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Preface to “Advances in Hydrometallurgy”

The development of new technologies and the increasing demand for mineral resources from
emerging countries are responsible for significant tensions in the pricing of non-ferrous metals. Some
metals have become strategic and critical because they are used in many technological applications
and their availability remains limited. In addition to energetic raw materials, such as oil or gas,
the industry uses about 50 different metals. For many of them, the worldwide annual consumption
ranges from a few tens of tons to several hundred thousand tons. Some of them, the strategic
metals, are crucial for achieving high performance. They are found in high-tech products, such as
flat panel TVs (indium), solar panel cells (indium), lithium-ion batteries for electric vehicles (lithium,
cobalt), magnets (rare earths, such as neodymium and dysprosium), scintillators (rare earth elements),
and aviation and medical applications (titanium). The secured supply of these metals is crucial to
continue producing and exporting these technologies and because specific properties of these metals
make them essential and difficult to substitute for a given industrial application. Hydrometallurgical
processes have the advantages of being able to process low-grade ores, to allow better control of
co-products, and to produce a lesser environmental impact providing that the hydrometallurgical
route is optimized and cheap. With the depletion of deposits and the growing interest in low-grade
elements (e.g., rare earth elements), the metallurgical industry has shown a growing interest in the
development of hydrometallurgical processes more adapted to current challenges over the last 15
years. The need to develop more efficient, economical, and environmentally friendly processes,
capable of extracting metals from increasingly complex and poorly polymetallic matrices, is real.
The aim of this book was to highlight recent advances related to hydrometallurgy to face new
challenges in metal production. Twelve contributions from experts in hydrometallurgy are published
in this book, outlining recent and original advances in the fields of precious metals, processing of
primary and secondary resources, and process improvement. These works seek alternative chemical
technologies to extract, separate, and produce metals or metal salts. Regarding precious metals,
special attention is paid to evaluating the current use and future development in gold and platinum
group metal recovery. More generally, four papers were selected to introduce recent advances in
the recovery of several important metals in our society: copper, which is one of the most produced
base metals in the world; rare earth elements for obvious technological challenges; and scandium
due to its potential application in high technologies as scientists and engineers have been working
recently to develop new products incorporating this metal. Although recycling will never replace
primary resources, metal extraction from spent materials and tailings should not be neglected; many
challenges remain in hydrometallurgy. Four papers were selected to introduce few challenges in the
recovery of rare earth elements from electronic wastes, titanium from bauxite residues, and the use of

ionic liquids in the recovery of metals from wastes by liquid-liquid extraction and electrodeposition.

Alexandre Chagnes
Special Issue Editor
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The development of new technologies and the increasing demand of mineral resources from
emerging countries are responsible for significant tensions in the price of non-ferrous metals. Some
metals have become strategic and critical because they are used in many technological applications and
their availability remains limited. In addition to energetic raw materials, such as oil or gas, the industry
uses about fifty different metals. For many of them, the worldwide annual consumption ranges from
a few tens of tons to several hundred thousand tons. Some of them, the so-called strategic metals,
are crucial for achieving high performances. They are found in high-tech products, such as flat panel
TVs (indium), solar panel cells (indium), lithium-ion batteries for electric vehicles (lithium, cobalt),
magnets (rare earths, such as neodymium and dysprosium), scintillators (rare earths), and aviation and
medical applications (titanium). The secured supply of these metals is crucial to continue producing
and exporting these technologies, and because specific properties of these metals make them essential
and difficult to substitute for a given industrial application.

Hydrometallurgical processes have the advantages of being able to process low-grade ores,
to allow better control of co-products and to have a lower environmental impact providing
that hydrometallurgical route is optimized and cheap. With the depletion of deposits and the
growing interest in low-grade elements (e.g., rare earth elements), the metallurgical industry has
shown a growing interest in the development of hydrometallurgical processes more adapted to
current challenges over the last fifteen years. The need to develop more efficient, economical and
environmentally-friendly processes, capable of extracting metals from increasingly complex and poorly
polymetallic matrices, is real. The aim of this Special Issue was to highlight recent advances related
to hydrometallurgy to face new challenges in metal production. For this goal, twelve papers have
been published in this special issue in order to highlight interesting studies in the fields of precious
metals, processing of primary and secondary resources and process improvement by understanding
fundamental behavior and seeking alternative chemical technologies to extract, separate and produce
metals or metal salts. Regarding precious metals, a special attention has been paid to evaluate the
current use and future development in gold and platinum group metal recovery. More generally, four
papers have been selected to introduce recent advances in the recovery of several important metals in
our society: copper which is one of the most produced base metals in the world, rare-earth for obvious
technological challenges and scandium because of its potential application in high-technologies as
scientists and engineers have been working recently to develop new products incorporating this metal.

Although recycling will never replace primary resources, metal extraction from spent materials
and tailings have not to be neglected and there are many challenges to face up in hydrometallurgy.
Four papers have been selected to introduce few challenges in the recovery of rare earth elements from
electronic wastes, titanium from bauxite residues and the use of ionic liquids in the recovery of metals
from wastes by liquid-liquid extraction and electrodeposition.

Conflicts of Interest: The authors declare no conflict of interest.
@ © 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
o (CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).
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Abstract: Pyrometallurgical metal production results in side streams, such as dusts and slags, which
are carriers of metals, though commonly containing lower metal concentrations compared to the main
process stream. In order to improve the circular economy of metals, selective leaching of copper from
an intermediate raw material originating from primary base metal production plant was investigated.
The raw material investigated was rich in Cu (12.5%), Ni (2.6%), Zn (1.6%), and Fe (23.6%) with the
particle size Dgy of 124 pm. The main compounds present were nickel ferrite (NiFe,Oy), fayalite
(FesSiOy), cuprite (CupO), and metallic copper. Leaching was studied in 16 different solutions.
The results revealed that copper phases could be dissolved with high yield (>90%) and selectivity
towards nickel (Cu/Ni > 7) already at room temperature with the following solutions: 0.5 M HCI,
1.5 M HCl, 4 M NaOH, and 2 M HNO3. A concentration of 4 M NaOH provided a superior selectivity
between Cu/Ni (340) and Cu/Zn (51). In addition, 1-2 M HNOj; and 0.5 M HCl solutions were
shown to result in high Pb dissolution (>98%). Consequently, 0.5 M HCl leaching is suggested to
provide a low temperature, low chemical consumption method for selective copper removal from the
investigated side stream, resulting in PLS (pregnant leach solution) which is a rich in Cu and lead
free residue, also rich in Ni and Fe.

Keywords: base metal production; intermediate; nickel iron oxide; fayalite; cuprite; leaching

1. Introduction

The growth in metal production has resulted in a gradual decrease in metal grades of ore deposits.
Therefore, new technologies and flow-sheets are needed for the more efficient utilization of ore
processing tailings, metallurgical slags, flue dusts, etc. In the base metal production, various solid
side-streams are generated, such as slags, dusts, and leach residues. Inherently, these side-streams
contain valuable base metals.

Thermodynamics determines the distributions of metals between metal and slag in high
temperature processing [1-3]. In addition, kinetics and physical entrainment cause metal traces ending
up to the slag in different steps of the production. About 60% of the world’s copper and 50% of world
sulphidic nickel production comes from plants using flash smelting furnace (FSF) technologies [4].
The main advantages of the FSF processes are high sulfur recovery, flexibility to feed materials and the
efficient energy utilization [5]. The subsequent converting takes place in two sequential steps:

Metals 2018, 8, 40; doi:10.3390/met8010040 3 www.mdpi.com/journal/metals
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(@) The FeS elimination or slag making stage
ZFeS(S) + 302(g) + ZSiOZ(S) = ZFGO'SiOZ(S) + ZSOZ(g) 1)

(b) The copper making stage
CU_ZS(S) + 202(8) =2Cu (s) + ZSOZ(g) (2)

As the process throughputs are generally high [6-8] the slags of the primary production can
present a valuable secondary raw materials for metal recovery in future.

The composition of slags in base metal processing vary depending on the process and raw material.
Copper flash smelting furnace slag generally consist of 30-50% Fe, 30-40% SiO,, 1-10% Al,O3, 1-16%
CaO and 0.2-1.2% of Cu [9]. Copper is mainly entrapped in the slag as chalcocite and metallic copper,
as well as trace copper oxide [10]. The converter slag is usually characterized by 20-25% SiO,, 40-45%
Fe, and 5% Cu. The slags of anode furnace differs from the converter slags due its very high copper
content, containing typically above 50 wt. % CuOy, 30-35 wt. % FeO, 5-15 wt. % SiO,, and minor
amounts of As, Sb, and Pb [11,12]. Nickel flash smelting furnace slag has been reported to contain
8.7% FeySi0y4, 10% Fe30y4, 20.5% Si0,, 3.1% Al O3, 1.3% MgO, and 1.1% CaO [13]. Generally, the slag
former used is SiO;.

Industrial smelting and converting slags are cleaned before discarding them. In most cases an
electric furnace settling or reduction is used, but some copper smelters use milling and slag flotation.

In the literature, new methods for slag cleaning have been studied for eliminating trace element
or cutting their internal circulations in the smelter. Thus, the impurity levels in the slags and anode
copper will be lowered. Roasting of the converter slag with ferric sulphate and selective sulphation
roasting are the documented pyrometallurgical methods used for the recovery of nickel, copper and
zinc [14,15]. Also, pyro-hydrometallurgical methods involving acid roasting or thermal decomposition
followed by water leaching have been suggested [16-18]. Various hydrometallurgical methods have
been developed using lixiviants such as acids, bases, and salts for base metal extraction. Atmospheric
leaching of different slag fractions has been studied in HSO4, FeSOy, (NH4),SOy, FeS;, NaCl, and
FeCl, media [19-23]. In addition, pressure leaching of copper slag containing 4.03% Cu, 0.48% Co, and
1.98% Ni at 130 °C have resulted in significant recoveries of Cu, Co, and Ni, amounting to 90% [24].
Leaching with aqueous sulfur dioxide has also proven effective in recovering 77% Co and 35% Ni from
a nickel smelter slag [25].

The current study was undertaken to investigate the dissolution behaviour of selected metals,
from the Cu, Ni, Fe, and Zn rich intermediate of base metal production. The focus was to dissolve
copper selectively in order to produce PLS rich in copper and a residue with Fe and Ni, applicable for
recovery of metals. The lixiviants used in the present study were 0.5-0.5 M HCl, 0.5-3.06 M H,SO4,
1-2 M HNO3, 0.5 M NaCl + 0.1 M CuCl,, 4.5 M NaCl + 0.5 M CuCly, 4.5 M NaCl + 0.1 M CuCl,, and 4
M NaOH.

2. Materials and Methods

Characterization studies by Scanning Electron Microscopy (SEM), X-ray diffraction (XRD),
and Particle Size Distribution (PSD) were conducted to determine the morphology, mineralogical
composition, and elemental distribution of the raw material.

2.1. The Raw Material

Chemical analysis of the raw material was performed by employing microwave-assisted digestion
in aqua regia (ETHOS Touch Control, Milestone Microwave Laboratory Systems, Sorisole, Italy),
as aqua regia is one of the strongest and effective solvent used for metal digestion [26], Table 1.
The solution analyses were conducted by ICP-OES (Inductively Coupled Plasma Optical Emission
Spectroscopy, Perkin Elmer Optima 7100 DV, Waltham, MA, USA) by Milomatic Oy.
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Table 1. Chemical analysis of metals of interest in raw material investigated.

Element Concentration [wt. %]
Cu 125
Fe 23.6
Ni 2.6
Al 0.5
Cr 0.1
Zn 1.6
Pb 0.1
As 0.1

The particle size of the crushed intermediate raw material was analyzed by a Mastersizer 2000
laser diffraction particle size analyzer with a Scirocco 2000 Dry Powder Feeder, both manufactured
by Malvern Instruments (UK). Dispersion pressure was varied from 2.0 to 3.0 bar, vibration feed rate
was 50% and measurement time was varied from 12 to 30 s. Fraunhofer diffraction model was used as
an optical model. The particle size distribution of the homogenized raw material is demonstrated in
the volume versus particle size diagram, Figure 1. The size distribution was observed to extend from
1.4 pm to 1905 pm. The cumulative particle size distribution revealed Dgj value of 123 um. The mean
particle size Djg = 13 um, the surface weighted mean was D3, = 25 um, and the volume weighted
mean Dy3 = 114 pm.

Particle Size Distrib
8 1 100
7
= 6 180
3 ° { s0
E 4
N 440
2
{20
1
%1 1 10 100 1000 3008

Particle Size (um)

Figure 1. The observed particle size distribution of the homogenized raw material.

An X'Pert PRO-PAN Analytical X-ray diffractometer, operating at an anode current of 40 mA at
45 kV with a Cuka, by Rietveld refinement method [27] using HighScore Plus software (PANalytical),
performed mineralogical analysis of the sample. Fixed Divergence Slit (FDS) 1/2° was fitted in the
incident beam path to control the equatorial divergence of the incident beam and fixed incident beam.
A copper mask of 15 mm was fitted in the incident beam path to control the axial width of the incident
beam. Fixed Anti-Scatter Slit (FASS) 1° was used to reduce background signal. The XRD analysis of
the raw material by Rietveld refinement suggested a composition of 52.2 wt. % NiFe,Oy, 25.0 wt. %
Fe,Si0y (fayalite), 20.5 wt. % of CupO (cuprite), and 2.3 wt. % of metallic Cu, Figure 2.

SEM-EDS analysis for two raw material samples was performed with a LEO 1450 VP (Carl Zeiss,
Oberkochen, Germany) scanning electron microscope (SEM) and a X-MAX-50 mm? energy dispersive
X-ray spectrometer (EDS) with INCA Software (Oxford Instruments, Abingdon, UK). Tungsten filament
was used as a cathode and the acceleration voltage used was 15 kV.

The raw material samples were cast in epoxy and treated in vacuum, for eliminating gas bubbles
attached into the particles, and prepared for SEM-EDS examination polished sections using standard
wet methods. It can be discerned from Figure 3 that a larger particle of size around 500 um is
encompassed by smaller particles of particle size ranging 2-50 um in the raw material. Three phases
could be observed, one of the larger particles and two phases in the smaller particles. The average
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weight percentages of the elements detected in spectrum 1-14 in Figure 3 are presented in Table 2.
The lightest color in the back scattered electron (BSE) image corresponds to the phase of the larger
particle. It consisted of an average of 88.6 wt. % Cu, 1.9 wt. % Fe, 8.8 wt. % O, and 0.6 wt. % Si
(Spectra 1-5), suggesting the presence of Cu and Cu,O (cuprite), as analyzed oxygen eventually is trace
from a surface contamination. The light-gray areas in spectra 6, 9, and 12 correspond to an average of
2.2 wt. % Cu, 52.4 wt. % Fe, 14.7 wt. % Ni, 23.8 wt. % O, and 0.6 wt. % Si (Spectra 6-9, 14), indicating
the three main phases, namely Fe;SiOy, possibly NiFe;,O4 and Cu,O. Nevertheless, the dark-gray
region represented by Spectra 10-12, consisted of an average of 3.2 wt. % Cu, 3.2 wt. % Fe, 1.1 wt. %
Ni, 45.8 wt. % O, and 32.3 wt. % Si, corresponding to the presence of almost pure SiO,. Spectra 13
corresponds to epoxy, where samples were casted.

Rintala 01122016
e -52 2%
Il ickel Tron Oxide (0.6/2.44) 52.2 %

Ml rayalite 250 %
1500 |l cuprite 20.5 %
Ml copper23 %

2.3%

1000

500

|
nw
N

Position [°28] (Copper (Cu))

iy .
I\ IIiIIlIIlIIIII

i

Figure 2. The obtained X-ray diffraction (XRD) pattern of the raw material.

Table 2. SEM-EDS point analysis of the particles presented in Figure 3.

[wt. %]  Spectra #1-5 Spectra #6-9, 14 Spectra #10-12

Cu 88.6 22 3.2
Fe 1.9 52.4 3.2
Ni - 14.7 1.1
O 8.8 23.8 45.8
Si 0.6 0.6 32.3
Na - - 0.9
Mg - 1.0 3.7
Al - 1.7 3.6
K - - 1.9
Ca - - 0.7
Ti - 0.8 0.4
Cr - 1.9 -
Zn - 2.0 -
Pb - - 43




Metals 2018, 8, 40

+
Spectrum 13

o
Spectrum 9

=
Spectrum 14

+ i
Spect e
.pec Tum | Spectrum 6)

APl
Spectrum 8

pectrum 5

+- s
Spectrum 11|

: Lo '
4l Spectrum 12| B ——e
Specirum 4 £ : Spectrum 7}

L Spectrum 3
1

B0um Electron Image 1

Figure 3. Back scattered Scanning Electron Microscopy (SEM) micrograph of the overall raw material.
Spectra 1-5 (CupO phase), Spectra 6-9, 14 (NiFe,O4 phase).

2.2. Leaching Experiments

In order to investigate the extraction without external heating, leaching was conducted at ambient
temperature (25 °C) for 48 h in several solutions (Table 3). Leaching experiments were conducted in
an Erlenmeyer flasks and the solutions were mixed by an IKA RO 10 Multi Station Digital Magnetic
Stirrer at 300 RPM. The used S/L ratio was 0.025 (5 g solids /200 mL solution). To evaluate the leaching
efficiency of Ni, Zn, Cr, Pb, Cu, Fe, and Al, the solution was filtered after the leaching step and the
filtrate was analysed by AAS (atomic absorption spectrophotometer), using a Varian AA240 (Varian,
Palo Alto, CA, USA), and ICP-OES [28,29].

Table 3. Solutions used in the leaching tests.

Solution Concentrations Chemicals Manufacturer (Grade)

05M
15M
HCl 25M HC137% EMPARTA ACS (for analysis)
3.0M
5M

051 M
1.22M
H,S0, 193 M H,S0,4 95-97% EMSURE ISO (for analysis)
2.65M
3.06 M

HNO;3 M HNO3 65% EMSURE (for analysis)

0.5 M NaCl + 0.1 M CuCl,
CuCly, pH1 4.5 M NaCl + 0.5 M CuCl, CuCl,-2H,0 VWR Chemicals (technical)
4.5M NaCl + 0.1 M CuCl,

NaOH 4M NaOH SIGMA-ALDRICH (technical)

No external oxidation by gas bubbling was used in the experiments. Redox potential was
measured by a Fluke 115 True RMS Multimeter using platinum wire and Saturated Calomel Electrode
(SCE). Mettler Toledo Seven (Easy pH meter) was used for pH measurements, except in the NaOH
solutions, where Hanna Instruments Edge pH meter was employed.
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3. Results and Discussion

Leaching was performed on the raw material to get an insight into the dissolution phenomena
related to Cu, Ni, Zn, and Fe in various lixiviants. Also leaching of trace metals, such as Cr, Pb, and
Al, was explored. The aim was to find a selective, low temperature, and low chemical consumption
leaching procedure for copper present in the raw material. Furthermore, the target was to leave nickel
in the leach residue in the leaching stage.

Table 4 presents the metal yields to the solution in all 16 investigated media. The corresponding
redox potentials, as well as pHs before and after the experiment are presented in Figure 4. It can be seen
that there is some variety in the recovery percentage—this is most likely attributed to the heterogeneous
nature of the investigated raw material with big particle size and wide particle size range combined
with small solid/liquid ratio in the leaching experiments. This leads in to some variation in the
representativeness of each sample, thus also resulting some error in the recovery calculations.

Table 4. Extraction of investigated metals from the raw material (%).

Solution Ni Cu Fe Zn Cr Pb Al
0.5 M HCl1 10 * 55 40 20 98 39
1.5 M HCl 18 * 78 48 45 93 56
25MHCI 43 95 81 64 67 97 69
3MHCI 97 72 54 66 84 99 71
5MHC1 96 86 74 92 55 97 79
0.5 M H,SO4 35 70 53 63 84 21 51
1.22 M H,S04 64 77 60 76 56 23 63
1.93 M HpSO4 77 81 82 80 62 23 69
2.65 M HpSOy 86 71 78 86 57 23 65
3.0 M H,SO4 81 65 62 86 56 17 65
4.5M NaCl + 0.5 M Cu?* pH1 1 5 - 1 - 65 7
4.5M NaCl + 0.1 M Cu?* pH1 1 3 - 1 - 62 5
0.5M NaCl + 0.1 M Cu** pH 1 3 61 - 27 - 53 5
1M HNO; 3 79 - 30 - 98 16
2 M HNO; 4 93 - 30 - * 13
4 M NaOH 0.3 * - 2 - 59 22
* Full leaching.
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Figure 4. Measured redox potentials and pH during leaching in 16 investigated leaching media.
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3.1. Leaching of Copper

Table 4 shows that copper was dissolved well into most lixiviants investigated. The highest
extraction of Cu was achieved with 1.5 M HCI. Also 4 M NaOH, 0.5 M HCl, 2.5 M HC], and 2 M HNO3
resulted in yields higher than 93%, and 1 M HNO3,1.22 M H,SOy, and 1.93 M H,SO4 showed >75%
extraction. The chloride leaching experiments (0.1 and 0.5 M of copper (II) as oxidant along with
4.5 M NaCl) showed only minor Cu dissolution (<5%), most likely due to a final pH close to 3
(see Figure 4), indicating copper precipitation as atacamite [30]. Sulfuric acid concentration increase
was shown to increase Cu extraction up to 80% at 1.93 M, however at higher concentrations the
extraction was decreased, being 65% at 3.0 M H,SO,. The extraction efficiency of copper was found
to be comparatively lower in H,SOy4 than in HCl and HNO3; medium (Table 4). Habashi et al. [31]
have suggested that since HCl and HNOj3 generate 1 mole of H* ions when dissolved in water,
they produce similar dissolution efficiency compared to H,SO4, which produces 2 moles of H* ions.
Also, the extraction efficiency of Cu was higher in 2 M HNOj; than in 1 M HNOj (Table 4) as the
oxidizing potential of NO3~ ions has been reported to increase with increase in solution acidity [32].

In chloride media, it is suggested that cuprous chloride complexes CuCls3?>~ and CuCl,3~ will
be produced sequentially from CuCl, ™ with chloride concentration above 1 M [33]. Chloride ions
complexes can stabilize Cu(I) ions thereby increasing copper solubility. The complexation also increases
the redox potential of Cu(II)/Cu(I) thereby enhancing the oxidative power of the solution. Copper is
also known to be dissolvable at high pHs such as in 4 M NaOH media. The pH values measured in
NaOH leaching (Figure 4) suggest the prevailing species as Cu(OH)3 ™ [34].

The suggested reactions acid/basic leaching reactions in HCI (3), sulfuric acid (4), and basic
NaOH (5) for Cu,O, are presented below with their standard Gibbs energies of the reactions at 25 °C
from HSC Chemistry database [35]:

CuO + SHCl(a) = 2CuCl437<a) + 6H+(a) + HzO(a), AG® = —121.28 kcal /mol (3)

CuZO + H2504(1) =Cu+ CuSO4(ia) + HzO(a), AG° = —14.71 kcal /mol (4)
Cuy0 + 4NaOH(a) + HzO(a) = ZCu(OH)37(a) + 4Na+(a) +2e~, AG® = —28.13 kcal /mol (5)

The species (a), (ia) and (1) refers to aqueous, neutral aqueous and liquid phase.

3.2. Ni Leaching and Selectivity between Copper and Nickel

According to the mineralogy, the prevailing nickel phase in the raw material investigated is nickel
ferrite NiFe;Oy. Ferrites are known to be refractory in leaching. This is confirmed by the results which
showed that the maximum Ni extraction (97%) was observed in aggressive concentrated leaching
media (3-5 M HCl). The suggested leaching reactions in HCl are presented in (6) and (7). From the
speciation diagram of nickel containing NiCl, and HCI [36], most nickel is suggested to exist as Ni>*
up to 5 M HCl. However, the concentration of NiCl* gradually increases with increases in HCI. Nickel
dissolution did not show any selectivity versus iron in any of the leaching media investigated. This is
due to the dominating Ni phase NiFe,Oy resulting in a simultaneous Ni and Fe dissolution. Also,
in the absence of neutralization, no back precipitation was observed.

NiFe,Oy + 8HCl,) = Ni*? () + 2FeCl™2 () + 4H,O(,) + 6CL ™ (), AG® = —127.78 keal/mol  (6)

NiFeZO4 + SHCI(a) = NlClJr(a) + 2FeC12+(a) + 4H20(a) +3Cl™ (a)r AG® = —161.17 kcal/mol (7)

The current study aims to selectively dissolve Cu versus nickel. Figure 5 presents the dissolved
Cu/Ni ratio in solution with eight of the most selective lixiviants. It can be seen that the highest
selectivity was achieved with 4 M NaOH (w(Cu):w(Ni) = 340 in solution). Also 1 and 2 M
HNOj3 (w(Cu)/w(Ni) = 26 and 23) provided excellent selectivity as well as 0.5 M HCI solution
(W(Cu)/w(Ni) = 10).
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Figure 5. Cu selectivity against Ni in the best eight selective leaching media.

The lowest Ni dissolution (<4%) was observed with 4 M NaOH, 1-2 M HNOs, and all the
investigated NaCl solutions. Dilute HCI (0.5 M) dissolved only 10% of nickel.

3.3. Leaching of Iron

Iron originated from the two main minerals of the raw material, NiFe;O4 and Fe;SiOj.
Most notable extractions of Fe (81-82%) was observed in 1.93 M H,SO,4 and 2.5 M HCI. Furthermore,
the Fe extraction was high (>50%) in all hydrochloric and sulphuric acid media. Generally, no selectivity
between iron and nickel or copper was found. However, minor selectivity between Cu and Fe was
observed in 0.5 M and 1.5 M HCI (Cu/Fe = 1.9 and 1.5, respectively).

In chloride media, Fe(III) forms FeCl?* and Fe?* at lower Cl~ concentrations, whereas FeCl,* is
formed at higher chloride concentration [37,38]. The suggested reactions for NiFe,Oy are presented
earlier in (6) and (7), in addition fayalite is suggested to leach according to reactions (8) and (9):

FepSiO4 + 2H5S0, o= 2FeSOy, (ia) T H4Si04(a), AG® = —51.67 kcal /mol (8)

H,SiO; (colloid) = SiO,-2H,0 ©)

It is clear that iron dissolution is strongly related to the solution pH. At pHs < 2 iron is known
to remain soluble [39]. This can be taken as an advantage in the leaching, as pH adjustment can
significantly improve the selectivity between Cu and Fe.

3.4. Leaching of Zinc

The maximum extraction of Zn (90%) was achieved in 5 M HCI. Several researchers [40,41] have
reported 90% recovery of Zn in leaching of zinc ferrite in the concentration range of 0.5-6 M HCl.
When Zn(II) is dissolved into chloride media, it is known to form complex such as ZnCl3~ [42].
Decrease in the Zn yield from 86% to 40% was noticed in the following order of the lixiviants:

2.65 M H,S0; > 3.0 M HSO4 > 1.93 M H,SO4 > 1.23 M H,SO, > 3 M HCl > 2.5 M HCI
> 0.5 M H,S04 > 0.5 M HCI

However, Zn extraction was <30% in 1-2 M HNOj3 and 0.5 M NaCl + 0.1 M Cu?*. The alkaline
leaching of zinc ferrite (4 M NaOH) was shown to result in lower Zn extraction compared to HCl and
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H,SOy4. Zn extraction was found to be 2% in 4 M NaOH. Thus, zinc ferrite fraction of magnetite was
not decomposed even in strong alkaline media. The suggested reactions for Zn dissolution in HCI (10),
and sulfuric acid (11) media are:

ZnFep;Oy + 8HCl<a) = ZnCl37(a) + 2FeC12+(a> + 4H20(1) + 3C17(a)/ AG® = —124.77 kcal /mol (10)
ZnFe204 + H2804(1) = ZI'ISO4 (a) + Fe203 + HzO(l), AG°® = —26.98 kcal/mol (11)

3.5. Leaching of Cr, Pb, and Al

The dissolution of minor elements, such as Cr, Pb, and Al, was observed in the investigated
leaching solutions. Figure 6 displays a complete 3D schematic representation of the elements of Al, Pb,
and Cr and shows that generally aluminum had a high solubility into sulfuric acid and HCI media.
Lead had high tendency towards HCl, NaOH, HNOg, and chloride leaching, but it was dissolved only
slightly into sulfuric acid media, evidently due to the low solubility of lead sulfate.

Figure 6. 3D plot displaying the yields of Al, Pb, and Cr obtained from the leaching in various lixiviants.

It was also observed from the above graph (Figure 6) that the maximum Cr yield was 83% in
3MHCI. Furthermore, the yield of Cr decreased from 66 to 20% in presence of lixiviants in the
following order: 2.5 M HCI > 1.93 M H,S04 > 0.5 M HpSO4 > 2.65 M HySO4 > 3.06 M HpSO4 > 1.22 M
H,S04 >5MHCI > 1.5 M HCL

Highest aluminum extraction (>70%) was observed in 3 and 5 M HCl solutions. Additionally,
all sulphuric acid solutions and HCI solutions >1.5 M resulted in higher than 50% leaching.
Yield percentage of Pb in all the investigated HCl solutions was high (93-99%), as Pb dissolves
forming chloride complexes PbCl* and PbCl, at low CI~ concentrations, and forms PbCI>~ and
PbCl,2~ at higher concentrations [43].

3.6. A Comparison of the Used Lixiviants

Table 5 shows a comparison of the best copper lixiviants and the selectivities of copper dissolution
for nickel and iron. It can be seen that 4 M NaOH has the highest selectivity in copper extraction.
In addition, it has the highest selectivity for Zn as well. The goal of mild, selective, and low temperature
leaching of copper is best approached by the 0.5 M HCI media, which was able to dissolve all

11
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copper with only 10% nickel extraction, selectivity between copper and nickel concentrations in the
solution being 10. Furthermore, 0.5 M HCI was the media showing the highest selectivity towards
Fe (Cu/Fe = 1.9) without pH adjustment.

Table 5. The best lixiviants selected for Cu, Fe, Pb, and Zn extraction.

Solution Cu Extraction Cu/Ni Cu/Zn Cu/Fe Pb Extraction Zn Extraction
(%) Selectivity Selectivity Selectivity (%) (%)
1.5MHCl1 * 7 3 1.5 93 48
0.5 M HCl * 10 3 1.9 98 40
4 M NaOH * 340 51 - 59 2
0.5 M NaCl,
0.1 M Cu2* 61 20 2 - 53 27
2M HNO;3 93 23 3 - * 30
1M HNO;3 79 26 3 - 98 30
* Full leaching.

The calculated composition of the residue after 0.5 M HCl leaching suggests the leach residue
composition being 23 mg/g Ni, 106 mg /g Fe, 9 mg/g Zn, 2 mg/g Al, 1.9 mg/g Cu, 0.9 mg/g Cr,
and 0.02 mg/g Pb. The advantage of 0.5 M HCl is that it could dissolve also almost all Pb (98%).

4. Conclusions

Along the principles of circular economy, the recovery of metals from industrial side streams,
waste, and intermediate fractions is of increasing importance. In the current study, the leaching
phenomena and selective leaching of copper was investigated from an intermediate raw material
originating from base metal production, with a mineralogy of 52.2% NiFe;Oy, 25.0% Fe;SiOy (fayalite),
20.5% of CupO (cuprite), and 2.3% of metallic Cu. In the raw material, the large particles were shown
to consist mainly of CuyO and elemental Cu.

Copper present in the raw material was shown to be easily dissolvable, over 98% Cu could be
dissolved with 0.5 M, 1.5 M HCl, and 4 M NaOH. In addition, 0.5 M HCl was shown to provide
selectivity towards Ni, with the Cu/Ni concentration ratio in solution being 10. Alkaline leaching in
4 M NaOH resulted in the highest selectivity for copper leaching, with the ratio of dissolved elements
of Cu/Ni =340 and Cu/Zn =51. Also 1 and 2 M HNOj3 provided high selectivity for copper dissolution
with a Cu/Ni ratio of 26 and 23, respectively. Aluminum showed high dissolution into sulfuric acid
and hydrochloric acid media, the highest Al extraction being 79% in 5 M HCI whereas lead dissolution
was strong in HCl, chloride, NaOH, and HNOj3. The highest extraction for Ni was obtained in 5 M HCL

The results indicate that from the 16 investigated leaching media, hydrochloric acid leaching
(0.5 M HCI) presents the lowest concentration solution matrix for selective and high copper extraction,
even at room temperature.
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Abstract: Due to the depletion of oxidized copper ores, it necessitates the need to focus on
metallurgical studies regarding sulphide copper ores, such as chalcopyrite. In this research, the
electrochemical behaviour of chalcopyrite has been analysed under different conditions in order to
identify the parameters necessary to increase the leaching rates. This was carried out through
cyclic voltammetry tests at 1 mV/s using a pure chalcopyrite macro-electrode to evaluate the
effect of scan rate, temperature, and the addition of chloride, cupric, and ferrous ions. Lastly,
the feasibility of using seawater for chalcopyrite dissolution was investigated. An increase in
the sweep rate and temperature proved to be beneficial in obtaining highest current densities at
10 mV /s and 50 °C. Further, an increase of chloride ions enhanced the current density values. The
maximum current density obtained was 0.05 A/m? at concentrations of 150 g/L of chloride. An
increase in the concentration of cupric ions favoured the oxidation reaction of Fe (II) to Fe (III).
Finally, the concentration of chloride ions present in seawater has been identified as favourable for
chalcopyrite leaching.

Keywords: chalcopyrite; voltammetry; electrochemistry; seawater; chloride

1. Introduction

Nowadays chalcopyrite is processed mainly via concentration by flotation and subsequent
pyrometallurgy. As a result of this last stage copper anodes with 99.6% purity are obtained [1]
as well as slag and SO, gas. One of the main challenges of smelters in Chile is to satisfy stricter
environmental regulations. Furthermore; hydrometallurgy faces the depletion of copper oxides in
operating fields and the reduction of copper grades. Therefore, the main challenge is the processing
of copper sulphide ores, specifically chalcopyrite (CuFeS,) leaching. Chalcopyrite has been studied
through various aqueous systems such as nitrate, ammonia, chloride and sulphate, with and without
the presence of bacteria [2]. This would help to reduce energy and economic costs in the industry,
as well as the operational projection of hydrometallurgical plants.

In addition to being the most abundant copper sulphide mineral in the earth’s crust, chalcopyrite
is also very refractory to conventional leaching processes [3]. Fundamental studies of leaching and
electrochemistry have indicated that the dissolution of chalcopyrite in acidic environments is an
electrochemical reaction, which is dependent on the solution potential between 560-620 mV (SHE)
where the chalcopyrite dissolution increases [4].
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Investigations by Lu et al. [5], and later Yévenes et al. [6], have indicated that chloride ions
would increase this solutions potential range, however, outside this range a product layer is formed
on the mineral surface which inhibits or prevents the dissolution of chalcopyrite. Additionally,
intermediate copper sulphide products, such as covellite (CuS) and chalcocite (Cu,S), would be formed
under 550 mV (SHE), and these species can only be dissolved by increasing the solution potential.
A Pourbaix diagram for CuFeS, was illustrated by Cordova et al. [7] which shows that the dissolution
of chalcopyrite occurs through its transformation in different intermediate sulphides (CusFeSy, CuS,
Cu,S) and the dissolution of copper from chalcopyrite requires a pH lower than 4 and an oxidizing
redox potential higher than 400 mV.

Different studies have indicated that a product layer will be formed on the surface of chalcopyrite
above 620 mV (SHE) [4,7,8]. The presence of those products can stop or reduce the dissolution rate of
chalcopyrite [7]. The controversy over the composition of this layer continues today. Different studies
have found that passivation is caused by the formation of elemental sulphur [9]. Other studies indicate
that they are iron precipitates, such as iron hydroxides, particularly jarosite [10,11] and even copper
polysulphides or enriched copper sulphides [3,12]. Liu et al. [13] reported the formation of Cuy(OH)3Cl
as a new passive layer formed in concentrations above 0.5 mol/L NaCl however, Senanayake [14]
postulated that the formation of this product occurs at pH close to 3. Despite this, it is now widely
accepted that the retardation in the rate of chalcopyrite dissolution is due to the formation of a sulphide
layer, rather than elemental sulphur or iron oxides which is less reactive than chalcopyrite [8].

A recent electrochemical study [15] compared three leaching systems i.e., sulphuric, nitric, and
hydrochloric acid. It was indicated that the highest current densities were obtained in chloride
media, and after conducting SEM/EDS analysis and Raman microspectroscopy on the electrodes
they restated that both covellite and sulphur formed on the surface of chalcopyrite. In the study
conducted by Nicol et al. [16], a summary of the dissolution of chalcopyrite in chloride solutions was
proposed. It is indicated that at a solutions potential below 550 mV (SHE) in the presence of copper,
the chalcopyrite surface is converted into one that has the characteristics of covellite. Additionally,
while the solution potential increases, the chalcopyrite and the surface layer of covellite are oxidized
to produce copper (I) and elemental sulphur or thiosulphite as the initial oxidation products. It is
further indicated that passivation is generated by the formation of a copper polysulphide as CuS,
when solution potential increases between 700 and 800 mV. Furthermore, at higher solution potential
(over 1 V) dissolution occurs (transpasivation) and the polysulphide layer is oxidized and eliminates
the passivating layer [16]. The presence of the chloride ion has been identified as a catalyst in the
copper dissolution from chalcopyrite. An alternative source of chloride ions is seawater. This resource
contains 20 g/L of chloride approximately. The use of seawater in Chilean copper mining takes on
greater importance due to the geographical location of the deposits. The majority of copper mining in
Chile is located in the Atacama Desert (the driest place in the world). As a strategic option in copper
mining in Chile, seawater as the water source is capable of sustaining about 49% of the total water
required for the copper industry in Chile for 2028 [17]. Thus, the use of seawater in sulphide ore
leaching processes would be beneficial given the synergy provided by the presence of chloride in the
system. In the present study, the electrochemical behaviour of chalcopyrite in chloride solutions was
investigated. Experiments were performed at 25 and 50 °C using seawater and deionised water as
solvents. A comparison has been made with the electrochemical behaviour of chalcopyrite in deionised
and seawater, under the same concentration of cupric ions, ferrous ions, and sulphuric acid.

2. Materials and Methods

For this electrochemical study, the cyclic voltammetry technique was used. A potential sweep
was run from the mixed potential, initially measured by open-circuit potential tests, up to a higher
limit potential. The oxidation reactions occurred during this sweep, known as the anodic sweep.
This was followed by a cathodic sweep which was run from the upper potential to a defined lower
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potential: in this sweep the reduction reactions occurred. On completion, the cycle ended at the
mixed potential [18].

2.1. Instrumentation Used

Electrochemical measurements were carried out using a Voltalab PGZ100 potentiostat (Radiometer
Analytical SAS, Villeurbanne, Rhone Alpes, France) with a Voltamaster VM4 software (Version F,
Radiometer Analytical SAS, Villeurbanne, Rhone Alpes, France).

The electrochemical set-up consisted of a thermostatted cell and three electrodes, which is
illustrated in Figure 1. The working electrode was fabricated with a pure chalcopyrite sample. XRD
analysis indicated the presence of 99% of chalcopyrite (according to Figure 2). For XRD analysis,
the sample was ground in an agate mortar to a size less than 45 pm and analysed in an automatic
and computerized X-ray diffractometer Siemens model D5000 (Bruker, Billerica, MA, USA), with an
analysis time of one hour. The ICDD (International Centre for Diffraction Data, Version PDF-2, Bruker,
Billerica, MA, USA) database was used to identify the species present, and the TOPAS (Total pattern
analysis software, Version 2.1, Bruker, Billerica, MA, USA) was used for quantification. The XRD
equipment uses an internal corundum standard. Additionally, atomic absorption spectrometry (AAS)
analysis showed 34% of copper in the sample. The reference electrode used was Hg/HgCl (calomel)
which contained a saturated solution of KCI (supplied by a radiometer) and a radiometer platinum
auxiliary electrode was used, which had inert characteristics. Fifty millilitres of solution were placed
into the cell for each test. The solution was stirred at 60 rpm and the temperature was regulated using
a thermostatted jacket. All the potentials shown are quoted with respect to the standard hydrogen
electrode (SHE).

Potentiostat
1
Platinum ﬁ SCE
Counter Reference
electrode electrode

Working
=
Water bath electrode
»)
Magnetic
stirrer

Figure 1. Experimental setup scheme.

2.2. Methodology

Open circuit potential (OCP) measurements have been carried out using both platinum and
chalcopyrite electrodes in order to identify the behaviour of solution and mixed potential respectively,
followed by cyclic voltammetry. The aim is to identify peak potentials in which anodic and cathodic
reactions will occur.
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OCP was performed for a period of 30 min before each cyclic voltammetry test in order to stabilize
the rest potential. At the end of each OCP, a cyclic voltammetry test was performed with the platinum
inert electrode to obtain the current densities with respect to the solution potential. This test was
carried out prior to the chalcopyrite electrode tests, in order to identify the reactions that take place in
the solution. The limit potentials in cyclic voltammetry tests for both the platinum inert electrode and
the chalcopyrite working electrode were —500 and 1200 mV.
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Figure 2. XRD analysis of chalcopyrite.
2.3. Parameters Assessed

The sweep rate was studied at 1, 2 and 10 mV /s using a base case solution with 20 g/L [C1™];
0.5 g/L [Cu®]; 1 g/L [Fe?*]; and pH 1 adjusted with sulphuric acid at 25 °C for all tests.

In addition, the effect of different reagents was evaluated at 25 °C using the base case solution.
Chloride concentration was studied at 0, 20, 50, 100 and 150 g/L using reagent-grade NaCl. In this
case, as well as the tests below, the scan rate was 1 mV/s.

The effect of ferrous ions was evaluated at 0, 1, 5, and 10 g/L [Fe?*] using reagent-grade
FeSO4-7H,0 and the effect of cupric ions was studied varying the concentrations between 0; 0.5;
3 and 10 g/L [Cu?*] using reagent grade CuSO,-5H,0.

The temperature was evaluated at 25, 35, and 50 °C using the base case electrolyte (20 g/L [C1™],
0.5 g/L[Cu?*],and 1 g/L [Fe**] at pH 1).

Lastly, the effect of seawater was evaluated, using five different solutions, all adjusted to pH
1 with sulphuric acid. Seawater was collected from the seashore of Antofagasta (Chile). AAS analysis
determined 19.5 g/L [CI™ | in the seawater, which was filtered before the test. The electrolytes used are
detailed below:

Deionised water (DW) at pH 1

DW at pH 1 and 20 g/L [C1™] (from NaCl)

DW with concentrations of 20 g/L [C1~], 0.5 g/L [Cu®*], 1 g/L [Fe**] at pH 1
Seawater with concentrations of 0.5 g/L [Cu®*], 1 g/L [Fe?*] at pH 1
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3. Results and Discussions

3.1. Effect of Sweep Speed

Figure 3 shows the anodic sweep for the chalcopyrite electrode. It can be seen that the range,
where the chalcopyrite dissolution is maximized, is between 570 and 750 mV for the sweep rate of 1 and
2mV/s. There is no significant difference between the current densities obtained, reaching a maximum
of 0.05 A/m? at 750 mV. When 10 mV /s was used, higher current densities were obtained, reaching
values close to 0.25 A/m? at a maximum potential of 830 mV. Under these conditions, the increase in
the current density of chalcopyrite is reached within a range of 570 to 830 mV.
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Figure 3. Effect of the sweep rate at 1, 2 and 10 mV /s on the chalcopyrite electrode using a solution
with 20 g/L [C17]; 0.5 g/L [Cu®*]; 1.0 g/L [Fe?*], and pH 1 adjusted with sulphuric acid at 25 °C.

According to studies conducted by Viramontes-Gamboa et al. [19], a sufficiently slow sweep speed
(between 0.5 and 2 mV/s) allows the system to complete the formation of the product layer, therefore
the current density will be affected by the formation of this layer on the surface of the electrode. On the
other hand, using a fast enough sweep speed (over 5mV/s), the product layer cannot be completely
formed. Subsequent tests were carried out maintaining a sweep speed of 1 mV/s in order to visualize
of the passivation zone, where the current density decreases within an anodic polarization.

3.2. Effect of Chloride Ions

The effect of chloride ions was analysed to compare the behaviour of current density on the
chalcopyrite electrode. Figure 4 illustrates that an increase in the concentration of chloride ions up
to 150 g/L [C1~] resulted an increment in current density, reaching a maximum value of 0.05 A/m?,
thus increasing the dissolution kinetics of chalcopyrite. The above is observed at solution potential of
780 mV with 150 g/L of chloride ions.

The solution potential range, where a higher current density is reached, is between 670 and
780 mV for all chloride concentrations evaluated. These results are consistent with those obtained by
Lu et al. [5], who indicated that chloride ions increase the oxidation of chalcopyrite.

Similar results were obtained by Nicol et al. [16] and attributed that the oxidation peaks obtained
after passivation (between 750 and 850 mV) could be associated with the oxidation of CuS; or
a similar polysulphide. The above mentioned findings were obtained in the present research is
presented in the Figure 5, the maximum current density obtained is over 900 mV. Similar results are
obtained by Nicol [20] at potentials above 950 mV greater currents were observed in sulphate than
chloride solutions.
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Figure 4. Effect of chloride ions on voltammograms (1 mV/s) at 0, 20, 50, 100, and 150 g/L [C1™] for
the chalcopyrite electrode using a solution with 0.5 g/L [Cu?*], 1.0 g/L [Fe?*], and pH 1 adjusted with

sulphuric acid at 25 °C.
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Figure 5. Effect of chloride ions in transpassivation zone (above 850 mV) on the chalcopyrite electrode
(I mV/s)at0, 20, 50, 100, and 150 g/L [Cl~ ] using a solution with 0.5 g/L [Cu?*], 1.0 g/L [FeZ*], and
pH 1 adjusted with sulphuric acid at 25 °C.

3.3. Effect of Ferrous Ions

In Figure 6, two oxidation peaks are observed. The first peak corresponds to the dissolution of the
chalcopyrite that occurs at approximately 670 mV, obtaining a maximum current density of 0.15 A/m?.
These results are consistent as reported by Beltrdn et al. [21] under similar conditions. The above
indicates that the dissolution of the chalcopyrite increases while increasing the concentration of ferrous
ions in solution. A study conducted by Hiroyoshi et al. [22], observed that the chalcopyrite solution
was more effective in ferrous sulphate medium than in ferric sulphate. The electrochemical studies
carried out by Elsherief [3] have shown the positive effect of ferrous ions. However, other authors give
more importance to the Fe (II) /Fe (III) ratio, while other studies refute this claim [6].

The second oxidation peak, which is observed at 750 mV, corresponds to the ferrous to ferric
oxidation reaction. This is confirmed by the results obtained in tests with an inert electrode, which can
be seen in Figure 7a.
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Figure 6. Effect of the concentration of ferrous ions at 0, 1, 5, and 10 g/L [Fe?*] on the chalcopyrite

electrode (1 mV/s) using a solution with 20 g/L [C17],0.5g/L [Cu?*], and pH 1 adjusted with sulphuric
acid at 25 °C.
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Figure 7. Effect of the concentration of ferrous ions at 0, 1, 5, and 10 g/L in the solution using an inert
platinum electrode (1 mV/s) (a) Anodic sweep, (b) cathodic sweep. The solution contains 20 g/L [C17],
0.5 g/L [Cu?"], and pH 1 adjusted with sulphuric acid at 25 °C.
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In anodic polarization, no reaction occurs in the absence of ferrous ions. On the other hand, the
solution with 1 g/L of ferrous ions forms a small peak at 750 mV, and this peak is observed when
the concentration of ferrous ions increases. Furthermore, Figure 7b shows three reduction peaks. The
first peak at 700 mV corresponds to the reduction reaction of Fe (III) to Fe (II), the second peak at
400 mV which corresponds to the reduction reaction of Cu (II) to Cu (I) and finally at —100 mV the
peak relates to the reduction reaction of Cu (I) to Cu’. Similar results of oxidation and reduction, to
the same potentials under the same solution conditions have been obtained by Beltran et al. [21]. In
addition, Hiroyoshi et al. [23], proposed a model in which an intermediate copper sulphide is formed,
such as CujyS in the region below a critical potential, which depends on the concentration of the ferrous
and cupric ions.

3.4. Effect of Cupric Ions

The results obtained are shown in Figure 8. It is observed that a rise in cupric concentration, from
0to 10 g/L, generates an increase in current density. To perform this analysis it is necessary to identify
the oxidation peaks that occur in the system. Figure 8 shows two peaks of oxidation, the first would
correspond to the dissolution of chalcopyrite at potentials close to 670 mV and an oxidation potential
of ferrous ions that occurs at potentials close to 750 mV.
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Figure 8. Effect of the concentration of cupric ions at 0, 0.5, 3.0, and 10.0 g/L on the chalcopyrite
electrode (1 mV/s) using a solution with 20 g/L [C17], 1 g/L [Fe?*], and pH 1 adjusted with sulphuric
acid at 25 °C.

These results are compared with an inert platinum electrode test (Figure 9a). The test determines a
peak of ferrous ion oxidation near the 750 mV potential, which agrees with the findings as obtained by
Beltran et al. [21]. An increase in the concentration of cupric ion generated an increment in the current
density corresponding to the oxidation peak of Fe (II) to Fe (III). This indicates that the presence of
copper ions favours the oxidation of the ferrous ion acting as catalyst of the reaction.

The research of Hiroyoshi et al. [24] indicated that the coexistence of copper and ferrous ion
promotes the dissolution of chalcopyrite at a potential lower than 550 mV (SHE). However, the
absence of these ions, generates a passivating layer of high resistance to the dissolution of chalcopyrite.
In the study by Yévenes et al. [6] tests were performed using a 0.2 M HCl solution with different
concentrations of cupric ions. Results indicate that an increase in the concentration of cupric ions does
not generate an increase in the rate of leaching, but a small amount (0.1 g/L) of cupric ions catalyses
the leaching of copper sulphides such as chalcopyrite.
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Figure 9. Effect of cupric ions at 0, 0.5, 3, and 10 g/L in the solution using an inert platinum electrode
(1 mV/s) during (a) anodic sweep, and (b) cathodic sweep. The solution contains 20 g/L [C17], 1 g/L
[Fe?*], and pH 1 adjusted with sulphuric acid at 25 °C.

Recent studies by Veloso et al. [25] developed leaching tests in chloride media and evaluated
the effect of cupric and ferric ions. They achieved twice as much dissolution in tests with cupric ions
compared tests with ferric ions. The authors indicate that this is due to faster and reversible reduction
of Cu (1) to Cu (I) compared to the Fe (II)/Fe (III) couple.

In addition, the stability of Cu (I) in solution is due to its strong association to form
chlor-complexes, which have greater stability with Cu (I) than iron ions [26,27]. These complexes
would rapidly oxidize to Cu (II), resulting in an oxidizing agent in the reaction [6].

Figure 9b shows the curve in the cathode direction, i.e., where the reduction reactions occur. The
peaks of the current density obtained indicate the potentials where the reduction reactions of Fe (III) to
Fe (IT) and Cu (II) to Cu (I) and then to Cu’ occur. The peaks obtained in this curve coincide with the
potentials obtained by Beltran et al. [21].

3.5. Effect of Temperature

Figure 10 illustrates that the current density increases while the temperature increases from 25 to
50 °C, therefore, the dissolution kinetics of chalcopyrite will increment. A maximum current density
of 0.17 A/m? is obtained at a potential of 750 mV and the range in which the chalcopyrite solution
enhance is between 550 and 750 mV for all the tests performed. The trend of these results correlates
with those obtained by Ibafiez and Veldsquez [28] in flask leaching tests and also with those obtained
by Lu et al. [5] who performed electrochemical tests at 30 and 70 °C. In the study conducted by
Lu et al. [5], authors determined the activation energy through the Arrhenius equation, indicating that
the chalcopyrite solution under these conditions is controlled by the chemical reaction.
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Figure 10. Effect of temperature at 25, 35, and 50 °C on the chalcopyrite electrode (1 mV/s) using a
solution with 20 g/L [C17]; 0.5 g/L [Cu?*], 1.0 g/L [FeZ*], and pH 1 adjusted with sulphuric acid.

3.6. Effect of Seawater

In order to evaluate the behaviour of chalcopyrite, electrochemical tests are developed using
seawater (SW) and deionised water (DW). The results indicate that a maximum current density of
0.075 A/m? ata potential of 800 mV was obtained in the test conducted with seawater at pH 1, 0.5 g/L
of Cu?* and 1 g/L of Fe?*. Tests performed with deionised water reached 0.020 A/ m? for the same
800 mV. In addition, it is observed that the test performed with deionised water at pH 1, 20 g/L of

Cl—, 0.5 g/L of Cu?*, and 1 g/L of Fe?* (simulates synthetic seawater) had a similar behaviour to the
seawater test under the same conditions (see Figure 11).
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Figure 11. Effect of seawater on the chalcopyrite electrode (1 mV/s) using four different solutions at
pH 1 adjusted with H,SOy; deionised water (DW) with no addition of any reagent; DW adding 20 g/L

[CI~]; DW adding 20 g/L [CI~], 0.5 g/L [Cu®*], and 1.0 g/L [Fe?**]; and Seawater adding 0.5 g/L
[Cu®*]and 1.0 g/L [Fe?*].

Test carried out with seawater, reaches a slightly higher current density than the test performed
with simulated seawater. It is necessary to mention that seawater can have up to 0.2 mg/L of silver,
and this ion acts as a catalyst for the dissolution of chalcopyrite [29]. However, during the present
investigation the concentration of silver in solution was not measured.
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These results indicate that it is possible to use seawater for chalcopyrite leaching processes. These
results coincide with the study by Velasquez-Yévenes and Quezada-Reyes [30], who, in addition
to the use of seawater, evaluated the use of discard brine in the chalcopyrite solution. In addition,
Torres et al. [31] indicated that seawater can replace fresh water without affecting copper production.

4. Conclusions

According to results obtained, increasing the sweep rate from 1 to 10 mV/s it seems to inhibit the
formation of a product layer on the surface of the chalcopyrite electrode. Therefore, this generates an
increase of 0.25 A/m? in the current density, compared to 0.035 A/m? that is generated with a sweep
rate of 1 mV/s.

The increase in chloride ion concentration from 0 g/L to 100 g/L in the solution increases the
current density from 0.015 to 0.05 A/ m2.

In the absence of copper and iron ions, 0.03 and 0.05 A/ m? were obtained, respectively, and
in the presence of 10 g/L of these ions, an increase of 0.09 A/ m? and 0.15 A/m? was observed,
respectively. In addition, the cupric ions function as a catalyst for the dissolution of chalcopyrite and
for the oxidation reaction of Fe (II) to Fe (III).

The concentration of chloride ion (20 g/L) that seawater possesses proved to be beneficial for the
dissolution of copper from chalcopyrite. For the tests carried out, the seawater at pH 1, 0.5 g/L of Cu®*
and 1g/L of Fe?t, generates a current density close to 0.075 A/ m?2, whereas, 0.02 A/m? is obtained in
deionised water at pH 1 without the addition of copper and ferrous ions.
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Abstract: Due to its alkalinity, red mud produced by the Bayer process may affect both the
environment and human health. For this reason, its further utilization instead of disposal is of
great importance. Numerous methods have already been studied for hydrometallurgical treatment
of red mud, especially for the recovery of various metallic components such as iron, aluminum,
titanium or rare earth elements. This study focuses on the extraction of titanium from red mud and in
particular the mineralogical changes, induced by leaching. Sulfuric acid, hydrochloric acid and their
combination have been utilized as leaching agents with the same leaching parameters. It has been
determined that sulfuric acid is the best candidate for the red mud treatment in terms of titanium
leaching efficiency at the end of 2 h with a value of 67.3%. Moreover, samples from intermediate times
of reaction revealed that leaching of Ti exhibit various reaction rates at different times of reaction
depending on acid type. In order to explain differences, X-ray Diffraction (XRD), scanning electron
microscope (SEM) and QEMSCAN techniques were utilized. Beside titanium oxide (TiO;) with
available free surface area, a certain amount of the TiO, was detected as entrapped in Fe dominating
oxide. These associations between Ti and Fe phases were used to explain different leaching reaction
rates and a reaction mechanism was proposed to open a process window.

Keywords: bauxite residue; red mud; leaching; titanium; metal recovery

1. Introduction

There are growing efforts in industry to promote the sustainability and implementation of
zero-waste production; the use of waste products from industrial processes is becoming increasingly
important. During alumina production by Bayer process, a large amount of bauxite residue (red mud)
is formed as a waste product [1-3]. The cumulative amount of red mud by 2015 is estimated to be close
to 4 x 10° tons. These higher production rates and precious mineral content such as Fe;O3, AL O3,
Si0,, TiO,, NayO and CaO and rare earth elements induced the utilization of red mud as a secondary
resource [4,5]. Reduced process costs with respect to primary metal production routes favors red
mud usage in economic aspects. Moreover, valorization of such a highly alkaline product stored in
the environment also provides ecological benefits [4]. Red mud can also be considered a secondary
source of the most important modification of titanium compound, titanium dioxide. Owing to its
outstanding properties, in particular its high refractive index, titanium dioxide is commonly used as
white pigment in numerous fields of industry such as, dyes, plastics or even eatables and drugs [6,7].
Due to decreasing availabilities as well as qualities of the titanium ores, recovery of titanium from
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red mud by hydrometallurgical methods gains importance. Depending on the source, red mud may
exhibit higher amount of Ti (up to 25%), which affects leaching efficiency and selectivity [6]. There have
been many studies conducted on titanium recovery from red mud by hydrometallurgical methods [6].
Among other inorganic acids, sulfuric acid (HpSOy) is reported as the best choice for higher titanium
leaching efficiencies followed by chloric acid (HCI) [4]. Ti extraction rates reached 71% in the case of
sulfuric acid leaching [7].

However, there is not a systematic study to explain the differences in leaching mechanisms and
kinetics depending on acid type. This lack of knowledge leads to the detailed phase and mineralogical
investigation on red mud and leach residue to open a process window. Hydrochloric acid, sulfuric
acid and their combination were utilized as leachate with identical leaching conditions. Differences
and similarities in leaching efficiencies and kinetics revealed by inductively plasma optical emission
spectometryanalysis were explained using X-ray Diffraction (XRD), scanning electron microscope
(SEM) and QEMSCAN techniques. A new leaching model was proposed for HCI and H,SO,4 and
difficulties of titanium dissolution from red mud were explained in detail.

2. Materials and Methods

2.1. Chemical Composition of Red Mud

The red mud used for this study was generated in Aluminum of Greece (Boeotia, Greece) S.A.
The chemical composition of the red mud is listed in Table 1 and shows the major constituents of
this material such as iron (IlI)-oxide, aluminum oxide, calcium oxide and silicon dioxide analyzed by
inductively plasma Optical Emission Spectrometry.

Table 1. Chemical composition of red mud.

Composition wt %
Fe203 42.34
AL O3 16.26

Ignition loss 12.66

CaO 11.64
SiOy 6.97
TiO, 427
Na,O 3.83
Others 1.85
La203 0.09
CeOy 0.06
SC203 0.02
Nd,O3 0.01
Y703 0.01

2.2. Experimental Method

A typical leaching test was performed with a heating plate and magnetic stirrer to control the
temperature and stirring speed. The leaching efficiencies of sulfuric acid, hydrochloric acid and a
combination of the two acids in the ratio of hydrochloric acid to sulfuric acid of 1:3 were investigated
with the same leaching parameters. The experiments were carried out at a set temperature of 70 °C,
360 rpm and a 4-molar acid concentration. The solid-liquid ratio was adjusted to a ratio of 1:50 in order
to prevent silica gel formation. In order to reveal leaching rates as a function of reaction time, for all
three acids, leaching duration was varied as 5, 15, 30, 60, 90 and 120 min. At the end of reaction time,
samples were vacuum filtrated for solid and liquid separation. Solid residues were dried overnight
at 90 °C and prepared for characterization. For XRD analyses, dried particles were milled to prevent
scattering effect. However, they were analyzed as dried version by SEM and QEMSCAN so as not to
retain available free surface areas of minerals. Leach liquor was diluted 20 times for ICP analyses.
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2.3. Materials Characterization

Automated quantitative mineralogy analyses of red mud and solid residues were performed
using a Qanta-650 F (FEI corporate headquarters, North America Nanoport, Hillsboro, OR, USA)
QEMSCAN scanning electron microscope (SEM). The particular samples were embedded into epoxy
resin to form blocks of approx. 25.4 mm in diameter. For analysis by SEM, the sample surface
was polished and carbon coated to give best analytical results and to avoid surface charging during
electron bombardment [8]. The system mounts 2 DualX-Flash (Bruker AXS, Karlsruhe, Germany)
energy-disperse detectors for recording X-ray spectra emitted by the interaction of the electron beam
with the atoms of the sample surface. Additionally, a 4 quadrant backscatter electron and a secondary
electron (SE) detector are installed for image acquisition.

For QEMSCAN analysis, the acceleration voltage was set to 25 kV. The sample current was set to
10 nA at a working distance of 13 mm. The point spacing was set to 7.5 um per step and 2000 X-ray
counts were recorded per step. Phase interpretation and further image analysis, like phase map, modal
composition and elemental mapping, were performed by using iDiscover software suite (FEI).

Back scattered electron (BSE) and secondary electron (SE) image acquisition were performed by
the same system in SEM-mode using an acceleration voltage of 15 kV. For a better resolution of the
images the working distance was decreased to 11.7 um.

XRD analyses was performed by Bruker D8 Advanced Diffractometer (Bruker AXS, Karlsruhe,
Germany), which use Bragg-Brentano Geometry and 0-0 synchronization for X-Ray tube and the
detector. 10°-80° (20) were scanned with a 5°/min rate. The generator voltage was 40 kV and
current was 40 nA. The quantitative evaluation was carried out with the program Topas (Bruker, AXS,
Karlsruhe, Germany). For Rietveld analysis, the full profile method was used; 0-point errors, specimen
height errors, diffraction-peak intensities, Lorantz Polarisation (LP)-factor, background and crystal
structure models were refined.

3. Results and Discussion

The evaluation of titanium leaching efficiencies as a function of reaction time can be seen in
Figure 1. The graph represents the average leaching values, including deviations due to test repetitions.
At the end of two hours, the highest leaching efficiency of titanium (67.3%) was achieved with sulfuric
acid, followed by hydrochloric acid (59.8%) and the combination of HCl to H,SO4 with a ratio of
1:3 (56.4%).
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Figure 1. Leaching efficiencies of Ti with various acids (where 100% Ti efficiency corresponds to 0.94 g
Tiin 1 L acid solution).
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Moreover, the time dependent evaluation of leaching efficiencies revealed variable kinetic profiles
after three different acid treatments. In the first 15 min of leaching, for all acid types, higher leaching
rates were observed by a higher slope of the curves. After 15 min, in the case of HSOy, the leaching
rate decreases until 60 min test duration. In contrast, during this period (15-60 min), there is still high
leaching rates observed with hydrochloric acid. After 60 min, it is seen that the HCl leaching curve
gets closer to saturation and leaching becomes slower, while H,SO, reaches higher rates and superior
leaching efficiency. The course of the combination of hydrochloric- and sulfuric acid is characterized

by less significant leaps. From this data it is seen that the most efficient leachate in terms of final

leaching efficiency for Ti is sulfuric acid. However, the findings on leaching kinetics induced the
detailed investigation of leaching to explain different mechanisms by different leachates and find an

optimum process condition.

Using X-ray diffraction, the phase content of solid residues after HCI and H,SO4 treatment were
investigated to reveal the effect of acid type on leaching mechanism. Related XRD analyses are given
in Figure 2a,b for direct comparison purposes.
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Figure 2. X-ray Diffraction (XRD) analyses of solid residues at the end of 2 h: (a) H,SO4 and (b) HCI
leaching with Rietveld refinement (blue line is experimental, red line is calculated and the difference
below with marked reflection positions).
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Table 2. Quantitative analyses of sulfuric acid (H,SO4) and chloric acid (HCI) residues.

Composition H,S04 Residue (%) HCI Residue (%)
Rutile (TiO5) 0.58 1.50
Anatase (TiO3) 0.81 0
Perovskite (CATiO3) 0 3
Hematite (Fe,O3) 0 5.3
Goethite (FeO(OH)) 0.167 6.3
Rhomboclase (HFe(SOy);-4(H;0)) 57.4 0
FeSO4-6H,0 * 3.47 0
Diaspore (AIO(OH)) 15.39 60
Boehmite (AIO(OH)) 2.75 10
Pyrophylite (Al,[(OH),] | Si4O10) 1.8 9.4
Quartz (SiOy) 0 0.1
Crotobalite (SiO;) 0.61 0.193
Gypsum (CaSO4-2H,0) 12.45 0
Albite (Na(AlSizOg)) 24 3.06

* unnamed, possibly an Fe-analogue of retgersite.

XRD analyses revealed the differences in phase contents of leach residues in terms of titanium (Ti),
iron (Fe) including phases, which may explain the different leaching behavior of two acids. As listed in
Table 2, total amount of Fe including phases (hematite (5.3%) and goethite (6.3%)) are low in HCl solid
residue. Nevertheless, it is seen that HySO4 residue is much more enriched in terms of Fe compounds
such as, rhomboclase, another iron sulfate and trace amounts of goethite. A higher amounts of Fe is
found as rhomboclase (57.4%) which is formed by re-precipitation of dissolved Fe ions with sulfate.
In the presence of sulfate ions and highly acidic conditions provided by concentrated H,SO4 leachate,
the precipitation of dissolved Fe into rhomboclase is thermodynamically more favorable and may
result in less leaching efficiency of Fe [9]. Quantitative analyses of residues imply in parallel with ICP
analyses, higher Fe dissolution rates in the presence of HCl. Moreover, at the end of 2 h HCI leaching,
Ti was detected in HCI leach residue in the form of perovskite (3%) and rutile (1.5%). In contrast,
Ti was found only as rutile (0.58%) and anatase (0.81%) in the H,SOy leach residue with relatively
lower amounts (see Table 2), implying higher leaching efficiencies in parallel with ICP findings.
Perovskite may be consumed by the reaction of calcium with sulfate ions and precipitate into gypsum
as revealed in X-ray diffractogram of H,SO, slag; which may also favor Ti extraction from perovskite.
Higher Ti and lower Fe leaching efficiencies with HySO4 favor its utilization for selective Ti leaching
from red mud.

Nonetheless, when 4 wt % content of Ti in red mud and even lower value for residue is considered,
XRD is not highly sensitive to reveal changes in Ti including phases. This lack of sensitivity induced
QEMSCAN utilization which can deal with elemental and phase mappings, phase associations and
available surface area detections for red mud and the most promising leachate (H,SO,) residue.

In Figure 3, the Ti elemental mapping of red mud and leach residue are given together for direct
comparison purposes. The field scan image of red mud in Figure 3 revealed that Ti content of red mud
phases is inhomogeneous with a maximum amount of 8-9 wt %. After leaching, a dramatic change in
distribution is observed, which exhibits homogenous and finely distributed Ti through the minerals of
H,SO4 residue with a decreased amount at a maximum 3-4 wt %.
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2000 um

Figure 3. Ti elemental mapping of red mud (left) and H;SO4 leach residue (right) by
QEMSCAN analyses.

Beyond elemental mapping, the mineral distribution within red mud and H»SOy leach residue
were also investigated in a comparative manner.
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Figure 4. Mineral distribution of red mud: (a) and HpSOy4 leach residue (b) with detailed compositional
analyses (c) reveled by QEMSCAN and table represents chemical compositions of points labeled as
1,2 and 3.
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In addition to phases indicated by XRD, QEMSCAN, analysis given in Figure 4 revealed the
presence of large amounts of Fe-, Ca-, Al-, Si mixed oxide in red mud, where a certain amount of
TiO; is entrapped. Due to the heterogeneous nature of this complex oxide, chemical composition
and stoichiometry vary through the volume. Therefore, a crystalline phase could not be assigned.
Varying compositions revealed by point 1, 2 and 3 imply that this complex oxide may be aggregate or
intergrowth of several oxides inherent from Bayer Process. After leaching with HySOy, as represented
in the mineral distribution in Figure 4b, it is seen that most of this various composed oxide is leached
out and rhomboclase formation takes place as consistent with XRD analysis. In leach residue, a limited
amount of TiO; is detected only within gibbsite-goethite as revealed in Figure 4b.

The mineral association analysis revealing free available surfaces and contacts between phases is
represented in Figure 5a,b for red mud and H,SO; leach residue respectively.
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Figure 5. Mineral association of TiO, within: (a) red mud; (b) HySOy leach residue.
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Figure 5a exhibits that certain amounts of TiO, surfaces are in contact with Fe-, Ca-, Al-, Si-oxide.
The remaining TiO, was found with free available surfaces, which may result in fast leaching kinetics
in the very early stage of leaching revealed by ICP analyses given in Figure 1. In comparison with red
mud, when H,S0y leach residue is considered as represented in Figure 5b, it is seen that most of the
TiO, surfaces are free and available, just very negligible quantities are in contact with rhomboclase
and gibbsite-goethite. These findings reveal that the Fe dominating complex composed oxides form a
diffusion barrier between TiO; and leachate and may be the reason for the deceleration of reaction
kinetics in the middle period of the trial.

Red mud and H»SOy leach residue were investigated in a comparative manner by SEM to reveal
morphological changes taking place during leaching, as represented in Figure 6. In order to reveal
elemental composition, Energy dispersive X-Ray analyses (EDX) was also utilized.

cps/eV.

20 um

Figure 6. Scanning electron microscope (SEM) micrographs of red mud (above) and H,SO4 leach
residue (below).
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Relatively large aggregates around 30 um of Fe (also Al, Si and Na including) dominating oxides
have been revealed where 2-3 um sized TiO; is entrapped in parallel with findings of QEMSCAN.
This micrograph emphasizes that in order to reach to TiO, enriched compound, the more iron oxide
enriched phase should be leached out. On the other hand, leach residue exhibited relatively finer
particles with respect to coarser aggregates of red mud. Moreover, in leach residue, mostly TiO; is
detected with free surfaces and small contact with Al dominating oxide where some Fe is also present,
as represented in Figure 6. This is consistent with QEMSCAN analyses which indicates mostly free
surfaces of TiO; and a trace amount of contact with gibbsite-goethite.

Presence of both free and entrapped TiO, surfaces revealed by SEM and QEMSCAN may be
responsible for various leaching kinetic regimes within various stages of reaction. Since leaching
starts from surface, initial high leaching kinetic for all acid treatments is owing to easy access to TiO,
surfaces. The second regime, as observed in Figure 1, starts from 15 min of reaction where HySO4
has slower and HCl similar behavior with respect to the first regime. It is worth emphasizing that as
reported in previous studies, H,SOy is more sensitive to TiO, leaching where HCl was used to dissolve
Fe [10]. Their selectivity to metal types may be the reason for different kinetics in the second regime.
Faster Fe leaching in the earlier stages of reaction by HCI ensures leachate to access TiO, entrapped in
Fe dominating oxide. Relatively lower leaching rates of Fe in the case of H,SO4 may result in highly
pronounced diffusion barrier effect of Fe enriched oxide for leaching of TiO, However, after this time
H,S0y4 achieves higher kinetics, most probably due to increased Fe leaching with longer reaction times.
In the end, H,SOy yields in higher Ti leaching efficiency as consistent with previous studies [10,11].

Iron oxide enriched phase inhibiting effect implied by SEM and QEMSCAN is analyzed by ICP
measurement to reveal Fe leaching rates with HCl and H,SOy. Figure 7a,b represent leaching rates of
Fe and Ti for H,SO4 and HCl respectively.
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Figure 7. Titanium and iron leaching efficiencies by (a) sulfuric acid; (b) hydrochloric acid leaching
(where 100% Ti and Fe leaching efficiencies corresponds to 0.94 g Ti and 8.47 g Fe in 1 L acid solution).
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Figure 7a,b reveal that Fe leaching rates are similar in the early stages of leaching. However, after
15 min of reaction, Fe oxide dissolution is increased dramatically with HCl. Although they are quite
similar in the early stages of reaction, after 15 min, an increase in HCl leach rate is observed while that
in HySOy is still slow. After 60 min of reaction, only 30% of iron is leached out by HySO4, while 46% by
HCI. After 60 min, Fe leaching rate by H,SO4 becomes also higher and achieved to 47% at the end
of 2 h, while HCI reached 55%. After 60 min, leaching rates of Ti by H,SO4 accelerates. Increasing Ti
leaching rates with increasing Fe dissolution, in parallel with SEM and QEMSCAN analyses, indicate
the obstacle effect of Fe oxide enriched mineral over Ti recovery. More leached out Fe enriched oxide
favors the access of leachate to the entrapped TiO,, which results in higher kinetics of HySOj in the
last stage of the leaching.

In light of SEM, QEMSCAN and ICP analyses, a model for leaching process with HCl and H,SO4
are proposed as in Figure 8. This model is based on already existing particle dissolution model in
leaching, where the reaction starts from surface and propogates through the core.

5 min 15 mun 15-60 min 60 min+

& &
e

Explanation
FeCaAlSi-oxide
Titanium oxide

Figure 8. Dissolution model of particles by hydrochloric acid and sulfuric acid leaching.

After a period of 5 min, more TiO; is dissolved in sulfuric acid compared with hydrochloric acid.
This can be seen in the red hatching in Figure 8. Due to the higher sensitivity of hydrochloric acid
leaching to iron, in the middle time of leaching after free TiO, surfaces are consumed, HCl achieves
entrapped TiO, more easily and exhibits faster kinetics. However, after 60 min, HySOj, also leaches a
certain amount of Fe for the exposure of TiO, from the Fe Ca Al Si-oxide. The remaining TiO, particles
are leached out after a time of 60 min and at the end of reaction less amount of TiO, remains in residue
of HpSO4 with respect to that of HCL.

4. Conclusions

A detailed examination of the red mud leaching was carried out to reveal mineralogical changes
with various acid types in order to explain the dissolution of titanium from red mud. At the end of
two hours of leaching, the highest sensitivity to titanium dissolution is observed with a value of 67%
in the case of sulfuric acid leaching. Moreover, Ti and Fe leaching rates as a function of reaction time
have been investigated. A mineral association between Ti and Fe and the importance of available
surfaces of titanium including particles on leaching efficiency were reported. It was pointed out that
Fe has an obstacle effect on Ti leaching and there should be a certain amount of Fe dissolution for
better Ti leaching.
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Abstract: The chemical degradation of an extraction solvent composed of a mixture of tri-n-octylamine
(extractant) and 1-tridecanol (phase modifier) in n-dodecane in contact with an acidic aqueous
sulfate solution containing chromium(VI) has been investigated. The kinetics of degradation and
the degradation products have been determined. GC-MS analyses evidenced the formation of
1-tridecanal, di-n-octylamine, N,N,N-octen-1-yl-dioctylamine, and an unidentified degradation
compound, which may have contained a double bond and a carboxylic acid function. The mechanisms
of degradation have been discussed on the basis of these identified degradation compounds.
The study of the degradation kinetics showed that an increase of tri-n-octylamine concentration in
the organic phase is responsible for a decrease of the degradation rate, while an increase in sulfuric
acid concentration in the aqueous phase leads to a strong increase in the degradation rate.

Keywords: Alamine® 336; solvent extraction; chromium(VI); degradation; tri-n-octylamine

1. Introduction

Solvent extraction is a well-established technology used in hydrometallurgy to produce high-grade
metals such as copper, nickel, cobalt, rare earths, uranium, etc. [1]. The chemistry involved in metal
extraction is complex, as redox, hydrolysis, precipitation, acido-basic and complexation equilibria
occur both in organic and aqueous phases. Solvent extraction processes are sensitive to the nature of the
ores, the redox potential, the pH of the feed solution, etc., and a modification of these parameters can
be responsible for a dysfunction of extraction plants, including crud formation, chemical degradation
of the extraction solvent, and drops in extraction efficiency and selectivity [2].

Although chemical degradation and crud formation are normal in solvent extraction plants,
only few papers have reported these phenomena and thoroughly investigated their origins. Diluents,
especially alkanes, are very stable materials, whereas extractants or phase modifiers exhibit a stronger
tendency to degrade [3]. For instance, degradation of the organic phases due to the presence of NOx
has been observed in the extraction circuits of hydrometallurgical plants [4]. Since the mid-1970s,
there have been a few episodes where the tertiary amine has been quickly and severely degraded
under certain conditions. In particular, Feather et al. [5] mentioned the chemical degradation of
Alamine® 336 (mainly constituted of trioctylamine) in kerosene modified with isodecanol during
the recovery of uranium from South African ores containing nitrate from residual amounts of the
blasting agent. The leach liquor, which contained nitrate in addition to the uranyl sulfate, was passed
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through an ion-exchange column to recover uranium. In this process, both the uranium and nitrate
were collected by the ion-exchange column. The column was then stripped with strong sulfuric
acid, which removed both the uranium and the nitrate. The uranium was then extracted from the
ion-exchange eluate with Alamine® 336 in a solvent extraction process. Due to the recycling of the
solution, the nitrate concentration built up in the system to a point where an attack on the amine
occurred, resulting in the formation of nitrosoamines and other degradation products. More recently,
Chagnes et al. [6] showed that tri-n-octylamine in n-dodecane modified with 1-tridecanol is sensitive to
oxidation in the presence of Vanadium (V(V)) initially present in the feed solution. It was shown that
the presence of V(V) co-extracted in the extraction solvent, likely as polyvanadates [7], and molecular
dioxygen are responsible for the chemical degradation of the extraction solvent via two simultaneous
routes: (i) the oxidation of 1-tridecanol by V(V) with formation of radicals that induce, in turn,
a series of subsequent degradation reactions, including the degradation of tri-n-octylamine into
N,N,N-octen-1-yl-dioctylamine and di-n-octylamine; and (ii) the oxidation of tri-n-octylamine by
molecular oxygen catalyzed by extracted V(V) [6]. Such chemical degradations of extraction solvents
are of great concern in liquid-liquid extraction processes, because they are responsible for an increase
of the operating costs due to dramatic solvent consumption and crud formation [8].

Cr(VI) is also present in the feed solution treated by the solvent extraction process implemented
in the Niger plant for uranium production, and this metal species is also known to be a strong oxidant
that can oxidize organic molecules such as alcohols, aldehydes or ketones [9-13]. Therefore, it is also
of great interest to investigate the oxidation properties of Cr(VI) towards the extraction solvent used
in the Niger plant, namely tri-n-octylamine in n-dodecane modified with 1-tridecanol. In the present
work, the ageing of a mixture of tri-n-octylamine (extractant) and 1-tridecanol (phase modifier) in
n—-dodecane has been investigated in the presence of a model aqueous sulfuric acid solution containing
Cr(VI) dissolved in sulfuric acid.

2. Materials and Methods

2.1. Reagents

n-Dodecane (purity > 99%, Aldrich, Lyon, France), 1-tridecanol (purity > 98%, Aldrich),
tri-n-octylamine (purity > 99%, Aldrich), di-n-octylamine (purity > 99%, Aldrich), n-heptane (analytical
grade, Aldrich), and ethyl ethanolate (analytical grade, Aldrich) were used as delivered. Sulfuric acid
(purity 98%), chromium(VI) oxide (purity > 99.9%) from Aldrich and water (resistivity > 18 MQ-cm)
purified with a milli-Q Gradient system from Millipore Corporation (Molsheim, France) were used for
preparing the aqueous solutions.

The concentrations of the solutes were given in the molality scale (mole of solute per kg of n-dodecane
for organic phases and mole of solute per kg of water for aqueous phases).

2.2. Methods and Equipments

The chemical degradation of the organic phases in contact with sulfuric acid containing Cr(VI)
arises from a redox reaction leading to the appearance of Cr(III) in the aqueous phase. Therefore,
the oxidation of the extraction solvent was investigated by following the evolution of Cr(III)
concentration in the aqueous phase by UV-visible spectroscopy at 417 and 587 nm [10].

tri-n-Octylamine dissolved in n-dodecane modified by 1-tridecanol was pre-equilibrated with
sulfuric acid at 1 mol-kg~! before studying the degradation of the solvent (1-tridecanol is a phase
modifier used in the formulation of extraction solvent in order to avoid third-phase formation). Each
organic phase (5 mL) was mixed with an aqueous phase (5 mL) containing sulfuric acid and Cr(VI).
During the degradation tests, the two phases were stirred at 25 °C with a mechanical stirring apparatus
(Gherardt Laboshake, Richwiller, France) thermostated with a Gherard Thermoshake. All samples
were protected from the light to avoid photo-induced degradation of the organic compounds in the
presence of Cr(VI). The degradation occurred over a period ranging from 1 day and 18 days, depending
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on the composition of the aqueous phase, and it should be pointed out that the degradation of the
organic phases was observed only in the presence of Cr(VI) in the aqueous phases.

Samples of the aqueous phase were periodically removed with an Eppendorf pipette and
analyzed by UV-Visible spectroscopy (Agilent Varian, Grenoble, France) before being returned to the
experimental flask. At the end of the degradation tests, the aqueous and organic phases were analyzed
by GC-MS (Agilent Varian, Grenoble, France).

Before GC-MS analyses, each sample was treated as follows: Aqueous phases were contacted
with (i) n-heptane after neutralization with sodium hydroxide to extract apolar degradation products,
and then with (ii) ethyl ethanoate to extract polar degradation products; and n-Heptane and ethyl
ethanoate phases were dried with magnesium sulfate before GC-MS analyses. Identification of the
degradation compounds was performed based on analyses of the mass spectra with the NIST database.

UV-Visible analyses of the aqueous and organic phases were performed with a Carry 100 Scan
UV-Vis spectrometer (Agilent Varian, Grenoble, France).

GC-MS analyses were performed with a Varian 3300 gas chromatograph coupled with a Ribermag
R1010 C (Nermag S.A., Rueil Malmaison, France) mass spectrometer. A fused silica capillary column
(B0 m x 0.2 mm x 0.2 um) with cross-linked octadecanyl silicone of CP Sil 5 CB Low Bleed
type (Chrompack, Agilent Varian, Grenoble, France) was used in gas chromatography. For gas
chromatography experiments, the detector temperature was equal to 250 °C, the injection was of
1 uL in splitless mode, the carrier gas was helium, and the ionizing energy was equal to 70 eV.

3. Results

3.1. Identification of Degradation Products

The extraction solvent composed of tri-n-octylamine, 1-tridecanol and n-dodecane was loaded
with Cr(VI) at 25 °C by contacting it with an acidic sulfate solution containing Cr(VI). Both phases were
kept in contact under shaking for 15 h at 25 °C. During the degradation tests, gas chromatography-mass
spectrometry (GS-MS) showed the presence of a series of degradation compounds, namely 1-tridecanal,
di-n-octylamine, n-dodecane tridecanoate and N,N,N-octen-1-yl-dioctylamine, in addition to the
starting compounds of the extraction solvent (I-tridecanol, tri-n-octylamine and n-dodecane).
The retention times of these compounds are gathered in Table 1.

Table 1. Retention time of the products identified by GC-MS analyses in the extraction solvent after
its degradation.

Products Retention Time/min
n-dodecane 6.20
1-tridecanal 9.10
1-tridecanol 9.60

Unidentified compound 10.40
n-dodecane tridecanoate 11.30
tri-n-Octylamine 20.00
di-n-Octylamine 20.60
N,N,N-octen-1-yl-dioctylamine 29.50

An unidentified degradation compound that may contain a double bond and a carboxylic acid
function was also identified, but it is difficult to draw conclusions about its exact nature. The details of
the mass spectra have been reported elsewhere [6].

3.2. Degradation Mechanisms

The diagram of speciation of Cr(VI) was calculated using the free software Medusa with the
thermodynamic constants reported in Table 2 [14], and shows that, below pH 6, Cr(VI) exists mainly
as HCrO,~ and Cr,072~, which are well-known oxidant species (Figure 1) [12].
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Figure 1. Speciation diagrams of (a) Cr (VI) and (b) Cr(III). [Cr] = 0.05 mol-L ™!, ionic strength = 0.1 mol-L ™1,
T =25 °C. Calculation performed with Medusa by using the thermodynamic data reported in Table 2.

Table 2. Thermodynamic constants (25 °C) for the calculation of the speciation diagram of Cr (VI) [14].

Equilibria Thermodynamic Constants at 25 °C
CrO42~ + H* = HCrO,~ 3.5 x 10°
CrO42~ + 2H* = H,CrOy 2.2 x 10°
2Cr042~ + 2H* = Cr,0,2~ + H,O 49 x 1014
CrO42~ + 2H* + SO,42~ = CrO350,%~ + H,0 9.9 x 108
Cr¥* + 50,2~ = CrSO4* 2.2 x 10!
Cr¥* + 5042~ + H,O = H* + CrOHSOy, 45 %1072
3Cr3* + 4H,0 = 4H* + Cr3(OH),>* 7.1 %107
2Cr3* + 2H,0 + SO42~ = 2H* + Crp(OH),S04%* 83 x 107%
Cr¥* + H,O = CrOH?* + H* 2.7 %107

Thus, the degradation mechanisms of tri-n-octylamine diluted in n-dodecane modified with
1-tridecanol could be explained mainly in consideration of HCrO,~ and Cr,07% as the oxidant species.

The UV-Visible spectra of the organic and aqueous phases were recorded throughout the
degradation test (Figure 2). Figure 2a shows a peak located at 417 nm in the spectrum of the organic
phase attributed to Cr(VI) extracted by tri-n-octylamine [10]. The intensity of this peak decreased over
time. Figure 2b shows a peak located at 587 nm in the spectrum of the aqueous phase corresponding to
Cr(III) [10]. The intensity of this peak increased over time. The decrease of Cr(VI) concentration in the
organic phase and the increase of Cr(Ill) concentration in the aqueous phase can be attributed to the
Cr(VI) being stripped from the organic phase into the aqueous phase due to redox reactions responsible
for the reduction of Cr(VI) into Cr(III). Cr(Ill) was spontaneously stripped from the organic phase
into the aqueous phase likely due to its having a weak affinity with the extraction solvent because of
the electrostatic repulsion between Cr(IIl) and protonated tri-n-octylamine (see speciation diagram of
Cr(III) in Figure 1b, which shows that Cr(IIl) exists as a cation species).

The reduction of Cr(VI) into Cr(IIl) can be described by the following mechanisms [15]:

ki ke
Cr(VI)org + Sorg S C¥org — Cr(II)org + Porg
ki N
Cr(Ill)aq

)

where C* is a transition complex, S is the organic compound that undergoes oxidation, P is the oxidation
product and the subscripts “aq” and “org” denote the aqueous and organic phases, respectively.
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Figure 2. (a) UV-Visible spectra of the organic phase throughout the degradation (organic
phase contained initially 0.2 mol-kg~! tri-n-octylamine diluted in n-dodecane modified with
5 wt % 1-tridecanol + 0.05 mol-kg_l Cr(VI); (b) UV-Visible spectra of the aqueous phase in contact with
the organic phase throughout the chemical degradation of the organic phase. Temperature = 25 °C.

The net 3e™ reduction of Cr(VI) to Cr(III) may proceed in different ways through the formation of
various intermediates like Cr(V) and Cr(IV). The mechanism path of the reduction depends on the
nature of the reductant and the reaction conditions [16,17]. Watanabe and Westheimer [18] proposed
the following mechanism for the reduction of Cr(VI) to Cr(IIl) by the substrate S (e.g., alcohol, aldehyde,
ketones, etc.) as the two-equivalent reductant:

Cr(VI) + S S Cr(IV)-S (2a)
Cr(VI)-S — Cr(IV) + P (2b)
Cr(IV) + Cr(VI) — 2 Cr(V) (20)
Cr (V) +S — P + Cr(Il) (d)

The following oxidation mechanism can also occur via the formation of radical species,
as suggested by Rocek [19]:

Cr(VI) +S < Cr(VI)-S (a)
Cr(VI)-S — Cr(IV) + P (2b)
Cr(VI)-S — Cr(III) + Ra (3a)
Cr (VI)-S + Re — Cr(V) + P (3b)
Cr(V) +S — Cr(Ill) + P (3¢)

The chemical degradation of tri-n-octylamine and 1-tridecanol in n-dodecane in the presence of
Cr(VI) dissolved in sulfuric acid likely occurs via the mechanism reported in Equations (2a)—(2d), since
no free radicals were observed in the acrylonitrile test (the absence of free radicals is evidenced by no
polymerization having occurred after adding a few drops of acrylonitrile to the media) and only Cr(III)
species was evidenced in the organic and aqueous phases by UV-visible spectroscopy. The absence of
the Cr(V) signature at 510 nm in the UV-visible spectra during chemical degradation may be due to
the fast and full reduction of Cr(V) to Cr(III), as reported in Equation (2d) [20].
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The oxidation of 1-tridecanol by Cr(VI) can lead to the formation of 1-tridecanal and Cr(IV),
as reported in Scheme 1 [12]. In this scheme, the oxidation of 1-tridecanol (RCH,OH) by HCrO, ™ is
represented, and the same mechanism could be considered with Cr,O;%~.

[0} OH H 0
>\Cr‘£ R +  RCH,OH —R—g—o—c,r(io + H,0
7 I
[0}
1 GT R o
R—C—Aa—c(r\g L >:0 + >Cr““:0
'L ‘c‘) H HO

Scheme 1. Alcohol oxidation mechanism.

Afterwards, Cr(IV) reacts with Cr(VI) to form Cr(V) (Equation (2c)), which can be reduced into
Cr(III) during the oxidation of 1-tridecanol into 1-tridecanal (Equation (2d)). As Cr(III) has no affinity
with tri-n-octylamine, Cr(III) is stripped from the organic phase into the aqueous phase.

Likewise, n-dodecane tridecanoate can be formed by the reaction between 1-tridecanol and
1-tridecanal in the presence of Cr(V) or Cr(VI) as depicted in Scheme 2 [21-24]:

Cr(V
RCHO + RCH,0H ——= R*(‘:—OCHZR V) R_OCHR +  cr(l)
OH
o]
Cr(VI)
RCHO + RCH,0H ——~ R—C-OCH,R R_ OCH,R +  cCr(v)

OH b
¢}
Scheme 2. Aldehyde oxidation mechanisms (R = tridecyl).

A possible mechanistic scenario to account the formation of secondary amines as degradation
products is presented in Scheme 3, where R3NH" is the protonated form of TOA (org and aq denote
the organic phase and the aqueous phase, respectively) [25]:

- TOA protonation: (R3N)org + (H2SO4)aq — [(R3NH)+)2-SO42*]0,rg

- Anion exchange between SO,2~ and HCrO,~ (HCrO, ™~ extraction) [26]:

- [(RsNH)*)2:804> Jorg + 2(HCrO4 " )ag — 2[(RsNH)"-(HCrO4 )alorg + (S04 )ag
- Oxidation reactions (in the organic phase) [25]:

HO,
N Oxidation . W)=
R;NH'. HCrO,, ———> RyNOH+CHp=CHR' + CriV)=o
H' HO

2R,NOH + H,80, —— [(R;NH),J*+ SO

Scheme 3. Oxidative mechanism of di-n-octylamine formation.

This scheme involves an initial oxidation of tri-n-octylamine into tri-n-octylamine oxide by Cr(VI).
Subsequent degradation of the amine oxide via a 5-membered intermediate generates the protonated
dialkylhydroxyamine, which can subsequently undergo N-O bond cleavage via nucleophilic attack at
the hydroxyl function [25].
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3.3. Kinetics of Degradation

The following empirical equation can be used to describe the kinetics of degradation of
trioctylamine-tridecanol in n-dodecane by Cr(VI):

Cr(IIl) _ sCr(111)
As A
Ln <ACT(1”)> = —kpst 4)

where A is the absorbance of Cr(III) in the aqueous phase at infinite time (at the end of the
oxidation, when the absorbance remains constant), AC"™ js the absorbance of Cr(III) in the aqueous
phase at the time t and ks is an empirical kinetic parameter.

The kinetic parameter (kops) has been deduced by using Equation (4) and the absorbance data
of the aqueous phase recorded at 587 nm vs. the time of degradation of the extraction solvent in the
presence of Cr(VI). The influence of 1-tridecanol and tri-n-octylamine concentrations in the organic
phase, and sulfuric acid and chromium (VI) concentrations in the aqueous phase on the kinetics of
degradation of the extraction solvent has been reported in Figure 3.
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Figure 3. Variation of the absorbance at 587 nm of the aqueous phase during the chemical degradation of
0.2 mol-kg ! tri-n-octylamine in n-dodecane modified by 1-tridecanol. (a) aqueous phase = 0.1 mol-kg !
H,S0, + Cr(VI) at different concentrations; organic phase: 0.2 mol-kg™! tri-n-octylamine + 5 wt
% 1-tridecanol; (b) aqueous phase = different concentrations of H,SO4 + 0.05 mol-kg~! Cr(VI);
organic phase: 0.2 mol-kg ™! tri-n-octylamine + 5 wt % 1-tridecanol; (c) aqueous phase = 0.1 mol-kg !
H,S04 + 0.05 mol-kg~! Cr(VI); organic phase: 0.2 mol-kg ™! tri-n-octylamine + different concentrations
of 1-tridecanol, (d): aqueous phase = 0.1 mol-kg_l H,SO4 + 0.05 mol~kg_1 Cr(VI); organic phase:
different concentrations of tri-n-octylamine + 5 wt % 1-tridecanol. Temperature = 25 °C. Data were

fitted with Equation (4).

There is good agreement between experimental absorbance at 587 nm and the absorbance
calculated with Equation (4), as the correlation coefficients reported in Table 3 range from 0.972
to 0.955. The same results are obtained with the absorbance at 417 nm. The fitting parameters (kp,s)
calculated from Equation (4) are gathered in Table 3.
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Table 3. Kinetic rates of degradation (k) at 25 °C for different compositions of the extraction solvent
and different concentrations in sulfuric acid and Cr(VI). In parentheses: correlation coefficient.

[H,SOy4] [Cr(VD)] [1-Tridecanol]  [tri-n-Octylamine]

—1 —1 o -1 Kobs s71
mol-kg mol-kg wt % mol-kg
0.1 0.02 5 0.2 9.7 x 107° (0.989)
0.1 0.04 5 0.2 9.5 x 107 (0.977)
0.1 0.05 5 0.2 9.6 x 107 (0.972)
0.1 1 5 0.2 2.0 x 1075 (0.985)
1 0.02 5 0.2 1.1 x 1073 (0.995)
1 0.04 5 0.2 1.1 x 1073 (0.993)
1 0.05 5 0.2 1.0 x 1073 (0.994)
1 1 5 0.2 1.0 x 1073 (0.978)
0.1 0.02 4 0.2 9.6 x 1076 (0.975)
0.1 0.04 5 0.2 9.6 x 1076 (0.972)
0.1 0.05 6 0.2 9.6 x 1070 (0.965)
0.1 1 7 0.2 9.6 x 107 (0.961)
0.1 0.05 5 0.2 9.6 x 107 (0.972)
0.1 0.05 5 0.4 2.5 x 107° (0.992)
0.1 0.05 5 0.5 1.8 x 1076 (0.993)

Examination of Table 3 shows that the kinetics of degradation is slower when tri-n-octylamine
concentration increases, as kops = 9.6 x 107¢ s7! at 0.2 mol kg~ whereas kgps = 1.8 x 107¢ s~ ! at
0.5 rnol-kg*1 of tri-n-octylamine (Table 3). At 0.1 mol-kg’1 H,S0;,, the kinetic constant remains
constant when Cr(VI) concentration is lower than 0.05 mol-kg™! and then increases at higher
concentrations. On the other hand, no influence of Cr(VI) concentration in the aqueous phase is
observed when H,SOy concentration is equal to 1 mol-kg ™! (Table 3).

4. Conclusions

Cr(VI) can degrade tri-n-octylamine diluted in n-dodecane modified with 1-tridecanol.
The degradation of this extraction solvent by Cr(VI) led mainly to the formation of 1-tridecanal,
n-dodecane tridecanoate and di-n-octylamine. The degradation of the extraction solvent occurred
via the oxidation of 1-tridecanol into 1-tridecanal and the degradation of tri-n-octylamine into
dialkylhydroxyamine leading to the formation of di-n-octylamine in the presence of Cr(VI).

tri-n-Octylamine concentration, Cr(VI) concentration and sulfuric acid concentration significantly
affected the kinetics of degradation. In particular, an increase of the acidity of the aqueous phase and
Cr(VI) concentration were responsible for a dramatic increase of degradation kinetics. It is, therefore,
important to decrease the acidity of the aqueous solution and to limit the presence of chromium(VI) by
playing on the redox of the leaching solution in the hydrometallurgical process.
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Abstract: This paper presents recent views on a hybrid process for beneficiation of secondary raw
materials by combined electroleaching of targeted metals and electrodeposition. On the basis of
several case studies with aqueous solutions or in ionic liquid media, the paper describes the potential
and the limits of the novel, hybrid technique, together with the methodology employed, combining
determination of speciation, physical chemistry, electrochemistry, and chemical engineering. On one
hand, the case of electroleaching/electrodeposition (E/E) process in aqueous media, although often
investigated at the bench scale, appears nevertheless relatively mature, because of the developed
methodology, and the appreciable current density allowed, and so it can be used to successfully treat
electrode materials of spent Zn/MnO, batteries or Ni/Cd accumulators and Waelz oxide. On the
other hand, the use of ionic liquids as promising media for the recovery of various metals can be
considered for other types of wastes, as shown here for the case of electrodes of aged fuel cells.
The combined (E/E) technique could be successfully used for the above waste, in particular by the
tricky selection of ionic liquid media. Nevertheless, further investigations in physical chemistry and
chemical engineering appear necessary for possible developments of larger-scale processes for the
recovery of these strategic resources.

Keywords: metal recovery; electroleaching; electrodeposition; secondary raw materials; ionic liquids

1. Introduction

Leaching can be considered to be the key step for most hydrometallurgical processes. This unit
operation is classically performed by chemical reactions on the targeted species using various reagents
exhibiting either acid-base properties (e.g., leaching of bauxites by soda in the Bayer Process, leaching
of ilmenite FeTiO3; with concentrated H,SO, for TiO, production), or chelating properties as in the
cyanidation of gold ores, or oxidative or reductive properties, as for the oxidation of metal sulfides
with Fe®*, or the reduction of MnO, with glucose.

Metals 2018, 8, 556; d0i:10.3390/ met8070556 49 www.mdpi.com/journal/metals
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To improve its effectiveness, chemical leaching can be performed in an autoclave or can be assisted
by the means of ultrasound. In addition to chemical leaching, two other techniques can be considered
for ore treatment, namely (i) bioleaching (or bio-oxidation), in which bacteria or fungi are employed
to extract metal species; (ii) electroleaching, for which oxidative/reductive reagents are replaced by
electrons in electrochemical reactions. Electroleaching is considered to be “direct” when compounds
react at the electrodes or “indirect”—or assisted—in case where chemical reagents are generated at
the electrodes to perform leaching: an example is the action of anodically generated chlorine from the
chloride-based electrolyte.

The first studies dealing with electroleaching in extractive metallurgy were devoted to the
treatment of sulfides ores [1]. Due to their good electrical conductivity, metal sulfides were treated by
direct electroleaching using consumable anodes formed by the sulfide to be converted, or blended with
graphite to improve the conductivity of the formed anodes. Various sulfides have been investigated:
chalcocite CuyS, chalcopyrite CuFeS,, galena PbS, and sphalerite ZnS. For a divalent sulfide, the anodic
dissolution can be written as follows:

MS( — M2 + S +2e” @

For the above-mentioned treatments reported in the literature, a simultaneous cathodic
deposition occurred.

Kirk et al. [2] investigated the electrochemical leaching of silver arsenopyrite. However, in this
case, electroleaching was indirect and consisted of the anodic generation of chlorine gas from
hydrochloric acid. Although less encountered, reductive electroleaching of ores can also be
considered, as shown by a couple of published papers. This reductive electroleaching, mainly direct,
was performed with natural resources containing MnO,—in which the manganese cation was
cathodically dissolved from the oxide present in the low-grade manganese ores [3], or in polymetallic
ocean nodules [4]. Apart from the beneficiation of mineral ores, electroleaching can be applied to the
treatment of secondary raw materials, in particular, that of printed circuit boards, either by direct
electro-dissolution [5,6] or by generation of an oxidizing reagent at the anode [7].

In hydrometallurgical processes, the metals of interest in the form of single or complexed ions are
recovered by electrowinning. Therefore, it is possible to imagine hybrid processes where, in a single
cell, metals—under various chemical forms—are leached (directly or not) at the anode, the metal
ions produced will migrate to the cathode in the same cell, where they are reduced to form the metal
deposit. This combined technique is presented more in detail below:

e Coupling electro-assisted leaching to electrodeposition

The principle is described in Figure la. The material to be treated is placed in the anodic
compartment of the cell. The leaching reagent is produced at the anode (H*, Cl,, Fe¥ ... ).
These compounds allow the occurrence of the dissolution of metal species present in the solid-liquid
matrix (pulp) under various mineralogical forms e.g., metal, oxides or sulfides. The metal cations
formed migrate to the cathode where the reduction can be selective or not. A separator is generally
placed between the anode and cathode to prevent the attrition of the metal deposit by the solid particles.

e Coupling direct electroleaching to electrodeposition

The principle is presented in Figure 1b. In this case, the anode is formed by the material to be
leached, alone, if its conductivity is sufficient, or mixed with fine carbon powder for enhanced electrical
conductivity of the anode.
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Figure 1. Scheme of the coupled electro-assisted leaching electrodeposition (a) and direct
electroleaching/electrodeposition (b) conducted in a single-cell.

Most studies devoted to coupling electroleaching to electrodeposition in a single-cell have been
carried out in aqueous media e.g., HySO4 or HCI solutions, with or without metal salts. The use of
non-aqueous media such as ionic liquids (ILs) usually exhibiting broad electrochemical windows,
could allow extension of the process to the case of noble metals (Pt, Pd, Rh ... ) and to the recovery of
metal elements such as rare-earths or tantalum, which is not possible in water-based liquids [8,9].

Examples of electroleaching/electroreduction processes at bench scale are presented in Table 1.

Table 1. Typical examples of coupled electroleaching/electrodeposition in a single-cell.

. . Number of Anode with Cathode with
Materials  Electroleaching o WE 2 (Reaction) (Reaction) Electrolyte Separator Ref.
. X Graphite - . .
Fe/Ni sulfides Assisted 2 (Cl; generated by Titanium Anolyte: NaCl/HCl Cation [0}

concentrates (Ni deposition) Catholyte: NaCl/HBO,  Exchange Membrane

oxidation of C17)
@ 20 o Aesisted N Leﬁd (H.Vdgs"e““fed Stainless steel Anolyte: HySO; Pl lenecloth (1]
ispersec I ssiste k Yy oxication o (Zn deposition)  Catholyte: H,S0,/ZnS0,  — © Y Propyiene cio
a sand matrix water) )
" o Stainless steel
PCB powder Direct 1 Stainless steel basket (Cu deposition) H,504/CuSOy4 - [12]
Ni/Cd spent Platinized titanium ' iim Anolyte: diluted HySO.
. + : 2504 P . 3
batteries Assisted 2 (H? generated by 4 jopoition)  Catholyte: H;S0;/Cds0, | OWYPropylenecloth — [13]
oxidation of water)
Membrane o
Eloctors Graphite Tonic liquid mixtures
cctrode Direct 1 Spent MEA raphie [BMIm]CI! - [14]
Assembly of (Pt deposition) (BMEnJTFSE2
spent PEMFC m
Carbon Paste )
e i ! Graphite Nay$,03 . -
Ag:S/Ag Direct 1 Electrode with (g deosition) NI [15]

Ag:S/Ag

BMIm = 1-butyl, 3-methylimidazolium; TFSI = bis(trifluorosulfonyl)imide.

This paper is aimed at presenting the potential of metal recovery from secondary raw materials
by coupled electroleaching electrodeposition on the basis of the systems shown in Table 1: in spite of
the differences in the examples and beyond the performance attained, efforts have been put here on
methodological aspects to be accounted for in the design of such processes, namely comparison of the
importance of reaction and transfer phenomena, together with the significance of complexation allowed
by the solvents, in particular with ionic liquids. The paper is divided into two parts. First, we present
coupled electroassisted leaching electroreduction in an aqueous medium for the case of zinc-containing
waste issued by steel manufacturing plants [11] and he “black mass” contained in nickel/cadmium
spent batteries [13]. In this part, investigation of the various physicochemical phenomena (chemical
reaction, transport, electrochemical processes) involved allowed better understanding of the overall
process, for possible design and estimation of capacities and limits of the technique. Secondly,
the coupled direct electroleaching electrodeposition in ionic liquids has been developed for spent
membrane electrode assemblies (MEA) of proton exchange membrane fuel cells (PEMFC) [14], for the
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recovery of Pt from the electrodes. The works described in this second part are more recent, and the
use of ILs for electroleaching/electroreduction is still poorly described in the relevant literature. In this
part, emphasis is put more significantly on the physicochemical aspects of Pt species to be dissolved in
ionic liquids, which had to exhibit high complexing properties while allowing Pt deposition at the
cell cathode.

2. Electro-Assisted Leaching/Electroreduction in Aqueous Media

2.1. Principle

The principle of electro-assisted leaching/electrodeposition studied here consists of the generation
of protons by electrochemical oxidation of water according to:

2HyO — 4H + Oy +4e” @)

Protons produced by reaction (2) can react with metals, metal hydroxides, or metal oxides.
Then, M** cations released, move towards the cathode compartment where they are reduced,
selectively or not, with a current efficiency depending on the reversible potential of M** /M couple
and taking into account the possible occurrence of water electro-reduction according to:

2H,O+2e” —20H™ +Hyg @)
2.2. Experimental Section and Methodology

2.2.1. Design of the Cell

Tests of electro-assisted leaching coupled to electrodeposition were carried out in
a laboratory-made cell [11], made of PVC and consisting of compartments—of a variable number.
Figure 2 shows a two-compartment cell. Its detailed description has been presented in previous
papers with different configurations in the treatment of zinc-containing waste [16], or black mass
from nickel/cadmium spent batteries [17]. In all cases, the cell was assembled with PVC elements
(9 cm high and 7 cm wide and with an adjustable depth). Fluid circulation in each compartment was
made possible by inlet and outlet tubes: one on the top of one side and a second at the bottom of
the other side. A peristaltic pump was used for circulation of the liquids at a flow rate fixed at 0.9 L
min~!. The cell—operated batchwise—was not covered by a lid for sampling of the solution, addition,
or extraction of the solid waste along the runs, stirring of the solid waste, and monitoring of variables
such as pH and potential, and finally for the evacuation of evolved gases e.g., Hp. Each compartment
was separated from the others by a polypropylene (PP) cloth.

Anode PP cloth Cathode

a |/

Ps
Gasket //
(Neoprene) 5 po

Holes

Figure 2. Laboratory-made cell for electro-assisted leaching and electrodeposition in aqueous media.
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2.2.2. Solid Waste

Various solids have been investigated in the above cell in the form of ground particles, as follows:

e  Synthetic Zn-containing waste: this synthetic solid was prepared by dispersing 10 wt. % zinc
oxide ZnO in sand.

e Reconstructed black mass from spent Ni/Cd batteries: the active powders from spent Ni/Cd
batteries (so-called “black mass”) were used. Black mass was recovered from end-of-life
SANYO batteries after manual dismantling [18]. The active powders of anode and cathode were
gathered and homogenized to give a reconstructed black mass. This material has the following
composition: 51 wt. % Cd(OH);, 30 wt. % Ni(OH),, 13 wt. % Ni, approx. 1 wt. % NiOOH and
about 2.5 wt. % Co(OH),.

e Waelz oxide was produced by carbothermal reduction of electric arc furnace dust (EAFD).
The sample studied was provided by Recytech S.A (Fouquieres-les-Lens, France). In this sample,
zinc was present in different forms: 90% ZnO, 8% Zn and 2% ZnFe;Oy)

e  Black mass from spent Zn/MnO, batteries. A sample of industrial black mass was provided by
Eurodieuze Industrie (Dieuze, France). This material was obtained after the different mechanical
stages as follows: crushing of spent batteries, magnetic sorting to recover steel chips, Eddy current
sorting to recover non-ferrous metals, and removal of plastics and papers by air entrainment.
Zinc and manganese form distributions were as follows: zinc (47.3% ZnO and 52.7% Zn),
and manganese (35.4% MnOOH and 64.6% MnO,).

e Industrial black mass from spent Ni/Cd batteries. This sample was also provided by Eurodieuze
Industrie (Dieuze, France). Its composition is given in Table 2 [19]. The main difference with
reconstructed black mass is the presence of small amounts of carbon and Fe/Fe(OH)3, resulting
from incomplete magnetic sorting.

The three black mass solids investigated consisted of coarse particles, with an average diameter
near 1 mm, whereas the particles of zinc-containing solids were somewhat finer, with an average
diameter in the order of 200 um.

Table 2. Composition of industrial black mass coming from spent Ni/Cd batteries [19].

Black Mass Ni(OH), Ni Cd(OH), Cd Co(OH), Co Fe(OH); Fe C
Composition (wt. %) 28.7 20.2 37.2 33 1.6 0.3 1.0 06 20

2.2.3. Experiments

As a first step and for each waste, leaching and electrodeposition have been separately investigated
in conventional laboratory cells. These preliminary investigations aimed at determining the leaching
kinetics of the waste components and the optimum current density for obtaining a compact, regular
metal deposit.

Then, these two steps were achieved in the cell shown in Figure 2 with various configurations,
in particular with two or three compartments, with or without fluid circulation and with or without
stirring of the solid-liquid suspension, in order to follow the time variations of the concentrations of
the various species. For investigation of electro-assisted leaching without electrodeposition of the
leached species, an anionic-supported membrane (Eurodia) was installed to replace the PP cloth, which
separated the cathodic compartment from the central chamber containing the suspension [11,20].

Tests of combined electroleaching-electrodeposition were aimed to define the best electrolytes
compositions and the optimal operating conditions (current density, influence of fluid circulation,
and waste stirring) for the highest performance of the cell, in terms of leaching and deposition
efficiencies, quality of the metal product, and purity of the solution recovered at the end of the runs.
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e Configuration of the cell for zinc electroleaching/electrodeposition

A three-compartment cell was used (Figure 3). Synthetic waste was introduced in the central
chamber (2.5 cm thick) separated from anodic and cathodic compartments by polypropylene clothes
(Sefar Fyltis).

( H* —— 12H'+Zn0—>H,0+Zn?* | —> Zn2*
H,0
Zno—>
‘Earticles
; Zn
)
) )
5 )
)
Polypropylene ) )
clothes ) .
Sand impregnated
with electrolyte

Figure 3. Cell configuration for electro-assisted leaching/electrodeposition applied to ZnO/sand mixture.

A lead plate anode was inserted in the cell, whereas the cathode was either a stainless steel or
an aluminum plate. Both electrodes had the same active area, at 53 cm?. The anolyte was a diluted
H,SOy solution to ensure a sufficient electrical conductivity and to minimize the ohmic drop in the
early stages of the experiment. For the same reason, ZnO/sand solid was impregnated by diluted
H,SOy4. The catholyte was a mixed HySOy4, ZnSOy solution.

e Configuration of the cell for Ni/Cd electroleaching/electrodeposition

A two-compartment cell was used (Figure 4) with a platinized titanium anode for O, and H*
generation, and an aluminum cathode (active area near 53 cm?). Black mass was directly added
to the anodic compartment with diluted H,SO4 as the anolyte solution. Catholyte was a mixed
H,50,/CdSO;4 solution. A PP cloth (Mortelecque, France) separated the two compartments.

Black Mass impregnated with

L Cd2+ —1 Cd2+

—> C02+

Cd

L N2

Catholyte

PP cloth

Figure 4. Cell configuration for electroleaching/electrodeposition applied to Ni/Cd Black Mass.
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In comparison with the ZnO/sand blend, leaching reactions were more complex.
Electro-generated protons were consumed in:

e Acidic dissolution of metal hydroxides after:

M(OH), + 2 H* — M?** + 2 H,0O* (4)
e Oxidation of metal cadmium:
Cd +2H" — Cd* + Hy, (5)
e Reduction of NiOOH:
4NiOOH + 8 H" — 4 Ni** + 6 HO + Oy (6)

The three industrial samples were investigated with the cell configuration shown in Figure 4.
2.3. Results and Discussion

2.3.1. Synthetic Zinc-Containing Waste

The study of optimal conditions of zinc electrowinning [21] had shown that operating at a current
density of 450 A-m~2 allowed formation of a compact zinc deposit. The best electrolyte compositions
for combined electro-assisted leaching and electrodeposition treatment were found to be as follows [11]:
(i) 125 mL of H,SO4 0.01 M introduced in the cathode chamber; (ii) the central (waste) compartment
filled with 100 mL of 0.01 M HpSOy, 0.5 M ZnSQOy in the presence of 133 g ZnO-sand mixture; (iii) the
catholyte was 125 mL 0.5 M H,SO4 0.5 M ZnSO,4 medium. This last composition was selected after
thorough studies of zinc deposition in a Hull cell with various Zn sulfate sulfuric solutions [21].

In typical runs, the three-compartment cell was operated for 6 h at 450 A-m~2: 97% of the ZnO
introduced was leached, and 75% of the leached zinc could be recovered in the form of compact metal
without dendrites and exhibiting no powdery aspect—this fraction is called here deposition yield,
and the deposition current efficiency attained 60%. It was also shown that circulation of electrolytes
and stirring of the pulp had a positive influence on leaching and deposition processes, for the latter
process in terms of current efficiency and morphology of the deposit produced.

The power consumption for this treatment was estimated at 23.7 kWh-kg~!. Even if this value
was in good agreement with the work of Page et al. [10], it was much higher than that required for
the only zinc electrodeposition from sulfate/sulfuric medium, near 3.5 kWh-kg~! [22] or even the
free enthalpy difference in a zinc performing Zn deposition and oxygen evolution under standard
conditions, at approx. 1.63 kWh-kg~!. It should be noted that the power consumption involved in the
electro-assisted leaching operation was not accounted for in [22] and the above thermodynamic energy
estimated relies also a 100% current efficiency for Zn deposition. Moreover, the design of the cell for
these first tests was far from optimal, with presumably significant ohmic drop due to appreciable
electrode gap in the laboratory cell, in addition to the electrode overpotentials. Therefore, in order to
decrease the power consumption, it was decided that one compartment would be removed to avoid
the resistance induced by the cloth, and to reduce the distance between the two electrodes. All tests
with industrial wastes were performed with a two-compartment cell.

2.3.2. Reconstructed Black Mass from Spent Ni/Cd Batteries

The objective of this study was to obtain, on one hand, a solid residue containing only metal nickel
and carbon, and on the other hand, metal cadmium of acceptable quality. This study also intended to
produce a pure cadmium-free solution of metal salts. A current density of 350 A-m~2 was shown to
correspond to the best conditions for the combined leaching and formation of a compact cadmium
deposit at the cathode [20].
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Optimum electrolyte compositions [13] were as follows. The cathode chamber was filled with
a suspension prepared with 170 mL of 0.05 M H»SO4, with 20 g reconstructed black mass, whereas the
anolyte was 156 mL 0.05 M H,SOy, and 0.6 M CdSOj. It was also observed that more regular operation
was allowed with continuous circulation of the two media in the compartment, with stirring of the
suspension in the anodic chamber.

During all experiments, samples were collected regularly in each compartment with a view to
monitor the variations of cadmium, nickel, cobalt, and acidic species (H" and HSO, ) concentrations
along time.

After 5 h treatment, the solid residue, the cathodic deposit, and the electrolytes were submitted to
analysis: the results are reported in Table 3.

Table 3. Composition of electrolytes and solids after 5 hr treatment at 350 A-m 2.

Cd Ni Co Ni(OH), Cd(OH), C

Catholyte (g-L™1) 0.3 11.2 0.9
Anolyte (gL 1) 214 159 0.9 - - -

Deposit (wt. %) 99.7 0.2 0.02
Solid residue (wt. %) 0 79 0 17 2 2

It can be seen in this Table that the residual solid contained predominantly nickel and that the
cadmium deposit was of a high purity (99.7%). The leaching yield of cadmium was close to 99%.
Because of its low cadmium content, the catholyte should be valuable in nickel industry after hydroxide
precipitation. The obtained anolyte was a mixed Ni Cd solution which could be reused to prepare the
catholytic solution for further runs.

As also observed for the treatment of zinc-containing waste, the performance and efficiency of
the overall operation was governed by several factors: generation of protons at the anode, dissolution
of the particles, transport of metal cations to the cathodic chamber, in particular through the cloth,
and electrochemical deposition. As a matter of fact, several phenomena appeared crucial in the overall
performance [20]:

e Leaching of solid particles was revealed to be controlled by both mass transfer of protons to the
solid surface, and by the rate of surface chemical reaction: use of finer waste particles improved
the overall process efficiency.

e  Transport of generated metal cations occurs by migration, in addition to possible occurrence
of convection and diffusion. The current density is fixed in the chronopotentiometric runs,
so metal cations are selectively transported to the cathode if their transference number is high,
i.e., if that of protons remains at a low/moderate level: for this reason, the solution pH has to
obey a compromise between sulfficient fast leaching of metal oxides or hydroxides and a moderate
content of acidic ions.

e Such compromise in acid concentration is also important for the electrodeposition step at the
cathode, for the sake of little significant side evolution of hydrogen, and to avoid formation of
metal hydroxide at the cathode surface, with local pH larger than that in the bulk.

e  Transport through the PP cloth can be also rate-controlling, in particular with using materials
prepared with woven bundles of thin polymeric fibers and exhibiting a low overall permeability.

These conclusions could guide the definition of operating conditions for treatment of industrial
wastes, and help in the design of an electroleaching/electrodeposition process.
2.3.3. Industrial Samples

The experimental conditions and results obtained in the optimized treatment of the three industrial
wastes are summarized in Table 4.
The data reported in Table 4 allowed the following conclusions on the process to be drawn:

56



Metals 2018, 8, 556

e Waelz oxide. Initially at 5 wt. %, the residual solid was lead-enriched, with a final fraction at
35% after the run. Lead was in PbSO, mineralogical form. This solid could be reused in lead
metallurgy. Moreover, 99.9% zinc deposit was produced, for possible reuse in galvanization
processes. The final anolyte could be used as a catholyte for further runs, after upgrading by
concentration adjustment.

e 7Zn-MnO; spent batteries. The treated solid contained a slight amount of zinc and its manganese
concentration was almost increased twofold. Pure zinc was deposited at the cathode, and the
electrolytes could be reused for further treatment runs.

e Ni/Cd spent batteries. Nickel and cadmium hydroxides were entirely leached. Metal nickel
and carbon concentrations in the solid recovered were increased fourfold. This could be of use
in nickel metallurgy. The Cd cathode deposit does not have a large market value but could be
dissolved to prepare new electrolytes. The anolyte could be reused as catholyte for further runs
or could be of use in nickel metallurgy after precipitation of the hydroxides.

Table 4. Electro-assisted leaching/electrodeposition of various industrials wastes (or byproduct) in the
discontinuous process.

Zn-MnO; Spent

Waelz Oxide [11] Batteries [11]

Ni/Cd Spent Batteries [19]

J(A-m~2) 450 350
Run duration (h) 6 8 6
Type of anode Pb Platinized Titanium
Anolyte volume (mL) 130 150 170
A ) H,SO04: 0.1
& Anolyte composition (M) gﬁgg{' 8'; Addition of 3 mL 2 M
B 4 CdSOy every 60 min
<
S Type of cathode Al Al
g Catholyte volume (mL) 125 150 220
v
£ - H,S04: 0.5 H,S0y: 0.25 H,S0y: 0.5
5 Catholyte composition (M) ZnSOy: 0.5 ZnSOy: 0.5 CdSOy: 0.49
x
= Weight of processed solid (g) 20 25 30
Procedure for solid addition Initial introduction 5 gatinitial time, then 5 g
added every hour
Procedure for extraction Extraction every hour before
of the residual solid Extraction at the end of the run addition of solids
Procedure for extraction Extraction every hour
of the deposit Y
Leaching yield Zn: 99.1 Zn: 96.3 Ni(OH); and Cd(OH);: 100
Yields (%) Faradaic yield 61 37 52.6
Deposition yield 61 75.7 56.8
After electro-assisted leaching/electrodeposition
Zn: 0.3 Ni: 82.8
Residual solid composition (wt. %) Pb: 34.9 1\2 ﬁz C:87
esidual solid composttion twt. 7o Fe: 4.7 s Cd: 14
Si: 10.6 o Fe: 1.1
Weight of deposit (g) 10.7 8.6 134
. . Zn: 99.9 Zn: 99.8 Cd: 90
o
Deposit composition (wt. %) Pb: 0.06 Cu 0.09 Cd(OH),: 10
] H,S0y: 0.6 H,S0y: 0.54
Anolyte composition (M) 221284 8;2 ZnSOy: 0.2 NiSOy: 0.25
4 MnSOy: 0.1 CdSO,: 0.13
) H,S0: 0.09 H,SO4: 0.7
Catholyte composition (M) %284; 8‘8i ZnSOy: 0.02 NiSOy: 0.21
v MnSOy: 0.1 CdSOy: 0.02
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3. Direct Electroleaching/Electrodeposition of Platinum in Ionic Liquids

Ionic liquids (ILs), which are molten salts with a melting point below 100 °C, are very attractive
electrolytes due to their unique properties: they exhibit in particular very low volatility, good thermal
stability, and a wide electrochemical window. This window is usually far larger than 2 V, which makes
it possible to perform anodic dissolution and electrodeposition of various metals with a limited ionic
liquid degradation [8,23,24]. ILs appear promising for the recovery of hardly reducible metals [9,25,26],
or noble metals of troublesome oxidation [27-30]. Moreover, ILs composed of coordinating anions
(suchas C17, Br~, SCN™, N(CN), ™ ... ) are particularly interesting for leaching purposes, since the
reachable concentration of the ligand can be as high as 10 M.

3.1. Experimental Section

3.1.1. Chemicals

1-butyl-3-methyl imidazolium chloride (BMIM Cl) (99%) and 1-butyl-3-methyl
trifluoromethanesulfonate (BMIM  OTf) (98%) were purchased from Tolitec®.  Silver
trifluoromethanesulfonate (Ag OTf) was purchased from ACROS®. 1-butyl-3-methyl imidazolium
bromide (BMIM Br) was prepared according to the procedure described in [31]. 1-butyl-3-methyl
imidazolium bis(trifluoromethylsulfonyl)imide (BMIM TFSI) was also prepared as reported in [32].

3.1.2. Electrochemical Experiments

All electrochemical experiments were performed at 100 °C, using a VSP-300 (Biologic®, Claix,
France) potentiostat controlled with EC-Lab software and a three-electrode cell. The Ag*!/Ag reference
electrode was prepared by immersing an Ag wire (& = 1 mm, Alfa Aesar®) in a 10 mM AgOTf solution
in BMIM OTf placed in a salt bridge (AL120, CTB Choffel). Voltammetric experiments were performed
using glassy carbon or platinum disks (& = 3 mm and 2 mm, respectively) as working electrodes,
and a glassy carbon disk (& = 3 mm) as a counter electrode. The sweep rate was fixed at 20 mV-s~1.
The disk electrodes were polished mechanically using 5 um and 0.3 pm abrasive bands (Radiometer
Analytical®) before each electrochemical experiment. Electroleaching experiments were performed
in potentiostatic mode using a 1 cm? platinum plate (99.99%, AMTS®) or a sample of used PEMFC
electrode as the anode. A glassy carbon plate with a surface equal to 1 cm? was used as the cathode.
The volume of solution used was 8 mL. Unless otherwise stated, the experiments were performed
under inert atmosphere, in a MBraun® Labstar MB 10 Compact glove box, with O, and H,O contents
below 0.5 ppm.

3.1.3. Determination of Dissolved Platinum Concentration

The amount of leached platinum was determined by gravimetry and atomic absorption
spectrometry (AAS). The platinum plate anode was weighed before and after its electrochemical
dissolution, after rinsing with distilled water and acetone. A quantification method specific to ILs
was developed in a previous work to determine platinum concentration by AAS [32]. All AAS
measurements were conducted using a Varian® AA 240 spectrometer, controlled with the SpectrAA®©
software (Agilent Technologies, Santa Clara, CA, USA).

3.1.4. Leaching of Platinum Nanoparticles from MEAs

PEMEFC electrodes were supplied by LITEN-CEA in Grenoble. The electrode ink was prepared by
mixing Vulcan XC-72 Carbon with 47.3 wt. % of platinum and 26 wt. % of Nafion solution in the mixed
organic solvent. The ink was then deposited on the gas diffusion layer consisting of a macroporous
substrate treated with 5% PTFE (Polytetrafluoroethylene) and a microporous layer. The average
platinum amount on the used PEMFC electrodes recovered was determined to be close to 75 pg-cm 2.

The electrodes were characterized before and after dissolution experiments using a Tescan® Vega 3 SBU
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Easy Probe SEM (Scanning Electron Microscopy) with a Bruker® XFlash Detector 410 M controlled by
Espris© 1.9 Software (Bruker, Billerica, MA, USA) to perform EDX (Energy Dispersive X-ray) analysis.

3.2. Results and Discussion

3.2.1. Electrochemical Leaching and Electrodeposition of Platinum

We demonstrated previously the feasibility of anodic dissolution of platinum followed by its
recovery by electrodeposition at a carbon cathode [32,33], using IL electrolytes at temperatures near
100 °C. The electrolyte was a mixture of two ILs having a common cation, BMIM?*, associated with
two different anions: CI~ and TFSI~. BMIM CI was chosen due to the complexing property of
chloride anions for platinum. However, whereas a high chloride concentration favors the leaching of
platinum, it inhibits the metal electrodeposition, which means that BMIM Cl cannot be used alone here.
In order to reduce the complexing ability of the electrolyte and allow occurrence of Pt electrodeposition,
BMIM Cl was used as a solute with another IL—BMIM TFSI—acting as the solvent, since TFSI™ anion
is known to be a low coordinating species. Moreover, the use of such mixed ILs instead of pure BMIM
Cl exhibits further advantages: the mixture is liquid at room temperature, far less viscous than pure
ILs at the temperature of interest, and far less hygroscopic. The optimum electrolyte composition was
determined for both electrochemical leaching and the electrodeposition of platinum using a single cell
process operated in potentiostatic mode.

Further works were dedicated to a deeper understanding of the electrochemical reactions involved
in the IL melt. More specifically, the influence of applied potential on the speciation of platinum and
on the efficiency of the leaching step was studied in terms of rate and faradaic yield.

Figure 5 presents the linear voltammetric curves obtained using a platinum disk as a working
electrode in BMIM TFSI or BMIM Cl alone, and in the mixed IL, whose composition was found to be
optimal for Pt recovery.

254
20
——— BMIM TFS| + BMIM CI 0,25 M A
15 - — BMIMTFSI
i R BMIM CI
o 104
i
E P
< °7
‘g‘ L
— 04 — -
fi
-5 p
1 !
10 4 1
I N I ' 1 N 1 ! T N I '
-2 -1 0 1 2 3

E (V vs Ag"/Ag)

Figure 5. Linear sweep voltammetry on a Pt electrode in various ionic liquid media under inert
atmosphere at 100 °C, sweep rate = 20 mV.s— L

The cathodic stability was identical for the three electrolytes, and limited by the reduction of
the BMIM™* cation [34] at —1.5 V vs. Ag*!/Ag. We have previously demonstrated that Pt cannot be
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oxidized in BMIM TFSI [32]. The oxidation signal observed at 2.8 V vs. Ag*l/ Ag in BMIM TFSI and in
the IL mixture corresponds then to the oxidation of the TFSI™ anion [34] (7):

N(502CF3); — -N(502CF3)2 + e (7)

It has been previously shown that the anodic signal observed in BMIM Cl for potential values was
higher than 1 V vs. Ag*!/Ag, and the oxidation peak A; recorded in 0.25 M BMIM Cl in BMIM TFSI
corresponded to both of the two following oxidation reactions (8) [35,36] and (9), whose occurrence
cannot be distinguished from each other in the voltammograms:

3CI" > Cly” +2e” @)

Pt+xCl” - PtCLYY * +ye” )

The oxidation of chloride ions must be of little significance for high leaching faradaic yields,
and also to avoid appreciable electrolyte degradation.

The speciation of platinum and the efficiency of the leaching step were studied depending on the
electrode potential in the range 1.15-2.1 V vs. Ag*!/Ag. Quantitative analysis of platinum content in
the electrolyte after leaching was performed by atomic absorption spectrometry (AAS), using analytical
procedures specific to ILs media developed previously [32]. Speciation of dissolved platinum was
determined by electroanalytical techniques.

Figure 6 compares a voltammogram obtained in the medium after potentiostatic leaching
at E = 14 V vs. Ag*l/Ag, to that recorded in the same IL mixture containing 15 mM PtCly:
the two voltammograms were similar to whatever potential value was applied for leaching in the
above range. Two reduction signals were seen on the i-E curves: peak C; at —0.1 V and peak
C, near —1.3 V vs. Ag*!/Ag. No platinum deposit was obtained by applying a constant potential
corresponding to Cy, this signal was therefore attributed to the reduction of PtV to Pt*Il. On the
contrary, pure platinum could be deposited at —1.3 V vs. Ag*'/Ag, which means that C, corresponds
to the reduction of Pt*" to PtO. It can then be concluded that platinum is leached in the form of Pt*TV
beyond 1V vs. Ag*l/Ag.

0.0
0.5
-1.04
E
O -1.5-4
<
E
T 204
ST e BMIM TFSI + BMIM C1 0.25 M
254 - = =-BMIM TFSI + BMIM CI 0.25 M + 15 mM PtCI,
7 ——20.5 mM Pt leached in BMIM TFSI + BMIM Cl1 0.25 M
3.0 - . T T T Y T ¥ T : 1
-2.0 -1.5 -1.0 -0.5 0.0 0.5

E (V vs Ag'/Ag)

Figure 6. Linear sweep voltammetry performed on a glassy carbon electrode in IL melts under inert
atmosphere, T° = 100 °C, sweep rate = 20 mV-s~1.
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According to the literature [28,37,38], PtV should be dissolved as a chloride complex.
This hypothesis was confirmed by amperometric titration of free chloride ions before and after
platinum leaching. It was found that six chloride ions are consumed from the leaching of one Pt
atom, which indicates that leached Pt in the IL mixture was in the form of a PtClg2~ complex, as is
usually observed in aqueous media.

Chronoamperometric tests of Pt electroleaching were carried out with 1 cm? Pt anode,
with a glassy carbon cathode of comparable area. Runs were conducted for a given charge pass,
controlling the anode potential. Figure 7 clearly shows that the anode potential had a strong influence
on platinum leaching, for both the leaching rate—deduced from the current density—and the faradaic
yield. The higher the applied potential, the lower the leaching rate and the faradaic yield: this means
that chloride oxidation is favored at higher potential values. Faradaic yield up to 100% can be reached
at “low” applied potential, i.e., below 1.3 V vs. Ag*l/Ag, which means the electrolyte degradation
by chloride ions oxidation is very little significant in this domain. The corresponding leaching rate
is in the order of 3.3 mg-h~!-cm~2, which is comparable to the rate obtained in aqua regia solution
reported at 4 mg-h~1-cm~2 in [25]. Taking into account the molecular weight of Pt and the leaching
involving four electrons, this corresponded to a current density of a few mA-cm~2.
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Figure 7. Influence of the applied potential on the leaching rate of platinum and corresponding faradaic
yield in runs conducted at Q = 55 C-cm 2.

Electrodeposition of Pt was then performed in Pt-containing IL mixture, with a 1 cm? glassy carbon
cathode. The cathode potential was controlled in chronoamperometric runs in a range corresponding
to the reduction of Pt™" to Pt’, using a Pt plate as an anode. This latter was electrochemically leached
during the electrodeposition of Pt at the cathode. It was preferential to add Pt salts at 7.5 mM to allow
the occurrence of cathodic reactions in the first minutes of the runs. Deposition of Pt on the cathode
was observed to be effective with a cathode potential at —1.3 V vs. Ag*!/Ag in the 10 h-long test.
The anode potential was stable and equal to 0.91 V vs. Ag*'/Ag, a potential value that corresponds to
maximum faradaic yield conditions.

Platinum recovery from conducting waste by electroleaching and electrochemical deposition
(E/E) in a single cell can then be considered by controlling the cathode potential, without degradation
of the electrolyte.
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3.2.2. Application to the Recycling of Platinum Contained in PEMFC

This experimental procedure was applied to the recovery of Pt used as catalyst in PEMFC. PEMFC
electrodes are carbon-based substrates on which Pt nanoparticles are deposited. A sample of PEMFC
electrode with an area of 1 cm? was placed as an anode, and the cathode was a glassy carbon plate.
Because of the very small amount of Pt—nearly 75 pg-cm~2 in the used PEMFC electrode—the
IL electrolyte was enriched in Pt prior PEMFC electrode treatment by electrochemical leaching of
a platinum plate: as expected by the charge passed, the concentration of Pt (IV) ions produced was
measured by AAS at 7.5 mM. The combined electroleaching/electrodeposition test was conducted for
10 h.

The SEM aspect of the fuel cell electrode before (a) and after (b) treatment is shown in Figure 8,
on the left side. The black part of the SEM image (a) corresponds to the carbon substrate whereas grey
areas are for platinum nanoparticles deposited on the electrode. All the platinum nanoparticles of the
PEMEC electrode were leached during the 10 h run (b)—as confirmed by EDX measurements—whereas
pure platinum was deposited at the cathode (c). The Pt concentration in the IL bath was not visibly
changed by the run.

Electrochemical leaching Electrodeposition
Before tr After tr
B Pt nanoparticles Pt deposit
4e+BCl
PtClg2
®- Fo JO
6 Cl-

Figure 8. Electrochemical recovery of platinum used in PEMFC electrodes in a 1-butyl-3-methyl
imidazolium bis (trifluoromethyl) sulfonyl imide (BMIM TEFSI) + BMIM Cl melt containing 7.5 mM of
leached Pt under inert and ambient atmosphere.

Coupling of electroleaching to electrodeposition of Pt in IL media has been shown to be
a promising route for the recovery of Pt from spent PEMFC. To date, the Pt catalyst represents around
45% of the total cost of a PEMFC so Pt recycling could be a promising route to reduce the production
costs. The current, conventional process for Pt recovery from spent catalysts is very complex, involving
several steps, some of them requiring organic solvents or strong acidic solutions e.g., aqua regia.

Further works will consist in the study of experimental parameters that influence the
electrodeposition faradaic yield and the morphology of the platinum deposit (applied potential / current
density, Pt initial concentration of the electrolyte, nature of the substrate, etc.). The global process
parameters can then be optimized for the sake of high recovery yield at an acceptable rate, together
with a as long a lifetime of the electrolyte as possible.

This work demonstrates once more that ILs are suitable media for the recovery of precious metals.
More specifically, IL melts are promising, since physical and chemical properties of the electrolyte can
be tuned to the nature of the metals to be recovered, with a high selectivity even from waste containing
numerous other elements.

4. Conclusions

Coupling direct or assisted electroleaching to electrodeposition (E/E) in the same cell is
an innovative technology classified as a hydrometallurgical hybrid process. This method allows
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the two key steps of the hydrometallurgical processes to be performed in the same reactor, as shown in
several worked examples. E/E could be successfully applied to different kinds of waste: electrode
materials from end-of-life spent batteries and accumulators (Zn/MnO,, Ni/Cd), Waelz oxide, and more
recently, MEAs issued from used PEM fuel cells. Whatever the anolyte used—aqueous or ILs—leaching
can be performed in soft conditions, avoiding the use of concentrated acids. In ILs, precious metals
can be oxidized without hazardous ligands such as cyanide ions. Regarding leaching selectivity,
in the examples shown with aqueous solutions, leaching relies on electrogenerated protons, and high
selectivity would not be obtained in all conditions; in contrast, in ILs with direct electrochemical
leaching, applying the suitable anode potential for the targeted element results in high dissolution
selectivity. In aqueous media, selective electrodeposition of the targeted metal is feasible, even with
complex catholytes, as shown with the (Cd**, Co?*, Ni?*) catholyte obtained from the black mass
issued from spent Ni/Cd accumulators. Use of ILs as an electrolyte allows recovery at the cathode of
metals whose reduction cannot be envisaged in aqueous media.

For coupled electro-assisted leaching/electrodeposition in aqueous media, existing published
data and developed chemical engineering methodologies are often sufficient to consider in the short
term for a pilot process to be designed. In contrast, E/E in ILs is a very new concept for which
additional investigations are required for possible development of this promising route; in particular
on (i) improved knowledge in metal speciation in ILs with suitable analytic methods; (ii) better
durability of the ILs used in a process with nearly perfect selectivity of electrode processes, and (iii)
enhancement of current densities for higher production rates by improvement of IL properties and
cell designs.
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Abstract: Task Specific Ionic Liquids (ILs) were generated by association between a cationic
ester derivative of betaine and coordinating inorganic anions such as dicyanamide (Dca™),
chlorosalycilate (ClSal) and saccharinate (sac). Extraction of Cu(II), Ni(II), Co.(II), Pb(II) and Cd(II)
from water was performed with these ILs at room temperature. Our results show that ionic
liquid with Clsal anions have a high extraction efficiency towards Cu(II), Ni(II), Cd(II), and Pb(II),
whereas dicyanamide ionic liquid may extract efficiently Cu(II), Ni(II) Co.(II) and Cd(II). Ionic liquids
with saccharinate anions are selective of Cd(II) ions. The extraction mechanism has been studied
by the determination of the coextraction of the counter ion of the metal salt. Our results show
that the extraction mechanism proceeds via a mixed process involving both cation exchange and
ion-pairing. The proportion of which depends on the nature of the cation. The coordination of Cu(Il),
Ni(II) and Co.(II) in ionic liquid phase was followed by UV-vis spectroscopies. The metal could be
back-extracted from the ionic liquid phase with aqueous EDTA solutions. The metal extractability of
the ionic liquid after the back-extraction is equivalent to that of the fresh mixture showing that ionic
liquid can be reused for several extraction and back-extraction cycles.

Keywords: ionic liquids; metal extraction; liquid-liquid extraction; back-extraction; reusability

1. Introduction

The rapid growth of industrial activities in recent years has led to a significant increase in the
volume and toxicity of industrial effluents containing heavy metals. Heavy metals have a significant
toxicity towards humans and the environment [1], whence the profusion of regulations governing the
treatment and removal of heavy metals from industrial effluents.

Pollution reduction will, in the future, generate economic profits, because of the continuous
increase in the value of metals [2]. The elimination of metals from industrial effluents may be
achieved by technologies such as chemical precipitation, coagulation, solvent extraction, electrolysis,
membrane separation, ion-exchange, and adsorption [3,4]. Among them, liquid-liquid extraction is
one of the most performing technologies for the recovery of metal ions, from industrial wastewaters.
This technology uses extracting agents and organic solvents (kerosene, toluene, etc.) as diluent. The loss
of organic diluent via volatilization, during extraction processing, generates negative environmental
impact and may cause serious damage on human health. Consequently, “greener” extraction methods
are being sought, and the use of ionic liquids (ILs) constitutes a possible alternative for the replacement
of traditional organic solvent [5]. In the last decade, significant works have shown that Room
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Temperature Ionic Liquids (RTILs) are potential substitutes for traditional solvents in liquid-liquid
extraction processes, for the separation of metal ions [6-9]. Another specific advantage of ILs
concerns the possibility of metal recovery by electrodeposition [10]. However, the conventional
ionic liquids have a limited efficiency for metal extraction. The use of Task-Specific Ionic Liquids
(TSIL) [11-19] by functionalizing organic cation with chelating moieties to increase the affinity
of metals for the IL phase may overcome this problem. Ionic liquids with a coordinating anion
represent another strategy to increase the recovery of metals by the IL phase. ILs with fluorinated
acetylacetonate ligands have shown interesting effectiveness for the extraction of Eu(Ill), Nd(III),
and Co. (II) [20,21]. The development of “green” extraction processes with IL requires a knowledge of
the mechanisms involved, for the transfer of ions between IL and the aqueous phase, to privilege the
use of ionic liquids limiting the ionic exchanges between the aqueous and organic phases [22-26]. Here,
we report the ability of task-specific ionic liquids to remove heavy metals from water. The quaternary
ammonium cations derivative of betaine {tri(n-butyl)(-ethoxy-2-oxoalkyl)ammonium (BuNC,*)}
were associated to non-fluorinated coordinating anion such as sacharinate (Sac = C;H4NO3S™),
chlorosalicylate (ClSal = C;H505 ™) and dicyanamide (Dca = C;N3 ™) to generate hydrophobic ionic
liquids (Figure 1), use as pure extracting phase [13,27,28]. The potential of ILs with chelating anions,
as extracting agents, was investigated towards divalent toxic metals Cu(II), Cd(II), Ni(II), Co.(II) and
Pb(II). The choice of the betaine derivative is justified by its accessibility via simple synthetic route,
by its availability, the cost of starting materials, and its structural modularity, which allows the control
of the hydrophobicity of cation by varying the alkyl chain length bound to the ammonium group.
The choice of anions is dictated by their hydrophobic and chelating nature. The sacharinate and
chlorosalicylate anions [29,30] are known for their complexing capacity towards heavy and first row
transition metals, respectively. The dicyanamide anion is a cheap anion that is easy to handle to
generate ILs. Its chelating ability for metal ions is well known [31,32] and the ability of the Dca™ ionic
liquids to extract Cu(Il) and Ni(II) from water [26,33,34] was shown in a previous study.
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Figure 1. Structure of different analogues of glycine betaine based ionic liquids used in this study.
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2. Experimental Section

2.1. Chemicals and Reagents

All chemical and reagents used in this study were used as received without further purification.
Sodium nitrate (99%) sodium chloride (99%), sodium dicyanamide (99%), Tri(n-butyl)amine (99%),
1-butanol (99%) and ethyl bromoacetate (98%) were obtained from Sigma-Aldrich (Diegem, Belgium).
Ethylenediaminetetraacetic acid disodium salt dihydrate (99%), methanesulfonic acid (99%),
1-octanol (99%), sodium saccharinate (99%) and 4-chlorosalicylic acid (99%) was purchased by Acros
(Ilkirsh, France).

The solutions of metals were prepared by dissolving their corresponding nitrate salt
(analytical grade purchased from Sigma-Aldrich (Saint Quentin-Fallavier, France)-Fluka Chemical
(Bucharest, Romania,) in double distilled and deionized water.

2.2. Analytical Measurements

Elemental analyses (C, H, and N) were carried out on a Perkin-Elmer 2400 C, H, N element
analyzer in our university. The UV-visible spectra of metal solutions were recorded using a Carry-5000
Varian spectrophotometer. Routine 'H NMR spectra were recorded in deuterated dimethyl sulfoxide
C,D40S at room temperature with a Bruker AC 250 spectrometer. Chemical shifts (in ppm) for 'H
NMR spectra were referenced to residual protic solvent peaks. The metal analyses were performed by
UV-vis spectroscopy using EDTA for Cu(Il) and Ni(II) and by ICP-OES, Thermo Fisher ICAP Series for
Cd(I) and Pb(II). The concentrations of NO3; ™~ ions in aqueous solution before and after extraction
were determined by ion-HPLC with a Metrohm with a conductivity detector.

2.3. Extraction Experiments

Metals nitrate aqueous solutions were prepared in deionized water. Metal ions distribution ratios
were determined by mixing 0.5 g of IL and 2 mL of aqueous phase. The mixture was shaken for 24 h to
reach equilibrium and then centrifuged at 2000 rpm for 5 min. The separated organic and aqueous
phases, both clear and transparent, were then separated for analysis. The aqueous phase composition
was analyzed by spectrophotometry UV-vis or by ICP-OES. The metal ion concentration in the IL
phase was deduced from the difference between the concentration of metal ions in the aqueous phase
before and after extraction. The efficiency of the extraction process was evaluated by calculation of the
extraction percentage (% E) using the following equation:

(Cin - Cfin)

in

E =100 * (1)
where C;, (mol L) is the concentration in the initial aqueous solution and Csin (mol L71) is the
concentration in the final aqueous solution. The metal extraction percentages (% E) were determined
at 25 °C. The initial concentration of metal solutions is fixed at 5 x 1072 mol L~!. The experiments
were made in triplicate to ensure the reproducibility of the assay, and the mean values of extraction
yields were considered for each system studied. The distribution ratio (D) is calculated using the
following formula:

<Cin - Cfin) Vi

D= -
Cfin ViL

2
Vw and V7, correspond to the volume of water and ionic liquid phases, respectively. The maximum

D value measurable in this study is assumed to be 5 x 102. The relative uncertainty on D is £10%.
Experimental results done in duplicate agree within 5%.
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In back-extraction experiments, the IL phase with metal extracted was contacted with 2 mL
of aqueous disodique EDTA solution (C = 107! mol-L™! of Nay,H,Y) during 4 h under stirring.
The percentage of metal back extracted has been determined from the analysis of aqueous phase.

3. Results and Discussion

The preparation of different ILs was carried out by three main steps: the first step is the preparation
of bromide precursor (BuNC,OC,-Br) and the second step is the preparation of the cationic ester
derivative of betaine by transesterification of BuNC,OC,-Br with butanol or octanol. The third step is
the anionic metathesis reaction to generate hydrophobic ILs. The synthetic pathway is given in Figure 2.
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ROH | MeSO;H

2 \/\/
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Y= Sac, ClSal or Dca R= n-butyl or n-octyl

Figure 2. Synthetic route of hydrophobic ionic liquids.

The preparation of bromide salt can be considered as the least difficult step; this reaction is
performed in mild conditions. The bromide salt powder was recovered through simple filtration with
a quantitatively yield.

In the second step, the strategy used for the esterification reaction is to perform the reaction
without any additional solvent; alcohol was also considered as solvent. Methanesulfonic acid was
selected as reaction catalyst. It is the best candidate for a green synthesis route, often recyclable and
less aggressive than conventional acids [35]. Anionic metathesis between the ester formed and sodium
saccharinate, sodium dicyanamide and sodium chlorosalicylate is carried out in water and led in all
cases to the formation of hydrophobic ILs with a good yield (>78%). All the ILs are viscous liquids at
room temperature.

ILs with saccharinate and chlorosalicylate anions are slightly denser than water with values
ranging from 1.040 to 1.111 g-mL~! at 25 °C (Table 1), whereas ILs with dicyanamide anion have
the density less than unity. All the ionic liquids with BuNC,OCy4" cations are denser than those of
BuNC,0OCg" cations.

At room temperature, all ionic liquids form two liquid phases when contacted with water.
In biphasic system, water is the upper phase with sacharinate and chlorosalicylate based ionic liquids,
and the lower phase with dicyanamide ionic liquids.
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Table 1. Room temperature ionic liquids density at 25 °C.

Tonic Liquid Density (g-mL™1)
BuNC,0C4-Sac 1.11
BuNC,0Cg-Sac 1.04

BuNC,0C,-ClSal 1.10
BuNC,0Cs-ClSal 1.02
BuNC,0C4-Dca 0.96
BuNC,0Cg-Dca 0.96

The solubility of the ionic liquids in water were measured by NMR for dicyanamide
based ionic liquids, or spectrophotometry UV-vis for chlorosalicylate or saccharinate based ionic
liquid. The solubility of BuNC,OC4-Clsal and BuNC,OCg-Clsal are equal to 0.3 and 0.005%,
respectively and are comparable with those of BuNC,OC4-Dca and BuNC,0OCg-Dca equal to
0.35 and 0.26%, respectively. Ionic liquids with saccharinate anion are more soluble than those
with dicyanamide and chlorosalycilate anions with the percentage values of 2.85 (BuNC,OC4-Sac)
and 1.24% (BuNC,0OCg-Sac), respectively.

3.1. Extraction of Cu(II), Ni(1I), Cd(II), Co.(II) and Pb(II) from Aqueous Solutions

We compare the extraction properties of six ionic liquids with a complexing anion, towards a

panel of five metal cations, Cu(II), Ni(II), Cd(II), Co.(II) and Pb(II). These cations are chosen for their
presence in industrial discharges.

The percentage of extraction (%E) is determined with solutions of the nitrate salts of each
metal at 0.05 mol-L~! and at 25 °C. The extraction yields (%E) for each IL are depicted in Figure 3.
The corresponding distribution ratio are given in Table 2.
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Figure 3. Extraction yields (%E) for metal aqueous nitrate salt with BuNC,OC4 (C8)-Sac,
BuNC,0C4(C8)-Clsal and BuNCyOC4(C8)-Dca. Cpetal = 0.05 mol L1, Vyy =2 mL; mp =05 g.
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3.2. Influence of the Anion of the Ionic Liquid

The overall examination of Figure 3 shows that the most efficient anion for the extraction of
metals is the ClISal anion. Indeed, for all metallic cations, extraction yields are higher than 75%
with BuNC,OC4-ClSal. By comparison, BUNC,OCy4-Dca shows slightly weaker extraction yield,
and BuNC,0Cy-sac shows interesting extraction properties only towards Cd(II). The influence of the
anion is more pronounced with ionic liquids containing BuNC,OCg cation. Indeed, BuNC,OCg-ClSal
and BuNC,OCg-Dca exhibit similar extraction yield with Cu(Il), Cd(II) and Co.(II), but the extraction
of Ni(Il) does not exceed a few percent with BuNC,OCg-Dca, while it is close to 50% with
BuNC,0Cg-Clsal. Moreover, Pb(Il) is totally extracted with BuNC,OCg-Clsal, whereas the extraction
does not exceed a few percent with BuNC,OCg-Dca.

Table 2. Distribution ratio (D) for metal aqueous nitrate salt with BuNC,0OC4(Cg)-Sac,
BuNC,0Cy (Cg)-ClSal and BuNC,OC, (Cg)-Dca; Creal = 0.05 mol L™, Vyy =2 mL; my; = 0.5 g.

Ionic Liquid Cu(ID cdan Pb(ID) Ni(ID) Co.(IT)
BuNC,0C;-Sac 15 120.0 058 0.1 0.2
BuNC,0Cs-Sac 04 254 0.1 - -
BuNC,0C4-ClSal ~ 1301.4 439.6 735.6 40.0 29.7
BuNC,0Cs-ClSal ~ 21.30 12.8 59.9 45 37
BuNC,0C4-Dca 1925 1785 0.1 24.1 18.1
BuNC,0Cs-Dca 13.7 1.8 0.1 03 32

The results reported in Figure 3 and in Table 2 show that the capability of ionic liquids to extract a
metal ion is greatly correlated to the ability of the anion of the ionic liquid, to form stable complexes
with the metal cation. The extraction of first row transition metal (Cu(II), Co.(II), Ni(I)) by Dca or
ClSal based ionic liquids show that the affinity of the metal ions for ionic liquid phase is weak for Ni(II)
and Co.(IT) and higher for Cu(II). Such a trend may be related to the formation constants of complexes
of these metals with the anions of the ionic liquids.

This assumption is corroborated by the values of the stability constants of M(II)-salicylate
complexes for Cu(Il), Ni(IT) and Co.(II). The salicylate moieties may form stable relatively complexes by
bidentate coordination giving a five membered rings species with metal ions. The first stability constant
of M(II)-salycilate complexes (log[31) for Ni(Il) and Co.(II) are 8.65 and 8.09, respectively. This reflects a
similar affinity of these two metals for the salicylate anion [31,36]. The higher extraction yields of Cu(II)
compared to Ni(II) and Co.(II) is in agreement with a higher stability constant for Cu(II) with a log[3;
of 10.65 [31]. The high extraction yields of heavy metals (Cd(II) and Pb(II)) by ClSal based ionic liquids
are equally in relation with the high stability constants of salicylate-Cd(II) (or Pb(II)) complexes [36,37].
The selectivity factor (SF) which represents the ratio between the distribution ratio of two metals for
a given ionic liquid, indicates the selectivity of the ionic liquid towards the two metals gives useful
information about the efficiency of the separation. The selectivity factors of Cu(II) towards Ni(II)
(SFcy i) or Co.(II) (SEcy/co.) for BuNC,OCy-ClSal are between 30 and 50, respectively, whereas for
BuNC,0Cg-ClSal it is only between four and six, respectively. It seems that BuNC,OCy4-ClSal is more
selective than BuNC,OCg-ClSal for the separation of the first row transition metals.

The coordination of metal in the IL phases was investigated on the basis of the spectrophotometric
analysis of the ionic liquid phase after extraction of Co.(II), Cu(Il) and Ni(II). The electronic spectra of
Ni(II) in BuNC,OCg-ClSal are characteristic to Ni(II) in an octahedral environment (Figure 4). The two
bands with the Amax located at 1145 and 700 nm are assigned to the >A,g — 3Tog and 3Ayg — 3T g (F)
transitions, respectively [38]. A third band with the Amax located around 400 nm and partially masked
by an intense transfer charge band is attributed to a 3A,g — 3T;g (P) transitions. The spectrum
is shifted to weaker energy by comparison to the spectrum of Ni(H,O)s2* in aqueous solutions.
This evidences the coordination of Ni(II) by oxygen atoms of the ClSal anion.

72



Metals 2018, 8, 412

S

w

Molar Absorbance (M-1 ch)

I
400 600 800 1000 1200
Wavelength (nm)

Figure 4. UV-Vis spectra of Ni(NO3), in ILs (a) BuNC,0C4-ClSal phase; (b) BuNC,OCy4-Dca and
(¢) aqueous phase. Cpetal = 0.05 mol L™1; Vi, = 2 mL; my = 0.5 g; UV-vis spectra are recorded in
ethylacetate for ionic liquid (IL) phase.

UV-visible spectra of Cu(Il) in IL phases are depicted Figure 5. The spectrum of BuNC,OCg-ClSal
after extraction of copper shows one single d—d transition in the visible region with a maximum
wavelength at 745 nm. The relatively broad shape of the band and the value of molar extinction
coefficient would be indicative of an octahedral copper complex. The higher molar absorbance of
Cu(Il) in IL phase indicates that the Cu(Il) complex is more distorted than the Cu(H,0)s2* species.
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Figure 5. UV-Vis spectra of Cu(NO3), in aqueous and in ionic liquid phase. Cpeta = 0.05 mol L™;
Vi =2mL; my = 0.5 g; UV-vis spectra are recorded in ethylacetate for IL phase.
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Figure 6 represents the spectra of Co?* in the different IL phases. The spectrum of Co.(Il) in
BuNC,0Cg-ClSal shows in the visible region, similar features than the spectrum of Co.(NOs); in
aqueous phase, with a band at 530 nm and with a shoulder at 480 nm. This band as well as its
shoulder correspond to the two following transitions *T;g(F) — *A,g(F) and Tyg (F) — *T;g(P).
The molar absorption coefficient of IL phase at 530 nm is equal to 33 cm mol ! 1. All these features are
indicative of a Co.(I) in octahedral environment. It is interesting to note that the spectrum of Co.(II))
in BuNC,OCg-ClSal is shifted towards lower energy compared to those recorded in aqueous media.

800 —
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Figure 6. UV-Vis spectra of Co.(NOs); in (a) BuNC,OCg-Dca phase; (b) aqueous phase step
up 100 times and; (¢) BuNC,OCg-ClSal phase step up 10 times. Cjpeta = 0.05 mol L LV, =2mL;
my = 0.5 g; UV-vis spectra are recorded in ethylacetate for IL phase

In previous works, we pointed out the properties of tri(n-butyl)[2-ethoxy-2-oxoethyl]Jammonium
(BuNC,0C,") dicyanamide (Dca) and bis(trifluoromethylsulfonyl)imide (Tf,N ™) ionic liquids with
for the extraction of metal cations [26,29,30]. Tf,N~ is a non-coordinating anion currently used to
generate ionic liquid. BuNC,OC;-Dca extracts quantitatively Cu(II), Ni(Il), Cd(II) and Pb(II) from
0.05 mol L1 aqueous solutions. By comparison, for the same metal concentration, BuNC,OC,-Tf,N
provides only weak extraction with extraction yield less than 10% [30]. Similar observations have been
made with ionic liquid based tetraalkylammonium cation associated with Dca™ and Tf,N™ anions [29].
Although it has high extraction yields, BuUNC,OC,-Dca does not allow considering applications in
the field of the purification of industrial effluents because of its solubility in water (=6%), that is why
we focused on the development of more hydrophobic ionic liquids, to reduce the releasing of organic
cations in aqueous phase. The high extraction properties of Dca™ based ionic liquids are ascribed to the
ability of dicyanamide anion to interact with metallic cations through the formation of metal complexes
via their nitrogen atoms [33,34]. The examination of the structure of metal complexes in which the
dicyanamide anion acts as a ligand, shows that this anion behaves as a monodentate or bridging
ligand [33,34]. It is reasonable to think that the higher extraction yields observed for Cu(II) and Cd(II)
compared to those of Ni(Il), Co.(II) and Pb(II) are related to their higher affinity for Dca™ anion,
which favors their transfer from aqueous to ionic liquid phases. However, the lack of thermodynamic
data from the literature does not allow corroborating this affirmation. The only published data
show that the affinity of the dicyanamide ligand for Cd(II) ions is higher than for Pb(II) with a logf31
values of 3.11 for Cd (II) [39] against 2.1 for Pb(II) [40]. These values also show that the affinity of
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the dicyanamide ligand for the metal cations is lower than in the case of the chlorosalicylate ligand,
which is consistent with the lower extraction yields observed with dicyanamide based ionic liquids
compared to the chlorosalicylate one. The dicyanamide based ionic liquids are equally less selective
for the first row transition metals than their analogous with ClSal anions. The selectivity factors
SF(Cu/Ni) and SF(Cu/Co.) are equal to 8 and 10.6 for BUNC,OCy-Dca and with BuNC,OCg-Dca,
SF(Cu/Co.) is equal to 4.29. The main exception is the relatively high selectivity of Cu(II) towards
Ni(II) with BuNC,OCg-Dca, compared to other systems, with a selectivity factor of 53 due to a low
percentage of Ni(Il) extracted. It is to be noticed the low affinity of dicyanamide based ionic liquids
for Pb(II) ions which makes it possible to use them effectively to separate metals from Pb(II) ions.
With BuNC,0Cg-Dca, the selectivity factors SF(Cu/Pb) and SF(Cd/Pb) are equal to 230 and 170.

The UV spectrum of Ni(II) in BuNC,OCg-Dca exhibit the same features as the spectrum of
Ni(H;0)¢2* in aqueous solution, and is characteristic to Ni(Il) in an octahedral environment. The shift
towards weaker energies indicates a change in the nature of donor atoms bound to the metal center
related to the implication of nitrogen atoms in the coordination sphere of the metal [38].

The UV-visible spectrum of Cu(ll) in BuNC,OCg-Dca show the same features as in
BuNC,0Cg-ClSal in the visible region, except that the shift of the d-d transition is less marked
than with BuNC,OCg-ClSal with a maximum at 780 nm. In the UV region, the spectrum shows a
supplementary transition centered at 390 nm (not shown here). This transition is ascribed to an LMCT
(or MLCT) transition characteristic of the Dca coordination to Cu(Il) cation. The spectrum of Co.(I) in
BuNC,0C4 (Cg)-dca shows in the visible region a band at 600 nm with a shoulder at 570 nm. The molar
absorption coefficient at 600 nm is equal to 810 cm mol~! 1. The spectral features of Co(II) spectra
in Dca ionic liquids are characteristic of a Co(II) in tetrahedral environment, meaning a change of
coordination of the metal during the extraction process. The band is assigned to a A,(F) — T1(P)
transition [38].

The saccharinate anion behaves as monodentate ligand through its nitrogen atom or as a bidentate
through N,O coordination [41]. It often act as a ternary ligand in structure of many metal complexes
to achieve the coordination of metal ions [42]. No data are available in the literature concerning the
formation constants in aqueous solution of divalent metal complexes with this anion, suggesting a
weak coordinating ability in aqueous phase towards metal ions. One key point is that saccharin ionic
liquids have a high affinity only for Cd(II), and may also be efficient to separate cadmium from other
divalent cations. Indeed, the lowest selectivity factors for cadmium towards other divalent cations
(SF(ca/my = D(CA(IT)) /D(M(IT))) is that with Cu(II) ions. They are equal to 63 and 80 for BuNC,OCg-Sac
and BuNC,OC;-Sac, respectively.

3.3. Influence of the Cation of the lonic Liquid

Figure 3 shows that the cation of the ionic liquid has a significant influence on the extraction
of metal cation. Indeed, the extraction yield is significantly higher with BuNC,OC4" than
with BuNC,OCg™* cations. This trend is related to (i) the more hydrophilic character of the
tetrahexylammonium cation which may favor the transfer of the metal in the ionic liquid phase
via cationic exchange process, and (ii) the fact that the concentration of anion, in the ionic liquid
phase, is higher in BuNC,OC,* ILs than with BuNC,OCg™" ILs. Indeed, as an example taking into
account the molar mass of BuNC,OC4-Dca and BuNC,OCg-Dca, the mole number contacted with the
aqueous phase in an extraction sample is respectively of 1.3 mmol for BuNC,OC4-Dca and 1.1 mmol
for BuNC,OCg-Dca, respectively. Such a difference may be taken into account to explain partially the
better extraction properties of BuNC,OCy4-Dca, which contains a higher concentration of extractant.
To investigate if ion exchange occurs during extraction, coextraction of nitrate ion was followed by
ion-chromatography. When a cation exchange occurs, the metal ion in the aqueous phase is exchanged
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with a cation of the ionic liquid. The metal ion is then extracted into the ionic liquid, while the cation
of the IL moves to the aqueous phase following the equilibria:

M2+(W) +2 BUNCZOCH+(IL) + nA’(IL) - M(A)n(niz)i(l]ﬂ) +2 BUNCZOCn +(W) (3)

If extraction proceeds only via ion-pairing, the counter anion of the metal salt is co-extracted into
the ionic liquid phase, so that the ratio between the metal and the counter-ion extracted should be
equal to one considering the following equilibria:

M2+(w) + 2X_(w) + I‘LA_(IL) - M(A)n(n_z)_(IL) + ZX_(IL) (4)

The determination of the co-extraction rates of nitrate ion gives an indirect insight of the amount
of cation released in the aqueous phase and allow to investigate the extraction mechanism of metal
cation. Figure 7 depicts the ratio R between the extraction rate of nitrate ion and those of metal.

Ton-pairing is the dominant mechanism with BuNC,OCg* cation. Indeed, for all systems, except
for Cu(II)/BuNC,OCg-ClSal, the ratio E(A™)/E(C*) values are close and even may exceed 1 (Figure 7).
A value higher than 1 means that the anions of the metal salt are more efficiently extracted than metal
itself and suggests the possibility of anion exchange between the anion of the ionic liquid and the
nitrate ions. This may take place during the extraction of Co.(II) in BUNC,OCg-Dca (R =1.3) and to a
small extent with BuNC,0Cg-ClSal (R = 1.1).

The R value is much less than one with BuNC,OC4" cation, meaning that the mechanism for
extracting metal ions is a mixed process that includes both cation exchange and ion-pair extraction.
The R value represents the extent of ion-pair extraction. It is clearly seeing from Figure 7 that with
BuNC,0C4-Clsal, the extraction of metal proceeds mostly via cation-exchange, especially, in the case
of the extraction of Ni(II). In the case of BuNC,OCy-Dca, the two mechanisms are operant, nearly to
the same extent.
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Figure 7. Ratio (A~ /C") between the extraction rate of anion and those of Cu(Il), Co.(II) and Ni(II),
for the different salt used at different concentration.
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All the results show that BuNC,OC4" based ionic liquids are more efficient to extract metal ions
than that of BUNC,OCg*. The disadvantage is that their higher solubility leads to the extraction
with a large proportion of cationic exchange resulting in a significant release of organic cations in the
aqueous phase. In comparison, BuNC,OCg* based ionic liquids, despite their lower performance,
favor exclusively ion-pair extraction and allow the development of more eco-compatible extraction
processes. These results may suggest that the BUNC,OCy4* based ionic liquids would be less viable in
large-scale use. However, it is also necessary to conceive a possible use in media with high salinities,
which corresponds to most liquid industrial effluents. As we have shown in previous work [26],
high salinity causes an increase in extraction efficiency, promotes ion pair extraction and thus limits
the release of organic cations during extraction processes.

3.4. Back-Extraction of Metal Ions and Recyclability of Ionic Liquid

The back-extraction process will be based on exchange ligand reaction and would be suitable
by using a hydrophilic ligand with stronger affinity for metal cations than the anions of ionic liquid.
To verify this hypothesis, we carried out the experience of back-extraction with aqueous disodique
EDTA solution at 0.1 mol L™! contacted with ionic liquid phases previously loaded with metal.
EDTA is a hexavalent ligand that forms stable 1:1 complexes with divalent metals; the stability
constants of the complexes formed are often higher than 12 (in logarithmic units). In this case,
the back-extraction process would involve a replacement of M(II) by Na™* ions in the ionic liquid
phase, or the back-extraction of NO3 ™ ions previously extracted in the ionic liquid phase, or both
of them.

Figure 8 shows that EDTA is an efficient ligand to recover metal ions from the ionic liquid phase.
Cu(II) is back extracted from BuNC,OC,-Clsal with recovery percentages close to 100% and higher
than 80% with BuNC,OCy-Dca. The efficiency is observed for the recovery of Ni(IT) Cd(II) and Co.(II)
from these two ionic liquids. Cd(II) is also fully back extracted from BuNC,OC,-Sac with a back
extraction percentage exceeding 90%.

m Cu
Co
Ni
=7 Cd|

Metal back extracted (%)

T \ 1
BuNC,0Cs-ClSal =~ BuNC,0C,-Dea = BuNC,0CgClSal ' BuNC,0C,Sac = BuNC;0Cg-Sac

Figure 8. Extraction and back-extraction yield (%E) for M(II).

After the back-extraction process, it is important to check if the ionic liquid would be able to
be reused for the extraction of metal from aqueous solution. To check the recyclability of the ionic

77



Metals 2018, 8, 412

liquids, several cycles of extraction-back extraction were carried-out on the same ionic liquid phase,
following the same experimental conditions as those reported previously.

After each cycle, the metal concentration was determined in the aqueous phase, and the extraction
and back-extraction yields have been determined by taking into account the total concentration of
metal present in the ionic liquid phase. Figure 9 reports the extraction and back-extraction yields for
Cu(II) and Co.(IT) with BuNC,OC,-Sal ionic liquid.

The results show that the efficiency of extraction and back-extraction remained similar over three
cycles. The extraction yields are nearly constant over the three cycles, whereas the back-extraction
yields are higher than 95%. Therefore, these results confirm that the ionic liquid can be regenerated in
the back-extraction process with EDTA solution and can be reused for metal extraction; the release of
ionic liquid remains sufficiently limited to not alter the performance of the latter. These results may be
generalized for all the systems studied in this work.

E(%)
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80
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20
Co/ BUNC,0C,
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ext back-ext back-ext back-ext

cyclel cycle2 cycle 3

Figure 9. Reusability of ionic liquid phase for copper and cobalt extraction using BuNC,OCp-Clsal.

4. Conclusions

Our results report the possibility of designing in a simple way hydrophobic ILs able to extract
efficiently metallic cations by liquid-liquid extraction. The ionic liquids use as negative pole common
coordinating anions, such as dicyanamide, chlrorosalicylate and saccharinate, instead of fluorinated
compounds. Our first results show that chlorosalicylate based ionic liquids have a high extraction
efficiency towards Cu(Il), Ni(Il), Cd(II), and Pb(II), whereas dicyanmide based ionic liquids may
extract efficiently Cu(IT) and Cd(II). Ionic liquids with saccharinate anions are selective of Cd(II) ions.
The UV-vis investigations of the first row transition metals show the coordination of the metal with
the anion of ionic liquids.

The extraction process is reversible with all the ionic liquids, and the metal ions can be recovered
by aqueous solutions of disodique EDTA. In order to conceive environmentally-friendly systems for
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industrial applications, a workable way is to privilege the ionic liquids with the BuNC,OCg™ cation,
which are less soluble. The ionic liquids with the BUNC,OCy4* cation nevertheless remain interesting
for the development of liquid-liquid extraction processes, but their extraction properties must be
studied in higher salinity environments which favor extraction by ion pair. These results show that
the strategy of designing ionic liquids with coordinating anions with low hapticity giving moderately
stable complexes in the ionic liquid phase is a promising route for the extraction of aqueous metal ions.
In this case, the metals can be easily recovered in the aqueous phase with water-soluble ligands with
high hapticity.
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Abstract: Mineable platinum group metal (PGM) deposits are rare and found in relatively few areas
of the world. At the same time, the use of PGM is predicted to expand in green technology and
energy applications, and PGMs are consequently currently listed as European Union critical metals.
Increased mineralogical complexity, lower grade ores, and recent PGM production expansions give
rise to the evaluation of the value chain of the capital-intensive conventional matte smelting treatment
and other processing possibilities of the ore. This article will review the processes and value chain
developed to treat ores for PGM recovery, highlighting hydrometallurgical refining approaches.
It groups processes according to their rationale and discusses the special features of each group.

Keywords: platinum group metals; value chain; refining; leaching

1. Introduction

The platinum group metals (PGMs) are a family of six metals. They are rare and possess
extraordinary physical and chemical properties, e.g., resistance to corrosion and oxidation, electrical
conductivity, and catalytic activity. The most economically important of the PGMs are platinum,
palladium, and rhodium while ruthenium, iridium, and osmium are less prevalent and less in
demand [1].

The demand for PGM is fundamentally strong. The demand for platinum breaks down into four
segments: automotive, jewellery, industrial (the chemical and petroleum industries, the dental and
medical sectors, the glass industry, and a range of other end uses), and investment [2]. The demand for
PGMs has risen significantly after the introduction of catalytic converters to control vehicle exhaust
emissions, with the catalyst application accounting for a 6% market share for platinum and 16% for
ruthenium in 2012 [3].

Over the last five years, between 72% and 78% of total annual platinum supply has come from
primary mining output [4] and the rest originates from secondary materials such as spent catalysts
and electronic scrap. Most of the current primary PGM production is derived from sulphide ores that
typically also contain nickel, copper, and other metals. PGM annual production amounts to around
400 t, [5] of which platinum accounts for approximately 192 t and ruthenium approximately 12 t [6].

Grandell et al. [6] have predicted a path for the global energy system with an assumed annual 2%
increase in global gross domestic product, resulting in 290% and 73% cumulative consumption of the
world’s known reserves of platinum and ruthenium, respectively by 2050. This highlights the critical
nature of this metal group and justifies the increasing focus on the primary and secondary processing
of PGMs. This article will discuss primary PGM production.

2. Regional and Mineralogical Aspects of PGM Production

According to Jones [1], PGMs are commonly associated with nickel-copper sulphides in magmatic
rocks. PGMs are produced either as primary products or by-products of the nickel and copper,
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depending on the relative concentrations of the metals in the ore. Cole and Ferron [7] also describe
ores in which PGM values are noted but not recovered due to low concentrations or recovered as a
by-product with little or no economic advantage for the primary producer. PGMs originating from
these sources are for instance recovered from copper refineries as a by-product in the United States
and Canada.

Mineable PGM deposits are very rare and found in relatively few areas of the world. South Africa
dominates PGM world production with 58%. Russia accounts for a further 26%, most of this as a
co-product of nickel mining. Nearly all of the rest comes from Zimbabwe, Canada, and the United
States. One third of PGMs are produced as co-products of nickel mining [5].

The largest known PGM deposit, the Bushveld Complex in South Africa, contains more than
two thirds of the world’s reserves of PGMs. The Great Dyke in Zimbabwe is the second largest
known deposit of platinum. Other primary PGM-rich deposits include the Stillwater deposit of the
United States and the Lac des Isles deposit of Canada. PGMs are produced in significant quantities
as by-products from the Norilsk-Talnakh area of Russia and the Sudbury deposit of Canada [1].
Other deposits occur e.g., in Finland and China. Most deposits are fairly small, less than 100 million
tons of ore [8].

PGMs have diverse associations and the primary minerals associated with PGMs are pyrrhotite,
chalcopyrite, and pentlandite. Chalcopyrite and pentlandite are generally well recovered, as are any
PGMs in their lattice or present in any platinum group mineral blebs that they may contain. PGMs
associated with pyrrhotite are more challenging to recover and may be largely rejected at the mine site,
e.g., in the Sudbury basin, to minimize operating costs and environmental pollution [9].

Liddell and Adams [10] state that pentlandite, chalcopyrite, and cobaltiferrous pyrite are
commonly associated with PG mineralisation and that pyrrhotite is also seen in PGM ores. They point
out that PG minerals present in the ore have varying associations with base metal sulphide minerals
and gangue minerals. A move to increasingly finer grind sizes has occurred as a response to the trend
of maximising recovery. Fine gangue particles tend to report to the concentrate more readily than
coarse gangue particles.

Gold is often associated with PGM deposits and is treated as part of a family together with
platinum, palladium, and rhodium, collectively known as 4E. Nickel and copper are the most prevalent
base metals in sulphide ores containing PGMs. Chromite (used to derive chrome) is another significant
by-product while cobalt, silver, selenium, and tellurium are found and recovered in trace quantities [11].
Most deposits contain 1-5 g/t 4E [8].

The International Mineralogical Association has recognized nearly 110 different types of platinum
group carrying minerals. PGMs form a number of minerals ranging from sulphides to tellurides,
antimonides to arsenides, and alloys to native metals [9].

3. PGM Processing and Its Value Chain

PGM processing consists principally of four steps (Figure 1). PGMs are recovered through
underground and open pit mining from poly-metallic sulphide ores [11]. They are initially concentrated
by flotation. Conventionally, flotation concentrates are enriched by smelting, i.e., iron is combined
with silica and lime, oxidised, and separated as a slag leaving the sulphide minerals in a separate
matte phase. The smelter can be a base metal smelter or a PGM smelter [12]. The matte is refined
using reverse leaching in which most of the accompanying minerals such as copper, nickel, cobalt,
and any residual iron sulphides are dissolved. The leach solutions are processed to recover the base
metals. In the case of the PGM smelter and the base metal smelter, an upgraded PGM concentrate is
left behind or PGMs eventually find their way into the anodic slimes, respectively. PGM concentrate
and anodic slimes are further treated at the PGM refinery or precious metal refinery/plant to recover
the PGMs and precious metals [7].

In the case of the PGM smelter, electric furnaces are typically used and operated at 1350 °C.
Temperatures of up to 1600 °C may be necessary for chromite-containing concentrates owing to
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the higher content of chromium and magnesium oxides. The furnace matte is further processed by
converting, i.e., air is blown into the molten charge to oxidise and remove the iron and its associated
sulphur. The converter matte is typically granulated. Anglo Platinum slow-cools the matte, which
results in PGM concentrate on the grain boundaries and tends to form ferromagnetic species that are
recovered by magnetic separation. The ferromagnetic fraction is treated to dissolve the associated base
metals leaving an enriched PGM concentrate for the precious metal refinery [7].

Steps
Mining Concentration Smelting Refining
Activities
Mining Crushing Smelting Base metal refining
and
grinding l ‘ l
l Converting Precious metal
refining (PMR)
Froth
flotation Feed to PMR contain
Sulphur typically 30-50% PGMs
removal and most refineries
‘ produce routinely
i 99.99% pure metals [13].
Output
Run of mine ore  Flotation concentrate  Converter matte Nickel/nickel Individual
3-6 g/t 4E [11] 100-500 g/t 4E [11] >2800g/t4E[11]  sulphate PGMs
Tailings Sulphuric acid Copper Gold
Chromite recovery Cobalt/cobalt

sulphate

Sodium/ammonium
sulphate

Figure 1. Simplified platinum group metal (PGM) processing chain (conventional matte smelting
treatment). 4E = Pt, Pd, Rh, and Au. Adapted from Ndlovu [11] and Cramer [13].

The four major PGM mining companies, namely Anglo Platinum, Norilsk, Impala Platinum, and
Lonmin Platinum, all South African apart from the Russian Norilsk, are integrated from mining to
refining and account for 80% of the market [14]. One of them, Lonmin, outsources the refining of excess
base metals [11]. According to Cramer [15], their nickel production is sold to other nickel refiners as
nickel sulphate. Levine et al. [16] state that Norilsk outsources PGM-containing copper solids at the
Harjavalta refinery. Norilsk relies on third party PGM refiners according to Ndlovu [11].

Cramer [13] stated in 2001 that several of the South African PGM producers reviewed their refining
capacities in order to align their base metals capacities with the major PGM production expansions
planned over the next several years. Anglo Platinum found that PGM processing capacity (for PGM
dominant ores) was not easily globally traded, with very few concentrated alternatives, namely other
integrated PGM processing facilities. Their choice was to keep deploying capacity downstream [11].
In 2011, an expansion project at Anglo Platinum’s base metals refinery in Rustenburg was completed
and operational [17].

Cramer [15] stated in 2008 that a couple of dozen minor platinum mining companies were being
set up in Southern Africa. Most of them intended to mine, concentrate the PG minerals to flotation
concentrate, and sell the product. There was also several ongoing studies, in particular smelter studies,
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on further upgrading the product as another intermediate and saleable product. Further investment in
process capacity was often considered in conjunction with other smaller mining companies faced with
limited capacity for concentrate smelting and base metal refining within the local platinum industry or
together with one of the major platinum companies.

The major factors of process value come down to capital and operating efficiency. Generally, the
focus to drive value is largely in the mining and concentration steps in which the most losses are
incurred. For example, total losses in the mining step before the process, account for 27% compared
with 15% overall processing losses, of which the concentration step accounts for 13% at an underground
platinum mine. Non-integrated mining companies produce approximately 10% of the major PGM
mining companies’ processing input. Of the operating costs, smelting and refining account for 15%
(Table 1). [11] The capital investments to process PGMs from flotation concentrate are very large and a
significant barrier to entry for smaller mining companies [15].

Table 1. Value chain for PGM processing (adapted from Ndlovu [11]).

Economics Mining Concentration Smelting BMR PMR
Purchase price 50% of ref value 85% 90% 90% 95-98%
Opex distribution 67% 20% 8% 4% 2%

BMR = base metal refining; PMR = precious metal refining.

Platinum producers evaluate process routes and their value chain alternative to conventional
matte smelting treatment, which is presented in Figure 1. Projects are evaluated for cost-effective
processing with low-grade ores and in some cases higher content of deleterious elements such as
chromium [18]. Hydrometallurgical plants are best suited for small operations and this is the direction
usually taken [7]. Smelters have a high capital cost and favour large capacities. In addition, sulphur
dioxide generation at the smelters requires conversion to sulphuric acid due to increasingly stringent
regulations, which have a large negative value in the overall economics [19] and a considerably positive
environmental impact.

4. Base Metal Refining

According to Cole and Ferron [7], all PGM base metal refineries in the western world use
Sherrit-Gordon’s sulphuric acid pressure leach process. The process flow sheets vary in each operation.
The now closed Hartley Platinum operations applied the Outokumpu process. Both processes have the
same rationale and the chemistry underlying both processes is the same. In general, the same processes
used in nickel and copper-nickel refineries are also used for PGM base metal refineries. The following
focuses on the latter.

Finely ground matte (or the non-magnetic matte at the Anglo Platinum operation) is leached in
a number of stages under increasingly more oxidizing conditions to produce a residue containing
PGMs and typically nickel- and copper-rich solutions. Copper is recovered as electrowon cathode and
nickel as metal powder by hydrogen reduction or electrowon cathode. At the Stillwater refinery, a
bulk nickel-copper solution is produced and shipped to an outside nickel refinery. The residue can be
subjected to further treatment to upgrade the PGM content before the final residue passes to the PGM
refinery [7].

A typical example is the process used at Rustenburg Base Metals Refiners that treats the
non-magnetic nickel-copper matte from a slow cooling matte separation process (Figure 2). The initial
stage, i.e., copper removal, operates under mild conditions to leach some nickel and cobalt and aims to
precipitate copper from the nickel sulphate solution with fresh matte. The primary leach stage aims
to dissolve all the nickel and some copper from the matte while the secondary leach stage aims to
dissolve all the remaining copper and some iron from the matte [7].

Fresh matte consumes the available acid and iron precipitates during the decopperisation. Iron
can also be removed in a special high temperature step prior to copper removal. The neutralised iron-

86



Metals 2018, 8, 203

and copper-free nickel solution is suitable for the recovery of nickel and cobalt products. The copper
solution undergoes a selenium removal stage that also removes any co-dissolved PGM prior to
electrowinning [7].

Matte  Air Air
. Air
—» Cu removal Primary
leach
v aam
135 °C
L = 10 bar Secondary
leach
B v —
145 °C
Pbremoval —» Pbcake “— | > 10 bar
Coremoval —» Co sulphate L S Pl
concentrate
Ni EW | _» Nicathode Seremoval —» Se cake
— Sremoval —» Na sulphate — CuEW
Cu cathode

Figure 2. Simplified flow sheet of Rustenburg Base Metals Refinery (adapted from Hofirek & Halton [20]).

Liddell et al. [21] also present the Falconbridge process for the removal of base metals from matte
(Figure 3). The nickel is dissolved with hydrochloric acid in a non-oxidative leach and the solution is
purified, i.e., sulphur is removed by oxidation, and iron and cobalt by solvent extraction. The nickel
is then recovered and the acid regenerated. The leach residue is roasted and copper is then leached
with sulphuric acid. The copper is electrowon from the solution and the residue passes to the PGM
refinery. PGMs are a by-product of mostly nickel, copper, and cobalt in this process according to Cole
& Ferron [7].

HCI

l

Matte —] Ni leach | L Ni, Co recovery and
ale S acid regeneration
70°C
12h
H,SO,
Air —» Roastin Culeach |—» L o Cu recovery
ir g > s EW)

l

PGM concentrate

Figure 3. Falconbridge method for base metal removal (adapted from Thornhill et al. [22]).
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5. PGM Refining

The individual PGMs are refined totally or partially using a classical refining process with solvent
extraction and molecular recognition developments. The classical refining process is based on PGM
chloride chemistry. It involves successive steps of precipitation and redissolution to purify the metals,
followed by thermal reduction to metal. However, it gives a poor first time yield for refined metals
and requires lengthy refining times, e.g., up to six months for rhodium [7].

Crundwell et al. [23] classify PGM refining processes by the technique used to separate platinum
and palladium from one another. Of the major South African PGM mining companies, Lonmin
Platinum uses the precipitation process, Anglo Platinum the solvent extraction process, and Impala
Platinum the ion-exchange process (Table 2). The solvent extraction process is also used, by Johnson
Matthey and Vale for instance.

Table 2. Extraction methods in a few PGM refineries (adapted from Crundwell et al. [23]).

Process Details

Lonmin Platinum

Anglo Platinum

Impala Platinum

Technology Precipitation Solvent extraction, SX Ton exchange, IX
Feed 65-75% PGMs 30-50% PGMs 60-65% PGMs
Dissolution HCl1/Cl, at 65 °C, atm HCl1/Cl, at 120 °C, 4 bar HCl1/Cl, at 85 °C, 1 bar

Extraction order *

Au, Ru, Pt, Pd

Au, Pd, Pt, Ru

Au, Pd, Ru, Pt

Gold extraction

Crude sponge produced by

SX with MIBK, reduction

1X, reduction with

Palladium extraction

hydrazine reduction. with oxalic acid. hydroquinone.
IX with SuperLig 2,
SX with -hydroxyl stripping with

Precipitation with
ammonium acetate.

oxime, stripping with
ammonium hydroxide.

ammonium bisulphate
and precipitation with
ammonium hydroxide.

Platinum extraction

Precipitation with
ammonium chloride.

SX with tri-n-octylamine,
stripped with HCI, and
precipitated with
ammonium chloride.

Precipitation with
ammonium chloride.

Ruthenium extraction

Distillation with sodium
chlorate and bromate.

Distillation with sodium
chlorate and bromate.

Distillation with sodium
chlorate and bromate.

Iridium extraction

Precipitation with
ammonium chloride.

SX with n-iso-tridecyl
tri-decanamide.

IX, precipitation with
ammonium chloride.

Rhodium extraction

Precipitation as Rh(NH3)5Cl3,
dissolution, precipitation with
ammonium chloride.

IX followed by
precipitation with
diethylene tri-ammine.

Precipitation with an
organic ammine.

MIBK = methyl isobutyl ketone. * Rh and Ir separated from solution with hydrolysis for refining after Ru distillation.

6. Non-Smelter-Based Processes

Non-smelter-based processes developed for PGM extraction typically include sequential base
metal leach and PGM leach steps or leaching the PGMs together with base metals. Both approaches
are followed by solution purification operations for the recovery of metal or intermediate products.

The processes include sulphide treatment to break down the sulphide matrix to liberate the base
and PG metals locked in the matrix. Consequently, process flow sheets commonly comprise at least
roasting, pressure oxidation, or fine grinding prior to leaching, or the matrix is attacked by bio or
chemical oxidation during leaching. Pressure oxidation is used at conventional or mild temperatures
to completely oxidise sulphides to sulphate or to oxidise them predominantly to sulphur, respectively.
The latter requires a finer feed according to Milbourne et al. [12]. This may be done by ultrafine
grinding, which produces particles sized within the 1 to 20 um range. Small enough particles allow
disintegration of the leached mineral before the sulphur layer becomes thick enough to passivate it [8].
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H,80, O

|

Cone Pressure L Base metal
g leach S recovery

200-225 °C
30 bar Cl, Hcl
) Roasting o L Au + PGM
Air —»| —»| Chlorination —»| s —» recovery
900 °C l (X)
Tailings

Figure 4. Block diagram of the Kell process (adapted from Liddell & Adams [10]).

The Kell process (Figure 4) first selectively removes base metals and sulphur by pressure oxidation.
The residue is subjected to roasting to render the PGMs amenable to recovery by chlorination.
The conventional pressure oxidation of the concentrate converts all the sulphur to sulphate, avoiding
sulphur dioxide in the roaster off-gas. This process was developed to treat PGM-bearing concentrates
and has been successively tested on several concentrates [10], including Platreef concentrate from the
Bushveld Complex of South Africa [18].

Processes that co-dissolve PG and base metals in a sulphate environment make use of halogens to
promote PGM dissolution. These processes include the TML process (Figure 5) and the Platsol process
(Figure 6). The former was developed to recover PGM from the oxidised portion of the Hartley deposit
in Zimbabwe. The latter was developed to treat the NorthMet deposit in Minnesota, USA and has also
been applied to treat other PGM /Cu-Ni concentrates, Cu—Au concentrates, Cu—Ni-PGM matte, Pt
laterites and auto-catalysts [7]. Both processes use halogens for the formation of PGM complexes and
the TML process also for redox potential control.

Chloride-based processes co-dissolve PG and base metals, promoting dissolution by other means.
Cole and Ferron [7] state that the North American Palladium process (Figure 7) was developed for the
treatment of Lac des Isles PGM sulphide concentrate. It uses pressure and hydrochloric acid with small
amounts of nitric acid. Soluble nitrogen species transport oxygen to the surface of the solid particle,
which enhances the rate of dissolution of metal sulphides. The nitric acid is continuously regenerated
by the oxygen gas applied. Partial oxidising roasting was included in the flow sheet, as it increased the
platinum recovery significantly [24].

Air H,SO, NaBr
Roasting Leach
o L Au + PGM
Ore 300-700 °C 70°C oS recovery (C or IX)
1-15h 2h l
Br, Residue

Figure 5. Simplified TML process diagram for Hartley oxide ore. Other leach parameters were 100 g/L
H,S0y, 10 g/L NaBr, >800 mV ORP with Br, using Geobrom 3400 as oxidant, and 24-40% solids.
Adapted from Cole and Ferron [7]. Geobrom 3400 is a sodium bromide solution in which liquid
bromine is dissolved.
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Reground NaCl NaHS CaCO;
conc. l l l l
Pressure L NaHS Neutralisation Cu Blged to
O leach [ | s [ precipitation | 7|  pH2 > sx-gw [~ NiCo
recovery
225 °C l l l l 25%
7 bar O,
2h Tailings PGM concentrate Gypsum cake Cu cathode

Figure 6. Flow sheet for the Platsol treatment of NorthMet concentrate. NaCl addition was 5-20 g/L.
Adapted from Cole and Ferron [7].

Air HNO; HCI O,
Conc.—»| Roasting Prlzzzl;re > s L o> Au recovery (C)
480-650 °C ‘
90-120 °C l
3 bar O, Remainder PGM recovery
Residue (SX, Cu cementation)

A ‘

Base metal recovery
(various options)

v

HCI regeneration (option) [«— H,SO,

l

Gypsum product

Figure 7. Block diagram for the treatment of the Lac des Iles PGM concentrate (adapted from McDoulett
& Reschke [24]).

Several chloride-based or chloride-aided sulphate processes such as the CESL [25], Outotec [26]
and Intec [19] copper processes and HydroCopper [27] have been developed to treat copper sulphide
concentrates. They exclude PGMs from consideration. This is also the case for the chloride-based
Outotec gold process [28] developed to treat gold-bearing raw materials. Based on the literature, they
have not been applied to treat PGM-dominant concentrates apart from some laboratory batch tests
carried out with the Intec process and mentioned by Milbourne et al. [12].

Other direct leaching processes for the treatment of chalcopyrite copper concentrate have also
been developed. These include the nitrogen species catalysed process and several other sulphate- based
processes. Typically none focus on PGM recovery. Milbourne et al. [12] reviewed and theoretically
discussed the dissolution and deportment of PGMs in many of these processes. Mpinga et al. [8] also
reviewed these processes. However, test work is required to determine the behaviour of PGMs and the
method of recovery among other process modifications needed. We will concentrate on reviewing the
tested technology for PGM extraction.

Cyanide-based processes use elevated temperature or pressure during cyanidation to promote
PGM dissolution. The processes that co-dissolve PG and base metals were apparently mainly
developed to process oxide material with low copper concentrations, as the presence of sulphide
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minerals and high concentrations of copper in the cyanidation feed typically have an adverse effect
on cyanidation.

Processes that use cyanidation following base metal leach in a sulphate environment include
the two-stage selective pressure leach process (Figure 8) and sequential heap leach process (Figure 9).
The former has been tested for treating Jinbaoshan mine’s concentrate from China [29] and the latter
for treating Platreef ore and its low-grade concentrate [30]. Conventional pressure oxidation avoids
and bioleaching decreases the formation of ineffective thiocyanates in these processes.

H,S0;, O, Cu
Pressure L Cementation Base metal recovery
Conc. —»| > —>
one leach s ™ (SXforCu, Ni, Co)
60 °C
200 °C pH 1.5-2
18 bar ‘

PGM concentrate

Zn
Pressure L Cementation Cyanide
> o o
Cao cyanidation s\ | N detoxification
NaCN —» 0o l pH 10
18 bar
O > pH10 Residue l

PGM concentrate

Figure 8. Two-stage selective pressure leaching process diagram (adapted from Huang et al. [29]).

Stage 1 Stage 2 N,
H,SO4 Air CaO Air NaCN - ~
| | | ]|
Heap Cyanide heap Solar
bioleach leach with heated

with washed and re- solution
ore/conc. stacked residue
60-65 °C Base metal 50°C Au + PGM
recovery pH 10 ™ recovery

Figure 9. Schematic diagram of the sequential heap leach process (adapted from Mwase et al. [30]).

Cyanidation processes co-dissolving PG and base metals were developed to treat Coronation
Hill ore (Figure 10) [7] and Panton flotation concentrate (Figure 11) in Australia. The Panton
process comprises cyanidation following calcination and the dissolved metals are co-precipitated.
The precipitate is the final product or is upgraded to PGM concentrate and a separate base metal
concentrate [31]. The current focus of the project is away from the Panton process [32].
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CaO O; NaCN Carbon
Gravity Pressure Carbon- .
Ore = separation cyanidation inpup | - Tailings
l 125 °C l
6h
Coarse gold Au, Pt, Pd

Figure 10. Cyanidation process diagram for Coronation Hill ore (adapted from Cole & Ferron [7]).

Conc. Air CaO O, NaCN H,SO, Strong base
Lo i
Calcination Cyanidation L Precipitation Residual Process
™ s\ [ PGM —> water for
275-550 °C 60 °C pH 2-3 recovery residue
100 h l (IX) washing
Residue l ‘
to tailings Resin
PGM/Base metal incineration
concentrate l
PGM
concentrate

Figure 11. Panton process flow sheet (adapted from Lewins & Greenaway [31]).

7. Conclusions

Due to the critical nature of PGMs and the increasing need for clean technology applications,
the recovery of PGMs from both primary and secondary raw materials is of increasing importance.
The current article focused on the PGM processes of the former and their value chain, highlighting
hydrometallurgical refining approaches.

PGMs are recovered from low-grade resources and from a variety of host minerals due to their
high value. Annual production of PGMs is around 400 t, with Anglo Platinum having the biggest share.
One third of PGMs are produced as co-products of nickel mining. More than 80% of PGMs originate
from two countries, namely South Africa and Russia. The former produces PGMs as primary products
and the latter mainly as by-products of nickel. The geographical concentration of the resources
increases the supply risk of this metal group.

The major four PGM mining companies are integrated from mining to refining. They account for
80% of the market; conventional matte smelting treatment being the prevailing processing method.
Capital investments to process PGMs from flotation concentrate are very large and a significant barrier
to entry for smaller mining companies. They typically produce flotation concentrate and sell the
product for further refining. Other solutions for their value chain may emerge as a result of several
studies—these may lead to joint ventures in the near future.

Alternative process routes are typically evaluated when the conventional method is not
cost-effective. The direction is usually towards hydrometallurgical plants, as they are best suited for
small operations. The technology developed makes use of metallurgy diversely and takes into account
a specific raw material. Consequently, the proposed processes differ from each other. The proposed unit
operations are predominantly proven and in common use. The chemistry underlying them is generally
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known in quite a detail. The suggested leaching media are sulphide-, chloride- or cyanide-based.
These processes have a lack of industrial reference, which make it more challenging for them to gain
a foothold.
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Abstract: This review is devoted to an integrated evaluation of the current use and future
development of the resin adsorption technique in gold recovery from pregnant thiosulfate solutions.
Comparisons are firstly made with other recovery techniques, including precipitation, activated
carbon adsorption, solvent extraction, electrowinning and mesoporous silica adsorption. A detailed
discussion about the recent advances of the technique in gold recovery from pregnant thiosulfate
solutions is then presented from the aspects of gold adsorption on the resins and gold-loaded resin
elution, respectively. On the basis of summarizing the present research, the major limitations of the
resin adsorption technique are eventually pointed out and future development will also be prospected.
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1. Introduction

Cyanide leaching has been used to leach gold from ores for more than a century because of its
simple process, high efficiency and low cost. However, there are increasing public worries over the
sustained use of cyanide because it is extremely poisonous and can readily cause serious environmental
and health problems. In addition, cyanide leaching shows unsatisfactory performance on refractory
gold ores such as those containing copper or “preg-robbing” carbon [1]. So, considerable attention
has been paid to non-cyanide techniques. Of the alternative techniques, thiosulfate leaching offers
the advantages of non-toxicity, low reagent costs, fast leaching rate and good performance in treating
certain refractory gold ores, and thus, has been widely accepted by researchers as the most promising
non-cyanide technique to replace conventional cyanidation [2,3].

Nevertheless, the successful commercial application of thiosulfate leaching is still rare up to
now, except for the development of an ammonia-free thiosulfate leaching process by Barrick Gold
Corporation to treat a carbon-bearing sulfide gold ore pretreated with acidic or alkaline pressure
oxidation [4,5] whose simplified process flowsheet is presented in Figure 1. Certain factors can
account for this, but one of the primary impediments is the difficulty in recovering gold from pregnant
thiosulfate solutions [6]. Gold leaching from its ores using thiosulfate solutions has been extensively
investigated and is relatively well understood over the past several decades [7-32]. However, limited
studies on gold recovery from its leach solutions have been carried out. In recent years, there have
been some attempts to recover gold from pregnant thiosulfate solutions by several recovery techniques
whose characteristics are summarized and evaluated in Table 1. These studies have indicated that
resin adsorption is more suitable compared with other recovery techniques, including precipitation,
activated carbon adsorption, solvent extraction, electrowinning and mesoporous silica adsorption.
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Figure 1. Ammonia-free thiosulfate leaching process by Barrick Gold Corporation to treat a carbon-bearing
sulfide gold ore pretreated with acidic or alkaline pressure oxidation [4,5].

Table 1. Evaluation of various gold recovery techniques from pregnant thiosulfate solutions.

Recovery Techinique Characteristics References
Technique is simple
S High consumption of precipitation agents.
P tati —
recipitation Low-purity gold product [33-41]
Difficulty in cyclic utilization of pregnant thiosulfate solutions
Activated carbon Low reql‘mjements on the clanstzl of éolutlons
adsorption Wealf éffnlntyAfor [Au(8203)2] anion ) ) [42-54]
Modification is necessary to improve its gold loading capacity
Pregnant thiosulfate solutions with high gold concentration is needed
Solvent extraction High equipment and operating costs due to complete solid-liquid separation of pulp [55-63]
Dissolution and accumulation of organic extractant is inevitable
Technique is simple
Electrowinning Low current efficiency and high energy consumption due to the undesirable reactions [64-67]
Difficulty in cyclic utilization of pregnant thiosulfate solutions
o High gold loading capacity
Mesopor0u§ silica Separation difficulty between pulp and adsorbent dut to its fine particle size [68-73]
adsorption h . -
High requirements on the solution pH values
Fast adsorption speed and high gold loading capacity
Low requirements on the clarity of solutions
Resin adsorption Simultaneous elution and regeneration at ambient temperature through the elaborate [74-80]

choice of eluent
Difficulty in gold elution from gold-loaded resins

Precipitation, also known as the Merrill-Crowe process or cementation, is a common technique

for gold recovery from pregnant thiosulfate solutions mainly with metallic powders such as zinc, iron
and aluminium [33]. However, additional copper must be added if the solutions are returned to the

leaching circuit because copper ions in the solutions are also precipitated out by these metallic powders.
Also, these undesirable cations introduce may prevent gold leaching in a thiosulfate leach solution [34].
The use of copper powder is a reasonable choice to avoid the above problems, but the dissolution of
copper increases the redox potential of solution and causes the re-dissolution of precipitated gold and
enormous oxidation of thiosulfate [35-37]. Furthermore, the dosages of metallic powders needed in
precipitation are usually much more than theoretical amounts because the metal surfaces are readily
passivated in the solution, therefore resulting in low-purity gold product [38]. In addition, dissolved
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gold in pregnant thiosulfate solutions can also be reduced by the addition of sodium borohydride
and soluble sulfides [39-41]. Unfortunately, the extensive co-precipitation of other metals, particularly
coppet, in solution also occurs, necessitating further purification of the obtained gold product.

Activated carbon adsorption shows good performance in gold recovery from cyanide solutions
because of its high efficiency, moderate cost and high purity of product. However, activated carbon has
remarkably less affinity for [Au(SZO3)2]37 anion than [Au(CN),]” anion [42-47], and the potential
reasons are the relatively high negative charge of the [Au(SZO3)2]37 anion, steric limitations or specific
interactions between the ligand group and carbon active sites [48]. It has been proposed that the
affinity order of activated carbon for various gold complexes is: [Au(SCN),]” > Au [SC(NHZ)Z]Z+ >
[Au(CN),]” >> [Au(5,03),]> " [49-51]. The low affinity of activated carbon for [Au(S;03),]> anion
makes it difficult to recover gold from pregnant thiosulfate solutions. Two methods can be adopted to
improve the recovery technique. One is to add a certain amount of cyanide into the pregnant solutions
to produce a more stable gold cyanide complex, followed by adsorption on the activated carbon [52,53].
Another is to modify activated carbon by cyano-cuprous or cupric ferrocyanide [54]. However, the
introduction of any cyanide in the two approaches makes the gold recovery process not cyanide-free,
which thus cannot be considered as a true alternative to cyanide process.

There have also been some attempts to recover gold from pregnant thiosulfate solutions by solvent
extraction technique [55-62]. However, there are several factors limiting its possible commercial
application scopes. One is that solvent extraction is suitable for the treatment of clarified solutions
containing relatively higher gold concentration than that of resin adsorption. Thus, the complete
solid-liquid separation of pulp before extraction is needed, necessitating additional equipment and
operating costs. Another problem is that organic extractant can dissolve in the aqueous phase in small
amounts causing the losses of extractant [63]. In addition, the accumulation of extractant in the solution
is detrimental to its cycle use. Therefore, the technique has not been considered to be economical.

Electrowinning is also an option for gold recovery, and [Au(8203)2]37 anions in the pregnant
solutions will migrate to the cathode, being reduced to metallic gold [64-67]. However, it is also not a
feasible choice because undesirable reactions of other anions including copper (I) thiosulfate complexes,
sulfur-oxygen anions and other metal thiosulfate complexes in the solutions can occur on the electrode
surface. This not only decreases the current efficiency and increases energy consumption, but also
reduces the purity of gold product. Again, the cyclic utilization of pregnant thiosulfate solutions has
also become significantly hard due to the irreversible degradation of thiosulfate during electrowinning.

Mesoporous silica, an ordered mesoporous material which presents high adsorption capacity
and selectivity for gold complexes, has also recently been suggested as an alternative to recover gold
from pregnant thiosulfate solutions [68-72]. The maximum loading capacity reached about 600 mg
gold per gram amine-bearing mesoporous silica and an average 80% gold recovery can be obtained.
However, the adsorption material is a kind of fine powder whose average particle size is only 1 pum.
This limits its practical application to the treatment of pulp due to the separation difficulty between
pulp and adsorbent. In addition, it is generally used in neutral condition (pH~7.5) for a longer lifecycle
which means that it may be not suitable for gold recovery from pregnant thiosulfate solutions whose
common pH range is 9-11 [73].

Compared with the above-mentioned techniques, resin adsorption stands out as the most
promising gold recovery technique owing to its fast adsorption speed, high loading capacity, low
requirements on the clarity of solutions, simultaneous elution and regeneration at ambient temperature
through the elaborate choice of eluent. In addition, ion-exchange resins can be custom-made to
selectively extract gold because the functional groups can be designed to have high affinity for
objective ions in the solution [74-80]. Therefore, resin adsorption is more suitable for gold recovery
from pregnant thiosulfate solutions.

In this review, recent advances of gold recovery by the resin adsorption technique from pregnant
thiosulfate solutions will be presented in detail. The advantages of strong-base resins over weak-base
resins in gold adsorption and the differences of three kinds of elution principles of gold-loaded resins

97



Metals 2017, 7, 555

are indicated. Afterwards, a relatively comprehensive summary of the existing problems of the resin
adsorption technique will be outlined. In the end, the potential development direction will also be
proposed to solve these problems.

2. Progress of Gold Recovery by the Resin Adsorption Technique

Ion-exchange resin can be used to recover gold from pregnant thiosulfate solutions through
the reversible ion-exchange reactions between the counter ions in the resins and gold (I) thiosulfate
complex in the solutions. Gold exists predominantly in the form of [Au(SZO3)2]37 anion in the
solutions, and thus the resins used in gold recovery are all anion exchange resins, including strong and
weak-base resins.

2.1. The Adsorption of Gold on the lon-Exchange Resins

2.1.1. The Adsorption of Gold on the Weak-Base Resins

Weak-base resins have primary, secondary or tertiary amine functional groups (or a mixture of
them) and their ion-exchange properties are dominated by the solution pH values. In the free-base
form, the resins are unable to adsorb the gold (I) thiosulfate complex and thus they must be protonated
usually by adding an acid prior to their use for gold recovery Equation (1) [75]. Generally, the greater
the number of the protonated amine groups on the resin at a specific pH value, the higher the potential
for a high gold loading capacity. After protonation, the resin can be used to extract gold from pregnant
thiosulfate solutions Equation (1).

|-NRy +HX <| — NRyHTX™ (1)
3] = NRyH' X + [Au($,03),” & (|-NRyH) ;" [Au(S,03),° " +3X~ ()
where, the symbol | — indicates the inert backbone, R denotes the amine functional group and X

represents the counter ions that can be exchanged such as chloride or sulfate.

For weak-base resins, the specific pH needed for protonation is defined by pKa, i.e., the pH value
that 50% of the functional groups are protonated. Typical pKa is in the range of 6-8, and thus most of
the weak-base resins will not be protonated adequately in the range of 9-11, which is the common
pH range of thiosulfate solutions [76]. Also, gold loading on weak-base resins markedly decreases
with the increase of pH from 8 to 11 [77]. So, the gold loading ability of weak-base resins is usually
very low when they are used to adsorb gold from pregnant thiosulfate solutions, and this has been
demonstrated by certain research [77,78]. In addition, although the gold (I) thiosulfate complex is the
only desired anion for adsorption, a considerable number of unwanted anions, including copper (I)
thiosulfate complexes, sulfur-oxygen anions and other metal thiosulfate complexes in the solutions,
can be adsorbed causing the dramatic decrease of gold loading and thus the significant increase of
the resin dosage. Therefore, the use of weak-base resins to recover gold from pregnant thiosulfate
solutions is not an efficient and economical choice.

2.1.2. The Adsorption of Gold on the Strong-Base Resins

Unlike weak-base resins, strong-base resins contain ammonium functional groups and are not
limited by the protonation to adsorb the objective ions from solutions [75]. That is, strong-base resins
are applicable to gold recovery over a broad pH range and their gold loading capacity is essentially
independent of the solution pH values [77]. Therefore, they can be directly used to recover gold from
pregnant thiosulfate solutions, as portrayed in Equation (3).

| = NRs "X + [Au($:05),] & (|=NRs); " [Au($:05),]> +3X" ®)
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Strong-base resins are generally preferred over weak-base resins in terms of gold loading capacity
under the given experimental conditions. The test results for these two kinds of resins indicated that
gold loading on various strong-base resins reached up to 10-25 kg/t, but only less than 2 kg/t gold
loading capacity was attained for weak-base resins [77]. Since strong-base resins have higher gold
loading capacity, the effects of the competitive adsorption of other undesirable anions are generally
acceptable. Therefore, strong-base resins are a preferred option for the gold recovery from pregnant
thiosulfate solutions.

However, strong-base resins also readily adsorb other undesirable anions and consequently show
poor selectivity for gold (I) thiosulfate complexes. Evidently, the presence of these competitive anions
will decrease gold loading capacity of the resins remarkably. The effects of copper (I) thiosulfate
complexes and tetrathionate on the gold loading on various strong-base resins has been studied by
Zhang and Dreisinger [77,79]. The gold loading was closely related to the copper concentration in
solution and the maximum gold loading dropped by about 70% as the copper concentration increased
from 100 to 500 ppm. Tetrathionate was also significantly detrimental to gold adsorption. With the
addition of 0.01 M tetrathionate, gold loading on various resins decreased by nearly 90%. However, the
sustained increase of tetrathionate concentration did not make further difference because most of the
active sites of the resins were occupied by tetrathionate, i.e., the resins were poisoned.

In addition to tetrathionate and copper (I) thiosulfate complex, other sulfur-oxygen anions
and metal thiosulfate complexes, such as S304>, SO32~, [Ag(5,03),]>", [Pb(S;03),]>" and
[Zn(SZO3)2]27, are also present in the real leach solutions. These anions can also be adsorbed
on the strong-base resins and thus exert an important influence on gold adsorption. A detailed
investigation has been conducted with respect to the effects of common sulfur-oxygen anions and metal
thiosulfate complexes on the equilibrium loading of gold on the Amberjet 4200 strong-base resin [80].
It was proposed that the affinity orders of the resin for these two kinds of competitive anions in the
solution were [Au($,03),]*” > 530627, 545062 > 5052~ > 503> > S0,42~ and [Au($,03),)* >
[Pb(S,03),*” >> [Ag(5203),]> > [Cu($:03)5]°" >> [Zn(5,03),]* ", respectively. The results
indicate that trithionate, tetrathionate and lead (II) thiosulfate complex may have great impact on
the equilibrium loading of gold. In addition, although the affinity of the resin for the [Cu(5203)3]57
anion is weaker than that for the [Au(5203)2]37 anion, the concentration of [Cu(SZO3)3]57 anion is
much higher than that of [Au(SZO3)2}37 anion in a typical leach solution. As a result of this, the
simultaneous loading of a considerable amount of copper with gold on the resins has become one of
the primary factors affecting the gold recovery from pregnant thiosulfate solutions.

In order to solve the competitive adsorption problem of copper with gold on the resins, the
replacement of traditional cupric-ammonia catalysis has been proposed [81]. Dowex 21K resin was
adopted to recover gold from pregnant thiosulfate solutions with nickel catalysis. Nickel was not
adsorbed on the resin in the range of 0.0005-0.05 mol/L Ni?* and 0.05-0.2 mol/L $,052~, and the
maximum gold loading capacity of the resin achieved 95 kg/t, which is notably higher than that of
common strong-base resins in pregnant thiosulfate solutions with copper catalysis. Also, a comparative
study about leaching and recovery of gold using ammoniacal thiosulfate solutions with copper, nickel
and cobalt catalysis has been conducted in the authors’ laboratory [82]. The thiosulfate consumption
of copper catalysis is much higher than that of nickel and cobalt catalysis. The competitive adsorption
of nickel or cobalt along with gold did not occur when Tulsion A-21S strong-base resin was used to
adsorb gold from their pregnant thiosulfate solutions. Evidently, the absence of competitive adsorption
of nickel or cobalt with gold is extremely advantageous to the gold recovery because gold loading on
the resin will increase substantially and the problem in separating gold and nickel or cobalt on the
resin will also not need to be considered, therefore reducing the gold recovery cost considerably.

2.2. The Elution of Gold-Loaded Resins

The selection of eluents is critical because it not only determines the feasibility of cyclic utilization
of leach solutions to some degree but also affects the subsequent gold recovery from the eluate solution.
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In addition, elution process of gold-loaded resins is complex due to the loading of a large quantity of
copper on the resins, and thus the gold and copper can be considered to be eluted simultaneously or
separately. For one-step elution process, additional operations for separating these two metals from the
eluate solution were needed in order to obtain final high-purity gold product, but this can easily cause
the gold loss. Therefore, the complete separation of gold and copper from the resin is a preferred choice
through the elaborate choice of eluents for them. Since the affinity of the common gold extraction
resins for gold (I) thiosulfate complex is higher than that for copper (I) thiosulfate complex, copper
will also be stripped during gold elution. Thus, pre-elution of copper is desirable to prevent the final
gold product from being contaminating by the copper. The copper can be selectively pre-eluted with
the solutions of oxygenated ammonia, ammonia-ammonium sulfate, ammonium thiosulfate, etc. and
hence this paper mainly concentrates on the elution of gold based on different elution principles.

2.2.1. The Elution of Gold by Chemical Reaction

As shown in Figure 2((D), the resin is loaded with large amounts of [Au(S,03) 2]37 anions when
adsorption is completed. The chemical reaction principle is that the original [Au(S,03),]*" anions are
transformed to cationic gold complexes through the replacement of thiosulfate ligand [80]. The resins
have noticeably reduced affinity for the new-formed cationic complex than gold (I) thiosulfate complex,
and thus gold can be readily eluted from the resins. Unfortunately, few eluents can be applied to strip
gold on the resins by this principle because the alternative ligand that can replace thiosulfate and
complex with gold (I) to form cationic complex is scarce. Acidic thiourea is the only reported for the
elution of gold (I) thiosulfate complex by chemical reaction principle [45,83], and the elution reaction
of gold is illustrated in Equation (4).

(|-NR3) 5" [Au(8,03),]>~ + 25C(NH,), + 4HCl @
— 3] =NR3"Cl™ + Au[SC(NH,),], "Cl™ +2S | +2S0, 1 +2H,0
R = N*(CH,),Cl™

[Au(5203)2]3_

v

[R— N*(CH)s]5 [Au(S;,05),1%

o) ®
SC(NH2), Y= NO;~ Na,S0;3
Cl0,”, SCN™

v

_R - N+(CH3)3Y7 + [Au(5203)2]3'

HCl HCl Nacl
Au[SC(NH,),]," R —N*(CHy)4Cl- [Au(S,05)(S05)]3~

Figure 2. The elution of gold from strong-base resins (D, @ and () represent the elution procedure of
[Au(SZO3)2]37 anions loaded on the resin through the chemical reaction, displacement and synergistic
ion exchange principles, respectively).

100



Metals 2017, 7, 555

For this gold elution process, regeneration step of the resins is not necessary because the resins
only have weak affinity for the chloride, and it can be readily exchanged by [Au(5203)2]37 anions
when the resins are used in the next adsorption circuit. Unfortunately, acidic thiourea is not a viable
option because the sulfur-oxygen anions loaded on the resins such as thiosulfate and polythionates
are not stable under acidic condition, and sulfur precipitation driving from the breakdown of them
can poison the resin. Furthermore, osmotic shock produced by repeated elution in acidic media and
adsorption in alkaline media can destroy the resin structure and thus increase recovery cost.

2.2.2. The Elution of Gold by Displacement

As indicated in Figure 2(®), the displacement principle uses an anion with high affinity for the
resin to exchange adsorbed [Au(S;03) 2]37 anions [80], which is also the most common method to be
used in the gold elution. From the perspective of adsorption, the method is essentially achieved by
altering the equilibrium of Equation (3) to the left through the increase of the concentration of X~ anion.
On the basis of this principle, some eluents including thiocyanate, tetrathionate, nitrate and perchlorate
have been founded to strip the gold effectively. However, gold elution by this principle usually
requires high concentration of eluent because of the strong affinity of the resin for [Au(8203)2]37
anion, therefore resulting in relatively high reagent cost. Furthermore, it is necessary to adopt an
additional regeneration step to change the resin into its original form after gold elution. Otherwise,
gold loading capacity of the resin will decrease dramatically due to the sustained accumulation of
eluent anions on the resin.

Thiocyanate has been considered to be capable of effectively eluting loaded gold cyanide complex
from anion exchange resins because of its strong affinity for the resin [84]. It was also used to
elute gold (I) thiosulfate complex from the resin by the same authors, as described in Equation (5).
After elution, the gold in the eluate solution was then recovered by conventional electrowinning [85].
However, thiocyanate is not an economical and environmental eluent, and the electrodes can be
corroded during the subsequent gold electrowinning from the thiocyanate eluates [84]. After gold
elution, sulfuric or hydrochloric acids can be used to regenerate the resin, but the thiocyanate ion
degrades readily to elemental sulfur under strongly acidic condition. This is regarded to be undesirable
from resin recycling point of view because sulfur precipitation will accumulate in the resin matrix and
poison the resin by blocking resin pore. An alternative is to use ferric sulfate to remove the loaded
thiocyanate and regenerate the resin to the sulfate form. Meanwhile, the eluted Fe (III) thiocyanate can
be recovered by the addition of hydroxide to form Fe (III) hydroxide precipitate and the generated
thiocyanate ions can be returned to elution cycle, as presented in Equations (6) and (7). However, this
resin regeneration process may lead to resin breakage from osmotic shock driving from the change in
pH from elution to regeneration.

(|-NR3) ;" [Au(5,03),]>” +35CN~ < 3| — NR3*SCN~ + [Au(5,03),]*~ ®)
4] —NR3*SCN™ + Fe»(SOy4); — 2(]—NR3) , "S042~ + 2Fe(SCN), " + 50,2~ (6)
Fe(SCN), " +30H™~ — Fe(OH), | +2SCN~ )

As a common anion in the pregnant thiosulfate solutions, S40>~ anion can strongly compete
with [Au(5,03),]> " anion for the active sites of the resin, as indicated in Section 2.1.2. As a result of
this, it has also been used to effectively elute gold and the stripped resin was regenerated with sulfide
ions to convert tetrathionate to thiosulfate [86]. The reactions of gold (I) thiosulfate elution and resin
regeneration can be portrayed in Equations (8) and (9).

2(|-NRs) 3 " [Au($203),]> +35:062"  3(|-NR3), 5,062 + 2[Au($,03),]> @®)

(|-NR3), 84062~ 4257~ & (|-NR3), "S>~ + 25,052~ +S | ©9)
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However, this elution process is also not economical because tetrathionate is highly unstable and
will decompose easily, with the result that large amount of eluent solution will be needed. Therefore, the
eluent must be freshly made each time the elution of the resin is carried out [80]. The formation of
sulfur precipitation is also inevitable during the resin regeneration with sulfide ions, as shown in
Equation 9. Furthermore, sulfide precipitates of gold, copper or other metals may form when the resins
with sulfide counter ions are return to the gold adsorption stage, which is highly unbeneficial to both
the gold recovery and cycle use of the resin.

Apart from thiocyanate and tetrathionate, nitrate could also be adopted to elute gold (Equation 10)
and electrowinning was utilized to recover gold from the eluate solution [87]. However, compared with
thiocyanate and tetrathionate, much more concentrated nitrate solutions are needed to achieve almost
complete gold elution. The potential reason is that the affinity of the resins for nitrate is substantially
lower than that of thiocyanate and tetrathionate. It has also been observed that the eluate solution
containing gold (I) thiosulfate complex was not stable and black gold precipitate occurred during
electrowinning. The potential reason is that gold (I) thiosulfate complex will dissociate due to the
lack of the free thiosulfate in the eluate solution, which is further accelerated due to the oxidation
decomposition of free thiosulfate. Finally, the gold (I) reacts with the sulfide ions in the solution
resulting in the formation of black gold sulfide precipitate.

(|7NR3)3+[Au(5203)2}37 +3NO;~ ¢ 3| —NR3"™NO; ™ + [Au(SZO3)2]37 (10)

In a recent study on the gold elution from the same resin with different gold loading capacities,
perchlorate has been found to be an effective eluent (Equation 11) [81]. For 2.0 g resin with 5 kg/t
gold loading capacity, nearly 100% gold can be successfully eluted by 2.5 mol/L perchlorate and an
eluate with average gold concentration of 300 mg/L was produced. Moreover, the feasibility of this
elution process has been demonstrated by a detailed comparison with the conventional Zadra process
that is utilized to elute the loaded [Au(CN),]|  anions from the activated carbon (Table 2) [88]. It is
clear that the perchlorate elution process is superior to the Zadra process with respect to elution time,
temperature, gold concentration in the eluate solution, gold recovery, etc. In addition, successful gold
recovery by electrowinning from the eluate can be realized because perchlorate is a common electrolyte
in the electrochemistry study. Unfortunately, both high concentration of perchlorate solution and resin
regeneration are also required.

(|-NRs) 5 " [Au($,03),]°~ +3CI0,~ < 3| — NR3TCIO;~ + [Au($,05),]>~ 1)

Table 2. Comparison of [Au(S;03),]>~ anion elution from the resin by the perchlorate process and
[Au(CN),]™ anion elution from activated carbon by the Zadra process [81].

Parameters Perchlorate Process Zadra Process
Gold loading capacity of resin/carbon/(kg/t) 5 10 20 4-5
Elution time/h 4 4 4 30-48
Temperature/K Ambient Ambient Ambient 363-373
Pressure/kPa Atmosphere  Atmosphere =~ Atmosphere  400-500
Flow rate/(bed volume number/h) 3 6 12 1-2
Maximum gold concentration/(mg/L) 1250 1400 1700 1000
Average gold concentration/(mg/L) 333 400 400 150-400
Gold recovery >99.5% >99.5% >99.5% 96-98%
Gold loading capacity of stripped resin/carbon/(kg/t) <0.05 <0.05 <0.05 0.15

Note: Eluent of perchlorate elution process: 2.5 mol/L NaClOy, eluent of Zadra process: 10 g/L NaOH + 2 g/L NaCN.

2.2.3. The Elution of Gold by Synergistic Ion Exchange

As presented in Figure 2(®), the third elution principle is based on the concept of “synergistic ion
exchange”. In this principle, the eluent is a mixture of a weak eluent and sulfite. It is hard for the weak
eluent to effectively elute gold loaded on the resins even when high concentration of it is used due to
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the weak affinity of the resin for the eluent anion. However, with the addition of a small amount of
sulfite, [Au(SZO3)2]37 complex will be converted to [Au(S,03)(S03)]>~ complex [89]. The resin has
very weak affinity for the new-formed mixed ligand gold (I) thiosulfate-sulfite complex, and thus it
can be readily eluted by the weak eluent with relatively low concentration, which is favorable to the
decrease of elution costs. Furthermore, resin regeneration is not needed because the weak eluent anion
will be readily exchanged by [Au(S,03) 2]37 anions when the resin is returned to adsorption circuit,
therefore simplifying the whole gold recovery process greatly.

Based on the elution principle, a study about the elution of the gold-loaded resins was
conducted [90]. After copper elution, the resin was then stripped to recover gold with a mixed
eluent consisting of 2 M sodium chloride and 0.1 M sodium sulfite. Subsequently, electrowinning
was utilized to recover gold from the eluate solution. Gold could hardly be eluted using single 2 M
sodium chloride solutions, which was also demonstrated by the research of Mohansingh [47]. With the
addition of 0.1 M sodium sulfite, however, a complete gold elution could be achieved within 12 BV
(bed volume, i.e., the volume of the reactor that is occupied by ion exchange resin) under the eluent
flowrate of 5 BV /h. When the eluent flowrate was decreased to 2 BV /h, elution was complete only
within 8 BV. Therefore, the sulfite significantly facilitates the elution efficiency of sodium chloride, and
the probable elution reaction is shown in Equation 12. Another important advantage of the sulfite is
that it can reduce the formation of gold sulfide pricipitate during electrowinning and thus significantly
improve gold recovery from the eluate solution. Moreover, the addition of sulfite to the eluent can
convert higher polythionates including tetrathionate, pentathionate and hexathionate to thiosulfate
and trithionate (Equations 13-15). However, it should also be noted that trithionate, the decomposition
product of these higher polythionates, can still accumulate on the resin and eventually has a negative
effect on gold loading in the adsorption stage, as indicated in Section 2.1.2. In addition, poisonous
chlorine may produce during electrowinning due to the presence of high concentration of chloride
and thus worsen working conditions.

(|-NR3) 5 "[Au(S;03),]>~ + 5052~ +3C1~ < 3| — NR3*Cl™ + [Au($,05)(S03)]° +

$,03%~ (12

54,062 45052 < $,05% + 53062~ (13)
85062~ + 25052~ < 25,052 + S306%~ (14)
S6062~ 435032~ < 35,032~ + 53042~ (15)

3. The Main Limitations of the Resin Adsorption Technique

The resin adsorption technique is the most suitable choice to recover gold from pregnant
thiosulfate solutions compared with other recovery techniques, as mentioned in Introduction.
However, there are still certain problems to be addressed to further develop the technique.

3.1. The Competitive Adsorption of Undesirable Anions

Thiosulfate is generally considered as being metastable, which means that some oxidative
decomposition reactions can occur in a typical leaching environment, as described in Equations (16) and (17).
In addition, in the thiosulfate leaching system, copper and ammonia are added to accelerate gold
dissolution through the formation of copper (II) ammine complexes. However, a problem associated
with the use of cupric ammine is that it accelerates the oxidation of thiosulfate to produce tetrathionate,
which is also unstable and can be easily degraded into trithionate and thiosulfate [91-95], as presented
in Equations (18) and (19).

35,052 + 20, + HyO — 255042~ +20H ™ (16)
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45,052 + Oy + 2H,O — 25,042~ +40H ™ 17)
2[Cu(NH3),]*" 4 85,057 — 2[Cu(S;03)5]> + 8NH; + 5,04~ (18)
45,04 4+ 60H™ — 55,032~ 4 25304>~ + 3H,0 (19)

The degradation products of thiosulfate, particularly polythionates including trithionate and
tetrathionate, will intensely compete with gold (I) thiosulfate complex for active sites in the resins,
and low concentration of them in the leach solution will decrease gold loading capacity of the
resins tremendously. Therefore, it is very necessary to minimize the generation of them in the
leaching stage to ensure an efficient gold recovery from the pregnant thiosulfate solutions by the
resin adsorption technique.

It should be noticed that the cupric ammine itself is also reduced to [Cu(5203)3}57 when it
accelerate the oxidation of thiosulfate, as shown in Equation 18. Copper (I) thiosulfate complex is
more stable than its ammine complex thermodynamically [81], and thus copper (I) exists primarily as
thiosulfate complex in the pregnant thiosulfate solutions. Substantial amounts of [Cu(5203)3]5_ can
readily load on the resins with [Au(SZO3)2]37 due to the same ligand of these two complex anions.
For this reason, it is very difficult to selectively adsorb gold (I) thiosulfate complex from pregnant
thiosulfate solutions. The co-adsorption of copper (I) also makes it necessary to adopt a complex and
costly two-stage elution process to separate the copper and gold loaded on the resins.

Apart from polythionates and copper (I) thiosulfate complex, other metal thiosulfate complexes,
suchas [Ag($:03),]° ", [Pb(S,03),]*~ and [Zn(5,03),])* ", may also exist in the real leach solutions [80].
Their effects on the gold adsorption on the resins can also usually not be neglected because they are
able to load on the resins. The competitive adsorption of them with gold (I) thiosulfate complex not
only decreases the gold loading capacity of the resins but also complicates subsequent elution process.

3.2. The Lack of Suitable Gold Extraction Resin and Eluent

Most of the available resins used in current research on gold recovery from pregnant thiosulfate
solutions are those which show good performance for gold recovery from pregnant cyanide solutions
(Table 3) [96-99]. However, these resins are generally not highly selective for [Au(SZO3)2]37 anion
because they were designed to adsorb singly charged [Au(CN),]” anion. Furthermore, the presence
of a series of competitive anions, including copper (I) thiosulfate complexes, sulfur-oxygen anions and
other metal thiosulfate complexes in the solutions also places greater demands on the selectivity of
the resin. Nevertheless, the selectivity of the resin is a complex subject, which is mainly determined
by the properties of the resin itself and the anion. For the resin, the functional group, hydrophobicity
of the polymeric matrix, porosity and ion identity (number of ionic groups per unit volume) of the
resin are all important factors influencing its selectivity for the anion [100,101]. Also, previous studies
on the adsorption of metal cyanide anions on both strong- and weak-base resins indicated that the
properties of the anion, including polarisability, charge density (the ratio of the charge to the number of
atoms), the degree of hydration and the shape or size, give an indication of what type of resin will be
suitable for gold recovery [101-104]. Taking the above properties of the anion into consideration in a
thiosulfate solution, O’'Malley [80] proposed the likely selectivity orders of the resin for sulfur-oxygen
anions and metal thiosulfate complexes (Tables 4 and 5), which also were supported by certain research
results [105-107]. However, research on the selectivity of the resin for [Au(S,03) 2}37 anion has been
rare up to now and there is still much work to be done to design a resin highly selective for gold (I)
thiosulfate complex.
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Table 3. The resins used for gold recovery from pregnant thiosulfate solutions.

Adsorption Conditions

Au/%2  Reference
Resin Type [Au]? [Cu]? [S,0527] [NH;] pH T/°C Time/h

AV-17-10P RyN* 95179 - 0.5 0.5 10.8-11.0 - 5 94.2 [45]
Amberlite IRA 400  RyN* 20 196.85 0.18 0.324 10 25 0.33 100 [75]
Purolite A500C RyN* 1.8 22 0.05 0.1 8 60 6 99.45 [96]
Amberlite IRA 400  RyN* 9.27 125 1.0 0.1 9 20 10 94.7 [47]
Amberjet 4200 RyN* 10 10 0.5 0.2 9.5 - - 99 [80]
Dowex 21K RyN* 20 500 0.1 0.2 11 23-25 24 100 [77]
Dowex 21K RyN* 100 29.53 0.05 0.5 9.5 - 3 95 [81]
Amberlite IRA 410  R4yN* 8 100 0.1 0.1 11 25 2 >90 [97]
Purolite A530 RyN* 39.4 - 0.5 - 10 - - 94 [78]
Dowex G51 RyN* 10 500 0.1 - 11.7 23 - 98 [98]
Amberlite IRA-93 WB 10 - 0.1 - 23 2 94.3 [98]
Aurix 100 Guan 1-8 - 0.00674—0.04 0.30-0.81 9-10.5 25-40 0-3 99 [99]

Note: All the results were obtained under batch experiment condition. R4N*: quaternary ammonium (strong base);

WB: weak base; Guan: guanidyl.

“T” represents temperature. ! Reported in ppm. 2 Gold recovery (%). 3 Nickel concentration.

“-" denotes “absence” of the items or “the literature did not mention”,

Table 4. Predicted selectivity of the resin for sulfur-oxygen anions presented in declining order.

Name Formula  Formula Weight Polarizability Charge Density Hydration
Pentathionate ~ S504%~ 256.5 High 0.18 High
Tetrathionate ~ $4042~ 224.3 High 0.2 High

Trithionate 83062~ 192.2 High 0.22 High
Dithionate $,062~ 160.1 Medium 0.25 High
Dithionite S04 128.2 Medium 0.33 Medium
Thiosulfate $,05%~ 1122 Medium 0.4 Medium
Sulfate 50,2 96.1 Low 0.4 Medium
Sulfite 5032~ 80.1 Low 0.5 Medium

Table 5. Predicted selectivity of the resin for metal thiosulfate complexes presented in declining order.

Name Formula Formula Weight Polarizability Charge Density ~ Hydration
Silver (I) thiosulfate  [Ag(S,03),]° 4443 High 0.13 NK
Copper (I) thiosulfate [Cu(5203)3]57 400.1 High 0.13 NK
Lead (I) thiosulfate [Pb(5203)3]4’ 543.7 High 0.25 NK
Gold (I) thiosulfate [Au(SZOg)Z]S’ 421.3 High 0.27 Low
Lead (II) thiosulfate [Pb(SzOs)Z]P 431.5 High 0.18 NK
Silver (I) thiosulfate [Ag(5203)2]3’ 332.2 High 0.27 Low
Copper (I) thiosulfate [CU(SZO3)2]37 287.8 High 0.27 NK
Zinc (IT) thiosulfate [Zn(SZO3)2]2’ 289.6 High 0.18 High

Gold can be effectively adsorbed by strong-base resins from pregnant thiosulfate solutions.

Note: “NK” denotes “not known”.

The gold-loaded resins are pre-eluted to remove copper, and the pre-eluate containing high
concentration of copper will be returned to the leaching circuit. However, to seek for an applicable

eluent of gold has been proven problematic mainly owning to the strong affinity of the resins
for [Au(5203)2]37 anion. Most of the eluents proposed previously, such as the single component
solutions of thiocyanate, tetrathionate, nitrate and perchlorate or the two component solutions such as
thiourea + sulfuric/hydrochloric acids and sodium sulfite + sodium chloride, are all not ideal due to

either high reagent cost or environmental pollution, and the characteristics of them are summarized
and evaluated in Table 6. Therefore, the development of an appropriate eluent to elute the gold from
the resins will be one of the feasible measures to further develop the resin adsorption technique.
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Table 6. Evaluation of various elution processes for [Au(S,03),]*~ anion.

Elution Process Characteristics References

Strong affinity for resin and fast elution kinetics

Resin regeneration is needed and complex, and high resin losses may occur
High reagent cost and environmental concerns

Corrosion of electrodes in electrowinning cell

Strong affinity for resin and fast elution kinetics

High reagent consumption due to stability issues

Reasonably high temperature is required and the formation of sulfur
precipitation is also inevitable for the resin regeneration with sulfide ions

Thiocyanate [85]

Tetrathionate [86]

Single component . Metal sulfide precipitates can form when the resins with sulfide counter ions

are recycled back to the gold adsorption stage
. Weak affinity for resin and slow elution kinetics
Nitrate . High concentration of eluent solution is needed [80,87]
. Black gold precipitate occurs during subsequent electrowinning

. Strong affinity for resin and fast elution kinetics
. Successful electrowinning can be realized for the gold eluate because

Perchlorate perchlorate is a common electrolyte in the study of electrochemistry 81l
. Resin regeneration and high concentration of eluent solution is also required
. Resin does not require regeneration after elution
Thiourea + . Sulfur precipitation can produce due to the decomposition of sulfur-oxygen
sulfuric/hydrochloric anions under acidic condition [45,83]
acids . High resin losses may produce due to the osmotic shock produced by
repeated elution in acidic media and adsorption in alkaline media
Two components . Reduced affinity of gold (I) complex for the resin by the formation of mixed
ligand gold (I) thiosulfate-sulfite complex in the presence of sulfite
Sodium chloride + Lower concentrations of the eluent (sodium chloride) and more efficient [90]

sodium sulfite elution of the gold can be realized
. Trithionate can accumulate on the resin and poisonous chlorine may produce
during electrowinning

4. Future Development

Current research about gold recovery by ion exchange resins from pregnant thiosulfate solutions

is in its infancy and a large number of further work is needed to make the recovery technique more
efficient, economical and environmentally friendly. In terms of the main problems existing in the resin
adsorption technique, the following countermeasures can be taken to optimize the technique.

M

@)

A suitable pretreatment can be conducted to remove the base metals before leaching to reduce
their detrimental effects on subsequent gold recovery. To weaken or eliminate the competitive
adsorption effects of copper (I) thiosulfate complexes and polythionates, one feasible measure is
to minimize their generation during leaching through the elaborate control of reaction conditions.
Another more effective measure is the replacement of traditional cupric-ammonia catalysis with
other metals such as nickel- and cobalt-based catalysts. It reduces the consumption of thiosulfate
and thus decreases the formation of polythionates. Also, the competitive adsorption of nickel
and cobalt with gold will not occur because they do not complex with thiosulfate to form stable
Ni/ Co—SzO32* complexes, and therefore, the complicated and costly two-stage elution process
can be substituted by a simple and low-cost one-stage process.

The structure-activity relationship of the resin functional groups can be investigated through
the first principle and quantum chemistry calculation to obtain the ideal resins that have strong
affinity and high selectivity for gold (I) thiosulfate complex over copper (I) thiosulfate complex,
polythionates and other metal thiosulfate complexes. As for the eluent, the mixed eluent of
chloride and sulfite deriving from the concept of synergistic ion exchange needs to be further
developed through the displacement of chloride by other environment-friendly weak eluents
which have no negative effect on the subsequent electrowinning of gold eluate solutions.
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Abstract: Cyanidation is the main method used to extract gold from gold raw materials; however,
a serious problem with this method is the low leaching rate. In order to improve gold leaching,
the intensification behavior of mercury ions on gold cyanide leaching, for two types of materials,
sulphide gold concentrate and oxide gold ore, was investigated. The results showed that mercury ions,
with only a 1073 M dosage, could significantly intensify leaching and gold recovery. The dissolution
behavior of gold plate was also intensified by 107> M mercury ions. Microstructure analysis showed
that mercury ions intensified the cyanidation corrosion of the gold surface, resulting in a loose
structure, where a large number of deep ravines and raised particles were evident across the
whole gold surface. The loose structure added contact surface between the gold and cyanide,
and accelerated gold dissolution. Moreover, mercury ions obstructed the formation of insoluble
products, such as AuCN, Au(OHCN), and Au(OH),, that lead to a passivation membrane on the gold
surface, reducing contact between the gold and cyanide. These effects, brought about by mercury
ions, change the structure and product of the gold surface during gold cyanidation and promote
gold leaching.

Keywords: gold cyanidation; mercury ions; intensification behavior; structure; surface product

1. Introduction

Gold is a rare and precious metal. It is not only a special currency for reserve and investment,
but also an important material for the jewelry, electronics, and aerospace sectors, among others.
Cyanidation has numerous advantages, in contrast with other methods, and is the main method to
extract gold from gold materials, such as sulphide gold concentrate and oxide gold ore. However,
a serious problem associated with this method is the low leaching rate [1-3]. Through past research,
a large number of intensification techniques have been established. Hydrogen peroxide, as an assistant
reagent, has been shown to accelerate gold leaching since its appearance in 1987 [4,5].

Gold leaching, in essence, is an electrochemical process that includes the anode dissolution of gold
and the cathode reduction of oxygen and other oxidants [6,7]. Hydrogen peroxide assistant leaching
is an intensified method for cathode reduction. After cathode reduction is intensified to an extreme
level, further intensification no longer contributes to increased gold leaching and the subsequent
leaching is determined by anode dissolution. Meanwhile, anodic intensification has received wide
attention. Some heavy metals, such as lead, bismuth, silver, and thallium, have been shown to be
effective in the intensification of the anodic dissolution of gold [8-11]. Their catalysis on gold leaching
has been analyzed theoretically and research has also looked at their intensive electrochemistry.
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However, there have been few reports on the practical applications of these technologies and their
intensified mechanisms, especially for mercury ions.

Mercury ions can be recycled and reutilized to intensify gold cyanide leaching. After cyanide
leaching, gold is separated from the lixivium by active carbon adsorption, and the leaching raffinate,
with mercury ions, will circulate back to the previous process and leach gold again. Even if
only a few mercury ions exist in the gold concentrate, they will be treated to realize the green
discharge of mercury ions. Therefore, there are no pollution problems brought about by mercury
intensification in gold cyanide leaching, and it is a suitable intensifier. In our previous research [12-14],
the electrochemical kinetics of gold anodic dissolution, intensified by heavy metals, was investigated.
Additionally, the co-intensification of heavy metals and hydrogen peroxide to accelerate gold leaching
from different types materials was also researched. Moreover, the electrochemical nature of the
co-intensification of mercury ions and oxidants was discussed. Some knowledge was obtained based
on these works; however, the intensification behavior and mechanism of mercury ions on gold cyanide
leaching lack in-depth and systematic understanding. In this work, mercury ions, as the only intensified
reagent, were applied to prevent the effect of hydrogen peroxide. A pure gold plate was employed
to avoid the disturbance of other elements in the gold material. The leaching behavior of two types
of materials, sulphide gold concentrate and oxide gold ore, and the dissolution behavior, structure
information, and surface product of the gold plate, were investigated to analyze the intensification
of mercury ions on gold cyanide leaching. This research will allow the intensification behavior and
mechanism of mercury ions on gold cyanide leaching to be understood more clearly.

2. Materials and Methods

2.1. Materials

Two common gold materials, sulphide gold concentrate and oxide gold ore, were provided
by a gold plant in China. As shown in Table 1, sulphide gold concentrate is a high gold-content
material (73.21 g/t), while there is only 4.42 g/t gold-content in oxide gold ore. The oxide gold ore
has little content of S and Fe; whereas, in the sulphide gold concentrate, the content of S and Fe is
much higher at 28.34% and 29.57%, respectively, which may have a negative effect on gold leaching.
Moreover, there is 29.57% Fe and 2.19% Cu in the sulphide gold concentrate, which indicates a high
content of pyrite and that some copper pyrites exist in the gold concentrate. Meanwhile, a cylindrical
gold plate (® 7.0 mm x 2.0 mm) with 99.99% purity was employed to analyze the effect of mercury
ions on gold dissolution. Analytic reagents, HgSO4 and NaOH, were applied as the mercury ion
intensifier and solution pH regulator, respectively. NaCN was used as a leaching agent.

Table 1. Chemical composition of gold concentrate (%).

Sample Au* Ag* Cu Pb Zn Fe S
Sulphide gold concentrate 7321  176.05 219 098 1.03 29.57 2834
Oxide gold ore 4.42 0.36 0.05 0.04 005 321 0.16
* Unit g/t.

2.2. Methods

2.2.1. Gold Leaching

In the gold leaching test, a 50 g sample was first ground in a @ 160 mm x 50 mm wet ball mill with
a 40% mass fraction in a grinding slurry. After grinding, the slurry was put in a 500 mL breaker and a
certain amount of cyanide NaCN, intensifier HgSO,, pH regulator NaOH, and water, was added to the
beaker. The concentration of NaCN was 0.3%, the liquid-solid ratio of leaching was 5:1, and the pH of
the solution was 12. The concentration of mercury ions was 0, 107,105, and 10~ M, as determined
by the experimental requirements. The slurry was stirred with a EUROSTAR stepless speed regulation
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stirrer, with a rotation speed of 400 rpm, and leaching time was recorded. After leaching for a given
time, the slurry was filtered and the residue was dried in an electric drying oven (CIE, Changsha,
China). The residue and pregnant solution were both analyzed by atomic absorption spectrometry
(AA240FS+GTA120, VARIAN, San Francisco, CA, USA) to determine gold content.

2.2.2. Gold Dissolution

The cylindrical gold plate was prepared before cyanide dissolution. Firstly, the gold plate
was rubbed and polished by a 0.06-A metallographic sandpaper. Secondly, the gold plate was
processed with a high temperature treatment using an alcohol burner. Finally, the gold plate was
ultrasonically cleaned for 8 min with successive cleaning solutions of distilled water, 10% diluted nitric
acid, distilled water, anhydrous ethanol, and distilled water.

After being prepared, the gold plate was bonded on the stirring rod of a speed regulation stirrer.
Then, the stirring rod, along with the gold plate, were placed in a solution with an NaCN concentration
of 0.3% and pH of 12. Meanwhile, a certain amount of HgSO, reagent was added into the solution for
Hg intensification cyanidation. There were no mercury ions in the common cyanidation. The stirrer
was rotated at a speed of 400 rpm and leaching time was recorded. After leaching for a given time,
the gold plate was cleaned using distilled water and naturally air-dried. Afterwards, the gold plate
was weighed and its microstructure and surface product were analyzed.

2.2.3. Microstructure and Surface Product Analysis after Dissolution

The microstructure and surface product of the gold plate after common cyanidation and Hg
intensification cyanidation were analyzed by scanning electron microscope (SEM), atomic force
microscope (AFM), X-ray photoelectron spectrometer (XPS), and fourier transform infrared spectoscopy
(FT-IR) (NEXUS 670, NICOLET, Wisconsin Rapids, WI, USA ). SEM analysis was conducted using a
JSM-6360LV scanning electron microscope (Quanta 250 FEG, FEI, Hillsboro, OR, USA). AFM analysis
was conducted using a di NanoMan Vs AFM atomic force microscope (Multimode VIII, VEECO,
Plainview, NY, USA). XPS analysis was conducted using a K, 1063 X-ray photoelectron spectrometer
(AXIS ULTRA DLD, Shimadzus, Kyoto, Japan), whose vacuum degree, X-ray source, and energy were
1 x 1077 Pa, Al K,, and 50 eV, respectively. Infrared spectrum analysis was performed using a Nexsus
670 IR spectrometer, with a resolution of 0.09 cm~ ! and scan time of 60 times/s.

3. Results
3.1. The Effect of Mercury Ions on Gold Leaching

3.1.1. Sulphide Gold Concentrate

As a common gold concentrate in China, sulphide gold concentrate was used to investigate the
intensification behavior of mercury ions on gold leaching. As shown in Figure 1, mercury ions have
an obvious positive effect on sulphide gold concentrate leaching, especially for 107> and 107* M
mercury ions. Mercury ions not only increase the gold leaching rate, but also improve final gold
recovery. After adding 10~% M Hg, gold recovery increased from 65.7% to 70.1% when the leaching
time was two hours. Continuing to extend leaching time, gold recovery with Hg intensification
was also higher than with common cyanidation. With 1075 M Hg, gold recovery showed an obvious
improvement compared to both common cyanidation and 10~® M Hg intensification. With 10~5 M Hg,
gold recovery was up to 77.6% after only two hours of leaching, while the same recovery with
common cyanidation took nearly eight hours. Meanwhile, recovery further improved with extended
leaching time and recovery after 24 hours leaching reached a high of 85.8%. Increasing the content
of mercury ions to 10~* M improved gold recovery, but this recovery was not considerably different
to 107> M Hg. Therefore, mercury ions were an effective intensifier for the cyanide leaching of sulphide
gold concentrate. Only with 1075 M Hg can the gold cyanide leaching be adequately intensified.

115



Metals 2018, 8, 80

In addition, both common cyanidation and Hg intensification cyanidation took nearly twelve hours to
complete gold leaching.
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Figure 1. The effect of mercury ions with different content on gold leaching (in sulphide gold concentrate).

3.1.2. Oxide Gold Ore

In the same way, the intensification behavior of mercury on the gold leaching of oxide gold ore,
was investigated. As shown in Figure 2, the leaching behavior of oxide gold ore was similar to that
of sulphide gold concentrate. With 10~® M Hg, gold recovery was 73.5% after two hours, compared
to recovery of 68.4% with common cyanidation. With 107® M Hg, recovery reached 80.4% after four
hours of leaching. Increasing the content of mercury ions to 10~ and 10~* M improved gold recovery
and the leaching patterns were almost the same. Gold recovery with 10~ M Hg intensification was as
high as 81.3%, 84.2%, and 87.1% after leaching for two, four and twelve hours, respectively. Therefore,
the gold cyanide leaching of oxide gold ore was intensified after adding 10> M Hg. Moreover, as with
sulphide gold concentrate, oxide gold ore also needed twelve hours to complete its gold leaching.
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Figure 2. The effect of mercury ions with different content on gold leaching (in oxide gold ore).
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3.2. The Effect of Mercury Ions on Gold Dissolution

In order to avoid other factors and to better research the effect of mercury ions on gold leaching,
a pure gold plate was used to analyze the intensification behavior of mercury ions on gold dissolution.
The content of the mercury ions was 10~ M and the effect at different time points on gold plate
dissolution, was measured. As shown in Figure 3, the quality loss of the gold plate during Hg
intensification cyanidation was far greater than that of common cyanidation. After three hours of
dissolution, the quality loss of the gold plate with Hg intensification was 0.489 mg, while the quality
loss with the common dissolution was only 0.113 mg. Even with 12 hours of common dissolution,
the quality loss of the gold plate was 0.421 mg, which was still lower than after three hours of
Hg intensification cyanidation. Moreover, the quality loss of the gold plate after 12 hours of Hg
intensification dissolution was 1.487 mg. This shows that gold dissolution can be intensified by
mercury ions. Similarly, mercury ions can promote the removal of gold from gold materials and
promote gold dissolution in a cyanide solution.
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Figure 3. Gold dissolution at different time points.

3.3. Microstructure after Dissolution

3.3.1. Structure Information Determined by SEM

The original gold plates were analyzed using SEM, as well as the same gold plates after six hours
of cyanide dissolution (common or Hg intensification). As shown in Figure 4A1,A2, the microstructures
of the two gold plates were almost the same, which means that the surface structures of the gold plates
showed little change during common cyanide dissolution. However, the surface structure of the gold
plates differed substantially after Hg intensification dissolution, as shown in Figure 4B1,B2. With the
original gold plate, there were some shallow ravines on the surface, but it was an integral whole with
a homogeneous structure. After Hg intensification dissolution, many deep ravines and pits appeared,
making the surface rough with a loss of structure. Gold plates can be severely corroded and gold is
removed from plates during Hg intensification dissolution. Meanwhile, the rough surface and loose
structure improves the contact area between the gold and cyanide, further accelerating gold dissolution.
Therefore, mercury ions have an important effect on gold plate structure. Hg intensification cyanidation
corrodes the gold surface, destroys its structure, and ultimately accelerates gold dissolution.
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Figure 4. The microstructure of different gold surfaces, as shown by SEM; (A1, B1) The
original gold plates; (A2) The gold plate after common cyanidation; (B2) The gold plate after Hg
intensification cyanidation.

Meanwhile, the original gold plate was put into the same Hg cyanide solution and dissolved in a
stationary state. The gold plate, after different time points of dissolution, was analyzed using SEM,
and the structure information from this analysis is shown in Figure 5. The surface of the original gold
plate was smooth and homogeneous. After one day of dissolution, there were many shallow pits on
the surface of the gold plate, and while the hole displayed some changes, these were not obvious when
compared to the original gold plate. After two days of dissolution, the whole surface was rough and
blurry, which may have been due to cyanide corrosion on the gold. Meanwhile, the hole displayed an
obvious change, where the area of the hole was larger than that of Figure 5A,B, and some new holes
had formed, as shown in Figure 5C. After three days of dissolution, the original hole displayed no
obvious change, but the new holes were larger and deeper. Continuing to extend the dissolution time,
the structure of the gold plate showed no obvious change. The results show that it should take three
days to complete gold dissolution, which is uneconomical and unrealistic. Therefore, the intensification
of mercury ions on gold dissolution is limited and inefficient when gold is dissolved in a stationary
state. The intensification must combine with stirring.
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Figure 5. The microstructure of the gold surface, as shown by SEM; (A) The original gold plate;
(B-F) dissolution after one day, two days, three days, four days, and five days, respectively.

3.3.2. Structure Information Determined by Atomic Force Microscope (AFM)

To obtain more accurate structural information about the gold plates, the same gold plates,
after SEM analysis, were analyzed using AFM. As shown in Figure 6, the structure of the three gold
plates displayed different characteristics. The surface of the original gold plate was smooth and
homogeneous, while its surface was rough and rugged after cyanidation, implying that the gold plate
was corroded by the cyanide. Cyanide corrosion changed the surface structure of the gold plate,
especially after Hg intensification cyanidation, where a large number of raised particles were evident
across the whole surface. This structure change can be visually observed in the three-dimensional
structure drawing in Figure 6A2,B2,C2. In contrast to the surface structure of the gold after common
cyanidation, there were many overlapping, raised particles on the gold surface after Hg intensification
cyanidation, making the structure rougher and more rugged than that of common cyanidation.
This means that Hg intensification cyanidation makes gold plates suffer more serious cyanide corrosion
than common cyanidation. In the same way, mercury ions can promote the removal of gold from gold
materials and intensify gold cyanide dissolution.

Figure 6. The microstructure of different gold surfaces, as shown by AFM; (A1,A2) The original
gold plate; (B1,B2) The gold plate after common cyanidation; (C1,C2) The gold plate after Hg
intensification cyanidation.
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3.4. Surface Product after Dissolution

Gold cyanide dissolution can be modeled by the following simplified equation [13,15,16]:
Au+CN™ = AuCN +e (1)

AuCN +CN~ = Au(CN),~ )

In the dissolution, the gold is the first cyanide resolved to the intermediate product, AuCN,
which is insoluble in water, then the AuCN further reacts with CN™ and generates the final product of
Au(CN); ™, which is soluble in water. Meanwhile, the following equation occurs in the process of gold
dissolution [17-20]:

AuCN +OH = Au(OHCN) +e 3)

AuCN +X-OH™ = Au(OH), +CN™ + (X —1)-e (4)

AuCN, Au(OHCN), and Au(OH)y, all insoluble in water, are the main intermediate products in
cyanide dissolution. In order to reveal the products on the gold plate surface, such as AuCN,
Au(OHCN), and Au(OH)y, and their quantitative relationship, the gold plates were analyzed after
cyanide dissolution (common and Hg intensification).

3.4.1. Surface Product Information Determined by X-ray Photoelectron Spectrometer (XPS)

After cyanide dissolution (common and Hg intensification), the gold plates were analyzed by XPS
to obtain molecular level product information regarding their surface after cyanidation. The results of
the XPS spectra (Au4f, Cls, N1s, Ols, and Hg4f) are shown in Figure 7. Both of the XPS spectra were
similar, except that there was a weak Hg4f peak in the spectra of the Hg intensification, which was
caused by the addition of mercury ions. The similar spectra meant that the surfaces of the two gold
plates were composed of similar chemical elements. That the Au4f peak was larger than the others
peak indicates that Au is the main element of the gold plate surface.

To reveal the surface product differences between the two gold plates, the spectra of Au4f, Cls,
N1s, and Ols, were analyzed separately, as shown in Figure 8. Both of the Au4f spectra showed
two peaks, while the Cls, N1s, and Ols spectra each exhibited only one peak. For the two Au
spectra, the peaks with lower binding energy, at 83.58 and 83.78 eV, likely originated from Au, and the
peaks with higher binding energy, at 87.28 and 87.48 eV, may be attributed to Au™ in the form of
AuCN [21,22]. As shown by the N1s spectra, the binding energy of common cyanidation and Hg
intensification cyanidation was 399.38 and 399.48 eV, respectively, which may have been derived from
CN™ in the form of AuCN [23,24]. As shown by the Ols spectra, the binding energy of common
cyanidation and Hg intensification cyanidation was 531.78 and 531.58 eV, respectively, which likely
originated from OH™ in the form of Au(OH), and Au(OHCN) [25]. Meanwhile, as shown by the Cls
spectra, the binding energy of common cyanidation and Hg intensification cyanidation was 284.88 and
284.78 eV, respectively, which may be attributed to graphite carbon [26]. According to the comparison
of peak areas, it is known that the quantities of CN™ and OH™ on the gold plate surface, are distinctly
greater after common cyanidation than Hg intensification cyanidation. This means that a higher
content of AuCN, Au(OH),, and Au(OHCN) existed on the surface of the gold plate after common
cyanidation compared to after Hg intensification cyanidation.

Moreover, the C1s resolved spectra of the two gold plates were analyzed, as shown in Figure 9.
The peaks with lower binding energy, at 284.78 and 284.88 eV, may have originated from graphite
carbon that was an insignificant component during the test [26]. The peaks with higher binding energy,
at 287.98 and 288.19 eV, are likely attributed to CN™ in the form of AuCN [23,24,26]. The results for
Cls-resolved spectra support the findings of the N1s XPS analysis.
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Figure 7. XPS spectra of the gold plates after cyanidation (common and Hg intensification).
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Figure 9. Cls XPS-resolved spectra of the gold plates after cyanidation (common and Hg intensification).

3.4.2. Surface Product Information Determined by Fourier Transform Infrared Spectroscopy (FI-IR)

After XPS analysis, the same gold plates were analyzed using FI-IR. The results of this analysis
are shown in Figure 10 and Table 2. Comparing the two spectra, their curves showed some similarities.
The peaks at 1240 and 1650 cm 7, that were evident on both of the spectra, were alcohol compounds
and nitro compounds, respectively [27-29]. These may have been the residues of the nitric acid and
ethanol used in the cleaning process of the gold plate. The peaks at 2850 and 2920 cm ™!, that were
also evident on both of the spectra, were hydrocarbon compounds [27,28,30]. The hydrocarbon
compounds were a mixed impurity introduced during the cyanide dissolution because the original
composition was Au, NaOH, NaCN, H,O, and HgSO,. The peaks at 3350 and 3460 cm ! were alkaline
compounds [27,28,30], caused by sodium hydroxide. Moreover, there was a peak at 2100 cm~! on
the spectrum of common cyanidation. This was the cyanide compound (C=N) [31,32], meaning that
considerable amounts of cyanide compound were evident on the gold plate surface after common
cyanidation. Based on Equations (1)-(4), the Au(CN),~ product is soluble, which indicates that it
will be removed from the gold plate surface and dissolve into the cyanide solution. The insoluble
products, AuCN and Au(OHCN), cannot dissolve into the cyanide solution so deposit on the gold
plate surface [33]. Therefore, the considerable cyanide compounds that existed on the surface of the
gold plates after common cyanidation were AuCN and Au(OHCN). This peak (C=N) did not exist on
the spectrum of Hg intensification dissolution, indicating that a large number of cyanide compounds
were not evident on the surface. This means mercury ions can promote the conversion of AuCN
to Au(CN), ™~ and obstruct the generation of Au(OHCN), preventing the deposition of AuCN and
Au(OHCN) on the gold surface.

Comprehensive analysis of the XPS and FT-IR results showed that the insoluble intermediate
products, AuCN, Au(OHCN), and Au(OH),, were constantly produced and deposited on the gold
surface, forming a passivation membrane, which obstructs the reaction of gold and cyanide during
common cyanidation. Mercury ions promoted the conversion of AuCN to Au(CN), ™~ and obstructed
the generation of Au(OHCN) and Au(OH),, which prevented their deposition on the gold surface,
maintained good contact between the gold and cyanide, and, finally, ensured the gold was adequately
leached by the cyanide.
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Figure 10. Infrared spectra of the different gold plates.

Table 2. FT-IR (Fourier Transform Infrared spectroscopy) spectra of the gold plates under
different conditions.

Position (tm™1)  Assignment Group
1240 O-H Alcohol compound
1650 NO, Nitro compound
2100 C=N Cyanide compound
2850, 2920 C-H Hydrocarbon compound
3460, 3550 O-H Alkaline compound

4. Conclusions

The leaching behavior of two types of materials, sulphide gold concentrate and oxide gold
ore, and the dissolution behavior, structure information, and surface product of gold plates,
were investigated to analyze the intensification of mercury ions on gold cyanide leaching. A summary
of the results obtained in this study is as follows:

(1) Mercury ions intensified the leaching of sulphide gold concentrate and oxide gold ore, and gold
recovery was significantly improved. Meanwhile, mercury ions could be recycled and reutilized
to intensify gold cyanide leaching, with no pollution problems brought about by mercury
intensification. After adding 10~> M Hg, gold recovery was about 80% after only two hours of
leaching and reached close to 90% after 12 hours leaching. Similarly, the pure gold plate was also
intensified by mercury ions.

(2) Mercury ions had an obvious effect on the surface structure of the gold plate during cyanide
dissolution. Mercury ions intensified the cyanidation corrosion on the gold surface and destroyed
its structure, resulting in a large number of deep ravines and raised particles covering the whole
surface. This loose structure added to the surface contact area between the gold and cyanide,
accelerating the gold dissolution.

(3) With common cyanidation, the insoluble intermediate products of AuCN, Au(OHCN),
and Au(OH), were constantly deposited onto the gold surface, forming a passivation membrane
that obstructed the reaction of gold and cyanide. Mercury ions promoted the conversion of AuCN
to Au(CN),~ and obstructed the generation of Au(OHCN) and Au(OH),, which prevented their
deposition on the gold surface, promoted good contact between the gold and cyanide, and, finally,
ensured the gold was adequately leached by the cyanide.
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Abstract: Rare earth elements (REE) are present at low concentrations (hundreds of ppm) in
phosphoric acid solutions produced by the leaching of phosphate ores by sulfuric acid. The strongly
acidic and complexing nature of this medium, as well as the presence of metallic impurities (including
iron and uranium), require the development of a particularly cost effective process for the selective
recovery of REE. Compared to the classical but costly solvent extraction, liquid-solid extraction using
commercial chelating ion exchange resins could be an interesting alternative. Among the different
resins tested in this paper (Tulsion CH-93, Purolite S940, Amberlite IRC-747, Lewatit TP-260, Lewatit
VP OC 1026, Monophos, Diphonix,) the aminophosphonic IRC-747, and aminomethylphosphonic
TP-260 are the most promising. Both of them present similar performances in terms of maximum
sorption capacity estimated to be 1.8 meq/g dry resin and in adsorption kinetics, which appears to
be best explained by a moving boundary model controlled by particle diffusion.

Keywords: phosphoric acid; rare-earth elements; separation; solid-liquid extraction; ion exchange resin

1. Introduction

As part of the framework agreement of R&D collaboration between OCP SA and CEA, a study
was conducted to evaluate the interest of the recovery of rare earth elements (REE) as by-product from
the production of phosphoric acid from phosphate rocks. The leaching of the phosphorite ore with
concentrated sulfuric acid (98 vol.%) leads to phosphoric acid solutions with a concentration ranging
from 4 to 5 mol/L, whose temperature can range from 60 °C to 70 °C, after phosphogypsum filtration.
These filtered solutions contain rare earth elements (REE) (hundreds of ppm) that can be recovered if
the economic balance is positive. Among separation techniques, the liquid-liquid extraction has been
historically implemented because of the large flow rates involved. However, solid-phase extraction
based on chelating ion exchange resins may be of interest for the following reasons:

e  There is no risk of contamination of phosphoric acid with organic solvents, so no need for
expensive post-acid treatment downstream of extraction [1].

e Solid supports are generally heat resistant [2,3]. This characteristic is very important because of
relatively high operating temperatures of phosphoric acid solutions (40-50 °C after storage).

For low feed concentrations, cost of implementation (capital and operating costs) may be lower
than in the case of solvent extraction that requires hundreds of mixer-settlers...
Some drawbacks could nevertheless be outlined [4]:
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e  Resins may be sensitive to chemical degradation in concentrated phosphoric acid.

e Phenomena of swelling may lead to mechanical stresses during sorption-desorption.

e There is a risk of resin poisoning with some cationic impurities in large quantities such as iron,
leading to a decrease in sorption capacity and/or selectivity.

Despite these possible limitations, a number of resins have been commercialized, making REE
sorption a potential attractive alternative. As an illustration, the cost of an ion exchange (IX) process
has recently been compared to that of a solvent extraction (S5X) process in the case of uranium recovery
from phosphoric acid [2]. Operating costs appear to be much lower for IX technology than those
induced by SX ($18 instead of $32 for the production of one pound of U3Og). However, this IX process
has not been implemented at a commercial scale yet, but rather at a pilot scale for the extraction
of uranium in phosphoric acid with sulfonic resins [5] or for the recovery of REE from leachates of
uranium ores with sulfonic and phosphonic resins [6].

From an engineering point of view, the resin has to exhibit specific performances for an industrially
viable IX extraction of REE from wet phosphoric acid:

e A high selectivity between REE and cationic impurities such as iron (Fe3*), uranium (U(IV),
U(VI)) or thorium (Th(IV)), taking into account that Fe3* is approximately 30 to 40 times more
concentrated than REE in phosphoric acid solutions. Due to a similarity in extraction chemistry,
Fe®* and Th are often adsorbed onto chelating resins in preference to REE [7]. It should be noted
that a first precipitation of Fe>* is not an option since it could generate high losses in REE by
co-precipitation [6].

e A good capability to bind the REE in highly concentrated H3POy (4 to 5 mol/L). A total ion
exchange capacity greater than 2 meq/g of resin is generally sought (1 eq = 1 mole/valence).
The higher the capacity the smaller the process and thus the investment cost.

e  The kinetics of sorption and elution should be fast enough to limit the size of the columns.

e A mechanical, physical, and chemical stability over several cycles of extraction/elution will
reduce the operating cost.

It is well known [8] that these performances are strongly related to:

e The nature of the matrix (copolymer), the structure and the degree of crosslinking, the nature and
the number of fixed ionic (functional) groups.

e  The presence of competitive cationic impurities such as U, Th, Fe?*, AI’*, Ca?t, Mg2+, ... In that
study it should be emphasized that, no U or Th is present in the OCP’s genuine acid solutions
due to a preliminary proprietary treatment.

e  The nature and pH of the bulk acidic medium.

Based on these remarks, commercially available ion exchange resins have been selected for
their potential capability to extract REE from high concentrated phosphoric acid. Some resins have
already been tested in close conditions [9] but they exhibit a low yield of extraction (<20%) when the
phosphoric acid concentration is 5 mol/L. Moreover, most of the literature concerns other acidic media
(hydrochloric, sulfuric, nitric ... ) and cannot be directly applied to such an acidic medium containing
strong complexing phosphates. In that context, this paper aims at comparing promising commercial
resins in view of the industrially viable valorization of REE contained in the highly concentrated
phosphoric acid produced by OCP.

2. Choice of the Resin

Numerous functional groups such as dialkylphosphoric, phosphonic, phosphoric, iminodiacetic
acids are known to be good REE chelatants [7,10]. Resins with similar functional groups are
thus particularly interesting. More specifically, phosphorus-containing resins are widely used
for preconcentration of transition metals, lanthanides, uranium, and thorium [11]. These cation
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exchangers contain either phosphate-OPO (OH) or phosphonic-PO (OH) or phosphinic-PO (OH)
H function. The stability of the aminophosphonic group was confirmed with Tulsion CH-93 resin:
after 7 cycles of gadolinium (GdIII) extraction in phosphoric acid followed by quantitative elution with
ammonium oxalate, Gd3* extracted at the same yield of 70 + 1% [12]. Another advantage is the low
sensitivity of phosphorus resins like Tulsion-CH-96 (phosphinic acid) or T-PAR (phosphoric acid) to
the temperature [13]. Increasing the phosphoric acid temperature from 30 °C to 70 °C hardly modifies
the REE extraction. Since this phenomenon has been observed on two types of phosphorus resins
(with phosphinic or phosphoric functional groups), it is likely that resins with a phosphonic group
should not be particularly heat sensitive too. This is confirmed by a uranium extraction study with
Amberlite IRC747 resin between 40 °C and 60 °C [14].

The state-of-the-art literature has shown that commercial resins containing aminophosphonic
groups (pattern (a) in Figure 1), such as the reference CH-93 Tension provided by Thermax, Lewatit
TP-260, Purolite S940 and Amberlite IRC747, exhibit high REE complexing ability. In order to test
the phosphonic functional group without amine, the Diphonix resin manufactured by EiChrom
Industries (pattern (c) in Figure 1) has also been selected. The Actinide-Resin B (pattern (d)) has
also been tested because of its very high complexing power [15]. For the Lewatit VP OC 1026
resin (pattern (b) in Figure 1), the functional group (D2EHPA) is impregnated (by adsorption) in
the crosslinked polystyrene divinylbenzene matrix. For the other resins the functional groups are
covalently bonded to the cross-linked polystyrene divinylbenzene matrix.
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Figure 1. Chemical structure of functional groups present in various commercial resins potentially
effective for extracting rare earth elements (REE) in a phosphoric medium. (a) Tulsion CH-93, Purolite
5940, Amberlite IRC-747 and Lewatit TP-260, (b) Lewatit VP OC 1026, (c) Diphonix, (d) Actinide-CU
(reproduced from [15], with permission of American Chemical Society, 1998).

3. Materials and Methods

Tulsion CH-93 was supplied by Thermax (Pune, India), Diphonix and Actinide-CU were delivered
by EiChrom Industries (Bruz, France), Amberlite IRC 747, and Purolite 5940 were from Dow France SAS
(Chauny, France) and Purolite International (Paris, France), Lanxess Energizing Chemistry (Courbevoie,
France), supplied Lewatit TP-260 and VP OC 1026. These resins have been preconditioned in deionized
(DI) water. They are all weak acid ion exchangers and are supplied as powders composed of spherical
beads. Their main characteristics are reported in Table 1.

It is worth mentioning that preliminary conditioning of Na*-resins under H* ionic form has been
proved to have no measurable impact on the extraction efficiency of the resins for all the REE and
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impurities present in the tested phosphoric acid solutions. The high acidity of the phosphoric acid
solutions compared to the low concentrations in impurities favors the complete H* /Na* exchange
in the resins before REE extraction. The variation in the concentration of H* in the bulk of the acid
solution due to either the REE adsorption or the Na* exchange is negligible when compared to its
initial concentration in the phosphoric acid solution.

3.1. Physicochemical Properties of Resins

Specific surface areas of resins were determined by measuring the nitrogen adsorption/desorption
isotherm. The latter is represented in the form of a graph giving the adsorbed quantity per gram of
adsorbent as a function of the equilibrium relative pressure (ratio of the equilibrium pressure of the
adsorbable gas and its saturation vapor pressure). The plot of this isotherm allows, in the zone of
relative pressure between 0.3 and 0.8, to determine specific surface areas using the model Brunauer,
Emmett, Teller (BET). This isotherm also gives pore size distribution with the model Barret Joyner,
Halenda (BJH). Table 1 gathers the measurements of specific surface areas and pore sizes according to
the BET and BJH models respectively.

Table 1. Main characteristics of the resins tested in this study.

Tonic Bead Size from Suppliers  Specific Surface Pore Size (BJH

Functional Group Name of Resin Form (min 95%) (mm) Area (BET) m%/g Desorption) (nm) Densities
Tulsion CH-93 Na* 0.3-1.2 28 40-50 0.612
Amino Purolite S940 Na* 0.43-0.85 21 40-50 0.469
phosphonic Amberlite IRC-747 Na* 0.52-0.66 21 40-50 0.530
Lewatit TP-260 Na™* 0.58-0.68 15 40-50 0.726
DIPEX Extractant Actinide Resin-B Na* 0.1-0.15 76 20 0.416
D2EHPA Lewatit VP OC 1026 H* 0.31-1.6 55 50 0.607
Monophosphonic + Monophos H* 03-12 0.66 30-40 -
sulfonic
Diphosphonic + Diphonix H* 0.3-1.2 0.14 Not measurable

sulfonic

A large specific surface area (i.e., >15 m?/g) and pore diameters between 2 and 50 nm are sought
in order, on the one hand, to maximize the ion exchange capacity and, on the other hand, to promote
the diffusion of solute in the complexation sites located in the core of the material. Resins with
aminophosphonic function (CH-93, 5940, IRC-747, TP-260) have specific surface areas between 16 and
28 m2/ g. Actinide Resin B has a surface area two to three times higher while VP OC 1026 leads to a
lower value of 5.5 m?/g. All the resins containing sulfonic groups have very low specific surface areas
(<1 m?/g), which could limit the accessibility to the pores. Overall, the resins not containing sulfonic
groups show specific surface areas and pore sizes that meet targeted characteristics of a mesoporous
resin. Nevertheless, BET and BJH measurements are not sufficient to compare the resins in terms of
exchange capacity and specific experiment have been conducted in Section 4.3.

3.2. Composition of Aqueous Solutions

Table 2 gives the composition in REE of the solutions used in this study. JO and J1 are genuine
phosphoric acid solutions produced by OCP SA (Jorf Lasfar El Jadida, Morocco). Both solutions
have been analyzed by Inductively Coupled Plasma-mass Spectrometry (ICP-MS) instrument
(ThermoFischer Scientific, Villebon-sur-Yvette, France) (error < 5%). From these measurements
synthetic solutions (called REH and REOCP, composition in Table 2) have been made by solubilizing
the major REE (>mg/L in bold in the J1 column) at a higher concentration than in the genuine
samples. This procedure enables the use of ICP-AES (Horiba Jobin Yvon SAS, Longjumeau, France)
measurements with a sufficient analytical sensitivity (error < 5%) while minimizing the measurement
time. In order to be representative of the genuine solution, the REE were solubilized in 4.2 mol/L
phosphoric acid, from their metallic form for La, Nd, Gd, Dy, Er, Yb and from their oxide form for Sc
and Y. REE are solubilized as trivalent cations. The difference in REH and REOCP solutions lies in
the presence of major interfering metallic impurities in the REOCP solution. In order to be similar
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to a genuine solution, vanadium, magnesium, and zinc were solubilized from their metallic form
in 4.2 mol/L phosphoric acid, while the iron was prepared from its hydrate phosphate solid form.
Aluminum was solubilized from its hydroxide form and calcium from carbonate. The error in the
measurement of these impurities is 5% in the whole range of concentrations whatever the technique
(ICP-MS or ICP-AES). JO has been used for kinetic studies while J1, JSYNT, REH and REOCP have
been used for extraction yields measurement in batch experiments

Ion exchange resins generally have greater selectivity for ions with increasing valence or charge.
Among the ions with the same charge, higher affinity is observed for ions with higher atomic number Z
and the extraction efficiency decreases with increasing REE ionic radius IR [9]. It is worth mentioning
that the chosen major REE in the synthetic solution have ionic radii that cover the whole range of the
actual REE ionic radii (see Table 2).

Table 2. Composition in REE (mg/L) and in major interfering impurities (in italic, g/ L) of the phosphoric
acid solutions (J0-J1-JSYNT, REH, REOCP) used in the experiments with corresponding ionic radii IR
(data from [16])and ratio Z/IR where Z is the atomic number of the REE.

Cym (mg/L) or (g/L) Jo J1 REHREOCP JSYNT Ionic Radius [16] (A) V4 ZNIR (A7)
Sc 6.5 10 72 6.7 0.68 21 31
Y 24.6 37 72 6.8 0.89 39 44
La 45 8.8 53 7.5 1.06 57 54
Pr 1.2 1.3 - - 1.01 59 58

Nd 3.1 5.8 54 5.0 1.00 60 60
Sm 0.9 1.5 - - 0.96 62 65
Eu 0.3 0.4 - - 0.95 63 66
Gd 1.7 2.7 72 6.4 0.94 64 68
Tb 0.4 0.4 - - 0.92 65 71
Dy 1.9 3.0 74 6.8 091 66 73
Ho 0.7 0.8 - - 0.89 67 75
Er 1.9 2.8 73 6.7 0.88 68 77
Tm 0.5 0.5 - - 0.87 69 79
Yb 2.8 4.1 74 6.8 0.86 70 81
Lu 0.8 0.8 - - 0.85 71 84
Al 0.9 1.1 0.8 - - -
Ca 0.8 0.8 1.0 - - -
Fe 1.7 1.4 1.4 1.3 - - -
Mg 3.9 4.3 4.8 - - - -
\%4 0.12 0.11 0.1 - - - -
Zn 0.22 0.21 0.30 - - - -
[H3PO4] (mol/L) 39 38 42 42 . N .

3.3. Experimental Protocol for Batch Tests (Extraction and Elution)

Sorption or elution experiments are carried out in 15 mL or 2 mL tubes arranged horizontally on
a stainless steel support with a double jacket to keep the temperature constant, with 1 or 10 mL of
aqueous phosphoric acid solutions and 50 or 100 mg of resin previously dried overnight in an oven at
60 °C. Tubes are stirred at 50 °C (respectively 25 °C for elution studies) in Vibrax for 3 h or in Ecotron
for 24 h.

Once stirring is complete, the aqueous solutions are filtered under vacuum using a 0.45 pm filter.
The tube and filter are washed with DI water to remove the impregnated aqueous extractant solution
and then the powder is dried in an oven at 60 °C overnight.

Results obtained after stirring for 3 or 24 h were similar, thus indicating that the sorption or
elution equilibrium has been reached for all experiments.

3.4. ICP-AES Analysis Protocol

ICP-AES is a very sensitive elemental analysis technique used to quantify the total amount of
elements in aqueous solution. The analysis is carried out on samples diluted in 0.42 mol/L phosphoric
acid. The device used is an Ultima-2 brand Horiba Jobin Yvon SAS.
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The wavelengths chosen for the ICP-AES are as follows (in nm): Al 396.152—Ca 393.366—Ce
413.765—Dy 394.469—Er 390.631—Fe 259.837—Gd 301.014—La 399.575—Mg 518.362—Nd 406.109—Sc
337.215—V 311.838—Y 377.433—Yb 328.937—Zn 206.200.

Al, Ca, Fe, Mg, V, and Zn are calibrated in the range 1 to 10 mg /L (0—1—3—5—10mg/ L). Ce,
Dy, Er, Gd, La, Nd, Sc, Y, and Yb are calibrated from 0.1 to 1 mg/L (0—0.1—0.3—0.5—1 mg/L).

The error in concentration measurement has been estimated to be +5% taking into account
the dilution.

3.5. Mineralization Protocol

The mineralization operation consists in dissolving solids or decomposing organic material to
obtain an aqueous solution for elemental analyses by ICP-AES. The device used is an Ethos One
from Milestone. It comprises an oven, inside of which is placed a rotor comprising 10 segments
each containing a 100 mL reactor. The microwave oven serves to improve the dissolution kinetics of
solids or decomposition of organic matter. The reference reactor contains a thermowell in which the
thermocouple plunges to pilot the reaction. A minimum of 8 mL of solution with at least 4 mL of
HNO3 69 wt.% (15.4 mol/L) and 4 mL of hydrogen peroxide 35 wt.% are introduced into the reactors
with 50 mg of resin. Mineralization consists of three main steps:

1.  Temperature increase: gradient 10 °C/min for 20 min up to 200 °C and 100 bars at maximum
power (1000 W).

2. Temperature step: 10 min.

3. Cooling: 30 min during which a forced convection with a fan occurs in the oven.

The reactor is then rinsed with 20 mL of DI water recovered in a volumetric flask. After dilution
in H3POy 0.42 mol/L, mineralization solutions are analyzed by ICP-AES.

3.6. Sorption Yields Yy and Ry of a Cation M

Sorption yield corresponds to the amount of resin-fixed cations relative to the amount initially
present in solution. Two calculation modes can be performed:

e By balancing the concentrations (in mg/L) in aqueous phase before (Cyi.ini) and after extraction (Cyp.end):
Ywm (extraction) = (Cv-ini — Ci-end)/ CM-ini

e By balancing the masses of cation M in the aqueous phase before extraction and fixed onto the resin.
This last mass is determined by the concentration of the mineralization solution, Cypf-miner (mg/L),
and by the knowledge of the total masses and volumes used for the extraction (ext (mg), Vext(L))
and the mineralization (Mminer (M), Vminer (L)):

Ry (extraction) = (Cyt-miner Viminer) / (CM-ini Vext) (Mext / Mminer)

The errors on Y); and Ry are estimated to be +15%.

3.7. Mass of Adsorbed Cation Per Gram of Dry Resin (Xp;)

Two calculation modes can be performed:

e  Taking into account initial and post-extraction concentrations in the aqueous phase:
XM = (CM-ini — CMeend) Vext/Mext

The error on Xy is estimated to be +15%.
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e By direct mineralization of the resin trapping the cation:
XM-fixed = CM-miner Vminer / Mminer

The error on Xy based on that calculation is estimated to be £10%. It is worth mentioning that
X is often referred to as the resin adsorption capacity for cation M.

3.8. Experimental Protocol for the Kinetic Studies

These studies have been performed using lab-scale columns in which a resin bed is put. Before
starting the REE extraction from phosphoric acid, the resin was conditioned according to the
following steps:

e Washing the resin with demineralized water.
e  Conditioning the resin under H* ionic form using sulfuric acid.
e Washing the resin to remove the remaining sulfuric acid.

Then the real phosphoric acid is continuously passed through the resin bed whose volume (BV) is
50 mL under a constant flowrate of 5 mL/min (0.1 BV /min) so that the residence time inside the resin
bed is 10 min. Every 10 min., a sample of the phosphoric acid is collected at the outlet of the column
and analyzed by ICP-AES (error 5%). This sampling has been done over 90 min. (i.e., 9 BV).

3.9. Mass of Eluted Cations Per Gram of Dry Resin (Xpelyted)

The calculation takes into account only the mass of resin used for the elution 1¢},ti0n, the aqueous
elution volume Vgjyion (L) and the concentration of the cation in aqueous phase after elution
CM—elution (mg/ L)

XM eluted = CM-elution Velution/ Melution

The error on Xy based on that calculation is estimated to be £10%.
4. Results and Discussion

4.1. Extraction of REE from Synthetic Solutions REH and REOCP

In order to estimate the extraction efficiency of REE by resins, experiments were carried out
following the protocol reported in Section 3.3 with 100 mg of resins contacted by 10 mL of REH or
REOCP solution. Some of the resins were destroyed by mineralization and the resulting aqueous
phases analyzed by ICP-AES. Sorption yields at 50 °C (respectively quantities of REE fixed on one
gram dry resin) are reported in Figure 2 (resp. Figure 3) as functions of Z/IR and in Figure 4 as
functions of IR.

Within the margin of error (10% or 15%), results deduced from the mineralization are consistent
with calculations from aqueous phases, thus validating the mineralization protocol and the good
accuracy of the ICP-AES measurement. The deviation between both extraction yields is generally less
than 15%, except for the VP OC 1026 resin, which is possibly due to the use of a hydrated resin, hence
an overestimation of the mineralized solid mass. In the following, only aqueous concentrations have
been considered.
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Figure 2. (a) Plot of Yy (%) as a function of Z/IR (A~1). REH solution. Error bars +15%. (b) Plot of
XM (mg/g) as a function of Z/IR (A~1). REH solution. Error bars +10%.
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Figure 3. (a) Plot of Yy (%) as a function of Z/IR (A~1). REOCP solution. Error bars 415%. (b) Plot of
Xwm (mg/g) as a function of Z/IR (A~1). REOCP solution. Error bars -10%.
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Figure 4. (a) Plot of Yy (%) as a function of IR (A). REH solution. Error bars +15%. (b) Plot of Yy (%)
as a function of IR (A). REOCP solution. Error bars +15%.

It can be noticed that each resin maintains the same behavior towards the REE extraction when

the impurities are present or not in the synthetic REH and REOCP solutions:

The behavior of the aminophosphonic resins IRC-747, 5940, CH-93, and TP-260 is similar:
extraction decreases when Z/IR increases from the scandium up to a plateau constituted by
the group of La, Nd, Gd, and then increases with Z/IR from Dy to Yb. It is worth noting that the
efficiency of extraction (see Figure 4) decreases with IR similarly to that observed with CH-93
resins [12,13,17] or with phosphorus extractants [18], for example dialkylphosphinic acid CYANEX
272 [19] or di(2-ethylhexyl)phosphoric acid D2EHPA [20]).

Without impurities in the phosphoric acid solution, the VP-OC-1026 resin on which the D2EHPA is
adsorbed behaves similarly with the aminophosphonic resins but with a lower sorption efficiency.
Without impurities, the extraction efficiency of Actinide Resin-B is not clearly related to Z/IR or
to IR (see Figure 4). The presence of impurities flattens the extraction efficiency, which becomes
nearly constant between 10% and 15% for all of the REE.

The presence of a sulfonic group together with an alkylphosphonic function in the Diphonix and
Monophos resins results in an inverted behavior compared to the above resins: the extraction
efficiency increases as Z/IR increases from the scandium to the neodymium and then decreases
for the highest Z/IR although it continuously increases with IR (see Figures 2—-4). Despite their low
specific surface area compared to the tested aminophosphonic resins (see Table 1) the Diphonix
and Monophos resins extract REE in the same order of magnitude (from 10 to 20% except for
scandium and ytterbium for the Diphonix). It is then probable that the number of accessible sites
of complexing functions per gram of resin is higher for Diphonix and Monophos than for the
other resins.
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In a more general manner, these results highlight the influence of the atomic number on the
extraction affinity of the resins towards the REE and of the particular behavior of Diphonix/Monophos
resins compared to the others.

Finally, the total masses of extracted REE and impurities are shown in Figure 5 for each resin
together with the mass of the extracted iron. Within the margin of errors, all the resins have loaded the
same mass of REE (about 7 mg/g), except for CH-93 whose loaded mass is smaller than the others.
With aminophosphonic resins (IRC-747, TP-260, S940 and CH-93) iron is the most extracted element
that extraction corresponding to 62-84% of all the moles of cations sorbed onto these resins. The other
resins extract less iron but much more magnesium, which also limits the sorption of REE. Overall,
IRC-747, TP-260, and Diphonix/Monophos prove to be the most effective for extracting heavy REE
and scandium: approximately 0.07-0.08 millimole of REE per gram of dry resin is fixed. Compared
to the total mass extracted in REE of about 0.3 millimole per gram of resins without impurities the
competition with iron, aluminum, and magnesium reduces by a factor of four the total mass of REE
extracted from a representative OCP phosphoric acid.

Xy (mg/g) —8—Fe Total impurities Xy (mg/g)
80 Total REE (REH) —@—Total REE (REOCP) 10
70
8
60
50 6
40
30 4
20
2
10
0 0

IRC-747 S940 CH-93 TP-260 Actinide DiphonixMonophos

Figure 5. Comparison of total REE uptakes in the presence of impurities (REOCP synthetic solution,
right y-axis) or not (REH synthetic solution, left y-axis). Plots of total impurities and iron uptakes
(left y-axis) for the different resins. Error bars +15%.

4.2. Extraction of REE from [SYNT and J1 OCP Phosphoric Acid Solutions

In order to quantify the lone interference of iron in the REE extraction the synthetic JSYNT
solution has been made with concentrations of iron and REE close to those of the genuine J1 solution
(see Table 2). From the preceding results, IRC-747 and TP-260 resins have been chosen due to their
good affinities towards REE. They have been put in 2 mL tubes with 50 mg of resins (see protocol in
Section 3.3). Sorption yields Yy and the masses of elements Xy trapped onto one gram of dry resin
are illustrated in Figure 6a,b respectively. Xy values have been calculated based on the difference in
aqueous concentrations before and after extraction.

It is worth mentioning that the error in Y); is about 15% so that the deviations between J1 and
JSYNT for IRC 747 are significant while the extraction yields for IRC 747 and TP260 are within the
margin of error. These remarks hold for Xy for which the error is estimated to be around 10%.
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Figure 6. (a) Extraction yields Yy from JSYNT and J1 solutions. (b) Masses Xy (mg/g) of REE and
impurities fixed in one gram of dry resin. Note that the fixed masses of impurities are divided by
100 (Al Fe) or by 10 (Mg, V).

As previously noticed, iron is extracted with the same efficiency than scandium, the most extracted
REE. The extraction yields are higher here because of a ratio of resin mass to aqueous volume
higher than previously used (50 mg/1.5 mL instead of 100 mg/10 mL). Aluminum and vanadium
are extracted with the same efficiency as light REE (La, Nd and Dy), which leads to a significant
amount of these impurities trapped in the resins. It is worth mentioning that these efficiencies are
coherent with those reported by Rhadika et al. [12] for the aminophophonic acid resin Tulson-CH
93. However, when expressed as Xy, these results highlight the cumulative deleterious influence of
metallic impurities (notably Fe and Al) on the REE extraction from genuine phosphoric acid. As an
illustration, IRC-747 and TP-260 extract 0.009 millimole of total REE per gram of dry resin compared to
about 0.6 millimole of iron from J1.

4.3. Adsorption Isotherm of Er

Erbium is one of the heavy REE contained in OCP phosphoric acid that is readily extracted by
IRC-747 or TP-260 resins. For estimating the ion exchange capacity of the resins, erbium extraction
tests were carried out in 15 mL tubes with 100 mg of resins previously dried overnight in an oven at
60 °C, and 10 mL of aqueous solution containing variable concentrations of erbium dissolved in pure
phosphoric acid at 4.2 mol/L (see Section 3.3).

The linearized Langmuir adsorption isotherm is expressed by the following equation [21]:

Cg_ 1 ,Cq
X 0%y T X

where Cq; is the concentration of erbium at equilibrium in aqueous phase (mg/L), X is the amount of
Er extracted by IRC-747 or TP-260 (mg/g), b is the Langmuir constant (L/mg), and X, is the maximum
adsorption capacity (mg/g). A very small value of Langmuir constant could be correlated to favorable
adsorption thermodynamics. Figure 7 proves that the experimental adsorption isotherms of Er using
the above resins fit very well the linearized Langmuir adsorption isotherm. The experimental capacity
Xy and b are then obtained from slope and intercept of the straight lines shown in Figure 3. According
to this model, the absorption of metal ions occurs on a homogeneous surface by monolayer adsorption
and there is no interaction between the sorbed species.
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Figure 7. Langmuir adsorption isotherm for Er(IIl) with IRC-747 (a) and TP-260 (b).

4.4. Extraction Kinetics with IRC-747 and TP-260

In this section, the REE extraction kinetics from the genuine JO solution (see Table 2) are presented
in Figures 8 and 9, corresponding respectively to the IRC-747 and TP-260 resins. The experimental
protocol is mentioned in Section 3.8. The concentrations of Cys in REE have been measured by ICP-AES
at the outlet of the columns for each bed volume BV after having passed the real phosphoric acid
through the resin (see Figures 8a and 9a). The corresponding extraction yields expressed as Yy are
reported on Figures 8b and 9b.

Mla M Nd i Gd Y (%) Wla WNd EGd
WDy HMEr HWYb M

5 ™Y  HSc
il

12 3 45 6 7 8 9 12 3 456 7 89
BV BV

(a) (b)
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Figure 8. (a) Concentrations of REE at the outlet of the TP-260 column as a function of bed volume
(BV =50 mL, flowrate = 5 mL/min). Genuine JO solution. (b) Extraction yields of REE at the outlet
of the TP-260 column as a function of bed volume (BV = 50 mL, flowrate = 5 mL/min). Genuine
JO solution.

The extraction results using TP-260 resin show that more than 84% recovery of the total REE
contained in phosphoric acid is achieved for the first bed volume. Ytterbium, erbium, scandium,
and yttrium present the highest yield of extraction, while lanthanum represents the lowest yield of
extraction. This is consistent with batch tests done before (see Section 4.2). Concerning the second bed
volume passing through the resin, we can notice that the extraction efficiency is 30% lower for the REE,
and at the ninth bed volume, the extraction yield is 13%, which shows that the resin is almost saturated.
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Figure 9. (a) Concentrations of REE at the outlet of the IRC-747 column as a function of the number of
bed volume passed (BV = 50 mL, flowrate = 5 mL/min). (b) Extraction yields of REE at the outlet of the
IRC-747 column as a function of the number of bed volume passed (BV = 50 mL, flowrate = 5 mL/min).

As in the case of TP-260 resin, the extraction efficiency is the highest for ytterbium, neodymium,
erbium, and yttrium but values are somewhat lower: around 70% are recovered with IRC-747 for the
first bed volume passing through the resin, instead of 84% for TP-260. For both resins, lanthanum is
the less extracted element. The results also show that the resin is saturated with lanthanum within the
8th bed volume.

A comparison between the kinetics of extraction of TP-260 and IRC-747 is shown in Figure 10a
where F denotes the total REE normalized concentration at time t expressed as the ratio of the fixed
total REE concentration at the outlet of the resin to the initial total REE concentration at the inlet of the
resin. F is the fractional attainment of equilibrium adsorption at time ¢.

The adsorption onto ion exchange resins must be considered as a liquid—solid phase reaction,
which includes several steps [21,22]:

e  The diffusion of ions from the solution to the resin surface whose rate R can be described by:
R=—In(1—-F)=kt (1)
e  The diffusion of ions within the solid resin whose rate R can be described by:
R=—In(1—-F>)=kt )
e And the chemical reaction between ions and functional groups (of the resin).

When the adsorption of metal ion involves mass transfer accompanied by chemic al reaction
(also referred to as the moving boundary model) the rate equation R is given by:

R=3-3(1—F?3 —2F=kt ©)

All these models have been compared against experimental data; it appears that the best fit is
obtained when the metal uptake is controlled by the moving boundary particle diffusion model during
the first 80 min (8 BV) for TP-260 and 70 min for IRC-747 (Figure 10b).
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Figure 10. (a) Plot of the total REE adsorption on Lewatit TP260 and Amberlite IRC-747 resins. (b) Plot
of moving boundary particle diffusion model for the total REE adsorption on Lewatit TP260 and
Amberlite IRC-747 resins.

In Equation (3), k is given by the expression:

i 6D,Cpp—ini
- 2 s
a rOCMfini

where D, represents the diffusion coefficient in the resin bead (m?/s), rg is the particle radius (m),
CS\Lini is the concentration (mg/L) of solid reactant at the bead’s unreacted core and a is the
stoichiometric coefficient.

4.5. Elution Conditions in Carbonate or Sulfuric Media

The objective here is to evaluate different aqueous phase compositions for the quantitative and
if possible selective elution of extracted cations. In order to be close to an industrial elution process,
the protocol has consisted first in washing and drying the resin powder overnight at 60 °C after
filtration (0.2 pm) and then in contacting the resin containing cations with aqueous elution solution
at 25 °C. From economic considerations, this elution solution must be either a by-product of the
phosphoric acid production or sufficiently cheap. Carbonate and sulfuric acid solutions have thus
been considered here instead of concentrated hydrochloric acid for example.

This elution was carried out in 15 mL tubes containing 50 mg of loaded resins with REOCP
solution. These resins have been previously dried overnight in an oven at 60 °C and put in contact
during 3 h with 10 mL of stirred solutions of sodium carbonate 1 mol/L or sulfuric acid 9 and
18 mol/L. These tubes were kept at a constant temperature of 25 °C. All aqueous phases were analyzed
by ICP-AES. The results are expressed as a yield of elution (i.e., the ratio of actual eluted mass of
cations to the mass of cations initially fixed per gram of resin) and are illustrated in Table 3 following
the two modes of calculation (Min: resin mineralization. Aq: aqueous phases). The deviation between
both methods is within the margins of error of these protocols.

From that table it appears that even at low concentrations (i.e., <10%), the elution efficiency
of iron makes the concentration of this impurity in the eluting solution always bigger by an order
of magnitude than the concentration of eluted REE. Thus, from an engineering point of view the
simultaneous extraction and separation of iron and REE from the high concentrated OCP phosphoric
acid appear to be not feasible with IRC 747 and TP-260 resins and low-cost carbonates or sulfuric acid
eluting solutions.
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Table 3. Elution yields in sodium carbonate or sulfuric acid of the elements from resins previously
contacted with the REOCP solution. Aq: calculations based on aqueous phases. Min: calculations
based on solid mineralization (Voq = 10 mL, #ye5in = 50 mg, stirring 3 h, T =25 °C).

Name of Resin IRC-747 IRC-747 TP-260 TP-260
Eluting Solution H,SO4 9M Na,CO3 1M Na,CO; 1M H,SO4 18M
Yy, Ry Elution (%) Aq Min Aq Min Aq Min Aq
La 39 34 25 30 20 15 72
Nd 36 31 47 47 45 41 68
Gd 44 36 60 46 51 46 79
Dy 36 34 58 51 57 43 80
Er 32 28 68 55 70 56 79
Yb 29 26 66 56 63 53 78
Y 30 29 65 45 61 43 78
Sc 0 0 50 43 36 32 34
Al 9 9 30 25 31 29 0
Ca 48 68 65 - 75 3
Fe 4 3 9 7 11 8 8
Mg 80 15 14 2 19 18 16
v 35 26 100 81 106 92 0
n 83 - - - - - 79

5. Conclusions

Among commercially available chelating ion exchange resins, IRC-747 and TP-260 appears to
be particularly interesting for the extraction of REE from the high concentrated phosphoric acid
(about 4 mol/L) produced by OCP due to their highest affinity for the metallic cations. Even if the
sorption mechanisms are not understood, the influence of the atomic number and the ionic radius
of the REE on the sorption affinity result in extraction yields that range from 20 to 60% and even
about 80% for scandium. The adsorption of erbium (III) from pure 4 mol/L phosphoric acid can
be described by the Langmuir isotherm and leads to a maximum adsorption capacity estimated to
be 1.8 meq/g for both resins. This value is similar to the total mass of iron fixed in the resins when
put in contact with the OCP phosphoric acid. The capacity of the TP-260 and IRC-747 resins used
for the extraction of REE from concentrated phosphoric acid solutions are thus far larger from other
resins tested in the literature. However, the uptake of competitive pollutants, among which iron and
aluminum appear to be the most interfering, reduces the REE adsorption by a factor of 4. The elution
procedure using high concentrated sulfuric acid enables the recovery of a large fraction of REE (around
80% except for scandium at around 30%); however, even if the elution yield for iron is much lower
(<10%) the resulting elution solution needs to be further processed for the recovery of a pure REE
concentrate. Furthermore, the build-up in iron inside the resin bed will also keep growing during the
extraction/elution cycles. It is then mandatory to find another eluting system, for example based on a
more expensive but selective complexing agent for REE such as diglycolamide.

Also, the kinetics of the total REE uptake by IRC 747 and TP 260 from a genuine phosphoric acid
solution have been tested against different model expressions. The data appear to be best explained
by the moving boundary particle diffusion model during the first 7th or 8th bed volume passed.
Other operating conditions (flowrate, mass of resin ... ) should be required for validating such
a behavior.

Finally, the preliminary OCP proprietary treatment has separated uranium and thorium from
the produced phosphoric acid but the presence of other metallic impurities at relatively high
concentration are likely to limit the techno-economical interest of the chelating ion exchange processes.
Complementary studies could be conducted in order to check whether iron (and aluminum) could be
kinetically separated from REE, even if this solution seems to be difficult to implement at an industrial
scale. Recent developments in solvent extraction (SX) in high concentrated phosphoric acid could
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overcome this obstacle due to the high separation factors between REE and iron(III) [23]. However,
this solution has still to be validated at larger scales.
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Abstract: This research presents a novel precipitation method for scandium (Sc) concentrate refining
from bauxite residue leachates and the effect of aqueous media on this triple-stage successive
precipitation process. The precipitation pattern and the precipitation behavior of the constituent
elements was investigated using different precipitation agents in three major mineral acid media,
namely, H,SO4, HNO3z, and HCl in a comparative manner. Experimental investigations showed
behavioral similarities between HNO3; and HCI media, while H,SO4 media was different from them
because of the nature of the formed complexes. NH4;OH was found to be the best precipitation agent
in every leaching media to remove Fe(IlI) with low Sc co-precipitation. To limit Sc loss from the
system, Fe(Il) removal was divided into two steps, leading to more than 90% of Fe(IIl) removal at
the end of the process. Phosphate concentrates were produced in the final step of the precipitation
process with dibasic phosphates which have a strong affinity towards Sc. Concentrates containing
more than 50% of ScPO, were produced in each case from the solutions after Fe(IIl) removal, as
described. A flow diagram of the selective precipitation process is proposed for these three mineral
acid media with their characteristic parameters.

Keywords: bauxite residue; red mud; hydrometallurgy; recovery; scandium; precipitation

1. Introduction

The recent agreements and climate accords in reducing carbon emission and specified deadlines
for automotive industries have placed light metals and alloys under the spotlight [1]. One of the
reasons is the direct relation between a vehicle weight and its energy consumption. Scandium (Sc) is
used as a tuning metal especially for aluminum alloys, which makes it one of the promising candidates
for light-weight alloys [2]. It is, however, an extremely expensive element for widespread application
in industrial usage at the moment [3]. As aluminum alloys with improved strength, thermal resistance,
and weldability can be achieved with minor additions of Sc, improved oxygen-ion conductivity can
also be attained in solid oxide fuel cells [4-6]. Hence, this metal was classified recently as a critical
metal for the future, leading to a steep increase in its demand despite its price [7].

Unfortunately, Sc is widely dispersed in nature and generally has to be extracted from secondary
raw materials or as a by-product of uranium, nickel laterite, or titanium pigment processing. Bauxite
residue (i.e., red mud) is the by-product obtained through the Bayer Process, yielding approximately
four billion tons, with a previously reported annual production of 160 million tons [8,9]. This alkaline
waste can be considered as a valuable resource because of its metal content (Fe, Al, Ti, Sc, Rare earth
elements (REEs), etc.). Therefore, the complete or partial valorization of bauxite residues (BR) has
lately been of great interest [10-13].

Previously, complete or partial recovery of Sc from bauxite residues was reported to be achieved
mainly by solvent extraction, ion exchange, or the combination of these two techniques, as a result of
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its low concentration in the leachates [14-20]. Zhang et al. recovered 91% of Sc from bauxite residue
leachates by inorganic metal(IV)-phosphate ion exchangers, although Fe(Ill) was found to be an
interfering ion in this process [20]. In another study, a newly developed supported ionic liquid phase
(SILP) achieved almost complete Sc extraction, while showing a decreased efficiency in the presence of
Fe(1II) [14]. In all of these hydrometallurgical operations, the co-extraction of Fe, Al, and Ti became a
problem, and intensive purification was required to produce a high-quality product.

In our previous work, a three-staged precipitation process was designed using a sulfuric acid
media based on a selective Fe removal step by NH,OH, since Fe is the most problematic element
during Sc processing [21,22]. This was successively followed by selective Sc phosphate precipitation by
(NH4),HPOy. As a result of this precipitation route, a Sc phosphate concentrate containing 65% Sc was
synthesized from impure synthetic bauxite residue leach solutions. Nevertheless, the processing route
must be tailored in relation to the geological presence of the bauxite residue, depending on different
minerology and association of the phases. Hence, different mineral acids other than HySOy, such as
HNO3; and HCI, were also tried for leaching bauxite residues.

In order to cover a wider range of bauxite residues as well as other waste-generating processes,
such as Ti-pigment and Ni laterite production, the design of selective Sc precipitation route for bauxite
residues has to be adapted to different mineral acid media. Thus, this paper investigates the effect of
different aqueous media on the recovery of Sc by a selective precipitation method.

2. Materials and Methods

A bauxite residue sample was obtained from Aluminium of Greece, subjected to lithium borate
fusion, and analyzed using inductively coupled plasma mass spectrometry, ICP-MS/AAS, as shown
in Table 1.

Table 1. Chemical composition of the bauxite residue (LOI: Loss of ignition).

Major Compounds wt. % Minor Compounds ppm
Fe 29.6 La 110
Al 8.6 Ce 380
Ca 8.3 Sc 120
Si 33 Nd 100
Ti 2.6 Y 80
Na 2.8
Others 321
LOI 12.7

LOI: Loss on ignition

Synthetic leach solutions were prepared considering pre-treatments before performing the
selective precipitation. The expected leachate is the pregnant leach solutions (PLS) after the major part
of Fe, Al, and Ti are recovered from the solution by both pyrometallurgical and hydrometallurgical
methods. Hence, the synthetic solution mentioned in this study is predictive of the formation of the real
PLS. The Sc and REEs concentrations were arranged to be higher than in the real PLS to clearly observe
the precipitation behaviors of these elements. Additionally, the selective precipitation process was also
tested directly on the real solutions, obtaining similar results as those observed in this study [21,23].

In addition to the major impurities present in the bauxite residue (e.g., Fe and Al), Nd and Y are
also considered representative elements of light and heavy REEs within the synthetic PLS, since they
have similar chemical properties as same sub-groups of REEs.

Synthetic solutions in chloride media were prepared by adding the required amount of
reagent-grade FeCl3-6H,O, AlCl3, Scp(S04)3-5H,0, NdCl3-6H,O, and YCl3-6H,0. In a similar manner,
reagent-grade Fe(NO3)3-9H,0, Aly(SO4)3-18H,0, Sca(SO4)3-5H,0, NdCl3-6H,0O, and YCl3-6H,O were
used to synthesize the solution in nitrate media. Sulfate and chloride salts were first precipitated as
hydroxides and washed before being converted into the necessary forms, to avoid unwanted sulfate or
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chloride ions which can affect the precipitation yields by promoting complex formations in the aqueous
solution. All precipitation solutions were prepared from reagent-grade salts. The concentrations of the
precipitation agents were 12.5 wt. % for CaCOj (limestone) slurry, 1 mol/L for NaOH, NH,OH, and
KOH, and 1 mol/L for K;HPOy, (NH),HPO,4, and Na,HPOy,.

In order to have comparative precipitation results, a composition similar to the one used in the
sulfate media was chosen. The pH of both systems was set between 1.2 and 1.4 with the addition of the
necessary amounts of HCl or HNOj3. The composition of the synthetic solutions is presented in Table 2.

Table 2. Composition of the synthetic solutions in HNO3 and HCI media.

Composition in HNO; Media (mg/L) Composition in HCl Media (mg/L)

Al 340 348

Fe(III) 312 290
Sc 86 78
Y 108 96

Nd 101 105

The precipitation agents mentioned were carefully added using a precision burette into 50 mL
of the synthetic PLS while monitoring pH and temperature. All experiments presented in this study
were done at room temperature. For hydroxide precipitation, the agents were added until the target
pH was attained under mild agitation, to reach homogeneity in the solution and to prevent local
pH differences.

Precipitation solutions containing dibasic phosphates were prepared as 1 mol/L and added into
the leach solutions starting with a stoichiometric amount, considering only scandium precipitation.
In each step, the amount added was doubled until reaching 20 times of the stoichiometric amount.

The resulted suspension for each case was then stabilized and homogenized at a given pH
and temperature for 2 h and subsequently filtered through fine filter paper via suction filtration.
The separated solid residue was washed with distilled water and dried at 110 °C for 24 h. Both filtered
solutions and solid residues were assayed.

The concentrations of the constituent ions of iron (Fe), aluminum (Al), scandium (Sc), yttrium (Y),
and neodymium (Nd) were determined by microwave plasma optical emission spectroscopy (Agilent
MP-AES 4100, Mulgrave, VIC, Australia). Each sample was prepared by adding 100 uL of cesium
ionization buffer and 500 uL of ultrapure concentrated HNOj to 10 mL of solution. Quantitative
analyses were performed at 371.993 nm, 396.152 nm, 361.383 nm, 371.029 nm, and 430.358 nm,
corresponding to the spectral emission lines for Fe, Al, Sc, Y, and Nd respectively.

The pH measurements were performed using a WTW ProfiLine pH 197 series pH-meter with a
Sentix 81 precision electrode. The pH meter was calibrated with standard technical buffering solutions
at pH 2.00, 4.01, and 7.00 to achieve maximum sensitivity in pH measurements.

3. Results

We previously reported that more than 90% of Fe can be removed with negligible amount of
Sc loss from sulfuric acid-based solutions by simply adding NH4OH in a dual-staged precipitation
process [22]. Furthermore, with a successive precipitation route which combines both hydroxide
precipitation and phosphate precipitation, a Sc phosphate concentrate, which is easier to process, can
be synthesized from sulfate-based aqueous solutions. Since Sc-containing liquors can also exist in
chloride or nitrate media, the effect of those aqueous media on precipitation should be investigated.
By this way, the successive precipitation process can be adapted to other major mineral acid media.
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3.1. Precipitation in HNO3 Media

3.1.1. Fe Removal Step

In all recovery and purification operations regarding scandium, iron was reported to be one of the
most problematic elements. Thus, to propose an easier route to process scandium, iron content should
be minimized in the solution beforehand. We determined that the easiest route to this purpose was the
hydroxide precipitation. Limestone slurry, sodium hydroxide, potassium hydroxide, and ammonium
hydroxide were chosen as precipitation solutions, and a wide range of pH values was examined with
the addition of these hydroxide donors.

The precipitation trends of the constituent elements as hydroxides are shown in Figure 1.
The precipitation of Fe(III) with the addition of limestone slurry took place in the pH range between 2.0
and 3.5. As it can be seen from Figure 1a, when Fe(III) precipitation was triggered, the co-precipitation
of the other components was around 25-30%. In the case of NaOH and KOH addition to the system
(Figure 1b,c respectively), a more distinctive Fe(III) precipitation was observed. Yet, the co-precipitation
levels were relatively high, between 10% and 20%, when more than 90% of Fe(III) was removed.
The addition of NH4OH produced similar results as those described in the sulfate system. A distinctive
Fe(III) precipitation resulting in low co-precipitation levels of the other components was observed
(Figure 1d). When more than 95% of Fe was removed from the solution, less than 5% of Sc and REEs
precipitated. In all cases, the precipitation order was Fe(III) > Sc > Al > Y ~ Nd.
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Figure 1. Precipitation behavior of Fe(Il), Al, Sc, Nd, and Y in HNOj3 media at different pH values
with the addition of (a) limestone; (b) NaOH; (¢) KOH; (d) NH;OH.

In this removal step, it is desirable to remove Fe from the system with minimum co-precipitation
of the recoverable elements; therefore, selectivity was an essential parameter. The selectivity of the
precipitation is calculated by Equation (1) given below:

C rec D

P A
and S == 1
Car A/B= Dy (1

Dap =
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where Dy or Dy is the distribution coefficient of the mentioned element, Cpy. is the concentration of
the element in the precipitate, Cyq is the concentration of the element in the aqueous solution after
precipitation, S4p is the selectivity coefficient which indicates the selectivity of A over B.

The precipitation yields of the elements and the selectivity of Fe over Sc can be found in Table 3,
when Fe precipitation reach 70% and 90%, respectively. Table 3a shows that the best candidates
to remove Fe in HNO3 media are NaOH and NH,OH, since the corresponding Sg,/s. values are
far superior to those of the other hydroxide donors. Nevertheless, the co-precipitation levels of all
elements abruptly increased in the case of NaOH upon further addition to remove 90% of Fe(III). Thus,
NH4OH showed an astonishing performance considering both the co-precipitation levels of the other
elements and the Sg,/s.. Once that more than 95% of Fe present in the system was removed, around 4%
of Sc and 1% of the other elements were precipitated with a remarkable Sg, /s of 585. The most logical
explanation of this low co-precipitation levels is the occurrence of an hexamine scandium complex
upon addition of NH4OH [24,25]. Hence, Fe precipitation was triggered, whereas Sc remained in a
complex form, which prevented the co-precipitation of Sc between these pH ranges.

The main difference of the nitrate-based aqueous solution compared to the sulfate-based one regards
the pH ranges of the precipitation. Although it was found that the precipitation of Fe was triggered at
pH values between 2.5 to 4.0 in sulfate media, a similar precipitation level was observed at a lower pH,
between 2.0 to 3.0. It is known that sulfate ion form inner-sphere complexes, while nitrate complexes
can be classified as forming outer-sphere complexes [26,27]. Consequently, more OH ™ ions have to be
released to disrupt inner-sphere complexes, since they have lower Gibbs Energy (AG) in that state.

Table 3. (a) Critical pH values for 70% Fe(III) removal from the system by hydroxide precipitation
and precipitation % of the constituent ions with selectivity of Fe over Sc; (b) Critical pH values to
obtain above 90% Fe(III) removal from the system by hydroxide precipitation and precipitation % of
the constituent ions with selectivity of Fe over Sc.

@)
Precipitation Agent pH Fe (%) Sc (%)  Al(%) Y (%) Nd (%) SFe/sc

Limestone 2.95 76.6 26.8 25.1 28.1 24.2 9
NaOH 2.78 723 1.1 3.3 8.1 6.8 235

KOH 274 69.7 104 13.1 219 15.2 20
NH4OH (aq) 2.87 715 24 0.5 0.5 0.5 102

(b)
Precipitation Agent pH Fe (%) Sc(%) Al(%) Y (%) Nd (%) SFe/sc

Limestone 3.05 93.6 27.6 259 29.4 242 38
NaOH 3.00 88.9 11.0 5.1 9.3 74 65

KOH 291 93.4 133 15.3 235 174 92
NH4OH (aq) 3.10 96.5 45 0.9 0.6 13 585

3.1.2. Phosphate Precipitation

In previous studies, it was shown that there is a strong affinity of Sc and REEs for PO,%~
ion [22,28,29]. In leach solutions with sulfate media, addition of dibasic phosphate resulted in a
selective precipitation of both Fe(Ill) and Sc from the system. In light of this, dibasic phosphate
solutions were tested with the intention of recovering Sc from the PLS. Addition of three different
dibasic phosphate solutions and the resulting precipitation patterns of the constituent elements are
shown in Figure 2. Precipitation solutions were added starting from the stoichiometric amount
considering only Sc precipitation, and the amount introduced was increased in each step until reaching
an amount 20 times greater than the stoichiometric value.

In all cases, similar precipitation trends were observed. Upon addition of the precipitant solution,
immediate precipitation of Fe and Sc was initiated. More than 90% of Sc and Fe precipitation occurred
ata pH value around 2.5. Since dibasic phosphates release OH™ into the system, an uncontrolled rise of
pH would lead to the precipitation of the constituent elements as hydroxides, which will deteriorate the
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selectivity towards Sc recovery. It is important to note that, while high levels of co-precipitation of the
other elements were detected with Na,HPO, addition, corresponding approximately to 40-50%, it was
found that they were limited between 20% and 25% when K;HPOy or (NHy), HPO4 were introduced
into the solution as phosphate donors. In all cases, the additions yielded to the precipitation order
Fe(Ill) = Sc > Al > Y = Nd. The precipitation efficiencies upon the addition of dibasic phosphate
precipitation solutions can be found in Table 4.
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Figure 2. Precipitation of the elements in HNO3; media with the addition of (a) NayHPOy; (b) K;HPO,
and (C) (NH4)2HPO4

Table 4. Critical pH values for above 90% Sc recovery from the solution system by dibasic phosphate
precipitation and precipitation efficiencies of the constituent ions.

Precipitation Agent pH Fe(I1) (%) Sc (%) Al (%) Y (%) Nd (%)

Na,HPO, 236 90.8 90.2 4438 39.6 543
K,HPO, 224 912 913 25.1 248 249
(NHy),HPO, 2.30 89.3 90.2 363 220 312

3.2. Precipitation in HCI Media

3.2.1. Fe Removal Step

The same precipitation solutions for hydroxide precipitation were further tested in HCl media,
and the results are summarized in Figure 3. Similar precipitation routes and behaviors were observed
as in the case of HNO3 media. While the addition of limestone slurry resulted in the co-precipitation of all
other elements with Fe(IIl), more distinctive cases were achieved when NaOH, KOH, and NH,OH were
used. As in the previous case, with the addition of NH4OH, the lowest co-precipitation was achieved, yet
Sc precipitation was observed to be the greatest among the other elements when the Fe content in the
solution was minimized. In all cases, the precipitation order was Fe(IIl) > Sc > Al > Y = Nd.

The precipitation percentages of the elements in the solution can be found in Table 5, when
Fe(III) was removed at 70% and 90%, respectively. The major difference in the precipitation behavior
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between HNO3; media and HCI media regarded the co-precipitation levels of Sc. It was previously
discussed that both in nitrate and in sulfate media, Sc remained in the solution, while Fe(Ill) was
almost completely taken out from the solution. With the addition of NH4OH, 70% of Fe(IIl) as well as
9% of Sc were precipitated at pH values around 2.8, while Sc precipitation remained at 13% once 93%
of Fe(III) was removed from the solution at a pH value around 3.0. The interaction between Fe?* and
Cl™ ions was the main reason why the precipitation level was limited, and the co-precipitation level of
Sc increased when Fe started to precipitate. This interaction shifted the precipitation range of Fe(III)
slightly, prompting Sc precipitation in the same range.

Still, the precipitation procedure to synthesize a scandium concentrate is applicable even in this
case. Although the selectivity of Fe over Sc was found to be 24 when the precipitation of Fe reached
70%, as the precipitation progressed, a value of 100 was reached with the addition of NH;OH.

100
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Figure 3. Precipitation behavior of Fe(Ill), Al, Sc, Nd, and Y in HCI media with the addition of
(a) CaCOs3; (b) NaOH; (c) KOH; (d) NH,OH.

Table 5. (a) Critical pH values for 70% Fe(IlI) removal from the system by hydroxide precipitation and
precipitation % of the constituent ions with selectivity of Fe over Sc; (b) Critical pH values for above
90% Fe(III) removal from the system by hydroxide precipitation and precipitation % of the constituent
ions with selectivity of Fe over Sc.

(a)

Precipitation Agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) SFe/sc
Limestone 2.81 70.7 252 153 15.1 15.6 7
NaOH 297 70.3 14.4 9.9 58 10.6 14
KOH 3.05 75.1 16.7 8.2 10.6 8.3 15
NH4OH 2.82 71.3 9.6 44 1.0 0.2 24

(b)

Precipitation Agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) Ske/Sc
Limestone 2.95 91.2 28.6 259 294 242 25
NaOH 3.10 914 189 111 6.9 12.3 46
KOH 3.22 96.3 21.0 9.1 11.1 115 98
NH,OH 2.95 93.8 13.2 5.2 1.1 0.3 100
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3.2.2. Phosphate Precipitation

Figure 4 shows the precipitation behavior with the addition of different phosphate donors into a
synthetic solution with HCl media. The selective precipitations of scandium and iron were triggered
immediately with the addition of a dibasic phosphate solution, and 60% precipitation efficiency was
attained, with below 10% co-precipitation of other elements at pH values around 1.5 in all cases.
After that point, further addition of phosphate ions resulted in the growth of both targeted and
non-targeted elements. The best selectivity with 90% of Sc precipitation efficiency was reached at
pH 2.2 with the addition of K;HPO,, with co-precipitation yields of 27%, 26%, and 43% for Al, Y, and
Nd, respectively. (NH4),HPO, showed a similar performance with slightly increased co-precipitation
levels corresponding to 36% for Al, 23% for Y, and 42% for Nd when Sc precipitation hit 90%. Critical
pH values for above 90% Sc recovery from the solution system by dibasic phosphate precipitation and
the precipitation efficiencies of the constituent ions can be found in Table 6.

Since introducing new ions into the system is unwanted throughout the precipitation process,
(NHy),HPOy4 was selected as the best precipitation agent for selective precipitation of Sc from bauxite
residue leachates.
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Figure 4. Precipitation of the elements in HCI media with the addition of (a) NayHPOy; (b) K;HPO4
and (c¢) (NHy),HPOy,

Table 6. Critical pH values for above 90% Sc recovery from the solution system by dibasic phosphate
precipitation and precipitation efficiencies of the constituent ions.

Precipitation Agent pH Fe(IID (%)  Sc (%) Al(%)  Y(%)  Nd (%)
Na,HPO, 2.32 92.1 90.9 39.2 26.0 473
KoHPO, 2.19 90.1 90.2 27.5 263 47
(NH,),HPO, 227 90.4 90.3 36.3 229 41

3.3. Successive Precipitation in All Media

Taking all the findings into consideration, triple-staged precipitation processes for the synthesis
of a scandium concentrate from bauxite residue solutions can be proposed using the described mineral
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acid systems. The proposed precipitation processes are summarized in Figure 5, and the variation
in concentration with the successive addition of the precipitation agents in H,SO4, HNOj3, and HCl
media can be found in Figure 5a—c, respectively. Three precipitation regions labelled as regions 1, 2,
and 3 are shown in all graphs. Region 1 is the removal of Fe from a solution with minimum Sc loss by
the addition of NH4OH until a specified pH is reached for each media. The residue obtained from this
step, which was enriched in Fe, was filtered and removed from the solution. The critical pH ranges
for the first Fe removal step were established as 3.3-3.4 for H,SOy4 and 2.8-2.9 for HNO3 and HCI.
Region 2 denotes the second Fe removal step by further addition of NH4OH that promotes higher Fe
precipitation with a low amount of Sc co-precipitation. The precipitate was then filtered and could
be recycled into the initial feed, which minimized Sc losses during the second Fe removal step and
provided a seeding agent for better Fe separation. The pH ranges for this step were between 3.6-3.7
for HySOy, 3.1-3.2 for HNO3, and 3.0-3.1 for HCI media.

After removing more than 95% of Fe using NH,OH with low Sc loss, a phosphate precipitation
step was applied in the third part of this successive precipitation process. It was observed that the
phosphate precipitation with dibasic phosphates showed similar performances regardless of the
system. The pH of all systems was adjusted to 2.0 in advance, with the purpose to avoid unwanted
hydroxide precipitation which can be triggered at pH levels above 3.0. Dibasic phosphate solutions
were added into all systems until reaching a pH range between 2.5 and 2.6, where the best selectivity
for Sc was reached. Since Fe was removed in previous steps, both the amount of precipitant solution
and the co-precipitation levels of the constituent ions were decreased. For all media, more than 95% of
Sc and Fe was recovered, while approximately 15% of Al and 10% of Y and Nd were co-precipitated
during the process. The compositions of the resulted concentrate in the form of mixed phosphates can
be found in Table 7.

Table 7. Compositions of each concentrate obtained after their successive selective precipitation
as phosphates.

H,S04 HNO3; HCl

ScPOy (%) 66 56 51
FePOy (%) 13 12 13
AlIPO, (%) 19 23 26
YPOy (%) 1 3 5
NdPO; (%) 1 6 5

In all cases, Sc concentrates containing more than 50% ScPO4 were synthesized. Since the
precipitation patterns of the ions were more discrete in the sulfuric acid media, the best results were
obtained in this media, with 66% ScPOj4. The major impurity element was found to be Al in the
concentrate, which can be easily processed and removed with basic purification operations.

153



Metals 2018, 8, 314

2,00 225 250
450 n I — 1 n 1 P n 1 n n 1 n
a)
375 |
= 300 -|
®
£
c
]
§ 25
=
@
3
2
o
© 150 4
75
0
1 .
pH
2.00 2.25 250
375 L L L L
by e
300 -| L
—|—fe
—o—Al
_ —A—sc
3 —0—Nd
£ 25- -<4-v L
§ 1 2 3
b=
]
5
g
g
S 150 4 L
o
o

—m—Fe ;

Concentration (mg/L)

Figure 5. Triple-staged successive precipitation with NH4OH and (NHy4),HPOy from (a) HySOy;
(b) HNOj3 and (c) HCI media.
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4. Assessment and Conclusions

A triple-step precipitation route is proposed to refine a scandium concentrate from synthetic
bauxite residue leachates, and the effect in aqueous media was investigated. In all media, NH,;OH
showed better selectivity and performance than the other hydroxides, similar to the results obtained
in H,SO4 media. While HNOj3; and HCl media showed quite similar patterns during precipitation,
they differed with respect to the HySO4 media, especially in the pH ranges of precipitation, because of
the nature of the formed complexes. Although Sc loss during the Fe removal step in HCl media was
observed to be relatively higher compared to the other cases as a result of the interaction between Fe3*
and Cl™ ions, still the concentrate contained more than 50% of Sc. The proposed selective precipitation
route to produce ScPOy concentrate can be seen in Figure 6.

A scandium concentrate containing more than 50% of ScPO, was successfully obtained with this
selective precipitation route from synthetic solutions. Depending on the impurity level, the aqueous
media, and the initial composition of the feed solution, the amount of ScPOy in the synthesized
concentrate could vary between 15% and 65%. Since the concentrate contained more scandium than
the other elements, the processing and the purification of this concentrate will be much easier to
perform. The removal of the most problematic element for scandium precipitation, which is iron, is the
main obstacle for advanced processes to obtain a high-purity scandium product. Furthermore, the
remaining solution after precipitation can be treated for further REEs recovery through other means.

NH4OH NH,OH (NH4);HPO,4
1* Fe removal step 2" Fe removal step Phosphate precipitation
BRileachates/PL5 HS0sat pH 3.3-3.4 H:SO.at pH3.63.7 |3 Al acid media systems ScPO,
HNO3 at pH 2.8-2.9 HNOsat pH 3.1-3.2 at pH 2.5-2.6 concentrate
HCl at pH 2.8-2.9 HCl at pH 3.0-3.1

|

Fe-rich residue

Sc-containing Fe-rich residue

Figure 6. Proposed selective precipitation route to synthesize a ScPO, concentrate using three mineral
acid media.
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Abstract: Waste electrical and electronic equipment (WEEE) has increased in recent decades due to
the continuous advancement of technology in the modern world. These residues have various metals
that are found in concentrations that make their recovery profitable. A group of metals of interest are
the rare earths such as europium and yttrium, as well as semiconductors such as indium. Yttrium
was recovered from cathode ray tubes that were manually dismantled. The resulted powder was
leached with HNOj3, and then the solution was submitted to solvent extraction with di-(2-ethylhexyl)
phosphoric acid (DEHPA) using n-heptane as a diluent. For re-extraction, HNO3 was used again,
and yttrium was precipitated by adding four times the stoichiometric amount of oxalic acid, reaching
68% yttrium purity. Indium was recovered from the liquid crystal display (LCD) screens for which
the pulverized material was leached with HySO4. Then, the indium sulfate was subjected to solvent
extraction using DEHPA as an extractant, and diesel as a diluent. The re-extraction was carried out
again with HySOy, and the obtained acid solution was evaporated until the indium precipitated,
reaching a recovery of 95%. The investigations that were carried out show that it is feasible to recover
these metals in the form of oxides or phosphates with high commercial value.

Keywords: WEEE; yttrium; indium; hydrometallurgy

1. Introduction

During the last decades, there has been a vertiginous development of the technological industry,
which has caused a significant increase in electronic waste. Electric and electronic wastes, which are
also called waste electrical or electronic equipment (WEEE), is a general term that covers any device
that has ceased to be useful [1]. The electronic waste that is generated due to the continuous advance
of the technology is stored in deposits as scrap. However, many of these WEEE have high value-added
metals in their structure in concentrations that are much higher than those within minerals [2].

Globally, WEEE is the waste that has shown the most growth in recent decades. WEEE constitutes
approximately 8% of total urban waste [3]. It is estimated that 14 kg of WEEE per year are generated
per person, and this tendency grows exponentially each year [4]. Despite this trend, there are no
regulations or provisions for the proper disposal of WEEE in undeveloped countries due to economic
constraints. In addition, it must be taken into account that the number of electronic devices and the
recycling rate is lower than in developed countries. In the case of Europe, it is known that the amount
of WEEE is approximately 7.5 million tons, and the annual growth of this trend ranges between
3-5% [5].

Another aspect to take into account is the negative environmental impact caused by WEEE if
they are not properly disposed. When electronic devices end their useful life, they are destined for
landfills or incinerators. However, it must be taken into account that WEEE has toxic metals such as
lead, cadmium, or mercury, which are harmful to the environment and the health of living beings [6].
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It should be noted that one of the main attractions of electronic waste is the high concentration of
precious metals, base metals, and rare earths, which makes them potential sources of these elements.
For instance, it is common to find 41% and 22% of iron and copper respectively within WEEE, since they
are the major elements in electronic wastes. Precious metals and rare earths are in ppm concentrations
instead [7,8]. Much electronic waste has precious metals or rare earths in concentrations that make it
possible to extract them. One of them is cathode ray tubes (CRTs), which present a powder composed
of zinc sulfide and yttrium oxysulfide activated with europium. The CRTs are found on computer
screens and televisions that are covered by layers of barium oxide and lead that protect users from
the exposure of X-rays generated within the CRTs. It should be noted that the glasses that are part of
the CRTs have up to 28% lead, which becomes a serious environmental problem when the CRTs are
leached in the landfills where they are stored [6].

However, due to the presence of yttrium and europium in its structure, the CRTs are highly
appreciated, since rare earths have a high commercial value [9].

The elements of rare earths are a group composed of 17 chemical elements, which includes the 15
metals corresponding to the series of lanthanides in addition to yttrium and scandium. All of these
elements present similarities in their chemical, electrical, magnetic, and optical properties [10]. This
similarity is mainly due to the electronic configuration of the rare earth elements. In the atoms of these
elements, f orbitals are partially filled, and the electrons are added to sublayer 4f, which is surrounded
by 6s sublayers. Since the last layer is completely filled, in the case of all of the elements, the electrons
of sublayer 4f are so well protected that the chemical properties remain practically unchanged. In
the case of lanthanum, there are no electrons in the f orbitals, but the 5d sublayer is the one that is
protected by the filled external sublayers [11,12]. Due to their exceptional physical, optical, electrical,
and magnetic properties, these elements are used in a wide range of applications, from metal alloys,
flat screens, hard drives, and oil-refining catalysts to medical equipment. There are important uses in
the defense industry, such as in fighter aircraft engines, guided missile systems, missile defense units,
and satellite communication systems. According to their use, these elements are used as mixtures, in
addition to other chemical compounds, or in metallic and alloy forms [13].

The main mineral sources of rare earths are bastnasite [(Ce,La)(CO3)F], monazite [(Ce,La)POy)],
and xenotime (YPOy). These minerals are submitted to a comminution process followed by a
gravimetric concentration process [14,15]. The processed minerals that are enriched in rare earths are
leached with acids or alkalis. Generally, hydrochloric (HCI) or sulfuric acid (H,SOj4) is employed at
this stage, and according the leaching agent concentration, pulp density, and temperature, rare earths
may have selective solubilities that may make their separation from other metals possible [16,17].

Rare earths that are dissolved after leaching are recovered by several hydrometallurgical
techniques such as: solvent extraction, ion exchange, and crystallization. The most used technique
is solvent extraction, since extractants such as di-(2-ethylhexyl) phosphoric acid (DEHPA) enable
obtaining products of high purity [18]. Re-extraction is accomplished mainly with the employment of
acids such as HCI. Several parameters must be optimized, such as the molar ratio between the organic
and aqueous phase, extractants concentration, and the contact time between the two phases, among
others. In the case of yttrium, it can be recovered from the aqueous phase by precipitation after the
addition of oxalic acid or sodium oxalate. Its transformation to an oxide can be achieved by calcination
at 750 °C or, it can be heated to 750 °C with the addition of hydrofluoric acid in order to obtain yttrium
fluoride [19].

Another group of electronic waste that has several elements of commercial interest is liquid crystal
displays (LCDs). These devices are used in the manufacture of televisions, laptops, cameras, and
mobile phones, among others [20]. The LCD screens have an approximate lifespan of up to eight years,
so once their use is over, they must be properly disposed due to the presence of several toxic elements
in their structure, such as mercury. Approximately 72% of LCD screens have fluorescent cathode lamps
that contain mercury in their structure. One of the elements that has great commercial value and is
inside the LCD screens is indium. This element is a semiconductor that has several properties such as
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electrical conductivity, chemical stability, and high hardness. The indium that is found in the liquid
crystal panel has great commercial appeal when it is sold as indium oxide [20,21].

Indium is commonly found in the veins of minerals that are associated with sulfides and have a
high content of tin. Several places have been discovered where indium deposits are found, such as:
Kidd Creek, Timmins, ON, Canada (0.027% w/w indium); Polaris, Nunavut, NT, Canada (0.010% w/w
indium); Balmat, NY, USA (0.004% w/w indium); and Toyoha, Japan (6% w/w indium) [22]. There is
also a massive sulfur deposit housed in the volcano of the Kidd Creek mine, with an indium content
between 1-870 ppm, with an average of 106 ppm that can be exploitable. Tin and tungsten deposits
house the highest concentrations of indium [23].

Indium is produced mainly from the waste obtained from the zinc refining and the recycling
of chimney dust, slag, and gases generated during the zinc smelting, where the degree of indium is
0.027%. These residues are subjected to a process of leaching through the use of hydrochloric (HCI)
or sulfuric acid (HySO4). The solutions are concentrated by solvent extraction, and the indium is
recovered by electrodeposition as 99% metal. The low grade of indium is then refined to a standard
grade metal (99.99%) of higher purity [24]. The concentrate is processed by roasting to eliminate sulfur,
and a leaching process is carried out where the iron is eliminated as a residue of jarosite. In order to
recover the indium, the jarosite residue is dissolved using a hot sulfuric acid solution. In this method,
the indium is extracted directly from the leaching solution by solvent extraction. This technique is not
suitable for residues of zinc plants with low concentrations of indium [25].

The present research analyzes the recovery of europium, yttrium, and indium from WEEE
through the hydrometallurgical route. The main objective of the work consists of recovering yttrium
and indium as suitable salts for their commercialization. Several works during the last years have
attempted to recover yttrium and indium from electric and electronic wastes. Yang et al. [26] tried
to separate yttrium and indium through employing acid leaching and solvent extraction techniques.
In this case, di-(2-ethylhexyl) phosphoric acid (DEHPA) was used as the extractant and kerosene
was used as the diluent, achieving 99% of yttrium and indium recovery in 2 M HCl and 1 M HNO3
solutions, respectively [26]. On the other hand, De Michelis et al. [27] and Innocenzi et al. [28]
performed rare earths recovery from WEEE by acidic leaching and precipitation as the main
techniques. De Michelis et al. [27] employed several acids to dissolve rare earths with a subsequent
precipitation with oxalic acid. This technique allowed obtaining yttrium oxalate (99% of recovery).
Innocenzi et al. [28] instead attempted yttrium recovery using NaOH solutions for yttrium precipitation
from acidic solutions. In this research, 95% of yttrium recovery was achieved. These research studies
demonstrated that rare earths and indium extractions from WEEE are possible nowadays.

Considering recent research studies in rare earths and indium extraction from WEEE, this work
focused on the extraction of the mentioned elements from cathode ray tubes (CRTs) and liquid crystal
displays (LCD) panels. Unlike other investigations in this area, three techniques were tested in order
to obtain yttrium and indium as commercial salts; these hydrometallurgical techniques are: acidic
leaching, solvent extraction, and precipitation. The novelty of this work lies in the employment of
CRTs and LCD panels as rare earths and indium sources, respectively. In both studies, several acids
were tested in order to achieve the greatest element dissolution. Afterwards, several extractants and
different diluents were used in order to separate the desired elements from other impurities such as
zinc, iron, and aluminum, among others. In contrast with other research studies, solvent extraction
was implemented instead of attempting a selective precipitation of rare earths and indium, which may
create products with several impurities. Finally, yttrium oxide and indium sulfate were obtained as
the main products of this investigation. The results obtained show that the adequate disposal of WEEE
for the recovery of metals with high added value is feasible.
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2. Materials and Methods

2.1. Materials

The following substances were employed in the development of this research: Nitric acid
(HNO3), 68% Panreac; sulfuric acid (H,SO4), 98% Mallinckrodt; hydrochloric acid (HCI), 37% Panreac;
hydrofluoric acid (HF), Merck; n-hexane, 99.9% JT Baker; n-heptane, 99.9% Merck; di-(2-ethylhexyl)
phosphoric acid (DEHPA), 99.9% Merck; tributyl phosphate (TBP), 97%, Fluka AG; methyl trioctyl
ammonium chloride (Aliquat 336), 90% Merck; oxalic acid dehydrate, 99% Merck; and diesel premium
and sodium hydroxide (NaOH), technical grade.

2.2. Methodology for Europium and Yttrium Recovery

Powder from CRTs was extracted manually and collected with a vacuum cleaner. The powder was
characterized with an X-ray diffractometer Bruker AXS D8 Advance model and a scanning electron
microscopy (SEM)-electric dispersive scanning (EDS) Vega TESCAN. Leaching essays were performed
with HNO3, HpSOy4, and HCI for yttrium and europium dissolution under magnetic stirring at different
periods of time. Various concentrations of the leaching agent (100-350 g/L) were assessed as well
as different pulp densities (10%, 20%, 30% of solids) in order to determine the optimal parameters.
The amount of dissolved yttrium and europium was measured by atomic absorption spectroscopy
with a Perkin Elmer A Analyst 300 spectrometer. The error that was associated to the atomic absorption
analysis was £0.1%. The amount of undissolved yttrium and europium was determined by atomic
absorption, for which the CRT powder was submitted to acid disintegration with HNO3, HE, and HCl.
Rare earths recoveries were obtained by making a mass balance as follows (see Appendix A):

Myare earth in solution (mg) % 100% (1)

Rare earth recovery =
Myare earth in solution (mg) ~+ Myare earth in CRT (mg)

After the leaching process, solvent extraction was carried out; di-(2-ethylhexyl) phosphoric acid
(DEHPA), tributyl phosphate (TBP), and methyl trioctyl ammonium chloride (Aliquat 336) were
employed as extractants, whereas n-hexane and n-heptane were used as diluents. It is important to
indicate that a ratio of 1:1 was maintained between the aqueous and the organic phase in all of the
assays. The concentration of the extractant (0.5 M, 1.0 M, and 1.5 M) as well as the diluent was assessed
in these tests. Finally, in the scrubbing process, a selective removal of europium and yttrium was
attempted with HNOj3; and HCl respectively in order to separate the two elements from the organic
phase. Yttrium was precipitated from the acidic solution with the addition of oxalic acid, and the result
that was precipitated was characterized by X-ray diffraction.

2.3. Methodology for Indium Recovery

The raw material that was used in the project was collected from discarded liquid crystal displays
(LCD) of different sizes, brands, and models. The LCDs were dismantled manually; the outer frame,
the plastic layer of the LCD monitor, image diffusers, and anti-glare layers were removed until the
LCD panel was obtained. After that, a manual size reduction was made to reach a particle size between
0.5-2.0 cm; then, the material was pulverized with a Siebtechnik model T 100 equipment (Siebtechnik,
Miilheim an der Ruhr, Germany). The resulted powder was submitted to a granulometric analysis, and
three representative sizes of the sample were collected: +298 pm; —149 + 105 pm; and —105 + 74 pm.
The powder was characterized by X-ray fluorescence analysis with a S8 Tiger, Bruker equipment
(Bruker, Karlsruhe, Germany), and a scanning electron microscopy (SEM)—electric (TESCAN, Brno,
Czech Republic) dispersive scanning (EDS) Vega TESCAN. The leaching process was investigated
through the use of two acids: HCl and H,SO,4 with a concentration of 90 g/L. Leaching essays were
carried out with magnetic stirring for 24 h. Indium, iron, and aluminum dissolution was monitored
by atomic absorption spectroscopy with a Perkin Elmer Analyst 300 spectrometer (Perkin Elmer,
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Shelton (CT), USA). The LCD powder was submitted to acid disintegration with HNO3, HF, and
HCl in order to quantify the undissolved elements by atomic absorption. Indium recoveries were
obtained by making a mass balance through using Equation (1). For indium recovery form acidic
solutions, solvent extraction was carried out. Di-(2-ethylhexyl) phosphoric acid (DEHPA), tributyl
phosphate (TBP), and methyl trioctyl ammonium chloride (Aliquat 336) were employed as extractants,
whereas n-hexane and diesel were used as diluents. Two ratios of 1:1 and 1:6 between the organic
and the aqueous phase respectively were assessed, as well as the concentration of the extractant
(0.025-1.000 M). In addition, two organic solvents were tested to determine the optimal conditions to
separate indium from iron and aluminum. Once the best extraction results were obtained, the organic
phase that had the highest indium load was submitted to re-extraction. The aqueous phase tested
was H,SO; at different concentrations (6 M, 8 M, and 10 M), and the amount of indium that was
recovered was measured by atomic absorption. Finally, the acid solution was evaporated up to indium
precipitated as indium sulfate.

3. Results and Discussion

3.1. Europium and Yttrium Recovery from Cathode Ray Tubes

From the analysis of crystalline phases performed by X-ray diffraction (XRD), it was found that
the main constituent compounds of the coating powder were: zinc sulfide (ZnS) and yttrium oxysulfide
(Y20,S). During characterization, no europium compounds were found, which was probably due
to europium being an activant or dopant of yttrium oxysulfide, but not a differentiable compound.
The determination of the elemental chemical composition was carried out by the X-ray analyzer in the
scanning electron microscopy (SEM). It should be mentioned that with this analysis, semiquantitative
chemical results are obtained, with a limit of detection of 1% (see Figure S1). The results of the
elemental chemical composition of the coating powder are shown in Table 1.

Table 1. Elemental chemical composition of coating powder with an X-ray analyzer in SEM.

Metal Composition (%)

Eu 1.5

Y 85
Zn 24.2

Al 9.3

Ti 1.3
Nb 2.6

Pb 7.1
Na 119

S 13.7

It was found that zinc is the element that is present in the greatest percentage, followed by sulfur.
These results corroborate with the results of the analysis by XRD, in which the zinc sulfide is one of
the components of the powder. In the case of rare earths, yttrium has a percentage of 8.5%, coming
from the yttrium oxysulfide determined in XRD, whereas europium has a percentage of around 1.5%.
In addition, there is a 2.6% of niobium that can arouse interest in their recovery.

In order to extract the rare earths from the CRTs, the powder was used for the extraction of
europium and yttrium by acid leaching and solvent extraction. Figure 1 shows the different leaching
agents that are used for this purpose. As it can be seen in Figure 1a, the best leaching agent for complex
europium and yttrium turned out to be the HNOj3, which was used at a concentration of 200 g/L.
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Figure 1. (a) Recovery of europium and yttrium with different leaching agents after 24 h of stirring
and 10% of solids; (b) Recovery of europium and yttrium at different concentrations of HNO3 (10% of
solids and 24 h of agitation).

For the leaching carried out with hydrochloric acid, values of recovery were approximately 2%
for europium and 7% for yttrium, while with sulfuric acid those values increased to 5% for both metals.
Finally, different results are observed in nitric acid leaching tests, in which the increase in recovery is
considerable, since approximate values of 48% were reached for both europium and yttrium. In order
to determine the optimal concentration of nitric acid, the concentrations were varied from 100 g/L to
350 g/L. The highest recovery of rare earths in solution was obtained when the concentration of HNO3
was 250 g/L. It should be noted that all of the tests were carried out for 24 h at 10% of solids. It is
important to notice that other research studies have demonstrated that sulfuric acid or hydrochloric
acid are suitable as well for yttrium dissolution [27]. However, in this case, only nitric acid resulted to
be the best leaching agent for rare earths recovery.

Based on these results, tests were carried out to study the influence of leaching time on the
recovery of europium and yttrium. In Figure 2a, europium and yttrium recoveries are shown at
different leaching times. As the leaching time was increased, higher europium and yttrium recoveries
were obtained, reaching the maximum recoveries of both metals at 72 h of agitation. Finally, it can
be seen that the curve tends to have an asymptotic shape, so at higher values of leaching time,
the stabilization of the curve would be expected in practically constant recovery values.

00 100

8
g

g
\
\

a
3
D

40

Recovery (%)
\
Recovery (%)

==r==Europium

4 2 —e—Yttrium
/ ~=r-Europium —e—Yttrium

~
3
o,

0 6 =,

0 12 24 48 60 72 10 15 20 25 30

Pulp de;lsity (%)

(a) (b)

36
Leaching time (h)

Figure 2. (a) Recovery of europium and yttrium with HNOj at 250 g/L and 10% of solids; (b) Recovery
of europium and yttrium at different percentages of solids with HNOj; at 250 g/L for 48 h of agitation.

To complement the study of the leaching process, the influence of pulp density was assessed.
In Figure 2b, the europium and yttrium recoveries are shown for leaching tests with different
percentages of solids at 250 g/L of HNOj for 48 h of stirring. In the case of europium, the recovery
decreases from 95% to values of 14% and 4% for a pulp density of 20% and 30%, respectively. On the
other hand, yttrium recoveries decrease from 86% to 25% and 8% for pulp densities of 20% and
30%, respectively.
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Once the leaching conditions were optimized, the solvent extraction stage was carried out in
order to separate the europium and yttrium in the organic phase of the aqueous phase, considering
that europium is a light rare earth and yttrium is a heavy rare earth. This classification is according to
the atomic masses of the rare earths. In the case of yttrium, there is a phenomenon called lanthanide
contraction, which consists in the atomic radius contraction, making this element a heavy rare earth [16].
The n-heptane was used as the organic diluent, and the following substances were used as extractants:
di-(2-ethylhexyl) phosphoric acid (DEHPA), tributyl phosphate (TBP), and trioctyl ammonium chloride
(Aliquat 336). The ratio between the aqueous phase and the organic phase was 1:1, whereas the contact
time between both phases during all of the tests was 10 min. Figure 3 shows the recovery of europium
and yttrium in the organic phase.
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Figure 3. (a) Recovery of europium and yttrium in the organic phase with different extractant agents
(extractants concentration in n-heptane: 1 M); (b) Recovery of europium and yttrium at different
concentrations of di-(2-ethylhexyl) phosphoric acid (DEHPA).

Figure 3a shows that there is a high preference for yttrium with the three extractants used, with
DEHPA being the one that showed the greatest separation factor (8.67) and recovery (90%). In addition,
for europium recovery, a separation factor of 0.24 was achieved with DEHPA as the extractant, whereas
a separation factor of 0.01 was obtained with TBP. Therefore, any of the tested extractants are suitable
for europium recovery from the aquous solution. On the other hand, when observing Figure 3b,
an increase in the DEHPA concentration increases the recovery of both elements in the organic phase.
For a concentration of 0.5 M, europium recovery was 3% and 80% for yttrium, while for a concnetration
1.5 M, it was 40 and 97%, respectively. The last results are not what is desired, since the aim is to
separate both elements in the two phases. For both of the analyzed cases, a concentration of 1 M
of DEHPA allowed the balance between a greater extraction of yttrium and a lower co-extraction
of europium in the organic phase. A lower concentration of DEHPA implies a lower extraction of
europium, while with a higher concentration, there are high extractions of both metals in the organic
phase. In addition, although zinc and iron are dissolved in the aqueous solution, they do not affect
yttrium extraction at all when DEHPA was used as an extractant. For the entire set of solvent extraction
essays, elements such as Zn or Al were not detected in the organic phase after samples analysis via
atomic absorbtion. Consequently, the interferences of these elements were considered negligible in this
process. This result is in accordance with other works that found DEHPA to be the best substance for
yttrium recovery [26]. The results shown in Figure 3a,b suggest that DEHPA is the best extractant for
yttrium recovery from the aquous phase, due to the high recovery (90%) and high separation factors
(8.67) that this substance presents (see Appendix A, Tables A1-A3).

Figure 4a shows the purification step of the organic phase (Scrubbing) with HNOj3 in order to
remove the co-extracted europium. For this, the organic phase was put in contact with an aqueous
phase corresponding to solutions of nitric acid at different concentrations.
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Figure 4. (a) Removal of europium with HNOj3; (b) Re-extraction of yttrium with HCL

When increasing the concentration of HNOj;, the removal of europium increases. At a
concentration of 120 g/L, a removal of europium of 95% is reached with a loss of yttrium in the
organic phase of 17%. Then, the yttrium that was contained in the organic phase, which was previously
purified, was re-extracted into a new aqueous phase. So, solutions of different concentrations of
hydrochloric acid were used in order to analyze the influence of the concentration of acid in the
percentage of yttrium re-extraction. In Figure 4b, it can be observed how the re-extraction of yttrium
varies with increasing HCI concentrations from 50 g/L to 300 g/L. Yttrium recovery of 95% is obtained
with an HCl concentration of 300 g/L. Lower concentrations of HCI do not allow acceptable yttrium
recoveries toward a new aqueous phase.

Finally, the yttrium was precipitated from the aqueous phase with the addition of oxalic acid at a
pH of 1.5. The pH was regulated with the addition of sodium hydroxide, and the amount of oxalic acid
was four times higher than the stoichiometric value. With these conditions, a 99% precipitation of the
yttrium contained in the purified aqueous phase was achieved. Subsequently, the product precipitated
in the form of yttrium oxalate was calcined for 2 h at 600 °C to transform it to yttrium oxide with a
purity of 68% [29]. The recovery of yttrium oxalate that was acomplished during the precipitation
stage is very similar to those that have been carried out in other works [27]. Nevertheless, in contrast
with other works, solvent extraction and srcubbing stages were implemented in order to separate
yttrium from other impurities. In addition, a calcination step is essential for transforming yttrium
oxalate to yttrium oxide, which is a commercial salt. It should be noted that this product can be sold
commercially (see Table S1, Figures S2-54).

In Figure 5, a process flow diagram for yttrium recovery is proposed. The best conditions that
were found in this research were employed in the design of the process flow diagram. As other
publications, this process incorporates a complete study of all of the parameters related to leaching
with acids. Pulp density attracted special attention, since the more CRT powder that is treated,
the more profitable the extraction of yttrium. Nevertheless, in the present proposed process, unlike
other research studies [27,28], a precipitation step is suggested for yttrium recovery as an oxide, since
this salt has a high commercial value.
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Figure 5. Process flow diagram for yttrium oxide recovery from CRT powder.

3.2. Indium Recovery from LCDs

The elemental chemical composition was analyzed by a scanning electron microscopy (SEM)
through an X-ray analyzer. Through this analysis, the presence of indium was verified on the LCD
panel. From this analysis, a surface section of the LCD panel was considered and the results obtained
from chemical composition are semiquantitative. Characterization carried out by X-ray diffraction
(XRD) was impossible, since the diagram obtained shows that the LCD panel is an amorphous material,
so a chemical analysis was carried out using X-ray fluorescence (FRX). The chemical characterization
of the powder that was carried out by an X-ray fluorescence analysis is shown in Table 2.
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Table 2. Elemental chemical composition of the liquid crystal display (LCD) panel using X-ray

fluorescence (FRX).
Element Composition (%)

Si 25.40
Al 7.55

Ca 4.70

Sr 3.70

Mg 0.90

Cl 0.10

Sn 0.09

Fe 0.08
P 0.05

In 0.03

From the results obtained by X-ray fluorescence, the presence of silicon is observed, because the
panel is constituted by silicon dioxide (SiO;), calcium, strontium, and magnesium. These elements are
part of the glass, since these they are fluxes that lower the panel melting point. In addition, 0.03% of
indium was obtained, which corresponds to 300 mg/g of the panel. For the recovery of indium from
the LCD screens, the screens were powdered up to a particle size of 274 pum. The powder obtained was
subjected to acid leaching in order to dissolve the indium. For this purpose, the concentration of the
leaching agents, the leaching time, and the percentage of solids were varied, as shown in Figure 6.
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Figure 6. (a) Influence of the percentage of solids in the recovery of indium with H,SO, and HCI; (b)
Influence of the leaching time in the recovery of indium with H,SO4 and HCI (20% of solids).

In Figure 5a, it is observed that there is not much difference as far as the use of the leaching agent
is concerned. However, the use of H,SOy is preferable, since indium sulfate is easier to transform into
indium oxide in later stages. Another aspect to keep in mind is that when the percentage of solids
varies, the recovery of indium in solution does not fall below 90%. In Figure 6b, an indium recovery of
98% is observed at 8 h when H,SOj is used, while 8 h is required to recover 94% of the indium when
HCl is used as a leaching agent. It was also determined that at the time of 2 h of leaching, the recovery
of other elements such as iron and aluminum was 24% and 4%, respectively. If the leaching time is
increased, the dissolution of these elements also increases, so it is recommended to not exceed the
leaching time beyond 4 h.

For the solvent extraction stage, di-(2-ethylhexyl) phosphoric acid (DEHPA) and tributyl
phosphate (TBP) were used as extractants, whereas diesel and n-hexane were used as diluents. The pH
in all of the assays was maintained at 1.7, and the contact time in all of the cases was 10 min. In Figure 7,
the results obtained with both diluents are shown.
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Figure 7. (a) Recovery of In, Fe, and Al with DEHPA (1.0 M, pH = 1.7) with n-hexane and diesel as
diluents; (b) Recovery of In, Fe and Al with tributyl phosphate (TBP) (1.0 M, pH = 1.7) with n-hexane
and diesel as diluents.

At a pH value lower than 1.7, a preferred extraction of other metals such as Fe?* and AI%* is
observed instead of In®" ions. On the other hand, the high content of H* ions present at this pH
prevents the In®* ion from being captured [30] and displaces the equilibrium to the left in the extraction
reaction of indium, decreasing the extraction of it [31]. Therefore, a pH value of 1.7 was chosen,
where a substantial increase in the extraction of indium is observed in the organic phase, reaching an
average extraction of 99%. This phenomenon is due to the decrease in the concentration of H* ions,
with the extraction of indium being favored according to Le Chatelier’s principle. Finally, it can be
observed that the extraction of Fe?* and AI** decreases at pH = 1.7, since there is a hydrolysis of the
Fe?* and AI%* ions, which makes extraction difficult [30]. From Figure 7a,b, it is determined that the
best extractant is di-(2-ethylhexyl) phosphoric acid (DEHPA) with diesel as the diluent, since with
the employment of TBP, indium recoveries are lower than those obtained with DEHPA. In addition,
iron and aluminum don’t affect indium extraction, although they diffuse to the organic phase. In the
case of iron, a 46% recovery in the organic phase was obtained. This finding is similar to the results
obtained by Yang et al. [26], since they found that 1 M of Cyanex 923 is the extractant that is required
for indium extraction with a 47% iron removal. Unlike the group of Yang et al., the selected extractant
in this research for indium recovery was DEHPA, which is suitable as well for rare earths extraction.

Figure 8 shows how the extraction of indium, iron, and aluminum with DEHPA at different
concentrations occur. As it can be seen in Figure 8a, the recovery of indium is high when the
concentration of DEHPA varies from 0.25 mol/L to 1.00 mol/L, regardless of whether diesel or
n-hexane is used as the diluent. In the case of iron, when the concentration of the extractant is increased
to 1.00 mol/L with diesel, the recovery is 50%. When n-hexane is used, the recovery of iron did not
undergo any variation when increasing the concentration of DEHPA. Finally, in the case of aluminum,
it is observed that when the concentration of the extractant increased the recovery of aluminum in
the organic phase, it also increased with both diluents. Thus, for the solvent extraction stage, it is
recommended to use DEHPA as an extractant with a concentration of 0.25 mol/L with diesel as a
diluent, because it is less expensive than n-hexane.
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Figure 8. (a) Recovery of In, Fe, and Al with DEHPA and diesel; (b) Recovery of In, Fe, and Al with
DEHPA and n-hexane.

For the re-extraction stage, the organic phase was diluted to allow a better diffusion of the indium
to the aqueous phase constituted by the concentrated HySO4 solution. Figure 9 shows the results of
re-extraction at different H,SO,4 concentrations.
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Figure 9. Influence of the concentration of HySOy on the re-extraction of indium.

The ratio between the aqueous phase and organic phase was six, and the contact time between
both phases was 5 min. An increase in the recovery of all of the metals is observed when increasing the
H,S04 concentration from 6 mol/L to 10 mol/L. Therefore, a concentration of 8 mol/L of H,SO4 was
chosen to obtain a recovery of 95% of indium, diminishing the re-extractions of iron and aluminium to
37% and 6%, respectively. Afterwards, the solution was evaporated in order to precipitate the indium
sulfate. The precipitated solid was subjected to calcination for 2 h at 700 °C to obtain indium oxide
(see Figure S5). In Figure 10, a process flow diagram is shown for indium oxide recovery from LCD
panels. Similar to other research studies, this process incorporates the solvent extraction step, which is
essential for indium separation from LCD impurities such as iron and aluminum. In contrast with
other works [26], this process combines a solvent extraction step and a precipitation for the recovery of
indium oxide, which is a salt of great commercial value.
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Figure 10. Process flow diagram for indium oxide recovery from LCD panels.
4. Conclusions

The recovery of rare earths from WEEE is feasible by the hydrometallurgical route, using for this
purpose processes such as: acid leaching, solvent extraction, and precipitation. It should be noted that
the WEEE from which it is desired to extract the rare earths must be pulverized in order to release the
elements of interest.

In the case of europium and yttrium dissolution from the CTRs, the best leaching agent turned
out to be HNOj3 at 250 g/L of concentration. Leaching tests demonstrated that leaching times longer
than 24 h allow higher recoveries, because there is a longer contact time between the nitric acid and
the components of the coating powder that may be dissolved. Similarly, higher amounts of other
metals such as zinc make it necessary to increase the leaching time to dissolve rare earths. In addition,
when pulp density increases, the solution is saturated with the formed europium and yttrium nitrates.
On the other hand, the reduction of the acid/powder ratio can also negatively influence rare earths
dissolution, since there is less formation of soluble products, and therefore lower recoveries.

The solvent extraction stage was carried out with DEHPA at a concentration of 0.5 mol/L with
a contact time of 5 min and using n-heptane as a diluent. Subsequently, a purification step of the
organic phase was carried out with HNOj3 of 120 g/L concentration to extract the europium. Finally,
the re-extraction of yttrium was carried out in the aqueous phase using HCl of 300 g/L concentration.
The yttrium precipitation was carried out with four times the stoichiometric amount of oxalic acid,
and the solid obtained was calcined at 600 °C for 2 h to obtain yttrium oxide of 68% purity.
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For the extraction of indium from the LCD screens, H,SO4 leaching agent was used at a
concentration of 90 g/L at 20% solids for 4 h. The extraction by solvents was carried out with
the DEHPA extractant at a concentration of 0.50 mol/L with diesel as the diluent. The contact time
was 10 min, and the aqueous phase-organic phase ratio was 1. For the re-extraction, HSO4 was used
at a concentration of 10 mol/L with a contact time of 5 min. Finally, when the solution evaporated, the
precipitated indium was obtained in the form of sulfate, which was calcined at 700 °C for 2 h to obtain
indium oxide.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2075-4701/8/10/777/s1,
Figure S1: CRT powder SEM image, Figure S2: Yttrium oxide SEM image, Figure S3: Yttrium oxide chemical
characterization with SEM, Figure S4: Yttrium oxide diffractogram obtained after calcination, Figure S5: Indium
oxide diffractogram obtained after calcination, Table S1: Yttrium oxide characterization.
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Appendix A

Appendix A.1. Analysis of Europium and Yttrium by Disintegration in a Microwave Oven

Disintegration in a microwave oven is a technique that allows the dissolution, in an aqueous
phase, of a solid sample in order to determine the concentration of the metals present in the sample
by means of the atomic absorption technique. To carry out the disintegration, a Samsung microwave
oven was used. He procedure followed for the disintegration of the tailings obtained in the leaching
process is detailed [32]:

1. The tailings were dried in a stove, at 110 °C for 24 h.

2. 0.1 g of the dry tailings was weighed and placed in a Teflon reactor.

3. 3mL of HNOj3 and 3 mL of HF were added.

4. The reactor was sealed and it was taken to the microwave oven where it was left for 2.5 min at
medium power.

The reactor was cooled to 30 min.

AN

The reactor was opened and 5 mL of HCI was added.

7. The reactor was sealed and it was taken to the microwave oven for a time of 2.5 min at
medium power.

8.  The reactor was cooled to 30 min.

9.  The content of the reactor was placed in a flask and adjusted to a volume of 50 mL

The solution obtained by disintegration of the tailings was analyzed by atomic absorption
spectrometry to determine the concentration of europium and yttrium in solution, with these data the
respective metallurgical balance was completed in each of the tests carried out.

Appendix A.2. Analysis of Indium by Disintegration in a Microwave Oven

In this case, 100 mg of sample were weighed and put in a closed Teflon reactor. Then 3 mL of
HNO3 and 3 mL of HF were added to the sample and the mixture was taken to a Samsung microwave
oven with a power of 50 W in a lapse of 2.5 min. Afterwards the sample was cooled for 40 min. Then,
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5 mL of HCI was added to the reactor and introduced into the microwave for 2.5 min and power of
50 W. Once the process was completed, the solution was adjusted to 100 mL. Finally, the disaggregated
solutions to be analyzed were sent by atomic absorption spectrophotometry.

Appendix A.3. Examples of Metallurgical Balance in Solvent Extraction Process

Table Al. Europium and yttrium recovery and separation factor with DEHPA

Conditions
Extractant DEHPA
Concentration 1M
Diluent n-heptane
Ratio A/O 1
Contact time 10 min

Mass Balance in Solvent Extraction

Volume Y (mg/L) Y (mg) Distribution (%)
Aqueous phase (mL) 15.00 910.00 13.65 10.34
Organic phase (mL) 15.00 7 890.00 118.35 89.66
132.00 100.00
Separation factor of Y 8.67
Recovery of Y 89.66%
Volume Eu (mg/L) Eu (mg) Distribution (%)
Aqueous phase (mL) 15.00 481.00 7.21 80.70
Organic phase (mL) 15.00 115.00 1.72 19.30
8.94 100.00
Separation factor of Eu 0.24
Recovery of Eu 19.30%

Table A2. Europium and yttrium recovery and separation factor with TBP.

Conditions
Extractant TBP
Concentration 1M
Diluent n-heptane
Ratio A/O 1
Contact time 10 min

Mass Balance in Solvent Extraction

Volume Y (mg/L) Y (mg) Distribution (%)
Aqueous phase (mL) 15.00 5170.00 77.55 58.75
Organic phase (mL) 15.00 3630.00 54.45 41.25
132.00 100.00
Separation factor of Y 0.70
Recovery of Y 41.25%
Volume Eu (mg/L) Eu (mg) Distribution (%)
Aqueous phase (mL) 15.00 588.00 8.82 98.66
Organic phase (mL) 15.00 8.00 0.12 1.34
8.94 100.00
Separation factor of Eu 0.01
Recovery of Eu 1.34%
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Table A3. Europium and yttrium recovery and separation factor with Aliquat 336.

Conditions
Extractant Aliquat 336
Concentration 1M
Diluent n-heptane
Ratio A/O 1
Contact time: 10 min

Mass Balance in Solvent Extraction

Volume Y (mg/L) Y (mg) Distribution (%)
Aqueous phase (mL) 15.00 6 070.00 91.05 69.93
Organic phase (mL) 15.00 2610.00 39.15 30.07
130.20 100.00

Separation factor of Y 0.43
Recovery of Y 30.07%

Volume Eu (mg/L) Eu (mg) Distribution (%)
Aqueous phase (mL) 15.00 530.00 7.95 96.01
Organic phase (mL) 15.00 22.00 0.33 3.99
8.28 100.00

Separation factor of Eu 0.04

Recovery of Eu 3.99%
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