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Recovering critical metals from secondary resources have attracted great interest recently. In this work, a
green one-pot leaching-extraction process based on tributyl(tetradecyl)phosphonium chloride (P44414Cl)
aqueous biphasic system (ABS) was developed to efficiently recover rare earth elements (REEs) from
NdFeB permanent magnet. The reaction process, phase separation mechanism, and operation conditions
were thoroughly investigated. It is found that the P44414Cl-HCl ABS showed strong extraction ability to-
wards Fe (> 99%) whereas only a few REEs (< 10%) were extracted, leading to extremely high separation
selectivity between Fe and REEs. The characterization results showed that the coordination differences of
Fe and Nd in HCl were the main driving forces for such highly selective separation. The phase diagram
of P44414CI-NdCl3 ABS indicated that the salting-out effect of NdCl; was stronger than common chlorides.
Due to the hydrophobic property of Py4414[FeCly] and salting-out effect of NdCls, the Py4414Cl could di-
rectly form ABS at room temperature after dissolving practical roasted NdFeB samples without any other
operations and reagents. REEs and Fe could be mutually separated in just one step. Compared with tra-
ditional liquid-liquid extraction or ABS separation, this recovery process is green and facile and shows
great application prospects in the field of rare-earth recovery.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of modern society, the application of
critical metals in high-tech materials is increasing year by year,
making a great gap between the demand and metal mineral re-
serves [1,2]. One approach is to recover critical metals from the
secondary resources [3-5]. Taking rare earth elements (REEs), one
of typical critical metals, as an example, the most important rare
earth material in recent years is NdFeB permanent magnet, which
contains about 10%-15% of REEs including Nd, Pr, Dy, and Tb [6].
However, these REEs occupy less than 30% of REEs in the minerals
such as monazite, bastnasite, and ion adsorption deposit [7-10]. In
this case, when extracting Nd from the minerals, the large amount
of less valuable REEs like La and Ce will also be co-extracted. As
a result, the operation and stock cost will be raised significantly.
In addition, large amounts of waste gas, wastewater, and radioac-
tive waste will generate during the refinery of minerals, which has
become a serious threat to the environment [11]. Recovering REEs
from waste NdFeB can partly solve the resource and environmen-
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tal problems, but the volatile organic solvent and inorganic acids
adopted in the state of art technique will also produce secondary
environmental pollution [12,13]. An environmentally friendly re-
covery process based on green solvents is essential for the sustain-
able utilization of critical metals.

Various novel separation methods, including ionic liquids (ILs),
deep eutectic solvents, supercritical carbon dioxide, and meso-
porous material adsorption have been introduced in the critical
metal recovery area [14-17]. Among them, the application of tri-
hexyl(tetradecyl)phosphonium chloride (Pggg14Cl, @ phosphonium
salt IL) as extractant in the recovery of NdFeB has attracted much
attention for its advantages of low vapor pressure, good thermal
stability, high ion conductivity, and specifical selectivity towards Fe
in the solvent extraction [18-22]. However, the viscosity of Pggg14Cl
would increase to a very high value when loading with large con-
centrations of metals, which made it unfavorable for the indus-
trial operation [22,23]. Recently, an alternative extraction system
based on the tributyl(tetradecyl)phosphonium chloride (P44414Cl),
has been reported [24]. The P44414Cl molecule is a water-soluble
IL, which could not be applied in the traditional liquid-liquid ex-
traction process. However, it is found that this IL could form aque-
ous biphasic system (ABS) with NaCl solution or hydrochloric acid
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Fig. 1. (a) Schematic of the separation of Nd and Fe by P4414-based ABS. (b) Effect
of acidity on the extraction efficiency of Fe and Nd, (c) effect of P44414Cl concen-
tration on the extraction efficiency of Fe and Nd, and (d) effect of acidity on the
stripping ratio of Fe and Nd.

when the temperature exceeds the upper critical solution temper-
ature [24,25]. This ABS is aqueous solution that has a much lower
viscosity compared with Pgggi4Cl. Furthermore, the unique phase
transfer mechanism makes it possible to be applied in the one-
pot leaching-extraction recovery process, which can greatly sim-
plify the traditional hydrometallurgical process [26,27]. In previ-
ous researches about the REEs separation, the ABSs based on phos-
phonium nitrate, imidazolium IL or polymers were just introduced
to replace traditional organic solvent [28-32]. To the best of our
knowledge, the one-pot leaching-extraction process and the extrac-
tion and phase transfer mechanism of the Pg4414Cl-based ABS to-
wards critical metals especially REEs are still lack of exploration.

In this work, the NdFeB was adopted as an example for the
study of P44414Cl-HCl ABS in the REEs recovery process. The ex-
traction of individual Nd and Fe in respective chloride solutions by
P44414C1-HCl ABS was carried out first. Then the extraction mecha-
nism was discussed with the Raman and UV-vis spectra. With the
P44414CI-HCI system, a one-pot leaching-extraction process was es-
tablished to recover and separate Fe and REEs from the roasted
NaFeB powder. The influences of acidity, IL concentration, contact
time, temperature and solid/liquid ratio were systematically inves-
tigated to obtain the optimistic condition.

An IL ABS is composed of two immiscible aqueous phases, the
salt-rich phase and the IL-rich phase. As illustrated in Fig. 1a, the
original single phase P44414Cl-HCI solution can divide into two im-
miscible phases by rising temperature. During this process, the
Nd (a represent of REEs) and Fe would be distributed in different
phases. The influence of acidity and P44414Cl concentration on the
extraction of Nd and Fe was very important. As shown in Fig. 1b,
the extraction efficiency of Fe kept over 99.9% in the experimental
acidity range, but the extraction of Nd decreased as the acidity in-
creased. And from Fig. 1¢, when the concentration of IL was 5%, the
extraction efficiency of Fe was lower than 90%, and then increased
to 99%, while the extraction efficiency of Nd increased very slightly
with the increasing of IL concentration. As the Pg4414Cl showed
strong extraction ability towards Fe while only a few Nd was ex-
tracted, high acidity and moderate IL concentration were favorable
for the separation between Nd and Fe. Furthermore, the extracted
Nd in the IL could be stripped by using a high concentration of
HCl to increase the total recovery of Nd. The stripping efficiency
of Nd could reach over 70% when the acidity exceeded 1.5 mol/kg
(Fig. 1d).
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Fig. 2. (a) Raman spectra of Fe in FeCl; solution, HCl, P44414Cl-HCl, and Pg4414Cl
(band positions of each spectra were listed in Table S1 in Supporting information).
(b) UV-vis spectra of Nd in NdCl; solution, HCl, P44414CI-HCl, and P44414Cl. (c) Phase
diagram of P4414CI-NdCl; ABS, and (d) PXRD patterns of NdFeB roasted at differ-
ent temperature (A full pattern of raw NdFeB was given in Fig. S1 in Supporting
information.).

The huge difference between the extraction efficiency of Fe and
Nd might be attributed to the different hydration potential of these
two metals. The extraction mechanism of metal cations by phos-
phonium salt is considered as follows (Reaction 1):

[M(H20)]™ + (m 4 1)Cl~ < [MClyy1]” +nH,0 1)

The critical process of this reaction is the exchange between
water and Cl~ on the coordination shell. The water-exchange en-
thalpy of Nd3* and Fe3*+ was 7.0 & 2.0 and 41.4 k]/mol, which in-
dicated the Nd would keep in water complexes while the Fe might
form Cl~ coordination species in chloride solution [33,34]. The Ra-
man spectra of Fe (Fig. 2a) and UV-vis spectra of Nd (Fig. 2b) in
the single chloride solution, hydrochloric acid, Pg4414Cl-HCI solu-
tion, and P44414Cl were analyzed to support this assumption. The
Raman spectra of Fe in solution exhibited a clear Fe-Cl bond in all
the four samples [6]. Comparing the spectra of Fe in HCI and in-
dividual chloride solution, a new band around 115 cm~! appeared
which could be attributed to the [FeCl4]~ [35,36]. This new band
was also found in the IL, indicative of the generation of [FeCly].
The strong attraction of [FeCly]~ with Pg4414" in HCl might be
the reason for the high extractability of Fe [37]. The strong band
around 334 cm~! could be assigned to the FeCls. It should be no-
ticed that the bands from 850 to 1100 cm~! in the spectra of FeCl;
and HCI solution vanished in the IL, which was an evidence of the
disappearance of Fe-H,0 coordination [38,39]. In the UV-vis spec-
tra, the absorption bands of Nd(IIl) in all the three aqueous solu-
tions kept at 575 nm while it shifted to 576 nm in the Pg4414Cl,
which might be an indication of forming new Nd(III) complexes
[40]. However, the red-shift was so weak, indicating that some
Nd(III) species similar to the original coordination environment
still existed. Thus, we think that this portion of Nd(IlI) might be
extracted as original complexes through a solvation effect by the
water dissolved in IL-rich phase. This result can well explain that
the extraction of Nd decreased as the acidity increased. The in-
creasing acidity decreased the water dissolved in the IL-rich phase,
thus decreased the amount of dissolved [Nd(H,0),]+.

P44414Cl forms ABS with various amounts of chlorides and HCl
because of good interfacial activity provided by the long alkyl
chain [41-43]. Considering the low extraction of Nd by P44414Cl,
the NdCl; might act as a salting-out agent in a P44414CI-NdCl5 sys-
tem. The P44414CI-NdCl3 phase diagram was titrated and shown in
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Fig. 3. Effect of acidity (a), P44414Cl concentration (b), contact time (c), and tem-
perature (d) on the distribution of Fe and Nd in the upper phase, lower phase, and
solid phase after the leaching-extraction of roasted NdFeB, where the w represents
the mass fraction.

Fig. 2c. At each temperature, the critical concentration of NdCl;
varied in a small range, which was similar to other chloride salts
like NaCl and MgCl, rather than HCI [41]. The average critical con-
centration of NdCl; at 25 °C was 0.74 mol/kg, which was even
less than the strongest salting-out agent, CaCl,. This phenomenon
could be interpreted by the high charge density and strong water
coordination of Nd3+. The strong salting-out effect of Nd suggested
that the original single phase solution could be transformed to
biphasic system when the HCl was changed to NdCls. The salting-
out effect of FeCl; was also tested. When high concentration FeCl;
solution was added into P44414Cl water solution, surprisingly, some
water insoluble droplets would appear. It might be due to the
formation of P44414[FeCly], which had strong hydrophobicity and
forms the hydrophobic phase instead of ABS.

In the practical recovery process, the NdFeB powder was
roasted to transform the alloy into the corresponding metal oxides
at first. The Fe and Nd might be oxidized to different phases as the
temperature varied [44]. In this work, the NdFeB was roasted from
600 °C to 800 °C. As the PXRD patterns illustrated (Fig. 2d), the Fe
was all oxidized to «-Fe,03 without any other phases, which was
in accord with previous report [45]. To avoid the possible indissol-
uble NdFeOs at higher temperature, the NdFeB roasted at 600 °C
was adopted in the following recovery process. The metal compo-
sition of roasted NdFeB was given in Table S3 (Supporting infor-
mation). Usually, the temperature change is essential in the one-
pot recovery process of Co and Ni by P44414CI-HCl ABS [26]. In our
case, after dissolution of roasted NdFeB, the single phase P44414Cl-
HCI solution was surprisingly divided into two immiscible aque-
ous phases at room temperature. It might be due to a combina-
tion of the strong salting-out effect of NdCl; and hydrophobicity
of Pgqq14[FeCly].

In ABS-based one-pot separation process, each element might
distribute in three phases: The solid phase, the salt-rich phase
(in this work, the lower phase), and the IL-rich phase (the upper
phase). Various factors would influence the leaching and extrac-
tion, thus varied the distribution of different elements. As shown
in Figs. 3a-d, all temperature, contact time, acidity and IL concen-
tration had positive effect on the leaching of roasted NdFeB. The
left Fe and REEs in the solid phase decreased obviously as all the
factors increased. But the solid/liquid ratio had opposite effect. As
illustrated in Fig. S2 (Supporting information), higher solid/liquid
ratio would consume more H™ and reduce the balanced acidity,
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Scheme 1. Illustration of one-pot leaching-extraction recovery process for roasted
NdFeB using an ABS based on P44414Cl.

so the total leaching efficiency would decrease. It should be noted
that when the acidity was lower than 3 mol/kg, the solution re-
mained a single phase at room temperature. The extraction which
determined the element distribution between upper and lower lig-
uid phase was similar to the individual element extraction pro-
cess. The extraction efficiency of Fe was very high (> 98%) under
all conditions while the extraction of REEs was lower than 10%.
The acidity had a negative effect on the extraction of REEs, while
the increasing of P44414Cl concentration and contact time would
slightly improve the extraction of REEs. With a comprehensive con-
sideration of leaching and extraction, lower solid/liquid ratio, mod-
erate contact time and IL concentration, higher temperature and
acidity were beneficial for the recovery and separation of REEs and
Fe.

Based on the one-pot separation, a facile recovery process was
illustrated in Scheme 1. The NdFeB was roasted firstly and reacted
with Pg4414CI-HCl aqueous solution to form an ABS. After reac-
tion, most REEs were dissolved in the lower salt-rich phase and
Fe was extracted into the upper IL-rich phase. The REEs loaded in
the IL phase could be stripped by concentrated HCl with a strip-
ping efficiency of 76%. These REEs containing HCl solution could
be reused in the next one-pot separation cycle. The left Fe in IL
phase could be precipitated out by using NaOH-NaCl solution. The
P44414C1 would form ABS with NaCl solution and be recovered. The
total Fe and REEs left in the IL was less than 4%, which promised
the recycling of IL. In the total process, the recovery rate of REEs
could reach 96% and the IL could be recycled.

In summary, we proposed a facile one-pot process based on ABS
for recovering REEs from NdFeB. Due to the hydrophobic property
of Py4414|FeCly] and salting-out effect of NdCls, the leaching solu-
tion could form ABS at room temperature. The P44414Cl showed ob-
viously different extraction abilities between Fe and REEs because
of the coordination differences of Fe3* and Nd3* in chloride solu-
tion. REEs and Fe could be mutually separated in different phases
during the one-pot process. The recovery of practical roasted Nd-
FeB indicated the P44414Cl-based ABS had potential to be applied
in the separation and recovery of REEs from other metals.
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