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ARTICLE INFO ABSTRACT

Keywords: Environmental concerns about the traditional gold extraction process, and the potential volume of encapsulated

Pyrite gold in sulfidic minerals i.e. pyrite, have motivated researchers to find effective, efficient and ecologically benign

Deep eutectic solvent (DES) ways to expose the enclosed gold for improved extraction. Neoteric deep eutectic solvents (DESs) are an analogue

ED:ilil:;e functional theory (DFT) of ionic liquids (ILs) which are gaining more attention as eco-friendly solvents. This study examined the viability

Fourier-transform infrared (FTIR) spectroscopy of pyrite dissolution in a DES comprised of choline chloride (ChCl) and ethylene glycol (EG), called Ethaline. The
pH of the ethaline solvent mixed with hydrogen peroxide oxidant, and different solid-to-liquid ratios were
examined. Ethaline solution with pH 8 provided the desired condition at which EG is deprotonated to
[C2H405]27, a favourable ligand for Fe complexation and thus pyrite dissolution. A solid-to-liquid ratio of 1,/20
was optimal and achieved 23.6% Fe extraction as an indication of pyrite dissolution. Density functional theory
(DFT) was applied to determine which of the two ligands provided by ethaline (CI~ and/or [C2H402]%") can form
the most stable complex with Fe?" and/or Fe**. As a result, the tetrahedral complex [Fe(CoH402)2]" with the
ligand [C,H40,]% through O-donor chelating with Fe>* was found to be the most probable and stable complex.
However, the ethaline solvent did not deliver adequate Fe extraction compared to commonly used reagents/
solvents like mineral acids, to fully break down pyrite and expose any encapsulated gold.

1. Introduction contain water, acids (H,SO4, HNO3, HCl), bases (NaOH, NH4OH),

complexing agents and oxidising agents such as HyOo, Fe3+, Cl,, HCIO,

Finely disseminated gold enclosed in sulfidic minerals (known as
refractory ore) is typified by relatively low to moderate gold yield with
the cyanidation process [46]. Among the sulfidic minerals, pyrite is a
predominant host for gold, in which gold is occluded in its structure.
Since the gold is locked inside the sulfidic host mineral, i.e. pyrite, it is
necessary to break down the sulfidic matrix to expose the encapsulated
gold [12]. This justifies the extra effort on the refractory gold ore and
mine tailings to oxidise the impervious sulfidic mineral to obtain a
permeable matrix to achieve satisfactory gold recovery through
different methods and reagents [42].

The hydrometallurgical process involves principally the dissolution
of minerals in an acidic and/or basic aqueous medium, followed by
extracting the target metals [46]. Typically, industrial leaching solutions
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to improve the rate of leaching [35]. Cyanide also has been used
extensively for gold extraction for more than a century. However, be-
sides being toxic and hazardous, in the case of refractory ores, cyanide is
unable to extract the enclosed gold from pyrite [41,60].

The main reasons for searching for an eco-friendly and efficient
substitute for cyanide and some other acidic and/or basic lixiviants arise
from the environmental, safety, and health concerns posed by their
toxicity [19,60]. However, it is challenging to find an alternative re-
agent to compete with these powerful reagents to improve gold
extraction from sulfidic refractory ores/mine tailings. A prospective
reagent to break down the sulfidic structure of the host mineral to
expose the enclosed gold and ultimately extract it, should fulfil some
important criteria, such as being effective, relatively inexpensive,
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environmentally benign (non-toxic), and compatible with sulfidic re-
fractory gold ores/mine tailings [16,14].

The rising of novel solvents started back in 1914 when Paul Walden
discovered the first ionic liquid (IL), ethylammonium nitrate
([C2H5NH3] T[NO3] ™) with a melting point of 12 °C. However, it was
only since 2000, that ionic liquids (ILs) started to gain prominence as
emerging solvents among researchers in different domains, especially in
the extraction and recovery of valuable and critical metals [28,52]. ILs
belong to the melton salt family comprising a large organic cation and
inorganic or organic anions of different sizes. They are in a liquid state at
temperatures lower than 100 °C or even room temperature, because the
size difference between the cation and anion results in low lattice energy
and a low melting point [45,36].

Recently, the green features of some ILs have been contested, mainly
due to their poor biodegradability [24]. Their large-scale application
may also be restricted due to being expensive solvents [40]. Meanwhile,
Abbott et al. [3] discovered a new class of solvents entitled “deep
eutectic solvents (DESs)” as an analogue of ILs. The first DES was formed
by mixing choline chloride (ChCl) and urea at a molar ratio of (1:2),
resulting in a substance that was liquid at room temperature with a
melting point of 12 °C. In contrast, the melting points of the starting
components ChCl and urea were 302 °C and 133 °C, respectively [44]. A
DES typically contains two or three safe and relatively cheap compo-
nents that have the capability of hydrogen bond interactions with each
other, to make a eutectic mixture with a melting point lower than the
constituting components. They are also known as low transition tem-
perature mixtures (LTTMs) [2,40,18]. The reason for the considerable
reduction in the melting point of a eutectic solvent compared to its pure
starting components is due to charge delocalization that happens
through hydrogen bond formation between the halide anion of the
hydrogen bond acceptor (HBA) and the hydrogen bond donor (HBD)
[26,20].

The most used component in reported DESs is ChCl
([(CH3)3sNCH,CH,OH] " C17), which is a quaternary ammonium salt that
is non-toxic, biodegradable, and comparatively cheap (compared to
imidazolium and pyridinium cations in ILs). It is categorized as a pro-
vitamin and has been used as a nutrient substance in vitamin B, and
animal food [40,44]. DESs, like ILs, can be designed for an intended
purpose, since the physicochemical properties like melting point, vis-
cosity, and conductivity of a DES can be altered by combining different
halide salts (HBA) with various HBD in a different ratio to make a sol-
vent with desired properties [40].

Usually, DESs have relatively high viscosities (>100 cP) at ambient
conditions, which is attributed mainly to their extensive hydrogen bond
network, electrostatic interactions, and Van der Waals forces between
the components [20]. One way to decrease the viscosity of DESs is
increasing temperature since it has a significant effect on reducing vis-
cosity by increasing the mobility of species in DESs. Furthermore, add-
ing water to a DES can decrease its viscosity to a large extent, depending
on the amount of water used [27,20]. The reason why adding water to a
DES can reduce its viscosity is due to the shifting of a great affinity for
HBD to form H-bonding with chloride ions (in the case of the choline
chloride-based DES) to the water molecules (HBD-water > HBD-CI),
since water molecules have a higher polarity than other species, i.e. CI",
in the system [61,15,22]. For instance, the viscosity of the ChCl/urea
(1:2) mixture decreased from 527.3 (pure state) to 200.6 cP at 30 °C,
with the addition of just 0.1 mol fraction of water to the ChCl/urea DES
[13].

Therefore, DESs can be a potential alternative to traditional metal
processing leachants/reagents, one that is environmentally benign with
components that are commercially available and inexpensive [1]. DESs
possess similar interesting physicochemical properties to ILs, but are
cheaper, easier to make, biocompatible, and biodegradable [55,11].
There is increasing interest due to these remarkable properties of DESs
as neoteric solvents [44] in various research fields like synthesis [8,57],
catalysis [33,59], dissolution and extraction [51,37,54,34],
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electrochemistry [29,40], desulfurization [23,21], CO2 capture
[53,5,38,25], and for water treatment/purification [6,47,32].

Abbott et al. [4] investigated the selective recovery of gold from gold
concentrate ore through an electro-catalysis technique using DES called
ethaline (mixture of ChCl and EG with a mole ratio of 1:2), with iodine
(I3) as an electro-catalyst oxidant. The gold concentrate ore mostly
contains galena (PbS), pyrite (FeSy), and chalcopyrite (CuFeSy), with
quartz (SiO2) and a small amount of gold in the form of electrum (a
natural alloy of gold and silver). They observed that electrum, galena,
and chalcopyrite were soluble under oxidising conditions by iodine in a
DES ethaline, whereas, pyrite was less soluble [4]. In other research,
Abbott et al. [1] examined the electrochemical performance of pyrite in
a DES ethaline. In a novel approach a pyrite-ethaline paste painted on a
Pt flag as the working electrode was used to study the reduc-
tion-oxidation reactions. It was observed that the electrochemical
dissolution of pyrite occurred in three consecutive steps, namely
oxidative reactions, transferring electrons, followed by cathodic re-
actions. The CV scan detected two anodic peaks associated with the
formation of Fe®* and elemental sulfur (S°), along with three distinct
cathodic peaks, one attributed to Fe3t/Fe®" reduction, and the other
two peaks related to sulfur reduction. Thus, refractory minerals such as
pyrite can be dissolved to some extent in ethaline media via electrolysis
[1].

Zhu et al. [62] studied a DES made of ChCl-urea-EG for zinc
extraction from zinc oxide dust. They found that with a slurry concen-
tration of 50 g/L, and a stirring speed of 600 rpm at 80 °C, the efficiency
of zinc extraction was 85.2%. The kinetics of the dissolution process in
the DES medium in a temperature range of 60-90 °C was diffusion-
controlled with an activation energy of 32.1 kJ/mol. Vieira et al. [54]
investigated phenolic compounds extraction from the leaves of a walnut
tree (scientific name, Juglans regial) with ChCl-based DES as the HBA
mixed with 15 different carboxylic acids as the HBD in the molar ratio of
1:2. The evaluation of the different carboxylic acids was assessed based
on the number of carboxylic groups, the length of the alkyl chain, and
additional hydroxyl and/or phenyl groups on the formed DES for high
extraction efficiency. After extraction and analysis, it was determined
that the two most effective DESs were the ones containing phenyl pro-
pionic acid and butyric acid, separately acting as the HBD. Then three
independent variables (time, temperature and water content) in the two
effective DESs were optimized by response surface methodology (RSM)
using the design of experiments. The optimum condition was 180 min,
30 °C, and 49.3% water content resulting in 34.3 + 0.2 mg/g dw (dry
weight) and 33.7 £+ 0.4 mg/g dw phenolic compounds extraction with
phenyl propionic acid and butyric acid, respectively [54].

In research by Xu et al. [56], the application of metal-based DES was
examined for extractive oxidation using peroxymonosulfate (HSOs) as
the oxidant for the desulfurization of fuels. The metal-based DES was
prepared by mixing cobalt chloride (CoCly), ChCl (HBA) and the HBD
such as polyethylene glycol (PEG), glycerol (GL), ethylene glycol (EG),
and propionic acid (PR). Among the four different HBDs, the combina-
tion of (CoCly-ChCl/2PEG) achieved almost 100% sulfur compound
removal as the most effective with a fast reaction. The obtained opti-
mum condition was 2 g of CoCl,-ChCl/2PEG, 0.9 g of the oxidant, and 6
g of the studied oil with 500 ppm initial sulfur content, at 20 °C, for 60
min. Comparatively, the efficiency of the different HBDs used in the DES
for desulfurization followed this order: PEG > PR > EG > GL. Interest-
ingly, the studied DESs exhibited remarkable recycling and reutilizing
performance, being used 6 times without a substantial decline in the
desulfurization ability [56].

The desulfurization of fuels was also studied by Lee et al. [23] by
evaluating the combination of tetraethyl ammonium bromide salts
(C2-C8) as HBA and alkyl diols (C2-C5) as HBDs to prepare 18 different
DESs. They have examined these DES for their efficiency in multiple
aspects including sulfur removing, solubility with the studied oil, and
cost-effectiveness. According to the results the DES prepared with tet-
raethyl ammonium bromide (TEAB) and 1,4-butanediol (1,4-BD) with a
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1:4 M ratio were the most efficient, under experimental conditions of 1:1
DES/0il volume ratio, for 30 min at 25 °C, as well as being efficient for
three consecutive uses. Generally, the longer the HBA alkyl chain, the
more efficient the DES was for sulfur compound removal due to
improvement in the hydrophobicity feature [56].

In this work, the feasibility of pyrite dissolution in a DES comprised
of ChCl and EG, named “Ethaline” as a novel eco-friendly solvent was
examined both experimentally and theoretically. The dissolution of
pyrite was studied in ethaline with hydrogen peroxide oxidant by
altering the pH of the ethaline solvent as one of the vital experimental
factors, as well as the solid-to-liquid ratio. Ethaline containing ChCl and
EG provides two ligands, i.e. CI” and [C2H402]2’ that can make com-
plexes with Fe2*/3* hence destroying the pyrite structure. Therefore, to
determine which of these two ligands can form the most probable
complex with Fe?t/3* the reaction Gibbs free energy (AG) of the
possible complexes was calculated through density functional theory
(DFT). Moreover, the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the proposed complexes was calculated. Typically, alow AG represents a
high probability of a complex to form and a large gap between HOMO
and LUMO indicates the stability of the formed complex. All calculations
in DFT were performed using Gaussian 16, the B3LYP functional method
in the gas phase and the PBEPBE Def2TZVP basis set. Ultimately the
experimental results and the theoretical calculations were compared to
draw a comprehensive conclusion. The results of this work make a
further contribution to the field of pretreating refractory matrices (by
breaking down pyrite) to improve gold recovery by using alternative
solvents other than cyanide.

2. Experimental
2.1. Apparatuses and chemicals

The pyrite sample used in this work was analysed with XRD (Bruker,
Karlsruhe, Germany) for its chemical composition. The leached solution
was analysed by AAS (atomic absorption spectroscopy, Varian AA240,
USA), to measure the content of extracted Fe. The samples in liquid
form, ethylene glycol, and ethaline (before and after pyrite leaching),
and also choline chloride (solid) were characterized with Fourier-
transform infrared (FTIR) spectroscopy (Spectrum Two, Perkin Elmer,
Ynysmaerdy, Pontyclun, UK), at room temperature over a range of 4000
to 400 cm L. The chemicals used in this research were choline chloride,
and ethylene glycol, for synthesizing the deep eutectic solvent ethaline,
hydrogen peroxide as the oxidant, hydrochloric acid, and sodium hy-
droxide for adjusting the pH. All of the chemicals were purchased from
Merck.

2.2. Procedure

The ethaline solvent was synthesized through the heating-stirring
method proposed by Abbott et al. [2] by mixing ChCl as the HBA with
EG as the HBD in a molar ratio of (1:2.5). The molar ratio of (1:2.5) was
selected over the more studied ratio of (1:2) since it will result in less
viscous DES, favorable for extracting purposes. To synthesize ethaline,
the calculated amount of both ChCl and EG were measured accurately,
then mixed in a clean beaker and heated to 80 °C on a hot plate and
stirred for 1 h to form a colorless uniform solvent. Fig. 1 illustrates the
structure of ChCl and EG after being mixed and developing the hydrogen
bond to make the ethaline solvent.

To determine the viability of Fe extraction as an indication of pyrite
dissolution using ethaline and hydrogen peroxide, different pH values
and solid-to-liquid (S/L) ratios were examined experimentally. Ethaline
is stable in air and water (moisture) and can be used in experiments
under atmospheric conditions [4]. The pyrite leaching experiment in the
ethaline medium with hydrogen peroxide oxidant was carried out under
atmospheric conditions in a 100 ml three-neck round bottom flask
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HBA HBD

Choline chloride (ChClI) Ethylene glycol (EG)

Fig. 1. Structure of ChCl and EG and the hydrogen bonding between them.

immersed in a water bath on top of a hot plate magnetic stirrer. The
round bottom flask (leaching reactor) was connected to a water cooling
condenser, the other neck holding the thermometer inside the leaching
solution and the other one for taking sample at intervals. The mixing was
done by a stirring bar inside the flask to provide a uniform pulp at 700
rpm, at a temperature of 65 °C. To follow the progress of the pyrite
dissolution, 1 ml leached sample was taken from the reactor at time
intervals of 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h, and the same amount of
ethaline with adjusted pH was added to the reactor to keep the ratio
constant. Then the leached samples taken at intervals were diluted and
analysed with AAS for Fe content. The experiments have been repeated
and the average value was used to plot the graphs.

3. Results and discussion
3.1. Materials

The pyrite (FeSy) sample used in this research was obtained from
Mintek, South Africa. The X-ray diffraction (XRD) analysis was applied
to check the main phase of the pyrite sample. Fig. 2 demonstrates the
XRD pattern indicating the phase composition in which the pyrite phase
with quartz as a small impurity was detected, proving the purity of the
pyrite sample.

3.2. Experimental assessment

3.2.1. Effect of the Ethaline’s pH

To evaluate the effect of the pH of the ethaline solvent on Fe
extraction from the pyrite (FeSy) sample, the pH of a 20 ml freshly
synthesized ethaline (initial pH 6.2) was adjusted to pH of 4, 6, 8, 10, 11,
and 12, and then added to the reactor. Once the temperature reached
65 °C, 1 g of well-mixed representative pyrite sample was added to the
heated ethaline to make the S/L ratio of 1/20. A total volume of 2 ml
hydrogen peroxide oxidant was also added in small amounts in intervals
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Fig. 2. The XRD pattern of the pyrite sample.
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to have oxidant throughout the process. Typically, the chemical poten-
tial of H" and OH™ in the solution determining the pH, as well as their
effect and interactions with other components/molecules in the mixture
have a vital role in the extraction process [39].

In ethaline, the EG (CH,OH-CH,OH) component with two hydroxyl
groups at each end of its structure can deprotonate to ((OCHy-CH20") or
[CoH405] 2~ at basic pH as illustrated in reaction (1) [7,58]. Changing the
pH in the basic range from 8 to 12 showed that pH 8 was the best for
extracting Fe in the ethaline medium. The reason could be that at higher
basic pH values the EG with the carbonyl functional group (electro-
phile), can shift to other structures based on reactions (2) and (3) [7,58].
Thus, increasing the pH to 12 had a reverse effect on Fe extraction and
reduced it from 23.6% at pH 8 to 13.8% at pH 12 (Fig. 3).

OF g
Ho™~-CH on HO " + E
(electrophile)
Basic pH -
o ~OH ,TT‘_’- 5~ O+ 2HO @
—_— b
HO” ._OH 55 HO? el + Ho- ._OH

(2 equivalents)

3

Acidic pH 4 and 6 (the natural pH of synthesized ethaline) were also
evaluated for Fe extraction as the indication of pyrite dissolution. The
results show that Fe extraction takes place at acidic pH (6 and 4), but in
smaller amounts than at pH 8, with 20.6% Fe extraction at pH 6 and
18.2% at pH 4 (Fig. 3). The more acidic the ethaline solution, the more
H' ions are presented in the mixture, hence reducing the chance for
deprotonation of EG [CH,OH-CH,OH] to [C2H402]2’, which is a

30

25

20

15

% Fe Extraction

10

3
Time (h)

—Aa—pH4 pH6 ——pH8 —=—pH10 —=—pH1ll —e—pH12

Fig. 3. Effect of the ethaline pH on Fe extraction. Operational conditions: 20 ml
ethaline with 2 ml hydrogen peroxide, solid-to-liquid ratio 1/20, stirring speed
700 rpm, at 65 °C, for 6 h leaching time.
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favourable ligand to form complexes with Fe. That could be the reason,
the Fe extraction decreased at acidic pH.

3.2.2. Effect of solid-to-liquid ratio

The effect of solid-to-liquid (S/L) ratio on pyrite dissolution using
ethaline as solvent was examined under the following experimental
conditions: 20 ml ethaline (pH = 8), 2 ml hydrogen peroxide oxidant,
and stirring speed of 700 rpm at 65 °C for 6 h. The predetermined
amount of pyrite was added to the preheated ethaline to prepare the
different solid-to-liquid ratios. As the results displayed in Fig. 4, by
increasing the amount of solids in the solution to amend the S/L ratio of
1/10, the Fe extraction decreased slightly to 22.5%. This could be due to
more solids creating more resistance in mass transfer, hence less

. o)
HO™ >"E 1

mobility, and alternatively, not enough leaching solution available per
unit mass of solid (pyrite) [48,30]. Likewise, decreasing the amount of
solid to the ratio of 1/25, also reduced the efficiency of Fe extraction
(18%), since less solid (pyrite containing Fe) is present in the ethaline
solution for extraction [49]. Therefore, in this system, the S/L ratio of 1/
20 was the optimum with the right amount of solid, resulting in 23.6%
Fe extraction.

3.2.3. Comparing nitric acid and ethaline

In a previous study by Teimouri et al. [50], pyrite dissolution in a
nitric acid (HNOg) solution was investigated. HNOj is an oxidising acid
capable of breaking down sulfidic minerals, particularly pyrite.
Comparing the results (Fig. 5) indicate that even a low concentration of
HNOs3 solution of 1 M, with a shorter leaching time (2 h), leads to more
Fe extraction of 44.6% (at 65 °C, S/L ratio 1/20, for 2 h), compared to
ethaline leaching (pH = 8, at 65 °C, S/L ratio 1/20, for 6 h leaching)
which only attained 23.6% Fe extraction. Although the ethaline DES is
inexpensive, eco-friendly, and biodegradable, it was not sufficiently
efficient to fully break down pyrite to expose enclosed gold to improve
its yield.

3.2.4. Fourier-transform infrared (FTIR) spectroscopy
To evaluate the interaction between ChCl and EG making the etha-
line solvent, FTIR was employed in the range of 4000-400 cm™! by

30

25

20

15

% Fe Extraction

10

Time (h)
—9—5/L1/10 —@—S/L1/20 —A—S/L1/25

Fig. 4. Effect of the solid-to-liquid ratio on Fe extraction. Operational condi-
tions: 20 ml ethaline, pH 8, stirring speed 700 rpm, at 65 °C, for 6 h leaching.
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50 49_.6

40

30

23.6

%Fe Extraction

20

10

HNOz; 1 M Ethaline pH=8

Fig. 5. Comparison of pyrite dissolution in 1 M HNO3 (at 65 °C, S/L ratio 1/20,
for 2 h leaching) and ethaline (pH = 8, at 65 °C, S/L ratio 1/20, for 6
h leaching).

measuring the spectra for (a) ChCl, (b) EG, (c) the synthesized ethaline
(ChCLEG), and (d) the ethaline after extracting Fe from pyrite (Fig. 6).
From the synthesized ethaline spectrum, one can observe that it is a
combination of the two spectra of ChCl and EG with slight changes,
typically in a wavenumber shift indicating the interaction of the func-
tional groups to develop hydrogen bonding to make the ethaline. The
spectrum for ethaline shows vibrational bands at 3308 em ! and 573
cm ! associated with stretching and bending of hydroxyl groups (O—H),
respectively. The vibrational band at 3029 cm™! was attributed to C—H
stretching, followed by a double peak (hybridized bending) at 2938
cm ! and 2875 cm’l, which is ascribed to C—H, (spg) stretching. The
vibrational (peak) at 1481 cm Lisrelated to C—H; stretching of an alkyl
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group. The vibrational peaks situated at 1206 cm™!, 1137 cm ™, 1085
cm_l, 1037 cm_l, and 882 cm™! till 573 cm™! are associated with
C—C—O0 asymmetric stretching and C—O stretching [9,43,17].

The EG and ethaline spectra display similar vibrational patterns,
except that the ethaline spectrum shows a weak and strong peak at 3029
cm~! and 954 cm’l, respectively. The former (3029 cm’l) is derived
from the C—H stretching from ChCl, and the latter (954 em D is a
characteristic ammonium (C—N) peak in the ethaline [43,17].
Comparing the ethaline solvent before and after leaching also shows that
the vibrational stretching has a slight red shift (i.e. the O—H stretching
shift from 3308 cm™! to 3303 ecm™1), indicating the engagement of the
solvent with pyrite leaching. Interestingly, on the spectra of ethaline
after being used for Fe extraction, a double peak at 1715 cm™! and 1643
em™! appeared which can be related to Fe-O-C bound. This observation
can indicate that the EG in the form of C2H4O%’ as a ligand in the so-
lution forms complexes with Fe originating from pyrite.

3.2.5. Solid analysis: Scanning electron microscopy (SEM)

Fig. 7 shows scanning electron microscopy (SEM) images of the py-
rite sample before and after leaching with ethaline solution (pH = 8, at
65 °C, S/L ratio 1/20, for 6 h leaching). As can be seen from the SEM
image, before leaching the surface of the pyrite particles (FeSy) looks
smooth with few defects. However, after leaching in ethaline media, the
morphology has changed to some extent as the surface of the pyrite
particles looks rough and shows some defects. In addition, the surface of
the pyrite grain was partially covered with agglomerated amorphous
species, which could be sulfur. Fig. 8, demonstrates the scanning elec-
tron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) of
pyrite before leaching detecting 51.2% and 47.7% (wt.%) of S and Fe,
respectively approving the grain is certainly pyrite. Furthermore, on the
residue, the formed agglomerated amorphous species on the surface of
the pyrite grains were inspected with EDS and identified as sulphur

C-H and C-H2bending
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Fig. 6. FTIR spectra for (a) ChCl, (b) EG, (c) the synthesized ethaline (ChCL:EG), and (d) the ethaline after leaching pyrite.



S. Teimouri et al.

EHT = 15.00 k Signal A= SE2 Time: 17:55:22
WD = 7.6 mm Mag= 100KX Aperture Size = 60.00 pm

3 &
EHT = 15.00 kv
WD= 7.8 mm

Journal of Molecular Liquids 392 (2023) 123468

Time: 16:58:
Mag= 1.00KX Aperture Size = 60.00 ym

Before
13
L
3

o

30um

' Electron Image 1

50m = ' Electron Image 1

Element  Weight% Element Weight%

SK 51.2 S K 38.5

Fe K 47.7 Fe K 32.6

oK 1.1 OK 18.7

Totals 100.0 SiK 5.8
Al K 2.6
CaK 1.8
Totals 100.0

Fig. 8. SEM image and EDS results of the pyrite sample before and after leaching with DES ethaline.

species with 38.5% (wt.%) S. Moreover, the amount of Fe on the residue
decreased to 32.6% (wt.%) after leaching with DES ethaline (pH = 8, at
65 °C) for 6 h, which could be due to pyrite dissolution.

3.3. Theoretical part: Density functional theory (DFT)

Density functional theory (DFT), based on the Kohn-Sham equation,
was employed in this research to get a better perspective of the
ligand-metal complexation, the shape of complexes and their stability
[31]. The ethaline solvent has two ligands in its structure, EG in the form
of (C2H402)2’ and CI™. To theoretically determine which of these two
ligands most likely makes the most stable complex with Fe, DFT eval-
uation was applied. The possible reactions (4-11) resulting in a different
complex format (i.e. tetrahedral, and octahedral), which can occur for

Fe?" and Fe®* with [C,H40,]%7, and CI™ are given as follows.

Fe?* 4 2 C;H,03 - [Fe(CoH40,),1>

Fe* + 2 C,H403 — [Fe(C,Hs00)o]™

Fe?* + 3 C,H403 — [Fe(CoH40,)51"

Fe3* +3 C2H40%7 — [FC(C2H402)3]37

Fe?* + 4CI” - [FeCly>
Fe’* + 4CI™ - [FeCly]™
Fe?t + 6CI™ — [FeClg]*

Fe’* + 6Cl” — [FeClg]*

4
(5)
©
)
®
©)]
10
1)
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Table 1
The examined and the best multiplicity for each complex, including the ions.

Complex/Ion Examined Multiplicities Lowest Energy Multiplicity
[Fe(CaH402)2]%~ (Fe?™) 1,3,5 3
[Fe(CoH405)2]~ (Fe®H) 2,4,6 4
[Fe(CoH405)3]* (Fe?h) 1,3,5 5
[Fe(CoHq02)51% (Fe®)  2,4,6 6
[FeCl4]% (Fe?™) 1,3,5 5
[FeCly]™ (Fe*") 2,4,6 4
[FeClg]* (Fe?") 1,3,5 5
[FeClg] * (Fe*") 2,4,6 6
[Fe*'] 1,3,5 5
[Fe3*] 2,4,6 6
[CoH4051%~ 1,3,5 1
[cn- 1,3,5 1

It should be mentioned that the different multiplicities, specifying a
low spin and high spin, for both Fe?* and the Fe?*-complexes (1, 3, and
5) as well as Fe®" and the Fe3+-complexes (2, 4, and 6), were examined.
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The multiplicity that leads to the lowest calculated energy for the
formed complexes are listed in Table 1.

The reactions (4-11) were used to calculate the AG of each reaction
which indicates the possibility of the formation of proposed complexes
[10]. The calculation of AG for reaction (9), forming [FeCl4] (product),
with Fe3* and CI” (reactants), is written as an example:

AG (reaction 9) =
(Fe*h) + G (4C)]

>AG (products) — ZAG (reactants) = G ([FeCly]") - [G

AG (reaction 9) = — 84463.42 — (- 34324.26 + (4 x —12520.06)) =—-58.9¢V.

The gap between HOMO and LUMO which indicates the stability of
each complex was also calculated. The HOMO and LUMO structure of
the complexes of Fe?* and Fe>* with each ligand [C;H40%7] and [CI']
provided by the ethaline solvent are depicted in Fig. 9.

Table 2 summarized the obtained results for AG, and the HOMO-
—LUMO gap for the different complexes for Fe>™ and Fe3" with each
ligand [C2H405]% and [CIT]. Typically, the most probable and stable
complex is the one with the lowest AG and a large HOMO-LUMO gap

[Fe(C,H40,),]% (Fe?*)

TR g

Beta MO 45 - LUMO Beta MO 44 - HOMO

[Fe(CoH40,),]™ (Fe3*)

A AT S

Beta MO 49 — LUMO Alpha MO 48 — HOMO

[Fe(C,H40,)5]% (Fe?*)

k)

Alpha MO 63 —HOMO

Alpha MO 64 —LUMO

[Fe(C,H40,)3]* (Fe*)

59

Beta MO 66 — LUMO

Alpha MO 65 - HOMO

[FeCl,])?~ (Fe?)

* @

Beta MO 47 — LUMO Beta MO 46 — HOMO

[FeCly]~ (Fe3*)

. W

Beta MO 47 — LUMO Beta MO 46 - HOMO

[FeClg]*~ (Fe?*)

-

Alpha MO 67 — LUMO Alpha MO 66 — HOMO

[FeClg] 3~ (Fe3*)
9

=

o
Beta MO 64 — LUMO

Beta MO 63 - HOMO

Fig. 9. The LUMO and HOMO of the complexes of Fe?™ and Fe>* with ligands [C,H403] and [CI].
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Table 2

The complexes of [CoH40,]%~, and C1~ with Fe*" and Fe>*, AG of the formation reaction, and HOMO-LUMO gap.
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Fe complex Fe oxidation state Complex shape AG (eV) LUMO-HOMO gap (eV)
[Fe(CoH402)21%~ Fe?t Tetrahedral — 343 0.89

[Fe(CH402)2]~ Fe®* Tetrahedral - 715 1.3

[Fe(CoH405)31*~ Fe?" Octahedral -23.7 0.31

[Fe(CoH402)31%~ Fe®t Octahedral — 343 1.2

[FeCly]%~ Fe2*+ Tetrahedral — 25.02 0.84

[FeCly]™ Fe?* Tetrahedral — 58.9 0.53

[FeClg]*~ Fe?" Octahedral -7.9 0.55

[FeClg]®~ Fe®+ Octahedral - 481 1.1

Fig. 10. The most probable and stable complex [Fe(CoH405)>]  in geometry-optimized form, with labelled angles, the length of each bond, and the Van-Der-

Waal sphere.
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[31,10]. The calculated AG of the reactions forming the proposed
complexes were all negative, indicating spontaneous formation. Among
them the tetrahedral complex of [C;H405]%~ O-donor chelating ligand
with Fe®* in the form of [Fe(CoH402)2]~ had the lowest AG, and the
largest HOMO-LUMO gap, signifying the most likely complex to form.
This was also in agreement with FTIR identifying the Fe-O-C bonding as
part of this complex, [Fe(CoH402)2] .

The geometry-optimized form of [Fe(CoH402)2]~ complex with the
labelled length of each bond, angles, and the Van-Der-Waal sphere is
presented in Fig. 10.

Although there was research by the Abbott group on pyrite in DES
ethaline, the emphasis of their research was on the viability of dissolu-
tion through the electrolysis method with iodine as the oxidant [4]. The
other research focused on pyrite-ethaline paste on the Pt electrode as a
novel electrochemical method to determine the dissolution mechanism
[1]. Hence, a direct comparison is not possible, since this work in-
vestigates a conventional leaching method for pyrite dissolution in
ethaline media with hydrogen peroxide oxidant.

4. Conclusions

The viability of pyrite dissolution in ethaline media with hydrogen
peroxide oxidant was examined both experimentally and theoretically.
The evaluation at various pH values (4, 6, 8, 10, 11, 12) and solid-to-
liquid ratios (1/10, 1/20, 1/25), were conducted with the aim of Fe
extraction as an indication of any pyrite dissolution. DFT calculations
were employed to theoretically determine the most likely complex to
form. The following can be concluded after this study:

e At pH 8 and the S/L ratio of 1/20, the Fe extraction yield was 23.6%,
which is lower than what was achieved with a 1 M nitric acid solu-
tion yielding 46.3% Fe extraction.

DFT calculations reveal that the tetrahedral complex of [C2H402]2’
via an O-donor chelating ligand with Fe>" in the form of [Fe
(C2H402)21,” had the lowest AG, and the largest HOMO-LUMO gap
which indicates the most probably and stable complex to form.

The FTIR spectrometry indicates a double peak at 1715 cm ™! and
1643 cm™!, which can be related to Fe-O-C bonding, which only
appeared in the spectrum of the ethaline after leaching pyrite, thus
proving the formation of the complex between [CoH402]2 and Fe.

Ethaline DES is however not sufficiently efficient in breaking down
pyrite to fully dissolve it to expose any encapsulated gold to improve the
yield. Hence, more research is required to be done with DESs on metal
extraction to find an effective eco-friendly method that can compete
with traditional reagents.
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