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lonic-Liquid-Supported Magnetic Nanoparticles: Synthesis,

Characterization, and Their Use for the Separation of Co
and Ni from Li in Aqueous Solutions

Joana C. Almeida,”®® Celso E. D. Cardoso,”®® Marcia Neves,™ Tito Trindade,”™ Mara G. Freire,™

and Eduarda Pereira*™

The evolution of the electric vehicle market and the ongoing
demand for lithium (Li), cobalt (Co) and nickel (Ni) for batteries
production requires secondary sources for obtaining these
elements. The recycling of Li-ion batteries involves hydrometallur-
gical processes with potential environmental implications, hence
there is an urgent need for sustainable and more efficient
recycling methods. Functionalized colloidal magnetic nanomate-
rials have gained interest as sorbents as they can selectively bind
and remove metal species from waters, allowing their easy
recovery through magnetic separation. This work addresses the

Introduction

The production of electric vehicles has increased during the last
years. This increase is imperative to decrease carbon emissions
following investments made for advancing battery technology
to enhance its energy efficiency. This tendency should keep
growing as governments implement policies to encourage the
transition to electric vehicles and battery technology becomes
more accessible.™

Lithium (Li), cobalt (Co) and nickel (Ni) are metals commonly
used to produce batteries of electric vehicles. Despite Li being
found in lake brines and the other metals in natural ores, their
extraction not only causes environmental concerns, but is also an
expensive and inefficient process in terms of energy and
resources.””

As the demand for these elements continues to rise due to
battery production, the recovery of Li, Co and Ni from
secondary sources, such as spent Li-ion batteries, will contribute
for promoting environmental sustainability. Moreover, this
strategy decreases the amount of hazardous wastes generated
by improperly disposing of used batteries. Currently, the
recovery of these metals from secondary sources involves
hydrometallurgical processes in the leaching of spent Li-ion
batteries and subsequent separation of Li, Co and Ni.! Since
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preparation and evaluation of silica-coated magnetite nano-
particles (NPs), as alternative materials to recover Co and Ni from
aqueous media, after their surface modification with 1-methyl-3-
propylimidazolium chloride. The magnetic nanosorbents were fully
characterized and the influence of solution pH and amount of ILs
on the NPs surface was evaluated. Our research allows us to
conclude that IL functionalized magnetic nanoparticles can be
explored as an alternative to hydrometallurgical processes for the
separation of Co and Ni from alkaline lixiviates of spent lithium-ion
battery (LIB) powders.

hydrometallurgical processes require volatile organic solvents
and hazardous chemicals, the development of cost-efficient
techniques able to separate lithium, cobalt and nickel from
aqueous solutions is an urgent need of modern society.

Functionalized colloidal magnetic nanoparticles have re-
ceived attention for magnetic separation-assisted adsorption
technologies.”® Among magnetic materials, magnetite nano-
particles stand out due to their unique properties, including
high magnetic responsiveness and stability. Furthermore, they
have the ability for surface functionalization aiming at the
capture of target pollutants.”® To this end, surface functionali-
zation using ionic liquids (ILs) can be seen as a promising and
alternative strategy for applying magnetic nanosorbents to
capture target species, namely in scenarios in which other
systems are not effective. Among the advantages of ILs, their
high performance for metals extraction stands out, which can
be achieved by selection of the IL chemical structure. Addition-
ally, IL are chemically and thermally stable, further increasing
the interest in this applied context.”'”

The extraction of lithium has been previously addressed
using ILs based on ammonium and phosphonium cations from
acidic aqueous solutions, showing efficiencies superior to 80%.
Cobalt and nickel have also been extracted from chloride
solutions using ILs."" In these processes, the sorption of these
metals relies on the formation of metal chloride complexes,
specifically lithium chloride (LiCl), cobalt chloride ([CoCl,]*),
and nickel chloride (predominant Ni(H,0);Cl] ")."? Subsequently,
ion pairs are formed between the chloride complexes and the
IL, facilitating the extraction of these metal cations. Importantly,
the selectivity of extraction for different metal ions can be
controlled by their differences in complex behavior when using
different types of ionic liquids."? For example, Schaeffer et al."”
recognized the importance of separating the transition metals,
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nickel, cobalt, and manganese from spent batteries and
obtained the separation of Ni*" and Co’" through the
exploration of the different intrinsic properties of these metals
using [P4141Cl. The same behavior has been observed in the
extraction of these metals from spent lithium-ion batteries
using the ionic liquid [Pggsl[Oleate], as reported by Othman
et al." In their study, the extraction efficiency of Co®" reached
99% using 8 M HCl (pH~—0.9), followed by Ni** extraction
after increasing the pH to approximately 1.

ILs hold great promise for the extraction and sorption of
metal species from leaching solutions. However, practical
limitations are associated with certain ILs, including low
diffusion coefficients, high viscosity, and challenges related to
product purification and solvent recycling."” To overcome these
limitations, supported ILs (SILs) offer an alternative approach.
SILs combine the benefits of a solid substrate with the tailored
properties of ILs. Notably, SILs have been used as sorbents for
the recovery of lithium, cobalt and nickel, by using diverse
types of materials, which include membranes,"*'¥ polymers®”
and silica-gel.”"* To the best of our knowledge, the develop-
ment of IL functionalized magnetic NPs have not been reported
in the selective uptake of metal species dissolved in aqueous
solutions containing the above metal cations.

In this study, we demonstrate that the IL-supported
magnetic nanoparticles used as sorbent materials facilitate the
separation of cobalt and nickel from lithium, when present as
mixtures in using aqueous solutions. The IL-supported magnetic
nanoparticles, with different amounts of cation and anion, were
prepared by covalently attaching the IL cation to the surface of
silica-coated magnetite NPs. Imidazolium and chloride were
investigated as the cation and counter-ion, respectively. The
prepared NPs were chemically and morphologically character-
ized. The influence of the solution pH and the bonding amount
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of ILs on the NPs surface to separate Ni*" and Co®" from Li* in
aqueous media was evaluated.

Experimental Section

Materials

Chemicals were supplied by commercial sources and used without
further purification: (3-chloropropyl)trimethoxysilane (>98%, Acros
Organics), ammonium hydroxide solution (NH; in H,0, 25 %, Riedel-de-
Hien), cobalt (Co>™ in 2-5% HNO,, 1000 mg/L, VWR Chemicals),
ethanol (C,H;OH, >99%, Carlo Erba), iron sulfate heptahydrate
(FeSO,.7H,0, >99%, Merk), lithium chloride (LiCl, >99%, Sigma-
Aldrich), methanol (HPLC grade, Fisher Scientific), nickel (Ni** in 5%
HNO;, 1000 mg/L, Alfa Aesar), nitric acid (HNOs, puriss. p.a., 65%,
Merck), N-methylimidazole (99%, Acros Organics), potassium
hydroxide (KOH, >98%, Pronolab), potassium nitrate (KNOs;, >99%,
Merk), sodium hydroxide (NaOH, >98%, Pronolab), and tetraethyl
orthosilicate (CgH,,0,Si, TEOS, >99%, Sigma-Aldrich), toluene (99.8%,
Fisher Scientific). The water used in the sorption experiments was
double distilled, passed across a reverse osmosis system and further
treated with a Milli-Q plus 185 water purification equipment.

Synthesis of Colloidal Magnetite (Fe;0,) Nanopatrticles

Magnetic iron oxide NPs with an average size of 50 nm were
synthesized by oxidative hydrolysis of iron sulphate in alkaline
conditions, according to the procedure described in Oliveira-Silva
et al.” (Scheme 1). Ultra-pure water was first deoxygenated with
N, under vigorous stirring during 2 h. Then, 1.90 g (34 mmol) of
KOH and 1.52g (15 mmol) of KNO; were added to 25mL of
deoxygenated water using a 250 mL round flask. This mixture was
heated at 60°C, under N,, and mechanically stirred at 500 rpm.
After total dissolution, 25 mL of an aqueous solution of FeSO,.7H,0
(4759, 17 mmol) was added dropwise to the mixture and
mechanical stirring was increased to 700 rpm. The resulting

Scheme 1. a) Synthesis of magnetite (Fe;O,) nanoparticles, b) coating with silica shell, and c) surface functionalization with ionic liquids, leading to three
different NPs (Fe;0,@SiO,-[C;C,Im]Cl A, B and Q). The difference between samples of magnetic nanoparticles A, B and C lies in the different amounts of 3-
chloropropyltrimethoxysilane and N-methylimidazole used during synthesis: 12.5 mmol for A, 25 mmol for B, and 50 mmol for C.
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solution presented a dark-green color after complete addition of
the Fe(ll) salt. The solution reacted for 30 min. After reaction, the
round flask was transferred to an oil bath at 90°C, keeping the
reacting mixture under N, without stirring, during 4 h. Finally, the
resulting black powder was collected and washed thoroughly with
deoxygenated water and ethanol. After washing, the powder was
dried in an oven set at 40°C.

Coating of Magnetite Nanoparticles

The magnetite nanoparticles were modified at the surface using a
sol-gel methods via the alkaline hydrolysis of TEOS to obtain core/
shell Fe;0,@SiO, nanoparticles, according to the procedure de-
scribed in Amiri et al?? (Scheme 1). Briefly, a dispersion of NPs
(1.00g) in a mixture of ethanol (80 mL) and ultra-pure water
(20 mL) was prepared and left immersed in an ice bath, over 15 min
under sonication (horn Sonics, Vibracell). Then, 2.15 mL of TEOS
dissolved in ethanol (50 mL) and 6 mL of ammonia 25% (v/v) were
added and the suspension was left in an ice bath for more 10 min
under sonication. Afterwards, the reaction proceeded at room
temperature under continuous mechanic stirring at 600 rpm for
12 h. Finally, the silica-coated particles were washed with ultra-pure
water and ethanol, collected using a permanent magnet and dried
at room temperature.

Modification of Fe;0,@S5i0, Nanoparticles with ILs

The modification of Fe;0,@Si0, nanoparticles with ILs was
performed in a one-step reaction, based on the synthesis procedure
previously reported by Amiri et al.?” and Comeés et al.>”’ (Scheme 1).
The Fe;0,@SiO, nanoparticles (1.5 g) were suspended in 100 mL of
dried toluene, followed by the addition of 2.5 mL of 3-chloropropyl-
trimethoxysilane (12.5 mmol), and 1.0 mL of N-methylimidazole
(12.5 mmol). This suspension was mechanically stirred at 700 rpm
and refluxed for 24 h at 95°C. After refluxing, the reaction was
stopped, the NPs were collected using a magnet, and washed with
toluene (50 mL), methanol (50 mL), water (50 mL), and again with
methanol (25 mL). The obtained nanoparticles, Fe;0,@SiO.-
[CGIm]Cl A, were dried at 80°C for 8 h prior to their character-
ization and sorption experiments. This procedure was repeated
using twice and four times the amount of 3-chloropropyltrimethox-
ysilane and N-methylimidazole, obtaining the nanoparticles
Fe;0,@Si0,-[C;C,Im]Cl B and Fe;0,@Si0,-[C;C,Im]CI C, respectively.
Thus, the difference between samples of magnetic nanoparticles
Fe;0,@Si0,-[C;C,Im]Cl A, B and C lies in the different amounts of 3-
chloropropyltrimethoxysilane and N-methylimidazole used during
synthesis: 12.5 mmol for A, 25 mmol for B, and 50 mmol for C.

Characterization Techniques

The chemical and physical characterization of the IL-supported
magnetic nanoparticles was performed using various techniques.
The crystalline phase in the powdered sample was identified by X-
Ray diffraction (XRD) using an Empyrean PANalytical diffractometer
(Cu K, , X-radiation, A, = 1.54060 A; A, =1.54443 A). The registration
of the diffraction patterns was performed with a step size of
0.026 degrees, in continuous mode, in the 15<20<95° range.
Fourier Transform Infrared (FTIR) spectra (in the range 4000-
400 cm™') were recorded using a Bruker Tensor 27 spectrophotom-
eter, equipped with an Attenuated Total Reflectance (ATR)
accessory, after 256 scans with resolution of 4 cm™". The morphol-
ogy of the NPs was analyzed by Transmission electron microscopy
(TEM) (Electron Microscope JEOL, 2200FS, working at 200 kV, with
resolution of 1 A). Samples were prepared by direct deposition of
an aliquot drop of an ethanolic suspension of particles over a grid

Eur. J. Inorg. Chem. 2024, e202400237 (3 of 7)

of copper coated with a carbon film and then let to evaporate the
solvent at room temperature. Elemental analysis for carbon, hydro-
gen and nitrogen contents (in weight percentage) was performed
with a Truspec Micro CHNS 630-200-200 elemental analyzer,
applying the following analysis parameters: sample of 2mg;
combustion furnace temperature of 1075°C; afterburner temper-
ature of 850°C. Infrared absorption was used to determine the
amount of carbon and hydrogen, and thermal conductivity was
applied to determine the amount of nitrogen. The specific surface
area (Sger) of NPs was determined using an automated surface area
analyzer (Quantachrome Autosorb 1Q2) by means of nitrogen
adsorption-desorption. Prior to the measurements, the samples
were degassed overnight at 100 °C. Zeta potential measurements of
the colloidal samples were performed using a Zetasizer Nano ZS
(Malvern Instruments). The pH of the colloid was varied between 2
and 10, using NaOH or HNO; aqueous solutions. The temperature
was kept at 25°C, and three replicate measurements of zeta
potential were performed for each sample. Measurements of
hysteretic cycle to evaluate the magnetic properties of the NPs
were performed using a SQUID magnetometer at 27°C. The
magnetization was normalized to the total mass of the sample.

Quantification of Lithium, Cobalt and Nickel

The quantification of lithium, cobalt and nickel was performed by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES), using a Horiba Jobin Yvon Activa M spectrometer (radial
configuration) equipped with a Burgener MiraMist nebulizer
(sample flow of 1 mL/min), peristaltic sample delivery pump with
three canals, argon flow (nebulizer: 0.02 L/min; auxiliary gas: 0.2 L/
min; plasma: 12 L/min), nebulizer chamber, CCD (coupled charging
device) for detection, and algorithm background correction.
Calibration curves were stablished using 5 standards with concen-
trations between 20 and 2000 ug/L, prepared by the dilution of Li,
Co and Ni standard solutions into acidified water (1% HNO; v/v).
Only calibration curves with a correlation coefficient above 0.999
were considered. The limit of quantification was considered as the
lowest concentration standard of the calibration curve (20 pg/L).
The coefficient of variation between sample replicates (at least,
three replicates were investigated) did not exceed 5 %.

Sorption Experiments

The ability of the Fe;0,@SiO,-[C;C,Im]CI (A, B and C) NPs to remove
Lit, Co®* and Ni** from multielemental aqueous solution was
evaluated by contacting 50 mg of NPs with an aqueous solution of
Li, Co and Ni for 1 and 24 h. The sorption experiments were
performed in batch mode, together with control assays, in Schott
glass bottles of 100 mL at 25°C, under stirring (250 rpm) and at
different pH values. The solution of 2 mg/L of Li, Co and Ni was
freshly prepared by dilution of the standard commercial solution
(1000 mg/L) in ultra-pure water.

The influence of the pH of the solution and the influence of the
bonding amount of the IL in the NPs surface in the removal of
lithium, cobalt and nickel was investigated. The influence of pH was
studied at pH values of 2, 4, 6, 8, 10 and 12 for an initial Li, Co and
Ni concentration of 2 mg/L in ultra-pure water using 500 mg/L of
Fe;0,@Si0,-[C;C,Im]Cl B NPs. Adjustments of pH were performed
HNO; or NaOH solutions. Fe;0,@Si0,-[C;C,Im]Cl A and Fe;0,@SiO,-
[C5C,Im]Cl C NPs were applied for the removal of Li, Co and Ni from
solutions at pH 10 to evaluate the effect on bonding amount of ILs
in the NPs surface.

In all the experiments, the start time (t,) was assumed the time that
the sorbent was first mixed with the aqueous solution. NPs were
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placed in contact with spiked solution of the elements and after 1
and 24 h of contact, aliquots (5-10 mL) of sample were collected
using a Pasteur pipette. These aliquots were under the influence of
a magnet for approximately 5 min to ensure that all particles were
removed. After separation of the particles, aliquots were immedi-
ately acidified (pH < 2) with 25 L of concentrated HNO; (65% v/v)
and stored at 4 °C until analysis by ICP-OES.

To evaluate the effectiveness of the sorption process, the removal
percentages were determined using Equation (1). The variation of
ion concentration along the contact time with the sorbent material
are expressed in terms of normalized concentrations (Equation (2)),
which allows the comparison of the removal efficiency by various
sorbates for a given sorbent, or using the same sorbate but
different sorbents, regardless of the initial sorbate concentration.

G -C
Removal (%) = %*100 M)
0
e
G=¢ 2)

where C, is the initial concentration, C, is the concentration in the
liquid fraction at a certain time t, and C, is the normalized
concentration.

Results and Discussion
Characterization of the Prepared NPs

The powder XRD patterns of the several samples containing the
magnetic NPs (Figure S1 in Supporting Information) showed the
characteristic peaks for Fe;O, (26=18.3°, 30.1°, 35.5°, 43.1°,
53.5° 57.0°, 62.6° and 89.7°) ascribed to the reflections (111),
(220), (311), (400), (422), (511), (440) and (731) (JCPDS file
No. 19-0629). Thus, the X-ray diffractograms confirm the
presence of Fe;O, used as the starting nanomaterial; subse-
quent coating and functionalization steps did not bring
significant changes on the magnetite structure.

Figure 1 shows the FTIR-ATR spectra of Fe;O,, Fe;0,@SiO,
and Fe;0,@Si0,-[C;C,Im]CI (A, B and C) that confirm the surface
functionalization of the NPs using the selected ILs. The
spectrum of Fe;0, NPs displays a strong band at 540 cm™,
which is attributed to the stretching vibrational mode of lattice
Fe—O bond™. The coated particles’ reveal in the FTIR spectrum
a band around 1050 cm™', which corresponds to the asymmet-
ric Si—O-Si stretching vibration mode of amorphous SiO,.
Additionally, the bands of the O-Si—O deformation mode of
amorphous SiO, and the symmetric Si—O-Si stretching vibration
are evident at 430 cm™' and 790 cm™', respectively.?® In the
spectra of functionalized NPs, the diminishing of the band
associated to the bending vibration absorption of Si—OH,
observed at 935 cm™' in the spectrum of Fe,0,@Si0,, indicates
the successful functionalization of silica®” The spectra of
[Si][C;C,Im]CI B and C also present a weak band at 1556 cm™,
which is attributed to the frequency of the imidazole ring””.

Figure 2 depicts the TEM images of Fe,O, Fe;0,@SiO, and
Fe;0,@Si0,-[C;C,Im]CI (A, B and C) NPs. These images show NPs
of nearly spheroidal shape with an average diameter about
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Figure 1. FTIR-ATR spectra of Fe;0,, Fe;0,@Si0, and Fe;0,@Si0,-[C;C,Im]CI
(A, B and C) NPs.

Figure 2. TEM images of: a) Fe;0,, b) Fe;0,@Si0,, ¢) Fe;0,@Si0,-[C;C,ImICI A,
d) Fe;0,@Si0,-[C;C,Im]Cl B and e) Fe;0,@Si0,-[C;C,Im]CI C NPs.

65 nm, with a thin coating layer of about 22 nm thickness for
the samples surface modified with silica. Furthermore, no
significant morphological differences were observed in the
magnetic cores of the functionalized NPs as compared to the
original magnetite particles.

The successful functionalization of the NPs was additionally
confirmed through elemental analysis. The carbon, hydrogen
and nitrogen contents in the synthetic samples are indicated in
Table 1. It should be noted that the vestigial amounts of carbon,
hydrogen and nitrogen detected in Fe;O0, and Fe;0,@SiO, NPs
result from the reagents used during the synthesis. The carbon
and nitrogen contents (in weight fraction percentage) in
functionalized NPs range from 0.460% to 1.986% and from
0.214% to 1.101%, respectively. These results confirm the
functionalization of NPs Fe;0,@SiO,-[C;C,Im]Cl B and C. Never-
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Table 1. Results of elemental analysis and values of BET surface area (Sgg), porosity volume (Vp) and pore diameter (Dp) of the NPs used in this work.
Nanoparticles %C %H %N Bonding Seer Vo D,
amount (m%/q) (cm®/g) (nm)
(mmol/g)
Fe;0, 0.061 0.258 0.050 - 16.58 0.207 44391
Fe,0,@Si0, 0.447 1.029 0.396 - 12.79 0.068 3.114
Fe;0,@5i0,-[C;C,Im]Cl A 0.460 0.624 0214 0.076 11.61 0.078 3.114
Fe;0,@5i0,-[C;C,Im]CI B 1.959 0.791 1.101 0.393 14.54 0.096 3.108
Fe;0,@5i0,-[C;C,Im]CI C 1.986 0.813 1.039 0.371 16.54 0.109 311
40
theless, due to the low amount of IL groups in the NPs surface, o i"‘
the functionalization of NPs Fe;0,@SiO,-[C;C,Im]Cl A can not be E 201 .‘
confirmed. On the other hand, there are no significant changes - &
in the functionalization degree of Fe;0,@SiO,-[C;C,Im]CI B and E 0 B
Fe;0,@Si0,-[C;C,Im]Cl C NPs. This suggests that the stoichio- ‘g Of - @ evvererernnenns . ........... :"}, ..............
metric amount of 3-chloropropyltrimethoxysilane and N-meth- b1 .~ 2
ylimidazole (25 mmol) employed in the functionalization allows Qo 9, ’~_ L]
an extensive surface functionalization. S 20 ®e. .. u
The specific surface area of the synthesized NPs was ﬁ "A
determined by nitrogen adsorption using the BET (Brunauer- "-. L g
Emmett-Teller) method, whose results are given in Table 1. A -40 j ' i ‘
decrease of the specific surface area of Fe;0,@SiO, is observed 2 4 6 8 10 12
when compared to the uncoated magnetite particles. Moreover, pH

it increases as the amount of precursors used in the functional-
ization of IL-modified NPs had increased. Silica has the highest
value of pore diameter (44.391 nm), and the IL-modified NPs
show a pore diameter between 3.108 and 3.114 nm.

The bonding amount of ILs onto NPs was determined from
the elemental analysis data. In these calculations, the percent-
age amount of nitrogen was employed, taking into account
that each molecule of methylimidazole has 2 nitrogen atoms.
The higher number of IL functional groups appears in the
Fe;0,@Si0,-[C;C,Im]Cl B NPs, followed by Fe;0,@Si0,-[C;C;Im]Cl
C and Fe;0,@Si0,-[C;C,Im]Cl A, with values decreasing from
0.393 to 0.076 mmol/g. As will be discussed later, these values
are relevant for interpreting the materials’ performance in
sorbing lithium, cobalt and nickel.

Zeta potential measurements were performed to determine
the point of zero charge (PZC) of the functionalized colloidal
NPs, which is the pH value at which a solid particle in
suspension exhibits zero net electrical charge on its surface.
Figure 3 displays zeta potentials as a function of solution pH for
Fe,0,@Si0O,, Fe;0,@Si0,-[C;C,Im]Cl A, Fe;0,@Si0O,-[C;C;Im]CI B
and Fe;0,@Si0,-[C;CIm]ClI C NPs. At pH 2.59, 8.97, 8.89 and
6.52, the net charge of Fe;0,@Si0,, Fe;0,@Si0,-[C,C,ImICI A,
Fe;0,@Si0,-[C;C,Im]Cl B and Fe;0,@Si0,-[C;C,Im]Cl C NPs is
zero. All functionalized NPs display higher PZC values as
compared to Fe;0,@Si0,, confirming the presence of a cation in
NPs and the successful silica functionalization. In addition,
despite the functionalization of Fe;0,@SiO,-[C;C,Im]Cl A NPs
not being detected through elemental analysis results, their
PZC value of 8.97 proved that the ILs were successfully
covalently attached to the silica surface.
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Figure 3. Zeta potentials as a function of solution pH for (@) Fe;0,@SiO,, (m)
Fe,0,@5i0,-[C,C,ImICl A, (A) Fe,0,@5i0,-[C;C,Im]Cl B and (#) Fe,0,@Si0,-
[C5C,Im]CI C NPs.

The magnetic measurements performed for the samples
Fe;0,, Fe;0,@Si0,, Fe;0,@Si0,-[C;C,Im]Cl B are shown in Fig-
ure S2 (in Supporting Information). These samples show mag-
netic hysteresis as expected for ferrimagnetic magnetite
particles with the dimensions as discussed above.

Coercivity (Hc), remanent magnetization (Mg) and saturation
magnetization (M) values obtained from the magnetization
cycles are provided in Table 2. The saturation magnetization for
magnetite NPs, around 80 emu/g at 27 °C, is within the reported
values for this material??® Also, this value is very close to the
value for bulk magnetite (92 emu/qg).

The modified nanoparticles (Fe;0,@S5i0, and Fe;0,@SiO,-
[C;GIm]CI B) show lower values of saturation magnetization than
the uncoated magnetite NPs, due to the diamagnetic coating
material. Still, the observed saturation magnetization for the
surface modified samples is high (42 and 51 emu/g, respectively).

Table 2. Magnetic parameters for magnetite, Fe;0,@SiO, and Fe;0,@SiO,-
[C,C,Im]CI B samples.

Sample M;£+A Hc£A Mg+ A
(emu/q) (Oe) (emu/q)
Fe;0, 81+1 102+£11 104+04
Fe;0,@Si0, 4241 93+7 42+0.1
Fe;0,@Si0,-[C;C,Im]CI B 51+1 93+7 53+0.1
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Regarding the coercivity, all the samples present similar values,
which is consistent with magnetite cores with preserved magnetic
properties after silica encapsulation and surface functionalization.

Sorption Experiments of Lithium, Cobalt and Nickel in
Fe;0,@Si0,-[C;C,Im]Cl NPs

The ability of the synthesized NPs to separate Li, Co and Ni from
multielemental aqueous solution was evaluated by performing
sorption experiments of batch (discontinuous) type. In these
experiments, the influence of the pH of the solution and the effect
of the bonding amount of ILs in the NPs surface in the sorption
process were evaluated. The sorption of Li, Co and Ni on
Fe;0,@Si0,-[C;C,Im]Cl B NPs, after 1 h, was evaluated at pH 2, 4, 6,
8, 10 and 12. The results obtained are depicted in Figure 4.

The sorption only occurs for Co and Ni, and at alkaline pH
values (pH 10 and 12), which aligns well with the conditions of
the leaching process. Spent LIB powders have been leached
using ammonia due to the selective leaching ammonia
characteristics between the desired metals (Li, Ni, Co) and
undesired metals (Al and Mn). Also, transition metal cations of
Co and Ni form stable complexes with NH;, making ammonia
leaching thermodynamically feasible. Based on this, Wang
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Figure 4. Sorption efficiency of Fe;0,@Si0,-[C;C,Im]CI B with: @ lithium (—
control), A cobalt (— control) and = nickel (— control), at different pH
values. Multielemental solution of 2 mg/L Li, Co and Ni, pH 2-12, 500 mg
MSIL/L, 60 min of sorption.
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et al™ used ammonia —ammonium hydrocarbonate (NH;-H,O —
NH,HCO;) solutions in the presence of hydrogen peroxide
(H,0,) to leach the pre-treated spent LIB powders. The authors
obtained a leaching solution containing Li, Ni, Co, and ammonia
ions, which was further used in a sorption separation step. The
NPs developed in this work could be applied in this step to
separate cobalt and nickel from lithium, obtaining a lithium
containing alkaline solution. Moreover, the sorption of cobalt
and nickel at surface sites, in the conditions studied, is fast (1 h).

Based on Pourbaix diagrams,®” the alkalization of the
solution at pH 10 and 12 can result in Co(OH), and Ni(OH),
precipitates. However, as shown in Figure 5, the analysis of the
controls (i.e. metals solution without the addition of NPs)
indicates that 1 h is not enough to precipitation to occur. For
longer periods of contact, both cobalt and nickel species start
to precipitate at pH 12.

Since the controls are stable at pH 10 and no precipitation of
cobalt and nickel was observed for short periods of contact time,
the effect of the ILs amount on the NPs surface was evaluated on
a multielemental solution of Li, Co and Ni for 1h of contact
between the NPs and the metals, as shown in Figure 6.

The results obtained show that Fe;0,@SiO,-[C;C,Im]Cl B NPs
were those with high efficiency for Co and Ni, achieving 99% of
recovery for both elements. Moreover, comparing Fe;0,@SiO,-
[C,CIm]CI B and Fe;0,@Si0,-[C;C,Im]CI C NPs, the bonding
amount of IL on NPs surface does not increase with the use of
more reagents amount during the synthesis, concluding that a
proportion of 25 mmol of both cation and anion is the ideal
amount for the functionalization of NPs.

Conclusions

In this study, we synthesized, characterized, and assessed ionic-
liquid-supported magnetic nanoparticles as sorption materials to
separate cobalt and nickel species from lithium dissolved in
aqueous solutions. The magnetic nanosorbents were prepared by
covalently attaching the IL cation to the surface of silica-coated
magnetite NPs, using imidazolium as the cation and chloride as
the counter-ion.
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Figure 5. Sorption efficiency of Fe;0,@Si0,-[C;C,Im]CI B with: @ lithium (— control), A cobalt (— control) and = nickel (— control), after 1 and 24 h of
sorption. Multielemental solution of 2 mg/L Li, Co and Ni, pH 10 (on left) and pH 12 (on right), 500 mg MSIL/L.
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Figure 6. Sorption efficiency of the three magnetic SILs with: @ lithium (—
control), A cobalt (— control) and m nickel (— control). Multielemental
solution of 2 mg/L Li, Co and Ni, pH 10, 500 mg MSIL/L, 60 min sorption.

Different degrees of functionalization were studied, with a
proportion of 25 mmol of both cation and anion found to achieve
the maximum degree of functionalization. The sorption perform-
ance was assessed at various pH values, confirming that alkaline
conditions (specifically pH 10 and 12) are necessary for the metals
to form anionic complexes, thereby enhancing their sorption onto
the IL-modified NPs. Furthermore, the sorption of cobalt and nickel
at surface sites, under the studied conditions, occurs rapidly
(within 1 hour).

Considering the research on the use of SILs for metal recovery,
this work introduces the use of IL-supported magnetic nano-
particles for the magnetic separation of Co*™ and Ni*™ from Li™.
Overall, the application of IL-modified magnetic NPs resulted in
good performances for the separation of Co®>* and Ni**™ from Li*
and should be applied on lixiviates of spent LIB as a sorbent
material.
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