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ABSTRACT: Recycling of samarium−cobalt (SmCo) magnets is essential due
to the limited resources of the mentioned metals and their high economic
importance. The ionic liquid (IL) trihexyltetradecylphosphonium trichloride,
[P666,14][Cl3], which can safely store chlorine gas in the form of the trichloride
anion, was used as an oxidizing solvent for the recovery of metals from spent
SmCo magnets. The dissolution was studied considering various mixtures of
the ILs [P666,14][Cl3] and [P666,14]Cl, solid-to-liquid ratios and different
temperatures. The results showed that the maximum capacity of [P666,14][Cl3]
for SmCo magnets was 71 ± 1 mg/g of [P666,14][Cl3], in the presence of an
extra source of coordinating chloride ions. The maximum loading of the IL
could be reached within 3 h at 50 °C. Four stripping steps effectively removed all metals from the loaded IL, where sodium
chloride solution (3 mol L−1), twice water and ammonia solution (3 mol L−1) were used consecutively as the stripping solvents.
The regenerated IL showed a similar dissolution performance as fresh IL. Oxidative dissolution of metals in trichloride ILs is
easily transferable to the recycling of valuable metals from other end-of-life products such as neodymium−iron−boron magnets
and nickel metal hydride batteries.
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■ INTRODUCTION

Samarium−cobalt (SmCo) magnets have either SmCo5 (1:5
series) or Sm2Co17 (2:17 series) as the main phase, but besides
samarium and cobalt the 2:17 series also contain minor
elements such as iron, copper and zirconium.1,2 SmCo magnets
are used mainly for high-temperature applications due to their
high coercivity (resistance to demagnetization), good
corrosion resistance and excellent thermal stability.3,4 The
current share of SmCo magnets in the permanent magnet
market is less than 2%, because they have been largely replaced
by neodymium−iron−boron (NdFeB) magnets after 1985.
However, the global SmCo magnets market is growing thanks
to new applications in consumer electronics, automotive and
medical technology, aerospace and military equipment.
Recycling of SmCo magnets can lower the supply risk of

samarium and cobalt, close the materials loop (circular
economy), and reduce the environmental issues associated
with primary mining and ore processing.3 The easiest way to
recycle SmCo permanent magnets is direct recycling in which
the magnet is converted to an alloy powder that can be
processed to new magnets.5 This is only possible if a waste
stream with a fairly constant chemical composition is available
and if the magnets are not broken and oxidized at the surface.
A more general approach is indirect recycling in which the
metals are separated and recovered by hydrometallurgical
methods. Oxidative dissolution is needed to chemically recycle
metals in their elemental state. This is often achieved by
dissolving the metals in solutions of strong mineral acids such
as hydrochloric acid, sulfuric acid or nitric acid.6−8 The

disadvantages of this hydrometallurgical method are the
generation of hydrogen gas and the consumption of large
amounts of acid. Other types of oxidizing agents for metal
dissolution are solutions of chlorine, bromine or iodine in an
organic solvent. For example, a solution of chlorine in N,N-
dimethylformamide has been used for chlorination of metallic
rhenium and zirconium.9,10 However, both halogens and
organic solvents are volatile and hazardous. Moreover,
halogens can attack the organic solvent to form undesirable
decomposition products.11

Ionic liquids (ILs) consisting entirely of ions are generally
considered as environmentally friendly solvents due to their
negligible vapor pressure. They are being applied in the fields
of synthesis, separations, catalysis and electrochemistry.12−16

ILs have also shown potential for safely storing halogens by
forming trihalide or polyhalide anions, such as [Cl3]

−, [Br3]
−,

[I3]
− or [ClBr2]

−.17−20 Recently, trichloride ILs have been
synthesized and used for dissolution of various metals and
alloys at mild conditions.17 Using trichloride ILs for oxidative
dissolution of metals is greener than using directly chlorine gas
in conventional processes, because the oxidizing agent can be
effectively consumed by quantitatively controlling the ratio of
trichloride anion to metal ion. In conventional processes, large
excesses of chlorine was usually purged to the reactor to
efficiently chlorinate metals.9
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In this paper, trihexyl(tetradecyl)phosphonium trichloride,
[P666,14][Cl3], was synthesized and employed as a reactive
solvent for the recycling of SmCo magnets. This IL was
selected on the basis of the hydrophobicity of [P666,14]Cl,
which made it possible to use aqueous solutions for
poststripping processes. The dissolution efficiency has been
studied by varying the volume fraction of [P666,14][Cl3] in
[P666,14]Cl (the latter as an additional source of coordinating
chloride ions), the solid-to-liquid ratio and the temperature.
Stripping of metals from the loaded IL was studied with
different aqueous solutions, followed by a reusability study of
the ILs. Finally, a conceptual process flow sheet was proposed,
in which iron, copper, cobalt and samarium were separated in
different streams.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. The details for materials and

instrumentation are presented in the Supporting Information (SI).
Milling of SmCo Magnet and Sm Pieces. SmCo magnet

samples were first crushed by a hydraulic press to reduce them to a
particle size ≤5 mm, to be suitable for the next milling step. A
planetary ball mill (Fritsch, model Pulverisette 7) was used to further
reduce the magnets into a powder using the following milling
conditions: stainless steel pots and balls (diameter 10 and 1 mm),
ball-to-powder ratio 3/1, 600 rpm, 3 cycles of milling (5 min) and
pause (5 min). The obtained powder was shaken on an automatic
stack of sieves for 15 min and the powders with size <45 μm were
used in this work. The collected magnet powder was stored under
inert argon atmosphere to prevent further oxidation by air. The
crystalline structure of the milled, unsieved SmCo powder was
determined by XRD analysis.
Samarium powder was obtained from the samarium pieces by ball-

milling with the same procedures as mentioned above, except that the
material of the pot and balls was zirconium oxide. Two fractions of
powders were obtained by sieving: ≥125 μm and <125 μm. The latter
one was further used in this work.
Synthesis and Characterization of Trichloride IL.

[P666,14][Cl3] was prepared according to the same procedure
described in the previous work.17 A detailed description of the
synthesis method, setup and safety considerations can be found there.
Briefly, chlorine gas (5.56 g, 78 mmol) was purged into dry [P666,14]Cl
(40.66 g, 78 mmol) at room temperature in a flask protected from
light. The chlorine gas was controlled by a chlorine flow meter made
with chlorine compatible materials.
Dissolution Experiments. Dissolution was conducted in two

series of tests with 4 mL glass vials protected from light. First, IL
mixture (1 mL) with various volume fractions of [P666,14][Cl3] in
[P666,14][Cl] (from 0 vol % to 100 vol %) were mixed with 21 ± 1 mg
of SmCo magnet powder at 200 rpm for 24 h at room temperature
(23 °C). Each leachate was then separated from the solid residue by
centrifugation. Second, 1 mL of IL mixture [P666,14]2[Cl3]Cl (50 vol %
[P666,14][Cl3] in [P666,14][Cl]) were mixed with different amounts of
SmCo powder. The procedures for mixing and phase separation were
the same as the methods mentioned above. The metal concentrations
in the IL phases were measured by ICP-OES analysis. To measure
metal contents in IL samples by ICP-OES analysis, a certain amount
of IL samples was digested with strong acids into aqueous solutions
with a microwave digestion instrument (see Instrumentation section
in SI). This microwave digestion procedure is only for analytical
purpose and has no influence on the leaching experiments.
The magnet dissolution rate was studied at 23 and 50 °C; 40 ± 1

mg of SmCo powder was mixed with 1 mL [P666,14]2[Cl3]Cl at 200
rpm. After a certain time, 10 μL of the IL leachate was taken out and
treated though microwave digestion prior to ICP-OES analysis. The
dissolution efficiency was calculated using eq 1:

= ×
m
m

Dissolution efficiency (%) 100%L

0 (1)

where mL is the mass of the dissolved metal (mg) and m0 is the mass
of metal in the initial sample (mg). The reported data were the
average values from duplicate experiments with error bars indicated in
the corresponding figures or in the caption of the figures.

Stripping Experiments. A synthetic solution was prepared by
adding 121 mg of CuCl2, 780 mg of FeCl3, 1134 mg of CoCl2 and 680
mg of SmCl3·6H2O to 27.6 g of [P666,14][Cl]. After mixing at 50 °C
overnight, some light-yellow crystals were found at the bottom, which
are very likely to be SmCl3·6H2O, due to the poor solubility of this
samarium salt in the IL. Thus, the supernatant was used as the first
synthetic solution (IL-Feed-1). A second synthetic solution (IL-Feed-
2) that contained copper(II) and iron(III) salts only, was prepared by
adding 120 mg of CuCl2 and 780 mg of FeCl3 to 27.6 g of
[P666,14][Cl]. After mixing at 50 °C overnight, no precipitate was
observed. The accurate metal contents were determined by ICP-OES.

IL-Feed-1 was stripped consecutively with aqueous solutions with
varying sodium chloride concentrations (0−5 mol L−1) and twice
with pure water. Two liquid phases with a volume ratio of 1:1 were
mixed at 200 rpm and 23 °C for 1 h and then separated by
centrifugation at 5000 rpm for 5 min. Metal concentrations in the
aqueous phases were measured by ICP-OES analysis.

IL-Feed-2 was stripped with various aqueous ammonia solutions
(0.1−4 mol L−1) with a volume ratio of 1:1. Two liquid phases were
mixed at 200 rpm and 23 °C for 1 h. After centrifuging at 5000 rpm
for 30 min the mixture was separated to 2 or 3 phases: a top IL phase,
a bottom aqueous phase and, if observed, a solid precipitate at the
interface. Metal concentrations in both the aqueous and IL phases
were determined by TXRF analysis. The stripping efficiency was
calculated using eq 2:

= ×
m
m

Stripping efficiency (%) 100%S

0 (2)

where mS is the mass of the metal (mg) in the stripping solutions and
m0 is the mass of metal in the initial IL feed solutions (mg). The
reported data were the average values from duplicate experiments
with error bars indicated in the corresponding figures or in the
caption of the figures.

IL Recycling. The IL [P666,14]Cl was used in five cycles to study its
reusability. Each cycle included dissolution, stripping and IL
regeneration. In the first cycle, 314 mg of SmCo magnet were
mixed with 8 mL of fresh [P666,14]2[Cl3]Cl at 200 rpm and at 50 °C
for 3 h. The loaded IL was separated with the solid residue by
centrifuging at 4000 rpm for 5 min. Four stripping steps were
performed to remove metals from the loaded IL with 3 mol L−1 NaCl
solution, twice water and 3 mol L−1 ammonia solution. The volume
ratio of two phases was 1:1 in each step. [P666,14]Cl was recovered
after removing the remaining ammonia and water at 50 °C under
vacuum with a Buchi rotary evaporator. By purging desired amount of
chlorine to the recovered [P666,14]Cl, [P666,14]2[Cl3]Cl was regen-
erated and was used in the next cycle. Identical procedures were
performed for the other four cycles. Metal concentrations in aqueous
solutions, in IL leachate and in recovered IL phase were determined
by ICP-OES analysis. The recovered [P666,14]Cl after cycle 2 and 5
was analyzed with NMR (1H, 13C and 31P).

■ RESULTS AND DISCUSSION
Trichloride IL. The starting material [P666,14]Cl and the

prepared [P666,14][Cl3] were characterized by NMR and
Raman spectroscopy (Figures S1−S4). The overlapping
NMR spectra of [P666,14][Cl3] and [P666,14]Cl indicate that
the cationic structure of [P666,14][Cl3] was not destroyed by the
addition of chlorine. The band at 270 cm−1 in the Raman
spectrum of [P666,14][Cl3] proves the presence of the
trichloride anion.17,21 The peak of free chlorine gas was not
observed in Raman spectra, suggesting that all the chlorine has
reacted with chloride to form trichloride anion.

Characterization of SmCo Powder. The SmCo powder
was composed of 42.3 wt % Co, 22.8 wt % Sm, 22.4 wt % Fe,
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4.3 wt % Cu, 2.5 wt % Zr and 5.7 wt % other elements,
obtained by ICP-OES analysis after dissolving the powder into
aqueous solution by microwave digestion. A total of 65 wt % of
Sm and Co make recycling of these powders economically
feasible. The crystalline structure of the milled magnet powder
was characterized by X-ray powder diffraction. There are three
main phases in the powders: Sm2Co17, SmCo5 and
Sm13.7Co68.2Fe18.1 (Figure S5). Copper might be freely spread
in the matrix.
Dissolution of Sm Powders. Samarium powders (<125

μm) obtained by ball-milling of metallic samarium pieces were
studied for oxidative dissolution in [P666,14][Cl3] with a molar
solid-to-liquid ratio of 1:12. As expected, the powders gradually
dissolved in [P666,14][Cl3] and the dissolution efficiencies in
Figure 1 were calculated according to eq 1. Up to 53% of

samarium was dissolved after 24 h, which is 10.7 mg/g IL. As
reported previously, pieces of samarium metal were unexpect-
edly difficult to dissolve in trichloride ILs, most likely because
of the presence of a protective layer on the surface which
prevents the contact of the oxidizing trichloride anion with the
metal.17 Samarium powder can be dissolved in [P666,14][Cl3]
but samarium pieces cannot. This is because the large surface
area of the powder was composed of metal form rather than
metal oxide.
Dissolution of SmCo Magnets. We first studied the

dissolution efficiency of SmCo magnets in IL mixtures with
various volume fractions of [P666,14][Cl3] in [P666,14]Cl at room
temperature with a solid-to-liquid ratio of 20 g/L for 24 h. It is
seen from Figure 2 that an increasing trend of dissolution
efficiency for all metals was observed with increasing volume
fraction of [P666,14][Cl3]. When the fraction of [P666,14][Cl3]
was more than 40 vol %, no solid residues were observed in the
vial. The full dissolution was further confirmed by ICP-OES
analysis of the IL solutions. Three solutions with vol % of
[P666,14][Cl3] = 80, 90 or 100% were not analyzed by ICP-OES
and the dissolution efficiency was determined to be 100%
according to visual observations. Raman spectra of the loaded
ILs (Figure S7) confirm that when volume fraction of
[P666,14][Cl3] was lower than 40%, no trichloride anion
remained in the ILs, indicating that all trichloride anions
were effectively consumed and reduced to chloride ions, i.e.,
the maximum capacity of [P666,14][Cl3] for the dissolution of
SmCo magnets was reached. On the basis of the dissolution
efficiency, the calculated maximum capacity was 72 ± 4 mg of
SmCo magnet per gram of [P666,14][Cl3]. As shown in Figure

S7, when [P666,14][Cl3] was above 40%, trichloride anions were
detected, suggesting that more solids could be dissolved in the
IL. Moreover, the different metals in the SmCo solid phase had
the same dissolution efficiency although their reactivities
toward [P666,14][Cl3] were different when pure metal was
used.17 This is because these metals are alloyed in SmCo
magnets in the form of three crystal phases as presented in
Figure S5.
Theoretically, two processes are involved in oxidative

dissolution, i.e., oxidation and dissolution of the oxidation
products. Oxidation converts the metals to the corresponding
metal chlorides and simultaneously each trichloride anion is
reduced to three chloride ions. In other words, after oxidation
dissolution of metals, trichloride ILs are transferred to chloride
ILs. The generated metal chlorides are subsequently dissolved
in the IL by complexation. It has been shown by extended X-
ray absorption fine structure (EXAFS) and UV−vis absorption
spectroscopy that chloride salts of Fe(III), Cu(II) and Co(II)
form the anionic complexes [FeCl4]

−, [CuCl4]
2− and

[CoCl4]
2−, respectively, when being dissolved in [P666,14]-

Cl.17,22,23 The samarium species in water-saturated [P666,14]Cl
are the same as in aqueous solutions, namely [Sm(H2O)9]

3+,
because of the high hydration energy of trivalent lanthanide
ions. But the species in dry [P666,14]Cl are different from those
in aqueous solution, which is confirmed by the UV−vis
absorption spectra in Figure S6. Lanthanide hexachloro
complexes can be prepared in aprotic solvents or in chloride
ILs.24,25 Thus, the dissolution mechanism of iron, cobalt,
copper and samarium in [P666,14][Cl3] or mixture of
[P666,14][Cl3] and [P666,14][Cl] is a combination of oxidation
reaction and complexation according to eqs 3−6, respectively:

+ [ ][ ] → [ ][ ] + [ ]2Fe 3 P Cl 2 P FeCl P Cl666,14 3 666,14 4 666,14

(3)

+ [ ][ ] + → [ ] + [ ]− + −Co P Cl Cl P CoCl666,14 3 666,14 4
2

(4)

+ [ ][ ] + → [ ] + [ ]− + −Cu P Cl Cl P CuCl666,14 3 666,14 4
2

(5)

+ [ ][ ] + → [ ] + [ ]− + −2Sm 3 P Cl 3Cl 3 P 2 SmCl666,14 3 666,14 6
3

(6)

It can be derived from these equations that the dissolution of
cobalt, copper and samarium requires not only the oxidizing
agent [P666,14][Cl3], but also additional coordinating chloride
ions, which can be provided by [P666,14]Cl. In other words,

Figure 1. Dissolution percentages of samarium powder (< 125 μm) in
pure [P666,14][Cl3] with a molar solid-to-liquid ratio of 1:12 as a
function of time at room temperature.

Figure 2. Effect of [P666,14][Cl3] concentrations in [P666,14][Cl] on
the dissolution efficiency of metals (±10%) with a solid-to-liquid ratio
of 20 g/L at room temperature after 24 h. Fe (■), Sm (●), Co (▲),
Cu (▼).
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addition [P666,14]Cl or other complexing agent is required for
oxidation dissolution of metals in [P666,14][Cl3]. When little or
no [P666,14][Cl] was present in the initial mixture,
[P666,14][Cl3] served both as oxidizing and complexing agent.
The dissolution of SmCo magnets was studied by varying

the solid-to-liquid ratio to obtain the maximum capacity of the
IL solvent [P666,14][Cl3] in [P666,14]Cl (50 vol %) (further
mentioned as [P666,14]2[Cl3]Cl). As shown in Figure S8, all
solids were dissolved when 20 mg of magnet was added. When
increasing the amount of magnet, the dissolution efficiency
decreased. The dissolved amount remained constant at 35−36
mg when 40, 60 or 80 mg of magnets was added. This indicates
that the maximum dissolution capacity of the liquid was
reached, which was calculated to be 71 ± 1 mg of SmCo
magnet per gram of [P666,14][Cl3] in the presence of
[P666,14]Cl. This value is in agreement with the results from
Figure 2, suggesting that when a sufficient amount of solids
were added, [P666,14][Cl3] could be effectively consumed to
form [P666,14]Cl. When too large excess of solids was added,
the mixture became extremely viscous after dissolution, which
could give problems for the separation of the solid residues.
Thus, the obtained maximum capacity of [P666,14][Cl3] is an
important factor for a large-scale design where Cl2 in the
trichloride anion could be fully consumed and solids (nearly)
fully leached. This may lower the reagent waste and make the
postseparation processes easier.
The dissolution rate of the SmCo magnet in IL mixture

[P666,14]2[Cl3]Cl was studied at 23 and 50 °C. Dissolution
efficiency of Sm as representative is presented in Figure 3, and

the efficiencies for other metals are shown in Figure S9. It is
evident that the oxidative dissolution of SmCo powders
proceeded faster at higher temperature, especially at the
beginning of the dissolution process. After 15 min, more than
60 wt % of the solids was dissolved at 50 °C, whereas only
about 20 wt % dissolved at 23 °C. As the dissolution process
proceeded, the dissolution rate decreased. Two factors
simultaneously contribute to this. Chemically, the amount of
the oxidizing trichloride anions was reduced, so that the
contact of the reactants was limited. Physically, the viscosity of
the liquid phase increased dramatically, due to the increasing
amount of metal chloro-complexes. Although the formation of
[FeCl4]

− could lower the viscosity of ILs,26 the presence of the
divalent cations Cu2+ and Co2+ in the form of the divalent
complex anions [CuCl4]

2− and [CoCl4]
2−, increases the

viscosity strongly.23 It is recommended to perform the

dissolution at slightly higher temperature to reduce the process
time. At 50 °C, the optimal time to reach the maximum
solubility is 3 h.

Stripping of Metals from Synthetic IL Leachates. A
synthetic IL leachate labeled as IL-Feed-1 was employed for
the study of the metal stripping, which was prepared by
dissolving the chloride salts of iron(III), copper(II), cobalt(II)
and samarium(III) in [P666,14]Cl. The metal concentrations in
the synthetic IL solution were 9.0, 1.8, 12.3 and 6.2 mg g−1 for
iron, copper, cobalt and samarium, respectively, mimicking
those in the IL leachate when maximum amount (35 mg) of
SmCo magnet was dissolved in 1 mL of [P666,14]2[Cl3]Cl. In all
the stripping experiments, the volume ratio of the two phases
was 1:1.
Aqueous solutions with different concentrations of NaCl

were studied as stripping agent for samarium, because
samarium has a higher affinity for water than for [P666,14]Cl,
whereas other metals have the opposite trend of affinity.22,27

NaCl served as chloride source for the salting-out effect. It is
shown in Figure 4 that when pure water was used, iron, cobalt

and samarium could be stripped. As the chloride content
increased, the stripping efficiency for cobalt and iron
decreased, up to almost zero at a NaCl content of ≥3 mol
L−1. In the entire range of tested NaCl concentrations, more
than 90% of samarium could be stripped to the aqueous phase,
while no copper was stripped at all. Thus, aqueous solutions of
NaCl with a concentration ≥3 mol L−1 could selectively strip
samarium while leaving iron, cobalt and copper in the IL
phase.
Pure water was used to remove cobalt from the samarium-

depleted IL leachate. A two-stage cross-current stripping
process was carried out to achieve complete cobalt removal.
The orange bars in Figure 5 indicate the stripping efficiency of
metals in the second step where pure water was used. After one
contact with water, about 90% of cobalt was stripped from the
samarium-depleted IL leachate. However, selective removal of
cobalt was only achieved when 3 mol L−1 NaCl solution was
used in the first stripping step. After second contact with water
(purple bars in Figure 5), cobalt in the IL phase was
completely removed, with costripping of copper and iron, but
the majority in the aqueous phase was still composed of cobalt.
The impurities of iron and copper in the obtained aqueous
solution might be removed by extraction with [P666,14]Cl, due

Figure 3. Temperature effect on the dissolution rate of Sm in SmCo
magnet with IL mixture (50 vol % [P666,14][Cl3] in [P666,14][Cl]) with
a solid-to-liquid ratio of 40 g/L at 23 °C (■) and 50 °C (●).

Figure 4. Effect of chloride concentrations in water on the stripping
efficiency of metals from synthetic solution IL-Feed-1 with a liquid−
liquid phase ratio of 1:1 at room temperature for 1 h. Fe (■), Sm
(●), Co (▲), Cu (▼).
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to its high selectivity for iron and copper over cobalt. This
extraction process is not included in the present work. After
the above-described stripping steps, only iron and copper
remained in the IL phase.
A synthetic solution, labeled as IL-Feed-2 and containing

similar concentrations of iron and copper as IL-Feed-1, was
used to study the fourth stripping step with aqueous solutions
of varying NH3 concentration (0−4 mol L−1). When pure
water or 0.1 mol L−1 NH3 solution was used, no color change
was visually observed (Figure S10). A precipitate was formed
when using 0.5 mol L−1 NH3 solution. With increasing NH3
concentration, more precipitate was formed and the color of
the aqueous solution changed to blue, due to the formation of
[Cu(NH3)4]

2+ complex (eq 7).28

[ ] +

→[ ] + +

−

+ − −

CuCl (IL) 4NH (aq)

Cu(NH ) (aq) 2Cl (IL) 2Cl (aq)
4

2
3

3 4
2

(7)

The concentration of metals in both phases were analyzed with
TXRF analysis. It can be seen in Figure 6 that a certain amount
of iron was stripped to the aqueous phase when stripping with
pure water or 0.1 mol L−1 NH3 solution. The amount of iron in
both phases decreased with increasing NH3 concentration,
indicating that iron precipitated. When 1 mol L−1 NH3
solution was used, iron completely precipitated as a solid
and iron was detected in neither the aqueous nor the IL phase.

No change was observed by incrementally increasing the NH3
concentration up to 4 mol L−1. Copper remained in the IL
phase and was not stripped at all, when a low concentration of
NH3 (≤0.5 mol L−1) was used. When increasing the NH3
concentration to 2 mol L−1, copper was stripped to aqueous
phase in the form of [Cu(NH3)4]

2+. By further increasing NH3
concentration, the copper content in the IL phase dropped
below 100 ppm and remained constant in the aqueous phase.
It can be concluded from the above stripping study that four

stripping steps are required to selectively remove all metals
from the IL leachate to obtain single-element containing
streams for further metal recovery, and to allow the recycling of
IL. These stripping processes were adopted in the following
section for the recycling of ILs for dissolution of real SmCo
magnet.

Reusability of IL for Dissolution of SmCo Magnet. The
IL mixture [P666,14]2[Cl3]Cl was used to dissolve real SmCo
magnet powders and the reusability of IL [P666,14]Cl was
studied in five cycles. Each cycle included dissolution of the
SmCo magnet, four stripping steps, recovery of [P666,14]Cl by
removing ammonia and water, and regeneration of
[P666,14]2[Cl3]Cl by purging the desired amount of chlorine
gas through [P666,14]Cl. All the trichloride anions [Cl3]

− were
converted to [Cl]− after leaching, because no trichloride peak
was observed in the Raman spectra of IL leachate after leaching
and IL phase after four stripping steps (see Figure S11). The
metal contents in the IL leachate after cycles 1 to 5 and in the
recovered IL [P666,14]Cl in the cycles 2 and 5 were analyzed
with ICP-OES. The results in Table 1 show that metal

contents in IL leachate in the first cycle (labeled as IL leachate
1) were in agreement with those in leachate 2−5, suggesting
that the regenerated IL had similar dissolution performance as
the fresh IL. Metal concentrations in both the IL and the
aqueous phase after each stripping step in the first cycle are
reported in Figure S12. The results of metal stripping from the
real IL leachate were in agreement with those from synthetic
solutions. Trace amounts of metals were observed in the
recovered [P666,14]Cl in the second and fifth cycle (labeled as
recovered IL 2 and 5). The similar metal concentrations in
recovered IL 2 and 5 suggests that these metals did not
accumulate in IL during the different cycles. NMR spectra of
the starting material [P666,14]Cl and the recovered IL 2 and 5
were compared (Figures S13−S15). The similarity of the 1H,
13C and 31P NMR spectra suggests that the cation of the IL is
stable and can be recycled, even after dissolution at elevated
temperatures (50 °C) and stripping with alkaline NH3
solutions.

Conceptual Flow Sheet. Finally, a conceptual flow sheet
was proposed for the recovery of metals from SmCo magnet
using a trichloride IL in which single-element aqueous streams

Figure 5. Stripping efficiency of metals (±3%) from synthetic
solution IL-Feed-1 with a NaCl solution, followed by two stripping
steps with pure water with a liquid−liquid phase ratio of 1:1 at room
temperature for 1 h.

Figure 6. Concentration of metals (±0.05 mg/g) in the aqueous and
IL phases after stripping with aqueous NH3 solutions from synthetic
solution IL-Feed-2 with a liquid−liquid phase ratio of 1:1 at room
temperature for 1 h.

Table 1. Metal Concentrations in the IL Leachate in Each
Cycle and the Recovered IL [P666,14]Cl in Cycles 2 and 5

Fe (g kg−1) Sm (g kg−1) Co (g kg−1) Cu (g kg−1)

IL leachate 1 8.16 8.34 15.60 1.74
IL leachate 2 8.03 7.98 15.23 1.65
IL leachate 3 7.92 7.76 15.25 1.77
IL leachate 4 8.02 7.92 15.42 1.78
IL leachate 5 7.95 7.93 15.29 1.77
Recovered IL 2 0.15 0.03 0.08 0.05
Recovered IL 5 0.10 0.02 0.06 0.04
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are obtained and the IL is recycled (Figure 7). In our lab-scale
experiments, stripping with water was performed in two steps,

but in a large-scale process, this should be optimized by
adjusting the conditions, such as phase volume ratio,
temperature or process mode (counter-current instead of
cross-current), etc. In our conceptual flow-sheet, the two
stripping steps with water were merged into one step. The
proposed process combines dissolution (leaching) and solvent
extraction in one step, is thus a form of process intensification
compared with the conventional processes, which require
dissolution, solvent extraction and stripping. The application of
trichloride ILs for dissolving metals could be used as well for
other valuable waste streams such as neodymium−iron−boron
magnets and nickel−metal hydride batteries, where dissolution
of metals and separation of rare-earth elements from transition
metals are required.

■ CONCLUSION
Metals in spent SmCo magnets have been recovered by a
combined dissolution and stripping process. By tuning the
fraction of [P666,14][Cl3] in [P666,14]Cl and the solid-to-liquid
ratio, an optimized process was designed where the oxidizing
agent was effectively consumed and the amount of solid
residues minimized. Moreover, an elevated temperature for
dissolution largely enhanced the dissolution rate of the magnet.
Several stripping steps with NaCl, water and ammonia
solutions were applied to subsequently recover the metals,
respectively samarium, cobalt, copper and iron in different
streams. Meanwhile, the IL can be regenerated and reused for
next cycles. The designed conceptual process consists only of a
dissolution step and a sequence of stripping steps, and is
therefore a form of process intensification in comparison with
the traditional approach, where also solvent extraction is
required. The process developed in this work is easily
transferrable to the recycling of valuable metals from other
end-of-life products.
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