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1 Introduction

Recovery of iron as hematite and separation of
trivalent lanthanide ions from spent hard disk
magnet leach liquor using [P66614][Cy272] ionic
liquid

Prasanijit Das,® Binapani Behera,” Kali Sanjay*b and Niharbala Devi® *@

The widespread use of neodymium-—iron—boron (NdFeB) magnets has raised concerns about the
environmental impact of their disposal, prompting the need for sustainable recycling strategies.
Traditional solvents used in recycling are toxic and flammable, making them risky to use. lonic liquids are
safer and greener options with low vapor pressure, high stability, and less flammability. This study
introduces an eco-friendly recycling approach utilizing the [P66614][Cy272] ionic liquid to selectively
extract iron and recover rare earth elements (REEs) from the leach liquor of waste NdFeB magnets. Pre-
treatment processes enhanced metal concentration before leaching, including demagnetization,
grinding, and screening. Optimal leaching conditions: 2 mol L™ HCL, 80 °C, 10 g L™* pulp density, and
90 minutes, resulted in complete leaching of REEs (Dy, Pr, Nd), iron, and boron. Using 0.01 mol L™*
[P66614][Cy272] ionic liquid, 100% of the iron was removed from the leach liquor with minimal co-
extraction of REEs (~4%). Precipitation of iron leading to Fe,Oz (hematite) after calcination and is verified
through XRD and SEM-EDS analyses. The ionic liquid also enabled 81.1% recovery of HCl from the leach
liquor, reducing neutralization needs and operational costs. Subsequent REEs separation using
0.01 mol L™ [P66614][Cy272] ionic liquid demonstrated high selectivity, achieving separation factors of
18.55 (Dy/Pr) and 15.52 (Dy/Nd) at pH 2.03. Dy(i) was successfully separated from NdFeB leach solutions
using counter-current extraction, leaving 6.0 mg L™ in the raffinate, requiring two extraction stages at
a 2:3 organic-to-aqueous phase (O/A) ratio. The reusability of the ionic liquid further enabled
a sustainable, closed-loop recycling process. This approach highlights the potential for integrating ionic
liquids into green technologies for NdFeB magnet recycling, ensuring resource recovery while
minimizing environmental impact.

magnets are typically composed of 20-30% of Nd, 0.5-7% of Pr,
0.2-6% of Dy, 60-70% of Fe, 0.3-1% of B, 0.1-0.9% of Al, and

The transition to renewable energy and a green economy is
heavily reliant on rare earth elements (REEs), resulting in
a steady increase in demand." REEs play a crucial role across
various industries, including permanent magnets, batteries,
ceramics, glass, catalysts, electronics, automotive, and renew-
able energy sectors.>® The permanent magnet and catalyst
industries, accounting for 23% and 24% of all REE consump-
tion, respectively, have emerged as the primary consumers of
REEs.* Neodymium-iron-boron (NdFeB) magnets are the most
common type of permanent magnets and are distinguished by
their superior strength, with an energy output of 200-440 kJ
m >, far surpassing that of ordinary ferrite magnets. NdFeB
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0.4-3% of Co, predominantly in the form of Nd,Fe,,B phase.>®
They are utilized in various applications, including motors and
generators (34.4%), hard disk drives (HDDs) and Digital
Versatile Discs (DVDs) (13.6%), electrical vehicles (EVs) and e-
bikes (10.9%), and energy production and storage (7.2%).”
The annual production of approximately 600 million computer
hard disks consumes an estimated 6000-12 000 tons of NdFeB
magnets.®* HDDs contain approximately 1 to 20 grams of NdFeB
magnet, with a lifespan of about 2 to 5 years, depending on the
application.” The rising challenges of waste management,
coupled with the rapid decline in REEs resources, have led to
the growth of fields focused on recycling and sustainable solu-
tions. As a result, the recycling of used NdFeB magnets has
gained significant importance.'® The recycling process of end-
of-life (EoL) HDDs is beneficial due to their high content of
REEs, nearly about 30%, including the mixture of light REEs
(Nd and Pr) and economically valuable heavy REEs as Dy. These
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NdFeB magnets also contain large amounts of iron along with
smaller quantities of boron and are typically coated with nickel
and cobalt for corrosion protection.

Various approaches have been proposed for treating NdFeB
magnet waste, with pyrometallurgy and hydrometallurgy being
the primary methods. Pyrometallurgical techniques, like chlo-
rination, glass slag formation, selective oxidation, and liquid
metal extraction, are commonly used but pose challenges in
metal separation and require high energy due to elevated
operating temperatures (600-1500 °C).**** On the other hand,
hydrometallurgy is a well-established technique for obtaining
high-purity products and involves various steps such as
dismantling, physical separation, crushing, leaching, removing
impurities, and solvent extraction.”>™® It is commonly used in
recovering NdFeB magnet waste components through selective
leaching,** solvent extraction,*"** and precipitation.>*** Yoon
et al.” investigated the leaching of NdFeB magnet scrap using
sulfuric acid (H,SO,) at various temperatures and concentra-
tions. They found that the best conditions of leaching param-
eters were 70 °C temperature, 3 mol L' H,SO,, and leaching
time of 4 hours. In 2013, Lee et al.* conducted a study on the
leaching of NdFeB magnets using various leaching agents,
including sulfuric acid (H,SO,), hydrochloric acid (HCl), nitric
acid (HNOj3), and sodium hydroxide (NaOH). They found that
HCI and H,SO, provided the best leaching performance. The
optimal conditions identified were solid-to-liquid (S : L) ratio of
20 g L%, leaching time of 15 minutes, and concentrations of
3 mol L™ HCI or H,S0,. However, they observed that Nd dis-
solved along with iron. Lyman et al.*® reported that H,SO,
leaching dissolved about 98% of Nd from spent magnets, and it
was recovered through double salt precipitation. However, the
high concentration of iron in the leachate posed significant
challenges for separating REEs.”

Iron impurities in leaching solutions pose difficulties in
separation processes. Although commonly used, traditional
precipitation methods often face issues like low selectivity due
to co-precipitation with other metals. Solvent extraction offers
a more efficient alternative, allowing for the selective separa-
tion, purification, and concentration of metal ions, which leads
to the production of pure products. Organic extractants such as
di-(2-ethyl hexyl)phosphoric acid (D2EHPA), tri-n-butyl phos-
phate (TBP), methyl isobutyl ketone (MIBK), and phosphine
oxides such as Cyanex 921 and Cyanex 923 have shown high
efficiency in iron extraction.”®*** However, the use of organic
solvents presents safety and environmental risks due to their
toxicity and flammability. For the protection of the environ-
ment, the environmental regulations, and SDGs (sustainable
development goals) mandates are accelerating the shift toward
innovative green practices.***" Ionic liquids (ILs) have gained
attention as eco-friendly and versatile solvents, supporting the
development of sustainable technologies. ILs are categorized
based on cations, anions, functional groups, and other prop-
erties, with their evolution divided into generations reflecting
advancements in synthesis. The first ILs, ethyl ammonium
nitrate, was reported by Paul Walden in 1914, initiating first-
generation ILs characterized by simple cation-anion interac-
tions. These ILs exhibited thermal stability and low vapor
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pressures but were highly sensitive to water and air, with envi-
ronmentally harmful synthesis routes. Second-generation ILs
addressed these issues by introducing functional groups,
enhancing tunability, and expanding applications in metal
separation, pharmaceuticals, gas purification, and rare earth
extraction. To overcome the limitations of earlier generations,
third-generation ILs, also called task-specific ILs (TSILs) were
developed for specialized applications.**** Hydrophobic RTILs,
such as Cyphos IL 101 and Cyphos IL 104 have shown great
promise in metal extraction, providing a sustainable alternative
to traditional solvent extraction methods.***® Kogelnig et al.*”
studied the separation of iron(m) from nickel(u) using Cyphos IL
101 diluted in chloroform (CHCl;). The results showed that
iron(m) was efficiently extracted from 6 mol L™" hydrochloric
acid solution, forming tetrachloroferrate in the organic phase,
while nickel(nr) remained unextracted. Cui et al.*® studied the
extraction of iron from acidic chloride solutions using undi-
luted Cyphos IL 101, achieving rapid and efficient extraction
with high selectivity. The maximum iron loading capacity
reached 83.2 g L™". The spectroscopic analysis confirmed the
extraction mechanism, involving FeCl; as ion association and
anion exchange for [FeCl,]~ with Cyphos IL 101.

In hydrometallurgical processes, metals are commonly dis-
solved using acids during the leaching stage. The resulting
leach solution tends to be highly acidic, often requiring
neutralization before metal extraction can occur. This neutral-
ization step not only consumes large quantities of alkali but also
introduces additional cations and anions into the solution,
which can complicate the metal separation process during
solvent extraction. To mitigate these issues, an alternative
approach involves recovering the free acids directly from the
leach liquor. This strategy can eliminate the need for neutrali-
zation, thereby preventing the introduction of unwanted ions
and enhancing the efficiency of metal extraction. Traditional
extractants like tris-(2-ethyl hexyl)amine (TEHA), Alamine 336,
TBP, Cyanex 923, and ILs like Aliquat 336, and Cyphos IL 104
are commonly used for extracting mineral acids.**** Kumari
et al.*® investigate the use of Cyphos IL 104 for recovering
various mineral acids from waste solutions, showing effective
acid extraction and regeneration, even in the presence of lan-
thanum(m) ions.

Numerous studies have explored the use of various cation
exchange extractants, such as D2EHPA, Cyanex 272, Cyanex 301,
and PC88A, for the separation of elements like lanthanum (La),
neodymium (Nd), and praseodymium (Pr).** Among these,
Cyanex 272 demonstrated the highest extraction efficiency.
However, acidic extractants release H' ions, reducing their
efficiency. To counter this, studies have investigated the use of
saponified acidic extractants with NaOH or NH; for better
separation.*>*® For instance, saponified PC88A has been used to
extract Nd(m) from chloride media and Nd,O; with more than
97% purity was obtained.*” Despite the improved separation,
challenges such as emulsification, third-phase formation, and
environmental concerns related to Na* or NH," ion release
remain problematic. Exploring the ILs again for REEs extrac-
tion, one study examined the extraction of Dy, Pr, and Nd from
waste NdFeB magnets, utilizing TBP and Aliquat 336 nitrate
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([A336][NOs]) as diluent, showed significant Nd(ui) extraction
through repeated cycles.”® Trihexyl(tetradecyl)phosphonium
nitrate was also employed to separate cobalt from REEs such as
Nd and Dy.* A comprehensive study on the extraction of
neodymium using Cyanex 923 was conducted in the presence of
ILs, composed of bis(trifluoromethylsulfonyl)imide anion and
five different cations. The findings revealed that ILs containing
hydrophilic cations, such as [N1444][Tf,N] and [C4mim][Tf,N],
demonstrated greater efficiency in extracting Nd(m) compared
to those with hydrophobic cations.*

So, in this piece of work, the ionic liquid [P66614][Cy272] has
been chosen for the entire investigation, including iron
removal, acid extraction, and the separation of REEs after
leaching the waste NdFeB magnets. First, the leaching of REEs
(Dy, Pr, and Nd), the transition metal (Fe), and boron (B) from
waste NdFeB magnets using inorganic acid, HCI was investi-
gated. The effects of various leaching parameters, like the effect
of acid concentrations, temperature, and leaching time, were
thoroughly examined. Following leaching, iron in the leach
liquor was removed using solvent extraction with the ionic
liquid mentioned above. Concurrently, acid extraction from the
leach liquor was also performed using ionic liquid [P66614]
[Cy272]. The separation behavior of rare earth metal ions from
the leach liquor was studied, where the influence of pH,
extractant concentration, and the construction of McCabe-
Thiele plots were analyzed to identify optimal separation
conditions among Dy, Pr, and Nd. The extraction efficiency and
separation factor values were analyzed to assess the selectivity
between heavy REEs (Dy) and light REEs (Pr and Nd). Produc-
tion of hematite (Fe,O3) has also been carried out.

2 Materials and methods

2.1 Sample collection and pretreatment process of waste
HDDs magnets

The waste and end-of-life desktop HDDs were collected from the
computer center of Siksha ‘O’ Anusandhan Deemed to be
University, Bhubaneswar. Afterwards, the neodymium-rich
magnets were removed from waste HDDs, and each HDD con-
tained two magnets weighing approximately 6-8 grams. These
magnets were typically coated with a thin layer of nickel, which
had been manually peeled by hand using a cutter. Following the
removal of the coating, the magnets were subjected to thermal
treatment in a muffle furnace at temperatures exceeding the
Curie point (350 °C) for 2 hours to eliminate their magnetic
properties. Next, the demagnetized NdFeB magnets were
crushed with a hammer and then put into the pulverizer to get
the powder form. Also, the particle size was smaller than 100 pm
and was ready for chemical processing. The complete
pretreatment process of the waste HDDs magnet is summarized
in Fig. 1.

2.2 Chemicals and apparatus

Cyanex 272 (bis(2,4,4-trimethylpentyl)phosphinic acid) and
Cyphos IL 101 (trihexyl(tetradecyl)phosphonium chloride) were
utilized as extractants to synthesize the task-specific ionic liquid
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[P66614][Cy272]. In this study, Cyanex 272 and Cyphos IL 101
were provided as gift samples by Cytec Solvay, Canada. Hydro-
chloric acid (HCI) with a purity of 37%, nitric acid (HNO3) with
a purity of 69%, and all other chemicals were purchased from
Merck of analytical grade. All solutions were prepared with
Millipore water. The metal content in the aqueous solution was
analyzed using ICP-OES (inductively coupled plasma optical
emission spectroscopy) with iCAP PRO Thermo Scientific
instrument. The elemental distribution and morphology of the
NdFeB waste sample were examined using Scanning Electron
Microscopy (SEM) with an EVO-18 microscope from Carl Zeiss,
equipped with Energy Dispersive Spectroscopy (EDS). X-ray
Diffraction (XRD) analysis, conducted on a PANalytical Empy-
rean Series 2 instrument, determined the phase composition
using graphite monochromatized Cu Ko radiation (1 =
1.5418 A). The ionic liquid [P66614][Cy272] was characterized
using a Nicolet iS10 FTIR Spectrometer. The pH of the aqueous
solution was measured with a Systronics digital pH meter 335.

2.3 Synthesis of [P66614][Cy272] ionic liquid

The ionic liquid [P66614][Cy272] was synthesized in the two
steps. Initially, 100 mL of 0.1 mol L™' Cyanex 272 and
0.1 mol L ™" Cyphos IL 101 are separately prepared by dissolving
them in kerosene, then combined in a beaker and stirred at
25 °C for 2 hours using a magnetic stirrer. In the second step,
the mixed solution was stirred with 200 mL of 0.1 mol L ™"
sodium carbonate (Na,CO;) solution for 1 hour. To ensure all
chloride ions are removed, the solution is washed again with
more Na,CO; for 30 minutes. The presence of chloride ions in
the aqueous phase was tested using a titration method with
0.01 mol L™* AgNO;. Finally, the solution is filtered using 1PS
filter paper to obtain the purified [P66614][Cy272] ionic liquid,
which is then used in extraction experiments.

2.4 Leaching process of HDDs magnet powder

The waste NdFeB magnet sample was leached using inorganic
acid as HCI in a three-necked round-bottomed flask (500 mL)
equipped with a magnetic stirrer, a vapor condenser, and
a temperature monitor. A specific amount of the waste NdFeB
magnet sample was accurately weighed, and hydrochloric acid
solutions of varying concentrations were prepared as the
leaching agents. After the leaching process, the metal content in
the leach liquor was analyzed using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES). The leaching effi-
ciency (% L) for various metals was calculated using eqn (1).

0, _ [M]I.s
% L= M 100 (1)

ar

where [M], s and [M], , represents the metal content in the leach
solution and aqua regia.

2.5 Solvent extraction and separation process

For the extraction and stripping experiments, 10 mL of each
organic and aqueous phase were shaken together in a 60 mL
separating funnel for 15 minutes at room temperature. After
separating the phases, the aqueous phase metal concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Waste HDDs

Grinding

Demagnetized Powder

Fig. 1 Flowchart of the pretreatment process of waste HDDs magnets.

was analyzed using the ICP-OES instrument. The organic phase
concentration is determined by subtracting metal ion concen-
trations from the aqueous phase before and after extraction.

M Jorgy = [M™']; — [M™"] (2)

where Morg)™', M;"" and M{"" indicates the concentration of
metal ions in the organic phase and metal ion concentrations
before and after extraction, respectively. The distribution coef-
ficient (D), percentage extraction efficiency (% E), separation
factor (8), and percentage stripping (% S) have been calculated
using the following formulas to interpret the data.

[Mn+]( ) V
D= org Vaq
an+ X Vorg (3)
D
% E=——5—x 100 4)
D4+ 24
* Vorg
D;
b=+ (5)
J
R
% §= Gt T8y 00 (6)
[M +](loaded)orgA org

where, V,q and V,,, represents volumes of aqueous and organic
phases, respectively. D; and D; represents the distribution ratio
between two different metals. [M"*](aq)st. and [M"*](loaded)org_
refers to the concentration of metals in the stripping and loaded
organic phases. Separation studies on leach liquor from waste

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HDDs magnet systematically examined the effects of pH and
extractant concentration variations to optimize the selective
separation of Dy, Nd, and Pr. The McCabe-Thiele plot was
applied to assess separation efficiency. The study identified
crucial parameters for effective extraction, offering valuable
insights into optimizing REEs separation.

2.6 Precipitation

After the extraction of iron, precipitation studies were per-
formed in a beaker by adding the stoichiometric amount of
sodium hydroxide (NaOH) under continuous stirring at room
temperature. A hot plate with a magnetic stirrer was employed
to regulate both the temperature and stirring speed, set at 30 °C
and 200 rpm, respectively. The NaOH solution was gradually
added until the precipitation of iron hydroxide was completed.
The resulting precipitate was collected by filtration and thor-
oughly washed with distilled water to remove any residual
impurities. The washed precipitate was then dried in an oven at
90 °C for 3 hours. Following drying, the precipitate was sub-
jected to calcination at 500 °C for 4 hours to obtain iron in the
form of hematite (Fe,Oj).

3 Results and discussion

3.1 Characterization and analysis of waste HDDs magnet
sample

After demagnetization and grinding, 1 gram of waste HDDs
magnet sample was digested in 40 mL of aqua regia (HCl : HNO;
= 3:1), heated to boiling, and stirred for one hour. After cool-
ing, the solution was filtered into a 100 mL volumetric flask, and

RSC Adv, 2025, 15, 912-923 | 915
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Table 1 Chemical composition of waste NdFeB magnet in weight

percentage

Elements Fe Nd Pr Dy B Ni Non-metals

wt% 4576 17.77 5.03 1.31 096 0.05 Balance
*Nd,Fe,,B

JCPDS File No. 96-154-0078

Intensity (a.u.)

26 ()

Fig. 2 XRD graph of waste HDDs magnet sample.

the volume was adjusted to 100 mL with distilled water. The
total metal content of the waste NdFeB magnet was then
analyzed using ICP-OES. Table 1 represents the elemental
composition of waste NdFeB magnet sample in weight percent
(Wt%). Iron is the major component, making up 45.76 wt% of
the material, while the target metals include the light REEs
neodymium (17.77 wt%) and praseodymium (5.03 wt%), along
with the heavy rare earth element dysprosium (1.31 wt%). Minor
components, such as boron (B) and nickel (Ni), are present at
concentrations below 1 wt%, with nickel being excluded from

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1

1

Intensity (Counts)

PN
Date 8 Nov 2023
Time :11:11:46

SignlA=SEI
Mag= 200KX

EHT=2000kV
WD=90mm

Fig. 3

916 | RSC Adv, 2025, 15, 912-923

View Article Online

Paper

the leaching studies due to its negligible amount. The X-ray
diffraction pattern (Fig. 2) from the waste HDDs magnet
confirmed the presence of the Nd,Fe,,B phase (JCPDS file no.
96-154-0078). Scanning electron microscopy image, Fig. 3(a)
revealed that the sample was solid rock with no visible porosity.
Energy dispersive X-ray spectroscopy analyses Fig. 3(b), the
specific areas in the SEM closely matched the overall chemical
composition, indicating uniformity throughout the magnet
sample.

3.2 Characterization of [P66614][Cy272] ionic liquid using
FTIR studies

FTIR spectroscopic analysis was conducted to confirm the
synthesis of the [P66614][Cy272] ionic liquid. The FTIR spectra
of Cyanex 272 (blue line), Cyphos IL 101 (red line), and [P66614]
[Cy272] ionic liquid (black line) were compared in Fig. 4. Peaks
at 1461 cm ' and 1380 cm ™, observed in all three spectra,
correspond to P-C stretching and C-H in-plane bending vibra-
tions, respectively.”* Both Cyanex 272 and [P66614][Cy272] ionic
liquid displayed a peak at 1168 cm™’, attributed to P=0
stretching,* while Cyanex 272 uniquely showed a P-O-H
bending peak at 960 cm ™ '.5>% After the synthesis of [P66614]
[Cy272] ionic liquid, the P-O-H peak disappeared, indicating
the removal of the hydrogen ion from Cyanex 272 and chloride
ion from Cyphos IL 101, forming the [P66614][Cy272] ionic
liquid. A new peak appeared at 1027 cm™ ', corresponding to
P-O stretching vibrations of [P66614][Cy272] ionic liquid.*

3.3 Effects of leaching concentration, temperature, and time

The effect of hydrochloric acid (HCI) concentration, ranging
from 2 mol L ™" to 7 mol L™ " on the leaching of REEs (Dy, Pr, and
Nd), B, and Fe from waste NdFeB magnet samples was studied
under controlled conditions of 30 °C temperature, 10 ¢ L™ pulp
density, and 400 rpm stirring speed over 90 minutes. As illus-
trated in Fig. 5(a), the investigation revealed that the leaching
behavior of Dy, Pr, and Nd increased with higher HCI concen-
trations. With 2 mol L™ HCI, the maximum leaching efficiency

Element Weight Atomic Net Int.

b %" %
FeK 4633 2842 49436
NdL 1884 448 11248
000 PrL 558 136 3533
Fe DyL 176 037 798
BK 168 533 176
CK 67 1901 3238
500+ OK 1902 4094 29126

000

5004

5
Energy (keV)

6 7 8 9 10 11 12

(a) SEM image and (b) EDS plot of the waste HDDs magnet sample.
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Fig. 4 FTIR spectra of (a) Cyanex 272, (b) Cyphos IL 101 and (c)
[P66614][Cy272] ionic liquid.
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was achieved to be 78.4% for Dy, 62.9% for Pr, and 60.7% for Nd
within 90 minutes. When the acid concentration was increased
to 3 mol L7, the leaching percentages slightly improved to
82.6% for Dy, 66% for Pr, and 63.8% for Nd. Additionally, the
dissolution rates of Fe and B were 94.5% and 90%, respectively,
in 2 mol L™ " HCI, both approaching nearly complete dissolution
at 3 mol L' HCL

Next, the leaching of REEs, B, and Fe from the waste NdFeB
magnet sample with varying temperatures in the range of 30 °C
to 80 °C and using an acid concentration of 2 mol L™ (dotted
dash line) to 3 mol L ™" (solid line) HCl at 10 g L™ pulp density
and 400 rpm is shown in Fig. 5(b). The recovery of REEs (Dy, Pr,
and Nd) increased with increasing temperature. Increasing
temperature increases solute diffusivity, leading to an enhanced
leaching rate. This is primarily because the probability of
successful molecular collisions rises with temperature while
being inversely affected by activation energy. The higher
temperature results in increased kinetic energy, which acceler-
ates the reaction, reduces the activation energy, and conse-
quently improves the overall efficiency of the leaching process.
At 70 °C, the three REEs were completely leached at

100 1(a) /
80 -
=
Z 601 —--B
(¥}
5 ——Dy
| 40 -
X ——Pr
—~—Nd
20 A
0 L] T T T T
1.5 2.5 3.5 4.5 5.5 6.5
[HCI], mol/LL
100 A 3]
100 - (b) e (C)
00 1 00 1 -a-Fe
. —-B
"%n 80 ° gﬁ D
= b ) vt ——Dy
P —o—Dy = 80 -
9@ g ——Pr
=) - —&—Pr 5
e -1 =
o —+Ni| & Bt
70
60 3MHCI
------- 2MHCI
50 T T T T T T 60 T T T T T
20 30 40 50 60 70 80 20 40 60 80 100 120

Temperature, °C

Time, min

Fig.5 Effect of various parameters on leaching efficiency of REEs, B and Fe, (a) HCl concentration (temperature = 30 °C, PD =10 g L%, leaching
time = 90 min, rpm = 400), (b) temperature (IHCll =2 mol L~*and 3 mol L™, PD = 10 g L, leaching time = 90 min, rpm = 400) and (c) leaching
time ([HCl = 2 mol L™, PD = 10 g L™, temperature = 80 °C, rpm = 400).
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a concentration of 3 mol L' HCI, while at 80 °C, the three REEs
were 100% leached using 2 mol L' HCL. However, the leaching
efficiency of Fe and B was almost 100% at 60 °C using 2 mol L™"
or 3 mol L™ HCL. Thus, the optimal conditions for producing
the leach liquor are 2 mol L~ " HCI concentration, pulp density
of 10 g L', and temperature of 80 °C, allowing for further
evaluation of the impact of leaching time.

The influence of leaching time was investigated by adjusting
the duration from 25 to 120 minutes, maintaining other
leaching parameters 2 mol L™ HCI concentration, pulp density
of 10 g L', stirring speed of 400 rpm, and temperature of 80 °C.
The results, shown in Fig. 5(c), indicated that the leaching of Dy,
Pr, and Nd is rapid: approximately 91.4% of Dy, 89.3% of Pr, and
87% of Nd extracted within the first 25 minutes. In contrast, the
100% leaching efficiencies of Dy, Pr, and Nd were reached after
90 minutes. As a result, the optimal leaching time was found to
be 90 minutes. Based on the study, the optimal leaching
conditions were identified as 2 mol L™' HCI concentration,
stirring speed of 400 rpm, stirring time of 90 minutes,
temperature of 80 °C, and pulp density (PD) of 10 g L™ ". Addi-
tionally, the composition of the primary elements in the
leaching liquor is summarised in Table 2. Inorganic acids,

Table 2 The concentration of primary elements in the leach liquor of
NdFeB magnets

Elements Fe Nd Pr Dy B

Concentration in g L™* 4.75 1.77 0.50 0.13 0.096

Table 3 The concentration of metals present in leach liquor after iron
removal

Elements Nd Pr Dy B

1.74

Concentration in g L™" 0.48 0.13 0.096

@

Intensity (a.u.)

Fig. 6

918 | RSC Adv,, 2025, 15, 912-923

View Article Online

Paper

being strong acids, promote ionization and are more effective in
dissolving metals compared to organic acids, resulting in
higher recovery rates of metals found in magnets.> In the case
of NdFeB magnets, REEs in solid form are converted into their
ionic REE®" state, as described in eqn (7). REEs in hydrochloric
acid leaching turn into hydrogen gas and ion-containing chlo-
ride, respectively. Likewise, Fe and B are converted into Fe** and
B*" ions (eqn (8) and (9)), with hydrogen gas released as
a byproduct.*

2REE(s) + 6HCl(aq) — 2REE*'(aq) + 3H,(g) + 6Cl (aq) (7)
Fe(s) + 2HCl(aq) — Fe?*(aq) + Ha(g) + 2C1 (aq) (8)

B(s) + 6HCl(aq) — 2B*"(aq) + 3Hs(g) + 6Cl (aq) 9)

3.4 Selective removal of iron from leach liquor using solvent
extraction method

The presence of iron in the leach solution adversely affects the
extraction and purity of the target REE products, making its
selective removal crucial. It has been reported that iron
predominantly precipitates at pH above 3.0.*>* In this study, the
precipitation of iron using 4 mol L™' NaOH was carried out,
leading to an iron precipitation efficiency of 86.4% at pH 3.4.
However, this approach led to significant co-precipitation of
REEs, with 59% of Dy, 28.8% of Pr, and 11.6% of Nd. Conse-
quently, iron extraction was conducted at room temperature
using 0.01 mol L™ [P66614][Cy272] ionic liquid, with an O/A
volume ratio of 1: 1. This extraction process successfully trans-
ferred 100% of the iron into the organic phase, with only ~4% co-
extraction of REEs. The concentrations of metals remaining in
the leach liquor after iron removal are depicted in Table 3.
Similar observations were reported by Hoogerstraete et al.,””
where they engaged the ionic liquid trihexyl(tetradecyl)phos-
phonium chloride, to efficiently extract iron from REEs. Their
process successfully achieved over 99.98% extraction of iron
from NdFeB magnets, demonstrating high separation efficiency.

() "Fe,04
JCPDS File No. 00-024-0072
*
* %
.
* x* o * hy
T T T T T T
10 20 30 40 50 60 70 80

(a) Image of iron precipitate as hematite and (b) XRD graph of Fe,Os.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) SEM image, (b) elemental mapping and (c) EDS plot of Fe,Os,

The loaded iron in the organic phase was effectively stripped
using 0.5 mol L™ HNO;, leading to the complete stripping of
iron. The stripped iron solution was precipitated by adding
NaOH, resulting in the formation of iron hydroxide. This iron
hydroxide was then calcined for 4 hours at 500 °C temperature,
leading to the formation of iron oxide (Fe,O;) as hematite
(Fig. 6(a)). XRD analysis confirmed the presence of Fe,Os,
matching with JCPDS file number 00-024-0072 (Fig. 6(b)).
Additionally, SEM-EDS (Fig. 7) analysis showed that the sample
contained only iron, with no rare earth elements detected.

3.5 Extraction of hydrochloric acid from leach liquor

The high acidity of the leach liquor, primarily caused by the
presence of HCl (1.22 mol L™%), necessitates substantial
amounts of alkali for neutralization before metal ion extraction,
which increases operational costs. To address this challenge,
experiments were carried out to recover or remove HCl using the
[P66614][Cy272] ionic liquid as an extractant. The concentra-
tions of the ionic liquid varied between 0.1 mol L' and
1 mol L™" to determine the most effective recovery conditions.
This method offers the potential to improve metal extraction
efficiency by reducing the need for neutralization, thus lowering
alkali consumption and minimizing both economic costs and
environmental impacts. The experiments were conducted

© 2025 The Author(s). Published by the Royal Society of Chemistry

under controlled conditions with phase ratio (O/A) of 1: 1. After
the extraction of the acid from the leach liquor, the remaining
acid concentration in the aqueous phase was measured using
the acid-base titration method using phenolphthalein as an
indicator. This analytical approach allowed precise quantifica-
tion of the residual acidity, providing insight into the effec-
tiveness of the ionic liquid in HCI recovery. The results revealed
that increasing the concentration of the extractants led to
higher HCI extraction efficiency. The highest extraction rate,
81.1%, was achieved with 1 mol L™' [P66614][Cy272] ionic
liquid (Table 4). After acid extraction, the concentration of Nd is
1.63gL ', Prof0.44gL ', Dyof0.12gL ", and 0.096 g L " of B
that is present in leach liquor. However, 6.3% of Nd, 8.3% of Pr,
and 7.6% of Dy were lost during the acid extraction. This leach
liquor concentration is further used for the separation of these
three REEs. After the acid extraction process, the HCl-loaded
organic phase was effectively stripped using distilled water,
with up to 42.4% of the HCI (0.42 mol L™ ') being recovered and
stored for reuse in subsequent leaching operations, signifi-
cantly reducing the demand for fresh acid. The [P66614][Cy272]
ionic liquid is then regenerated by treating it with Na,COs;,
a process that neutralizes and reactivates the ionic liquid,
preparing it for reuse in the separation of REEs from the leach
liquor. This closed-loop system conserves resources while
ensuring the efficiency of both the ionic liquid and HCI, making

RSC Adv, 2025, 15, 912-923 | 919
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Table 4 Extraction of HCl from leach liquor using different concentrations of [P66614][Cy272] ionic liquid

[Extractant], mol L [HCllinitia1, mol Lt [HCl]raffinate, mol Lt [Hcl]organicy mol L™ % E
0.1 1.22 1.14 0.08 6.6
0.25 1.22 0.99 0.23 18.9
0.5 1.22 0.73 0.49 40.2
0.75 1.22 0.48 0.74 60.7
1 1.22 0.23 0.99 81.1

the process cost-effective and eco-friendly. The [P66614][Cy272]
ionic liquid is an organic salt (R4P"A,, ) made up of the tri-
hexyl(tetradecyl)phosphonium (R,P*) cation and the bis(2,4,4-
trimethylpentyl)phosphinate (A™) anion. The extraction of
acid by the ionic liquid is described by eqn (10).*

R4PA,, + Hy" + Clys~ < R4PCl,,, + HA (10)
3.6 Selective extraction of heavy rare earth metal (Dy) from
the leach liquor using [P66614][Cy272] ionic liquid

The separation of REEs such as Dy, Nd, and Pr from NdFeB
magnets is notably difficult due to their similar ionic radii and
chemical properties. This study investigated the separation of
Dy, Nd, and Pr from the leach liquor of NdFeB magnets using

100
——Dy
80 - —=—Nd
—e—Pr
g %01
S
£
& 40 -
RS
20 4
0 T T T T
0 1 2 3 4

Inital pH

Fig. 8 Effect of initial pH on the extraction of Dy(i), Nd(m), and Pr().
Aqueous phase: [Dy**] = 0.12 g L%, [Nd*"] =1.63 g Lt and [Pr®*'] =
0.44 g L. Organic phase: 0.01 mol L* [P66614][Cy272] ionic liquid,
O/A=1:1

Table 5 Separation factor values of Dy/Pr, Dy/Nd, and Nd/Pr using
0.01 mol L™ [P66614][Cy272] ionic liquid

Initial 6= Dpy 6= Dpy 6= Dna
SL no. pH Dy ~ Dna Dy
1 0.42 1.83 1.63 112
2 1.14 3.87 3.09 1.25
3 2.03 18.55 15.52 1.2
4 3.17 7.35 6.89 1.07
5 4.02 7.91 7.33 1.08

920 | RSC Adv, 2025, 15, 912-923

the [P66614][Cy272] ionic liquid. A pH variation experiment was
performed across a range of 0.42 to 4.02 with 0.01 mol L ™"
[P66614][Cy272] ionic liquid to determine the impact of pH on
the extraction efficiency of these REEs. The results indicated
that the extraction percentages of all three metals increased
with the rise in pH. The extraction efficiencies were minimal at
a low pH, for example, at pH 0.42, with less than 2.5% extraction
for each ion. However, at pH 2.03, the extraction efficiency of
Dy(m) reached 66.9%, while Nd(u1) and Pr(m) had much lower

100
B Dy/Nd
80 -
m Dy/Pr
Bt
=]
g
S 60 -
=
2
=
g 40 -
[=9
D
@
20 ~
0.01 0.025 0.05 0.1

[Extractant], mol/L

Fig.9 Dy/Prand Dy/Nd separation factors at different concentrations.

240
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Fig. 10 McCabe-Thiele plot for Dy(in) extraction.
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extraction efficiencies of 14.9% and 12.8%, respectively (Fig. 8).
At a higher pH of 4.02, Dy(m) extraction increased to 76.0%, and
the extraction percentages of Nd and Pr also increased to
around 34%. The highest separation factors for Dy/Pr (18.55)
and Dy/Nd (15.52) were observed at pH 2.03 (Table 5), high-
lighting this as the optimal pH for selective Dy(m) extraction
from NdFeB magnet leachate. To reduce the number of
extraction stages needed for the separation of Dy from Nd and
Pr, an extractant concentration variation study was performed
at pH 2.03. The separation factors in relation to different
concentrations of the extractant are presented in Fig. 9. The
highest separation factors for Dy over Nd and Pr were achieved
with 0.1 mol L ™" [P66614][Cy272] ionic liquid. However, at this
concentration, the co-extraction of Nd(m) and Pr(u) exceeded
88%, along with 99% extraction of Dy(mr). Due to the high co-

View Article Online

RSC Advances

extraction, 0.05 mol L™' [P66614][Cy272] ionic liquid was
selected for constructing the McCabe-Thiele plot.

A McCabe-Thiele plot (Fig. 10) was constructed to analyze
the extraction of Dy(u), with the organic to aqueous phase ratio
varied from 5:1 to 1:5 while maintaining a constant total
volume at pH 2.03, using a 0.05 mol L™ [P66614][Cy272] ionic
liquid. The results indicated that two extraction stages at an O/
A ratio of 2:3 were necessary for the complete removal of
Dy(u). Subsequent counter-current extraction experiments
revealed that 6.0 mg L™" of Dy(m) remained in the raffinate,
alongside 1.23 g L " of Nd(m) and 0.35 g L™ " of Pr(m). In this
process, 172.5 mg L' of Dy(m) has been transferred to the
loaded organic phase from the NdFeB leach solution showing
some enrichment of Dy(m) as the organic volume is less than
the aqueous volume. The findings suggest that [P66614]
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Fig. 11 Flow sheet for recovery of REEs from waste HDDs magnet.
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[Cy272] ionic liquid shows significant potential as an extrac-
tant for the selective separation of heavy and light rare earth
elements. The flow sheet (Fig. 11), outlines an optimized
process for efficiently extracting REEs from waste NdFeB
magnets, emphasizing selective leaching and separation. This
method ensures high-purity recovery while promoting
sustainable recycling practices.

4 Conclusions

This study presents an innovative and sustainable method for
recovering and separating REEs from waste NdFeB magnets.
The process begins with physical pretreatment process,
including demagnetization, grinding, and screening, to enrich
the metal content for subsequent leaching steps. Optimal
leaching conditions were identified as 2 mol L™" HCI, 80 °C,
10 ¢ L' pulp density, and leaching time duration of 90
minutes, achieving near-complete leaching of REEs (Dy, Pr, and
Nd), Fe, and B. The selective removal of iron from the leach
liquor using [P66614][Cy272] ionic liquid, was highly effective,
achieving 100% iron extraction with minimal REEs co-
extraction (~4%). The recovered iron was converted into
hematite (Fe,O3), as confirmed through XRD and SEM-EDS
analyses, thereby increasing the purity of the REE products.
To address the high acidity of the leach liquor, the same ionic
liquid was employed for HCIl extraction, achieving 81.1%
recovery rate. This step significantly reduced the need for
chemical neutralization, lowering alkali consumption and
operational costs. Both the recovered HCI and regenerated ionic
liquid showed promising potential for reuse, contributing to the
development of closed-loop, environmentally friendly process.
The separation process demonstrated excellent selectivity,
achieving high separation factors of 18.55 for Dy/Pr and 15.52
for Dy/Nd at pH of 2.03. The counter-current extraction experi-
ments revealed that 6.0 mg L' of Dy(m) remained in the raffi-
nate, alongside 1.23 g L™" of Nd(m) and 0.35 g L™" of Pr(m).
During the process, 172.5 mg L™ of Dy(m) was successfully
transferred to the organic phase from the NdFeB leach solution.
This indicates some enrichment of Dy(m) due to the smaller
volume of the organic phase compared to the aqueous phase.
Overall, the proposed method not only improves the efficiency
of REE recovery but also minimizes environmental impacts,
offering scalable, cost-effective solution for recycling rare earth
magnets.
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