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Chromatographic separation of rare earths from
aqueous and ethanolic leachates of NdFeB and
SmCo magnets by a supported ionic liquid phasef

*

Dzenita Avdibegovi¢ 2 and Koen Binnemans

The separation of rare-earth elements (REEs) from other components of end-of-life NdFeB and SmCo
magnets was investigated by column chromatography. A carboxylic-acid functionalized supported ionic
liquid phase (SILP) was studied as a stationary phase. The magnets were firstly leached with a dilute
aqueous or ethanolic hydrochloric acid solution at room temperature. Leaching of REEs from a NdFeB
magnet was similarly efficient with both lixiviants, but the REEs were more efficiently leached from
a SmCo magnet with the ethanolic lixiviant. The SILP exhibited a high affinity towards trivalent cations of
REEs, which were successfully recovered from the aqueous and ethanolic leachates of magnets. Divalent
cations of iron and cobalt, which were the major components of the acidic aqueous leachates of
magnets, were rejected by the SILP. Iron and cobalt were present as negatively charged chloro
complexes in the ethanolic leachates of magnets, and were not recovered by the cation-exchanging
SILP. A versatile column chromatography method is developed, suitable for the separation of REEs from

rsc.li/rsc-advances

Introduction

Permanent magnets comprising rare-earth elements (REEs)
have high magnetic energy products." These magnets are
important for energy-related applications, such as electric
vehicles and wind turbines. At present, REEs are mainly
produced from ore deposits in China and this monopoly creates
a supply risk.>* Recycling of REEs from end-of-life consumer
products could contribute to alleviate the supply risk of REEs.*™*
The most common REE permanent magnets are NdFeB and
SmCo magnets, and they typically contain 20-30 wt% of REEs.
Selective extraction of REEs over iron or cobalt is a major
challenge in recycling of NdFeB and SmCo magnet waste. The
separation of REEs from other elements in magnets has been
widely studied and a variety of recycling methods have been
developed.>” They include pyrometallurgical,
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1 Electronic supplementary information (ESI) available: Figure of the SILP, XRD
diffractograms of NdFeB and SmCo magnets, UV-VIS absorption spectra of
copper(1) in the ethanolic leachate in the presence of neocuproine, UV-VIS
absorption spectra of the aqueous and ethanolic synthetic solutions of iron(u),
UV-VIS absorption spectra of the complex between iron(n) and
1,10-phenanthroline. Protocols for characterisation of magnets and sample
preparation for the UV-VIS analysis are available. Figures of the aqueous and
ethanolic leachates of the REEs magnets are available, and the
chromatographic separation of REEs from the aqueous and ethanolic leachates
of magnets with the mass concentration of elements in the fractions as
a function of the volume of eluents. See DOI: 10.1039/d0ra09766g
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iron and cobalt, either from aqueous or ethanolic leachates of permanent magnets.

hydrometallurgical or solvometallurgical methods.™*2° All
separation methods come with advantages and disadvantages,
and some are only applicable to a certain type of magnet. For
instance, hydrometallurgical processes for the separation of
REEs from spent magnets operate at room temperature, the
processing steps are relatively simple and similar to those
encountered in production of REEs from ores. However, in
hydrometallurgical processes, usually the REEs magnets are
firstly unselectively leached with an acid. Iron, which is often
one of the major elements in the REEs magnets, leaches into the
solution as iron(u) which is stable until pH of 6, and it is difficult
to efficiently separate it from REEs by precipitation, due to a co-
precipitation of REEs.>** Upon exposure to air iron(u) can be
oxidized to iron(m) which can be separated from REEs by
precipitation at pH around 2. However, air oxidation of iron(u)
to iron(m) is kinetically slow at acidic pH.* Nevertheless,
hydrometallurgical methods can be applied to recover REEs
irrespective of the composition of magnets. This is very
important because the spent REEs magnets are not collected
separately, and economic recycling processes have to focus on
recovery of REEs from both, NdFeB and SmCo magnets, within
one process.”* The vast majority of the previously performed
studies on the separation of REEs from magnets covered one
type of magnets, either NdFeB or SmCo. Moreover, the stream of
minor components in magnets (e.g. aluminum) or even major
components such as zirconium in SmCo magnets is often not
studied. However, to adequately estimate the advantages and
limitations of a separation process it is important to consider all
components of magnets.
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In the present study, the separation of REEs from other
components in leachates of the most common REEs permanent
magnets (NdFeB and SmCo) has been investigated using
a supported ionic liquid phase (SILP) as the stationary phase in
ion-exchange chromatography. Ion-exchange processes can be
relatively easily implemented and controlled in flow systems to
perform separations of desired elements. The SILP studied here
was previously designed and used for the recovery and separa-
tion of scandium from bauxite residue leachates.” The studies
showed that the SILP exhibits good affinity also for other REEs,
even in the presence of high concentrations of iron. Therefore,
the potential of the SILP in separating REEs from major
components (iron and cobalt in particular) in the leachates of
NdFeB and SmCo magnets by dilute aqueous hydrochloric acid
solution is studied here. The separation of REEs from other
components of the magnets (e.g. aluminium, nickel, chromium,
copper and zirconium) is discussed as well. Moreover, the
performance of the SILP for separating the REEs from other
components of the magnets is also investigated by a sol-
vometallurgical route. Solvometallurgy is a branch of extractive
metallurgy that uses green organic solvents instead of water to
improve the selectivity of processes.”® In non-aqueous solvent
extraction processes for the separation of REEs, the mutual
solubility and the poor phase disengagement of the less polar
organic phase comprising the extractant and the more polar
organic phase comprising the components that need to be
separated can be issues. For instance, the applicability of
ethanol in non-aqueous solvent extraction for the separation of
REEs is limited due to the miscibility of ethanol with common
extractants (e.g. tri-n-butyl phosphate) and diluents. Solid ion-
exchangers, such as the SILP, which can be packed in a chro-
matography column usually do not suffer from such drawbacks.
Thus, ion exchange could be implemented as a separation
process after the solvometallurgical leaching of REEs magnets,
which includes solvents that are not suited for the solvent
extraction, such as ethanol. Previous studies show that ethanol
can improve the selectivity of ion-exchange processes. A selec-
tive uptake of desired metal ions is especially important for
chromatography processes involving sorbents that exhibit
relatively small sorption capacities, such as the SILP. If the
process is not selective enough, untargeted elements can easily
saturate the sorption sites of the sorbent, thus diminish its
relevance to industry. Moreover, from a toxicological and envi-
ronmental point of view, ethanol is considered as a green
solvent.”* Therefore, apart from the separation of REEs from
other elements in the aqueous leachates, their separation from
the ethanolic hydrochloric acid leachates of NdFeB and SmCo
magnets by the SILP is investigated as well in this paper.

Experimental
Chemicals

The samples of NdFeB and SmCo magnets were kindly provided
by Magneti Ljubljana — D.D. (Slovenia). They were never magne-
tized because they were rejected after quality control. Acetic acid
(99.8%), sodium  hydroxide (98%), 2,9-dimethyl-1,10-
phenanthroline (neocuproine, 99%) were purchased from
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Fisher Scientific (Merelbeke, Belgium). Nitric acid (65%, HNOs),
standard solutions (1000 pg mL ") of aluminum, boron, cobalt,
copper, chromium, dysprosium, iron, gadolinium, gallium,
manganese, nickel, neodymium, samarium, terbium, praseo-
dymium, zirconium and holmium were purchased from Chem-
Lab NV (Zedelgem, Belgium). Hydrochloric acid (37% HCI),
ethanol (99.5%, EtOH), betaine hydrochloride (99%), 1,10-phe-
nanthroline (>99%) and triethylamine (99%), iron(u) chloride
(98%) were purchased from Acros Organics (Geel, Belgium).
Polystyrene-divinylbenzene (PS-DVB) sulfonyl chloride resin
(0.91 mmol g, 200-400 mesh) was purchased from RappPoly-
mere (Tidbingen, Germany). Trifluoromethanesulfonamide
(98%) was purchased from J&K Scientific GmbH (Pforzheim,
Germany). Dichloromethane (DCM) (p.a.), and acetone (p.a.)
were purchased from Fisher Chemical (Loughborough, UK). The
supported ionic liquid phase (SILP) betainium sulfonyl(tri-
fluoromethanesulfonylimide)  poly(styrene-co-divinylbenzene)
[Hbet-STFSI-PS-DVB] (ESI, Fig. S1t) was synthesized according to
a previously described method.” The chemicals were used as
received, without any further purification.

Equipment

Magnets were ground in a disc mill (DM 200, Retsch, Germany)
and ball mill (Pulverisette Premium 7, Fritsch, Germany). X-ray
powder diffraction (XRD) patterns of the magnet powders were
collected on a Bruker D2 PHASER X-ray. The procedure on
characterisation of magnets is described in more detail in the
ESL.f Leaching experiments were performed using Thermo
Fisher shaker (Type 462-0355). UV-VIS absorption spectra of the
leachates of magnets were measured on an Agilent Cary 6000i
spectrophotometer and analyzed with Cary WinUV software.
The sample preparation for the UV-VIS analysis can be found in
the ESL A fraction collector CF-2 (Spectrum Laboratories, Inc.)
equipped with a drop sensor and the IPC 8-channel peristaltic
pump (ISMATEC) was used for sampling during the chroma-
tography studies. Concentrations of elements in solutions were
measured by an inductively coupled plasma-optical emission
spectrometer (ICP-OES) (PerkinElmer Avio 500) equipped with
an axial/radial dual plasma view and a GemCone High Solids
nebulizer, which is suitable for analysis of samples with high
content of organic matter. The standard solutions and all
samples were prepared by dilution with 2 wt% HNO;. Holmium
(5 ppm) was used as an internal standard.

Digestion and leaching of magnets

In order to determine the composition of the magnets, 50 mg of
magnet sample was digested in triplicate with 4 mL of 4 mol L ™"
of HNO; at room temperature. The fraction of elements in the
magnets was calculated according to the following formula:

1
Fraction of element (wt%) = w

(1)

The mass concentration of elements (mg L") in the digested
samples of NdFeB or SmCo magnets is c,, corrected by the
dilution factor for ICP-OES measurement. The volume of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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digested sample (0.004 L) is V, and the mass (50 mg) of the
digested magnet is m.

Leaching of the magnets was generally performed by adding
50.0 mL of a 0.7 mol L " HCl solution in water or in ethanol to
0.625 g of magnet powder (<400 microns). It should be noted
here that 0.7 mol L' HCI in ethanol was prepared by diluting
the concentrated aqueous HCl (37 wt%) by ethanol, and there-
fore the lixiviant was not completely anhydrous. The mixture
was shaken for 24 hours on Thermo Fisher shaker at 250 rpm at
room temperature. The leachates were filtered through 0.20 pm
pore size syringe filters. The freshly prepared leachates were
studied by column chromatography. For investigating the
leaching efficiency with the two lixiviants as a function of time,
the magnets were leached for 2, 4, 6.5, 19.5 and 24 hours, with
a liquid-to-solid ratio of 80. The leaching efficiencies (%) of the
major elements in the magnets were determined from the ratio
of their concentrations in the samples collected after a certain
period of time (¢;) and their concentrations in the completely
digested samples (co, mg L") using the formula:

¢;100

Leaching efficiency (%) = .
0

(2)

Column chromatography studies

A gravity flow glass column (BIO-RAD) with a length of 30 cm
and a diameter of 0.7 cm was used in chromatographic sepa-
ration experiments. The column was packed with 2 g of the dry
SILP [Hbet-STFSI-PS-DVB] by a wet packing method. The SILP
was preconditioned with 0.3 mol L™ HCI solution or with
absolute ethanol prior to each experiment. All column chro-
matography experiments were conducted at room temperature.
For the optimizing of the separation of REEs by elution, 10 mL
of the aqueous or ethanolic leachate was flowed through the
column with the SILP. Then, to assure the flow of the aqueous
leachate through the column, 10 mL of 0.3 mol L " HCI solution
in water was added. Likewise, elution with 10 mL of ethanol was
applied after the ethanolic leachate. To avoid evaporation of
ethanol, vials of samples were closed immediately after collec-
tion. The recovery of elements by the SILP was calculated based
on their concentrations in fractions collected after the flow of
the leachates and the corresponding eluents:

(mg — meq) 100

Recovery by the SILP (%) =
my

(3)

The mass of an element (mg) in the 10 mL of the feed is m,,
and the sum of masses of the same element in the collected
fractions (mg) is meq, calculated from the measured mass
concentrations.

The elution of metals recovered by the SILP was then per-
formed with 20 mL of 0.5 mol L™" HCI, followed by 30 mL to
95 mL of 1.5 mol L' HCL. From the concentrations of elements
in the collected fractions, the cumulative elution percentage
was calculated using the formula:

m, 100

Cumulative elution (%) = Z -
0

n

(4)
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The mass of an element in the collected fractions is m,, which
is calculated from the measured mass concentration, whereas
my is the mass of the same element (mg) in the 10 mL of the
feed. The flow rate of the leachates was 0.1 mL min~"' and that

of the eluents was 0.5 mL min 1.

Results and discussion
Characterisation and leaching of NdFeB and SmCo magnets

In order to determine the composition of the NdFeB and SmCo
magnets, the powder samples (ESI, Fig. S2t) were digested with
4 mol L™ HNO; (Tables 1 and 2). The common components of
the magnets can easily be dissolved in the applied media.">**
The exception is, for instance, niobium, which typically forms
an insoluble oxide in such acidic solutions unless a large
amount of strongly complexing anion is added (e.g. with the
mixture of HF/HNO3).?® However, niobium is only a trace
constituent in the type of magnets used in the present study.>*’
Extensive studies on leaching of the magnets were previously
reported in the literature.”'*'®'%*” As the focus of the present
study is on the chromatography separation of REEs from other
major components of the magnets, leaching with HCI diluted in
water or in ethanol was performed at room temperature (Fig. 1).

The standard reduction potentials of the iron and
neodymium redox couples are Epertjpe'— 044y and
E and of cobalt and samarium E and

Co**|Co’=-0.28 V
B3+ jsm'——2.304 v» TeSPectively. The values indicate that the most

abundant elements in the magnets can readily be dissolved by
the dilute aqueous hydrochloric acid:*

Nd**|Nd®=—2.32 v?

2REE + 6HCl — 2REECI; + 3H, (5)
M + 2HCI] — MC]2 + H2 [6)

where M is the major element in the permanent magnets, such
as iron or cobalt.

REEs and iron were leached (>95%) from NdFeB magnet
within 2 hours with the aqueous lixivant (Fig. 1a). With the
ethanolic lixiviant the leaching efficiency of >95% was achieved
after 4 hours (Fig. 1b). In the leaching process, the oxidized
metals are transferred into solution forming solvated metal
cations or anionic complexes of metal ions.”® The Gutmann
donor number (DN) is a good measure of the ability of a solvent
to solvate metal cations. Solvents with the higher DN exhibit
stronger interactions with the dissolved metal cations. The DN
of water is 33.0, and that of ethanol is 19.1.>° The experimental
results (Fig. 1) indicate that the ionic species formed during the
leaching of NdFeB magnet might be slightly less soluble in the
ethanolic lixiviant than in the aqueous lixiviant. It appears that
leaching of NdFeB magnet with the ethanolic lixiviant is rather
a thermodynamically governed process. However, the solvation
of the formed species only partly explains the observed differ-
ences, as the particular property of the solvent or a solution
cannot serve as the sole parameter determining the leaching
efficiency of the magnet."

The highest leaching efficiency (about 85%) of samarium,
cobalt and iron from the SmCo magnet with the aqueous

RSC Adv, 2021, 11, 8207-8217 | 8209
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Table 1 Fractions of elements (wt%) of the tested NdFeB magnet powder (<400 pm)
Elements Fe Nd Pr Dy Co B Sm Tb Al Total
Fraction of element (Wt%) 62.3 24.0 7.15 1.65 1.41 0.92 0.86 0.76 0.54 99.6
Table 2 Fractions of elements (wt%) of the tested SmCo magnet powder (<400 um)
Elements Co Fe Sm Cu Zr Ga Al Gd Mn Cr Ni Total
Fraction of element (wt%) 46.0 23.9 20.6 5.14 2.70 0.37 0.22 0.08 0.03 0.03 0.02 99.1
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Fig.1 Leaching efficiency at room temperature as a function of time for major elements in the NdFeB magnets (a and b) or in the SmCo magnets
(c and d) with 0.7 mol L™* HCl in water (aqueous leachates) or 0.7 mol L™t HCl in ethanol (ethanolic leachates). Liquid-to-solid ratio = 80.

lixiviant was achieved after 24 hours (Fig. 1c). Moreover, copper
was not leached from the magnet with the aqueous lixiviant.
Conversely, the vast majority of elements was leached from
SmCo magnet within 19 hours and with more than 90% of
leaching efficiencies with the ethanolic lixiviant (Fig. 1d).
Additionally, the high leaching efficiency of copper (>88%) with
ethanolic lixiviant was achieved after 24 hours of leaching. In
solutions with low chloride concentrations copper is present as
cupric ion (Cu®"), and its standard reduction potential of the
redox couple Egyet o is +0.34 V.** Therefore, the dissolution of
metallic copper from SmCo magnet with the aqueous lixiviant
(0.7 mol L' HCI) did not take place. However, it has been
previously reported that at high chloride concentrations
cuprous (Cu®) species such as CuCl, [CuCl,]™, [CuCl;]*~ and

8210 | RSC Adv, 2021, 11, 8207-8217

[CuCl,]?~ can form and that the contribution of cuprous ions to
the ionisation potential is greater than that of cupric ions.****
Based on the UV-VIS absorption spectra of the ethanolic
leachate of SmCo magnet (ESI, Fig. S3t), copper was found to be
present in the form of cuprous ions in the leachate. According
to the Bjerrum theory of ion pairs, lowering the dielectric
constant of a solvent increases the forces between ions of
opposite charge and therefore favours the formation of their
complexes.*® The dielectric constant of ethanol (¢, = 25.3) is
lower than that of water (¢, = 80.1).>* The formation of soluble
cuprous chloride complexes was therefore promoted by the
ethanolic lixiviant, which can explain the dissolution of copper
from SmCo magnet and the overall better dissolution of SmCo
magnet by the ethanolic lixiviant over the aqueous lixiviant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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This is in contrast to the leaching of NdFeB magnet with the two
lixiviants (Fig. 1). Copper is one of the most abundant elements
in the SmCo magnet (Table 2), and therefore its leaching rate
could affect the overall leaching of SmCo magnet by the tested
lixiviants (Fig. 1). The NdFeB magnet does not contain a signif-
icant amount of copper which could hinder its leaching effi-
ciency with the aqueous lixiviant. Moreover, the most abundant
component in the NdFeB magnet is iron (Table 1), and in the
SmCo magnet is cobalt (Table 2), and iron typically exhibits
lower corrosion resistance in the acidic chloride media than
cobalt.>® Thus, the NdFeB magnet was leached faster than the
SmCo magnet, and especially with the aqueous lixiviant (Fig. 1).

UV-VIS study of the leachates of NdFeB and SmCo magnets

Previous studies showed that the recovery of metal ions by the
SILP is taking place by proton exchange of the carboxylic group
of the SILP with metal cations in the solution.? Different ionic
species of metals can form in aqueous and ethanolic leachates
of magnets (vide supra). The change in speciation can impact
the overall separation of elements in the leachates by the SILP.
Insight into the speciation of components of leachates could be
beneficial for optimization of the column chromatography
separation process. Therefore the UV-VIS absorption spectra of
major elements, such as iron and cobalt in the aqueous and
ethanolic leachates of magnets were investigated.

The absorption maxima at 221 nm and at 337 nm in the
aqueous leachates of NdFeB (Fig. 2) and SmCo magnets (ESI,
Fig. S47) are observed, due to the dominant presence of iron in
the form of ferrous ions (Fe*").3**” A similar optical absorption
spectrum was recorded with the synthetic aqueous solution of
iron(u) chloride (ESI, Fig. S51). Therefore, iron was present in
the aqueous leachates as a divalent cation which can be recov-
ered by the SILP via a proton exchange mechanism. The
prominent absorption maxima in the ethanolic leachates are

—— Ethanolic leachate
------- Aqueous leachate

Absorbance

700

500 600

400
Wavelength (nm)

800

Fig. 2 UV-VIS absorption spectra of the leachates of NdFeB magnets
with 0.7 mol L™ HCl in water (aqueous leachate, dashed blue line), or
with 0.7 mol L™ HCl in ethanol (ethanolic leachate, full green line).
Aqueous leachates were diluted 400 times, and ethanolic 2000 times.
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observed at 241 nm, 313 nm and 363 nm. The same absorption
spectrum was recorded with a synthetic solution of iron(u)
chloride in ethanol (ESI, Fig. S51). The absorption spectra of the
ethanolic leachates (Fig. 2, ESI Fig. S4t) are very similar to that
of the tetrachloroferrate(n) complex [FeCl,]*".>** However,
both iron(n) and iron(m) exhibit similar absorption spectra in
ethanolic chloride solutions.*” Therefore, the presence of
iron(u) was confirmed by the UV-VIS analysis in the presence of
1,10-phenanthroline ESI, (Fig. S67).

In order to measure the UV-VIS absorption spectra of cobalt
undiluted as well as 50 times diluted leachates of the magnets
were analysed. The absorption maxima in the UV-VIS absorp-
tion spectra of the aqueous leachates of both magnets were
observed between 440 nm to 560 nm (Fig. 3). The octahedral
species of cobalt ([Co(H,0)]*" and [CoCl(H,0)5]") absorb in this
spectral region.**** However, the absorption maxima in the
ethanolic leachates of SmCo or NdFeB magnets were observed

1.0
a) — Ethanolic leachate
os4d o Aqueous leachate
€ 675 nm
§ 0.6 1 g c
[Tel
£ = £C
o © &
(2]
2 0.4 1 /{\\ >
024"
0.0- - . ------------ e
500 600 700 800
Wavelength (nm)
1.0
— Ethanolic leachate
b)
os4 Aqueous leachate
(0]
o
c
®
2
o
[72)
Q
<

Wavelength (nm)

Fig. 3 UV-VIS absorption spectra of leachates of magnets with
0.7 mol L"* HCl in water (aqueous leachate, dashed blue line), or with
0.7 mol L™ HCl in ethanol (ethanolic leachate, full green line): (a)
spectra of the undiluted aqueous leachate and the ethanolic leachate
(diluted 50 times) of SmCo magnet, (b) undiluted agueous and etha-
nolic leachates of the NdFeB magnet.
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at the range from 580 nm to 720 nm (Fig. 3). This spectrum
corresponds to the tetrahedral complex [CoCl,]>”.* The results
indicate that in the tested ethanolic solutions, cobalt is
predominantly present in the form of an anionic complex. The
spectra of cobalt are more prominent in the leachates of SmCo
magnet (Fig. 3a), since they contained higher amount of cobalt
than the leachates of NdFeB magnet (Tables 1 and 2).

Apart from the spectra of cobalt, additional absorption
maxima were observed in the leachates of NdFeB magnets
between 520 nm and 580 nm, and between 720 nm and 800 nm
(Fig. 3b). These absorption maxima arise from the presence of
neodymium chloride in the leachates.”* The absorbance
maxima of neodymium in the ethanolic leachates were slightly
shifted in comparison with the absorbance maxima in the
aqueous leachate (e.g. from 521 nm to 529 nm, from 575 nm to
579 nm, from 732 to 735 nm). Neodymium is typically present in
the form of hydrated Nd** in the absence of coordinating
ligands. However, complexation of neodymium with chlorides
can be enhanced by the increase in temperature and in chloride
concentration.”” Similar observations of the shift of the
absorption maxima were found in previous studies of
neodymium chloride solutions in the presence of high
concentrations of LiCl (5 mol L) at high temperatures.** It was
concluded that the two dominant species of neodymium in the
tested solutions were Nd*" and NdCI*". Organic solvents can
promote the formation of chloro complexes (vide supra).
Therefore, the shift in the absorption maxima of neodymium
towards the longer wavelength numbers (Fig. 3) might indicate
an increased concentration of the NdCI>* complex in the etha-
nolic leachate. However, the shift of the characteristic absorp-
tion maxima can also be caused by solvent effects on the UV-VIS
spectra, such as the effect of the solvent polarity.** Nevertheless,
the UV-VIS absorption spectra do indicate that REEs are present
as cationic species in both leachates of magnets (Fig. 3). It
should be noted that the absorption maxima of cobalt partly
overlaps with the absorption maxima of neodymium in the
spectra of leachates of NdFeB magnet (Fig. 3b) (e.g. absorbance
maxima of cobalt around 512 nm in the aqueous leachate and
around 679 nm in the ethanolic leachate). Nevertheless,
neodymium ions do not exhibit absorption maxima around
625 nm. Therefore that absorbance maxima in the ethanolic
leachate of NdFeB magnet are attributed uniquely to the
[CoCl,J>~ complex. The change in the speciation of the studied
metals in aqueous and ethanolic leachates of NdFeB and SmCo
magnets can also be observed from the different colours of the
solutions (ESI, Fig. S7 and S87).

Separation of REEs from other elements in the leachates of
permanent magnets by column chromatography

The leachates of magnets obtained after 24 hours of leaching
with the aqueous and ethanolic lixiviants (Fig. 1) were investi-
gated for the separation of REEs from other elements by column
chromatography. The volume of 10 mL of aqueous or ethanolic
leachate of magnets magnet was flowed through the column
packed with the SILP. Then, the flow of the entire volume of the
leachates through the column was assured by applying
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additional 10 mL of 0.3 mol L™ HCI in water or by ethanol as
eluents. The 0.3 mol L™" HCI solution in water was used as the
subsequent eluent since similar concentration of HCl was
present in the tested aqueous leachates. Ethanol was tested as
an alternative eluent for the separation of REEs from other
elements, based on the potential formation of metal complexes
in ethanol. Recoveries of elements by the SILP were then eval-
uated and the elution of the recovered elements by dilute HC1
was further investigated, which is discussed in the following
sub-sections.

Separation of REEs from the leachates of NdFeB magnet

The recovery of REEs from the 10 mL of aqueous leachate of
NdFeB magnet (Table 3) and after elution with 10 mL of
0.3 mol L™" of HCI in water was in the range 67-83% (Fig. 4).
The recovery yield of iron and cobalt, as well as of boron, from
the aqueous leachate of NdFeB magnet was negligible. Around
52% of aluminum was recovered along with REEs.

Previous studies showed that the electrostatic interactions
between the carboxylic group of the SILP with the metal cations
increase with the increase of the charge of the metal cations.”
The divalent cations of iron and cobalt, and the trivalent cations
of REEs are the dominant species in the aqueous leachate of
NdFeB magnet (vide supra).®® Therefore, the SILP with the
carboxylic functional group exhibited a higher affinity for more
charged ions in solutions like the trivalent ions of REEs, over
the doubly-charged ions like iron and cobalt. In aqueous solu-
tions of hydrochloric acid, boron typically exists as boric acid,
which is unlikely to be recovered by the carboxylic-acid-
functionalized SILP. Moreover, among ions of the same
charge, the ion exchange between the protons of the SILP will
preferentially take place with metal ions with lower hydration
enthalpy. REEs have the lowest hydration enthalpy among the
trivalent ions in the leachate of the NdFeB magnet, for example
aluminium, which was actually recovered less than REEs
(Fig. 4). Additionally, the SILP exhibited a preference for light
REEs over heavy REEs (Fig. 4) (the recovery yield of praseo-
dymium, neodymium and samarium was approximately 83%
versus the recovery yield of dysprosium and terbium of
approximately 67%). The hydration enthalpies of the light REEs
are lower than the hydration enthalpies of the heavy REEs.
Therefore, the dehydration of the light REEs is more favourable
than of the heavy REEs, resulting in the higher recovery yields of
the light REEs. However, the protons of the acidic aqueous
leachate of NdFeB magnet and of the subsequent eluent
(0.3 mol L' HCI in water) competed with REEs in ion exchange

Table 3 Concentration of elements (mg L) in the aqueous leachate
(0.7 mol L™* HCl in water) and the ethanolic leachate (0.7 mol L™* HCI
in ethanol) of NdFeB magnet that were used in the chromatography
studies

Concentration (mgL™") Fe Co B Al Nd Pr Dy Tb Sm

7789 145 76 69 2776 892 224 95 69
7788 135 77 74 2546 724 200 83 52

Aqueous leachate
Ethanolic leachate

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recovery by the SILP (%)

a) 0.3 mol L™ HCI
in water

b) Ethanol

Eluents

Fig. 4 Recovery of elements by the SILP from: (a) 10 mL of aqueous
leachate of NdFeB magnet, followed by elution with 10 mL of
0.3 mol L™1 HCL, and (b) 10 mL of ethanolic leachate of NdFeB magnet,
followed by elution with 10 mL of ethanol.

by the SILP, and REEs were not completely recovered from the
10 mL of aqueous leachate (Fig. 4).

The recovery of REEs from the 10 mL of ethanolic leachate of
NdFeB magnet (Table 3) and after elution with 10 mL of abso-
lute ethanol was nearly quantitative (>99%) (Fig. 4). Around
90% of aluminium was recovered along with REEs from the
ethanolic leachate. Aqueous and ethanolic leachates of NdFeB
magnet were acidic, as an excess of hydrochloric acid was used
to leach the magnets (vide supra). Therefore, the protons of
hydrochloric acid in the leachates competed in the ion
exchange process by the SILP with the positively charged metal
ions during the flow of the leachates through the column.
However, ethanol does not provide many protons that could
compete with metal ions in the ion exchange process during the
subsequent elution of the SILP, unlike when using 0.3 mol L™"
HCI as eluent. This could explain the higher recovery of REEs
and aluminium from the ethanolic leachate, followed by elution
with ethanol, than from the aqueous leachate (Fig. 4). The
recovery yields of iron and cobalt were still much lower than of
the REEs (around 14% and 31%, respectively), whereas boron
was not recovered by the SILP from the ethanolic leachate. It is
known that iron and cobalt have the tendency to form anionic
chloro complexes in ethanol at even low concentration of
chloride ions (e.g. 0.7 mol L"), vide supra. These complexes
cannot be recovered by the SILP, neither boron in the form of
boric acid. Therefore, the recovery of iron, cobalt and boron
from the ethanolic leachate and when using ethanol as eluent
was highly supressed (Fig. 4). The formation of anionic iron(u)
chloro complexes, for instance, in aqueous solutions can only
be promoted by high concentrations of chlorides and/or by an
increase in the temperature of solution (e.g. in solutions with
chloride concentrations greater than 2 mol L™ " at temperatures
higher than 60 °C).*® The recovery of iron and cobalt from the
ethanolic leachate and after elution of the SILP by ethanol

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4) indicate that their conversion to the chloride complexes
was not quantitative. The high concentration of iron in the
ethanolic leachate (Table 3), might have been an issue for the
quantitative formation of its anionic chloro complexes in the
tested leachate with the chloride concentration of 0.7 mol L™},
since typically an excess of chlorides is required for their
formation. Besides, the tested ethanolic lixiviant was not
completely anhydrous (see the Experimental section). The
presence of water might contribute to the formation of cationic
species of iron(u) and cobalt(n) in the ethanolic leachate, which
can be then prone to the cation exchange with protons of the
SILP. Nevertheless, the REEs do not tend to form the anionic
complexes in the ethanolic leachate of NdFeB magnet, which is
also evident from their recovery yield by the SILP (Fig. 4).
Therefore, ethanol appears to be a promising eluent for sepa-
rating iron, cobalt and boron from REEs, without diminishing
the recovery of REEs by the SILP.

120
2 Fe C
100- B e Co REEs
< 804 ——B
c —n—Fe
S 60+ ——Co
o —a— Al
2 40 ——Tb
ko) —+—Dy
g 20 ——Nd
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Fig. 5 Cumulative elution (%) of elements from (a) agueous or (b)
ethanolic leachates of NdFeB magnet. Mobile phases: (I) 10 mL of
aqueous (a) or ethanolic leachate (b), (1) 10 mL of 0.3 mol L~ HCl for
aqueous leachate (a), or 10 mL of ethanol for ethanolic leachate (b), (1)
20 mL of 0.5 mol L~ of HC, (IV) 30 mL of 1.5 mol L ! of HCL Flow rate
of leachates was 0.1 mL min~%, and of eluents 0.5 mL min~*. Dotted
lines mark the change of the applied mobile phase.
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Further elution of the elements recovered by the SILP from
the aqueous and ethanolic leachates of NdFeB magnet was
performed with dilute aqueous HCI solutions (Fig. 5, ESI
Fig. S91). All iron and cobalt, along with the vast majority of
aluminium were eluted by 0.5 mol L™ " HCI, regardless of the
type of leachate (aqueous or ethanolic). However, a significant
amount of REEs was also eluted at that point (e.g. up to 62% of
neodymium, Fig. 5). Therefore, the separation of REEs from the
base elements was mostly achieved during the flow of the
leachate through the column packed with the SILP, and the
subsequent elution by 0.3 mol L™ HCl or by ethanol. Moreover,
when eluting the SILP by 0.5 mol L' HCI after its elution by
ethanol a decrease of the bed height of the SILP from approxi-
mately 14 cm to 9.6 cm was observed. This was due to the
difference in swelling of the SILP in the two solvents. By further
elution with the 1.5 mol L™ HCI changes in the bed height were
not observed. The changes in the bed height were not observed
in the case of REEs separation from the aqueous leachate. A
complete elution of REEs originating either from the aqueous or
ethanolic leachate of NdFeB magnet was achieved by
1.5 mol L ™" HCI (Fig. 5). Fractions of REEs free from iron, boron
and cobalt were obtained. Only a minor amount of aluminium
was present among the base elements in the final collected
fractions of REEs from both leachates.

Separation of REEs from leachates of SmCo magnet

The ethanolic leachate of SmCo magnet was more rich in the
major elements (samarium, cobalt, iron, copper, zirconium)
than the aqueous leachate (Table 4). The significant differences
in the composition of the leachates of SmCo magnet were due to
the difference in the leaching efficiencies between the two lix-
iviants (Fig. 1).

The separation of REEs from the aqueous and ethanolic
leachate of SmCo magnet was performed in the same manner as
from the leachates of NdFeB magnet (vide supra). The recovery
yields of samarium and gadolinium from the aqueous leachate
of SmCo magnet and after elution with 10 mL of 0.3 mol L ™" of
HCI were 91% and 87%, respectively. The recovery yield of
divalent cobalt and iron was negligible (Fig. 6). Zirconium was
quantitatively recovered from the aqueous leachate of the SmCo
magnet. Copper was not leached with the aqueous lixiviant
(Fig. 1 and Table 4) and therefore it was not present in the tested
aqueous leachate of SmCo magnet. The results are in accor-
dance with the hypothesis of the higher preference of the SILP
for the more charged ions (vide supra). Moreover, the SILP
exhibited an excellent affinity towards tetravalent zirconium
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Fig. 6 Recovery of elements by the SILP from: (a) 10 mL of aqueous
leachate of SmCo magnet, followed by elution with 10 mL of
0.3 mol L™t HCL, and (b) 10 mL of ethanolic leachate of SmCo magnet,
followed by elution with 10 mL of ethanol.

(Fig. 6). A similar uptake preference of the more charged ions
was observed among the minor elements in the aqueous
leachate of SmCo magnet: trivalent chromium, aluminium and
gallium were more efficiently recovered than divalent manga-
nese and nickel (Fig. 6).

The recovery of samarium and gadolinium from the 10 mL of
ethanolic leachate of the SmCo magnet and after elution with
10 mL of absolute ethanol was nearly quantitative (>99%)
(Fig. 6). Conversely, the recovery of cobalt from the ethanolic
leachate of SmCo magnet was around 22%, whereas iron was
not recovered by the SILP (Fig. 6). Although copper was leached
with the ethanolic solution of HCI (Fig. 1d), it was not recovered
by the SILP (Fig. 6). The three elements (cobalt, iron and copper)
were present in the form of anionic complexes in the ethanolic
solutions (vide supra), which explains their low or negligible
recovery from the ethanolic leachate and after elution with
ethanol. Iron was less concentrated in the leachate of SmCo
magnet than in the leachate of NdFeB magnet (Tables 3 and 4),
and it was completely separated from REEs in SmCo leachate by
elution with ethanol (Fig. 6). The results indicate that the
concentration of iron in the ethanolic leachate of SmCo magnet
was low enough to form chloro complexes, unlike in the etha-
nolic leachate of NdFeB magnet. The recovery yield of zirco-
nium was lower from the ethanolic leachate (around 77%) than
from the aqueous leachate of SmCo magnet (>99%) (Fig. 6). In

Table 4 Concentration of elements (mg L™Y) in the aqueous (0.7 mol L™t in water) and ethanolic (0.7 mol L™t in ethanol) leachates of SmCo

magnet used in chromatography studies

Concentration (mg L™ %) Co Fe Zr Cu Ga Al Mn Ni Cr Gd Sm
Aqueous leachate 4267 2248 218 N.D.” 45.7 10 3.8 2.7 1.3 8.5 1773
Ethanolic leachate 4616 2410 238 99.1 65.4 8.5 4.1 3.7 3.6 8.0 2143

“ N.D. - not detected by the ICP-OES.
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the ethanolic leachate of SmCo magnet the concentration of
samarium was higher than in the aqueous leachate (Table 4),
and its recovery could have suppressed the recovery of zirco-
nium from the ethanolic leachate.

Among the minor components of the ethanolic leachate of
SmCo magnet, trivalent aluminium and gallium were the most
efficiently recovered by the SILP, similarly as in the case of the
aqueous leachate (Fig. 6). The concentration of divalent
manganese and nickel in the ethanolic leachate was the lowest
among all the elements (Table 4), and their uptake could easily
be suppressed by other elements. However, the uptake of
divalent manganese and nickel was slightly enhanced from the
ethanolic leachate, in regards to their uptake from the aqueous
leachate (Fig. 6). The lower acidity of ethanol than of the
0.3 mol L™" of HCI could have enhanced the uptake of these
ions (vide supra).

Further separation of REEs from the other elements recov-
ered by the SILP from the leachates of SmCo magnet was
investigated by the isocratic elution with dilute HCI (Fig. 7, ESI
Fig. S107). Cobalt, iron and vast majority of the minor elements
were eluted from the column with 0.5 mol L™" HCI (Fig. 7),
analogously to the separation of REEs from the other major
elements of NdFeB magnet (Fig. 5). Up to 40% and 58% of REEs
from aqueous and ethanolic leachate, respectively, was eluted
along with the other metals. A complete elution of samarium
and gadolinium was achieved with 1.5 mol L™" HCI (Fig. 7). The
majority of zirconium (92%) was eluted together with REEs
from the aqueous leachate of SmCo magnet (Fig. 7a). Only
around 15% of zirconium was eluted along with REEs from the
ethanolic leachate (Fig. 7b). The REEs were more concentrated
in the ethanolic leachate of SmCo magnet, and they were more
efficiently recovered from the ethanolic leachate than from the
aqueous leachate (Table 4 and Fig. 6). Since the SILP exhibits
lower affinity towards the trivalent REEs than towards tetrava-
lent zirconium, the high amounts of REEs were eluted earlier
than zirconium consuming the majority of the HCl in the eluent
(Fig. 7b).

The vast majority of minor elements (chromium, manga-
nese, nickel) were not recovered by the SILP. The amount that
was recovered was eluted with 0.5 mol L™' HCI, prior to
a complete elution of REEs. Exceptionally, aluminium and
gallium were completely eluted with 1.5 mol L™' HCI, along
with REEs. The trend can be explained by a combination of
several effects (charge of ions, hydration enthalpies and their
concentration), as already discussed in the previous section on
the separation of minor elements from the leachates of NdFeB
magnets (Fig. 5).

The uptake of REEs from SmCo and NdFeB magnets and
their elution generally followed very similar trends (Fig. 5 and
7), indicating that the chromatography separation of REEs can
be simultaneously performed from leachates of both types of
permanent magnets. The highest separation between the REEs
and the major elements of SmCo and NdFeB magnets was
actually achieved due to the preferential recovery of REEs by the
SILP. The isocratic elution by HCI of the recovered components
from the leachates of magnets was performed to investigate if
the poorly recovered elements such as iron or cobalt could be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cumulative elution (%) of elements from (a) aqueous or (b)
ethanolic leachates of SmCo magnets. Mobile phases: (I) 10 mL of
aqueous or ethanolic leachate of SmCo magnet, (Il) 10 mL of
0.3 mol L™ HCl for aqueous leachate (a), or 10 mL of ethanol for
ethanolic leachate (b), (1)) 20 mL of 0.5 mol L™ of HCL, (IV) 95 mL of
1.5 mol L™ of HCL Flow rate of leachates was 0.1 mL min~?, and of
eluents 0.5 mL min~*. Dotted lines mark the change of the mobile
phase.

further separated from REEs. However, using only the isocratic
elution with HCI did not result in their complete separation, as
a part of the recovered REEs were co-eluted along with the other
elements. In order to minimize the total volume of eluent, the
elution of REEs recovered by the SILP could be more efficiently
performed by more concentrated solutions of HCI
(>1.5 mol L™"). The separation of REEs from iron by elution with
phosphoric acid was previously demonstrated in a study on the
separation of REEs from bauxite residue leachates by the SILP.>?
Therefore, using eluents other than dilute HCI could improve
even more the separation of REEs from other elements that are
recovered by the SILP along with REEs, and even the separation
of REEs into sub-groups. In the present study, the separation of
REEs by the SILP from the leachates which were obtained
without any pre-treatment of NdFeB and SmCo magnets (and
thus rich in iron and cobalt) was performed as a proof-of-
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concept. The method could be extended to an integrated
process in which major components can be partly
removed,”*** and then REEs can be further purified by the
column chromatography. Previous studies have shown that the
SILP has moderate sorption capacity.

It should be noted that REEs were recovered well by the SILP
when using 10 mL of leachates (Fig. 4 and 6). The volume of
leachates that can be applied on the column to efficiently
recover the REEs depends on the total ion-exchange capacity of
the SILP. Furthermore, the total ion-exchange capacity is related
to the total amount of functional groups of the PS-DVB sulfonyl
chloride resin, which is used for synthesising the SILP (vide
supra, Experimental section). A SILP with a higher sorption
capacity could be synthesised from a very high capacity sulfonyl
chloride resin (>0.91 mmol g~ '), thus enable a better
throughput of leachates.

Conclusions

The lixiviants 0.7 mol L™" HCI in water or in ethanol could
efficiently (>95%) leach all components of the NdFeB magnet in
4 hours. However, REEs were not completely leached from the
SmCo magnet with the aqueous lixiviant even after 24 hours.
The ethanolic lixiviant enhanced the leaching of copper, which
is a major constituent of SmCo magnets, and the overall
leaching efficiency of metals from the SmCo magnet. The SILP
is more selective for the trivalent REEs (e.g. 82% recovery of
neodymium and 90% of samarium) over divalent iron and
cobalt (<5%) in the aqueous leachates of NdFeB and SmCo
magnets. The low pH of the subsequent eluent (0.3 mol L™ " HCI
in water) enhanced the separation of REEs and other major
components of the aqueous leachates. REEs were efficiently
recovered (>99%) from the ethanolic leachates of NdFeB and
SmCo magnets. The subsequent elution of the SILP with
ethanol did not lower the recovery yield of REEs. Iron, cobalt
and copper were mainly present in the form of anionic chloro
complexes in the ethanolic leachates and were hence rejected by
the cation-exchanging SILP. The results indicate that ethanol
can be used as a suitable eluent for the separation of iron, cobalt
and copper from REEs. Zirconium was recovered efficiently
from either the aqueous or ethanolic leachate of the SmCo
magnet. The minor elements of NdFeB and SmCo magnets that
were recovered by the SILP from the aqueous or ethanolic
leachates were generally co-eluted along with REEs. Neverthe-
less, the separation of REEs from elements like iron, cobalt,
copper or boron by the SILP appears to be a versatile method,
applicable to either NdFeB or SmCo magnets, after leaching
with an aqueous or organic lixiviant.
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