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Abstract

Sulfidic copper—lead-zinc tailings can pose a significant environmental threat, ranging from generation of acid mine drain-
age (AMD) to dam failures. On the other hand, they can also be considered as low-grade ore resources for zinc and copper
provided that novel economically feasible metal extraction and metal recovery techniques are developed. Due to the low
metal concentrations in these resources, the leaching will generate dilute leachates from which metal recovery is a challenge.
Ion flotation is a foam separation technique capable of recovering metal ions from dilute aqueous leachates. In this paper,
ion flotation was applied to separate copper from ammoniacal leachates of microwave-roasted sulfidic tailings samples. The
sulfidic tailings were first roasted at 550 °C for 60 min, for the oxidation of sulfide minerals to more easily soluble sulfates
using microwave-assisted irradiation as heating source. The microwave-roasted material was then leached with a mixture
of ammonia and ammonium carbonate solutions. The optimum leaching efficiencies of zinc (86%) and copper (75%) were
obtained under the following conditions: liquid-to-solid ratio = 10 mL g_l, T=90°C, [NH; + NH4+] =4mol L™, NH3:NH4Jr
=2:1, t =5 h. From the generated pregnant leach solution, it was possible to selectively separate 85% of copper to the foam
phase by ion flotation, with sodium dodecyl sulfate (SDS) surfactant, as colloidal copper(Il) tetraamine dodecyl sulfate under
the optimized conditions: [SDS],. = 5.85 mmol L™!, [EtOH] = 0.5 % (v/V), t,or = 5 h, flotation stages = 3. The zinc that
remained in the solution after ion flotation was recovered by precipitation (95%) as basic zinc carbonate.
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Introduction

Tailings are mixtures of fine-grained unwanted fractions
after mineral beneficiation of ores at a mining site that are
considered as a waste [1, 2]. Sulfidic tailings arise during
the mining and mineral processing of copper—zinc—lead
(Cu—Zn-Pb) ores. The resulting tailings are usually stored
in tailing ponds for physical dewatering [3, 4]. Without
proper management, sulfidic tailings can cause serious
environmental threats, ranging from generation of acid
mine drainage (AMD) to dam failures [5-8].

On the other hand, sulfidic tailings often contain valu-
able metals, such as copper, zinc, and lead, which can
potentially be recovered. In order to simultaneously miti-
gate the environmental risks of the sulfidic tailings and
valorize the material, the following strategy could be fol-
lowed: (1) recovery of valuable metals, (2) removal of
toxic elements, and (3) re-use of the matrix [9-11]. To
tackle this challenge, new economically viable and envi-
ronmentally friendly metallurgical techniques capable of
treating wastes with low-grade valuable metal content
must be developed.

Copper and zinc are usually present in the sulfidic tail-
ings as stable metal sulfide phases (e.g., Cu,S, ZnS) [12].
By roasting sulfidic minerals, the sulfides are converted
into more soluble sulfates or oxides and the unwanted
ferrous minerals (e.g., FeS,) are oxidized to hematite
[13—15]. Roasting is usually performed in conventional
furnaces, where heating is achieved via conduction and/
or convection. Metal sulfide ores are known to be very
good microwave absorbers, so microwaves can efficiently
heat the material [16]. Microwave roasting offers several
advantages over the conventional process such as fast, vol-
umetric, and selective heating, reduced energy consump-
tion, elevated reproducibility, and ease of control [17].
Several studies about microwave roasting of sulfidic tail-
ings showed that it is a very promising alternative roasting
technique [18, 19].

Leaching with ammonia and ammonium salts, also
known as ammoniacal leaching, is a hydrometallurgical
process to extract copper and zinc very selectively from
Cu—Zn-Pb sulfidic tailings, with respect to iron and lead
[20]. Ammonia and ammonium salt mixtures are cheaper,
less toxic, and easily regenerated compared to acids [21].
In addition, ammonia has been proven to be an efficient
lixiviant for the leaching of zinc and copper from low-
metal-grade secondary resources [22, 23]. However, leach-
ing of low-grade secondary resources does generate dilute
leachates and the metal recovery step might be challenging
[10, 24, 25].

The state-of-the art method to selectively recover cop-
per from leachates is solvent extraction [26—28]. However,

in the case of dilute aqueous leachates, solvent extraction
is not efficient due to the losses of the organic phases,
which is caused by a certain solubility of extractants in the
aqueous phase. Adsorption or ion exchange might be more
suitable techniques to recover copper from dilute aqueous
leachates [29, 30]. However, the main drawbacks of these
techniques are the high cost of selective adsorbents and
the formation of large amounts of secondary waste due
to the elution step. lon flotation is an adsorptive bubble
separation technique capable of recovering or removing
metal ions from dilute aqueous solutions [31-35]. For a
dilute solution, ion flotation can potentially be an inter-
esting alternative hydrometallurgical technique to recover
and separate valuable metals [36]. In this technique, sur-
factants (collectors) are added and compressed air or nitro-
gen gas is sparged in the solution, to generate a mobile
gas/liquid interface (bubbles). The targeted metal ions
(colligends) are attached to the gas/liquid interface due to
interactions with the oppositely charged collectors [37].
In most cases, the interaction between colligend and col-
lector is electrostatic and forms a colloid, also known as
sublate, which is concentrated to a foam phase as the bub-
bles ascend [38]. In addition, high metal recovery yields
can be achieved from dilute aqueous solutions [39, 40].
However, the technique is not efficient for treating con-
centrated solutions and some of the collectors might not
be suitable to use from an economic and/or environmental
point of view [28]. Recent studies showed that the strip-
ping of the collected metals and the re-use of the collector
are possible [41, 42].

A considerable amount of literature has been published
on the ion flotation of copper over the last years. Several
studies investigated its recovery from synthetic solutions by
using commercially available ionic collectors [43—47]. The
results obtained in these studies were promising, since the
recovery efficiency of copper was almost quantitative, both
in acidic and in alkaline media. More recently, attention has
been paid to the recovery of copper from synthetic solutions
by employing novel chelating collectors or combing chelat-
ing agents with conventional collectors. Furthermore, it was
shown that chelating systems in ion flotation can recover
the targeted metal ions with better selectivity [48-51]. On
the other side of the spectrum, there are very few studies in
which the ion flotation of copper was tested in real material.
To the best of our knowledge, only two studies have investi-
gated so far the removal of copper from dilute mine waste-
waters by ion flotation with quite promising results [52, 53].

The studies described above provide evidence that the
recovery of copper by ion flotation is possible by a plethora
of collectors. To date, research on real effluents or leachates
is limited or missing. Unlike literature studies, solutions
generated from hydrometallurgical processes have com-
plex chemical compositions and contain several metal ions.
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In most cases, one is interested to selectively separate one
metal ion over the others. Therefore, the feasibility of apply-
ing ion flotation for the recovery of valuable metals from
dilute aqueous leachates needs to be investigated for realistic
conditions. This work makes a step forward, towards the
application of such separation technique from real leachates.
Hence, the objective of this paper is to evaluate the effi-
ciency of ion flotation for the recovery of copper from real
leachates of sulfidic tailings. The leachates were generated
after ammoniacal leaching of microwave-roasted Cu-Zn-Pb
sulfidic tailings of the Neves Corvo mine area (Portugal), in
the so-called Iberian Pyrite Belt.

Experimental
Chemicals

Sodium dodecyl sulfate (> 99%), nitric acid (65% a.r.), and
zinc(IT) sulfate monohydrate (99%) were purchased from
Acros Organics (Geel, Belgium). Multi-element standard
(100 mg L~!in 2-5% HNO;), arsenic standard (1000 mg
L~!in 2-5% HNO,), sulfur standard (1000 mg L™" in 2-5%
HNOj;), dysprosium standard (1000 mg L~'in2-5% HNOy),
and ammonium carbonate (> 30% NH; basis) were obtained
from Sigma-Aldrich (Overijse, Belgium). Anhydrous
copper(Il) sulfate (a.r.), sulfuric acid solution (95 wt%), and
ammonia solution (25 wt%) were purchased from ChemLab
(Zedelgem, Belgium). Tetrafluoroboric acid solution (50%
w/w) and ethanol (EtOH, 99.8+%, absolute) were obtained
from Fisher Scientific (Thermo Fisher Scientific, Lough-
borough, United Kingdom). Hydrochloric acid solution
(37 wt%) was purchased from VWR (Fontenay-sous-Bois,
France). Water was always of ultrapure quality, deionized
to a resistivity of 18.2 MQ cm with a Millipore ultrapure
water system. All chemicals were used as received with-
out any further purification. The sulfidic tailings samples
were kindly provided by SOMNICOR Lunding Mining S.A.
from the tailings storage facilities of the company located in
Neves Corvo mine area of the Iberian Pyrite Belt (Portugal).

Equipment

An IKA EUROSTAR 20 stirrer was used for the homog-
enization of the sulfidic tailings samples. The homogenized
sulfidic tailings sample was dried in a Heraeus RVT vacuum
oven, fed with continuous nitrogen flow in order to prevent
oxidation. The thermal behavior of the dried sulfidic tailings
sample was determined using a Netzsch STA449 C Jupiter
thermogravimetric analyzer (TGA). Microwave roasting
of sulfidic tailings was carried out in a Milestone PYRO
advanced microwave (MW) oven (maximum MW power of
1800 W, frequency of 2.45 GHz) in air atmosphere. The
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microwave furnace was equipped with a silicon carbide
(SiC) plate that absorbs microwave irradiation and releases
heat at the top of the heating chamber in order to ensure
a homogenous temperature, within the chamber. Leaching
of the microwave-roasted material was carried out in 4 mL
glass vials on a heating plate, RCT classic. Larger-scale
leaching experiments at optimized conditions were carried
out in 250 mL and 500 mL round-bottom flasks, which were
fixed on a customized aluminum heating block and then
stirred on a heating plate. After leaching, the solid phase
was separated from the liquid phases by syringe filtration
through a PET filter (0.45 pm) for the small-scale leach-
ing experiments or by vacuum filtration for the larger-scale
leaching experiments. Ion flotation experiments were carried
out in an inhouse-built lab-scale set-up (Fig. 1), comprising
a glass column of 45 cm in height and an internal diameter
of 4.5 cm. The column was equipped with an adjustable
bubble generation mechanism of a sintered glass disk (D4
pore size, ~ 10-15 pm), a sampling port, and a port for col-
lecting the foam. The whole set-up was connected through
a tube to a flowmeter for controlling the nitrogen gas stream
that was introduced to the column. Precipitation of zinc via
aeriation was performed in a 250 mL gas wash bottle, placed
in a sand bath. The gas wash bottle was equipped with a sin-
tered glass disk of DO porosity grade and two glass tubing
connectors of 11 mm external diameter. Teflon™ tubes were
used to connect the bottle to the compressed air source and
to another sintered glass disk of 1 porosity grade, which was
mounted on a 300 mL Erlenmeyer flask. Concentrations of

(4)

[
4 ;éi §§

Fig. 1 Lab set-up used for the ion flotation experiments: (1) flowme-
ter, (2) bubble generation mechanism, (3) sampling port, (4) foam
port
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elements in the solutions were measured by inductively cou-
pled plasma—optical emission spectroscopy (ICP-OES) by
using a Perkin- Elmer Optima 8300 spectrometer equipped
with an axial/ radial dual plasma view, a GemTip Cross-
Flow II nebulizer, a Scott double pass with inert Ryton spray
chamber, and a demountable one-piece Hybrid XLT ceramic
torch with a sapphire injector (2.0 mm internal diameter).
Dilutions were done with 5 vol% HNO; solutions and all
ICP-OES samples were measured in triplicate. The dilution
factor was chosen so that the final concentration was lower
than 25 mg L™! and dysprosium was used as internal stand-
ard. The mineralogical composition of the sulfidic tailings,
microwave-roasted material, and zinc precipitate was char-
acterized by X-ray diffraction (XRD) analysis using a Bruker
D2 Phaser Diffractometer. Diffractograms were recorded in
the measurement range of 5° to 70° 26 using CuK, radiation
and applying an acceleration voltage of 45 kV, an electri-
cal current of 30 mA, a step size of 0.020°, and a counting
of 1 s per step. The raw data were processed with Bruker
DiffractEVA software. The dried sulfidic tailings sample,
microwave- roasted material, and leaching solid residue
were digested in a CEM Mars 6 EasyPrep iWave microwave
digester. For the digestion, 100 mg of material was weighted
and placed in the EasyPrep vessels and 3 mL of HCI, 1 mL
of HNO;, and 2 mL of HBF, were added. The vials were
properly closed and digested for 2 h at 105 °C. The digested
sample was then transferred to 50 mL volumetric flask and
diluted with 5 vol% HNO;. Each digestion was performed
in triplicate and a blank sample was also digested to be used
as reagent blank in the ICP-OES measurements. The sub-
late was analyzed by a Bruker Vertex 70 Fourier transform
infrared-attenuated total reflectance (ATR-FTIR), operated
at room temperature. The content of carbon, hydrogen and
nitrogen of the sublate was measured in triplicate using a
Thermo Scientific FLASH2000 CHN analyzer. The pH of
the solutions was measured with a Mettler-Toledo pH meter
SevenCompact pH/ ion S220 after calibration with standard
buffer solutions of pH 1, 4, 7, and 12. A Heraeus D-6450
oven was employed to dry the solid samples. All experi-
ments were done in duplicates and all data in figures repre-
sent averaged values of each duplicate.

Calculations with HSC Chemistry 8

The simulation of the mineral phase transition as a function
of roasting temperature of the examined sulfidic tailings was
modeled using the software HSC Chemistry 8 (Metso Outo-
tec Oyi., Finland).

Characterization of the Tailing Materials

The sulfidic tailings were received as a slurry. They were
first homogenized at 100-200 rpm and subsample was taken

and dried at 40 °C to constant mass. The dried sulfidic tail-
ing materials were crushed and milled using a mortar and
a pestle and characterized by TGA, XRD, and microwave
digestion followed by ICP-OES.

Microwave Roasting Experiments

Microwave roasting was performed by weighting 20 g of
dried sulfidic tailings placed in an alumina crucible in the
heating chamber of the microwave furnace. The sample was
roasted at 550 °C under the following conditions: 30 min
ramp time, 60 min dwell time, and 1200 W maximum power.
After reaching room temperature, the crucible was weighted
to determine the mass loss M| (%) based on the following
equation:

m; —m
M, (%) = — x 100

%)== )
where my; is the mass of the dried sulfidic tailing sample (g)
and m; is the mass of the microwave-roasted material (g).
The obtained roasted material was characterized by XRD
and microwave digestion followed by ICP-OES.

Leaching Experiments

The small-scale leaching experiments of the microwave-
roasted material were carried out by adding 0.1 g of roasted
material to a4 mL glass vial with a magnetic stirring bar and
1 mL of the lixiviant (solution of {ammonia — ammonium }/
[NH; + NH,*]). The vial was sealed and then placed in a
sand bath on a heating plate, equipped with a thermocouple
for temperature control. Under these conditions, the param-
eters for leaching were optimized by varying the lixiviant
concentration (2-10 mol L™! of total [NH; + NH,*]), the
leaching temperature (60, 70 and 90 °C), and the leaching
time (1-24 h). The scalability of the leaching step at the opti-
mized conditions was also tested by adding 10 g or 20 g of
roasted material with 100 mL or 200 mL of lixiviant in a 250
mL or 500 mL round-bottom flask, respectively, placed on
an aluminum heating block with a thermocouple on a heat-
ing plate. Immediately after the filtration, aliquots from the
pregnant leach solution (PLS) were withdrawn and diluted
with HNOj; (5 vol%) for ICP-OES analysis. The leaching
efficiency E; (%) was calculated according to Eq. (2):

Cprs X Viix
x C

S

E (%) = x 100 )

S

where Cp; g is the metal ion concentration in the PLS (mg
L"), V;x is the volume of the lixiviant used for leaching
(L), mg is the mass of the solid material used for leaching
(kg), and C; is the concentration of the metal in the roasted
material before leaching (mg kg™!). The pH of the PLS was
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also measured after filtration. The solid residue after leach-
ing was dried in an oven at 40 °C for 24 h and digested and
characterized by ICP-OES.

lon Flotation Experiments

For the ion flotation experiments, synthetic solutions were
prepared by mixing the appropriate amounts of metal ions,
surfactant, ethanol, and [NH; + NH4+] solution from stock
solutions. The solutions were stirred for 10 min with a mag-
netic stirring bar on a magnetic stirrer at low speed (200
rpm), in order to avoid the generation of foam. The solutions
were then poured slowly in the flotation column by using a
funnel; nitrogen gas was bubbled through the solution from
the bottom. Aliquots of approximately 3 mL were with-
drawn for ICP-OES analyses from the bulk solution before
and after the flotation experiments. The parameters for ion
flotation were optimized using synthetic solutions, by vary-
ing the concentration of the collector (1-6 mmol LY, the
flotation time (1-24 h), and multiple flotation stages (1-4
stages). For the optimization of the ion flotation stages, the
required amount of sodium dodecyl sulfate (SDS) was added
as a solid in the solution after the first flotation stage. The
solutions were then stirred for 15 min at low speed to ensure
that the added surfactant was dissolved and the ion flotation
experiments were stopped when no further foam was pro-
duced. At optimized conditions, ion flotation was applied to
the generated PLS in order to evaluate the efficiency of the
technique with realistic conditions. The efficiency of flota-
tion results was expressed as the recovery percent (Re%)
according to the following equation:

(Ci - Cr)
—

i

Re (%) = x 100 3)

where C; and C, are the initial and residual metal ion con-
centration of the bulk solution (mg L"), respectively. In all
the ion flotation experiments, 0.5 % (v/v) of ethanol (EtOH)
was added as frother and the initial volume was 300 mL.
The generated foam was collected in a beaker and allowed
to physically collapse. The concentrated solution was then
centrifuged in order to separate and collect the colloidal
product (sublate), which was characterized by FTIR, CHN,
and ICP-OES analysis (after digestion with HCI).

Precipitation of Zinc

For the precipitation of zinc from the treated leachate after
the ion flotation by aeriation, compressed air was bubbled
into a gas wash bottle. The excess of ammonia was trapped
into another flask, containing 2 mol L™" of H,SO,. At speci-
fied time intervals, a small aliquot of the sample was with-
drawn for ICP-OES analysis. At the end of the experiment,

@ Springer

the mixture was filtered by vacuum filtration. The precipitate
was washed with MilliQ water, dried at 40 °C for 24 h, and
analyzed by XRD and ICP-OES analysis. The precipitation
efficiency Ep (%) of zinc was calculated based on the fol-
lowing equation:

Cizny) — Cizny

Ep(%) = x 100 4)

i(Zn)

where Cjz,,) and Cyz,, are the initial and residual zinc con-
centration in the solution.

Results and Discussion
Characterization of Sulfidic Tailings

The mineralogical analysis of the Neves Corvo sulfidic tail-
ings (Fig. 2, Table 1), characterized by quantitative X-ray
powder diffraction, showed high contents of pyrite (40.8
wt%), quartz (25.5 wt%), and clay minerals (e.g., clino-
chlore—17.2 wt%). There was also the presence of musco-
vite (6.9 wt%) and carbonate minerals (e.g., siderite—5.3
wt%), while galena (PbS), and sphalerite (ZnS) were
detected, but the peak intensities of the diffraction peaks
were too low for accurate quantification. Copper was most
likely present as chalcocite (Cu,S), given the fact that the
tailing material is a byproduct of sulfidic ores of the Ibe-
rian Pyrite Belt, with chalcocite as the main copper-bearing
minerals [54]. The main elemental content (Table S1) of
the examined sample was in agreement with the determined
mineralogy, with iron (Fe), sulfur (S), and silica (Si) being
the predominant elements (26 wt%, 24 wt%, and 11 wt%
accordingly). The targeted metals, i.e., copper (Cu) and zinc
(Zn), were present in concentrations of less than 1 wt%.

Pyrite- FeS,

Quartz- Si0,

Clinochlore- (Mg, Fe)sAl(Si;Al)O;(OH),
W Muscovite- KAL(AISi,0,0)(F,OH),
Siderite- FeCO;

de0

Intensity (a.u.)

LS

10 20 30 40 50 60 70
26 (°)

Fig.2 X-ray diffractogram of the dried Neves Corvo sulfidic tailings
sample
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Table 1 Mineral phase composition of sulfidic tailing and micro-
wave-roasted sample

Mineral phase Phase composition (wt%)

Sulfidic tailings Microwave-
sample roasted
sample

Pyrite (FeS,) 40.8 0.3
Quartz (SiO,) 25.5 272
Hematite (Fe,0;) - 40.4
Clay minerals® 17.2 4.2
Mica minerals” 6.9 10.8
Carbonates® 53 1.1
Feldspar minerals® 2.2 6.3
Basanite (CaSO,-H,0) 2.1 -
CaMg,(SO,)3 - 43
CaSO, (anhydrite) - 2.6
ZnSO, - 14
B-FeSO, - 14

2Clinochlore, kaolinite
® Anorthite
¢Siderite, dolomite, calcite

Muscovite

The thermal behavior of the sample was examined by
TGA (Fig. S1). Two main decomposition temperature ranges
were observed. The first mass loss (+ 11%; ~ 380 °C to 500
°C) was linked to the oxidation of pyrite, in which sulfur
dioxide is released according to the following chemical reac-
tions (Egs. 5, 6, 7 and 8) [13, 55]:

2FeS, — 2FeS + S, 4)
S, +20,(g) — 2S0,(g) (6)
FeS, 4+ O0,(g) — FeS + SO,(g) @)
FeS +20,(g) — FeSO, ®)

The second mass loss (+ 5.50%; ~ 500 °C to 730 °C) was
related to the transformation of iron(II) sulfate phases to
hematite (Eq. 9),

Microwave Roasting of Sulfidic Tailings

Based on the thermal behavior of the examined sample (Fig.
S1), the conversion of pyrite to hematite occurred above
500 °C. Additionally, simulating the roasting conditions as
a function of temperature by HSC Chemistry software (Fig.

—— Microwave-roasted sample|
—— Sulfidic tailings sample
% Hematite
% Pyrite

Intensity (a.u.)

T T T T

25 30 35 40 45 50 55
26 (°)

Fig.3 Comparative X-ray diffractograms of the examined sulfidic
tailings sample (grey sample) and the microwave-roasted material
(red sample) (Color figure online)

S2), it was observed that above 500 °C, the predominant iron
phase was hematite, while copper and zinc were still present
as sulfates, which are known to be more soluble at mild
conditions than the corresponding oxides. Finally, previous
studies conducted on the roasting of sulfidic tailings from
the Iberian Pyrite Belt showed that the optimal leaching effi-
ciencies for Cu and Zn were obtained after roasting of the
solid material between 500 and 600 °C [56]. Therefore, 550
°C was selected as the roasting temperature for this study.

The experimental results supported the above hypothesis.
From the XRD analysis of the microwave-roasted material
(Fig. 3 and Fig. S3), the main iron phases were assigned
to hematite, which indicated that pyrite (FeS,) was decom-
posed to hematite (Fe,05) by microwave roasting at 550 °C
for 1 h.

The mineral phase transition from iron(Il) sulfide to
iron(II) oxide can be verified by the mineralogy of the
roasted material (Table 1, Fig. S3), which mainly consists
of hematite (40.4 wt%), quartz (27.2 wt%), and mica miner-
als (10.8%). Pyrite was still present but at very low amounts
(0.3 wt%) compared to the original sample (40.8%). Other
iron-containing mineral phases (e.g., goethite, pyrrhotite)
could not be detected by the used XRD diffractometer,
equipped with a Cu-anode. It is known that applying CuKa
radiation reduces the sensitivity towards iron phases as high
background scattering occurs due to fluorescence of iron
[57]. Based on similar studies, we could assume a minor
presence of pyrrhotite (Fe(,_,,S) apart from hematite [58].
Zinc was present as zinc(II) sulfate (1.4 wt%). Given the
origin of the non-roasted sample and based on the calcu-
lated simulation (Fig. S2), copper was probably also pre-
sent as sulfate. Regarding the chemical composition of the
microwave-roasted material (Table S1), the most notable
difference with the non-roasted sample is the reduction of
sulfur content from 23.7 to 2.4 wt%. This reduction can be
attributed mainly to the formation and release of SO, gases
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during the roasting and resulted into a mass loss of 14.9%
[59]. No major differences were observed in the zinc and
copper content before and after microwave roasting (0.9 wt%
and 0.4 wt%, respectively).

Ammoniacal Leaching of Microwave-Roasted
Material

Based on the characterization of the microwave-roasted
material, it can be assumed that zinc and copper were present
in the divalent state. As such, they can be selectively solubi-
lized with aqueous ammonia (NH;) as copper(Il) and zinc(II)
tetraammine complexes ([Cu(NH;),]**, ([Zn(NH;),]*") ,
according to the following reactions (Egs. 10 and 11) [60]:

2 2+ _ 13
Cut) + 4NHy(, — [Cu(NH3), | Ko = 21X 10
(10)
2 2+ _ g
Zniy, + 4NHyq) — [Zn(NH;), ] Kiom = 7.8 X 10

)

In addition, the presence of an ammonium salt gives a
buffering effect and the anion acts as complexing agent,
which stabilizes better the formed tetraammine complexes
of the metals [61-64].

For this reason, ammonium carbonate ((NH,),CO;) was
selected as ammonium salt for the leaching of the micro-
wave-roasted material in combination with aqueous ammo-
nia. The effect of total {ammonia + ammonium} concentra-
tion ([NH; + NH,*]), leaching temperature, and leaching
time on the leaching efficiencies of copper and zinc is shown
in Fig. 4. A total [NH; + NH,*] concentration above 4 mol
L~! had a negligible effect on the leaching efficiencies of
copper and zinc (Fig. 4a, Table S2). In particular, at a total
[NH, + NH,*] concentration of 4 mol L™, copper and zinc
leachabilities were 58.3% and 55.2%, respectively. There-
fore, this concentration was considered as optimal. The effect
of temperature was investigated at [NH; + NH,*] = 4 mol
L~! and by keeping the other conditions constant (Fig. 4b,
Table S3). Upon leaching at 90 °C, the leaching efficiency
of zinc significantly increased from 58.3 to 66.2% and of
copper from 55.2 to 63.7%. After 5 h of leaching (Fig. 4c,
Table S4), zinc and copper were extracted for about 88.6%
and 78.7%, respectively. However, the leaching efficiencies
were decreased by almost 10% over the course of 7 and 24
h of leaching. The filtered leachate after 5 h of leaching was
not stable; after standing for 2 days at room temperature,
a brown precipitate was observed and the targeted metal
content was reduced by approximately 10% compared to the
fresh filtered leachate. Therefore, this decrease in leaching
efficiency over time might be attributed to a partial precipita-
tion of the targeted metals from the PLS.
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Fig.4 a Effect of total ammonia concentration [NH; + NH,*] on the
leaching efficiency of zinc and copper from the microwave-roasted
sample. Leaching conditions: L/S = 10 mL g_', T=60°,t=3h,
NH;:NH,* = 2:1. b Effect of leaching temperature on the leaching
efficiency of zinc and copper from the microwave-roasted sample.
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Leaching conditions: L/S = 10 mL g~', [NH; + NH,*] = 4 mol L™/,
T =90 °C, NH;:NH,* = 2:1

Based on the experimental results described above and
by keeping constant the liquid-to-solid (L/S) ratio (10 mL
g1, the ratio of NH;:NH,* (2:1), and the stirring speed
(900 rpm), the optimal ammoniacal leaching conditions for
the extraction of Cu and Zn from the microwave-roasted
material were found to be as follows: [NH; + NH,*] =4
mol L™!, T=90 °C, and 7 = 5 h. Under these conditions, the
scalability of leaching was tested from 1 to 100 mL and 200
mL. The obtained results (Fig. 5, Table S5) were comparable
to those of the small-scale leaching. In particular, the leach-
ing efficiencies of zinc were 83.7% (100 mL) and 86.7%
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Fig.5 Comparative leaching efficiencies of copper and zinc from the
microwave-roasted material with mixture of ammonia- ammonium
solution at small scale (1 mL), 100 and 200 times upscale (100 mL
and 200 mL). Leaching conditions: L/S = 10 mL g~!, T = 90 °C,
[NH; + NH,*] = 4 mol L, NH;NH,* =2:1,t=5h

(200 mL) and that for copper 71.1% and 73.6%, instead of
88.6% and 78.7%, respectively. The PLS had a pH of 10.2
and relatively small content of metal/metalloid impurities
(Table S5). The solubilization of iron (Fe) and arsenic (As)
was below 1 mg L~!, while that of calcium (Ca), lead (Pb),
and aluminum (Al) was below 5 mg L™! and of magnesium
(Mg) was at around 70 mg L™, The zinc and copper content
in the leaching residue (Table S2) were reduced from 0.9 to
0.09 wt% and from 0.4 to 0.08 wt%, respectively.

Separation of Copper Over Zinc from the Pregnant
Leaching Solution by lon Flotation

As discussed in the previous section, the measured pH of the
filtered leachate obtained under the optimized ammoniacal
leaching conditions was 10.20. Based on the species dis-
tribution diagrams of the Cu—NH;-H,0 and Zn-NH,-H,0
systems at pH around 10, copper and zinc are mainly pre-
sent as copper and zinc tetraammine complexes [65, 66].
Since [Cu(NH;),]** and [Zn(NH,),]** are positively charged
complexes, their floatability is favored by the presence of an
anionic surfactant such as sodium dodecyl sulfate (SDS).
In principle, [Cu(NH;),]** and [Zn(NH;),]** complexes
should be absorbed to the gas/liquid interface due to elec-
trostatic interactions with the hydrophilic group of the col-
lector (DS). This interaction results in the formation of a
colloidal phase (sublate) according to the suggested reac-
tions (Eqgs. 12 and 13):

[Cu(NH,),]*" +2DS™ — [Cu(NH;),](DS), (12)

[Zn(NH;),|** +2DS™ - [zn(NH;),| (DS), (13)

Nevertheless, this adsorption interface will occur if the
collector is fully solubilized and does not form micelles.

Since the collector has to chemically react with the metal
ions, to achieve the highest recovery efficiencies, it has to
be present at least at stoichiometric amount with respect to
the metal ions [28, 29]. Therefore, a concentrated solution
should be diluted before employing the technique. This will
ensure not only that the collector does not exceed its critical
micelle concentration (CMC), but also that it is present in a
sufficient amount for the recovery of the targeted metal ions.

The CMC value of SDS is around 8 mmol L™, depend-
ing on the purity of the dodecyl sulfate salt [67]. The PLS
obtained under the optimized conditions had a concentration
of zinc and copper of 800 mg L' (12 mmol L™!) and 250
mg L~! (4 mmol L), respectively. Therefore, in order to
ensure that the SDS concentration does not exceed its CMC
value, a simulated ammoniacal leachate was prepared based
on the concentrations obtained from the optimized leaching
conditions, but assuming that it was diluted by a factor of
two (i.e., [Cu®*] = 2 mmol L™ and [Zn**] = 6 mmol L™).
The effect of SDS concentration, time, and multiple flota-
tion steps on the recovery efficiency of copper and zinc by
ion flotation from synthetic leachates is illustrated in Fig. 6.

With the increase in SDS concentration (Fig. 6a,
Table S6), copper was selectively concentrated to the foam
phase over zinc. An optimal copper recovery efficiency of
78.7% was obtained at [SDS] = 5 mmol L™, which is 25%
in excess of the stoichiometric amount (based on Eq. 12)
and selected for the subsequent experiments. The selectivity
for copper over zinc cannot be easily explained. Thermody-
namic studies proved that ion flotation depends on the Gibbs
free energy for adsorption (AGS 1) between a colligend and a
collector at the gas/liquid interface. Depending on the exam-
ined system AGg 1 1s governed by various factors such as
electrical, hydrophobic, and dehydration interactions as well
as chelating contributions. The more negative the AGg o the
more favorably a colligend is concentrated to the foam phase
over another [50, 51, 68-70]. So it would be plausible that
the overall AGS s of the SDS complex of [Cu(NH3)4]2Jr was
more negative than that of the SDS complex of [Zn(NH3)4]2Jr
and therefore copper was selectively separated over zinc
from the solution.

From Fig. 6b and Table S7, it can been observed that
there was a steep increase in the recovery rate of copper
within the first 3 h (78.7%) and a plateau was reached after
3.5 h of flotation time (71.2%). At the same time, the recov-
ery efficiency of zinc remained almost negligible.

In an effort to further increase the recovery of Cu, addi-
tional ion flotation stages were carried out in the same solu-
tion (Fig. 6¢c, Table S8). This was performed by assuming
that 75% of copper was recovered in each step and 125%
of the stoichiometric amount of SDS was added as a solid.
The experimental results showed that after three flotation
steps, the overall recovery efficiency of copper was increased
from 81.2 to 91.3%. The addition of extra steps increased the

@ Springer
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Fig.6 a Effect of SDS concentration on the recovery of zinc and
copper from simulated ammoniacal leachate. Flotation conditions:
[NH, + NH,*] = 2 mol L™!, NH;:NH,* = 2:1, [Zn?*] = 6 mmol L/,
[Cu**] = 2 mmol L™, [EtOH] = 0.5 % (v/v), t = 4 h, pH = 10.15.
b Effect of flotation time on the recovery of zinc and copper from
simulated ammoniacal leachate. Flotation conditions: [NH; + NH,*]
=2 mol L7}, NH;:NH,* = 2:1, [Zn?**] = 6 mmol L7}, [Cu**] = 2
mmol L™!, [EtOH] = 0.5 % (v/v), [SDS] = 5 mmol L™}, pH = 10.18.
¢ Effect of multiple ion flotation stages on the recovery of zinc and
copper from simulated ammoniacal leachate. Flotation conditions:
[NH; + NH,"] =2 mol L™! , NH;:NH,* = 2:1, [Zn**] = 6 mmol L™,
[Cu®*] = 2 mmol L™, [EtOH] = 0.5 % (V/v), [SDS] g1 = 5-85 mmol
L! (5 mmol L~!, 0.7 mmol L', and 0.15 mmol L™ for the first, sec-
ond, and third flotation stage, respectively), f,,;,; = 5 h (3.5 h, 1 h, and
0.5 h for the first, second, and third flotation stage, respectively)

overall SDS concentration ([SDS],,,) to 5.85 mmol L™" and
total time (#,,.,) to 5 h (see Fig. 6¢).

From the optimization of the ion flotation parameters, it
can be concluded that copper was best separated over zinc
under the following conditions: [SDS],,,; = 5.85 mmol L™,

@ Springer

toral = O h and three ion flotation steps. To evaluate the effi-
ciency of the optimized technique on realistic conditions,
the recovery of copper from the ammoniacal leachates (as
described in the previous section) was tested. The overall
recovery efficiency of copper from the ammoniacal PLS
was 84.2%, slightly lower compared to that obtained from
the synthetic ammoniacal leachates (91.3%). This can be
attributed to the increase in ionic strength due to the pres-
ence of other metal ions in the PLS (Table S5). Prior studies
demonstrated that the efficiency of ion flotation was nega-
tively affected by the increase of ionic strength, because the
foreign ions acted competitively with the colligend at the
interface [71]. In the present study, calcium, magnesium, and
aluminum were also recovered, but in small percentages of
1.2%, 0.8%, and 2.1%, respectively. Although these recovery
efficiencies were negligible, this behavior indicated a com-
petition between these metal ions and copper with SDS at
the gas/liquid interface.

Equation (12) suggests that copper is concentrated to
the foam phase as [Cu(NH;),](DS), sublate (Fig. S4). The
analysis results (Table 2) of the collected sublate confirmed
this hypothesis. The measured elemental wt% showed very
small deviations from the ones calculated using the proposed
chemical formula. Furthermore, the presence of N—H bonds
(Fig. 7) was confirmed by four strong infrared absorption
bands at 3348 cm™!, 1630 cm™', 1280 cm™', and 1053 cm™'

Table 2 Elemental composition of [Cu(NH;),](DS), sublate

Element %Wt
Theoretical value Measured value
C 43.5 42.6
H 9.4 9.0
N 8.5 7.4
N 9.7 9.2
Cu 9.6 94
1.004
[0]
S 0.75-
O
b=
€
7]
g
= 0.50
----SDS
0.251——Sublate
4000 3000 2000 1000

Wavenumber (cm™")

Fig.7 Comparative FTIR spectra of solid sodium dodecyl sulfate
(SDS) and the sublate of ion flotation



Journal of Sustainable Metallurgy (2021) 7:1552-1564

[71]. The CH; (2955 cm™), CH, (2918 cm™, 2850 cm™),
SO; (1220 cm™), and C-S-O (988 cm™") bands present in
the FTIR spectrum of SDS were also found in the spectrum
of the sublate, indicating interactions of the surfactant with
the copper(Il) tetraamine complex [72].

From the optimization of the process in simulated lea-
chates and its implementation to real leachates, it can be
concluded that copper was selectively separated to the foam
phase as [Cu(NH;),](DS), sublate. Even though these results
were promising for the implementation of ion flotation as
metal recovery technique in hydrometallurgy, it must be
noted that a considerable amount of SDS (5.85 mmol L")
was required to obtain 85% recovery efficiency for cop-
per. Based on the proposed chemical formula, at least two
molecules of SDS are required for the adsorption of one
copper(Il) tetraamine complex to the gas/liquid interface.
Hence, from an engineering point of view, ion flotation can
be introduced to an overall metallurgical flowchart as metal
separation technique only if the regeneration and re-use
of the collector are possible. The decomposition of cop-
per—dodecyl sulfate sublates has been already investigated
[42]. The techniques that were tested after the breakage of
the foam fraction were as follows: precipitation of metals
as hydroxides or sulfides, chemical stripping, and direct
electrolysis. The latter technique appeared to be the most
promising method for recovering the colligend in metal-
lic form and regenerating the collector, which remained in
the solution after the electrolysis. Although the chemical
structure of the formed sublate in this process was different
([Cu(NH;)4]1(DS), instead of Cu(DS),), the same collector
was used. Therefore, one of the above-mentioned techniques
could be potentially applied for the regeneration and re-use
of the surfactant.

Zinc Recovery by Precipitation

The zinc left in the leachate after the flotation was recov-
ered by precipitation. The solution was heated up to 60 °C
and compressed air was bubbled through the solution. The
excess of ammonia was removed by the flow of compressed
air and the pH of the solution was lowered. This treatment
was expected to precipitate zinc as basic carbonate. Another
solution, containing 2 mol L~ of H,S0O,, was used to trap
the removed ammonia. The experimental results (Fig. 8,
Table S9) showed that 95% zinc was recovered as a white
precipitate over the course of 270 min. XRD analysis of the
powder showed that it consisted of basic zinc carbonate,
Zn5(CO;),(OH)g, and the XRD diffractogram of which was
resembling that of hydrozincite (Fig. S5) and it is in agree-
ment with previous findings [73]. No other metal impurities
were detected by ICP-OES analysis. The remaining solution
had very low metal/ metalloid content (Table S10) and its pH
was 8.67. Other techniques to recover zinc from ammoniacal
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Fig. 8 Effect of bubbling time on the precipitation efficiency of zinc
from the solution after ion flotation

solutions, such as sulfide precipitation, could be also applied
[74].

Conclusions

In this work, the separation of copper by ion flotation from
real ammoniacal leachates of microwave-roasted sulfidic
tailings was investigated. The sulfidic tailings were first
roasted at 550 °C for 60 min in the microwave oven. At
this temperature, pyrite was oxidized to hematite and the
metal sulfide phases were converted to more soluble metal
sulfates. The microwave-roasted material was then leached
with a mixed solution of ammonia and ammonium carbon-
ate. The optimum leaching efficiencies of zinc (86%) and
copper (75%) were obtained under the following conditions:
L/S=10mL g™, T =90 °C, [NH; + NH,"] = 4 mol L',
NH;:NH,* = 2:1, = 5 h. From the generated PLS, it was
possible to separate 85% of copper to the foam phase as a
colloidal copper(Il) tetraamine dodecyl sulfate sublate, with
formula [Cu(NH;),](DS),. The optimal ion flotation condi-
tions were found to be as follows: [SDS],,; = 5.85 mmol
L~!, [EtOH] = 0.5 % (V/V), t,o = 5 h, flotation stages = 3.
Zinc was recovered from the remaining solution as basic
zinc carbonate at a yield of 95%, after heating up the solu-
tion at 60 °C and bubbling compressed air through the solu-
tion for 270 min. These results were found to be very prom-
ising for recovering copper from dilute aqueous ammoniacal
leachates of low-grade sulfidic copper—lead—zinc tailings by
ion flotation.
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