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Abstract

The sustainable recovery of valuable metals such as Cu and Co from ores is a pressing
need considering environmental and economic challenges. Therefore, this study evaluates
the effectiveness of deep eutectic solvents (DESs) as alternative leaching agents for Cu
and Co extraction. Four DESs were prepared using choline chloride (ChCl) as a hydrogen
bond acceptor (HBA) and oxalic acid (OA), ethylene glycol (EG), urea (U) and thiourea
(TU) as hydrogen bond donors (HBDs). Leaching experiments were conducted with DESs
supplemented with 30 wt.% water at varying temperatures, various solid-to-liquid ratios,
and time durations. The ChCl:OA DES demonstrated the highest leaching efficiencies
among the DESs tested on pure CuO and CoO, achieving 89.2% for Cu and 92.4% for Co
(60 °C, 400 rpm, 6 h, —75 + 53 um particle size, and 1:10 solid-to-liquid ratio). In addition,
the dissolution kinetics, analysed using the shrinking core model (SCM), showed that
the leaching process was mainly controlled by surface chemical reactions. The activation
energy values for Cu and Co leaching were 46.8 k] mol ! and 51.4 k] mol !, respectively,
supporting a surface chemical control mechanism. The results highlight the potential of
ChCl:OA as a sustainable alternative for metal recovery.

Keywords: resource recovery; metals; dissolution kinetics; shrinking core model;
activation energy

1. Introduction

Given how crucial the mining and exploration industries are to the supply of primary
metals, it is concerning when reserves of ores with high metallic values decline. A stag-
gering 22 million tons of Cu are needed each year, making it a highly sought-after metal
globally [1]. The manufacturing of electronics, power grids, transportation, and construc-
tion are just a few of the industries that demonstrate their versatility. Cu is renowned for its
exceptional conductivity for heat and electricity, outstanding corrosion resistance, flexibility
and pliability [2]. Sulphide minerals (chalcopyrite, bornite, covellite, chalcocite, etc.) make
up most of the world’s Cu reserves, while oxides make up a very small percentage [3].
Also, Co is an essential raw material that has been widely utilised in the manufacturing of
batteries, alloys, catalysts, ceramics, and other materials because of its unique properties,
which include temperature-dependent crystal structure, ferromagnetism, and corrosion
resistance [4,5]. Co is arguably best known for its use as an electrode component in lithium-
ion batteries. In 2020, 64.0% of the world’s refined Co was used in battery production [6].
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Global consumption of Co in 2021 was over 175,000 tons, up roughly 86.0% from the
93,950 tons consumed in 2016. Furthermore, it is anticipated that the demand for Co will
increase dramatically by 2050 [7].

When choosing metal recovery techniques, factors like capital cost, energy use, and
carbon footprint are important considerations [8]. Metals have long been extracted from
ores using traditional techniques like hydrometallurgy and pyrometallurgy [9]. In the
pyrometallurgical process, ores, concentrates, or alloys are heated to temperatures over
the melting point of the final metal in order to extract or purify them. The high lattice
energy and strong stability of metal oxides in pyrometallurgical processes necessitate high
temperatures, often exceeding 1200 °C. Pyrometallurgy is becoming economically unjus-
tified due to the growing demand for rare earth group metals and the complex materials
that are a valuable source of them [10]. Interestingly, hydrometallurgical techniques can
be used in conjunction with less energy-intensive pyrometallurgical techniques. Their
suitability for processing raw materials with a lower metal content and a more complicated
composition is a benefit. Stirring and percolation are the two leaching methods typically
used in hydrometallurgy. A few drawbacks of hydrometallurgical processes include the
requirement for several steps, the usage of a lot of chemicals, and the production of acidic
and alkaline waste streams that need to be neutralised and treated before being disposed
of [11,12]. Innovative techniques are needed to extract metals from difficult feedstocks,
such as secondary urban mines or low-grade ores. There are several approaches which can
be adopted for the different types of metal ores, such as oxides, sulphides, carbonates, phos-
phates, and silicates. Generally, oxide forms dissolve in strong basic or acidic solutions [13].
Other techniques for recovering metals include leaching with mineral acids, cementation,
precipitation, and electrowinning. The final procedure, which often uses sulfuric acid, a
cheap raw ingredient that is readily available in large amounts, is most pertinent. However,
this method lacks selectivity, necessitates the use of large quantities of acid, and is rarely
environmentally benign [5,9,14].

Solvometallurgy, also known as ionometallurgy, is a novel field of metallurgy that is
comparable to hydrometallurgy in terms of working circumstances and unit operations.
The distinction, however, is that solvometallurgy employs non-aqueous solvents, such as
deep eutectic solvents (DESs), ionic liquids (ILs), and molecular organic solvents, instead
of aqueous solutions of acids or bases. Solvometallurgy’s primary advantages over conven-
tional metallurgical processes are its increased selectivity and reduced water usage, which
may be used to process low-grade ores [8,15]. Although ILs have been investigated for
metal recovery, their industrial scalability is limited by toxicity, high cost, and complex syn-
thetic routes that often require purification. In contrast, DESs are straightforward mixtures
synthesised using easily accessible and reasonably priced compounds that provide tunabil-
ity through changes in the molar ratio or constituent parts [16]. DESs are a combination of
hydrogen bond acceptors (HBAs), primarily ammonium salts, and hydrogen bond donors
(HBDs), typically alcohols, amides, and organic acids [16,17]. By adjusting the HBD or
changing the molar ratio, it can be adjusted to optimise a specific property. Several studies
in recent years have examined variables such as pH, water content, rheology, and HBD
selection in relation to the application of DESs for metal oxide dissolution [18-20]. Metal
selectivity and dissolution efficiency have been improved by fine-tuning parameters such
as reaction time, temperature, and molar ratio, among others. A wide range of substances,
such as urea (U), ethylene glycol (EG), and choline chloride (ChCl), have been thoroughly
investigated for metal recovery procedures [21,22]. In DES constituted by U and ChCl, EG
and ChCl, as well as malonic acid and ChCl at a 1:1 molar ratio, Abbott et al. examined the
dissolving behaviour of several metal oxides [23]. The authors compared these DESs to
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HCl in terms of metal solubility. They also investigated the solubility of transition metal
oxides by employing oxalic acid and EG as solvents.

Previous research has established the use of DESs for the leaching of Cu and Co from ores
and secondary materials [15,24-26]. These studies highlight the ability of DESs to complex
metal ions and promote dissolution under relatively mild conditions compared to traditional
acids. However, a common limitation in many of these systems is the high viscosity of
neat DESs, which restricts mass transfer and thus slows leaching kinetics. To mitigate this,
some authors have explored the incorporation of water into DESs to reduce viscosity, but
widespread adoption and optimisation remain limited [27,28]. Our work advances this
approach by adding 30 wt.% deionised water to choline chloride-based DESs, which not
only significantly reduces viscosity and enhances metal-DES interactions but also retains the
essential hydrogen-bonding network needed for effective metal complexation and dissolution.
This aqueous DES system, combined with the oxidative assistance of H,O, achieves improved
leaching efficiencies and kinetics for Cu and Co under moderate temperatures. Thus, our
findings provide novel and practical advancement in DES-assisted hydrometallurgy, bridging
fundamental solvent chemistry with applied metal extraction processes.

In this study, ChCl was selected as the hydrogen bond acceptor (HBA) for its low cost,
non-toxicity, biodegradability, and ability to form stable eutectic mixtures. The hydrogen
bond donors (HBDs) were chosen based on their complementary properties: U for its
strong hydrogen-bonding capacity and affordability, EG for its high polarity and ability
to enhance metal solubility, oxalic acid dihydrate (OA) for its chelating properties and
effectiveness in forming stable metal complexes, and thiourea (TU) for its ability to form
strong complexes with metals. These selections aimed to optimise the efficiency of leaching
Cu and Co from Cu—Co ore. This research is the first to report a comprehensive analysis
of the leaching efficiency of these aqueous DESs on Cu—Co ore sourced in the Democratic
Republic of Congo (DRC). By comparing the performance of the synthesised DESs with
H,S0y, this work contributes to understanding how alternative solvents could contribute
to sustainable and efficient metal extraction from primary sources.

2. Materials and Methods
2.1. Chemicals

ChClI (>98.0%), U (99.0%-100.5%), TU (>99.0%), CuO and CoO (>99.0%) were pur-
chased from Sigma-Aldrich. EG (>99.5%) was obtained from Merck. OA dihydrate
(299.5%), HySO4 (98.0%), and HyO; (50.0%) were purchased from Associated Chemical
Enterprise Pty Ltd. All the chemicals were used without any further purification. Deionised
water was used to prepare a series of aqueous solutions for all experiments.

2.2. Sample Collection and Preparation

For this investigation, a representative sample of a Cu—Co ore from the DRC was
utilised. Homogeneity was achieved by blending about 3 kg of ore, guaranteeing a consis-
tent and representative sample. The material was separated into several size fractions after
the ore was reduced in size using a ball mill and a pulveriser. Sieved fractions of —106 + 75,
—75+ 53, and —53 + 38 pm were the three main particle sizes into which the ore used for
the studies was divided.

2.3. Sample Characterisation

An X-ray fluorescence (XRF) spectrometer (Rigaku NEX DE, Japan) was utilised
to determine the elemental composition of the Cu—Co ore. Samples were pulverised,
homogenised with a binder, and pressed into pellets to enable accurate quantification of
Cu, Co (Table 1), and other elements, thereby identifying both the primary target metals
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and potential impurities. Scanning electron microscopy (SEM) was carried out using a
Zeiss Sigma high-resolution field emission SEM (FE-SEM SIGMA-03-39), operated with
SmartSEM software v6.05, to examine the surface morphology and textural characteristics
of the ore and leach residues. Images were acquired in backscattered electron (BSE) mode
at an acceleration voltage of 20 kV and an aperture size of 60 mm. Energy dispersive
spectroscopy (EDS) was performed using an Oxford Xplore30 detector and Aztec 6.1 SP1
software at a working distance of 12.5 mm, providing complementary elemental data and
revealing the distribution of metals and mineral phases at the microscale. Additionally,
X-ray diffraction (XRD) analysis was conducted on the Cu—Co ore and leach residues using
a Bruker D8 ADVANCE diffractometer with Mo-K« radiation (A = 0.710806 A), operated
via DIFFRAC.SUITE EVA v4.2.1. Phase identification was carried out using the PDF-2
RELEASE 2016 RDB database to assess mineralogical changes and phase transformations
resulting from the leaching process.

Table 1. Cu—Co ore bulk XRF analysis of Cu-Co Ore sample of different particle sizes.

Particle Composition (Mass %)

Sizes (um) MgO Al,O3 Fe, O3 Co0,03 CuO SiO; Others
—53 + 38 3.35 4.85 2.47 0.62 7.53 78.6 2.61
—75+53 3.29 4.89 221 0.61 7.75 78.8 2.45
—106 + 75 3.30 4.85 2.48 0.59 7.52 78.7 2.59

The term “others” in Table 1 above refers to the collective contribution of minor oxides
and trace elements identified in the ore but not listed individually in Table 1. Based on the
XRF analysis, these include NayO (0.06%-0.08%), P2Os (0.16%-0.19%), SO3 (0.14%—-0.21%),
Cl (0.06%—-0.07%), K20 (0.99%-1.05%), CaO (0.31%-0.32%), TiO, (0.26%—-0.27%), CryO3
(0.13%-0.30%), MnO (0.13%-0.22%), NiO (0.03%), ZnO (0.01%), ZrO, (0.01%-0.02%), and
V705 (0.04%; detected only in the +75-106 um fraction). These minor minerals could be
relevant as they may act as gangue materials or potential contaminants during the leaching
process, influencing metal recovery efficiency and the purity of the pregnant leach solution.

2.4. Synthesis of DESs

The four DESs (ChCl:U, ChCLEG, ChCl:OA, and ChCIL:TU) used in this study were
synthesised at a 1:1 molar ratio of HBA to HBD. The molar ratio used was based on the
previous studies [29-31]. The mixtures were heated and stirred at 70 °C and 400 rpm using
a thermostatically controlled heater until a homogeneous, transparent liquid was formed.
After preparation, the DESs were allowed to cool to room temperature. The obtained DESs
were then kept in a desiccator for 5 days to avoid moisture formation, and before further
characterisation using FI-IR. The prepared DESs were vacuum-dried at 65 °C for 24 h. The
structures of HBA and HBDs used for the preparation of the DESs are shown in Figure 1.

Hydrogen Bond Donor

‘ o) (0] S
N+/ ; HO HO\/\ )L )L
HO/\/ N OH OH H,N NH, H,N NH,
] ! Ethylene glycol .
cl ! Urea Thiourea
Choline chloride : °

Oxalic acid
Hydrogen Bond Acceptor

Figure 1. The chemical structures of HBA and HBDs used to prepare DESs.
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2.5. Leaching Tests and Analysis

The leaching experiments were conducted using the four synthesised DESs under
varying conditions to optimise metal extraction. To enhance their efficiency for leaching
applications, 30 wt.% deionised water was added to each prepared DES (it should be
noted that a milky solution was observed upon the addition of 30 wt.% water to ChCL:OA
DES at room temperature (about 10 °C)). The observed milkiness disappeared at higher
temperatures. This addition aimed to reduce the viscosity of the DESs, facilitating better
mixing and interaction with the ore particles. This approach is supported by findings from
Hammond et al., who demonstrated that most DESs retain their characteristic hydrogen
bond network up to a water content of approximately 42 wt.% [27].

The leaching experiments were initially carried out on pure copper (CuO) and cobalt
(CoO) oxides at 60 °C for 6 h under 400 rpm agitation at 1:10 solid-liquid ratios (S/L). For
the Cu—Co ore leaching, the temperatures investigated were 30 °C, 45 °C, 60 °C, and 75 °C
were tested alongside S/L ratios of 1:5, 1:10, and 1:20 in addition to varying the duration of
the experiments from 1 h to 8 h at 400 rpm. For comparison, a parallel leaching test using
1 M H,S04 was performed under identical conditions. All experiments were performed
in a 250 mL double-neck round-bottom flask, which was placed in a thermostatically
controlled shaker equipped with a water bath set to the desired temperature and agitation
speed. After leaching, the solutions were filtered through a microfibre filter with a 0.45 pm
pore size, and the resulting filtrates were diluted with deionised water before analysis.
For experiments involving CuO and CoO, the leachates were diluted 1000-fold, while
those from ore leaching were diluted 50 to 100-fold. Atomic absorption spectroscopy
(AAS) was performed on the diluted filtrates using an Agilent 200 Series AAS, calibrated
with a custom-made multi-element standard obtained from Ultraspec (South Africa). The
concentrations of Cu and Co were measured at 327.4 nm and 345.4 nm, respectively. The
solid leach residues were thoroughly washed with 50% ethanol, followed by multiple rinses
with deionised water, and subsequently dried at 105 °C before further analysis.

To minimise experimental errors, each experiment was repeated twice under the
same conditions, and the results were averaged. Leaching efficiency was calculated using
Equation (1).

Leaching Ef ficiency (LE) = cv x 100% (1)
MW

In the equation above, C indicates the concentration of metal ions (Cu and Co) in the
leachate (g/L) determined using AAS, V represents the volume of the leaching solution (L),
M refers to the mass of the Cu—Co ore leached (g), and W indicates the mass percentage of
metals of interest in the Cu—Co ore (wt.%) obtained using the XRF.

3. Results and Discussion
3.1. FT-IR Characterisation

The FT-IR spectra of the DESs composed of ChCl with different HBDs (OA, U, TU and
EG) used in this study were analysed to confirm their structural interactions. The obtained
spectra are shown in Figure 2. For ChCl:OA DES, the broad peak at 3332 cm ™! corresponds
to O-H stretching, indicative of hydrogen bonding interactions. Peaks at 2879 cm~! and
2558 cm~! represent C-H stretching vibrations from ChCl. The 1725 cm~! peak corre-
sponds to the C=O0 stretching mode from oxalic acid’s carboxyl functional groups, while
1477 cm~! indicates the asymmetric bending vibration of [N*(CHjz)3]. The 1184 cm™!
peak is assigned to the C-O stretching mode, and 951 cm ! corresponds to the asymmet-
ric stretching vibration of [C-N*(CH3)3]. The peak at 680 cm ™! represents CH, rocking
vibrations. The presence of C=0 and C-O peaks suggests that oxalic acid remains proto-
nated, with strong hydrogen bonding stabilising the DES. For ChCl:U DES, broad peaks
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at 3317 cm~! and 3189 cm ™! correspond to N-H stretching vibrations characteristic of
urea. The 1662 cm ™! peak represents the C=0 stretching vibration from the amide func-
tional group in urea. Peaks at 1607 cm ™! and 1432 cm~! indicate N-H bending vibrations,
confirming interactions between choline chloride and urea. The 1165 cm ™! peak corre-
sponds to the CH, twisting mode, while 1082 cm~! and 952 cm ™! represent C-N stretching
vibrations from choline chloride. Peaks at 785 cm ™! and 523 cm ™! are associated with
CH; rocking and hydrogen bonding interactions, respectively. The shift in N-H and C=O
vibrations confirms strong hydrogen bonding in the DES. For ChCl:TU DES, the broad
peaks at 3273 cm~! and 3175 cm ! correspond to N-H stretching vibrations. The 1604 cm ™!
peak represents the C=S stretching mode, characteristic of thiourea. Peaks at 1475 cm ™!
and 1391 cm~! correspond to N-H bending vibrations, while 1083 cm~! represents the
C-N stretching vibration. The peak at 950 cm ™! corresponds to asymmetric stretching
of [C-N*(CH3)3], while 865 cm ™! and 734 cm~! indicate CH, rocking vibrations. Peaks
at 583 cm~! and 470 cm ! are associated with thiourea skeletal vibrations. The shifts in
C=S and N-H vibrations confirm strong hydrogen bonding interactions that stabilise the
DES. For ChCL:EG DES, the broad O-H stretching peak at 3307 cm ™! confirms hydrogen
bonding between choline chloride and ethylene glycol. The 2939 cm~! peak corresponds
to the C—H stretching vibration, while the 1729 cm~! peak represents the C=0 stretching
vibration from residual carbonyl groups. The 1478 cm ™! peak corresponds to the asymmet-
ric bending mode of [N*(CHj3)3], and 1193 cm ™! and 1038 cm ™! represent C-O stretching
modes. The 952 cm~! peak corresponds to the C-N stretching vibration, while 862 cm !
represents CH, rocking vibrations. The 514 cm~! peak indicates low-frequency vibrations
associated with hydrogen bonding. The broad O-H stretching confirms the presence of
strong hydrogen bonding, essential for DES stability. Similar FT-IR spectra observations
were reported by other authors previously for the investigated DESs [32-34]. The FT-IR
spectra confirm the presence of hydrogen bonding in all DESs, with specific functional
group interactions stabilising each DES. The shifts in N-H, C=0, C-N, and O-H vibrations
indicate strong interactions between ChCl and its respective HBD, forming stable DESs.
The vibrations observed in all the synthesised DESs are summarised in Table 2.

\
2939 ’ Y
3307 1729 1478

kr\ﬁ‘/a_fﬂﬂ' w
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Figure 2. FTIR spectra of (a) ChCL:OA; (b) ChCL:U; (c¢) ChCL:TU; (d) ChCh:EG DESs.
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Table 2. FTIR vibrations observed in the synthesised DESs used in this study.
DESs Wavenumber (cm~1) Allotment of Regions
ChCl:OA 3332 O-H stretching
2879, 2558 C-H stretching
1725 C=0 stretching
1477 [N*(¢H3)3] asymmetric
bending
1184 C-O stretching
951 [C-N*(CHs)3] asymmetric
stretching
680 CHj; rocking
ChCl:Urea 3317, 3189 N-H stretching
1662 C=0 stretching
1607, 1432 N-H bending
1165 CHj; twisting
1082, 952 C-N stretching
785,523 CHj; rocking
ChCL:TU 3273,3175 N-H stretching
1604 C=S stretching
1475, 1391 N-H bending
1083 C-N stretching
950 [C-N*(CHs)3] asymmetric
stretching
865, 734 CH,; rocking
ChCLEG 3307 O-H stretching
2939 C-H stretching
1729 C=0 stretching (residual)
1478 [N+(¢H3)3] asymmetric
bending
1193, 1038 C-O stretching
952 C-N stretching
862 CHj; rocking

3.2. Screening of Leaching Lixiviants

To determine the most effective aqueous DES solution for Cu and Co dissolution, various
DES formulations were evaluated on CuO and CoO. The studied aqueous DES solutions
were ChCL:OA, ChCLEG, ChCl:.U, and ChCL:TU. In addition, 1 M H,SO,4 was included as
a benchmark for comparison. The findings revealed considerable differences in leaching
efficiencies, with aqueous ChCl:OA DES solution emerging as the top-performing DES,
although 1 M H,;SO, demonstrated to be the most efficient among all the lixiviants, as
depicted in Figure 3. Aqueous ChCl:OA DES solution achieved leaching efficiencies of 89.2%
for Cu and 92.4% for Co, outperforming all other DES formulations. Aqueous ChCl:OA
DES solution demonstrated the best efficiency because oxalic acid contributes strong acidity
and excellent chelating ability, both of which are critical in breaking down metal oxides and
forming stable, soluble metal complexes for effective leaching. OA is a dicarboxylic acid and a
strong chelating agent. It forms stable complexes with metal ions such as Cu?* and Co?*, due
to its two carboxylate groups that can coordinate metal centres. In other words, the low pK,
values of OA (pK,1 and pK,, of OA are 1.3 and 4.3, respectively) ensure the availability of
protons to disrupt the oxide lattice, making this DES highly effective [35]. Our previous work
stressed the importance of pK, values of acids on the leaching of metals [5]. The study by
Pateli et al. further corroborates the best efficiency demonstrated by ChCl:OA DES solution by
their finding, which demonstrated that the solubility of metal oxides is higher in DESs with
acidic HBDs such as oxalic, lactic, and levulinic acids [18]. This behaviour observed in DESs



Minerals 2025, 15, 815

8 of 22

with acidic HBDs was linked to the presence of protons (H*) that act as oxygen acceptors
(O~2), which break the metal-oxide bonds.

I cu co

100 -

80

20

ChCI:0A ChCLEG ChCIl:U ChCI:TU H,SO,
Lixiviants
Figure 3. Influence of different lixiviants + 30 wt.% warm water on the leaching of Cu and Co from
pure CuO and CoO (t =6 h, T = 60 °C, agitation speed = 400 rpm, S/L = 1:10).

On the other hand, the ChCL:EG DES solution displayed the lowest leaching effi-
ciencies, achieving only 58.5% for Cu and 42.7% for Co. This underperformance can be
attributed to the neutral pH of ChCL:EG DES or the weaker chelating properties of EG
(HBD) towards the metal ions [18]. Furthermore, the ChCl:U DES solution achieved moder-
ate metal recovery, with 58.1% for Cu and 61.3% for Co. Although ChCl:U DES, based on
urea, offers slightly better coordination through nitrogen donor atoms, but also suffers from
low acidity and limited chelating ability, thereby resulting in reduced leaching efficiency.
In comparison, the ChCl:TU DES solution showed slightly improved results, recovering
62.8% of Cu and 73.5% of Co. For ChCL:TU DES, incorporating thiourea, has a greater
tendency to coordinate metal ions through both sulphur and nitrogen; however, it remains
suboptimal for metal oxide dissolution. This could be due to its relatively low acidity and
the propensity of its complexes to precipitate or form unstable species.

Previous studies have shown that Cu and Co form chloro complexes in ChCl-based DESs,
most especially DESs with low-proton-activity HBDs, such as glycerol, EG, U and TU, among
others [36]. For instance, copper demonstrates coordination numbers of approximately 2.4
and 2.5 in ChCLEG and ChCLU, respectively, which corresponds to a mixture of [CuCl,]~
and [CuCl;]*~ species [37-39]. The high chloride ion concentration (about 4.25 M) in systems
like EG:ChCl significantly influences speciation, favouring the formation of metal chloro
complexes [37]. Spectroscopic investigations, particularly using UV-Vis and EXAFS (extended
X-ray absorption fine structure), have confirmed that metal ions in these DESs predominantly
exist as tetrachloride complexes, such as [CuCly]*~ [40]. These findings suggest that metal
oxide dissolution in these DESs is driven primarily by a combination of low pH, surface
complexation, and ligand exchange processes. This author proposed a generalised reaction
mechanism for metal oxide dissolution in DESs, accounting for these factors. In the specific
case of CuO and CoO, the formation of [CuCly]?>~ and [CoCl4]?>~ (tetrachloridometallate (II)
ions) species can be proposed via Equations (2) and (3).

1 M H;SOy4 achieved the highest leaching efficiencies for the investigated metals,
dissolving 97.2% of Cu and 92.4% of Co from the ore, due to its strong acidic properties
and ability to release protons that efficiently break down the oxide lattice into soluble
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metal sulphates. However, its corrosive nature and environmental drawbacks make it
less desirable for sustainable practices. ChCl:OA DES solution was selected for further
investigations on Cu—Co ore as it is the most promising alternative solvent among the DESs
studied, which offered the highest leaching efficiencies for Cu and Co.

CuO(s) +4Cl1™ + 2H+(aq) — CuCl42_(aq) + H20(1) 2)

CoOyg) +4C1™ +2H" (,q) — CoCly>™ () + H2Oy ®3)

(aq

3.3. Influence of Process Parameters on Cu and Co Leaching from Cu—Co Ore
3.3.1. Particle Size

The particle size significantly influences the leaching efficiency of Cu and Co from
Cu—Co ore using ChCL:OA DES + 30 wt.% water at 60 °C, 400 rpm, over 4 h. Among the
particle sizes investigated, the —75 + 53 um range exhibited the highest leaching efficiency,
achieving a leaching efficiency of 45.8% for Cu and 55.2% for Co, making it the most effective
size under these conditions (Figure 4). In contrast, the smallest particle size (—53 + 38 um)
resulted in leaching efficiencies of 29.7% for Cu and 49.6% for Co, while the largest particle
size (—106 + 75 um) yielded leaching efficiencies of 33.4% for Cu and 48.6% for Co. These
results suggest that intermediate particle size balances surface area and diffusion effects
more effectively, thereby facilitating higher recovery efficiencies. The effect of particle size
on leaching efficiency has been widely discussed in the literature. Studies on Cu leaching
kinetics have shown that as particle size decreases, extraction efficiencies often increase
due to improved surface area and diffusion effects [41,42]. However, reducing particle
size below a specific threshold may yield negligible improvements, as seen in malachite
leaching, where the process transitioned to being reaction-controlled for finer particles [9,41].
Therefore, it can be concluded that the leaching efficiency did not strictly increase with
decreasing particle size in this study, as might be expected due to the increased surface
area of finer particles. This deviation from conventional behaviour may be attributed to
particle agglomeration, particularly in the smallest size fractions (—53 + 38 um), which can
reduce the effective surface area exposed to the leaching solution. Similar observations
have been reported by other researchers, where fine particles tend to form agglomerates
due to surface energy effects, especially under wet conditions, thereby limiting leaching
agents’ access and diffusion pathways [43,44]. Although agglomeration was not directly
assessed in this study, its potential role in influencing leaching kinetics cannot be ruled out
and will be considered in future work.

-53+38 ym -75+53 ym -106+75 pm
Particle Size

Figure 4. Influence of different Cu—Co particle sizes of ore on the leaching of Cu and Co from a
Cu—Co ore using ChCI:OA DES + 30 wt.% warm water (t =4 h, T = 60 °C, agitation speed = 400 rpm,
S/L = 1:10).
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3.3.2. Solid-to-Liquid Ratio (S/L)

As illustrated in Figure 5, the S/L ratio significantly influenced the leaching efficiencies
of Cu and Co from the Cu—Co ore using the aqueous ChCl:OA DES solution under the spec-
ified conditions (t =4 h, T = 60 °C, agitation speed = 400 rpm, particle size = —75 + 53 pm).
It was observed that as the S/L ratio changed from 1:5 to 1:20 (indicating a decrease in the
proportion of solid relative to the liquid volume), the leaching efficiencies for both Cu and
Co improved remarkably. For instance, at an S/L ratio of 1:5, the leaching efficiencies were
relatively low, at 23.1% for Cu and 29.5% for Co. This suggests limited interaction between
the ore particles and the DES, likely due to inadequate solvent volume for optimal contact.
However, at an S/L ratio of 1:10, the leaching efficiency for Cu rose to 45.8%, and for Co
to 55.2%, indicating a notable improvement. This could be attributed to the increased
availability of DES for mass transfer and reaction with the ore particles. Interestingly,
the highest efficiencies were observed at an S/L ratio of 1:20, where Cu and Co leaching
efficiencies reached 88.3% and 84.1%, respectively. The substantial enhancement in leaching
efficiency at this ratio can be ascribed to increased interaction between the ore particles and
the DES, facilitated by sufficient solvent volume, which promotes efficient mass transfer
and complete particle submersion. In other words, a lower solid-to-liquid ratio enhances
stirring by reducing diffusional mass transfer resistance and lowering the viscosity of the
slurry [45]. However, further increasing the S/L ratio beyond 1:20 could lead to reduced
leaching efficiency, potentially due to excessive dilution of the ore in the reaction medium,
which diminishes the concentration of active sites for reaction and may lower the overall
yield [43].

Il Cu Co

100 -

1:5 1:10 1:20
Solid/Liquid Ratio

Figure 5. Influence of S/L ratio on the leaching of Cu and Co from a Cu—-Co ore using ChCl:OA
DES + 30 wt.% water.

3.3.3. Temperature

The influence of temperature on the leaching efficiencies of Cu and Co from a Cu-Co
ore using aqueous ChCl:OA DES solution is depicted in Figure 6 under the specified con-
ditions (t = 4 h, agitation = 400 rpm, particle size = —75 + 53 um, S/L ratio = 1:10). The
results indicate that temperature exerts a significant positive effect on the leaching efficien-
cies of both Cu and Co. As the temperature increased from 30 °C to 75 °C, the leaching
efficiency of Cu steadily increased from 16.3% to 71.4%, while the leaching efficiency of
Co also increased from 24.8% to 76.7%. This enhancement in leaching efficiency can be
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attributed to the increased kinetic energy of reactant molecules at elevated temperatures,
which promotes more frequent and effective collisions between the DES and ore particles.
Additionally, higher temperatures are likely to reduce the viscosity of the DES, thereby
facilitating improved mass transfer and enhanced diffusion of reactants into the solid
matrix [5,45]. The temperature-dependent behaviour observed in this study aligns with the
general principles of chemical kinetics, where higher temperatures accelerate reaction rates
by overcoming energy barriers [46].

80 - Il Cu Co

30°C 45°C 60 °C 75°C
Temperature

Figure 6. Influence of temperature on the leaching of Cu and Co from a Cu—Co ore using ChCL:OA
DES + 30 wt.% warm water.

3.3.4. Contact Time

The effect of leaching time on the leaching efficiencies of Cu and Co from a Cu—Co ore
using aqueous ChCl:OA DES solution is presented in Figure 7 under the specified condi-
tions (T = 60 °C, agitation speed = 400 rpm, particle size= —75 + 53 um, S/L ratio = 1:10).
As shown in Figure 7, the leaching efficiencies of both Cu and Co increased significantly
with time, reaching maximum values of 85.4% for Co and 79.3% for Cu at 6 h. This trend
suggests that extended contact initially enhanced the interaction between the DES and the
ore, leading to greater dissolution of both metals. The rapid increase in leaching efficiency
during the first 5-6 h reflects the high availability of accessible reactive sites and efficient
diffusional transport of the DES components. Interestingly, beyond 6 h, a slight decrease
in leaching efficiencies was observed for both Cu and Co, with Cu dropping to 79.1% and
Co to 84.9% at 8 h. This slight decrease could be attributed to the potential reprecipitation
of metal ions in the solution or the depletion of active leaching agents within the leaching
solvents [47]. The diminishing efficiency highlights the potential onset of competing reac-
tions or the stabilisation of equilibrium conditions. Overall, these findings suggest that
6 h is the optimal leaching time for maximum recovery of Cu and Co under the studied
conditions, as further prolongation of the process may result in marginal losses in metal
extraction efficiency.
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LE (%)

1h 2h 3h 4h 5h 6h 7h 8h
Contact Time

Figure 7. Influence of contact time on the leaching of Cu and Co from a Cu-Co ore using ChCL1:OA
DES + 30 wt.% warm water.

3.3.5. Different Lixiviants

The effect of different lixiviant systems on the leaching efficiencies of Cu and Co
from a Cu—Co ore is presented in Figure 8 under optimised conditions (t =6 h, T =75 °C,
agitation = 400 rpm, particle size = —75 + 53 um, S/L ratio = 1:20). The systems inves-
tigated include aqueous ChCl:OA DES solution, aqueous ChCl:OA DES solution with
the addition of 1 M HyO; as an oxidant, and 1 M HySO4. The aqueous ChCl:OA DES
solution achieved notable leaching efficiencies, extracting 92.4% of Cu and 90.6% of Co.
The results underscore the effectiveness of aqueous ChCl:OA DES as a lixiviant due to
its ability to dissolve Cu and Co-bearing minerals under moderately high-temperature
conditions. In addition, incorporating 1 M HyO; into the aqueous DES solution system
significantly enhanced the leaching efficiency, yielding 100.0% Cu recovery and 97.5% Co
recovery. This improvement can be attributed to the oxidative capabilities of HyO,, which
generates reactive oxygen species (e.g., hydroxyl radicals and dissolved oxygen) during
decomposition, which can oxidise and destabilise metal-oxygen (M—O) bonds in metal
oxides. This oxidative attack facilitates the disruption of the oxide matrix and promotes
the liberation of Cu?* and Co?* ions into solution. Once released, these metal ions can
readily form soluble complexes with the chloride anion from the DES (ChCl:OA) system,
further driving the leaching process forward. This dual action, oxidative cleavage of M-O
bonds and complexation with coordinating ligands, explains the enhanced recoveries ob-
served [48,49]. Such oxidative dissolution behaviour of metal oxides in H,O,-containing
systems has been reported in the literature and is particularly effective under elevated
temperatures and acidic conditions, as used in this study [48-50]. Furthermore, the reac-
tions involved include the reduction of H,O, to hydroxyl radicals and its decomposition to
oxygen (as illustrated in Equations (4) and (5), respectively), which enhances the oxidative
dissolution of the target metals. The observed enhancement aligns with findings by Jadhao
et al., who reported that the standard reduction potential of HyO, (2.4 V) drives oxidative
leaching [51]. Also, Stuurman et al. demonstrated enhanced Co dissolution in similar
Cu—Co ores when H,O, was employed, supporting the observed trends in this study [52].
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The choice of 1 M H,O; balances efficiency and economic feasibility, avoiding potential
side reactions or reagent degradation that may occur at higher concentrations.

HzOz(aq) + 2e — ZOH_(aq) 4)

2H202(aq) — 2H20(1) + Oz(g) (5)

cu T Co

97.5

ChCI:0A ChCI:0A + H,0, H,SO,
Lixiviants

Figure 8. Influence of different lixiviants (aqueous DES solutions and H,SO4) on the leaching of Cu

and Co from a Cu—Co ore.

In comparison, 1 M H,SO, demonstrated similarly high extraction efficiencies, achiev-
ing 100.0% Cu recovery and 95.9% Co recovery. The strong acidic nature of H,SO, promotes
the efficient dissolution of metal oxides and sulphides by providing a high proton con-
centration. However, despite its industrial dominance, the use of HySO4 poses significant
environmental and safety concerns, such as corrosivity and the generation of hazardous
waste, which limit its suitability for green extraction processes as previously mentioned. In
summary, the comparison reveals that the addition of 1 M H,O, to the aqueous solution of
ChCl:OA DES system achieves leaching efficiencies comparable to those of HySO4 while
offering a more sustainable alternative. The aqueous ChCl:OA + H;O; leaching system
thus represents a promising green technology for metal recovery from Cu-Co ores and
similar matrices, balancing high efficiency with reduced environmental impact.

The promising leaching efficiencies observed with the aqueous ChCl:OA DES system
suggest potential for scale-up and integration into industrial hydrometallurgical processes.
The relatively mild operating conditions (60-75 °C, moderate agitation) and use of low-cost,
biodegradable components indicate economic and environmental benefits compared to con-
ventional mineral acid leaching. For industrial adaptation, continuous stirred tank reactors
or percolation columns could be employed to enhance solid-liquid contact and throughput,
leveraging established hydrometallurgical unit operations. Post-leaching, metal recovery
from the DES solutions is anticipated to involve established hydrometallurgical techniques
such as solvent extraction, precipitation, or electrowinning. Given the strong complexation
of Cu and Co species with oxalate and chloride ligands in the DES, selective precipitation
or coordinated ligand exchange strategies may be required to recover metals efficiently
while enabling DES recycling.
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3.4. Dissolution Kinetics

Hydrometallurgical ore processing, a heterogeneous process, requires the interplay of
chemical reactions and mass transfer. A heterogeneous reaction can be expressed as R(fluid)
+ qS(solid) — fluid and/or solid products, where q represents the stoichiometric coefficient
of the solid [45]. In the kinetic analysis of leaching, the shrinking-core model (SCM) is
widely used to describe non-catalytic heterogeneous reactions [5,53]. The model assumes
that the reaction begins at the outer surface of the particle, which is surrounded by a liquid
film that enables mass transfer between phases [54]. As the reaction progresses, the reaction
front moves inward, leaving behind fully reacted material and inert residue. This creates an
unreacted core that gradually shrinks as the reaction continues. A permeable product layer
forms around this core, while the original particle size is assumed to remain unchanged
throughout the process [54,55]. The leaching behaviour of Cu and Co from a Cu—Co ore
in the ChCl:OA + 1 M HO; solution was evaluated using various SCMs, including the
diffusion through the product layer and chemical reaction models. The corresponding
mathematical expressions for these models are presented in Equations (6) and (7), respec-
tively. The dissolution kinetics were studied over a range of temperatures (25 °C, 35 °C,
45°C, 65 °C, and 75 °C) and time intervals (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h) using sample
with particle size of —75 + 53 um exposed to an agitation speed of 400 rpm and a 1:20 S/L.

1—3(1=X)?%+2(1 —X)=kgt (6)

1—(1=X)"3 =kt 7)

In the equations above, k; & k, denote rate constants (min~1), t represents time (min),
and X symbolises the leached fraction of metal. The Arrhenius equation establishes a
correlation between reaction rate constants and temperature, as represented in Equation (8).
This relationship is mathematically expressed as:

Ink=InA — E,/RT (8)

Here, k represents the reaction rate constant, A is the pre-exponential factor, E, denotes
the apparent activation energy (kJ mol 1), R is the ideal gas constant (Jmol~'K~1), and T is
the absolute temperature (K). The E, can be determined by plotting T~! against In k and
calculating the slope of the resulting linear fit.

In Figure 9, the graph of 1 — 3(1 — X)?/3 + 2(1 — X) against time at varying temperatures
reveals that the data for these metals do not exhibit a perfectly linear relationship. The relatively
low correlation coefficients (R? values) indicate that the diffusion-controlled shrinking core
model (SCM) does not adequately describe the dissolution kinetics for the metals studied.
Thus, it can be concluded that the dissolution of Cu and Co is not governed by diffusion-
controlled kinetics. Conversely, Figure 10 presents the plot of 1 — (1 — X)!/3 against time,
representing the chemical reaction-controlled model, which shows a significantly better
alignment with the experimental data. The higher R? values suggest that the rate-determining
step is controlled by chemical reactions rather than diffusion. Furthermore, the increasing
gradient with temperature implies that higher temperatures enhance leaching efficiency,
underscoring the importance of temperature in facilitating the process. Therefore, it can be
inferred that the leaching of Cu and Co using aqueous ChCl:OA DES solution is predominantly
governed by a chemical reaction-controlled mechanism, with temperature playing a key role
in improving the leaching efficiencies of the metals investigated.
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Figure 9. Linear fitting results using the diffusion control model for (a) Cu; (b) Co.
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Figure 10. Linear fitting results using the chemical reaction control model for (a) Cu; (b) Co.
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The E, values obtained for the leaching of Cu and Co from a Cu-Co ore using ChCL:OA
solution, as depicted in Figure 11, were determined to be 46.8 k] mol~! and 51.4 k] mol !,
respectively, within the temperature range of 25 °C and 75 °C. In addition, the value
of R? values of the Arrhenius curves for Cu and Co were 0.978 and 0.980, respectively.
Typically, E, for diffusion-controlled processes is below 20 kJ mol~!, while for chemical
reaction-controlled processes, it exceeds 42 k] mol~!. For processes governed by mixed
kinetics, the E, lies between 20 k] mol~! and 42 kJ mol~! [56]. Since the obtained E,
values exceed 40 k] mol~!, this indicates that the leaching of Cu and Co is controlled by
chemical reactions. This corroborates the findings of the SCM, which also suggests that
chemical reactions control the dissolution kinetics of Cu and Co using the ChCI:OA solution.
Consequently, increasing the leaching temperature and the concentration of reactants would
effectively enhance the leaching efficiency. Previous studies also reported that the rate of a
diffusion-controlled process generally exhibits a weak temperature dependence, whereas a
chemically controlled process shows a strong sensitivity to temperature variations [5,56,57].
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Figure 11. The plots of Ink against 1000/ T under 1 — (1 — X)1/3 for (a) Cu; (b) Co.

3.5. Characterisation of Pre- and Leached Cu—Co Ore

The residue obtained after leaching Cu and Co from the Cu--Co ore using ChCl:OA
DES solution with addition of 1 M H,O, (experimental conditions: t =6 h, T = 75 °C,
agitation = 400 rpm, particle size = —75 + 53 um, S/L ratio = 1:20) was analysed using SEM
and EDS, as shown in Figure 12. These analyses were conducted to evaluate the leaching
efficiency and to characterise the changes in the morphology and chemical composition of
the sample. The SEM image before leaching reveals a compact and aggregated structure
with minimal surface irregularities. The EDS spectrum confirms the presence of significant
quantities of Cu (6.2 wt.%) and detectable levels of Co (0.5 wt.%) on the surface, along
with other elements such as O (50.9 wt.%), Si (34.7 wt.%), Mg (2.3 wt.%), Al (2.7 wt.%),
and Fe (2.1 wt.%). The elevated oxygen content suggests the possible presence of oxides,
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while the silica detected might originate from associated gangue minerals. After leaching,
the SEM image illustrates a profound transformation in the sample’s morphology. The
surface appears porous and heavily corroded, characterised by pits and voids, indicative
of material dissolution during the leaching process. The corresponding EDS spectrum
demonstrates the leaching of the Cu content, reduced to 5.8 wt.%, while Co is reduced
to 0.2 wt.%. These results suggest the successful extraction of both Cu and Co. The EDS
results also showed that Metals like Mg, Al, and Fe were leached to some extent. However,
they are not of interest to us in this study. They will be separated in the future during
the separation phase of this project. It should be noted that while EDS provides useful
qualitative and semi-quantitative insights, its accuracy for element quantification is limited.
It should also be noted that the elemental compositions reported from EDS represent
surface-level weight percentages, as EDS is a surface-sensitive technique. These values
reflect the relative abundance of elements on the sample surface rather than in the bulk
material. The combined SEM-EDS results confirm that the leaching process under the given
experimental conditions was effective in extracting Cu and Co, leaving behind a silica-rich
residue. The corroded and porous morphology of the residue aligns with the removal of
metals from the ore matrix. This characterisation underscores the efficiency of the applied
conditions in recovering valuable metals while leaving behind a chemically inert residue.

M Spectrum 9
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Si 352 05
Cu 63 0.5
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Mg 2. 0.2
0.3

0.2
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Leached Cu-Co ore sample

Figure 12. Backscattered SEM-EDX images of pre- and leached Cu—Co ore (leaching solvent = ChCLOA+ 1 M HyO,,
t=6h, T=75°C, agitation = 400 rpm, particle size = —75 + 53 um, S/L ratio = 1:20).

Furthermore, the XRD analysis of the Cu—Co ore before and after leaching with aqueous
ChClL:OA DES solution and 1 M H,0O, reveals significant mineralogical transformations
(Figure 13). The unleached sample is predominantly composed of silicon dioxide (SiO,,
quartz), cobalt (II) oxide (CoO), copper (I) oxide (Cu,0), cobalt silicate (Co,5i04), and copper
cobalt oxide (CuCo,04), with 5iO; being the most prominent phase. Phase identification
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Intensity (a.u)

was performed using DIFFRAC.SUITE EVA v4.2.1, in conjunction with the PDF-2 RELEASE
2016 RDB database and the corresponding PDF reference codes, are provided in Figure 13.
After leaching under optimised conditions (leaching solvent = ChCI:OA + 1 M HyO,, t=6h,
T =75 °C, agitation = 400 rpm, particle size = —75 + 53 pm, S/L ratio = 1:20), a marked
reduction in the intensity of CuyO, CoO, and CuCo,0; reflections is observed, indicating
dissolution of Cu and Co-bearing phases. The persistent and intense reflections of SiO,
suggest its chemical stability under the leaching conditions. Additionally, the relative intensity
reduction in certain peaks implies partial dissolution and structural modification of some
residual phases. These results confirm the effectiveness of the aqueous ChCIl:OA DES system
with 1 M H;0; in leaching Cu and Co, while silicate-based minerals such as quartz remain
largely inert. For instance, the persistent presence of cobalt in the silicate phase (C0,5i104) after
leaching, as seen in Figure 13, indicates that this fraction remains largely refractory under the
applied conditions, representing a minor portion of the total Co content of the investigated
ore may require more aggressive treatment for complete dissolution.
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Figure 13. XRD pattern of Cu-Co ore before and after leaching (leaching solvent = ChCL.OA + 1M H,O,, t =6 h,
T =75 °C, agitation = 400 rpm, particle size = —75 + 53 um, S/L ratio = 1:20).

4. Conclusions

The study demonstrated the effective leaching of Cu and Co from a Cu—Co ore using
various lixiviant systems under optimised conditions. Notably, the ChCl:OA DES solution
achieved significant leaching efficiencies, leaching 92.4% of Cu and 90.6% of Co. The
addition of 1 M H,O, as an oxidant enhanced these efficiencies to 100.0% for Cu and 97.5%
for Co. This improvement underscores the oxidative capabilities of H,O,, which facilitates
the breakdown of metal-bearing minerals through the generation of reactive oxygen species.
Comparatively, 1 M H,SO; also demonstrated high leaching efficiencies, achieving 100.0%
Cu and 95.9% Co recovery; however, its environmental and safety drawbacks highlight
the advantages of the DES-based systems. The dissolution kinetics were modelled using
SCM, revealing that the leaching process was predominantly controlled by surface chemical
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reactions. The activation energy values obtained for Cu and Co were 46.8 k] mol~! and
51.4 k] mol ™!, respectively, which further agrees with the chemical control mechanism
and provides a robust framework for scaling up the process. This study demonstrates that
ChClL:OA DES solutions provide a sustainable alternative to traditional acidic leaching
for Cu and Co recovery. The relatively mild leaching conditions, combined with the use
of benign, inexpensive solvents, suggest good potential for scale-up and integration into
existing hydrometallurgical operations. The compatibility of DES leaching with known
downstream separation techniques, such as solvent extraction and electrowinning, warrants
further exploration. Additionally, DES recyclability could reduce operational costs and
environmental impacts. Continued development targeting process intensification and metal
separation will be critical for realising industrial applicability. Also, future research should
focus on refining the process economics, conducting life-cycle assessment, and exploring
its applicability to other metal-bearing matrices to broaden its industrial relevance.
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Abbreviations

The following abbreviations are used in this manuscript:

DESs Deep eutectic solvents

ILs Ionic liquids

HBA  Hydrogen bond acceptors

HBD Hydrogen bond donors

ChCl  Choline chloride

U Urea

TU Thiourea

EG Ethylene glycol

OA Oxalic acid dihydrate

DRC  Democratic Republic of Congo
XRF  X-ray fluorescence

SEM  Scanning electron microscopy
EDS  Energy dispersive spectroscopy
XRD  X-ray diffraction

FTIR  Fourier transform infrared spectroscopy
AAS  Atomic absorption spectroscopy
S/L  Solid-liquid ratio

SCM  Shrinking core model

Ea Activation energy
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