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A sustainable hydrometallurgical route was developed for the selective recovery of nickel and cobalt from
asbestos production waste using a novel deep eutectic solvent (DES) composed of ethylene glycol and hydrox-
ylamine hydrochloride. Magnetic separation yielded a Ni-Co-enriched fraction with a 10-12-fold increase in
target metal content relative to the raw waste, as confirmed by WD-XRF, SEM/EDS, and chemical analysis. Under
optimized conditions (80 °C, 4 h, L/S = 4:1), leaching efficiencies of 72.4 % for Ni and 79.6 % for Co were
achieved, while co-dissolution of Fe, Mg, and Si remained below 8 %, demonstrating exceptional selectivity.
Kinetic analysis revealed a dual-control mechanism: the excellent fit to the Prout-Tompkins model (R2 > 0.99)
reflects autocatalytic, ligand-assisted surface reactions driven by Ni>*/Co?" coordination with DES components,
whereas the low activation energies (15.73 kJ/mol for Ni, 13.68 kJ/mol for Co) and strong agreement with the
Jander diffusion model indicate that mass transfer through the evolving porous residue governs the overall rate.
Critically, 'H NMR spectroscopy of the spent DES shows pronounced signal broadening and attenuation due to
paramagnetic Ni%*/Co?" ions, providing direct, solution-phase evidence of metal - ligand complexation - a key
advancement over indirect FTIR data alone. Complementary SEM and XRD analyses confirm selective phase
dissolution without bulk matrix degradation. These results establish the DES as an environmentally benign,
ligand-functionalized leaching medium that enables the valorization of hazardous asbestos waste into a sec-
ondary source of critical metals, aligning with green and circular hydrometallurgical principles.

Nickel is a silvery-white metal with a characteristic luster, known for
its high corrosion resistance, ductility, and favorable mechanical prop-
erties (Kelamanov et al., 2024). It belongs to the group of transition
metals and is characterized by a high melting point (1455 °C) as well as
the ability to form stable alloys with numerous other elements. Due to
these properties, nickel is widely used across various industries,
including metallurgy, chemical manufacturing, electronics, energy, and
battery production. One of the key applications of nickel is in the pro-
duction of stainless steel, where it enhances the strength, corrosion
resistance, and thermal stability of alloys (Abdirashit et al., 2025). In
recent decades, the use of nickel in the production of lithium-ion

batteries has gained particular importance (Kurmanbayeva et al., 2021),
driven by the growing demand for electric vehicles and renewable en-
ergy sources. Additionally, nickel is used in catalysts (Massenova et al.,
2020), specialized coatings (Assylbekova et al., 2023; Osipov et al.,
2025), coinage (Gavrila et al., 2024), and the aerospace industry (Smith
et al., 2001).

The primary sources of nickel are sulfide and laterite ores (Ivanov
et al., 2022). Sulfide ores are characterized by a relatively high nickel
content and favorable beneficiation conditions, making them particu-
larly attractive for industrial processing. These ores are typically located
at significant depths and require underground mining; however, they
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offer consistent raw material quality and high metal recovery rates. In
contrast, laterite ores are formed through intense weathering of ultra-
mafic rocks under tropical climatic conditions. In such ores, nickel is
predominantly present in the form of oxides and hydroxides, necessi-
tating the use of different technological approaches for its extraction.
Nickel ore processing methods include pyrometallurgical and hydro-
metallurgical techniques, with the choice depending on the mineral
composition of the raw material, technological capabilities, and eco-
nomic feasibility (Moskalyk and Alfantazi, 2002). Under conditions of
sustained growth in nickel demand-particularly driven by the
advancement of battery technologies and the transition to a low-carbon
economy - the annual depletion of traditional nickel ore reserves is
becoming increasingly significant. This necessitates the active search for
alternative sources of metal that can provide a stable raw material
supply for industry while simultaneously reducing environmental
impact. One promising direction is the utilization of industrial waste
containing nickel as a secondary raw material. Such waste includes:

e Electroplating sludges, generated during nickel plating processes,
which may contain up to 5-15 % Ni depending on the technology
and operating conditions (Liu et al., 2023);

e Fly ash from the combustion of coal and other fuels, which contains
nickel in the range of 0.01-0.3 % Ni (Izquierdo and Querol, 2012);

e Metallurgical slags, especially those from the processing of nickel
and copper-nickel ores, which may contain 0.1-2.5 % Ni (Kelamanov
et al., 2021).

Among these nickel-bearing industrial wastes, asbestos tailings
generated during the mining and processing of serpentinite rocks are of
particular interest (Baigenzhenov et al., 2022). These anthropogenic
deposits, accumulated in volumes estimated at millions of tons, contain
nickel concentrations of up to 0.4 %, which is comparable to low-grade
laterite ores. Moreover, they also contain cobalt, opening up opportu-
nities for integrated processing to recover multiple valuable compo-
nents. Thus, asbestos tailings can be considered a strategically important
reserve source of nickel and cobalt, especially in the context of the shift
toward resource-efficient and environmentally sustainable technologies.

As is well known, in Kazakhstan, the processing of chrysotile asbestos
ore yields only 6-8 % of marketable fiber from the total volume of
extracted rock. The remaining mass over 92 % - is classified as waste and
is not utilized further (Baigenzhenov et al., 2015). Over >60 years of
mining and beneficiation of serpentinite ores, substantial volumes of
industrial waste have accumulated, with a total mass exceeding 300
million tons. These wastes represent a potentially valuable secondary
resource, as they contain nickel concentrations of 0.2-0.4 %, equivalent
to 600-1200 thousand tons of metal, and cobalt concentrations of
0.08-0.12 % (i.e., 240-360 thousand tons). One of the key advantages of
processing these industrial materials is their surface location and
pre-crushed state, which eliminates the need for mining operations. This
significantly reduces the cost of extracting valuable components and
enhances the economic attractiveness of processing. The efficiency and
profitability of technologies aimed at processing already extracted and
crushed materials have been confirmed by a number of scientific studies.
However, most of these studies have focused primarily on magnesium
recovery and the production of its compounds, such as magnesium
sulfate and chloride. Meanwhile, the potential of asbestos waste as a
source of nickel and cobalt remains insufficiently explored, despite their
significant concentrations in these anthropogenic deposits. This high-
lights the need for further research aimed at developing integrated
technologies that enable the efficient recovery of all valuable
components.

It is important to note that the utilization of chrysotile asbestos
production waste not only enables the recovery of valuable components
but also addresses significant environmental challenges (Baigenzhenov
et al., 2024). Finely ground waste, stored on the surface for extended
periods, is subject to weathering, resulting in the dispersion of fine
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particles into the surrounding environment. These particles naturally
settle on the soil surface, forming dense deposits of varying thickness,
which contribute to land degradation and the development of soil
erosion processes.

An additional factor contributing to the formation of dense surface
deposits is the presence of calcium oxides in the waste. When interacting
with atmospheric precipitation (rain and snow), calcium promotes the
formation of cement-like crusts on the ground in areas where the waste
settles. These compacted asbestos-based formations reduce soil perme-
ability and hinder vegetation growth, which, in the long term, may lead
to further land degradation. Such processes have already been observed
across extensive areas surrounding waste storage sites, within a radius of
up to 50 km. Of particular concern is the impact of asbestos-containing
particles on human health. Fine chrysotile fibers suspended in the air
can penetrate the respiratory system and accumulate in the lungs,
causing severe diseases such as silicosis and silicotuberculosis. There-
fore, the processing of chrysotile asbestos industrial waste represents not
only an economically viable but also an environmentally significant
approach that contributes to reducing the technogenic burden on the
environment and improving the ecological situation in adjacent regions
(Shayakhmetova et al., 2024; Macher et al., 2025).

In order to improve the environmental performance of the studied
technology, it was decided to explore the use of deep eutectic solvents
(DESs) as leaching agents. In recent years, these compounds have
attracted growing scientific interest as a promising alternative to tradi-
tional acidic reagents in hydrometallurgical processes (Zante and Bol-
toeva, 2020; Deblonde et al., 2022). Due to their low toxicity, minimal
impact on equipment, and selective interaction with metal ions, DESs
are considered environmentally friendly reagents for the extraction of
base and rare metals. Their physicochemical properties -particularly
thermal stability and low volatility - ensure resilience across a wide
temperature range, making them especially promising for leaching
nickel and cobalt from both mineral and anthropogenic sources. One
such anthropogenic source is chrysotile asbestos production waste,
which has accumulated over decades and contains significant amounts
of nickel and cobalt. However, as previously noted, the extraction of
these metals from such waste has received insufficient attention to date.
Most existing studies have focused primarily on magnesium recovery,
mainly in the form of chloride and sulfate salts, while the potential of
these wastes as a source of non-ferrous metals has remained largely
untapped (Chu et al., 2025).

In this context, the present study explores the possibility of extract-
ing nickel and cobalt from asbestos-containing waste using deep eutectic
solvents. This approach aims to bridge the existing scientific and tech-
nological gap while enhancing the synergistic indicators of environ-
mental sustainability and resource efficiency. The use of DESs not only
enables the processing of previously unused industrial waste but also
aligns with the principles of green chemistry, minimizing environmental
impact and reducing technological costs.

1. Materials and methods
1.1. Sample collection and characterization

In this study, asbestos production waste generated during the
manufacturing of asbestos fibers was selected as the raw material for the
recovery of valuable metal components. Upon collection, the bulk ma-
terial was dried in an electric furnace at 95 °C for 4 h to remove residual
moisture. The dried waste was then subjected to grinding in a ball mill to
reduce particle size and ensure homogeneity. Subsequent sieving was
carried out using a standard mesh to isolate the <0.25 mm fraction,
which was further processed by magnetic separation under a magnetic
field strength of 1500 Oersted. This procedure yielded a magnetic
fraction accounting for approximately 5.0-5.2 % of the initial mass.



R. Sharipov et al.
1.2. Analytical techniques

All sample mass measurements were conducted using a high-
precision analytical balance (RA214C, Ohaus-Pioneer) with a read-
ability of +0.0005 g. Deionized water used for rinsing the solid residues
after leaching was obtained from a Milli-Q purification system (Milli-
pore), providing a resistivity of 18.2 MQ-cm. The elemental composition
of the magnetic fraction was determined by wavelength-dispersive X-ray
fluorescence (WD-XRF) using an Axios spectrometer (PANalytical). The
phase composition of both the enriched magnetic fractions and the leach
residues was characterized by X-ray diffraction (XRD) using a D8
Advance diffractometer (Bruker). Microstructural and surface
morphology analysis of the magnetic fraction was carried out using a
JEOL JXA-8230 electron probe microanalyzer (JEOL, Akishima, Tokyo,
Japan). Elemental distribution mapping was performed with the inte-
grated energy-dispersive X-ray (EDX) spectrometer to visualize the
spatial distribution of key elements. Furthermore, Fourier-transform
infrared (FTIR) spectroscopy (Bruker) was employed to analyze the
changes in functional groups and chemical bonding in the DES before
and after leaching. 'H NMR spectra of the pristine and spent DES were
recorded at 25 °C on a Bruker Avance III 400 MHz spectrometer using
acetone-ds as the solvent. Quantitative determination of nickel and co-
balt concentrations in the DES leachates was performed using an atomic
absorption spectrometer (TAS 990).

1.3. Preparation of deep eutectic solvents

Ethylene glycol (99.8 %) and hydroxylamine hydrochloride (99.0 %)
were purchased from Sigma-Aldrich and used without further purifica-
tion. The reagents were mixed in a 4:1 ratio and stirred at 60 °C for 1 h to
obtain a homogeneous and translucent NH;OH-HCI/EG solution. The
synthesized DES was subsequently analyzed by FTIR spectroscopy
(Fig. 3) and transferred into leaching vessels for further experimental
investigations.

1.4. Leaching procedure

The leaching experiments were carried out using a controlled batch
method. A 20 g sample of the Ni-Co-bearing magnetic fraction was
introduced into a sealed glass reactor equipped with a mechanical
agitator and a sampling port. The reaction temperature was precisely
regulated using a thermostatic bath with an accuracy of +1 °C. Prior to
initiating the leaching process, both the solid waste material and the
(DES) were independently preheated to the target temperature - the
solid phase inside the reactor and the DES in a separate flask.

Upon reaching thermal equilibrium, the preheated DES was
promptly added to the reactor containing the solid sample, thereby
initiating the leaching process. Stirring began immediately upon addi-
tion of the solvent, and this moment marked the start of the experi-
mental time. Liquid samples (aliquots) were withdrawn at
predetermined intervals of 60, 120, 180, and 240 min for subsequent
analysis. All experiments were performed in triplicate to ensure repro-
ducibility, and the resulting data were averaged. Laboratory glassware
was rigorously cleaned with ultrapure deionized water prior to each
experiment. At each sampling interval, a 5.0 mL aliquot of the leachate
was collected via the sampling port and diluted to a final volume of 250
mL. The concentrations of nickel and cobalt in the diluted solutions were
determined using atomic absorption spectroscopy

The leaching efficiency (LE) of Ni and Co was calculated as the
percentage of the total mass of each metal extracted into solution rela-
tive to its initial content in the solid sample, using the following equa-
tion:

_CyV

LE (%) = 37100 €]
m

Where: Cp (gL'I) is the concentration of Ni and Co in the samples (leach
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liquor); V (L) is the leach liquor volume; C;, is the Ni and Co content in the
asbestos wastes; and M (g) is the mass of the Ni and Co.

The influence of key operational parameters on Ni and Co leaching
efficiency was systematically investigated. The studied parameters
included temperature, leaching duration, and liquid-to-solid (L/S) ratio.
Following each leaching experiment, the productive nickel- and cobalt-
containing DES solution was separated from the solid phase by centri-
fugation. Subsequently, the solid residue was rinsed twice with distilled
water to remove residual leaching agent and dried in an oven at 95 °C for
4h.

2. Kinetic regularities of the leaching process

Leaching kinetics represents a key aspect in the study and optimi-
zation of hydrometallurgical processes, as it enables the quantitative
description of metal dissolution rates and the identification of rate-
limiting steps related to mass transfer and chemical interactions
(Yessengaziyev et al., 2025). Depending on the physicochemical prop-
erties of the system and the operational conditions, the leaching process
may be controlled by reagent diffusion through a boundary layer, by a
surface chemical reaction on the solid phase, or by diffusion through a
layer of the reaction product. A profound understanding of kinetic
patterns provides the ability to predict system behavior under varying
process parameters and serves as a foundation for developing more
efficient and environmentally sustainable metal extraction methods. To
gain deeper insight into the kinetic characteristics, leaching must be
considered as a sequence of consecutive stages, each of which may exert
a dominant influence on the overall reaction rate (Tokpayev et al.,
2025).

At the molecular level, leaching involves the transport of reagents
from the bulk solution to the solid surface, penetration of the solvent
through a porous structure or the layer of reaction products, chemical
interaction at the phase boundary, and diffusion of the reaction products
back into the solution. To identify which particular stage governs the
overall leaching process, several classical kinetic models are employed,
including the Jander, Drozdov-Rotinyan, Prout-Tompkins, and shrink-
ing core model.

2.1. Essence and equation of the Jander model

The Jander equation is one of the earliest models used to describe
diffusion-controlled reactions in spherical particles. It assumes that the
reaction occurs at the interface between the unreacted core and the
product layer, and the rate is limited by the diffusion of reactants
through this growing product shell (Ray and Ray, 2018).

- (1-a)P) =kt @)

a - recovery degree, (%);

- is the duration of interaction, (min);

k - reaction rate constant, (is a proportionality constant for a given re-
action), (min‘l);

The model implies that as the reaction proceeds, a dense, non-porous
product layer forms around the unreacted core, and ions must diffuse
through this layer to sustain the reaction. It is applicable when internal
diffusion through this product layer governs the rate, typical of many
silicate and oxide minerals.

2.2. Essence and equation of the Drozdov-Rotinyan model

This model was developed to account for both diffusion and chemical
resistance, including the slowing down of reaction rate due to the
accumulation of secondary products that may partially block reactive
surfaces or pores.
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a - recovery degree, (%);

7- is the duration of interaction, (min);

p and M — are the coefficients of braking and total speed, respectively.

The left-hand side of the equation includes both a term for reaction
kinetics and a «braking» term that captures the deceleration of leaching
over time. This model is particularly relevant when leaching proceeds
initially fast but becomes slower due to the formation of passivating
layers or changes in solid morphology (Baigenzhenov et al., 2024).

2.3. Essence and equation of the Prout-Tompkins model

The Prout-Tompkins model is often used for processes characterized
by autocatalytic behavior or where nucleation and growth phenomena
play a significant role. It is especially suited to S-shaped (sigmoidal)
kinetic curves.

ln(1 i a) =kilnt +b (C)]

a - recovery degree, (%);

k- reaction rate constant (is a proportionality constant for a given reac-
tion), (min’l );

7- is the time, (min);

b- is a rate constant that describes the rate at which solutes are transferred
from one medium to another.

This model suggests that the reaction rate increases as the product
forms, possibly due to enhanced surface area or autocatalysis, and then
declines as reactants are depleted. It is used when leaching does not
follow simple first- or zero-order kinetics but instead involves interme-
diate activation stages (Brown, 1997).

2.4. The activation energy

Activation energy (Ea) is a fundamental thermodynamic parameter
that characterizes the minimum energy required for a chemical reaction
to occur. In the context of leaching processes, Ea represents the energy
barrier that reacting species must overcome at the solid-liquid interface
in order to form reaction products. The magnitude of the activation
energy provides insight into the nature of the rate-limiting step of the
process:

e at low activation energy values (typically <20 kJ/mol), the process is
generally controlled by mass transfer mechanisms, such as external
or internal diffusion (Nadirov et al., 2020);

e at high values (<40 kJ/mol), the surface chemical reaction becomes
the rate-limiting step.

Quantitatively, the relationship between the reaction rate and tem-
perature is described by the Arrhenius equation:

E,
k= Aey (ﬁTT) ®)
Aexp - Is the frequency factor;
E,— is the apparent activation energy, (kJ/moD);
R- is gas equilibrium constant, R = 8.314 (J/moD);
T- is the absolute temperature, (K).

3. Results and discussion

3.1. Characterization of the magnetic fraction and the deep eutectic
solvent

Prior to leaching, the magnetic fraction obtained via dry magnetic
separation was thoroughly characterized to evaluate its potential as a
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feedstock for selective Ni and Co recovery. X-ray diffraction (XRD)
analysis (Fig. 1) revealed a complex multiphase mineralogy dominated
by iron oxides. The diffraction pattern is consistent with the coexistence
of magnetite (FesO4) and hematite (FeyOs3), indicating the presence of
both Fe?" and Fe>* oxidation states.

Additional reflections were indexed to magnesioferrite (MgFe204)
and a nickel-bearing spinel phase, tentatively assigned to NiFeyO4. The
incorporation of Mg?" and Ni?" into the spinel lattice - most likely via
isomorphous substitution - confirms that nickel is structurally integrated
within the oxide matrix rather than occurring as a discrete, readily
leachable phase.

Scanning electron microscopy (SEM) imaging (Fig. 2) displayed
angular, irregularly shaped particles with a heterogeneous surface
morphology and dispersed fine inclusions - features characteristic of
high-energy ball milling followed by magnetic separation. Composi-
tional analysis by energy-dispersive X-ray spectroscopy (EDS) of a
representative particle yielded the following elemental distribution (wt.
%): Fe — 45.31, Mg — 8.90, Si - 3.69, Ni — 2.38, and Co - 0.32, under-
scoring a pronounced enrichment in the target metals relative to the raw
asbestos waste.

Quantitative oxide composition was further determined by
wavelength-dispersive X-ray fluorescence. The magnetic fraction was
found to consist of approximately 76.2 wt.% FesOa, 9.9 wt.% MgO, 9.7
wt.% SiO2, 2.67 wt.% NiO, 0.17 wt.% CoO, and 1.36 wt.% Crz0s, in
excellent agreement with XRD and SEM/EDS data. Critically, this rep-
resents a 10-15-fold enrichment in Ni and Co compared to the untreated
waste (which typically contains 0.18-0.24 wt.% Ni and 0.02-0.04 wt.%
Co), with EDS confirming final concentrations of 2.98 wt.% Ni and 1.39
wt.% Co. These results validate dry magnetic separation as a highly
effective pre-concentration strategy for Ni-Co-bearing phases in
asbestos tailings. In parallel, the deep eutectic solvent (DES), synthe-
sized from ethylene glycol (EG) and hydroxylamine hydrochloride
(NH20H-HC]) in a 4:1 molar ratio, was characterized by Fourier-
transform infrared (FTIR) spectroscopy (Fig. 3).

The spectrum is dominated by a broad and intense absorption band
centred at ~3178 cm’}, significantly red-shifted from the typical O-H/
N-H stretching region of free hydroxyl or amine groups (~3400-3500
em™). This shift provides compelling evidence of extensive intermolec-
ular hydrogen bonding between the hydroxyl groups of EG and the
protonated amine functionality of NHfOH. The absence of sharp,
component-specific vibrational modes - coupled with the emergence of
new bands at 1448 cm™ (C-H bending) and 1144 cm™! (C-O-H defor-
mation) - confirms the formation of a homogeneous, hydrogen-bonded
eutectic network. Additional diagnostic features include C-H stretches
at 2930 and 2875 cm™, an H-O-H bending mode at 1628 cm™! (sug-
gesting trace water), and a series of C-O/C-N stretching vibrations be-
tween 1200 and 900 cm™, consistent with strong donor-acceptor
interactions between EG and NH,OH-HCI. Collectively, these spectral
signatures corroborate the successful synthesis of a stable, ligand-rich
DES capable of coordinating transition metal ions - thereby establish-
ing its suitability as a tailored leaching medium for Ni and Co extraction.
The observed features align closely with established DES systems re-
ported in the literature (Smith et al., 2014; Abbott et al., 2004; Othman
et al., 2015).

To further corroborate the molecular structure and hydrogen-
bonding network of the as-prepared DES, 'H NMR spectroscopy was
employed. The spectrum of the pristine NH;OH-HCl/ethylene glycol
(4:1) DES (Fig. 4) exhibits two dominant resonances: a broad signal
centered at 6.28 ppm (integral ~ 1.92), assigned to the hydroxyl (-OH)
protons of ethylene glycol engaged in strong hydrogen bonding with the
protonated amine group (-NHZ) of hydroxylamine hydrochloride, and a
sharper multiplet at 3.56 ppm (integral ~ 1.08), corresponding to the
methylene (-CHy-) protons.

The pronounced downfield shift of the —-OH resonance - by >2.5 ppm
relative to free ethylene glycol (6 ~ 3.6 ppm) - provides direct evidence
of extensive intermolecular hydrogen bonding between the hydrogen
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Fig. 1. The XRD pattern of the magnetic fraction.
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Fig. 2. SEM micrograph and corresponding EDX spectrum of the mag-
netic fraction.

bond donor (NHOH) and acceptor (EG) components. This observation
is fully consistent with the FTIR data and confirms the formation of a
homogeneous, thermally stable eutectic liquid with a high density of
potential coordination sites, thereby reinforcing its capacity to act as a
selective ligand-based leaching medium for transition metals.

3.2. The effects of leaching temperature and time

Temperature is one of the key parameters exerting a significant in-
fluence on the efficiency of leaching processes. An increase in temper-
ature generally accelerates chemical reactions, enhances the solubility
of both reagents and reaction products, and promotes the breakdown of
the crystalline lattice of ore minerals, thereby facilitating the access of
the leaching agent to target components. However, higher temperatures
do not always lead to improved leaching performance. For example, in
atmospheric acid leaching of nickel and cobalt sulfide ores, it has been
observed that temperatures above 90 °C can lead to the formation of
passivating layers of sulfur and jarosite on the surface of mineral par-
ticles. These layers hinder further interaction between the reagent and
the ore, ultimately reducing metal recovery. Similarly, in high-
temperature pressure leaching of lateritic ores, operating at tempera-
tures above 250 °C may result in the formation of poorly soluble iron and
aluminum sulfates, which are capable of sorbing nickel and cobalt, thus
decreasing their extraction efficiency. These examples underscore the
importance of selecting an optimal temperature regime that accounts for
phase transformations and chemical interactions within the system
(Mamyrbayeva et al., 2024).

In our study, leaching experiments were carried out in the temper-
ature range of 20 to 80 °C (Fig. 5). This range was selected to evaluate
the kinetic behavior of the process under conditions close to those
encountered in industrial practice. According to the experimental re-
sults, increasing the leaching temperature from 20 to 80 °C led to a
significant improvement in the extraction of nickel (from 16.5 to 72.4
%) and cobalt (from 27.8 to 79.6 %). A similar trend was observed when
extending the leaching duration from 60 to 240 min at 80 °C: the nickel
extraction increased from 21.6 to 72.4 %, and cobalt from 24.3 to 79.6
%. This behavior is attributed not only to the intensification of chemical
interactions between DES components and metal ions, but also to a
pronounced decrease in solvent viscosity at elevated temperatures. The
reduced viscosity enhances mass transfer and promotes deeper pene-
tration of the solvent into the porous structure of the leached material
(Abbott et al., 2004).

The deep eutectic solvent (DES) used in this study exhibits strong
ligand properties due to the presence of hydroxylamine, which is
capable of forming stable coordination complexes with Ni* and Co?*
ions. Hydroxylamine can act as an electron donor and participate in the
formation of chelating structures, thereby enhancing the solubility of
metals. Moreover, protonated hydroxylamine (NH3OH'CI), under
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Fig. 4. 1H NMR spectra of (a) pristine DES.

moderately acidic conditions (pH ~2-3), provides H' ions that facilitate
the destruction of the silicate matrix of minerals containing nickel and
cobalt (Delina et al., 2024).

The observed increase in metal recovery with prolonged treatment
time at 80 °C confirms a transition of the system from a surface reaction-
controlled regime to one governed by internal diffusion. In the initial
stages, when active sites on the particle surface are readily available, the
reaction between metal cations and DES components proceeds rapidly.
The high selectivity of the DES toward Ni** and Co*" - with >65 %
extraction while Fe, Mg, and Si remain largely intact (<8 % loss) - results
in a structurally modified solid phase rather than a classical passivating
layer. As these surface sites become depleted, the process becomes
increasingly limited by the diffusion of ions through the evolving porous
residue, which acts as a diffusional barrier due to structural

reorganization and partial matrix depletion (Fig. 6).

The high viscosity of the DES, combined with its complexation
ability, slows down the outward migration of dissolved ions, which
explains the deceleration of the leaching process at later stages (Smith
et al., 2014).

Fig. 7 presents four flasks containing solutions obtained from the
leaching of the nickel- and cobalt-bearing magnetic fraction of asbestos
production waste at different temperatures: 20 °C, 40 °C, 60 °C, and 80
°C. Initially, the DES used as the leaching medium was transparent.
However, after the leaching process, a distinct color change was
observed in the solutions, indicating the extraction and transfer of metal
ions into the liquid phase.

As the temperature increases, a notable intensification in the colour
of the solutions is observed: from light green at 20 °C to a deep, almost
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Fig. 7. Photographic comparison of DES leachates after magnetic fraction
leaching at various temperatures.

black hue at 80 °C. This indicates a temperature-dependent increase in
the extraction efficiency of target metals such as nickel and cobalt,

which may be attributed to enhanced solubility and kinetic activity of
the components at elevated temperatures.

3.3. Effect of liquid-to-solid phase ratio (L:S ratio)

The solid-to-liquid phase ratio (S:L) is one of the key parameters in

leaching processes using deep eutectic solvents (DESs), as it significantly
influences mass transfer efficiency and reagent availability within the
system. DESs are generally characterized by higher viscosity compared
to conventional inorganic acids, making them particularly sensitive to
an excess of solid phase. When the liquid phase is insufficient, system
hydrodynamics deteriorate, diffusion of reagents and products is
restricted, and the risk of local saturation increases, potentially reducing
the extraction efficiency of target metals.

Conversely, increasing the proportion of the liquid phase promotes
more uniform distribution of the solvent, improves contact between the
reagent and the mineral surface, and accelerates leaching kinetics.
However, excessive dilution may lead to lower metal concentrations in
the solution, increased volumes of circulating liquids, and consequently,
higher costs for downstream processing. Therefore, selecting the optimal
S:L ratio when using DESs requires a comprehensive approach, consid-
ering the physicochemical properties of the solvent, the characteristics
of the ore material, and the technological conditions of the process.

As shown in Table 1, the effect of the liquid-to-solid phase ratio (L:S)
ranging from 3:1 to 5:1 on the extraction efficiency of nickel and cobalt
into the DES solution has been investigated in this study.. It was shown
that increasing the L:S ratio from 3:1 to 4:1 led to an increase in nickel
extraction from 66.5 to 72.4 %, and cobalt extraction from 71.3 to 79.6
%. Further increase to 5:1 had no significant effect, indicating that
equilibrium and solvent saturation had been reached.

At a low liquid volume (3:1), mass transfer limitations and reduced
activity of complexing agents may occur due to the insufficient amount
of solvent for effective ion extraction. From a practical standpoint, the
optimal ratio is 4:1, as it ensures high extraction efficiency while
maintaining a moderate reagent consumption Table 1.

The obtained results are consistent with the literature data. For
example, Calgaro et al. (Calgaro et al., 2015) investigated the efficiency
of metal leaching from silicate ores using chloride-containing DESs, and
demonstrated that at temperatures of 80-90 °C, nickel and cobalt
extraction rates of 70-75 % could be achieved. However, in their case,
pre-enriched ore with a lower specific surface area was used, which
explains the somewhat slower kinetics. Smith et al. (2014) and Hartley

Table 1
Effect of liquid-to-solid phase ratio on the leaching efficiency of Ni and Co.

liquid-to-solid phase ratio recovery degree, %

Ni Co
3:1 66.5 71.3
4:1 72.4 79.6
5:1 72.4 79.6
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et al. (2014) emphasized the role of chloride ions as coordinating agents
in DES systems, particularly in the presence of additional ligands such as
hydroxylamine, which enhance metal solubility and stabilization in
solution.

3.4. Selectivity of Ni and Co leaching and phase transformations in the
residue

The claim of selective recovery of nickel and cobalt from asbestos
waste using the ethylene glycol-hydroxylamine hydrochloride (DES) is
substantiated by a direct comparison of the elemental composition and
microstructure of the solid phase before and after leaching, com-
plemented by spectroscopic analysis of the spent solvent. Energy-
dispersive X-ray spectroscopy (EDS) of the magnetic fraction prior to
leaching (Fig. 2) revealed the following elemental composition (in wt.
%): Fe — 45.31, Mg — 8.90, Si - 3.69, Ni — 2.38, and Co — 0.32. After
leaching under optimized conditions (80 °C, 4 h, L:S = 4:1), the residue
exhibited a dramatic reduction in nickel content - to 0.80 wt.% - cor-
responding to the extraction of approximately 66 % of the initial Ni.
Cobalt showed a similar trend, with its concentration decreasing from
0.32 wt.% to 0.11 wt.%, indicating a removal of over 65 %. In stark
contrast, the major matrix elements - Fe, Mg, and Si - underwent only
marginal changes. The Fe content decreased from 45.31 wt.% to 42.1 wt.
%, representing a relative reduction of just ~7 %. Given that the total
mass of the solid residue also decreased due to metal extraction, this
minor shift implies that <7 % of the total iron inventory was transferred
into solution. Similarly, magnesium declined only slightly from 8.90 wt.
% to 8.2 wt.% (a ~8 % relative decrease), while silicon decreased from
3.69 wt.% to 3.4 wt.% (~8 % relative loss). These minimal changes
stand in sharp contrast to the >65 % extraction of Ni and Co and provide
compelling evidence of the DES’s high selectivity toward the target
metals over the dominant Fe-Mg-Si oxide-silicate matrix.

Scanning electron microscopy (Fig. 8) further supports this inter-
pretation. The leached residue displays a significantly altered
morphology compared to the dense, compact particles of the feed ma-
terial (Fig. 2): the surface becomes porous, fractured, and etched,
indicative of localized, non-uniform dissolution rather than bulk matrix
degradation. This morphological transformation aligns with the chem-
ical data and suggests that the DES selectively targets sites hosting labile
Ni2* and Co?' ions - most likely substituting for Mg?" in the spinel
structure of magnesioferrite (MgFe;04) - while leaving the Fe-rich oxide
and silicate framework largely intact. The persistence of Fe-, Mg-, and Si-
rich domains in the residue, as confirmed by EDS elemental mapping
(Fig. 8), underscores the stability of the host matrix under the applied
leaching conditions.

FTIR spectroscopy of the DES before (Fig. 3) and after leaching
(Fig. 9) offers molecular-level insight into the coordination mechanisms
underpinning the observed selectivity. The post-leaching spectrum ex-
hibits a marked attenuation of the broad O-H/N-H stretching band in
the 3300-3175 cm™! region, signifying active participation of hydroxyl
and amino functional groups in metal coordination. Concurrently, new
vibrational features emerge at 1453 cm™! and within the 1030-500 cm™
range - specifically at 1031, 1007, 878, 681, and 512 cm’! - consistent
with deformation modes and M-O stretching vibrations characteristic of
metal-ligand complexes.

Critically, given the minimal depletion of Fe, Mg, and Si in the solid
residue (as quantified by EDS - <8 % relative loss), the spectral alter-
ations in the spent DES are predominantly ascribed to the formation of
Ni-O and Co-O coordination bonds with DES constituents. This
assignment is chemically reasonable: hydroxylamine (NH,OH), present
in equilibrium with its protonated form NH;OH" under the mildly acidic
conditions of the DES (pH ~ 2-3), acts as an N,O-bidentate ligand
capable of chelating transition metal ions. Ethylene glycol (EG) further
contributes as a neutral O-donor ligand through its hydroxyl and ether
oxygen atoms. The resulting mixed-ligand environment selectively sta-
bilizes Ni?t and Co?" - which readily form labile, soluble complexes
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Fig. 8. SEM image, EDX spectrum, and elemental composition of the magnetic
fraction after leaching.

with N/O-donor ligands - while Fe3*, Mg?*, and Si** remain largely
uncomplexed due to their lower affinity for such ligands under these
conditions. The FTIR band attenuation at 3300-3175 cm™} (O-H/N-H
stretch) and the emergence of features at 1453 cm™ (deformation
modes) and 1031-512 cm™ (M-O stretches) thus provide direct spec-
troscopic evidence for coordination-driven leaching of Ni and Co, rather
than non-selective acidolysis. This assignment aligns with the well-
documented affinity of hydroxylamine for Ni>* and Co?*, which pro-
motes their selective solubilization through stable complexation, while
less labile Fe**, Mg?*, and Si** remain structurally integrated within the
residual oxide-silicate matrix.

Complementing the FTIR findings, 'H NMR analysis of the spent DES
(Fig. 10) offers direct, solution-phase evidence of metal-ligand coordi-
nation through characteristic paramagnetic effects. Upon comparison
with the pristine DES spectrum, the post-leaching sample exhibits dra-
matic changes: the broad —OH resonance shifts upfield to 4.89 ppm and
becomes significantly broader and less intense, while the —~CH,- signal
shifts slightly downfield to 3.80 ppm and also displays pronounced line
broadening. Most critically, the overall signal intensity is markedly
attenuated. These spectral alterations - particularly the severe peak
broadening and signal quenching - are hallmark signatures of in-
teractions between proton nuclei and paramagnetic metal ions such as
Ni%*, Co?*, and possibly Fe?t/Fe3*.

In NMR spectroscopy, paramagnetic centers induce rapid transverse
relaxation (T, shortening), which broadens or even suppresses reso-
nances of nuclei in close spatial proximity. The observed effects thus
confirm that the oxygen atoms of ethylene glycol and the nitrogen/ox-
ygen donors of hydroxylamine are in direct coordination with dissolved
transition metal ions, forming paramagnetic complexes in solution. This
constitutes direct spectroscopic proof of a ligand-assisted leaching
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Fig. 10. 'H NMR spectra of spent DES after leaching under optimized conditions (80 °C, 4 h, L/S = 4:1).

mechanism, going beyond the indirect functional-group evidence pro-
vided by FTIR. The combined FTIR and NMR data therefore establish a
consistent molecular picture: the DES selectively extracts Ni and Co not
through bulk acid attack, but via the formation of soluble, paramagnetic
coordination complexes stabilized by mixed O/N-donor ligands - pre-
cisely the behavior expected from a tailored, green leaching system.
Together, the EDS, SEM, and FTIR data collectively demonstrate that
leaching proceeds not via non-selective acidolysis or bulk matrix disin-
tegration, but through a ligand-driven, site-specific extraction of struc-
turally vulnerable Ni and Co ions. The Fe-Mg-Si framework remains

largely intact, as evidenced by the marginal compositional shifts (<8 %
relative loss for Fe, Mg, and Si) and the preservation of particle
morphology in non-reactive domains. This high degree of selectivity -
exceeding 65 % extraction for both Ni and Co while suppressing co-
dissolution of major matrix elements - is a decisive advantage for
downstream separation and purification. Moreover, the FTIR spectrum
of the spent DES reveals no signs of thermal or chemical degradation,
confirming the solvent’s robustness at 80 °C over extended reaction
times. This stability underscores its potential for regeneration and reuse
in closed-loop hydrometallurgical cycles, thereby enhancing both the
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economic viability and environmental sustainability of the process.

While the term «sustainable» is often invoked in the context of deep
eutectic solvents, its validity must be substantiated through direct
comparison with conventional hydrometallurgical reagents. In this re-
gard, the present DES system offers distinct environmental and process
advantages over mineral acids such as HoSO4 or HCl when applied to
complex silicate matrices like asbestos waste. Conventional acid leach-
ing of such materials typically requires elevated temperatures (>90 °C),
high liquid-to-solid ratios (L/S > 10:1), and generates large volumes of
acidic effluents laden with Fe, Mg, and Si due to non-selective matrix
dissolution (Baigenzhenov et al., 2015; Shayakhmetova et al., 2024).
This necessitates costly downstream neutralization, sludge handling,
and metal separation steps, significantly increasing the environmental
footprint. In contrast, the NH,OH-HCl/ethylene glycol DES operates
effectively at 80 °C and a low L/S ratio of 4:1, achieving 72.4 % Ni and
79.6 % Co recovery while suppressing co-dissolution of Fe, Mg, and Si to
<8 %. This high selectivity eliminates the need for extensive neutrali-
zation and reduces secondary waste generation by orders of magnitude.
Moreover, both components of the DES - ethylene glycol and hydrox-
ylamine hydrochloride - are biodegradable, non-volatile, and exhibit
low ecotoxicity compared to corrosive, volatile mineral acids (Smith
et al., 2014). The absence of chloride or sulfate anions also avoids the
formation of stable metal salts that complicate recovery and pose
disposal challenges. From an energy perspective, the mild operating
temperature (well below the boiling point of ethylene glycol, 197 °C)
enables atmospheric-pressure operation using standard equipment,
avoiding the energy-intensive pressurized systems often required for
acid leaching of refractory silicates. Taken together, these attributes -
reduced reagent consumption, minimal waste generation, inherent
safety, and lower energy demand - provide a robust basis for describing
the proposed process as environmentally benign and aligned with the
principles of green chemistry.

To contextualize the performance of the developed NH,OH-HCI/EG
DES system, Table 2 compares Ni and Co leaching efficiencies reported
in recent literature using various DES formulations. Notably, the refer-
enced studies often employed significantly higher liquid-to-solid (L/S)
ratios - such as 20:1 in Ketegenov et al. (2024) and 10:1 in Zante and
Boltoeva (2020) - resulting in substantially more diluted leachates. In
contrast, the present work achieves competitive or superior extraction
yields (72.4 % Ni, 79.6 % Co) at a much lower L/S ratio of 4:1, which
enhances metal concentration in the pregnant leach solution and re-
duces downstream processing costs.

This low solvent consumption in our work aligns directly with the
principles of green chemistry - specifically, waste minimization and
process intensification - by reducing reagent usage, energy demand, and
the volume of secondary effluents. The efficiency is particularly signif-
icant given that the feedstock - magnetic fraction of asbestos waste - is a
complex, low-grade secondary resource with structurally bound Ni and
Co, unlike the more reactive battery materials or pre-treated ores used in
comparative studies.

4. Comparative fitness of the kinetic models

Based on the results of kinetic modeling of nickel and cobalt leaching
from the magnetic fraction of asbestos-containing waste in a DES
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medium, a comprehensive evaluation was conducted regarding the
applicability of classical kinetic models, including the Jander diffusion
equation, the Drozdov-Rotinyan model, and the Prout-Tompkins
equation. The aim of this analysis was not only to identify the rate-
limiting step, but also to gain a deeper understanding of the interac-
tion mechanism between the solid phase and the leaching solution,
grounded in the fundamental principles of chemical kinetics, diffusion,
and interfacial mass transfer theory. The selection of the Jander, Droz-
dov-Rotinyan, and Prout-Tompkins models was motivated by their
ability to capture distinct physical features expected in this complex
leaching system:

(i) the Jander model accounts for diffusion through a growing
porous product layer, consistent with the residue morphology
observed by SEM;

(ii) the Drozdov-Rotinyan model addresses kinetic deceleration due
to pore blockage or passivation, which may occur as the silicate
matrix partially dissolves; and

(iii) the Prout-Tompkins model describes autocatalytic behavior,
which is plausible given the ligand-rich nature of the DES and the
potential for metal-ligand complexation to enhance dissolution.
Therefore, all three mechanisms were considered a priori and
tested comparatively.

The Jander model was found to be the simplest and most physically
interpretable among those used. For nickel, approximation of the
experimental data yielded the equation y = 0.0016x + 0.4718 with a
coefficient of determination R? = 0.9555, while for cobalt the equation
was y = 0.0017x + 0.4826 with R? = 0.9597 (Fig. 11). The high R?
values, close to unity, indicate a strong agreement between the model
and the experimental data. This suggests that the process kinetics are
controlled by internal diffusion through the solid residue layer formed
on the particle surface during leaching.

The higher slope of the regression line for cobalt may be attributed to
its greater chemical mobility within the residue structure and its higher
tendency to form complexes with DES components, which reduces
activation energy and accelerates mass transfer. The similar y-intercepts
for both metals indicate comparable initial leaching conditions, con-
firming the similarity of their mineral forms. This supports the conclu-
sion that DES effectively interacts with both nickel- and cobalt-bearing
phases, enabling a predominantly diffusion-controlled leaching
mechanism.

According to Fick’s law, the rate of mass transfer is proportional to
the concentration gradient, and the process slows down as the diffusion
layer thickness increases - a trend that was observed in the present study.
Similar diffusion-controlled leaching processes involving non-ferrous
metals using ionic liquids and DESs have previously been described in
several studies, including Tian et al. (2010).

When the data were processed using the Drozdov-Rotinyan model,
the resulting linear relationships were less pronounced. For nickel, the
approximation yielded the equation y = -0.1584x + 0.0047 with a co-
efficient of determination R? = 0.0641, indicating a lack of linear cor-
relation and, therefore, poor suitability of this model for describing the
process. For cobalt, the equation y = 1.1085x + 0.0003 with R? =
0.8473 demonstrated a moderate degree of fit, suggesting that the model

Table 2
Comparison of Ni and Co recovery efficiencies achieved with various deep eutectic solvents (DESs) from different feedstocks.

Feedstock DES composition L/S ratio T, Time, Ni recovery Co recovery Reference

(ml/g) (9] h (%) (%)
Asbestos waste (this NH,OH-HCI / Ethylene glycol  4:1 80 4 72.4 79.6 This study
work) (1:4)
Spent Li-ion batteries ChCl / Oxalic acid 20:1 90 2 94.1 95.3 Ketegenov et al. (2024) (Ketegenov et al.,
2024)
Laterite ore ChCl / Citric acid 10:1 100 6 68.2 71.5 Zante and Boltoeva (2020) (Zante and

Boltoeva, 2020)

10
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may be conditionally applicable for cobalt only (Fig. 12).

The positive slope coefficient observed for cobalt, in contrast to the
negative value for nickel, indicates a difference in the dissolution
mechanisms of the two metals. It can be assumed that the leaching ki-
netics of nickel are more strongly influenced by side processes, such as
passivation, gel-like structure formation, or competitive interactions
with DES components - factors not accounted for by this model. More-
over, the low R? value for nickel may result from a violation of the
model’s assumptions, which are based on the autocatalytic nature of
dissolution - a scenario that is unlikely under diffusion-controlled
conditions.

The kinetic analysis of the leaching process wusing the
Prout-Tompkins equation demonstrated an almost perfect correlation
between experimental data and theoretical predictions. The linearized
kinetic plots yielded equations of the form y = 1.6616x — 8.0775 (R? =
0.9961) for nickel and y = 1.7821x - 8.4214 (R? = 0.9987) for cobalt,
respectively (Fig. 13). The exceptionally high coefficients of determi-
nation indicate the outstanding adequacy of this model in describing the
ongoing process under the experimental conditions. Notably, the slope
values exceeding unity —1.6616 for nickel and 1.7821 for cobalt - can be
interpreted as indicative of autocatalytic effects or process activation by
intermediate reaction products. According to the principles of chemical
kinetics, particularly the law of reaction rate and chain reactions, such
behavior suggests that the products of the reaction may enhance the
reactivity of the system, either by destabilizing the residual mineral
matrix or by activating the leaching agent via intermediate complex
formation.

In the context of deep eutectic solvents (DESs), such autocatalytic
behavior may arise from the formation of transient metal-ligand com-
plexes involving solvent components such as ethylene glycol or hy-
droxylamine hydrochloride ions. These complexes may enhance the
solubilization of metal ions by increasing the effective reactivity of the
leaching environment. Similar mechanisms were reported by
Gonzalez-Gallardo et al. (2024), who observed that autocatalytic and
coordinative interactions between metal ions and DES constituents
accelerated the dissolution of metal species in high-viscosity ionic
media.

Moreover, the greater slope observed for cobalt compared to nickel
suggests that cobalt leaching is more sensitive to time-dependent
changes in the system, which may reflect a more dynamic mass trans-
fer regime and a higher degree of complexation Cimpoesu and Ferbin-
teanu (2018) . This difference is likely rooted in the distinct coordination
chemistry of Co* and Ni?* ions in DES media. Cobalt ions possess a
higher tendency to form labile and kinetically favorable coordination
complexes with donor atoms (such as oxygen and nitrogen centers)
present in the solvent matrix. This has been corroborated by spectro-
scopic studies, including FTIR and NMR analyses, as described in the
works of Abbott et al. (2004), which demonstrated pronounced solva-
tion and coordination behavior of cobalt in various hydrogen bond
donor-acceptor systems. Recent studies further support the relevance of
autocatalytic and ligand-driven mechanisms in DES-based leaching
systems. For instance, a competitive coordination strategy in a ternary
DES was shown to simultaneously enhance leaching kinetics and enable
selective precipitation of nickel oxalate from spent battery cathodes by
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modulating nanostructure solvation shells (Tan et al., 2024). This un-
derscores the broader applicability of ligand-assisted, autocatalytic
pathways in complex DES media - consistent with the Prout-Tompkins
behavior observed in our system.

The excellent agreement between experimental data and the Prout-
Tompkins kinetic model, as discussed above, highlights the complexity
and multistage nature of the leaching process in deep eutectic solvent
systems. The observed kinetic behavior, particularly the high slope
values and the linearity of transformation plots, supports the hypothesis
that the process is governed not only by surface reactions or mass
transfer limitations but also by chemical transformations influenced by
coordination and intermediate formation. However, while the
Prout-Tompkins model provides insights into the autocatalytic features
and temporal dynamics of the process, a deeper understanding of the
thermally activated nature of metal dissolution requires an evaluation of

15.73 kJ/mol for Ni) fall within the range typically associated with
diffusion-controlled processes (<20 kJ/mol), consistent with mass
transfer limitations through the product layer or boundary layer
(Nadirov et al., 2020). This observation aligns with the good fit of the
Jander model (R? > 0.95), which assumes diffusion through a growing
product shell as the rate-limiting step. However, the even better corre-
lation with the Prout-Tompkins model (R% > 0.99) suggests that the
leaching mechanism is not purely diffusive but involves autocatalytic
surface reactions that accelerate metal dissolution once initial

Table 3

Kinetic model fitting parameters for Ni and Co leaching using deep eutectic
solvent: regression equations and correlation coefficients (R?) for Jander,
Drozdov-Rotinyan, Prout-Tompkins, and Arrhenius models.

the temperature dependence of the leaching rate. Model Metal Equation R?

To further elucidate the influence of temperature on the leaching Jander Ni y = 0.0016x + 0.4718 0.9555
kinetics and to determine the energy barrier associated with the disso- Co ¥ = 0.0017x + 0.4826 0.9597
lution of nickel and cobalt, the Arrhenius equation was employed. For Drozdov-Rotinyan 2‘ y= ;01'2)2?" *00623‘;7 g-gi;‘;

. . . - . 0 y=1 X + 0. K
coba%t,.the resulting l‘mez%r equzatlon wasy = —’1.6456.x +5.1368, w1th a Prout_Tompkins Ni Y — 1.6616x — 8.0775 0.9961
coefficient of determination R* = 0.9870, while for nickel, the equation Co y = 1.7821x — 8.4214 0.9987
took the form y = —1.8919x + 5.6697, with R? = 0.9792 (Fig. 14). Arrhenius Ni y =-1.8919x + 5.6697 0.9792
The obtained activation energy values (13.68 kJ/mol for Co and Co ¥ =-1.6456x + 5.1368 0.987
e Ni m Co
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Fig. 14. Arrhenius plots for the leaching of Ni and Co.
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complexes are formed. These R? values are summarized in Table 3,
which compares the kinetic fitting parameters for all four models eval-
uated in this study. Thus, the process appears to be governed by a mixed
mechanism, where diffusion through the evolving porous residue limits
the overall rate, while surface coordination with DES ligands drives
selectivity and enables autocatalytic enhancement Table 3.

Thus, the Arrhenius-based activation energy analysis complements
the kinetic modeling, offering thermodynamic validation for the pro-
posed multistage mechanism.

These findings demonstrate that the DES achieves selective extrac-
tion of nickel and cobalt not through aggressive acid dissolution of the
entire mineral matrix, but via ligand-assisted, site-selective leaching of
structurally labile transition metal ions. The Fe-Mg spinel framework
remains largely intact, while Ni2* and Co®* - due to their favorable
coordination chemistry with hydroxylamine and ethylene glycol - are
efficiently complexed and solubilized as mixed-ligand cationic species of
the type [M(EG),(NH20H)] 2t (M= Ni, Co). This mechanism aligns with
the autocatalytic kinetics described by the Prout-Tompkins model (R? >
0.99), indicating that surface coordination with DES ligands drives
selectivity and enhances dissolution. However, the low activation en-
ergies (13.68 kJ/mol for Co and 15.73 kJ/mol for Ni) and the good fit of
the Jander model confirm that the overall rate is limited by diffusion
through the evolving porous residue. The demonstrated selectivity is a
critical advantage for downstream purification and represents a signif-
icant step toward sustainable, low-impact valorization of hazardous
asbestos waste.

5. Conclusion

The deep eutectic solvent system composed of ethylene glycol and
hydroxylamine hydrochloride demonstrated high efficiency in extract-
ing nickel and cobalt from the magnetic fraction of asbestos processing
waste. Magnetic separation yielded a concentrate with a 10-12-fold
enrichment in Ni and Co content compared to the original material, as
confirmed by XRF, SEM/EDS, and chemical analysis. Leaching experi-
ments conducted over a temperature range of 20-80 °C showed a strong
positive correlation between temperature and metal extraction effi-
ciency, achieving 72.4 % for nickel and 79.6 % for cobalt at the highest
tested temperature.

Kinetic analysis was performed using the Jander, Drozdov-Rotinyan,
and Prout-Tompkins equations. The Prout - Tompkins model exhibited
the best correlation (R2 > 0.99), indicating an autocatalytic surface re-
action mechanism. Activation energy values of 15.73 kJ/mol for nickel
and 13.68 kJ/mol for cobalt suggest that the leaching process is pri-
marily controlled by diffusion through the product layer or boundary
layer, consistent with mass transfer limitations.

FTIR spectroscopy of the DES after leaching revealed changes in
vibrational modes associated with the formation of metal-ligand com-
plexes. SEM and XRD analyses of the solid residues showed morpho-
logical and structural changes consistent with the partial removal of
metal-bearing phases. The DES retained its chemical integrity after
leaching, suggesting the possibility of reuse in subsequent cycles. These
findings support the applicability of deep eutectic solvents as efficient
and environmentally benign leaching agents for the recovery of valuable
metals from industrial waste streams such as asbestos processing
residues.

From a practical and sustainable process design perspective, the
optimal leaching conditions are identified as 80 °C, 4 h, and a liquid-to-
solid ratio of 4:1 (mL/g). These parameters deliver high recovery effi-
ciencies (72.4 % Ni, 79.6 % Co) while avoiding excessive energy input -
no pressurized heating is required, as the temperature remains well
below the boiling point of ethylene glycol (197.3 °C) - and minimizing
solvent consumption. The moderate temperature is compatible with
standard industrial equipment, and the low L/S ratio enhances metal
concentration in the pregnant leach solution, reducing downstream
processing costs. This combination of efficiency, safety, and resource
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economy makes the proposed DES-based route highly suitable for scal-
able and environmentally responsible valorization of asbestos waste.
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