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Abstract

Vanadium is a strategic metal with critical applications in steel alloys, aerospace, chemical
catalysis, and energy storage. However, conventional extraction methods such as high-
temperature salt roasting are energy-intensive and environmentally challenging. This study
investigated the extraction of V, Ti, and Fe from titanomagnetite ore using aqueous solutions
of two ionic liquids (IL), 1-butyl-3-imidazolium hydrogen sulphate ([Bmim][HSO4], and
1-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF4]) as well as two deep
eutectic solvents (DESs) (choline chloride:oxalic acid and choline chloride:succinic acid).
Na;COj3 and NaySO; roasting were used as benchmarks for comparison purposes. Leaching
was performed across a range of concentrations and temperatures, and metal recoveries
were quantified by atomic absorption spectroscopy (AAS). Among all methods, ChCL:0A
DES achieved the best leaching efficiencies of 97.6% for V, 76.1% for Ti, and 68.8% for Fe at
50% (v/v) and 100 °C, outperforming [Bmim][HSO,] and conventional roasting. Kinetic
analysis using the shrinking core model indicated that leaching is predominantly diffusion-
controlled, with apparent activation energies of 35.1 k] /mol for V, 28.3 k] /mol for Ti, and
29.8 k] /mol for Fe. The results demonstrate that ChCI:OA DES provides a low-temperature,
biodegradable, and cost-effective approach for V, Ti and Fe extraction, offering a sustainable
alternative to conventional salt roasting methods.

Keywords: deep eutectic solvent; ionic liquids; hydrometallurgy; kinetic modelling;
activation energy

1. Introduction

Vanadium is a rare and strategically important metal, valued primarily for its unique
properties in both ferrous and non-ferrous alloy production [1]. With ongoing advance-
ments in science, technology, and the economy, global demand for vanadium is projected
to rise significantly [2,3]. Owing to its wide-ranging applications and the steady growth in
its consumption, vanadium extraction has become an area of notable interest. Currently,
vanadium is valued at approximately USD 20,000-40,000 per metric ton [4]. Vanadium
occurs in a variety of minerals and is the 22nd most common element in the Earth’s crust [5].
Despite the relatively large global reserves, most vanadium resources are scattered and
occur chiefly as symbiotic or composite ores, with no significant deposits of vanadium
existing in isolation [6]. Many undesirable impurities like Fe, Mg, and Al exist alongside
vanadium in its ores [7]. The main primary sources of vanadium are typically divided
into three groups: vanadium titanomagnetite, shale-hosted deposits, and sandstone-hosted
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vanadium deposits [5]. Currently, nearly 88% of the world’s vanadium resources are
obtained from vanadium titanomagnetite, while most of the remainder is sourced from
vanadium-bearing stone coal [8]. Major vanadium reserves are concentrated in a few
countries, notably China (36.8%), South Africa (31.6%), Russia (18.4%), and the United
States (10.5%), with other nations holding less than 3.0% collectively [9]. In China, over
87.0% of vanadium resources exist in vanadium shale, making extraction from this source
particularly critical [10].

Vanadium’s strategic significance spans several industries, including steel manufac-
turing, aerospace, chemical processing, and energy storage [8,11]. In metallurgy, trace addi-
tions of vanadium enhance steel’s strength, toughness, ductility, and heat resistance [12].
The aerospace sector utilises vanadium-titanium-aluminium alloys to produce components
such as missile casings, nuclear reactor parts, jet engines, and airframes [8,9]. Chemically,
vanadium serves as a catalyst, particularly in the production of sulfuric acid [13]. In en-
ergy storage, vanadium pentoxide (V,05) is a key material for electrolytes in vanadium
redox flow batteries, which are recognised for their long lifespan, safety, efficiency, and
environmental compatibility [14,15]. Beyond these, vanadium finds applications in thin
films, pharmaceuticals, and emerging high-tech materials such as nanostructures and
films [8,16,17]. Recognised as an essential national strategic resource, vanadium has been
likened to the “monosodium glutamate of modern industry” due to its indispensable role
in industrial development [18,19]. Its primary application remains in the manufacture of
vanadium steels known for their superior mechanical properties, including high strength
and wear resistance [20]. The expanding range of applications, from aerospace alloys to
catalytic processes and advanced battery technologies, underscores the urgent need for
efficient utilisation of vanadium resources [18,21].

The salt roasting method remains the predominant industrial method for extracting
vanadium from sources like titanomagnetite ores or spent catalysts. It involves mixing
the vanadium-bearing material with sodium additives (typically Na,CO3, NaCl, NaOH
or NaySOy, 5-20 wt.%) and roasting at 750-900 °C in air [8,18]. This oxidises vanadium
and converts it into water-soluble sodium vanadates (e.g., NaVO3). Subsequent water
leaching dissolves the vanadates, separating them from the insoluble residue for further
purification and precipitation [4,11]. The leaching efficiency of vanadium using this method
could reach 79.1% and 91.0% [22,23]. Despite its effectiveness, the process faces challenges,
including high energy consumption and the generation of corrosive gases (HCI, Clp, SO,,
and SO3; among others), especially when using chloride or sulphate additives, driving
research into cleaner alternatives [24,25]. These gases facilitate the structural breakdown of
minerals and promote further oxidation, but they can also pose significant environmental
pollution risks [26].

While pyrometallurgical processing of vanadium-titanium magnetite is still being
optimised for low-carbon and efficient reduction routes [27,28]. The urgent global trend is
toward sustainable, mild hydrometallurgical alternatives. Recent advances have focused
on enhancing extraction kinetics using techniques like microwave-assisted leaching [29]
and pioneering low-temperature bioleaching methods, which have achieved significant
vanadium recovery under environmentally benign conditions [30]. Critically, research
has highlighted that the high leaching efficiency of vanadium in these mild processes is
often directly attributed to the strong chelating and lixiviating capability of organic acids,
particularly oxalic acid [31]. This growing evidence for mild, organic-acid-driven extraction
mechanisms provides a compelling scientific rationale for utilising oxalic acid as a key
component in 21st-century solvents for complex ore processing.

In recent years, ionic liquids (ILs) and deep eutectic solvents (DESs) have emerged as
highly promising green leaching alternatives, largely due to their relatively low toxicity
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and minimal environmental impact. Their application as solvents and reagents in mineral
processing and the extraction of valuable elements offers a viable substitute for conven-
tional metallurgical and mineral processing methods, thereby advancing cleaner and more
sustainable production practices [32]. ILs possess a range of unique properties, including
low melting points, negligible vapour pressure, high thermal stability, wide electrochemical
windows, and excellent solubility for diverse substances [33]. They are non-flammable,
recyclable, and environmentally benign, making them valuable green solvents. Owing to
their tunable nature, ILs have found wide application in fields such as catalysis, material
synthesis, separation processes, electrochemistry, and energy storage technologies [34].
Only a few studies have employed ILs for the extraction of vanadium. For instance, Luo
et al. developed an efficient method to recover vanadium from vanadium shale leach
solutions using the ionic liquid tri-n-octylmethylammonium chloride (TOMAC) [7]. Under
optimised conditions, a three-stage extraction achieved 98.1% vanadium recovery [7]. Also,
in 2024, Yu et al. reported that vanadium could be efficiently extracted from sulphuric acid
shale leachate using TOMAC, achieving 90.5% recovery in a single-stage extraction under
optimised conditions [35]. Additionally, Potgieter and Teimouri proposed a green approach
for extracting vanadium from slag using the ionic liquids 1-butyl-3-methylimidazolium
trifluoromethane sulfonate, [BmimCF3;503], and 1-butyl-3-methylimidazolium hydrogen
sulphate, [BmimHSO,]. Under optimised conditions with [BmimHSO,], they achieved a
maximum vanadium recovery of 94.2% from the non-magnetic slag fraction [36]. Recently,
salicylhydroxamic acid, TOMAC, and tributyl phosphate in sulfonated kerosene were used
as a bifunctional extraction method for purifying and enriching vanadium from direct
acid leachates of V-bearing shale without pH adjustment. Under optimised conditions, the
system achieved 84.9% vanadium recovery in the first stage [37].

DESs are a new type of solvent made by mixing two or more components (i.e., hy-
drogen bond donor and hydrogen bond acceptor) that form a liquid with a melting point
lower than that of each component [38]. They are similar to ILs but are easier to prepare,
less toxic, and more environmentally friendly [39]. DESs are often made from natural
substances and have versatile uses, including pharmaceutical formulation, metal extraction,
catalysis, organic synthesis, biomass processing, and environmental remediation [40,41].
Their unique properties come from strong hydrogen bonding, which lowers the melting
point and allows them to dissolve many analytes effectively. These features make DESs
a promising green alternative to traditional solvents. To date, the application of DESs
in the extraction of vanadium remains very limited. The only published work in this
area was carried out by Surauzhanov and Ultarakova, who investigated the leaching of
vanadium from the dust of ore-thermal melting using DESs prepared from choline chloride
and various carboxylic acids [42]. Their results demonstrated that the oxaline system was
particularly effective, achieving a vanadium recovery of 89.0%.

In this study, titanomagnetite vanadium ore from a newly developed mine in
Mpumalanga, South Africa, was processed using three distinct approaches: salt roast-
ing, ILs and DESs. The ILs [Bmim][HSO4] and 1-butyl-3-methylimidazolium hexafluo-
rophosphate ([Bmim][PF¢]), were selected for their thermal stability, high solubility and
environmental compatibility. The DESs used in this study were prepared using choline
chloride (ChCl) as the hydrogen bond acceptor (HBA), succinic acid (SA) and oxalic acid
(OA) as hydrogen bond donors (HBDs). SA is a biodegradable, renewable, low-toxicity
organic acid that is inexpensive and non-toxic [43]. OA, in contrast, offers stronger acidity
and a more effective hydrogen bond donation capacity due to its carboxylate groups [44].
ChCl is an affordable compound widely used in animal husbandry [43]. Sodium carbonate
(NapCO3) and sodium sulphate (Na;SO4) were used for conventional salt roasting as a
reference. The novelty of this work lies in the first reported application of these specific
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aqueous solutions of ILs and DESs for vanadium extraction from titanomagnetite ore,
with a systematic comparison to conventional salt roasting, providing new insights into
sustainable and efficient extraction strategies.

2. Materials and Methods
2.1. Chemicals

Titanomagnetite vanadium ore was sourced from a newly developed mine in
Mpumalanga, South Africa. Oxalic acid dihydrate (OA, >99.5%, CAS No. 6153-56-6),
succinic acid (SA, >99.0%, CAS No. 110-15-6), 1-butyl-3-imidazolium hydrogen sul-
phate ([Bmim][HSO4], >95%, CAS No. 262297-13-2), 1-butyl-3-methylimidazolium hex-
afluorophosphate ([Bmim][PF¢], >98.5%, CAS No. 174501-64-5), sodium carbonate
(NapCOg3, >99.5%, CAS No. 497-19-8), and sodium sulphate (Na;SOy4, >99.5%, CAS
No. 7757-82-6) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). All chem-
icals were used without any further purification, and deionised water was employed in
solution preparation.

2.2. Collection of Sample and Preparation

In this study, a representative titanomagnetite vanadium ore sample was collected
from a newly developed mine in Mpumalanga, South Africa. Approximately 5 kg of the
ore was homogenised through thorough blending to ensure sample uniformity and repre-
sentativeness. The material was subsequently reduced in size using a ball mill followed
by a pulveriser, after which it was sieved through a 75 um sieve to obtain the desired
particle fraction.

2.3. Characterisation of Sample

The representative titanomagnetite ore sample obtained with a size fraction of 75 um
was characterised using several analytical techniques. The overall chemical composition
was determined by X-ray fluorescence (XRF), Bruker S2 Ranger (Bruker, Billerica, MA, USA),
operated at a tube voltage of 60 kV and a tube current of 40 pA. The results are presented
in Table 1. The crystalline phases were identified by X-ray diffraction (XRD), Bruker D2
Phaser (Bruker, Karlsruhe, Germany), using Co-Ko radiation (A = 1.8 A), operated at 50 kV
and 25 mA, with scans recorded over the 26 range of 10-90° for 10 min. Both pre-leached
and post-leached samples were characterised by XRD to assess the phase changes resulting
from the leaching process.

Table 1. Chemical composition of the titanomagnetite ore as determined by XRFE.

Composition Na,O MgO AlLO; SiO; SO;3 K,O CaO TiO, V05 MnO Fe,O3 CuO

Mass % 1.20

2.10 1710  39.8 0.23 0.20 11.80  3.00 0.56 0.21 23.50 0.13

2.4. Synthesis of the DESs

In this study, two carboxyl-based DESs were prepared using ChCl as the HBA and
OA or SA as the HBDs. The mixture of ChCl and the respective HBD in a 1:1 molar ratio
was heated in an oil bath at 80 °C, with continuous stirring until a homogeneous, trans-
parent liquid was obtained. The resulting DESs, ChCl:OA and ChCI:SA, were previously
reported [38,45]. After synthesis, the DESs were allowed to cool to room temperature,
vacuum-dried at 65 °C for 24 h, and stored in a desiccator for 5 days to prevent moisture
absorption before use. Additionally, two ILs, [Bmim][HSO4] and [Bmim][PFg], were em-
ployed in this work, and their chemical structures are shown in Figure 1 alongside those of
the HBA and HBD used for the DESs synthesis.
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Figure 1. Chemical structures of ILs and DES components used in this study.

2.5. Extraction Procedures
2.5.1. Roasting with Salts

Two sodium salts, Na,CO3; and NaySOy4, were investigated for roasting the titano-
magnetite ore sample. The effect of salt dosage and roasting temperature was studied by
varying salt additions between 5% and 25% (w/w) and applying furnace temperatures
from 600 °C to 850 °C for 90 min. The roasted products were subsequently subjected to
water leaching. In each case, 10 mL of deionised water was added to 1 g of roasted sample
to achieve a liquid-to-solid ratio of 10:1 (mL/g).

2.5.2. Leaching with ILs and DESs

Leaching experiments were conducted in a three-necked round-bottom flask coupled
to a reflux condenser, with temperature controlled by an oil bath and agitation main-
tained using a magnetic stirrer. Four solvents were investigated for metal extraction: two
ILs ([Bmim][HSO4] and [Bmim][PF¢]) and two DESs (ChCl:OA and ChCl:SA). Solutions
(20-60% v/v) of different concentrations were prepared by dilution with deionised water,
and 10 mL of each solution was added to 1 g of ore (liquid-to-solid ratio 10:1 mL/g). Leach-
ing was performed at 80 °C for 90 min under continuous stirring at 250 rpm. After leaching,
solid-liquid separation was achieved using a Whatman No. 42 filter fitted into a Biichner
funnel connected to a filtration pump, and the residue was thoroughly washed with 40%
ethanol to remove residual solvent and impurities. Aliquots (1 mL) of the leachates were
diluted to 100 mL with deionised water in standard volumetric flasks, and metal concen-
trations were determined by atomic absorption spectroscopy (AAS, Agilent 200 series).
Leaching efficiency (LE, %) was calculated according to Equation (1).

LE = o x 100% (1)
G

In the equation above, C, denotes the concentration of metal in the filtrate, while
C; represents the concentration of metal in the original sample. All experiments were
conducted in duplicate, and average values are reported.

The liquid-to-solid (L/S) ratio was fixed at 10 mL/g (10:1) for all leaching experiments.
This ratio was selected as a necessary compromise between achieving optimal chemical
kinetics and maintaining high industrial feasibility. A lower ratio (high pulp density) signif-
icantly increases the pulp viscosity, which is a major concern with ILs and DESs, enhancing
mass transfer resistance and restricting the diffusion of the lixiviant to the reaction inter-
face [46]. Conversely, while higher ratios minimise diffusion control and thus maximise
the reaction rate, they are inefficient and unsustainable due to the increased volume of
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solvent required, leading to high reagent consumption, higher energy costs for heating,
and substantial increases in downstream solvent recovery costs [47]. The 10 mL /g ratio
provided the required solvent volume for effective leaching while minimising operational
costs. The roasting time was fixed at 90 min (1.5 h) based on the previous studies. This time
is sufficient for the high-temperature solid-state conversion of vanadium-bearing species
into soluble vanadates to approach completion [23]. Critically, prolonging the roasting
time beyond this point is counterproductive because the extended exposure promotes
thermal sintering of the ore, which forms a dense, restrictive layer. This layer encapsulates
the converted vanadium compounds, thereby drastically reducing the accessibility of the
lixiviant and causing a detrimental drop in leaching efficiency [48,49].

3. Results and Discussion
3.1. Roasting with Sodium Salts

The roasting of vanadium-bearing titanomagnetite ore with sodium salts significantly
affected the leaching efficiencies of V, Ti, and Fe. When Na,CO3 was employed, V recovery
increased with salt dosage, reaching 86.5% at 20 wt.%, while Ti and Fe reached 50.6% and
66.6%, respectively (Figure 2a). Increasing Na,COj3 to 25 wt.% caused a slight decline in
recoveries of the metals investigated (V = 82.2%, Ti = 49.2%, and Fe = 64.2%). The enhanced
V extraction when the salt dosage was increased from 5 wt.% to 20 wt.% could be primarily
due to the formation of water-soluble sodium vanadates. During roasting, vanadium
pentoxide (V,05) reacts with sodium carbonate to form sodium metavanadate (NaVOs)
and sodium orthovanadate (NazVO,) according to the reactions below:

V5705 + Na,CO3—2NaVO3 (sodium metavanadate) + CO, (2)

V505 + 3Nap,CO3—2Na3zVOy (sodium orthovanadate) + 3CO, 3)
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Figure 2. (a) Effect of Na,CO3; amount (90 min, 850 °C); (b) Effect of roasting temperature using
NayCOs; (c) Effect of NapySO4 amount (90 min, 850 °C); (d) Effect of roasting temperature using
Na,SO; on the roasting of titanomagnetite vanadium ore sample [leaching temperature of 25 °C,
stirring speed of 250 rpm, duration of 90 min and a liquid-to-solid ratio of 10:1 (mL/g)].
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At lower NapyCOj3 dosages (<15 wt.%), incomplete conversion of vanadium oxides
limited soluble vanadate formation, reducing leaching efficiency. Conversely, excessive
NayCOj3 (>20 wt.%) may react with silicates or aluminates in the ore to form undesired
byproducts, such as sodium silicates or aluminates, which hinder V extraction [26,50].

Roasting temperature also played a critical role. At 20 wt.% NapyCOs, leaching efficien-
cies of V, Ti, and Fe increased with temperature, reaching their highest at 850 °C (V = 86.5%,
Ti = 50.6%, Fe = 66.6%) as depicted in Figure 2b. This implies that lower temperatures
(<800 °C) were insufficient to fully oxidise V3* /V4* to the more soluble V°*, limiting
sodium vanadate formation. The oxidation of V,03 to V,Os5 can be represented as:

V203 + 02 —>V205 (4)

Roasting with Nay;SO4 displayed similar trends, though V and Ti recoveries were
slightly lower. V recovery increased from 5 to 20 wt.% NaySOy, reaching 82.5%, then
declined to 79.1% at 25 wt.% (Figure 2c). Ti recovery remained relatively constant (ranging
between 21.2% and 37.2%), while Fe increased from 35.1% at 5 wt.% NaySOy to 80.1% at
25 wt.% NapSOy. Unlike NayCO3, NaySO4 does not directly react to form soluble vanadates
but acts as a flux, promoting diffusion of V,05 and partial vanadate formation at elevated
temperatures [51]. Excess Nap;SO4 functions as an inert diluent, reducing effective contact
with vanadium oxides and lowering extraction efficiency.

The effect of roasting temperature with Nay;SO, indicated that V and Fe leaching
increased with temperature (Figure 2d). For instance, the leaching efficiency of V increased
from 40.1% at 600 °C, and it reached the highest level (82.3%) at 850 °C. Also, Fe leaching
efficiency increased from 39.0% at 600 °C and reached the greatest efficiency of 80.1% at
850 °C. However, the leaching efficiency of Ti was observed to be low, ranging between
31.6% and 36.5% throughout the studied temperatures.

The leaching efficiency reached a maximum at 850 °C, leading to the highest vanadium
recovery, while Ti and Fe recoveries remained modest. Although 850 °C did not fully
optimise extraction for all elements, we deliberately limited our investigation to this
maximum. This decision was based on the confirmed phenomenon of thermal sintering in
titanomagnetite ores at higher temperatures, which negatively impacts metal accessibility.
In preliminary testing, a higher temperature of 900 °C was also evaluated, but the observed
vanadium recovery was lower than at 850 °C. This outcome aligns with previous reports
that temperatures above 900 °C do not further enhance leaching due to increased sintering
and reduced accessibility of the target elements within the ore [52]. Consequently, 850 °C
represents the critical thermal peak before detrimental effects dominate the process.

In summary, NayCOj3 outperformed NaySO4 for V and Ti extraction, while Fe recovery
was found to be similar. The superior performance of Na,COj3 could be due to its stronger
alkalinity, fluxing properties, and rapid reaction with vanadium oxides, which promotes the
formation of soluble vanadates [26,51]. Lower leaching efficiencies obtained when Nay;SO,
was used for the recovery of V are likely due to the formation of sulphate-containing
byproducts that can interfere with V extraction. In summary, 20 wt.% Nap,COs at 850 °C for
90 min represents the optimal roasting condition for efficient V, Ti and Fe recovery.

3.2. Leaching with ILs

The performance of ionic liquid leaching was investigated using [Bmim][HSO,] and
[Bmim][PF¢]. Both systems were assessed for the effect of concentration, while only
[Bmim][HSO4] was further examined for the effect of temperature due to its superior
leaching efficiency. These parameters influence dissolution kinetics by altering solubility,
diffusion, and mass transfer from the solid sample into the IL.
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3.2.1. Effect of Varying IL Concentration

The dissolution behaviour of the titanomagnetite ore sample was studied across an IL
concentration range spanning 20 to 60 v/v% using [Bmim][HSO,4] and [Bmim][PF¢] ILs.
Figure 3a,b illustrate the effect of IL concentration on the leaching efficiencies of V, Ti, and
Fe using [Bmim][HSO4] and [Bmim][PF6], respectively. In both systems, the general trend
shows an improvement in metal leaching efficiencies as the IL concentration increases,
consistent with previous studies that reported higher extraction efficiencies at elevated IL
concentrations [53,54]. For [Bmim][HSO,] (Figure 3a), the highest leaching performance
was obtained at 50% (v/v), with efficiencies of 86.7% for V, 67.3% for Fe, and 42.7% for Ti. A
sharp increase in V leaching was observed between 40% and 50% (v/v), rising from 58.7%
to 86.7%, but the efficiency subsequently declined to 77.1% at 60% (v/v), likely due to the
high viscosity of IL-rich solutions, which hindered mass transfer. Similarly, Fe extraction
decreased slightly from 67.3% to 66.7% when the concentration was raised from 50% to
60% (v/v). Ti, however, continued to increase progressively across the studied range, from
24.5% to 42.7%.

(a) -
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Figure 3. Effect of concentrations of different ILs (a) [Bmim][HSO,]; and (b) [Bmim][PF] [leach-
ing temperature = 80 °C, liquid-to-solid ratio = 10:1 (mL/g), stirring speed = 250 rpm and
leaching time= 90 min].

For [Bmim][PF¢] (Figure 3b), leaching efficiencies were lower overall compared to
[Bmim][HSOy4]. The maximum efficiencies at 50% (v/v) were 32.6% for V, 24.5% for Fe, and
16.4% for Ti. At60% (v/v), V extraction declined slightly to 31.3%, and Ti increased modestly
to 19.1%, while Fe continued to rise to 27.9%. These results suggest that [Bmim][HSO4]
offers superior leaching performance compared to [Bmim][PFs], likely due to its acidic
nature, which enhances metal dissolution, whereas [Bmim][PFg] is more hydrophobic and
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less effective as a leaching medium. The observed trend can be explained mechanistically.
[Bmim][HSO4] dissociates in solution to release protons that attack the oxide lattices. The
proposed chemical reactions for the leaching of the investigated metals using [Bmim][HSO4]
IL are shown in Equations (5)-(8) according to the previous studies [36,54,55]. Since
50% (v/v) concentration of [Bmim][HSO4] IL demonstrated the best performance, it was
employed for further experiments.

[Brnim][HSO4](1)H[Bmimr(aq_) + H+(aq.) + SO4_(aq_) (5)
VZOS(s) + 2H+(aq.)_>2V02+(aq.) + HZO(I) (6)
TlOz(s) + 4H+(aq.)_>Ti4+(aq.) + 2H20(1) (7)
Fe203(5) + 6H+(aq.)%2Fe3+(aq.) + 3H20(1) (8)

3.2.2. Effect of Varying Temperature

The influence of temperature on metal leaching was examined using a 50% (v/v)
[Bmim][HSOy4] at a liquid-to-solid ratio of 10 mL/g for 90 min (Figure 4). The leaching
efficiencies of V, Ti, and Fe all improved with rising temperature. At 20 °C, the efficien-
cies were relatively low (49.8% V, 27.1% Ti, and 28.2% Fe), but steadily increased with
temperature, reaching 95.6% V, 53.2% Ti, and 74.8% Fe at 100 °C. This positive correla-
tion between temperature and leaching performance can be attributed to several factors:
(i) enhanced solubility of metals in the IL medium at higher temperatures, allowing greater
dissolution into the liquid phase; (ii) enhanced diffusion due to increased particle mobility,
which accelerates mass transfer from solid to liquid; and (iii) reduced viscosity of the IL
at elevated temperatures, which facilitates better transport of dissolved species. [39,56].
Among the metals studied, V was the most responsive to temperature, showing a marked
increase from 70.2% at 60 °C to 95.6% at 100 °C. Fe extraction also benefited significantly,
rising from 44.5% to 74.8% over the same range. Ti, however, showed consistently lower
dissolution efficiencies (27.1-53.2%), which could be linked to the slower dissolution ki-
netics of titanium-bearing phases such as magnesium-titanium oxide (MgTiO3), known to
limit the solubility of Ti in IL media [57].

100
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Figure 4. Effect of varying temperature on the leaching of the investigated metals using IL [IL = 50%
v/v [BminSOy], time = 90 min, stirring speed = 250 rpm, and liquid-to-solid ratio = 1/10 (mL/g)].
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3.3. Leaching with DESs

The leaching performance of the investigated metals was investigated using ChCl:OA)
and ChCl:SA. Both systems were evaluated for the effect of concentration, while only
ChCl:OA was further examined for the effect of temperature since it demonstrated superior
leaching performance for V.

3.3.1. Effect of Varying DES Concentration

Figure 5a,b depicts the effect of DES concentration on the leaching efficiencies of V,
Ti, and Fe using ChCl:OA) and ChCI:SA, respectively. In both DES systems, an increase
in concentration from 20% to 60% (v/v) generally resulted in enhanced metal leaching
efficiencies, aligning with findings from previous studies that observed improved extraction
efficiencies at elevated DES concentrations. For ChCL:OA leaching platform (Figure 5a),
leaching efficiencies increased significantly across the concentration range. For instance, V
extraction rose from 54.9% at 20% (v/v) to a maximum of 88.5% at 50% (v/v), with a slight
decline to 87.2% at 60% (v/v). Also, Ti leaching showed a steady increase from 34.1% to
64.2%, while Fe extraction also improved from 29.3% to 53.7% over the same range. The
slight decrease in V extraction at the highest concentration may be attributed to increased
viscosity of the DES-rich solution, which can hinder mass transfer and slow the diffusion
of dissolved metal ions.

9 {—=—V
—eo—Ti
80 ——Fe
70 4
. //%*/'

Concentration of ChCI:OA DES (v/v, %)

Leaching Efficiency (%)
& &8 8

(b)

—a—V

B
o
1

—e—Ti
——Fe

Leaching Efficiency (%)
a 8 & 8 &

-
o
1

Concentration of ChCI:SA DES (v/v, %)

Figure 5. Effect of concentrations of different ILs (a) ChCL:OA; and (b) ChCl:SA [leaching
temperature = 80 °C, liquid-to-solid ratio = 10:1 (mL/g), stirring speed = 250 rpm and leaching
time = 90 min].

In contrast, the ChCl:SA leaching system (Figure 5b) demonstrated lower overall leach-
ing efficiencies for all three metals. In this case, V extraction increased from 15.3% at 20%
(v/v) to 35.2% at 50% (v/v) but slightly declined to 34.3% at 60% (v/v). In addition, Ti and Fe



Separations 2025, 12, 285

11 of 21

showed gradual increases, reaching 21.1% and 25.5%, respectively, at the highest concentra-
tion. These results indicate that the oxalic acid-based DES (ChCL:OA) is significantly more
effective than the succinic acid-based DES (ChCl:SA), likely due to its stronger acidity and
ability to form stable metal-ligand complexes, which facilitate selective dissolution [42,43].
Previous studies further support the superior efficiency of the ChCl:OA DES solution,
demonstrating that the solubility of metal oxides is greater in DESs containing oxalic
acid [43,45,58]. Overall, ChCl:OA at 50% (v/v) provided the optimal leaching performance
for V, Ti, and Fe and was therefore chosen for further temperature-dependent studies.

3.3.2. Effect of Varying Temperature

The effect of temperature on the leaching efficiencies of V, Ti, and Fe from a titano-
magnetite ore using a 50% (v/v) ChCl:OA DES is presented in Figure 6. The leaching
process was conducted under controlled conditions: 1 g of ore was mixed with 10 mL
of the DES, maintaining a solid-to-liquid ratio of 1:10, and the mixture was heated on a
magnetic hot plate for 90 min, with temperatures increasing from 20 °C to 100 °C in 20 °C
increments. The results demonstrate a significant positive correlation between temperature
and leaching efficiency for all three metals. At 20 °C, the leaching efficiencies were 27.5%
for V, 25.0% for Ti, and 18.8% for Fe. As the temperature increased to 100 °C, the efficiencies
rose t0 97.6% for V, 76.1% for Ti, and 68.8% for Fe. This trend is consistent with chemical
kinetics principles, where elevated temperatures enhance the kinetic energy of molecules,
promoting more frequent and effective collisions between the DES and ore particles [59,60].
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Figure 6. Effect of varying temperature on the leaching of the investigated metals using
DES [DES =50% v/v ChCl:OA, time = 90 min, stirring speed = 250 rpm, and liquid-to-solid
ratio=1/10 (mL/g)].

Furthermore, higher temperatures are known to reduce the viscosity of the DES,
facilitating improved mass transfer and enhanced diffusion of reactants into the solid matrix.
These factors collectively account for the observed increase in leaching efficiencies with
rising temperature. The temperature-dependent behaviour agrees with previous studies,
which reported similar enhancements in metal extraction efficiencies using choline chloride-
based DESs [43,45]. Overall, the data highlights the critical role of temperature in optimising
the leaching process using ChCl:OA DES, indicating that careful thermal management can
substantially improve the extraction of valuable metals from titanomagnetite ore.

3.4. Comparative Performance of the Investigated Methods

A comparison of the maximum recoveries achieved by roasting, ILs, and DESs under
optimal conditions is presented in Table 2. These were synthesised based on the details
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already discussed in Sections 3.1-3.3. Overall, DES leaching with ChCl:OA demonstrated
the best performance, achieving the highest recoveries for both V (97.6%) and Ti (76.1%),
with competitive Fe extraction (68.8%). The IL [Bmim][HSO4] followed closely for V (95.6%)
and offered higher Fe recovery (74.8%) than ChCl:OA, although Ti extraction was lower
(53.2%). Roasting with NayCOj delivered high V recovery (86.5%) and moderate Ti and Fe
extraction, whereas Na,;SO4 roasting provided the best Fe yield (80.1%) but lower yields for
V and Ti. The other IL ([Bmim][PF¢]) and DES (ChCIL:SA) systems were clearly less effective,
showing poor recoveries across all metals. These results underline a clear performance
hierarchy: ChCL:OA > [Bmim][HSO4] > NayCO3; > Na;SO, > ChClL:SA ~ [Bmim][PF].
While DESs and ILs achieve comparable or superior recoveries at much lower temperatures
than roasting, DESs also offer the advantages of biodegradability and cost-effectiveness,
positioning them as the most promising option for sustainable metal recovery.

Table 2. Comparative performance of roasting, ILs, and DESs methods for V, Ti, and Fe recovery
from titanomagnetite ore under optimal conditions.

\" Ti Fe Sustainability/Environmental
Method LE(%) LE(%) LE (%) Tmpact Remarks
Roasting with 86.5 506 66.6 High energy demand; CO, Good V recovery; moderate
NayCO3 ) ’ ' emissions; sintering risk Ti and Fe.
Roasting with . ) . Best Fe recovery; weak for V
N2,S0, 82.3 36.5 80.1 High temperature; sulphate residues and Ti.
[Bmim][HSO,] 95.6 530 748 Lov'v—.temp ope?atlon; E.xcellent V; high Fe;
toxicity /recycling concerns Ti moderate.
[Bmim][PF¢] 31.3 19.1 27.9 Persistent; poor efficiency Not viable.
ChCIL:0A 97.6 76.1 68.8 Biodegradable, low-cost, low toxicity =~ Best overall recovery.
ChClL:SA 34.3 21.1 25.5 Greener than ILs, but poor yields Inefficient.

3.5. Analysis of the Pre- and Post-Leached Titanomagnetite Ore

The XRD patterns of titanomagnetite ore before and after leaching with [Bmim][HSO4]
IL and ChCl:OA DES reveal clear evidence of phase evolution and selective dissolution
(Figure 7). In the untreated sample, the diffractogram displays intense reflections cor-
responding to quartz (5iO,) at ~24.4°, 31.1°, 32.6°, 39.4°, 50.4°, and 59.7° 26, with the
32.6° peak being dominant. Strong peaks are also observed for magnetite spinel phases
near 30.1°, 35.5°, 43.2°, 57.2°, and 62.8°, consistent with Fe3O,/magnesioferrite. Chromite
(FeCr,0Oy4) contributes overlapping reflections at ~30.0°, 35.5°, and 62.6°, while vanadium-
bearing phases such as Mg, VO, are identified by reflections at ~18.7°, 29.4°, and 34.8°.
In addition, Mg, TiOy4 is detected through characteristic reflections around 33.1°, 35.6°,
and 48.0°. Collectively, quartz and Fe-bearing spinels dominate the mineralogical assem-
blage. After leaching under optimised conditions ([Bmim][HSO4], 50% v/v; T = 100 °C;
t =90 min; 250 rpm; L/S =1/10 mL/g; ChCl:OA, 50% v/v; T = 100 °C; t = 90 min; 250 rpm;
L/S=1/10mL/g), a pronounced decrease in the intensity of Mg, VO, reflections at ~29.4°
and 34.8° is observed, demonstrating preferential removal of vanadium-bearing phases. In
contrast, the characteristic spinel peaks (30.1°, 35.5°, 43.2°) and Ti-bearing reflections (33.1°,
48.0°) remain relatively intense, confirming the limited dissolution of Fe- and Ti-oxides
under the applied leaching regimes. The quartz reflections, particularly the dominant
32.6° peak, remain significantly unchanged, indicating its chemical inertness. Overall, the
selective attenuation of vanadate peaks, coupled with the persistence of quartz and Fe-Ti
oxide reflections, confirms that both [Bmim][HSO4] IL. and ChCl:OA DES act as effective
lixiviants for V, while Fe and Ti-rich phases appear to be a little bit resistant to dissolution.
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Figure 7. XRD patterns of the investigated pre- and post-leached titanomagnetite ore.

Furthermore, the disappearance of Mg, VO, peaks in the XRD patterns of the residues
after leaching indicates that vanadium dissolution proceeds through the breakdown of
vanadate-bearing phases. In both [Bmim][HSO4] and ChCl:OA, the acidic environment
provides protons that promote this dissolution. Although no direct speciation analysis was
performed, the acidic nature of the lixiviants used here makes the formation of anionic
vanadate species such as VO3 ~, which dominate in alkaline solutions, highly unlikely [26].
Instead, vanadium is expected to occur predominantly as oxo-cationic species such as
VO?* (V#) and VO,* (V*), and as oxalate complexes in the ChCL:OA system [61]. This
interpretation is consistent with the attenuation of Mg, VOj reflections in the XRD results.
To further demonstrate that the pH of the leaching process is acid, the pH of 50% v/v
[Bmim][HSO4] and ChCl:OA aqueous solutions were determined at different temperatures
(20 °C to 100 °C). The pH was measured using a calibrated benchtop pH meter (SKU:
HI2210-01, Hanna Instruments, Woonsocket, RI, USA, +0.01 pH accuracy) equipped with
a HI1131B glass body pH electrode and a HI7662 temperature probe. The methodology
used was according to the literature procedures for measuring aqueous DES solutions [62].
The temperature-dependent pH values for the 50% v/v ChCL:OA) solution DES and the
50% v/v solution were determined and are summarised in Table 3. The measurements
confirmed that the leaching process operates under highly acidic conditions (pH < 3)
across the entire tested temperature range, with the pH values decreasing further as
temperature increases due to the enhanced dissociation of the HBD (oxalic acid) and the
HSO,4 ™ anion, respectively.

Table 3. pH of 50% v/v aqueous solution of ChCl:OA and [Bmim][HSO4] at different temperatures.

Temperature (°C)

ChCL:0A (50% v/v Aqueous) pH [Bmim][HSO4] (50% v/v Aqueous) pH

20
40
60
80
100

1.40 2.90
1.20 2.70
1.10 2.60
0.90 2.40
0.80 2.10

3.6. Kinetic Model of Leaching Process

Dissolution kinetics were investigated in a 50% (v/v) ChCl:OA solution over a tem-
perature range of 20-100 °C and time intervals of 30-90 min, with stirring maintained at
250 rpm and a liquid-to-solid ratio of 10:1 mL/g. To determine the rate-controlling steps of
the DES leaching process, the effect of leaching temperature and time on the dissolution
of V, Ti, and Fe were examined, and the results are shown in Figure 8. For V (Figure 8a),
the leaching efficiency increased markedly with temperature, rising from 27.5% at 20 °C
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t0 97.6% at 100 °C after 90 min, with equilibrium nearly reached within 75 min at higher
temperatures. For Ti (Figure 8b), the efficiency improved from 25.0% at 20 °C to 76.1% at
100 °C after 90 min, although equilibrium was not achieved within the timeframe studied.
For Fe (Figure 8c), the leaching efficiency was the lowest, increasing from 18.8% at 20 °C to
68.8% at 100 °C after 90 min, with equilibrium not attained even at the highest temperature.
Overall, increasing temperatures significantly accelerated the dissolution of V, Ti, and Fe.
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Figure 8. Relationship between leaching efficiency and leaching time at different temperatures for
(a) V, (b) Ti, and (c) Fe.

The leaching kinetics were thereafter evaluated using shrinking core model (SCM).
Consistent with previous studies, the SCM most accurately described the experimental data,
displaying the highest correlation coefficient and confirming its suitability for representing
the leaching process [63,64]. The leaching of V, Ti, and Fe can be classified as a typical
liquid-solid two-phase reaction, in which the dissolution rate is either controlled by ion
diffusion or by interfacial chemical reactions. To examine these possibilities, the SCM
was applied to the leaching behaviour of the metals, considering both surface chemical
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reaction control and diffusion through the product layer. The corresponding mathematical
expressions are given in Equations (9) and (10) [63,64].

1—(1-x)% = ket 9)

1-3(1—x)5 +2(1—x) = kyt (10)

In the above equations, x represents the leaching efficiency fraction of V, Ti and Fe,
ke and kg are the apparent rate constants corresponding to the chemical reaction and
diffusion-controlled processes, respectively, and t denotes the reaction time.

The apparent activation energy (E,) of the leaching reaction serves as an important
indicator for identifying the rate-controlling step and can be estimated by employing the
Arrhenius equation, as shown in Equation (11).

Ink= — — (;) +1InA (11)

R

In this case, k is the reaction rate constant, E, is the apparent activation energy (kJ/mol),
R is the gas constant (8.314 ] /mol/K), T is the absolute temperature (K), and A is the pre-
exponential factor.

The experimental data at different leaching temperatures were substituted into the
above kinetic Equations (9) and (10). The scatter plots below were fitted using Microsoft
Excel, and the results are shown in Figure Sla—c and Figure 9a—c for chemical and diffusion
control models, respectively. The apparent rate constants (k. and kq) and correlation coeffi-
cients (R?) at different temperatures were obtained and are presented in Table 4. The results
demonstrate that the diffusion-controlled model provides a better linear fit than the surface
chemical reaction model across all studied temperatures, with correlation coefficients clos-
est to unity. This confirms that the leaching of V, Ti, and Fe from titanomagnetite ore using
aqueous solution of ChCI:OA DES could be predominantly governed by diffusion through
the product layer rather than by surface chemical reactions. Previous investigations have
consistently shown that the dissolution behaviour of V, Ti, and Fe is predominantly gov-
erned by diffusion-controlled mechanisms [65-67]. These studies indicate that the rate at
which these metals are leached from the mineral matrix is largely dictated by the transport
of reactant species through the boundary layer surrounding the solid particles rather than
by the intrinsic surface chemical reactions. The observations reported in these prior works
align closely with our experimental results, providing further confirmation that diffusion
plays a decisive role in controlling the leaching kinetics of V, Ti, and Fe. However, it should
be noted that, while the diffusion-controlled SCM resulted in satisfactory fits for Fe and Ti,
the V data exhibited poor. This likely reflects vanadium’s complex surface and solution
chemistry, including rapid complexation and transient speciation changes, which reduce
the apparent linearity of the model. Alternative fit (mixed-control model) was tested but
yielded poorer statistical performance and was therefore not reported.

To further elucidate the rate-controlling steps, the apparent activation energies for V, Ti,
and Fe were calculated separately using the Arrhenius equation (Equation (11)). The slopes
of the linear plots in Figure 10a—c, showing the relationship between Ink and 1/T during
the leaching process, were used to calculate the activation energies, which were found to
be 35.1 k] /mol for V, 28.3 k] /mol for Ti, and 29.8 k] /mol for Fe. According to conventional
kinetic theory, activation energies above 40 kJ/mol generally indicate surface chemical
reaction control, whereas values less than 40 kJ/mol suggest that diffusion through the
product layer is the rate-limiting step [59,68]. In agreement with this criterion, the calculated
activation energies fall within the range. This conclusion is further supported by previously
discussed kinetic modelling using SCM, which demonstrates that the diffusion-controlled
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model provides a better linear fit than the surface chemical reaction model across all
studied temperatures, with correlation coefficients closest to unity. Consequently, it can
be concluded that the leaching of V, Ti, and Fe from titanomagnetite ore using aqueous
ChCIL:OA DES is predominantly governed by diffusion through the product layer rather
than by interfacial chemical reactions.
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Figure 9. Relationship between 1 — 3(1 — x)% +2(1 — x) (diffusion control model) and leaching time
at different temperatures for (a) V, (b) Ti, and (c) Fe.

Table 4. The R? and k values of the leaching results at different temperatures using SCM.

1 2
v (Cheln:i(clal_fgrsltrol) }l;ff(f}l;::))ns :jl(&r_oylc))
T (°C) R2 K, R? kq
20 0.9681 0.0012 0.9872 0.0004
40 0.9444 0.0032 0.9714 0.0027
60 0.9676 0.0043 0.9809 0.0047
80 0.9389 0.0056 0.9533 0.0072

100 0.9299 0.0077 0.9307 0.0107
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Table 4. Cont.

- 1-(1-x)3 1-3(1-x)3+2(1—x)
(Chemical control) (Diffusion control)
T (°O) R2 k. R2 kg
20 0.9738 0.0011 0.9958 0.0004
40 0.9345 0.0013 0.9688 0.0006
60 0.9434 0.0027 0.9417 0.0021
80 0.9836 0.0028 0.9913 0.0028
100 0.9503 0.0035 0.9725 0.0041
Fe 1-(1-x)3 1-3(1-x)3+2(1—x)
(Chemical control) (Diffusion control)
T (°O) R2 k. R2 kg
20 0.9637 0.0009 0.9801 0.0002
40 0.9758 0.0016 0.9900 0.0007
60 0.9825 0.0018 0.9973 0.0011
80 0.9786 0.0022 0.9982 0.0018
100 0.9809 0.0031 0.9959 0.0032
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Figure 10. Relationship between Ink and 1/T during the leaching process of (a) V, (b) Ti, and (c) Fe.
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4. Conclusions

This study demonstrates that ChCl:OA DES is the most effective and sustainable
medium for extracting V, Ti, and Fe from South African titanomagnetite ore, achieving
maximum recoveries of 97.6%, 76.1%, and 68.8%, respectively, under optimised conditions
of 50% (v/v) and 100 °C. While [Bmim][HSO4] also delivered high V and Fe recoveries,
its performance for Ti was lower, and conventional salt roasting required high tempera-
tures and significant energy input, highlighting environmental and operational limitations.
Kinetic modelling confirms that the leaching process is diffusion-controlled, as reflected
in apparent activation energies below 40 k] /mol, and XRD analyses revealed V, Ti and Fe
dissolution. Overall, ChCl:OA DES combines high extraction efficiency with biodegrad-
ability, low toxicity, and cost-effectiveness, positioning it as a promising green alternative
for V recovery from titanomagnetite ores and providing valuable insights for sustainable
metallurgical practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations12100285/s1, Figure S1: Relationship between
1 —(1—x)3 (chemical control model) and leaching time at different temperatures for (a) V,
(b) Ti, and (c) Fe.
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Abbreviations

The following abbreviations are used in this manuscript:

ILs Ionic liquids
DESs Deep eutectic solvents
TOMAC Tri-n-octylmethylammonium chloride

[BmimCF3SO3]  1-butyl-3-methylimidazolium trifluoromethane sulfonate
[BmimHSO4] 1-butyl-3-methylimidazolium hydrogen sulphate
[Bmim][PFg] 1-butyl-3-methylimidazolium hexafluorophosphate

ChCl Choline chloride

HBA Hydrogen bond acceptor
HBDs Hydrogen bond donors
SA Succinic acid

OA Oxalic acid

XRF X-ray fluorescence

XRD X-ray diffraction

LE Leaching efficiency

SCM Shrinking core model

Ea Apparent activation energy
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