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ation by resonant vibratory
mixing for samarium–cobalt magnet leaching with
deep eutectic solvents

Zainab Nasrullah, *a Frank Agyemang, a Mehran Saddat a

and Richard LaDouceurb

Due to limited primary resources and to fulfil the demand for renewable energy in the automobile industry,

defence applications, and other high-tech applications, recycling rare earth elements (REEs) and other

critical elements from their secondary resources is imperative. Rigorous research and development for

viable extraction and separation of REEs and other critical elements has resulted from this need.

Previously, Sm–Co recycling has been done using pyrometallurgy, physical separation, and

hydrometallurgy, all of which have energy, cost, time, and environmental limitations. Chemical leaching

has successfully recovered and separated Sm–Co but has limitations associated with slow mass transfer

and leaching kinetics, especially using viscous lixiviants, and there is a need to intensify the process for

efficiency. Additionally, environmental impact is high due to extensive use of toxic, corrosive, non-

selective, and expensive reagents. In this research, chemical leaching of Sm–Co was performed using

Deep Eutectic Solvents (DESs), a new class of solvents under solvometallurgy. Four different DESs were

studied, which are green, non-toxic, biodegradable, cheap, and selective. To enhance the mass transfer

and reduce leaching time, resonant vibratory mixing (RVM) was tested. RVM intensifies mixing by

establishing low energy conditions through vessel resonance, improving kinetics. Four DES combinations

were prepared: choline chloride and tetrabutylammonium chloride, with oxalic acid, urea, and ethylene

glycol at 80 °C. Chemical leaching of Sm–Co was performed using factors of time (hours), temperature

(°C), and combination of DESs. Post-leaching, the samples were process intensified using RVM (time,

intensity, and four DESs). Filtered aliquots were analysed with ICP-OES. Oxaline was the most selective

DES, achieving 82% Co conversion after 2 hours of leaching and 30 minutes of RVM at 80 °C. A

preliminary kinetic study determined the activation energy barrier and showed an increase in conversion

(%) for both Co and Sm. 93.4% Co and 5.3% Sm conversions were achieved with only 5 hours of leaching

at 90 °C, and after process intensification with RVM, conversions of 97% Co and 9.3% Sm were achieved.
Environmental signicance

The recovery of samarium (Sm) and cobalt (Co) is essential to support clean energy technologies and reduce dependence on the primary resources of these
critical REEs. Traditional Sm–Comagnet recycling methods are energy-intensive, time-consuming, and not environmentally benign. This study presents a green
and efficient leaching process using DESs, which are biodegradable, non-toxic, and selective. This process, when combined with resonant vibratory mixing
(RVM) technology, can enhance slow mass transfer and kinetics. In this research project, intensifying leaching under low-energy conditions resulted in selective
recovery of Co in shorter times using green DES reagents. This process provides a greener, safer, and more efficient alternative to conventional methods,
advancing the sustainable solvometallurgical recycling of Sm–Co magnets in line with circular economy principles.
1 Introduction

Together with yttrium (Y), scandium (Sc), and lanthanides, rare
earth elements (REEs) are a collection of 17 chemically related
ls Engineering, Montana Technological
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ontana Technological University, Butte,

y the Royal Society of Chemistry
elements.1 Due to their distinctive physical and chemical
characteristics, rare earth elements (REEs) are valuable
resources that are necessary for a wide range of modern tech-
nological applications, includingmetallurgy, machine building,
radio electronics, instrument engineering, nuclear engineering,
and manufacturing.1–3 Many nations' economic growth and
national security depend on the reliable supply and durability of
these vital resources.4 Rare earth element availability is
currently less than demand,5,6 with imports from China
Environ. Sci.: Adv.
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frequently accounting for a large portion of the supply, so most
industrialized nations require imports from China7,8. The
United States is seeking to expand domestic production and
recover rare earth elements (REs) from various sources to
reduce supply chain vulnerability, given the signicance of
these minerals in technological and economic advancement.4,9

It is challenging to mine REEs since they are frequently
found in dilute concentrations.5 The extraction and separation
of REEs from their complex ores are complicated due to their
unique physical and chemical properties, making them scarce
in the market.1 The recovery of REEs involves traditional pyro-
or hydrometallurgical processes, such as solvent extraction.10

The pyrometallurgical method suffers from environmental
concerns such as gaseous emissions, while the traditional
hydrometallurgical process involves using dilute and strong
acids to dissolve REEs, which results in the evolution of
hydrogen gas.11,12 The recovery and separation of individual
elements from complex REE systems suffer from high energy
demands as they require complex energy-consuming solutions
using many hazardous chemicals that negatively impact the
environment.5 In response to REE scarcity and potential supply
risk, recent research has focused on improving recovery and
separation techniques and developing recycling approaches for
secondary resources like mine tailings and electronic waste as
alternative sources to natural ores.13,14 The evolution of recy-
cling processes as a secondary source for REEs has seen the
majority of rare-earth magnet recycling research concentrated
on NdFeB magnet recycling,15–17 with little attention to Sm–Co
magnet recycling.7 However, the recycling of Sm–Co magnets
will not only be a secondary source for samarium but also
cobalt, a critical metal that is economically very important for
the steel industry14,18 due to its unique resistance to oxidation
and its usage in cathode materials for lithium-ion batteries,
which is very crucial to the transition to electric vehicles.14

Neodymium and samarium, two of the least abundant of the
REEs, are the foundational elements for making powerful
permanent magnets.19 The most prevalent REE magnets are
Nd–Fe–B magnets.20 Since neodymium–iron–boron (NdFeB)
magnets primarily replaced Sm–Co magnets aer 1985,13 the
Sm–Co magnet market share is currently less than 2% in the
permanent magnet segment.13,14 Nonetheless, new applications
in consumer electronics, automotive and medical technology,
aerospace, and military equipment are driving growth in the
global market for Sm–Co magnets. Due to their greater optimal
operating temperature (250–350 °C) than that of Nd–Fe–B
magnets (60–220 °C), Sm–Co magnets are still valued for their
capacity to operate at elevated temperatures. They are
frequently utilized in the aviation industry.14,21 Samarium is
utilized in the lter glass of Nd:YAG (neodymium:yttrium–

aluminium–garnet) solid-state lasers to encircle the laser rod
and increase efficiency by collecting stray emissions due to its
narrow spectral absorption band.11 Samarium can be used in
coatings and capacitors at microwave frequencies because it
forms stable titanate compounds with benecial dielectric
characteristics.11 Cobalt and samarium can be obtained from
end-of-life Sm–Co magnets as valuable secondary sources.14
Environ. Sci.: Adv.
With the growing trend toward a circular economy that aims
to balance sustainability, efficiency, and environmental
impacts, this research is focused on recycling Sm–Co magnets
using green (ionometallurgy), innovative, and novel extraction
pathways. Specically, it involves the use of Deep Eutectic
Solvents (DESs) for leaching and novel Resonance Vibratory
Mixing (RVM) to intensify the leaching process.

DESs are systems formed from eutectic mixtures of Lewis or
Brønsted acids and bases, which can contain a variety of anionic
and cationic species.22 The eutectic combinations have melting
points lower than their components, giving a room-temperature
ionic liquid,23 meaning they are liquid at temperatures lower
than 150 °C, but most are between 25 and 70 °C.24 The advan-
tages of DESs over conventional hydrometallurgical reagents
are that they are environmentally benign or have minimal risk
and environmental impacts, are readily available in larger
quantities, are cost-efficient and chemically stable to allow
prolonged reuse, and do selective leaching.10,25 A DES is typically
created by combining a quaternary ammonium salt with metal
salts or a hydrogen bond donor (HBD) that can form a complex
with the quaternary ammonium salt's halide anion. DESs are
dened using the general formula Cat+X−zY where Cat+ is an
ammonium, phosphonium, or sulfonium cation, X is a Lewis
base, generally a halide anion with choline chloride [ChCl,
HOC2H4N

+(CH3)3Cl)] widely used as a halide salt, and Y is
a Brønsted acid while z refers to the number of Y molecules that
interact with the anion.22 Although DESs differ slightly from
traditional ionic liquids in that they are mixtures rather than
isolated salt compounds, their anhydrous nature and shared
characteristics make them suitable for metal recovery. There are
four types of DES systems. Table 1 shows the classication of
DESs formed based on the nature of the complexing agent used.

The type III DESs namely Reline (choline chloride 1 : 2 urea),
ethaline (choline chloride 1 : 2 ethylene glycol), oxaline (choline
chloride 1 : 1 oxalic acid) and EG : TBAC (ethylene glycol 2 : 1
tetrabutylammonium chloride) were used for this research due
to advantages over the other types of DESs that make them
useful for large-scale industrial processes. Some of their
advantages include the ability to solvate a wide range of tran-
sition metal species, including chlorides,26 oxides,27 and rare
earth elements, ease of preparation, relative unreactivity with
water, relatively low cost, and their biodegradable nature.28–30

Typically, one of the signicant drawbacks of leaching is
slow kinetics.31 DESs have higher viscosity than aqueous
solvents,10,32 and since chemical reactions have slow kinetics in
viscous liquids,32 the leaching kinetics may be signicantly
affected. Water can be added to DESs to reduce their viscosity,
but adding water, or too much water, can change their physi-
cochemical properties.32,33 Increasing the temperature is
another way to reduce the viscosity,18,32 but this may increase
the cost of operation on an industrial scale. For this reason,
RVM can be utilized to intensify the leaching process. RVM uses
resonant vibration to increase the rate of homogeneity through
motion and improve contact time and thus mass transfer.34

RVM mixers create and regulate vertical motion by consuming
minimal power by operating the driving force and reactor at
resonance, which moves and vibrates the resonator plate,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The general formula for the classification of deep eutectic solvents. These are classified based on the nature of the complexing agent
used. Type I is an analogous combination between the metal chloride and quaternary ammonium salts, type II is based on the combination of
hydratedmetal chloride and salt, type III is based on the combination of transitionmetal and salt, and type IV is based on a wide range of transition
metals combined with inorganic cations to form a eutectic26

Type General formula Terms

Type I Cat+Xz
−MClx M = Zn, Sn, Fe, Al, Ga

Type II Cat+Xz
−MClxyH2O M = Cr, Co, Cu, Ni, Fe

Type III Cat+Xz
−RZ Z = CONH2, COOH, OH

Type IV MClx þ RZ ¼ MCl*x�1RZþMClx�1 M = Al, Zn and Z = CONH2, OH
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affecting the mixing vessel's contents. RVM systems are partic-
ularly effective because they balance frequency and displace-
ment, unlike other mixing technologies like ultrasonics, which
function at very high frequencies but only generate displace-
ment within a small area immediately surrounding the
frequency-generating probe.35 The intensication due to RVM
will shorten leaching time by increasing leaching kinetics and
overall leaching efficiency or recovery, thereby cutting opera-
tional costs. The intensication process accelerates the diffu-
sion process by causing a change in the hydrodynamic situation
in the interfacial layer and the adjacent layers of liquids due to
the supply of additional energy and the updating of the phase
contact surface.36
2 Materials and methods
2.1 Materials

The chemicals used in the present work were of analytical
grade. The specications of the chemicals are as follows:
choline chloride (C5H14NOCl), tetrabutylammonium chloride
(C16H36C1N), oxalic acid (C2H2O4), ethylene glycol ((CH2OH)2),
and urea (CO(NH2)2). These were sourced from Thermo Scien-
tic with a purity of <98.99% and were used as received for
research purposes. Sm–Comagnets were provided by Integrated
Magnets Inc., Culver City, California, USA. A ball mill (TITAN
Model) and a mortar and pestle were utilized to reduce the size
of the Sm–Co magnets. To obtain a representative sample from
the bulk of Sm–Co magnets, ASTM standard D6323-98 was fol-
lowed. Coning, quartering, and a Jones riffle were employed for
homogenization and sampling. Sieves (W.S. Tyler) of 40, 60, and
200 mesh numbers were used for sieving. A magnetic stirrer hot
plate (IKA RET control VISC S000) and resonant vibratory mixer
(Resodyn LabRAM II) were utilized for the leaching and mixing
experiments.
2.2 Characterization

The surface morphology of the feed sample and the solid
residue of Sm–Co was determined using SEM (TESCAN TIMA).
Table 2 Metal content weight composition (%) in the Sm–Co magnet
material determined using energy dispersive X-ray spectroscopy (EDS)

Element Sm Co Fe Cu

wt% 20.4 � 5.9 52.6 � 3.2 14.8 � 3.8 3.45 � 13.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
The weight composition (%) of the feed sample was determined
using EDX (EDAX Z4-i7+ Analyzer), as shown in Table 2.

2.3 Experimental procedure

The research methodology is shown in Fig. 1. Aer feed char-
acterization, four DES combinations were prepared, and Sm–Co
chemical leaching was performed. Aerward, the chemical
leaching solution was divided into two aliquots: the rst aliquot
was analysed by ICP-OES, and the second was mixed using RVM
technology to assess the enhancement of leaching kinetics.

2.3.1 Preparation of DESs and their properties. The DESs
were prepared by mixing a molar ratio of hydrogen bond donor
(HBD) and hydrogen bond acceptor (HBA). The molar ratio of
HBA and HBD was 1 : 1 for ChCl : oxalic acid, 1 : 2 for ChCl : urea
and ChCl : ethylene glycol, and 1 : 2 for TBAC : ethylene glycol,
respectively. The eutectic mixture was heated using a hot plate
to a temperature of 80 °C and stirred at 400 rpm for 1 to 4 hours
until a homogeneous and transparent solution was formed. The
DESs were stored in glass bottles in an oven at 50 °C for leaching
experiments. The combinations of DESs in Table 3 were used as
a lixiviant for the chemical leaching of Sm–Co magnets.
Fig. 1 A flowchart for methodology was incorporated for Sm–Co
chemical leaching and process intensification with resonant vibratory
mixing.

Environ. Sci.: Adv.
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Table 3 Four different combinations of deep eutectic solvents (DESs) based on two hydrogen bond donors (HBDs): choline chloride and tetra-
butyl ammonium chloride. Three organic compounds were used, which function as hydrogen bond acceptors (HBAs): urea, ethylene glycol, and
oxalic acid. Based on varied mixing ratios of 1 : 1 and 1 : 2 of HBD : HBA, four unique combinations of DESs were obtained

Organic acid (HBD) Salt (HBA) Combination name

Oxalic acid Choline chloride Oxaline
Ethylene glycol Choline chloride Ethaline
Urea Choline chloride Reline
Ethylene glycol Tetra butyl ammonium

chloride
EG–TBAC
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2.3.2 Chemical leaching of Sm–Co. For the chemical
leaching experiments, an experimental design (DOE) was used,
which had 52 runs based on the factors of leaching time (hours),
temperature (°C), and a combination of DESs using response
surface methodology and a face-centred central composite
design found in Table S1. Stat-Ease Design Expert 13 was used
to generate and analyse the DOE. The low and high levels for the
leaching factors were 0.59–2 hours for leaching time, 60–90 °C
for temperature, and four DES combinations. Leaching experi-
ments were performed as a batch process in a glass reactor
using the prepared DES combinations and were mechanically
stirred at 400 rpm and at a leaching time dened by Design
Expert in Table 4.

Leaching experiments were performed as a batch process in
a glass reactor using the prepared DES combinations and were
mechanically stirred at 400 rpm and at a leaching time range
dened by Design Xpert. The tests were carried out with a solid-
to-liquid ratio of 1 : 5 (0.2 g of sample with a size fraction of +250
mm/−425 mm was taken, and 10 mL of prepared DESs was
added). The temperatures at which the test was carried out were
60 °C, 70 °C, 80 °C, 90 °C. Aer leaching, 2 mL of the pregnant
solution was withdrawn, ltered, diluted with nitric acid (5%),
and analysed by ICP-OES. 2 mL of the lixiviant was added to the
leaching solution to compensate for the 2 mL of the pregnant
solution that was periodically taken for ICP-OES analysis and
then used in subsequent RVM experiments.

Table 4 shows the leaching parameters for the leaching
experiment. The conversion of Sm–Co concentrations in the
sample was calculated according to eqn (1):

X% ¼ C �DF

C0

� 100 (1)

where X is the conversion, DF is the dilution factor, C is the
concentration of REEs in the leachate (mg L−1), and C0 is the
maximum amount of REEs that can be leached out (mg L−1).

2.3.3 Resonant vibratory mixing experiments. For the RVM
experiments, an experimental design (DOE) was used, which
Table 4 The factors and range of values selected for chemical
leaching of Sm–Co magnets with four different combinations of deep
eutectic solvents

Factors Range and combinations

A: time/hours 0.59–2
B: temperature/°C 60–90
C: DES combinations Oxaline, Ethaline, Reline, EG–TBAC

Environ. Sci.: Adv.
had 52 runs based on the factors of time (minutes), intensity
(%), and a combination of DESs using response surface meth-
odology and a face-centred central composite design found in
Table S2. Stat-Ease Design Expert 13 was used to generate and
analyse the DOE. The low and high levels for the time factor
were 1–30 minutes, intensity (%), 10–70%, and DES combina-
tions in Table 5 were used.

For each run of RVM experiments, 11 mL of an aliquot was
taken. The ltered 3 mL aliquot was pipetted and stored in an
oven at 50 °C for quantitative analysis using ICP-OES.

2.3.4 Preliminary kinetic study experiments. A preliminary
kinetic study using the Arrhenius equation (k = Ae−Ea/RT) was
conducted to evaluate the effect of temperature on leaching
conversion (%) of Co and Sm and to determine the RVM's role
in enhancing the leaching kinetics by calculating the change in
activation energy barriers for Sm and Co with oxaline DES for
both chemical leaching and RVM. To determine the activation
energy of the leaching reactions, the data of the leaching
experiments were tted to a polynomial curve to determine the
initial rate. Then, the Arrhenius equations were applied
according to eqn (2) and (3):37

k ¼ A e
�Ea

RT (2)

ln k ¼ ln Aþ �Ea

RT
(3)

Accordingly, a plot of ln k against 1/T gives a slope = −Ea/R,
where A is the pre-exponential factor, R is the universal gas
constant (8.314 J mol−1 K−1), T is the temperature expressed in
kelvin, and Ea is the apparent activation energy of the reaction.
The study was completed using the varying conditions for
chemical leaching, as shown in Table S3.

To determine the activation energy by incorporating RVM,
the study was completed under the same leaching conditions as
shown in Table S3, and the conditions of RVM were varied, as
shown in Table S4.
Table 5 The factors and range of values selected for process inten-
sification using resonant vibratory mixing technology for Sm–Co
magnets after chemical leaching

Factors Range and combinations

Time/minutes 1–30
Intensity/% 1–70
DES combinations Reline, Oxaline, Ethaline, EG–TBAC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

A discussion of the results of all the experiments undertaken for
this research is presented in this section. These will include the
Sm–Co leaching in different DESs (ethaline, Reline, oxaline, and
EG–TBAC), the effect of time, and RVM intensication. It will
include the ANOVA, Fit Statistics, the leaching and RVM acti-
vation energy barrier study, and solid residue analysis using
SEM and EDS analysis.
3.1 Chemical leaching using four deep eutectic solvent
combinations

The results for Sm and Co conversion (%) in different DES media,
which are found in detail in Table S1, are presented in Fig. 2. The
highest conversion for Co was obtained in oxaline leaching.
Oxaline leaching achieved 82% conversion; ethaline, Reline, and
EG–TBAC showed lower conversion. The Co conversion order in
the leaching media is oxaline > Reline > EG–TBAC > ethaline. For
the Sm conversion, the order is ethaline > Reline > EG–TBAC >
oxaline. The pH of the studied DES is in the following order:
oxaline (2.037)38 > ethaline (4–4.4)38 > EG–TBAC (7.5–9.10)39 >
Reline (10.8).29 This reason supports why the conversion of Sm is
higher in ethaline, because ethaline is a weak acid, and REE reacts
slowly in strong bases. For oxaline and ethaline, despite oxaline's
higher acidity, oxaline promotes the formation of insoluble
samarium-oxalate complexes that passivate the surface and
inhibit leaching, whereas cobalt forms more soluble oxalate
species, enabling higher dissolution efficiency.40,41

Oxaline DES leaching has the highest selectivity to Co(II) over
Sm(III) ions. The Sm dissolution is relatively low, with less than
10% conversion, compared to the high Co conversion of approx-
imately 65% aer 2 hours. It can also be seen that time signi-
cantly affects the Sm and Co dissolution process. It is observed
Fig. 2 Comparison of Sm and Co conversion in four DES media: EG–
TBAC, Ethaline, Oxaline, and Reline at 0.59, 1, and 2 hours. For each
experiment, these conditions were kept constant: 80 °C, 400 rpm
stirring speed, and 55 : 1 liquid to solid ratio.

© 2025 The Author(s). Published by the Royal Society of Chemistry
that, as the time continued to increase, the leaching efficiency did
not plateau. This indicates that a further increase in time for the
leaching process will increase the Co conversion rate. Oxaline is
an acidic DES,38 and the low conversion of Sm in oxaline leaching
can be attributed to the slower reaction rates of REEs with organic
acids.11 The low conversion of Sm could be due to the presence of
a protective layer on the surface, which prevented the contact of
oxaline with the metal, as previously reported.42

Reline DES leaching conversion is not proportional to the Co
conversion. As can be seen, the conversion of Sm is very low at
about 10%, and the Co conversion is higher at about 55%,
indicating a high selectivity of Reline to Co over Sm. Also, the
conversion for both Sm and Co increases with increasing time.
Rare earth metals react slowly with strong bases11 because they
form a passive, insoluble hydroxide layer on their surfaces,43

and since Reline is a mildly strong alkaline DES,29 the low
conversion of Sm in Reline can be attributed to it. The high
conversion of Co in Reline results from its alkaline nature,
which forms a soluble anionic or complex species instead of
insoluble hydroxide,44 which passivates the surface layer and
reduces leaching efficiency.

Ethaline DES leaching conversion for Sm dissolution is
relatively low, at about 14%, compared to the Co conversion of
about 24% aer 2 hours. The low recovery of Sm and Co in
ethaline can be attributed to the formation of a passivating layer
around the metal's surfaces.45,46 Although ethaline is
a moderate acid, it is not a strong complexation agent for Sm
and has a low proton activity to break down the passivating
layer. It can be seen from the result that ethaline does not show
high selectivity for either Co or Sm over the other, even though
the conversion is not proportional for both Co and Sm. It can
also be seen that time signicantly affects the Sm and Co
dissolution process. The difference between the Co and Sm
conversion is low compared to the results obtained for oxaline
and Reline. Ethaline is a weak acid.38 Since Co dissolves slowly
in a weak acid, this could be why the conversion of Co is lower in
ethaline than in oxaline, which is a strong acid. In weak acids,
Co typically develops a protective oxide or hydroxide layer that
passivates it and prevents further reaction with the acid. Since
the hydrogen ion concentration in the weak acid is too low to
effectively break this passivation layer, the dissolution proceeds
slowly.47,48

EG–TBAC DES leaching shows that the Sm conversion is not
proportional to the Co conversion. As can be seen, the conver-
sion of Sm is low at about 12%, and the Co conversion is higher
at about 60%, indicating a high selectivity of EG–TBAC to Co
over Sm. Also, the conversion for both Sm and Co increases with
increasing time. Rare earth metals react, but slowly, with strong
bases,11 and since EG–TBAC is a strong alkaline,49 the low
conversion of Sm can be attributed to it.
3.2 Chemical leaching with RVM using two DESs

The results for Sm and Co conversions (%) aer RVM intensi-
cation can be found in Table S2. This section focuses only on
oxaline and Reline DESs due to the highest achieved selectivity
for Co over Sm over the other DES combinations used for this
Environ. Sci.: Adv.
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Fig. 4 Samarium (Sm) and cobalt (Co) dissolution at 80 °C from Sm–
Co magnet in Reline leaching for 0.59, 1, and 2 hours and RVM
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research. Sm and Co conversions in oxaline and Reline DES
leaching are compared to the conversions of Sm and Co aer
intensifying the leaching process with RVM.

3.2.1 Oxaline. From Fig. 3, Sm and Co conversions
increased with the RVM intensication aer 30 minutes using
oxaline DES. Sm and Co's dissolution rate did not plateau,
indicating that higher conversions can be attained by
increasing the intensication time. The increase in conversion
aer the intensication can be attributed to the RVM, which
speeds up the liquid's motion and intensies interfacial mass
transfer.50 This liquid motion increases the area around the
interface,51,52 thereby enhancing the diffusion process.36

3.2.2 Reline. From Fig. 4, Sm and Co conversions increased
aer RVM intensication. Sm and Co's dissolution rate did not
decrease aer 30 minutes, indicating that the intensication
time can be increased further to achieve higher conversions
using Reline. The increase in conversion aer the intensica-
tion can be attributed to the change in the interfacial hydro-
dynamic layer caused by the resonant vibration of the RVM,36

thereby accelerating the mass transfer process.36
intensification at 70 g intensity (%) for 1, 15, and 30 minutes. For each
experiment, these conditions were kept constant: 400 rpm stirring
speed and 55 : 1 liquid to solid ratio.
3.3 Analysis of variance and t statistics

The results for face-centered central composite experimental
design comprising 52 runs for Co and Sm leaching and RVM are
found in Tables S1 and S2, respectively. Tables S5 and S6
present the ANOVA and t statistics for co-leaching and RVM.
Similarly, Tables S7 and S8 present the results for Sm leaching
and RVM.

3.3.1 Cobalt. Table S5 for Co leaching demonstrates the
signicance of the models. The adjusted R2 of 0.99 and the
predicted R2 of 0.96 are still close, differing only by approxi-
mately 0.01. The model with the individual main effects of
temperature, leaching time, and DES combinations presented
Fig. 3 Samarium (Sm) and cobalt (Co) dissolution at 80 °C from the
Sm–Co magnet in Oxaline leaching for 0.59, 1, and 2 hours and RVM
intensification at 70 g intensity (%) for 1, 15, and 30 minutes. For each
experiment, these conditions were kept constant: 400 rpm stirring
speed and 55 : 1 liquid to solid ratio.

Environ. Sci.: Adv.
signicantly low p-values (<0.0001), indicating a signicant
impact on Co conversion (%). For the adeq. precision, which
evaluates the signal-to-noise, the value obtained was 43.89 (a
value greater than 4 is desirable), indicating a strong signal. The
higher number of experiments could have caused the lack of t.
The models' ability to predict future values in the design space
is also supported by statistical parameters, such as predicted R2

and CV%.
Table S6 for Co RVM demonstrates the signicance of the

developed models. With a small difference well below 0.01 and
a predicted R2 of 0.97, which closely matches the adjusted R2 of
0.99. The model's primary effects (temperature, leaching time,
resonant vibratory mixing intensity, and DES combinations)
present low p-values (<0.0001), indicating their signicant
inuence on Co conversion (%). A robust signal of 60.60 is
indicated by the adeq. precision. The high number of 52
experimental runs, which canmore sensitively reveal systematic
deviations, may be the cause of the model's notable lack of t.
Furthermore, the model's predictive ability and dependability
in examining the design space for future Co leaching experi-
ments are further supported by the satisfactory CV% and pre-
dicted R2 values.

3.3.2 Samarium. Table S7 for Sm leaching demonstrated
the models' signicance. With a difference of less than 0.04, the
adjusted R2 of 0.95 and the predicted R2 of 0.91 are nearly
identical. Both the model and its individual main effects
(temperature, leaching time, and DES combinations) demon-
strated low p-values (<0.0001), indicating that they had
a signicant impact on Sm conversion (%). The quadratic term
(A2) and interaction terms (AB, AC, and BC) also exhibit signif-
icant p-values (<0.0001 to 0.0008), conrming their inclusion in
the model. A sufficient signal is indicated by the adeq. precision
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of 43.89. The larger number of runs (52 experiments), which
reveals systematic deviations, may be the cause of the model's
notable lack of t. The model's capacity to predict future values
and navigate the design space is conrmed by the statistical
parameters, such as predicted R2 and CV%, which likewise fall
within a satisfactory range.

Table S8 for Sm RVM demonstrates the signicance of the
developed model, as reected by the predicted R2 of 0.95, closely
matching the adjusted R2 of 0.97, with a difference well below 0.02.
The model and its main effects (temperature, leaching time, RVM
intensity, and DES combinations) present low p-values (<0.0001),
indicating that they have a signicant inuence on Sm conversion
(%) aer incorporating RVM. Notably, RVM intensity (%) has the
strongest impact on the leaching process, as evidenced by its
highest F-value of 353.00. The roles of the interaction terms AE,
BD, and BE in the model are further validated by their signicant
contributions (p < 0.05). The robust signal is demonstrated by the
adeq. precision of 50.30. The high number of experimental runs
(52 experiments) may be the cause of the model's notable lack of
t. The model's predictive ability and dependability in examining
the design space for Sm leaching experiments employing RVM
technology are further supported by the high R2 of 0.98 and the
satisfactory CV%.
3.4 Effect of temperature on Co and Sm leaching in oxaline
and RVM

The effect of leaching under varying time and temperature (°C)
conditions on Co conversion (%) is shown in Fig. 5(a). Co
conversion increases proportionally with time (1–5 h) and
temperature (60–90 °C), reaching a maximum of 93.35% aer 5
hours at 90 °C. This matches previous ndings, where Co
dissolves quickly in DES-enriched acidic media due to weak
Sm–Co bonding.46–48 As a transition metal with variable oxida-
tion states (+2, +3), Co forms stable complexes and preferen-
tially leaches into solution.46–48

Fig. 5(b) shows Co conversion (%) with time and temperature
aer RVM introduction. Similar to previous results, Co
conversion rises with increased time and temperature, peaking
at 97% aer 5 hours at 90 °C with 30 minutes of RVM. Co's
higher conversion reects its ability to form stable oxaline DES
complexes [Co(DES)n+].53 RVM improves DES access to Co by
reducing diffusion barriers like pore blocking or stagnant
layers,51,52 enhancing Co leaching efficiency from 93% to 97%.
RVM proves effective in mass transfer and near-complete Co
leaching.

Under the same conditions, Sm conversion (%) is shown in
Fig. 5(c). It also increases with time and temperature, but at
a slower rate, reaching a maximum of 5.3% aer 5 hours at 90 °
C. This aligns with past studies: Sm forms stable oxides (Sm2O3)
and resists leaching unless pretreated.54 Compared to Co, which
forms Co3O4 and leaches more readily, Sm dissolves slowly in
DESs due to poor complex stability and weak ligand eld
stabilization energy (LFSE) from its shielded 4f orbital.46,48

Fig. 5(d) shows Sm conversion (%) aer RVM use. Even with
RVM, Sm reaches only 9% conversion under the same time and
temperature conditions. This reects Sm's inherent limitations
© 2025 The Author(s). Published by the Royal Society of Chemistry
as a REE with a 3+ oxidation state and large ionic radius,
hindering ligand coordination and resulting in a slower leach-
ing rate compared to Co.

3.5 Activation energy barrier

The activation energy from the dissolution of Sm and Co was
determined using Arrhenius law for Co and Sm in oxaline
leaching and RVM.

3.5.1 Co leaching vs. RVM. In Fig. 6(a), the Arrhenius
relationship between 1000K/T and ln K was plotted, and the
activation energy for Co was determined to be 27.10 kJ mol−1

with chemical leaching, which reveals that Co extraction is
controlled by a diffusion-limited mixed-controlled reaction. The
low activation energy calculated indicates that minimum energy
is required for the chemical reaction to take place, which can be
attributed to the high Co conversion (%). The mixed-controlled
reactions also may have contributed to the high Co separation
and extraction and suggest that it is less thermally dependent.
This is consistent with the past studies on Co leaching.47,48

In Fig. 6(b), the activation energy was determined to be
unchanged from the 27.10 kJ mol−1 of chemical leaching, which
reveals that RVM Co extraction is a mixed control reaction. Its
low and unchanged Ea value is an indication that RVM only
plays an enhancement role in reducing the boundary layer
resistance and optimizing the existing kinetics rather than
altering the rate-limiting steps.

3.5.2 Sm leaching vs. RVM. The activation energy of Smwas
calculated to be 65.74 kJ mol−1 (Fig. 7(a)), which reveals that
a chemical-controlled reaction controls Sm extraction. Sm's
lower conversion (%) can be attributed to the high activation
energy calculated as compared to the activation energy calcu-
lated for Co, indicating that more energy is required for the
chemical reaction to take place. This suggests it is more ther-
mally dependent. This minimal conversion (%) of Sm in the
acidic enriched medium is consistent with the past studies on
Sm leaching, where specialized chelating agents or pretreat-
ments are used for higher conversion (%).47,48

In comparison to Co3+ (3500–4000 kJ mol−1), Sm3+ also has
a higher lattice energy (12 878 kJ mol−1), contributing to Sm's
rigid lattice structure and its ability to form highly stable metal
oxide bonds.49,50 The evident decrease in Ea from 65.7 to
59.2 kJ mol−1 aer RVM introduction in Fig. 7(b) suggests that
RVM partially alleviated diffusional limitations, and RVM
vibrations likely enhanced the solvent penetration of oxaline
DES for Sm. Despite RVM, Sm leaching resulted in a low
conversion (%) of Sm, which reveals that Sm conversion (%) was
limited by the intrinsic stability of Sm–O bonds, which need
further harsh pretreatment, and RVM alone cannot overcome
this thermodynamic behaviour.51

3.6 Solid residue analysis in oxaline

Since oxaline gave the best results for this research study, solid
residue analysis was focused on the solid residue from the
leaching in oxaline DES. For this analysis, SEM and EDX were
used aer the chemical leaching of Sm–Co with oxaline for
conditions 1, 2, and 5 hours at 90 °C.
Environ. Sci.: Adv.
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Fig. 5 Effect of varying temperatures of 60, 70, 80, and 90 °C and times of 1, 2, 4, and 5 hours on (a) Co leaching conversion (%). (b) Co RVM
conversion (%). (c) Sm leaching conversion (%). (d) Sm RVM conversion (%). For each experiment, these conditions were kept constant: 400 rpm
stirring speed, and 55 : 1 liquid to solid ratio. For process intensification experiments, RVM intensity (%) was varied from 10, 30, 50, and 70 g, and
RVM time (minutes) was varied from 1, 12, 20, and 30 minutes.

Fig. 6 Arrhenius plots comparison for (a) Co leaching conversion (%) and (b) Co RVM conversion (%).

Environ. Sci.: Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comparison of Arrhenius plots for (a) Sm leaching conversion (%) and (b) Sm RVM conversion (%).

Fig. 8 SEM-EDS images (a–c) of the oxaline leach residue obtained at different leaching times: (a) feed sample, (b) 1 hour, (c) 2 hours, and (d) 5
hours. SEM images corresponding to before leaching (e) and after leaching (f) at 90 °C for 5 hours.

© 2025 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv.
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Table 6 The weight (%) determined through EDS analysis for
samarium (Sm), cobalt (Co), and iron (Fe) after chemical leaching at
90 °C at 1, 2, 4, and 5 hours using oxaline DES

Time (hours)

Element

Sm wt (%) Co wt (%) Fe wt (%)

1 17.1 40.1 12.2
2 16.9 35.5 10.7
4 12.1 12.2 9.6
5 11.6 9.6 5.5
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In Fig. 8, as treatment time increases from 1 to 5 hours (1, 2,
and 5 h), the SEM pictures clearly show growing surface corrosion
and morphological changes, with the initially smooth particle
surfaces (image a) becoming rougher andmore porous (images b–
d). Fe and Co dissolve more readily than Sm, according to EDS
spectrum data, which supports the selective character of the oxa-
line DES leaching process. This selective behaviour is consistent
with our conversion measurements, which showed that Sm only
converted 5% of the total, whereas Co converted 93.3%. Following
5 hours of leaching, as shown in Table 6, the residual material
shows a notable enrichment in Sm content (∼11.6%), whilst the
concentrations of Co and Fe signicantly decrease to 9.6% and
5.5%, respectively. These results show that oxaline DES works as
an efficient and selective leaching agent for the preferential
recovery of Co from Sm–Co magnetic materials. This could offer
an environmentally friendly method for recycling and separating
these vital elements from end-of-life magnets.

4 Conclusion

This study investigated the effectiveness of DESs as a leaching
reagent for extracting Sm and Co from a waste Sm–Comagnet and
using RVM for intensifying leaching. Sm and Co's dissolution in
DESs was successful and increased over time. RVM increased
leaching efficiency by enhancing time-dependent dissolution.
Reline, oxaline, and EG–TBAC DESs were selective to Co over Sm.
Oxaline with RVM achieved 82% Co recovery under leaching
conditions at 80 °C for 2 hours; ethaline showed the lowest Co and
highest Sm recovery (14%), indicating DES-specic leaching
behaviour.

The preliminary studies showed that oxaline selectively
dissolves Co due to a lower activation energy barrier, while Sm
requires more energy to break the higher energy barrier. By
incorporating higher temperatures for leaching and intensifying
conditions, RVM improved Co leaching in oxaline DES to 97% at
90 °C by enhancing mass transfer and reducing boundary resis-
tance without altering reaction kinetics. Sm leaching remained
low (maximum 9%) due to strong Sm–O bonds, suggesting a need
for pretreatment.
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