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Abstract The separation of rare earth elements is
particularly difficult due to their similar physicochemical
properties. Based on the tiny differences of ionic radius,
solvent extraction has been developed as the “mass
method” in industry with hundreds of stages, extremely
intensive chemical consumption and large capital
investments. The differences of the ionic magnetic moment
among rare earths are greater than that of ionic radius.
Herein, a novel method based on the large ionic magnetic
moment differences of rare earth elements was proposed to
promote the separation efficiency. Rare earths were firstly
dissolved in the ionic liquid, then the ordering degree of
them was improved with the Z-bond effect, and finally the
magnetic moment differences between paramagnetic and
diamagnetic rare earths in quasi-liquid system were
enhanced. Taking the separation of Er/Y, Ho/Y and Er/Ho
as examples, the results showed that Er(IIl) and Ho(III)
containing ionic liquids had obvious magnetic response,
while ionic liquids containing Y(III) had no response. The
separation factors of Er/Y and Ho/Y were achieved at 9.0
and 28.82, respectively. Magnetic separation via quasi-
liquid system strategy provides a possibility of the novel,
green, and efficient method for rare earth separation.

Keywords rare earth eclement, different
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1 Introduction

Rare earth elements (REEs) are composed of 17 elements
including Lanthanide (La-Lu) and Scandium (Sc) &
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Yttrium (Y) in the element periodic table [1]. With
unique characteristics of abundant 4f electrons and the
large atomic magnetic moment of transition energy level,
REEs are widely used in permanent magnet,
luminescence, catalytic, and many other functional
materials [2,3]. However, it is particularly difficult to
separate and purify these elements due to the similar
physicochemical properties [4,5]. With the increasing
demand of high purity rare earth used in high-tech
materials, innovative and efficient REEs separation and
purification technology are highly desired.

To separate rare earth metals, fractional crystallization,
ion exchange, solvent extraction, resin extraction,
supercritical CO, extraction and membrane technology
have been developed in recent years [6—12]. However,
these methods are exploited based on the tiny differences
in ionic radius among REEs, which determines the small
separation factors. To conquer this drawback and promote
the separation efficiency, the innovation of fundamental
separation mechanism for efficient REEs separation is a
radical approach.

The ionic magnetic moment and ionic radius have the
similar intrinsic properties, generating from the
movement of single electrons inside the atoms [13]. As
known to all, the REEs separation factors (f) of solvent
extraction, a mature industrial technology, are extremely
small because of the slight differences among ionic radii.
For example, pfp, is only 1.4 while B y is
approximately 1.64 by the 2-ethylhexylphosphonic acid
mono-(2-ethylhexyl) ester (P507) [14], with the relative
radii differences of Er(II)/Y(III) and Ho(III)/Y(III) of
0.1% and 1.6%, respectively [15]. However, the ionic
magnetic moments of Er(IIl)/Y(III) and Ho(IIl)/Y (III)
differ by 100% [16]. The large differences can be utilized
for designing the efficient REEs separation process. In
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1958, scientists firstly tried to apply magnetic separation
of rare earth ions in aqueous solution [17].
Unsuccessfully, the magnetic moment of a single rare
earth ion was too small to overcome Brownian motion,
failing to form a total moment of magnetic force in water
solution [18]. In aqueous solutions of rare earth chloride
or nitrate, as a system lacking ion clusters, the enrichment
effect was poor due to the large Brownian motion of the
solution. After demagnetization, the concentration of
enriched paramagnetic ions immediately decreased and
eventually returned to a uniform solution [19]. The direct
separation of rare earth ions in aqueous solution by using
an external magnetic field was unfeasible. On the other
hand, many rare earth oxides have strong magnetic
properties, possible to use the magnetic separation
method to recycle REEs [20]. Pearse et al. [21]
constructed a system to separate mixed rare earth oxides
and carbonates taking advantage of the difference in
magnetic susceptibility of rare earths. Under the action of
gravity and magnetic force, solid rare earth oxides with
high magnetic susceptibility would be preferentially
separated and absorbed by a magnetic field. Although the
magnetic susceptibility of REEs in the solid-state is high,
the interaction between internal ions is extremely strong.
Therefore, the magnetic separation efficiency is low as it
only separates the solid particles with different
magnetism but loses to act on the different REEs in the
particles. It is imperative to develop a new system for
efficient and green REEs separation.

As a new class of solvents, ionic liquids (ILs) have the
advantages of a wide range of temperatures, low
flammability, negligible volatility, easy design and
magnetic adjustment, being considered as “green
solvents” [22—24]. The advantages of the highly efficient,
green and simple process have been widely recognized by
researchers [25-27]. Moreover, paramagnetic metals can
be dissolved in ILs, producing a certain degree of
magnetization under the external magnetic field, which is
called as magnetic ionic liquids. In 2004, Hayashi [28,29]
firstly proposed and synthesized the paramagnetic [bmim]
[FeCl,], claiming that it was completely different from
the conventional magnetic fluids, and that its magnetic
response was far greater than that of FeCl; aqueous
solution. Similarly, the ILs containing paramagnetic rare
earth ions have strong magnetic response. Due to the
long-range nature of coulomb interactions, ILs have a
higher degree of structural ordering than organic liquids.
Zhang et al. [30,31] originally proposed a new concept of
Z-bond in the atomic/molecular scale, which was formed
by the strong coupling between the hydrogen bond and
electrostatic attraction. The Z-bond in ILs coupling with
solid structure can form the intermediate degree of
ordering quasi-liquid (QL) system, which differs from the
long-range order of a crystal and the short-range order of
a liquid [32]. As a new sight of matter state, QL is in the
intermediate state between solid and liquid in the aspect
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of structures, dynamics, and transport properties [33]. As
we all know, the Brownian motion of ions in aqueous
solution is too great to form magnetic interaction force,
while the lattice force of solids (such as rare earth oxides)
is too strong for magnetic interaction to overcome the
lattice force to separate REEs placed in it [34]. Different
from conventional liquids with the chaotic orientation and
arrangement, QL systems can improve the order degree of
basic units through precise regulation, which provide a
possibility to regulate Brownian motion of ions while
weakening lattice force, allowing for separation of
paramagnetic/diamagnetic rare earth ions by means of
external magnetic fields.

Based on the above analysis, ILs, as green solvents, can
be used for the efficient dissolution and separation of
REEs. In the work, a novel method based on the large
ionic magnetic moment differences of rare earth ions
(RE(IIT)) was proposed to promote the separation
efficiency. REEs were firstly dissolved in the ILs to form
the QL system. Under an external magnetic field, the
order degree of RE(III) was improved with the Z-bond
effect, which strengthened the magnetic moment
differences between paramagnetic and diamagnetic
RE(II) in the QL system. The separation of Er/Y, Ho/Y
and Er/Ho was presented as an example and the results
were showed that it was feasible to separate the
paramagnetic and diamagnetic RE(III) in ILs under the
external magnetic field. The separation factors between
Er/Y and Ho/Y were improved significantly and the
separation mechanism was investigated carefully. The
study may provide potential for the industrial application
of magnetic separation in the future.

2 Experimental

2.1 Reagents

Trinity (tetragonal) phosphine chloride (97% purity) and
erbium chloride hexahedron (99.99% purity) were
purchased from McLean. Yttrium and holmium chloride
hexahedron (99.99% purity) were bought from Damas-
beta. The aqueous solutions with concentration of 0.55
mol-L™!" were prepared by dissolving the corresponding
amount of rare earth metal chloride salt in deionized
water. Nitric acid and ethanol were purchased from Sino
pharm Chemical Reagent Co., Ltd. None of the reagents
were further purified, and the experimental water was
redistilled from deionized water.

2.2 Preparation of ionic liquids

Paramagnetic/diamagnetic REEs ILs were synthesized
based on paramagnetic/diamagnetic rare earth ions with
large magnetic moment differences. The synthetic
processes of ILs are briefly introduced below.
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[Pge6.12J3[ETClg]: 0.03 mol [Pge41,4][C]] and 0.01 mol
ErCl,-6H,O were dissolved in ethanol and added to a
round-bottomed flask. Then, magnetic stirring was
performed at 303 K for 5 h. Besides, ethanol and tiny
amounts of water were removed by a rotary evaporator at
353 K. Finally, the compounds were dried overnight in a
vacuum at 358 K using P,O, as a desiccating agent, to
obtain the pale pink liquid [P 14]5[ErClg].

[Pges.14]3LYClg]: 0.03 mol [Pgeq1,][C1] and 0.01 mol
YC13‘6’H20 were dissolved in ethanol and added to a
round-bottomed flask. Then, magnetic stirring was
performed at 303 K for 5 h. Then, ethanol and tiny
amounts of water were removed by a rotary evaporator at
353 K. Finally, the compounds were dried overnight in a
vacuum at 358 K using P,O as a desiccating agent, to
gain the colorless transparent liquid [P 4]5[YCLg].

[Pgs6.14]3[HOClg]: 0.03 mol [P666’14][C,1] and 0.01 mol
HoCl;-6H,0 were dissolved in ethanol in a round-
bottomed flask. Then, magnetic stirring was performed at
303 K for 5 h. Then, ethanol and tiny amounts of water
were removed by a rotary evaporator at 353 K. Finally,
the compounds were dried overnight in a vacuum at 358 K
with the desiccating agent P,Os, to get the faint yellow
liquid [Pg4414]3[HOClg]. More details were provided in
Figs. S1-S3 in Electronic Supplementary Material (ESM).

2.3 Apparatus and measurements

The concentrations of RE(IIl) in ILs were measured by
ICPE-9000 (Shimadu, Japan), and the concentrations of
RE(III) in the ILs phase were calculated by the mass
balance method. The Raman spectroscopy of chloride
rare earth solids, ILs and aqueous solutions were
determined by Raman spectrometry (Invia, Britain), and
its excitation wavelength was 532 nm. The strength of the
magnetic field and the gradient of the field (BVB) were
measured with a portable digital Gauss meter (WT106)
by moving the probe away from the central point of the
magnetic surface in steps of 1 mm. The density of the ILs
was measured using a viscosity/density meter
(DMAS5000M-Lovis2000ME, Austria). The magnetic
properties of ErCly-6H,0(S), [P 14]5[ErClg] (QL) and
ErCl, water solution(L) were anal)’/sed by the Quantum
Design Company MPMS SQUID (MPMS-3, America) at
the 298 K and 500 Oe magnetic field.
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Fig. 1 Chemical structure of the three ILs.
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2.4 Procedure

Stripping tests for metal in the mixed ILs system were
performed with HNO,, HCI solutions. Compared with
HCI solution, the metal stripping efficiency with HNO,
solution was better, with no degradation of the ionic
liquid extraction phase [35]. Therefore, the concentration
of REEs was determined as described below; the contents
of rare earth metals Er(IIl), Ho(III) and Y(III) in ILs were
separated by 4 mol-L"! HNO; solution. The uniform
standard for ILs phase sampling during the experiment
was 0.1 mL. Stripping experiments of rare earth metals
were conducted by using 0.1 mL ILs phase and 1.0 mL
HNO; (4 mol-L 1) water solution. It was found that 1.0 mL
nitric acid solution was in the lower layer and ILs phase
containing rare earth metal was in the upper layer. The
stripping process of rare earth metals is essentially the
transfer of rare earth ions from the ILs phase to the water
phase. In this system, the gravity of rare earth ions
promoted their transfer, thus accelerating the mass
transfer rate. In a constant temperature water bath
oscillation chamber with the temperature set at 298 K and
rotation speed set at 200 r-min !, the contact reached
equilibrium for 15 min, and the separation of the two
phases was performed at 9000 r-min”' for 4 min.

3 Results and discussion

3.1 Volumetric magnetic susceptibility of RE(III)
compounds

To prove the hypothesis, the paramagnetic Er(IIl), Ho(III)
and diamagnetic Y(III) were chosen as examples because
the separation factors of Er(IIl)/Y(III) and Ho(II1)/Y (III)
were the smallest of all the series elements by P507 [14].
In order to confirm the magnetism of the different RE(III)
states, the magnetic moment of Er(Ill) in the three states
of ErCl; water solution(L), [P 4]5[ErCl]J(QL) and
ErCl;-6H,O(S) were firstly determined. The samples in
different states were analysed as the same amount of
0.00055 mol, with the concentration of 0.55 mol-L™!
ErCly; water solution(L) and [Py 14]5[ErClg](QL). The
volumetric magnetic susceptibility of HoCl,-6H,0(S),
[Pge6.14)3[HOCI](QL) and HoCl; water solution(L) were
measured under the same way. All of the tests were
sampled three times and the averaged results were
obtained. As shown in Fig. 2, the volumetric magnetic
susceptibility of rare earth chloride Er(IIl) with the same
molar amount in the three states of ErCl;-6H,O crystal,
[Pgsc.14]5[ErCl] and ErCl, in aqueous solution is 2.18,
2.03 and 1.84, respectively. They are different in the three
states, although they have the same theoretical magnetic
moment of Er(IIl) (9.58 pg). Obviously, the volumetric
magnetic susceptibility of the three states lies as:
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Fig.2 Volumetric magnetic susceptibility of RE(III) compounds
in the three states.

ErCl;-6H,0(S) > [Pgg6.14]5[ErClgI(QL) > ErCl; water
solution(L). The states of paramagnetic atom have a great
influence on its magnetic susceptibility.

On the other hand, the measured volumetric magnetic
susceptibility of Ho(IIl) in the same state is greater than
that of Er(Ill). It can be reasoned as the theoretical
magnetic moment of Ho(III) (10.61 pg) is larger than
Er(IlI) (9.58 pg). Generally, the greater the ionic
magnetic moment is, the greater the susceptibility is [36].
As for lanthanide ions, the magnetic moment of Ho(III) is
larger than Er(IIl) due to the more single electrons. To be
concluded, the susceptibility of a certain compound is
affected by two factors: the magnetic moment of the
paramagnetic atom itself and the compound state.

Internal molecular arrangement
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3.2 The RE(III) ordering in the three states

To better explain this consequence, the internal molecular
structure diagrams of ErCl;-6H,0 crystal, [Py 14]5[ErClc]
and ErCl; in aqueous solution were proposed. As shown
in Fig. 3, the anions and cations in the crystal molecular
structure are closely arranged with a high degree of
ordering, and the magnetic susceptibility is the maximum
when the magnetic field is applied [37]. Then, as
liquidized crystals, [Pggq14]3[ErClg] have a related
ordered structure, but they are not exactly the same as the
crystal structure. Therefore, interactions within crystal
molecules are also effective in ILs [38—41]. Ordered
clusters of molecules can be formed highly inside the QL
system, the direction of the molecular cluster is consistent
with the direction of the magnetic field when the
magnetic field is applied. This explains why the magnetic
susceptibility of the RE(III) in the QL system is close to
that of the RE(IIl) solid. Finally, the ions in the water
solution are disorderly arranged due to the large
Brownian motion, and the force direction is all-
directional. In the case of an external magnetic field, it is
difficult for the magnetic moment to form an effective
resultant force [19,42], so the volumetric magnetic
susceptibility of RE(III) in water solutions is ignorable.

To sum up, the magnetic susceptibility is a macroscopic
reflection of the resultant force of the magnetic moment
inside the molecule and is closely related to the degree of
ordering of molecules contained in substances. The root
cause lies in the internal structure of the molecule and the
interaction between anions and cations.

Internal forces

Fig. 3 Internal structure diagrams of the three states under the gradient magnetic field.
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3.3 Raman spectroscopy of Er(Il) compounds

To further verify the prediction of the ordering of
paramagnetic rare earth ILs, the Raman spectroscopy of
the three states were studied. The Raman spectroscopy of
the [bmim]" cation in crystalline and liquid [bmim][X]
highly resemble each other, indicating that their structures
in IL state are similar to those in the crystalline state in
the paper [40,41]. The structure information of
[Pge6.14]3[ErClg] and [Peqq 14][Cl], ErCly-6H,0 crystal and
ErCl, in water solution is shown in Fig. 4. The Raman
spectroscopy of ILs [P 14]s[ErClg] and [Py 41[Cl]
agree well with each other. The [Pees.14] 10 [Pggq 4]3fErC16]
has a similar structure to that in [Pge6.12][C1]. That is
because the Raman bands observed in [Py 14]5[ErClg]
and [Py 14][Cl] are all assigned to the vibrations of the
[P666’14]+ cation. Notably, the Raman peaks of 776 and
552 cm™!, which were characteristic peaks of the ErCl,
crystal, were observed in [P 14]5[ErClg] and ErCly-6H,0
crystal, while they were absent in [Py, ,J[Cl] and ErCl,
in water solution. It indicates that the similar ordered
structure of ErCly crystal is both in [Py 14]5[ErClg] and
ErCl,-6H,0 crystal, but it cannot be observed when ErCl,
is dissolved in water solution due to thermal motion. The
peaks of water molecules (3200-3400 cm™!) have also
been claimed by the paper [43].

Combining the above conclusions with the measured
volumetric magnetic susceptibility data, ILs, as the green
solvents, can greatly enhance the order of internal
molecules and have higher structural ordering than
aqueous solutions.

3.4 Magnetic properties of RE(III) containing ionic liquids
Then, paramagnetic ILs (i.e., [Pg44 14]3[ErClg] and [Pygq 1415

[HoCl¢]) and diamagnetic IL (i.e., [Pgqq14]3[YClg]) were
synthesized respectively. In order to further verify

whether the paramagnetic Er(IlI), Ho(Ill) and
45000
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Fig. 4 Raman spectroscopy of [Py 14][Cl], [Pggs 1413 [ErCls](QL),
ErCl;-6H,0(S) and ErCl, in water solution(L).
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diamagnetic Y(III) in the QL system have changed, the
magnetic properties of [Pygq 14]3[ErClg], [Pggg.14]3[HOCI(]
and [Pg46 14]5[YClg] were examined by using the SQUID
method. The magnetic moment of [P ,];[ErCL] was
measured at 300 K in the magnetic field fange of 20000
to 20000 Oe using the MPMS SQUID measuring system.
[Peg6.14)3[HOClg] and [Py 1415[YClg] were also tested in
the same condition. As indicated in Fig. 5, typical
properties of  paramagnetic  Er(Ill)/Ho(IlI) and
diamagnetic Y(III) were obtained. At the same time, the
magnetic moment at 500 Oe in the temperature range of
10-300 K was measured (more details were provided in
Fig. S4 in ESM). The variation of the magnetic moment
values with the external magnetic field indicated that
[Pes6.14J3[ETClg] and [Pge 1413[HOClg] were paramagnetic
and the [Py 4]5[YCl] was diamagnetic. No strong
coupling amohg the spin angular momenta of the
[ErC16]3’ and [H0C16]3’ anions was detected. Preliminary
measurements of relationship between the magnetic
moment and the temperature showed that the
[Pges.14)3[ETClg] and [Pgq 1413[HOCl] exhibited ordinary
paramagnetic temperature dependence in the temperature
range 10 to 300 K; especially at lower temperature, the
difference of magnetic moments increased obviously.

The influence of magnetic substance content on the
magnetic size of the ionic liquid and the magneto-
swimming velocity was studied. In the first place, the
paramagnetic  ionic  liquid  [Pgeq 4]5[ErClg]  and
diamagnetic ionic liquid [Py 14]3[YClg] were mixed
evenly according to a certain mole ratio, and mixed ILs
1-6 with different paramagnetic Er(IIl) contents were
obtained. The specific proportion of mixing is shown in
Table 1. Magnetic moment data were obtained by
continuous testing at 298 K and 500 Oe using the MPMS
SQUID magnetic measurement system. To avoid the
deviation of the magnetic moment of the test results
caused by the error of the massive size of the sample,
quality magnetic susceptibility was obtained by further

0.6

— [Pegs, 1als[HOCl]
— [Pegs, 1a5[ErClg]
— [Pes, 14]3[YC16]

0.4

0.2

Magnetization/(emu-g ")
S
IS

—20000 —10000 0
Magnetic field/Oe
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Fig.5 Relationship between the magnetization and magnetic
field of [Py44 14]3[ErClg), [Pggg.14]s[HoClg] and [Pygq 1415 Y Clg].
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Table 1 Er(II)/Y(II) mixed ILs 1-6

Item IL1 L2 IL3 IL4 IL5 IL6
Er(11I)/mol % 0 20 40 60 80 100
Y (11I)/mol % 100 80 60 40 20 0

normalization of the data. As shown in Fig. 6, the quality
magnetic susceptibility of the mixed ILs increased
linearly as the mole fraction of Er(Ill) increased.
Similarly, the speed of the Er(Ill) drop accelerated with
the same tendency, as the magnetic force that pulled the
droplet toward the magnet became stronger. The
magnetism of the so-called ILs was originated from the
strong paramagnetic nature of Er(Ill) [44]. Therefore, a
new method of quantifying magnetic material content by
magnetic susceptibility can be concluded as the linearly
relationship between the mole fraction and the quality
magnetic susceptibility of Er(III). In this way, the amount
of paramagnetic Er(IIl) in the mixed ionic liquid can be
directly determined by measuring the mass susceptibility.
It is superior to inductively coupled plasma (ICP) method
at least in the two aspects of simpleness and low reagent
consumption. The test precision can be consistent with
that of ICP determination when there is no magnetism
mature in the ionic liquid. It is also a new test method to
determine the content of rare earth by magnetic
susceptibility.

Linear fit R2 = 0.9904 18

25k u VC]OC”.}
A Jn

—— Linear fit R =0.9994

20 F
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1
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Average velocity/(x10
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(3]
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=
o
T
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Fig. 6 Magnetization (black triangles) and average velocities
(red squares) of the mixed ILs containing Er(I1I) and Y (III).

@ Diamagnetic ionic liquids
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3.5 The proposed separation schematic plot

Magnetic separation has attracted increasing attention
[45,46]. Based on the differences of ionic magnetic
moment, rare-earth separation via QL strategy was
proposed. However, the direct magnetic separation of
inorganic salt was failure because of the large Brownian
motion and the disordered state of RE(III) in the aqueous
solution [15]. In this manuscript, ILs were introduced to
improve the order degree of RE(IIl) dissolved in them
and increase the magnetic susceptibility of paramagnetic
RE(III), and then the difference between the paramagne-
tic RE(IIl) and diamagnetic RE(III) was enlarged.
Therefore, the two RE(II) (group) were separated in the
external magnetic field. As shown in Fig.7, the
experiments were conducted in the same apparatus where
a magnet was placed on one side of the petri dish. No
aggregation of diamagnetic ionic liquid would be
observed, while an obvious magnetic migration
phenomenon would be found near the magnet. As for the
mixed paramagnetic and diamagnetic ILs, the paramag-
netic RE(IIT) would be migrated and aggregated near the
magnet and separated from the diamagnetic RE(III).

3.6 Magnetic separation of REEs in quasi-liquid system

To verify the assumption, a series of experiments were
conducted in two aspects: (1) Magnetic induction
experiments of pure ILs of Er(Ill), Ho(Ill) and Y(III).
(2) Separation experiments of Er/Y, Ho/Y and Er/Ho
mixed ILs in the petri dish (Fig. 7). Er(Ill) and Ho(II)
dissolved in ILs are paramagnetic, which have no magnet
in the absence of the external magnetic field because of
the random directions of magnetic moments and the zero
resultant force. In the presence of the external magnetic
field, the paramagnetic Er(IIl) and Ho(IIl) in the ionic
liquid will be arranged orderly and responded to the
magnet, while the diamagnetic Y(III) will not be affected
as there is no single electron in the electronic orbit.

3.6.1
system

Magnetic separation of Er(III)/Y (III) in quasi-liquid

To express the magnetic induction phenomenon of
[Pee6.14ls[ETClg] and  [Pgge 1415[YClg], the experiments

® Paramagnetic ionic liquids

Fig. 7 Magnetic separation of REEs in the QL system diagram.
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were performed carefully (Fig. 8). The magnetic field
source was provided by a cuboid Nd—Fe—B magnet with
the maximum surface magnetic field intensity of 3800 Oe
(measured by a Gaussian meter). The QL system was
constructed by dissolving RECI; in [P 4][Cl]. Then,
each drop of 0.1 mL [Py 14]5[ErCly] and [13666 1als[YCI(]
were set in the petri dish and their movement were
investigated carefully in the magnetic field. To smoothen
the surface, a small amount of water was added and it
supported the ILs with lower density. As shownin Fig. 8(A),
paramagnetic [Py, 4]5[ErClc] had an obvious magnetic
induction phenomenon but the diamagnetic [Pesc.14]3
[YCI,] was fixed in its primary place from 0 s to 12 s.
The average velocity of [Pgeq14]5[ErClg] increased with
an accelerating trend as time went by (Fig. 8(B)). The
intrinsic mechanism can be explained as: The magnetic
field intensity enhanced as the drop mover to the magnet.
Then the rising tendency of average velocity was formed,
growing rapidly in the beginning and gradually tending to
be stable as the resistance force to motion increased to the
value of magnetic force. As for [Pgq 4]5[YCl], the
average velocity was kept at zero all the time in the whole
range of the magnetic field. Additionally, a series of
experiments named as a—d, presenting as different liquid

Front. Chem. Sci. Eng. 2022, 16(11): 1584—1594

drops (0.1 mL each drop) of [Py 4]5[ErClg] and
[Pee6.14ls[YClg] of 1:1, 2:2, 4:4 and 8:8, respectively,
were designed to describe the separation properties. As
shown in Fig. 8(D), the ILs of Er(Ill) and Y(III) were
separated from each other under a maximum surface
magnetic field intensity of 4200 Oe. The two samples
near and far from the magnet were collected for further
analysis by ICP.

The results showed that more [Pggq4]5[ErClg] were
enriched near the magnet in Fig. 8(E), although the
specific proportions were different from a to d.
Accordingly, more [Pgqq1,4]5[YCly] stayed at the original
location far from the magnet (Fig. 8(F)). In groups a and
b, [Pees.14]3[ErClg] and [Pgge 1415[YClg] could be comple-
tely separated as the former attracted to the magnet and
the later remained motionless. However, part of
[Pgg6.1413[ Y Clg] was carried by the moving [Py 14]3[ErCly]
ILs when the liquid drops (group ¢ and d) were increased.
The main reason can be concluded as many
[Pee6.14J3LYClg] drops were hindered on the magnetic
swimming route of [Pgq 4]3[ErCl¢] and moved along
with [P666 14J5[ErClL] under the adhesive force. Herein,
the maximum ff could reach at 9.0 with a higher
theorical separation factor than that in the tradition by
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The two samples of each group were corrected for the proximal or distal end of the magnets and analysed for the concentration of
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P507 (Bg,y = 1.4) [14]. The details of Er/Y mixed ionic
liquid separation experiments were shown in Figs. S5-S6
in ESM. Finally, it was feasible to separate the Er(III) and
Y(III) in the QL system based on their large magnetic
moment difference.

3.6.2 Magnetic separation of Ho(II1)/Y (III) in quasi-liquid
system

Similarly, the magnetic separation of [Pg44 4]3[HOCl(]
and [Py, 1415[YCls] were conducted as shown in Fig. 9
under the same experimental conditions. The results
showed that no movement of the diamagnetic
[Pge6.12]3L Y Clg] was observed as mentioned above, but an
obvious magnetic induction phenomenon of the
paramagnetic [Pgqq 14]3[HoClg] was similar to that of
[Pss.14)5[ErCL] (Fig. 9(A)). Meanwhile, the influence
tendéncy of movement time and the magnetic field on
velocity was almost the same tendency as that of
magnetic separation of Er(II)/Y(III) above. However, the
separation efficiency of the two groups were different
from each other. Considering the higher theoretical
magnetic moment of Ho(II) (10.61 py), its velocity was
always larger than that of Er(IIl) (9.58 pg) at the same
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time or the magnetic field. For example, the average
velocities of 666 11] ;[HoCl] were 1.35 x 10 m's ! and
12.75 x 10 m's ™' at the beginning 2 s and the whole
process of 12 s, respectively. The results were 0.75 x 1073
m-s ! and 7.5 x 10 m-s' in the same situation of
[Pge6.14)3[ETClg] (Fig. 9(B)). The Ho(IlI) velocities were
nearly 2 times higher than those of Er(Ill). It was
consistent with the previous conclusion that the volume
susceptibility of Ho(III) in the same state was greater than
that of Er(Ill) (Fig. 2). As a result, the maximum Sy
could be reached at 28.82, greater than that of S with
9.0. It indicates that the bigger difference will result in the
larger magnetic separation factor in the same situation.
Actually, fy,y is approximately 1.64 by P507, while
Pr.y 1s only 1.4 [14]. The separation of Er/Y is also more
difficult than that of Ho/Y based on the differences
among Ho(III)(0.894 A), Er(Il1)(0.881 A) and Y(III)
(0.880 A) [15]. In a word, magnetic separation of Ho(III)/
Y(III) in QL system is achieved at the magnetic field.

3.6.3 Magnetic separation of Er(III)/Ho(III) in quasi-liquid
system

Based on the analysis above, magnetic separation of
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. (B) The average velocity of [Py 14]3[HOCl¢] and [Pgeq 1415[YClg] in different time. (C) The average velocity of
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(D) Separations of different liquid drops (0.1 mL each drop) of [Pg44 14]3[H0Clg] and [Py 14]5[YClg]. a—d represent 1:1, 2:2, 4:4 and
8:8, respectively. The left graph: The initial state before magnetic movement, and the right graph: The final state when balance in
motion is achieved. The two samples of each group were corrected for the proximal or distal end of the magnets and analyzed for the
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Er(Ill)/Ho(IIl) in QL system was also tried in this
manuscript. The experiments conditions were the same as
section 3.6.1 and 3.6.2. As shown in Fig. 10, both
[Pgs6.12]3[HOCl] and [Py 14]5[ErClg] were attracted by
the magnet although their average velocities were
different from each other (v, > vg,). At the end of the
magnetic separation experiments (12 s), the two REEs
thoroughly moved to the magnet and almost no RE(III)
could be detected in the group of a—d (Fig. 10(F)). It
seemed that the magnetic separation of Er(Ill) and
Ho(IIl) could not be achieved when equilibrium was
reached. However, it might be possible to conduct
separation in the kinetics perspective as shown in Fig. 10(B)
and Fig. 10(C), due to the velocity differences of the two
ILs in different time. More investigation should be
conducted to separate these paramagnetic REEs with tiny
differences of magnetic moments.

4 Conclusions

Based on the large differences of the magnetic moment
among Ho(Ill), Er(Ill) and Y(III), rare earth magnetic

Front. Chem. Sci. Eng. 2022, 16(11): 1584—1594

separation with high efficiency has been achieved in QL
system. The inoic liquid, as green solvent, has greatly
enhanced the order of RE(II) and increased the
differences between paramagnetic RE(III) and molecules
diamagnetic =~ RE(III). The volumetric magnetic
susceptibility of RECI;-6H,0 crystal, [Pgeq14]5[RECl(]
and RECI; in aqueous solution are different from one
another, although they have the same theoretical magnetic
moment with the same RE(III). The volumetric magnetic
susceptibility of the three states lies as: RECl;-6H,0(S) >
[Pee6.14)s[RECI](QL) > RECI; water solution(L) (RE
presents as Er or Ho herein).

As a result, the paramagnetic [P 4]5[ErCls] and
[Pggs.14]3[HOClg] had obvious induction phenomena,
aggregated near the magnet. However, the diamagnetic
[Pee6.14]3LYClg] had no induction phenomenon in the
magnetic field. Then, a series of experiments were
conducted to separate Er/Y, Ho/Y and Er/Ho in QL
system. The results showed that the separation factors of
Er/'Y and Ho/Y were achieved at 9.0 and 28.82,
respectively. They were obviously higher than those of
the traditional separation method with S and By, of
1.4 and 1.64 by P507, which was based on the tiny ionic
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Fig. 10 Magnetic separation of Er(Il)/Ho(Il]) in QL system. (A) The magnetic induction phenomenon of [Py 14]5[ErClg] and
[Pyg6.1413[HOClg]. (B) The average velocity of [Py 1415[ErClg] and [Py 14]5[HoClg] in different time. (C) The average velocity of
[Pyge.143[ErClg] and [Pggq14]3[HoClg] in different magnetic fields (from the distal to the proximal end of the magnets).
(D) Separations of different liquid drops (0.1 mL each drop) of [Pg4s 14]3[ErClg] and [Pggq 14]1;[HoClg]. a—d represent 1:1, 2:2, 4:4 and
8:8, respectively. The left graph: The initial state before magnetic movement, and the right graph: The final state when balance in
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proximal end of the magnet in the a—d group. (F) The concentrations
magnet in the a—d group.

of [P 1413 ErClg] and [Pgee 14]1;[HoClg] at the distal end of the
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radius difference. However, the separation of Er(Ill) and
Ho(III) seemed difficult in the magnetic field due to their
similar magnetism, but it might be possible in kinetics the
perspective because of their velocity differences. To be
concluded, it is with great potential to develop a green,
efficient and sustainable magnetic separation process
based on the differences of the RE(III) magnetic moment.

Furthermore, the separation efficiency may be
increased via designing optimized magnetic rare earth
ILs, introducing high magnetic fields and developing
suitable process. The work provides a new perspective on
green separation of rare earth elements.
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