acid, although all
had efficiencies below 30% (Fig. 5a). Then, a further experi-
ment with the two best acidic solutions at higher molarities
achieved the highest Cu stripping efficiency of sulfuric acid
(Fig. 5b). In that experiment, sulfuric acid concentrations
of 1 M and 2 M produced Cu stripping percentages of 95%
and 99%, yielding Cu concentrations in the stripping solu-
tions of 4,790 and 4,990 mg/L, respectively. Moreover, the
stripping percentages of iron were low (1.3% to 1.8%) in
the four tests, which in this case is particularly important
due to the above-mentioned high co-extraction of this metal.
The sulfuric acid concentrations of 1 M and 2 M stripped
1.5% and 1.6% of the iron in the organic phase, generating
concentrations of this metal in the stripping solutions of 76
and 81 mg/L, respectively.

Other works have shown that sulfuric acid is highly effi-
cient for stripping Cu from organic phases with Acorga
M5640 (e.g. Ferreira et al. 2010; Vasilyev et al. 2017; Wang
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Fig.5 Copper and iron stripping from loaded 30% (v/v) Acorga
M5640 in Shell GTL+2.5% (v/v) octanol, with an A/O=1/1 and
contact time of 60 min at 25+ 3 °C, a with sulfuric acid, nitric acid,
and hydrochloric acid at 0.1 M and with a control of distilled water,
b with nitric acid and sulfuric acid at 1 M and 2 M. Results are aver-
ages of duplicates, and the error bars are mean deviations

et al. 2019). Moreover, according to experimental data
reported by Alguacil et al. (2004), in addition to a higher
stripping efficiency, sulfuric acid has a less degradative
effect on Acorga M5640 than nitric acid. Therefore, 2 M
sulfuric acid was selected as the optimal stripping solution
for the process, and was used in the subsequently reported
experiments.

Organic Phase Recyclability

In practical applications, the stability and recyclability of
extractants are required factors for the economic and envi-
ronmental sustainability of the extraction process. Supple-
mental Fig. S2 shows the effect of reusing the organic phase
(30% (v/v) Acorga M5640 in Shell GTL with 2.5% (v/v)
octanol) in successive cycles of extraction and stripping.
After five extraction cycles, the Cu extraction efficiency
remained unchanged. In the first cycle, the Cu extrac-
tion efficiency was 96 + 1%, and in the fifth cycle, it was
96.0+£0.5%.

Deep et al. (2010) reported insignificant changes (< 0.5%)
in five successive cycles of extraction and stripping to
recover Cu from a sulfuric acid leaching liquor of a mined
zinc concentrate (from the Neves-Corvo Mine, Portugal),
using 25% (v/v) Acorga M5640 in ESCAID 110 plus 12.5%
(v/v) isodecanol as the organic phase, and using a synthetic
spent cell electrolyte (25 g/L Cu in 180 g L/H,SO,) as the
stripping solution. However, after the stripping step, the
authors washed the organic phase with water before its
reuse in subsequent extraction cycles; in our experiments,
the organic phase was directly reused without a washing
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step. Wang et al. (2019) also reused the organic phase (16%
(v/v) Acorga M5640 in kerosene) directly, without washing
after stripping, in successive cycles of extraction and strip-
ping (with 2.5 M sulfuric acid) when testing the recovery
of Cu from a sulfuric acid leaching liquor of printed circuit
boards from electronic equipment waste. They reported a
5% decrease over the first five cycles, followed by stabilising
extraction efficacy in seven subsequent additional cycles.

In our work, despite the co-extraction of iron and its accu-
mulation in the organic phase (since it is barely stripped
with 2 M sulfuric acid), the stable Cu extraction efficiency
in the successive extraction cycles (Fig. S2) indicates that
iron is not effectively competing with Cu for the extract-
ant’s active compound. While Cu ions form complexes with
the active compound (5-nonyl-2-hydroxy-benzaldoxime) of
Acorga M5640, steric hindrance prevents the formation of
iron complexes (Deep et al. 2010). Thus, the slight decrease
in the extraction efficiency observed by Wang et al. (2019)
in five successive cycles may have been caused by the rela-
tively low Cu stripping efficiency (90%) reported by those
authors, compared with that achieved in our work (99%).

Another important characteristic for the successive uti-
lisation of the organic phase is the immiscibility of both
organic and aqueous phases. In the system under study,
the phases separated clearly and quickly once the stirring
stopped. Moreover, an experiment consisting of two extrac-
tions performed in 100 mL cylinders (with strong magnetic
stirring for 60 min to achieve adequate contact between
phases) revealed that the volumes (50 mL each) did not
change (for an error of 0.5% due to the visual analysis of
volumes using cylinder markings). Therefore, major losses
of extractant and organic solvent in large- scale operations
are not expected.

Complete Cu Extraction

Another important aspect is extracting all Cu from the
extreme AMD to avoid putative Cu contamination in sub-
sequent processes that aim to recover other metals. The
experiments of consecutive extraction cycles using new
organic phases and the same aqueous phase revealed that
three cycles are required to extract Cu from the extreme
AMD to a concentration below the FAAS detection limit in
the aqueous phase (supplemental Fig. S3).

Electrolyte Production for Cu Electrowinning

The hydrometallurgical processes for Cu recovery gener-
ally involve three steps: leaching, solvent extraction, and
electrowinning. In Cu electrowinning, the Cu?* dissolved
in the H,SO, (electrolyte solution) is reduced on cathode
surfaces to pure metallic Cu when direct current is applied
between anodes and cathodes. The spent electrolyte solution,
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which will still have a relatively high concentration of Cu
(~ 25 to ~ 35 g/L Cu), is returned to the solvent extrac-
tion step as a stripping solution to recover Cu** from the
loaded organic phase (Aksamitowski et al. 2018; Alguacil
and Regel-Rosocka 2018; Schlesinger et al. 2011). Thus,
when developing a hydrometallurgical process involving
solvent extraction and electrowinning, it is essential that Cu
concentrations in the initial stripping solution exceed those
found in the spent electrolyte solutions. With that aim, four
consecutive cycles of extraction and stripping were carried
out, always using the same stripping solution (2 M H,SO,)
but with new organic phases loaded with Cu (Table 3). The
results show that it is possible to achieve ~ 35 g/L Cu in the
stripping solution, maintaining striping efficiencies above
95%, and that it is feasible to reach ~46 g/L Cu even if the
stripping efficiency drops to ~ 77%. This means that with
this process, it is viable to extract Cu from this extreme mine
water and transfer it to electrolyte-like solutions with Cu
concentrations suitable for the electrowinning process.

Cu Recovery with Biogenic Sulfide

The recovery of Cu from a loaded stripping solution (2 M
H,S0, with 8,360+ 124 mg/L Cu) obtained in the SX
process under study was attempted using sulfide gener-
ated by SRB. The SRB culture inoculated for that purpose
evolved as expected (Supplemental Fig. S4) and was used
28 days after inoculation, when most of the sulfate (>90%)
had been reduced to sulfide (the concentration of sulfide
was 377 +9 mg/L). The results achieved by mixing a fixed
volume of stripping solution with different volumes of the
supernatant from a bacterial culture indicate that an S:Cu
ratio of 1.75 is needed to ensure complete Cu precipitation
(>95%), and higher ratios are unnecessary (Fig. S5).

The XRD pattern generated with the precipitates pro-
duced (after washing) revealed prominent peaks correspond-
ing to covellite (CuS), along with a few small peaks that

Table 3 Copper concentrations in the initial organic phase (30%
Acorga M5640 in Shell GTL+2.5% (v/v) octanol) and final stripping
solution (2 M H,SO,) in four consecutive cycles of extraction and

stripping

Cycle [Copper]ininitial [Copper] in final Copper stripping
organic phase (g/L) stripping solution efficiency (%)
(g/L)
1 5.56+0.07 5.3+0.5 95.3
2 16.11+0.03 213 97.5
3 13.8+0.1 34.5+09 97.8
4 15+2 46+3 76.7

The same stripping solution was used with new organic phases loaded
with copper. Conditions were an A/O ratio of 1/1 and a contact time
of 60 min at room temperature (25+3 °C). Results are averages of 3
replicates + standard deviations
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did not match any crystalline phase pattern in the database
(Fig. 6). The estimated crystal size of the covellite phase
was 15 nm. Mapping of the precipitates using SEM—-EDX
revealed the presence of Cu and sulfur in the particles, as
expected for covellite (CuS), and traces of carbon around
them indicating low contamination of precipitates with

Intensity (au)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

26 (degrees)

Fig.6 XRD pattern of precipitates obtained by adding the super-
natant from a biogenic sulfide-rich (377+9 mg/L S*7) SRB cul-
ture medium to a 2 M H,SO, stripping solution loaded with copper
(8356+124 mg/L copper) from the solvent extraction process to
recover copper from the extreme AMD. The “*” symbol refers to the
peaks for covellite (ICDD PDF2 database, reference code 01-078-
0877)

ES‘H

MAG: 1900 x HV: 20.0 KVAWD: 11.1 i

organic compounds. Moreover, point analysis of one of
the particles showed an approximate Cu:S ratio of approxi-
mately 18:21, which is close to the expected 1:1 molar ratio
for covellite (Fig. 7).

The samples prepared for TEM analysis showed a priori
evidence of incomplete dispersion of crystalline particles
(aggregates were visible by eye). Still, the samples were suit-
able for TEM imaging and the results allowed us to identify
two types of particles:

- Nanoparticles with a wide range of sizes and shapes,
caused by the agglomeration of different numbers of smaller
unique nanoparticles, for which it is possible (in some cases)
to recognise hexagonal shapes and internal crystalline struc-
tures (Fig. 8). Automatic measurements of 4,820 particles
in the 12 TEM images, using the ParticleSizer v1.0.9 plugin
(Wagner and Eglinger 2021) on the Fiji—-ImageJ software
(Schindelin et al. 2012), revealed a particle Feret size range
from 3 to 87 nm with a mean of 12+9 nm and sizes fitting
a normal distribution (for a 1% probability (a=0.01) in a
Kolmogorov—Smirnov test).

- Micro-sized structures of needle-like and radiating
forms containing multiple small nanoparticles (Fig. 9). Man-
ual measurements of 10 particles, using the Fiji — ImageJ
software (Schindelin et al. 2012), revealed a particle Feret
size range from 2 to 5.5 um with a mean of 4 + 1 um (the size
distribution of these large agglomerates was not studied).

These results reveal that adding biogenic sulfide to the
Cu stripping solution can produce covellite nanoparticles
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Fig.7 SEM-EDX mapping of precipitates obtained by adding the
supernatant from a biogenic sulfide-rich (377+9 mg/L S*°) SRB
culture medium to a 2 M H,SO, stripping solution loaded with cop-

per (8,360 + 124 mg/L copper). A SEM image of the particles. SEM—
EDX mapping of B sulfur and copper, C carbon and oxygen. D point
analysis of covellite
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Fig.8 TEM images of precipitates obtained by adding the super-
natant from a biogenic sulfide-rich (377+9 mg/L S*7) SRB cul-
ture medium to a 2 M H,SO, stripping solution loaded with copper
(8,360 + 124 mg/L copper), showing a a cluster of nanoparticles of

Micro-sized structures

Fig.9 TEM images of precipitates obtained by adding the super-
natant from a biogenic sulfide-rich (377+9 mg/L S*7) SRB cul-
ture medium to a 2 M H,SO, stripping solution loaded with copper

aggregated in larger structures that may be larger than
10 um. Larger aggregates can be an advantage in a produc-
tion process because it is easier to collect larger aggregates
than nanoparticles. Sonication can be used to pulverise large
aggregates into nanoparticles.

In a previous work in which a SRB growth medium con-
taining biogenic sulfide was directly added to a much less
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multiple sizes together with the distribution of sizes for 4820 particles
measured in 12 TEM images and b nanoparticles with visible hexag-
onal-like shapes and internal crystalline structures

Small nanopatticles

(8,360 + 124 mg/L copper), showing a a group of micro-sized parti-
cles of needle-like and radiating forms and b a detail of one structures
with visible nanoparticles

concentrated (100 mg/L Cu) artificial Cu sulfate solution,
precipitation of Cu (>95%) as covellite particles was also
achieved using an S:Cu ratio of 2:1 (Costa et al. 2013).
These results, in combination with our own, suggest that
it is possible to produce covellite (nano)particles from sul-
furic acid stripping solutions containing a wide range of
Cu concentrations. Therefore, the solvent extraction process
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described herein can be applied to AMD waters of different
Cu concentration levels and can be followed by a covellite
precipitation process by adding biogenic sulfide-rich media
to the loaded stripping solution.

It is known that Cu®* ions can react with sulfide and form
covellite (CuS) precipitates at low pH values (e.g. Sampaio
et al. 2009), and the production of covellite with biogenic
sulfide directly added to AMD samples has been reported
previously (e.g. Silva et al. 2019). However, to our knowl-
edge, this is the first report about the addition of biogenic
sulfide to a purified Cu solution obtained by SX from an
AMD sample, which has the great advantage of reducing
the risk of co-precipitation of other metal sulfide particles.

Due to their unique optical, electrical, and catalytic
properties (Yadav et al. 2019), chalcogenide semiconductor
covellite nanoparticles are promising new materials for a
wide range of applications, including optoelectronic devices
(Coughlan et al. 2017), solar cells (van der Stam et al. 2016),
lithium-ion batteries (Jiang et al. 2019), nanoscale switches
(Sakamoto et al. 2003), sensors (Coughlan et al. 2017),
photodegradation of pollutants (Wang et al. 2009), photo-
catalysis (van der Stam et al. 2016), and biomedicine (Goel
et al. 2014; Yadav et al. 2019). However, the purity of covel-
lite must be considered for each specific application. In our
work, analysis of the covellite revealed 97.3% purity for a
covellite weight calculated based on the Cu concentration in
the dissolved precipitates, and the sum of constituents other
than Cu (supplemental Table S2). Moreover, the relatively
high unidentified “other” constituents (1.5%) may be related
to anions that could have binded to the metal cations (mainly
calcium and iron) and formed precipitates. Therefore, fur-
ther purification steps may be performed depending on the
desired application.

Conclusions

This work attempts to contribute in two ways to raising the
interest in implementing metal recovery from AMD-affected
areas. Such an approach will treat highly contaminated mine
waters, decreasing the environmental impact of AMD, and
simultaneously increase the circular economy of metals.

The reported results confirm the potential utility of using
a SX process with 30% (v/v) Acorga M5640 in kerosene-like
solvents with 2.5% octanol to extract over 95% of the Cu
present in highly acidic, metal-rich AMD, generating 2 M
sulfuric acid solutions with Cu concentrations greater than
45 g/L that are suitable as electrolytes for the well-estab-
lished Cu electrowinning process that often accompanies
the acid-leaching of oxide Cu ores.

Our work also demonstrates the feasibility of combin-
ing SX systems with biological processes that add biogenic
sulfide at S:Cu ratios of = 2:1 to recover the extracted Cu

as covellite nanoparticles. The covellite produced can be
used in a variety of renewable energy, biomedical, and other
applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-022-00858-7.

Acknowledgements This work was supported by (1) the Portuguese
Foundation for Science and Technology (FCT) through projects
UIDB/04326/2020 and UIDB/00100/2020; and (2) national funds
from FCT co-financed by the Algarve's Regional Operational Program
(CRESC Algarve 2020) through Portugal 2020 and European Regional
Development Fund (FEDER), under the project METALCHEMBIO
(29251). The second author of this article received financial support
from the European Commission and a scholarship for the Erasmus
Mundus Master of Science program in Chemical Innovation and Regu-
lation. This work was carried out in part through the use of the INL
Advanced Electron Microscopy, Imaging and Spectroscopy Facil-
ity (for the TEM analysis), for which we especially thank Dr. Oliver
Schraidt; and also through the use of the HERCULES laboratory (for
the VP-SEM-EDX analysis), for which we especially thank Dr. Luis
Dias and Professor José Mirdo.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/

References

Agarwal S, Ferreira AE, Santos SMC, Reis MTA, Ismael MRC, Cor-
reia MJN, Carvalho JMR (2010) Separation and recovery of cop-
per from zinc leach liquor by solvent extraction using Acorga
M5640. Int J Miner Process 97(1-4):85-91. https://doi.org/10.
1016/j.minpro.2010.08.009

Agarwal S, Reis MTA, Ismael MRC, Correia MIN, Carvalho JMR
(2012) Modeling of the extraction equilibrium of copper from
sulfate solutions with acorga M5640. Solvent Extr Ion Exch
30(5):536-551. https://doi.org/10.1080/07366299.2012.670603

Aksamitowski P, Wieszczycka K, Wojciechowska I (2018) Selective
copper extraction from sulfate media with N, N-dihexyl-N'-
hydroxypyridine-carboximidamides as extractants. Sep Purif
Technol 201:186-192. https://doi.org/10.1016/j.seppur.2018.02.
051

Alguacil FJ, Regel-Rosocka M (2018) Hydrometallurgical treatment of
hazardous copper Cottrell dusts to recover copper. Physicochem
Probl Miner Process. https://doi.org/10.5277/PPMP1880

Alguacil FJ, Alonso M, Lépez-Delgado A (2004) Navarro P (2004)
Modelling copper (II) liquid-liquid extraction: the system Acorga
M5640-Exxsol D100-CuSO,-H,SO,. J Chem Res 3:196-197.
https://doi.org/10.3184/0308234041640591

Alvarez-Valero AM, Pérez-Lopez R, Matos J, Capitan MA, Nieto JM,
Saez R, Delgado J, Caraballo M (2008) Potential environmental
impact at Sao Domingos mining district (Iberian Pyrite Belt, SW

@ Springer


https://doi.org/10.1007/s10230-022-00858-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.minpro.2010.08.009
https://doi.org/10.1016/j.minpro.2010.08.009
https://doi.org/10.1080/07366299.2012.670603
https://doi.org/10.1016/j.seppur.2018.02.051
https://doi.org/10.1016/j.seppur.2018.02.051
https://doi.org/10.5277/PPMP1880
https://doi.org/10.3184/0308234041640591

Mine Water and the Environment

Iberian Peninsula): evidence from a chemical and mineralogical
characterization. Environ Geol 55(8):1797-1809. https://doi.org/
10.1007/300254-007-1131-x

Andersson SO, Reinhardt H (1983) Recovery of metals from liquid
effluents, 1st edn. John Wiley and Sons, New Jersey

Arndt NT, Fontboté L, Hedenquist JW, Kesler SE, Thompson JFH,
Wood DG (2017) Future Global Mineral Resources. Geochem
Persp. https://doi.org/10.7185/geochempersp.6.1

Batista M (2000) Environmental State in the Portuguese test site S.
Domingos mine: past and present. Instituto Geolégico e Mineiro-
Ministério da Economia, Marco

Carlier JD, Alexandre LM, Luis AT, Costa MC (2019) Potential of
industrial by-products and wastes from the Iberian Peninsula
as carbon sources for sulphate-reducing bacteria. Int J Envi-
ron Sci Technol 16(8):4719-4738. https://doi.org/10.1007/
$13762-018-02197-z

Costa MC, Duarte JC (2005) Bioremediation of acid mine drain-
age using acidic soil and organic wastes for promoting sul-
phate-reducing bacteria activity on a column reactor. Water
Air Soil Pollut 165(1-4):325-345. https://doi.org/10.1007/
s11270-005-6914-7

Costa MC, Martins M, Jesus C, Duarte JC (2008) Treatment of acid
mine drainage by sulphate-reducing bacteria using low cost
matrices. Water Air Soil Pollut 189(1-4):149-162. https://doi.
org/10.1007/s11270-007-9563-1

Coughlan C, Ibafiez M, Dobrozhan O, Singh A, Cabot A, Ryan KM
(2017) Compound copper chalcogenide nanocrystals. Chem
Rev 117(9):5865-6109. https://doi.org/10.1021/acs.chemrev.
6b00376

da Costa JP, Girdo AV, Lourenco JP, Monteiro OC, Trindade T, Costa
MC (2013) Green synthesis of covellite nanocrystals using bio-
logically generated sulfide: potential for bioremediation systems.
J Environ Manag 128:226-232. https://doi.org/10.1016/j.jenvm
an.2013.05.034

Davis-Belmar CS, Gallardo I, Demergasso C, Rautenbach G (2012)
Effect of organic extractant LIX 84IC, pH and temperature
changes on bioleaching microorganisms during SX treatment.
Hydrometallurgy 129-130:135-139. https://doi.org/10.1016/j.
hydromet.2012.09.004

Deep A, Kumar P, Carvalho JMR (2010) Recovery of copper from
zinc leaching liquor using ACORGA M5640. Sep Purif Technol
76(1):21-25. https://doi.org/10.1016/j.seppur.2010.09.015

Elshkaki A, Graedel TE, Ciacci L, Reck BK (2016) Copper demand,
supply, and associated energy use to 2050. Glob Environ Change
39:305-315. https://doi.org/10.1016/j.gloenvcha.2016.06.006

European Commission (2014) Report on critical raw materials for the
EU

Ferreira AE, Agarwal S, Machado RM, Gameiro MLF, Santos SMC,
Reis MTA, Ismael MRC, Correia MJN, Carvalho JMR (2010)
Extraction of copper from acidic leach solution with Acorga
M5640 using a pulsed sieve plate column. Hydrometallurgy
104(1):66-75. https://doi.org/10.1016/j.hydromet.2010.04.013

Ficklin WH, Plumlee GS, Smith KS, McHugh JB (1992) Geochemical
classification of mine drainages and natural drainages in mineral-
ized areas. Balkema, Rotterdam, pp 381-384

Flett DS, Okuhara DN, Spink DR (1973) Solvent extraction of copper
by hydroxy oximes. J Inorg Nucl Chem 35(7):2471-2487. https://
doi.org/10.1016/0022-1902(73)80315-X

Frenzel M, Tolosana-Delgado R, Gutzmer J (2015) Assessing the sup-
ply potential of high-tech metals: a general method. Resour Policy
46:45-58. https://doi.org/10.1016/j.resourpol.2015.08.002

GARD Guide (2022) Global acid rock drainage guide (Chapter 2). The
acid rock drainage process. http://gardguide.com/index.php?title=
Chapter_2. Accessed 10 Jan 2022

@ Springer

Goel S, Chen F, Cai W (2014) Synthesis and biomedical applications of
copper sulfide nanoparticles: from sensors to theranostics. Small
10(4):631-645. https://doi.org/10.1002/smll.201301174

Hedrich S, Kermer R, Aubel T, Martin M, Schippers A, Johnson DB,
Janneck E (2018) Implementation of biological and chemical
techniques to recover metals from copper-rich leach solutions.
Hydrometallurgy 179:274-281. https://doi.org/10.1016/j.hydro
met.2018.06.012

Hoh Y-C, Wang W-K (2007) Fundamental aspects of lead extraction
and stripping by a liquid ion exchange reagent. ] Chem Technol
Biotechnol 31(1):345-350. https://doi.org/10.1002/jctb.50331
0147

ICSG (2018) The world copper factbook. Tech Rep. International Cop-
per Study Group, Lisbon

International Copper Study Group (2019) The world copper fact book.
International Copper Study Group, Lisbon

Jha MK, Kumar V, Singh RJ (2001) Review of hydrometallurgical
recovery of zinc from industrial wastes. Resour Conserv Recycl
33(1):1-22. https://doi.org/10.1016/S0921-3449(00)00095-1

Jiang K, Chen Z, Meng X (2019) CuS and Cu , S as cathode
materials for lithium batteries: a review. ChemElectroChem
6(11):2825-2840. https://doi.org/10.1002/celc.201900066

Kaksonen AH, Puhakka JA (2007) Sulfate reduction based bio-
processes for the treatment of acid mine drainage and the recov-
ery of metals. Eng Life Sci 7(6):541-564. https://doi.org/10.
1002/elsc.200720216

Kalin M, Fyson A, Wheeler WN (2006) The chemistry of conven-
tional and alternative treatment systems for the neutralization
of acid mine drainage. Sci Total Environ 366(2-3):395-408.
https://doi.org/10.1016/j.scitotenv.2005.11.015

Kefeni KK, Msagati TAM, Mamba BB (2017) Acid mine drainage:
Prevention, treatment options, and resource recovery: a review.
J Clean Prod 151:475-493. https://doi.org/10.1016/j.jclepro.
2017.03.082

Lewis AE (2010) Review of metal sulphide precipitation. Hydro-
metallurgy 104(2):222-234. https://doi.org/10.1016/j.hydromet.
2010.06.010

Macias F, Pérez-Lopez R, Caraballo MA, Canovas CR, Nieto JM
(2017) Management strategies and valorization for waste sludge
from active treatment of extremely metal-polluted acid mine
drainage: a contribution for sustainable mining. J Clean Prod
141:1057-1066. https://doi.org/10.1016/j.jclepro.2016.09.181

Matinde E (2018) Mining and metallurgical wastes: a review of recy-
cling and re-use practices. J S Afr Inst Min Metall. https://doi.
org/10.17159/2411-9717/2018/v118n8a5

Matos JX, Pereira Z, Oliveira V, Oliveira JT (2006) The geological
setting of the Sdo Domingos pyrite orebody. Proc VII National
Geology Congress, Univ de Evora, Estremoz, pp 283-286

Melka AB (2019) Recovery of metals from highly concentrated
acid mine drainage by liquid-liquid extraction. Master thesis.
Algarve university, Faro, Portugal

Morais C, Rosado L, Mirdo J, Pinto AP, Nogueira P, Candeias AE
(2008) Impact of acid mine drainage from Tinoca Mine on the
Abrilongo dam (southeast Portugal). Miner Mag 72(1):467-472.
https://doi.org/10.1180/minmag.2008.072.1.467

Nleya Y, Simate GS, Ndlovu S (2016) Sustainability assessment of
the recovery and utilisation of acid from acid mine drainage. J
Clean Prod 113:17-27. https://doi.org/10.1016/j.jclepro.2015.
11.005

Nordstrom DK, Bowell RJ, Campbell KM, Alpers CN (2017) Chal-
lenges in recovering resources from acid mine drainage. In: Pro-
ceedings of 13th International Mine Water Assoc Congress - Mine
Water Circular Economy, Lappeenranta, Finland, pp 1138-1146.
http://pubs.er.usgs.gov/publication/70190131


https://doi.org/10.1007/s00254-007-1131-x
https://doi.org/10.1007/s00254-007-1131-x
https://doi.org/10.7185/geochempersp.6.1
https://doi.org/10.1007/s13762-018-02197-z
https://doi.org/10.1007/s13762-018-02197-z
https://doi.org/10.1007/s11270-005-6914-7
https://doi.org/10.1007/s11270-005-6914-7
https://doi.org/10.1007/s11270-007-9563-1
https://doi.org/10.1007/s11270-007-9563-1
https://doi.org/10.1021/acs.chemrev.6b00376
https://doi.org/10.1021/acs.chemrev.6b00376
https://doi.org/10.1016/j.jenvman.2013.05.034
https://doi.org/10.1016/j.jenvman.2013.05.034
https://doi.org/10.1016/j.hydromet.2012.09.004
https://doi.org/10.1016/j.hydromet.2012.09.004
https://doi.org/10.1016/j.seppur.2010.09.015
https://doi.org/10.1016/j.gloenvcha.2016.06.006
https://doi.org/10.1016/j.hydromet.2010.04.013
https://doi.org/10.1016/0022-1902(73)80315-X
https://doi.org/10.1016/0022-1902(73)80315-X
https://doi.org/10.1016/j.resourpol.2015.08.002
http://gardguide.com/index.php?title=Chapter_2
http://gardguide.com/index.php?title=Chapter_2
https://doi.org/10.1002/smll.201301174
https://doi.org/10.1016/j.hydromet.2018.06.012
https://doi.org/10.1016/j.hydromet.2018.06.012
https://doi.org/10.1002/jctb.503310147
https://doi.org/10.1002/jctb.503310147
https://doi.org/10.1016/S0921-3449(00)00095-1
https://doi.org/10.1002/celc.201900066
https://doi.org/10.1002/elsc.200720216
https://doi.org/10.1002/elsc.200720216
https://doi.org/10.1016/j.scitotenv.2005.11.015
https://doi.org/10.1016/j.jclepro.2017.03.082
https://doi.org/10.1016/j.jclepro.2017.03.082
https://doi.org/10.1016/j.hydromet.2010.06.010
https://doi.org/10.1016/j.hydromet.2010.06.010
https://doi.org/10.1016/j.jclepro.2016.09.181
https://doi.org/10.17159/2411-9717/2018/v118n8a5
https://doi.org/10.17159/2411-9717/2018/v118n8a5
https://doi.org/10.1180/minmag.2008.072.1.467
https://doi.org/10.1016/j.jclepro.2015.11.005
https://doi.org/10.1016/j.jclepro.2015.11.005
http://pubs.er.usgs.gov/publication/70190131

Mine Water and the Environment

Ochromowicz K, Chmielewski T (2013) Solvent extraction of
copper(Il) from concentrated leach liquors. Physicochem Probl
Miner Process ISSN. https://doi.org/10.5277/PPMP130132

Oliveira JT, Oliveira V (1996) Sintese da Geologia da faixa piritosa, em
Portugal, e das principais mineragdes assoaciadas. Castro Verde,
Castro Verde, Portugal [Portuguese]

Pereira R, Ribeiro R, Gongalves F (2004) Plan for an integrated human
and environmental risk assessment in the S. Domingos mine area
(Portugal). Hum Ecol Risk Assess 10(3):543-578. https://doi.org/
10.1080/10807030490452197

Postgate JR (1984) The Sulphate-Reducing Bacteria. Cambridge Univ
Press, Cambridge

Reichl C, Schatz M (2020) World mining data. Federal Ministry of
Science, Research and Economy, Vienna

Ruiz MC, Gonzalez I, Rodriguez V, Padilla R (2019) Solvent extraction
of copper from sulfate—chloride solutions using LIX 84-IC and
LIX 860-IC. Miner Process Extr Metall. https://doi.org/10.1080/
08827508.2019.1647839

Ruiz MC, Risso J, Seguel J, Padilla R (2020) Solvent extraction of
copper from sulfate-chloride solutions using mixed and modified
hydroxyoxime extractants. Miner Eng 146:106109. https://doi.org/
10.1016/j.mineng.2019.106109

Sakamoto T, Sunamura H, Kawaura H, Hasegawa T, Nakayama T,
Aono M (2003) Nanometer-scale switches using copper sulfide.
Appl Phys Lett 82(18):3032-3034. https://doi.org/10.1063/1.
1572964

Sampaio RMM, Timmers RA, Xu Y, Keesman KJ, Lens PNL (2009)
Selective precipitation of Cu from Zn in a pS controlled con-
tinuously stirred tank reactor. J Hazard Mater 165(1-3):256-265.
https://doi.org/10.1016/j.jhazmat.2008.09.117

Schifer P, Schmidt M (2019) Discrete-point analysis of the energy
demand of primary versus secondary metal production. Environ
Sci Technol. https://doi.org/10.1021/acs.est.9b05101

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pie-
tzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez
J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A
(2012) Fiji: an open-source platform for biological-image analysis.
Nat Methods 9(7):676—682. https://doi.org/10.1038/nmeth.2019

Schipper BW, Lin H-C, Meloni MA, Wansleeben K, Heijungs R, van
der Voet E (2018) Estimating global copper demand until 2100
with regression and stock dynamics. Resour Conserv Recycl
132:28-36. https://doi.org/10.1016/j.resconrec.2018.01.004

Schlesinger ME, King MJ, Sole KC, Davenport WG (2011) Electrowin-
ning. Extractive metallurgy of copper. Elsevier, Amsterdam, pp
349-372

Segura-Salazar J, Tavares L (2018) Sustainability in the Minerals
industry: seeking a consensus on its meaning. Sustainability
10(5):1429. https://doi.org/10.3390/su10051429

Silva PMP, Lucheta AR, Bitencourt JAP, Carmo ALV do, Cuevas IPN,
Siqueira JO, Oliveira GC de, Alves JO, (2019) Covellite (CuS)
production from a real acid mine drainage treated with biogenic
H,S. Metals 9(2):206. https://doi.org/10.3390/met9020206

Sole KC, Hardwick E (2016) Recovery of copper from Chilean mine
waste waters. Technische Universitidt Bergakademie Freiberg,
Leipzig

Sverdrup HU, Olafsdottir AH, Ragnarsdottir KV (2019) On the long-
term sustainability of copper, zinc and lead supply, using a system
dynamics model. Resour Conserv Recycl X 4:100007. https://doi.
org/10.1016/j.rcrx.2019.100007

Tanaydin MK, Demirkiran N (2020) Kinetic models for the extraction
of copper by Acorga M5640 after leaching of malachite ore in
perchloric acid solutions and the stripping of copper from loaded
organic phase. Braz J] Chem Eng 37(2):399-414. https://doi.org/
10.1007/543153-020-00032-y

Tavares MT, Sousa AJ, Abreu MM (2008) Ordinary kriging and indi-
cator kriging in the cartography of trace elements contamination
in S3o Domingos mining site (Alentejo, Portugal). J Geochem
Explor 98(1-2):43-56. https://doi.org/10.1016/j.gexplo.2007.10.
002

Taylor J, Pape S, Murphy N (2005) A summary of passive and active
treatment technologies for acid and metalliferous drainage
(AMD). Fremantle, Australia

van der Stam W, Berends AC, de Mello DC (2016) Prospects of col-
loidal copper chalcogenide nanocrystals. Chem Phys Chem
17(5):559-581. https://doi.org/10.1002/cphc.201500976

Vander Linden J (1998) Selective recuperation of copper by supported
liquid membrane (SLM) extraction. ] Membrane Sci 139(1):125—
135. https://doi.org/10.1016/S0376-7388(97)00252-4

Vasilyev F, Virolainen S, Sainio T (2017) Modeling the phase equi-
librium in liquid-liquid extraction of copper over a wide range of
copper and hydroxyoxime extractant concentrations. Chem Eng
Sci 171:88-99. https://doi.org/10.1016/j.ces.2017.05.003

Villa-Gomez D, Ababneh H, Papirio S, Rousseau DPL, Lens PNL
(2011) Effect of sulfide concentration on the location of the metal
precipitates in inversed fluidized bed reactors. J] Hazard Mater.
https://doi.org/10.1016/j.jhazmat.2011.05.002

Wang H, Ren ZJ (2014) Bioelectrochemical metal recovery from waste-
water: a review. Water Res 66:219-232. https://doi.org/10.1016/j.
watres.2014.08.013

Wang X, Fang Z, Lin X (2009) Copper sulfide nanotubes: facile, large-
scale synthesis, and application in photodegradation. J Nanopart
Res 11(3):731-736. https://doi.org/10.1007/s11051-008-9480-2

Wang L, Li Q, Sun X, Wang L (2019) Separation and recovery of
copper from waste printed circuit boards leach solution using
solvent extraction with Acorga M5640 as extractant. Sep Sci
Technol 54(8):1302-1311. https://doi.org/10.1080/01496395.
2018.1539106

Wagner T, Eglinger J (2021) particlesizer: v1.0.9. Image]J plugin to
derive number based size distributions based on recorded TEM
images. https://zenodo.org/record/820296#.Yh-x3qvP1DS.
Accessed 1 Mar 2021

Yadav S, Shrivas K, Bajpai PK (2019) Role of precursors in controlling
the size, shape and morphology in the synthesis of copper sulfide
nanoparticles and their application for fluorescence detection. J
Alloys Compd 772:579-592. https://doi.org/10.1016/j.jallcom.
2018.08.132

@ Springer


https://doi.org/10.5277/PPMP130132
https://doi.org/10.1080/10807030490452197
https://doi.org/10.1080/10807030490452197
https://doi.org/10.1080/08827508.2019.1647839
https://doi.org/10.1080/08827508.2019.1647839
https://doi.org/10.1016/j.mineng.2019.106109
https://doi.org/10.1016/j.mineng.2019.106109
https://doi.org/10.1063/1.1572964
https://doi.org/10.1063/1.1572964
https://doi.org/10.1016/j.jhazmat.2008.09.117
https://doi.org/10.1021/acs.est.9b05101
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.resconrec.2018.01.004
https://doi.org/10.3390/su10051429
https://doi.org/10.3390/met9020206
https://doi.org/10.1016/j.rcrx.2019.100007
https://doi.org/10.1016/j.rcrx.2019.100007
https://doi.org/10.1007/s43153-020-00032-y
https://doi.org/10.1007/s43153-020-00032-y
https://doi.org/10.1016/j.gexplo.2007.10.002
https://doi.org/10.1016/j.gexplo.2007.10.002
https://doi.org/10.1002/cphc.201500976
https://doi.org/10.1016/S0376-7388(97)00252-4
https://doi.org/10.1016/j.ces.2017.05.003
https://doi.org/10.1016/j.jhazmat.2011.05.002
https://doi.org/10.1016/j.watres.2014.08.013
https://doi.org/10.1016/j.watres.2014.08.013
https://doi.org/10.1007/s11051-008-9480-2
https://doi.org/10.1080/01496395.2018.1539106
https://doi.org/10.1080/01496395.2018.1539106
https://zenodo.org/record/820296#.Yh-x3qvP1D8
https://doi.org/10.1016/j.jallcom.2018.08.132
https://doi.org/10.1016/j.jallcom.2018.08.132

	A New Application of Solvent Extraction to Separate Copper from Extreme Acid Mine Drainage Producing Solutions for Electrochemical and Biological Recovery Processes
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methods
	Extreme AMD
	Solvent Extraction
	Recovery Through Bioprecipitation
	Precipitation with Biogenic Sulfide

	Analytical Methods

	Results and Discussion
	Extreme AMD
	Solvent Extraction
	Extractant Selection
	Extraction Optimisation and Characterisation

	Contact Time (Kinetics)
	Loading Capacity of Cu in the Organic Phase
	Stripping Agents
	Organic Phase Recyclability
	Complete Cu Extraction
	Electrolyte Production for Cu Electrowinning
	Cu Recovery with Biogenic Sulfide

	Conclusions
	Acknowledgements 
	References




