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Abstract

Neodymium-iron-boron (NdFeB) waste represents a valuable secondary source of rare
earth elements (REEs). However, existing recovery technologies face several challenges,
such as the difficulty of selectively recovering REEs, the generation of large volumes of
secondary iron-rich slag, and an overall low level of comprehensive resource utilization. In
this study, Aliquat 336 was applied for the selective extraction and separation of REEs and
iron (Fe) from hydrochloric acid leachate derived from NdFeB waste. Experimental results
showed that under optimized conditions—specifically, a 15% Aliquat 336 concentration, an
organic-to-aqueous phase ratio of 1:2, and a 2 min extraction time—Fe extraction efficiency
reached 99.93% after three-stage countercurrent extraction, while REEs were predominantly
retained in the aqueous phase. Subsequent oxalic acid precipitation of the raffinate yielded
RE;(C204)3-10H,0 with a purity of 99.60%. Moreover, under stripping conditions of
2 mol/L NaOH, a phase ratio of 2:1 (aqueous to organic), and a 2 min contact time, over
99.21% of Fe was stripped after three-stage countercurrent stripping, resulting in Fe(OH)3
with a purity of 99.26%. The extraction mechanism followed an anion-exchange process:
under high chloride ion concentrations, Fe3* formed anionic FeCly complexes, which were
exchanged with CI™ ions in Aliquat 336 and transferred into the organic phase, whereas
RE?* cations remained in the aqueous phase, enabling efficient separation of Fe and REEs.
These findings provide important insights for improving the comprehensive utilization of
NdFeB waste and promoting the green and sustainable development of secondary rare
earth resource recycling.

Keywords: NdFeB waste; leachate; solvent extraction; rare earth; iron; separation;
Aliquat 336

1. Introduction

Neodymium-iron-boron (NdFeB) magnets dominate the global market due to their
exceptional magnetic properties, accounting for over 90% of worldwide high-performance
magnet production [1]. However, the short lifecycle of NdFeB-based products leads to
substantial waste generation, with approximately 60-73% of industrial scrap originating

Separations 2026, 13, 70

https://doi.org/10.3390/separations13020070


https://crossmark.crossref.org/dialog?doi=10.3390/separations13020070&domain=pdf&date_stamp=2026-02-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations13020070

Separations 2026, 13, 70

2of 16

from manufacturing processes [2]. The recovery of rare earth elements (REEs) and iron (Fe)
from NdFeB waste is of significant importance, as these materials contain about 30 wt.%
REEs—higher than the concentrations found in primary ores—and approximately 70 wt.%
Fe. This dual-value composition not only mitigates supply risks associated with critical
raw materials but also supports the sustainable management of industrial byproducts [3,4].

The oxidation roasting—hydrochloric acid leaching process is the most widely used
method for recovering rare earth elements (REEs) from NdFeB waste [5,6]. This approach
involves roasting NdFeB waste at temperatures between 700 and 800 °C to oxidize the
material, yielding a calcined product [7]. Subsequently, the calcined product is leached
with hydrochloric acid, enabling nearly complete dissolution of rare earth oxides, whereas
iron oxide remains only partially dissolved. The resulting hydrochloric acid leachate
exhibits a complex composition, primarily containing REEs, Fe, and minor amounts of
aluminum impurities [8]. Typically, after impurity removal, REEs are separated and
recovered via solvent extraction using cationic extractants such as 2-ethylhexyl phosphonic
acid mono-2-ethylhexyl ester (P507), which selectively extract REE3* ions, while iron largely
remains in the aqueous phase due to its low extractability [9-11]. The purified REE solution
is then subjected to chemical precipitation followed by calcination to produce rare earth
oxides. In conventional recycling processes, iron is treated as an impurity and removed
through neutralization. Although this approach is well established, it results in the loss
of highly concentrated iron species, leading to low comprehensive resource utilization
efficiency of secondary rare earth resources. Therefore, it is essential to develop a novel
method that is capable of simultaneously achieving efficient recovery of rare earth elements
and effective iron recovery, thereby enhancing the overall utilization of secondary rare
earth resources.

Aliquat 336, a quaternary ammonium salt, is widely recognized for its effectiveness
in solvent extraction, particularly in the separation of anionic species [12-14]. It has been
successfully applied to recover metal ions such as vanadium, molybdenum, and zinc
from complex aqueous solutions [15-17]. Notably, Aliquat 336 maintains high extraction
efficiency and selectivity under strongly acidic conditions (pH < 1), without requiring
prior adjustment of solution composition. The extraction mechanism is primarily based
on anion exchange. In hydrochloric acid solution, rare earth ions exist as cations (REE3*)
and do not form chloride complexes, whereas iron forms the anionic FeCl;~ complex
in high-concentration HCI media [18,19]. This distinct difference in speciation enables
Aliquat 336 to selectively extract FeCl,~ over REE®*, making it a promising candidate for
separating iron from REEs in hydrochloric acid leachate. However, despite its potential,
the application of Aliquat 336 for the simultaneous recovery of Fe and REEs from NdFeB
waste has not been extensively explored.

This study aims to develop a novel process for the separation and recovery of Fe and
REEs from hydrochloric acid leachate of NdFeB waste (HLNW) using Aliquat 336-based
solvent extraction. This research focuses on optimizing extraction conditions and elucidat-
ing both the extraction and stripping mechanisms. The findings are expected to provide
valuable insights into the sustainable recovery of Fe and REEs from NdFeB waste, thereby
contributing to the advancement of resource recycling technologies.

2. Experimental Section
2.1. Materials and Reagents

The NdFeB waste was obtained from a Ganzhou Rare Earth Waste Recycling Company.
Prior to leaching, the material was subjected to oxidative calcination at 700 °C, followed
by hydrochloric acid leaching. Based on our previous study [20], the optimal leaching
conditions for the calcined NdFeB waste were established as follows: 4 mol/L hydrochloric
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acid concentration, a liquid-to-solid ratio of 5:1 (v/m), a leaching temperature of 90 °C, and
a duration of 60 min. After completion of the leaching process, solid-liquid separation was
performed to obtain the hydrochloric acid leachate of NdFeB waste (HLNW). The main
chemical composition of the HLNW is summarized in Table 1.

Table 1. The primary chemical constituents of HLNW(g/L).

Item Nd

Ce Gd Pr Fe Al Ca Si pH*

Con. 14.41

2.10 6.78 7.77 7.59 1.23 0.006 0.01 -0.3

* Note: pH is a dimensionless quantity.

Aliquat 336 (tri-n-octylmethylammonium chloride), with a purity of 99%, was pur-
chased from Adamas Company, Shanghai, China and employed as the extractant. Sec-
octanol (99% purity, Macklin Company, Shanghai, China) was used as the phase mod-
ifier, and sulfonated kerosene served as the diluent. Sodium hydroxide (NaOH) and
hydrochloric acid (HCI) were employed for pH adjustment, while oxalic acid dihydrate
(HyCy04-2H,0) was used as the precipitating agent. All reagents were of analytical grade.

2.2. Experimental Operations

Preparation of the organic phase: Accurately measure the predetermined volumes of
Aliquat 336 (15%), sec-octanol (20%), and sulfonated kerosene (65%), transfer the mixture
into a beaker equipped with a magnetic stirrer, and stir at 600 rpm for 2 h to ensure
complete homogenization. The resulting homogeneous organic phase is ready for use in
solvent extraction.

Extraction: Accurately measure a volume of 100 mL of HLNW, add the organic
phase, and transfer the mixture into a beaker equipped with a magnetic stirrer. Stir the
mixture at 600 rpm and room temperature for a specified duration. After stirring, carefully
transfer the mixture into a separatory funnel and allow it to stand for a defined period to
ensure complete phase separation. Subsequently, separate the aqueous and organic phases
to obtain the raffinate and the loaded organic phase, respectively. The concentrations
of Fe and REEs in the raffinate are then determined, and the extraction efficiencies are
calculated accordingly.

REEs precipitation: Add the raffinate and solid oxalic acid to a beaker, then heat the
mixture and stir at 500 r/min. The precipitation conditions of REEs are as follows: a mole
ratio [n(C,04): n(REEs)] of 4.5, precipitation time of 30 min, and precipitation temperature
of 60 °C. After the reaction is complete, separate the precipitants to obtain the rare earth
oxalates and precipitated REEs solution.

Stripping: Accurately measure the loaded organic phase obtained from the counter-
current extraction process, add a volume of 100 mL of NaOH solution, and transfer the
mixture into a beaker equipped with a magnetic stirrer. Stir the mixture at 600 rpm and
room temperature for a specified duration. After stirring, carefully transfer the mixture
into a separatory funnel and allow it to stand for a defined period to ensure complete phase
separation. Subsequently, separate the aqueous and organic phases to obtain the iron-rich
solution and the regenerated organic phase, respectively. For the iron-rich solution, per-
form additional filtration to effectively separate the reddish-brown precipitate from the
supernatant liquid after iron sedimentation.

Regeneration: A volume of 100 mL of the barren organic phase was mixed with
hydrochloric acid, serving as the regeneration reagent, and subjected to the regeneration
reaction under the specified conditions. The resulting mixture was then transferred to
a pear-shaped separating funnel to allow complete phase separation. This regeneration
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process was repeated three times to ensure full recovery of the organic phase, yielding the
regenerated organic phase at the end.

The concentrations of Fe and rare earth elements (REEs) in the iron-rich solution
are then determined, and the stripping efficiencies are calculated accordingly. With-
out considering volume changes during the experiments, the extraction efficiency (Ey),
stripping efficiency (Ep), distribution ratios (D), separation factor of ions a and b af-
ter extraction (B, ;) and precipitation efficiency of the REEs are calculated according to
Equations (1)—(5), respectively.

Co—C

E; = a 100% 1)
Cz X (O/A)l
E, = x 100% 2
2= (G- 1) % (0/A) @
(Co—C1)W
D=-0"-1U" 3
o, 3)
D,
_Da 4
Bus = 5 @
GV -GV o
pP= A 100% (5)

where Cy and C; denote the concentrations of ions in the HLNW and raffinate, respectively,
expressed in g/L; V1 and V), represent the volumes of the raffinate and loaded organic
phase, respectively, in mL; C; refers to the concentration of the metal in the stripped iron-
rich solution, expressed in g/L; and (O/A); and (O/A); are the phase ratios for extraction
and stripping, respectively; C3 (g/L) and V3 (L) are the concentration and volume of metal
ions in the precipitated REEs solution, respectively.

2.3. Analytical Methods

The concentrations of REEs in the HLNW were determined by single-channel scan
inductively coupled plasma optical emission spectrometry (ICP-OES, ULTIMA 2, JOBIN
YVON, Paris, France). The concentrations of other ions in the HLNW were analyzed using
inductively coupled plasma optical emission spectrometry (ICP-OES, IRIS Intrepid II XDL,
Thermo Electron Corporation, Sugar Land, TX, USA). Solution pH values were measured
with a pH meter (PHS-3C, INESA Scientific Instrument Co., Ltd., Shanghai, China). The
organic phase was characterized by Fourier transform infrared spectroscopy (FTIR, Thermo
Nicolet NEXUS, Sugar Land, TX, USA), ultraviolet-visible spectrophotometry (UV-vis,
UV-2700, Shimadzu, Tokyo, Japan), and time-of-flight mass spectrometry (TOF-MS, Bruker
Daltonics Inc., timsTOF Flex, Bremen, Germany). Solid products were characterized by
X-ray diffraction (XRD, D/MAX 2500PC, Rigaku, Tokyo, Japan) and field emission scanning
electron microscopy (FE-SEM, ZIGMA, Carl Zeiss, Jena, Germany).

3. Results and Discussion

3.1. Selective Extraction and Separation of Fe and REEs
3.1.1. Effect of Initial pH on the Extraction of Fe and REEs

The solution pH is a critical parameter in solvent extraction processes. Given that
the HLNW exhibits exceptionally high acidity with a pH value of —0.3, it is essential to
investigate the influence of solution pH on the extraction and separation of REEs and Fe.
This study evaluates the effects of varying initial pH values on the extraction efficiency
and selectivity for Fe and REEs under the following conditions: an organic-to-aqueous
phase ratio (O/A) of 1:2, an Aliquat 336 concentration of 20%, a sec-octanol concentration
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of 20%, an extraction temperature of 30 °C, and an extraction time of 2 min. The results are
presented in Figure 1.
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Extraction efficiency (%)
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Figure 1. Effect of initial pH on the separation of Fe and REEs.

As shown in Figure 1, as the pH value increased, the extraction efficiencies of both
Fe and REEs exhibited no significant variation. The extraction efficiency of Fe consistently
exceeded 85%, while the co-extraction efficiency of REEs remained below 0.5%. These
findings indicated that Aliquat 336 could effectively achieve efficient separation and extrac-
tion of Fe from REEs under highly acidic conditions. Therefore, the pH of the HLNW was
not adjusted in subsequent experiments. The results demonstrate that Aliquat 336 enables
efficient extraction under strongly acidic conditions, consistent with our previous find-
ings on the separation of vanadium and aluminum from oxalic acid leaching solutions of
vanadium-bearing shale [13,16].

3.1.2. Effect of Aliquat 336 Concentration on the Extraction of Fe and REEs

During the solvent extraction process, increasing the concentration of the extractant
promoted the forward progression of the extraction reaction and enhanced the extraction
efficiency. The effect of Aliquat 336 concentration on the separation of Fe and REEs was
investigated under the following conditions: an organic-to-aqueous phase ratio (O/A)
of 1:2, a sec-octanol concentration of 20%, an extraction temperature of 30 °C, and an
extraction time of 2 min. The experimental results are presented in Figure 2.

100

90

80 -

= |
Sl
= |
2
5 e0p
G 3 —=— Fe
£ 50|
5 —e— REEs
@t
S a0t
=
g !
£ 30k
=z 1
1_
of =— ¢ ¢ %
a1k
1 1 1 1 1 1 1 1 1
5 10 15 20 25

Aliquat 336 concentration, vol.%

Figure 2. Effect of Aliquat 336 concentration on the separation of Fe and REEs.
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As shown in Figure 2, with the concentration of Aliquat 336 increased, the extraction ef-
ficiencies of Fe progressively increased, whereas the extraction efficiencies of REEs remained
unchanged and approached zero. Specifically, when the Aliquat 336 concentration was
10%, the Fe extraction efficiency was only 62.80%. Increasing the Aliquat 336 concentration
to 15% resulted in a significant increase in the Fe extraction efficiency to 87.71%, with
the rare earth extraction efficiency remaining as low as 0.08%. Further increasing the
Aliquat 336 concentration to 20% yielded only a marginal improvement in the Fe extrac-
tion efficiency, by an additional 5.05%. Therefore, an Aliquat 336 concentration of 15%
was deemed optimal for maximizing Fe extraction efficiency while minimizing REEs
extraction efficiency.

Sec-octanol concentrations below 20% (v/v) consistently resulted in third-phase for-
mation during extraction—characterized by an intermediate emulsified layer—whereas at
20% (v/v), complete and rapid phase separation was achieved: the organic and aqueous
phases separated cleanly within minutes, with no observable third phase. Therefore, the
sec-octanol concentration exerted no statistically significant influence on the extraction effi-
ciencies of REEs and Fe; its primary function is confined to modulating interfacial tension
and enhancing phase disengagement kinetics. Consequently, sec-octanol dosage was not
treated as a key factor governing extraction efficiency and is therefore not elaborated upon.

3.1.3. Effect of Phase Ratio on the Extraction of Fe and REEs

The phase ratio (O/A) denotes the volume ratio of the organic phase to the aqueous
phase. When the phase ratio (O/A) was less than 1, the extraction exhibited an enrichment
effect. At an Aliquat 336 concentration of 20%, a sec-octanol concentration of 20%, an ex-
traction temperature of 30 °C, and an extraction time of 2 min, experiments were conducted
using various phase ratios, and the results are presented in Figure 3.
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Figure 3. Effect of phase ratio on the separation of Fe and REEs.

As illustrated in Figure 3, the Fe extraction efficiencies decreased as the phase ratio
diminished. When the phase ratio was 1:1, though iron extraction efficiencies exceeding
90% were achieved, effective iron enrichment could not be realized. At a phase ratio of 1:2,
the Fe extraction efficiency was 87.71%, while the REEs extraction efficiencies remained
as low as 0.09%. A further reduction in the phase ratio resulted in a notable decline in
the Fe extraction efficiency. Consequently, a phase ratio of O/A = 1:2 was determined to
be optimal.
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3.1.4. Effect of Extraction Time on the Extraction of Fe and REEs

Extraction time significantly influences both extraction efficiency and kinetic behavior.
Under an Aliquat 336 concentration of 20%, a sec-octanol concentration of 20%, an extrac-
tion temperature of 30 °C, and an organic-to-aqueous phase ratio (O/A) of 1:2, experiments
were conducted using various extraction times, and the results are presented in Figure 4.
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Figure 4. Effect of extraction time on the separation of Fe and REEs.

As shown in Figure 4, the iron extraction efficiency gradually increased as the extrac-
tion time increased. At 2 min, the extraction efficiency reached 88.05%; further extension
yielded only a marginal increase. In contrast, the extraction of rare earth elements was not
significantly affected by the extraction time and remained consistently close to zero. There-
fore, an extraction time of 2 min was established as optimal. These results demonstrated
that Aliquat 336 enabled efficient and rapid iron extraction, consistent with our previous
findings on the separation of vanadium and aluminum from oxalic acid leaching solutions
of vanadium-bearing shale [13,16].

3.1.5. Countercurrent Extraction of Fe and REEs

Based on the aforementioned optimal extraction conditions, the McCabe-Thiele plot of
Fe extraction was determined. As illustrated in Figure 5, the theoretical extraction stage for
Fe was two stages. To ensure complete and thorough extraction of Fe, the actual extraction
stage was typically set to be one stage higher than the theoretical value. Consequently, the
extraction stage for Fe was determined to be three stages.

25

‘*l* Extraction isotherm.

20 -

./l

<

/ Operating line O/A=1:2

Fe Con. aq(g/L)

Figure 5. McCabe-Thiele plot of Fe extraction.
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To evaluate the separation efficiency of Fe and REEs, countercurrent extraction ex-
periments were conducted on the HLNW using Aliquat 336 under the following optimal
conditions: 15% Aliquat 336 concentration, 20% sec-octanol concentration, a 2 min extrac-
tion time, an organic-to-aqueous phase ratio (O/A) of 1:2, and three extraction stages. The
experimental results are summarized in Table 2. The data indicate that after three-stage
countercurrent extraction, the extraction efficiency of Fe reached 99.92%, whereas that
of REEs was only 0.18%. It is well established that a higher extraction separation factor
signifies easier separation of the two ions via solvent extraction. According to Table 2, the
separation factor of Fe and REEs was as high as 695,200, demonstrating that Fe and REEs
can be very easily separated in the hydrochloric acid system through solvent extraction
with Aliquat 336.

Table 2. Results of the three-stage countercurrent extraction.

Concentration (g/L) Extraction Efficiency (%) )
Items Separation Factor ()
Fe REEs Fe REEs
HLNW 7.59 33.06
Raffinate 0.006 33.00 99.92% 0.18% 695200
Fe-loaded organic phase 15.17 0.12

3.1.6. Mechanism of Selective Separation of Fe and REEs
FTIR of the Loaded Organic Phase

The molecular formula of Aliquat 336 is [(CgH17)3CH3N]CL, and its structural formula
is [R4N]-Cl. To elucidate the extraction and separation mechanisms of Fe and REEs, FTIR
analyses were conducted on both pure Aliquat 336 and the Fe-loaded organic phase,
respectively. The results are presented in Figure 6 and Table 3.

723 2926

800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm™)

Figure 6. FTIR spectra of the organic phase. (a) pure Aliquat 336. (b) Fe-loaded organic phase.

Table 3. Assignment of the vibrations in the FTIR spectra of the organic phase presented in Figure 6.

Wavenumber (cm~1) Assignment References
3389, 1641 O-H [21]
2955, 2926, 2856, 1378 CHz;—, —CH,— [22]
1467 RyN— [23]
1157 UCN [23]
723 v-(CHz)n-,n > 4 [22]
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The results presented in Figure 5 and Table 3 indicate that, for the pure Aliquat 336,
the peak at 3389 cm~! corresponded to the O-H stretching vibration, while the peak at
1641 cm ! was attributed to the bending vibration of HyO [21]. The characteristic peaks at
2955 cm™1, 2926 cm™1, 2856 cm ™1, and 1378 cm ™! were attributed to the C—H stretching
vibrations of methyl and methylene groups [22], whereas the absorption band at 1467 cm ™!
corresponds specifically to the vibrational mode of the quaternary ammonium cation
(R4N*) [23], serving as a distinctive signature for its presence. For the Fe-loaded organic
phase, no significant shifts or new/missing characteristic peaks were observed in the
infrared spectrum; only variations in peak intensity were detected. This indicates that
infrared spectroscopy has limited sensitivity in identifying differences in the chemical
environments of functional groups between the two organic phases.

UV-Vis of the Loaded Organic Phase

FTIR requires the energy of electromagnetic waves to match specific molecular vibra-
tional energy levels, enabling the detection of subtle structural differences in the organic
phase. However, in this study, infrared spectroscopy failed to detect the state of iron
in the Fe-loaded organic phase. This may be attributed to the absorption wavelength
of Fe-containing functional groups being outside the detection range of infrared spec-
troscopy. Consequently, UV-vis spectrophotometry was employed to analyze the Fe-loaded
organic phase and identify the functional groups associated with the anions. The results
are presented in Figure 7.

240

Abs. (a.u.)

200 300 400 500 600
Wavelength (nm)

Figure 7. UV-vis of the loaded organic phase.

As shown in Figure 6, distinct characteristic peaks were observed at 240 nm, 316 nm,
and 361 nm. According to reference [24], these peaks were attributed to FeCl,~ ions.
Therefore, it could be concluded that Fe in the Fe-loaded organic phase existed in the form
of FeCl; ™ anions, with the structural formula of the extracted complex being R4N-FeCly.
R4N-FeCly represents a class of quaternary ammonium tetrachloroferrate(Ill) salts, in
which the R4yN™ cation is paired with the tetrahedral FeCly~ anion (tetrachloroferrate),
forming organic—inorganic hybrid materials with applications in magnetism, electronics,
and catalysis. These compounds exhibit intriguing physical properties, such as phase
transitions, ferroelectricity, and magnetic ordering, which are highly dependent on the
nature of the organic R groups. Based on these findings, it is reasonable to infer that the
extraction mechanism of iron by Aliquat 336 followed an anion exchange mechanism.
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TOEF-MS of the Loaded Organic Phase

To further verify that the Fe-loaded organic phase formed the extracted complex
R4N-FeCly, the TOF-MS analysis was conducted on the loaded organic phase. The results,
presented in Figure 8, show a distinct peak at m/z 567.36 in the positive ion mode. Given
that the theoretical molecular weight of R4N-FeCly is 566.36, this peak strongly indicates
that R4N-FeCly molecules were present in the Fe-loaded organic phase.

568.5662

568.5393

569.5716
567.3604

562.4802
I

566!'1094

561

562 563 564 565 566 567 568 569
Mass/Charge, Da

Figure 8. TOF-MS of the Fe-loaded organic phase.

Based on the aforementioned research findings, the primary extracted complex in the
Fe-loaded organic phase was R4N-FeCly. Therefore, the extraction mechanism of Fe was
an anion exchange process in the HLNW. Under high-HCl-concentration conditions, Fe**
cation coordinated with Cl1~ to form the FeCl;~ anion. The FeCl;~ anion then underwent
an anion exchange with the Cl” ions of Aliquat 336, resulting in the formation of R4yN-FeCly.
The reaction equation is as follows:

Fe® +3HCI = FeCl3 + 1.5H, (6)
FeCl3+ HCl = FeCly~ +H™ (7)
[R4N . Cl] + P6C14_ = [R4N . F6C14] +CI™ (8)

However, in the hydrochloric acid solution of NdFeB waste, REEs were not coordi-
nated with CI~, and thus remained as REE** cations. Consequently, they could not undergo
a chemical reaction with Aliquat 336 in the form of anion exchange. Therefore, the selective
extraction and separation mechanism for Fe and REEs in the HLNW was as follows: Fe
was selectively extracted into the organic phase in the form of FeCl; ™ anions by Aliquat
336, while REEs remained in the aqueous phase as cations, thereby achieving effective
separation of Fe and REEs.

3.1.7. Recovery of REEs from the Raffinate

As shown in Table 2, the REEs concentration in the raffinate was 33 g/L, while the iron
concentration was only 0.006 g/L. Therefore, recovering REEs from the raffinate is feasible.
Oxalic acid precipitation is a widely used method for REEs recovery. Based on our previous
research [20], solid oxalic acid was added to the raffinate at a molar ratio of 4.5:1 (oxalic
acid to rare earth). The reaction was carried out at 60 °C for 30 min, followed by filtration,
washing, and drying to obtain a white precipitate. Under these conditions, 98.36% of the
REEs were precipitated. XRD and SEM analyses of the precipitate are presented in Figure 9.
The results confirmed that the product was rare earth oxalate hydrate, RE;(C,04)3-10H,0,
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Counts

with a granular and flaky morphology. Chemical composition analysis, as detailed in
Table 4, indicates that the purity of the recovered rare earth oxalate reached 99.25%.

2500

2000

1500

1000

500

1—— RE,(C,0,),10H,0 |

40 50 60 70 80
20 /°

Figure 9. XRD (a) and SEM (b) of the white precipitate.

Table 4. Chemical composition of RE;(C04)3-10H,0 (wt %).

REEs Fe Si Ca Al
39.53 0.068 0.005 0.07 0.005

3.2. Stripping and Recovery of Fe
3.2.1. Effect of NaOH Concentration on the Fe Stripping

NaOH is a widely used stripping agent in various processes. Upon reacting with the
Fe-loaded organic phase, OH™ ions from NaOH exchange with FeCl; ™ ions in the extracted
complex, facilitating the release of Fe into the aqueous phase and thereby achieving efficient
Fe stripping. This study investigates the influence of varying NaOH concentrations on the
stripping efficiency of Fe from the Fe-loaded organic phase. Experiments were conducted
at a fixed phase ratio of O/A = 2:1 and a stripping duration of 2 min. The results are
presented in Figure 10.
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Stripping efficiency (%)
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Figure 10. Effect of NaOH concentration.
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As shown in Figure 10, the Fe stripping efficiency progressively increased with rising
NaOH concentration. At a NaOH concentration of 1 mol/L, the iron stripping efficiency
was relatively low at 65.21%. When the NaOH concentration was increased to 2 mol/L, the
Fe stripping efficiency reached 86.25%. Further elevating the NaOH concentration resulted
in only marginal improvements in stripping efficiency while significantly impacting phase
separation due to excessively high alkalinity. Therefore, an optimal NaOH concentration of
2.0 mol/L was selected for the stripping agent.

3.2.2. Effect of Phase Ratio on the Fe Stripping

The effect of the stripping phase ratio (O/A) on the Fe stripping efficiency was in-
vestigated using NaOH as the stripping agent. The NaOH concentration was maintained
at 2.0 mol/L, and the stripping duration was set to 2 min. The experimental findings are
presented in Figure 11.

100

o
S
T

%®
S
T

Stripping efficiency (%)
E 3
T T
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40 L L L
1 2 3 4

Phase ratio (O/A)

Figure 11. Effect of phase ratio.

As illustrated in Figure 11, the Fe stripping efficiency progressively decreased as the
phase ratio O/ A increased. At a phase ratio of 1:1, the Fe stripping efficiency was relatively
high at 94.68%, although iron was not effectively enriched in the aqueous phase. When
the O/ A ratio increased to 2:1, the Fe stripping efficiency decreased to 86.38%. Further
increasing the O/ A ratio resulted in a more substantial decline in the stripping efficiency.
Therefore, an optimal phase ratio of O/A = 2:1 was selected for the stripping process.

3.2.3. Countercurrent Stripping of Fe

Based on the optimal conditions, a three-stage countercurrent stripping was conducted.
The NaOH concentration was set at 2.0 mol/L, the phase ratio O/ A was maintained at 2:1,
and the stripping duration was 2 min. The experimental results are presented in Table 5.
The findings demonstrated that after three-stage countercurrent stripping, the Fe stripping
efficiency reached 99.21%, indicating near-complete recovery of Fe into the aqueous phase
by the NaOH solution. The Fe content in the barren organic phase remained minimal,
confirming the excellent stripping performance of NaOH for Fe-loaded organic phases.

Table 5. Results of the three-stage countercurrent stripping.

Fe Concentration (g/L) Fe Stripping Efficiency (%)

Fe-loaded organic phase 15.17
Barren organic phase 0.12 99.21
Fe-rich solution 30.10

Given that the complex in the organic phase was R4yN-FeCly, the mechanism of Fe
stripping followed an anion exchange process. Specifically, OH™ ions exchanged with
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FeCl,™ ions at a molar ratio of 1:1, enabling FeCl; ™ to re-enter the aqueous phase. Sub-
sequently, FeCl; ™~ reacted with OH™ ions in the aqueous phase at a molar ratio of 1:3 to
form Fe(OH)j3 colloid, thereby facilitating the Fe stripping. The reaction equations of the
stripping are as follows:

[R4N . F6C14] +OH = [R4N . OH] + FeCly~ 9)
FeCly~ +30H™ = Fe(OH), | +4CI~ (10)

3.2.4. Recovery of Fe from the Fe-Rich Solution

The red-brown Fe(OH); colloid generated during the stripping process was charac-
terized by XRD and FTIR, and the results are shown in Figure 12. The result in Figure 12a
indicates that the characteristic peaks of the red-brown precipitate were diffuse peaks, sug-
gesting that the precipitate was amorphous. The result in Figure 12b shows that the charac-
teristic peaks at 3410 cm~! and 1623 em ™! were attributed to v(O—H) and v(H—O—H)
functional groups, respectively [25,26], and the peak at 1097 cm ! belonged to v(Fe—OH),
while the peaks at 552 cm ™! and 473 cm ™! were both v(Fe—O) functional groups [27].
Therefore, it could be further confirmed that the red-brown precipitate was Fe(OH)3. The
purity of Fe(OH); was analyzed. The results in Table 6 show that the Fe content of this
Fe(OH); is 51.88%, with a low impurity content. Through theoretical calculation, its purity
was 99.16%. The Fe(OH)3 precipitate can be readily recovered by centrifugation or filtration
and thermally treated to yield «-Fe,O3, a stable, value-added material that can be used in
catalysis, pigments, or magnetic storage. Its composition and morphology—dictated by
extraction conditions—may further enable direct use in environmental remediation or as a
precursor for iron-based nanomaterials.

(a) (b)

1623
3410

1097

552
473

10 20 30 40 50 60 70 400 800 1200 1600 2000 2400 2800 3200 3600 4000

20/° Wavenumber, cm™

Figure 12. Characterization results of the reddish-brown precipitate. (a) XRD and (b) FTIR.

Table 6. Chemical composition of Fe(OH)3 (%).

Items Fe REEs Si Ca Al
Content 51.88 0.09 0.009 0.01 0.007

3.3. Regeneration and Recycling of the Organic Phase

To regenerate the organic phase, the barren organic phase was treated with hydrochlo-
ric acid under optimized conditions. Specifically, a hydrochloric acid concentration of
1.5 mol/L, a phase ratio of 1:1, and a reaction time of 5 min were employed. This process
was repeated three times to achieve the regeneration of the organic phase.

To evaluate the extraction efficiency, Fe was extracted from a fresh HLNW using the
regenerated organic phase. Subsequently, Fe was stripped from the Fe-loaded organic
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phase, and the regeneration process was repeated multiple times in a cyclic manner. The Fe
extraction efficiencies were recorded at the end of each cycle to assess the performance of
the regenerated organic phase. The results of this regeneration study are summarized in
Table 7.

Table 7. Extraction performance of the regenerated organic phase.

Number of regenerations 0 1 2 3 4 5
Extraction efficiency of Fe (%)  99.92 99.86 99.77 99.84 99.70 98.68

The results presented in Table 4 demonstrate that the regenerated organic phase
maintained a high extraction efficiency even after five cycles. This indicates that the
regenerated organic phase exhibited a robust extraction performance despite repeated
regeneration. Due to the alkaline nature of quaternary ammonium bases, the regeneration
of the barren organic phase can be accomplished through washing with hydrochloric acid.
The reaction equation is as follows:

[RyN - OH] + HCI = [R4yN - Cl] + H,0 (11)

3.4. Flowsheet of Separation and Recovery of Fe and REEs

Based on the investigation and analysis, a process flowchart for the separation and
recovery of Fe and REEs from HLNW via solvent extraction using Aliquat 336 is proposed
in Figure 13. Under optimal conditions, 99.92% of Fe and only 0.18% of REEs were
extracted. Subsequently, 98.36% of the REEs were precipitated as RE;(C204)3-10H,0,
achieving a purity of 99.25%. Furthermore, 99.21% of Fe was stripped using a NaOH
solution, followed by precipitation of 98.73% of Fe as Fe(OH); with a purity of 99.16%.
Finally, the barren organic phase was regenerated with HCl and reused in the extraction
cycle. This process enabled the recovery of 98.18% of REEs and 97.87% of Fe from HLNW.
The proposed approach demonstrates significant advantages, including high resource
utilization efficiency and a simplified, integrated workflow.

Hydrochloric leachate
of NdFeB waste

Solvent extraction
(15% Aliquat 336, O/A=1:2, 2 min)

|
| !

Fe-loaded organic phase Raffinate
. A
Stripping Precipitation
(2mol/L NaOH, O/A=2:1, 2 min) (Solid H,C,0,, 30 min, 60°C)
Barren organic phase Fe-rich solution RE,(C,0,);10H,0
Regeneration Fe(OH);,

(1.5mol/L HCI, O/A=1:1, 5 min)

Regenerated organic phase

Figure 13. Process flowchart for the separation and recovery of Fe and REEs from HLNW.
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4. Conclusions

(1) A novel process for the separation and recovery of Fe and REEs from HLNW via
solvent extraction using Aliquat 336 has been developed. This process achieved a recovery
efficiency of 98.18% for REEs, with a product purity of 99.25% as RE;(C204)3-10H,0, and
97.87% for Fe, with a product purity of 99.16% as Fe(OH);. Compared to conventional
solvent extraction methods for REEs, this approach not only enabled efficient separation
and recovery of both Fe and REEs but also offers significant advantages, including high
resource utilization efficiency and a simplified, integrated workflow.

(2) Under the conditions of 15% Aliquat 336 concentration, an organic-to-aqueous
phase ratio (O/A) of 1:2, and an extraction time of 2 min, HLNW was subjected to three-
stage countercurrent extraction, achieving a Fe extraction efficiency of 99.92% and a REEs
extraction efficiency of only 0.18%, with a separation factor of 695,200 between Fe and REEs.
The extraction and separation mechanisms of Fe and REEs were elucidated using FTIR,
UV-vis, and TOF-MS. In the HLNW, Fe existed as FeCl;~ anions, whereas REEs existed as
REE®* cations. The extraction of Fe proceeded via an anion exchange mechanism. Fe was
selectively extracted into the organic phase in the form of FeCl; ™ anions by Aliquat 336,
while REEs remained in the aqueous phase as cations, enabling effective separation of Fe
and REEs.
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