Hydrometallurgy 222 (2023) 106192

ELSEVIER

Contents lists available at ScienceDirect
Hydrometallurgy

journal homepage: www.elsevier.com/locate/hydromet

Check for

Recycling of NdFeB magnets: Model supported iron minimization via in-situ W&
hydrolysis during leaching and hematite precipitation in an autoclave

Elif Emil-Kaya ™™, Ozan Kaya ", Srecko Stopic ", Sebahattin Giirmen , Bernd Friedrich"

@ Department of Materials Science and Eng., Norwegian University of Science and Technology, 7034 Trondheim, Norway
Y IME Process Metallurgy and Metal Recycling, RWTH Aachen University, 52056 Aachen, Germany
¢ Department of Metallurgical & Materials Eng., Istanbul Technical University, 34469 Istanbul, Tiirkiye

4 Department of Mechatronics Eng., Istanbul Technical University, 34469 Istanbul, Tiirkiye

ARTICLE INFO ABSTRACT

Keywords:

NdFeB recycling

Rare earth elements
iron hydrolysis
Hematite precipitation
Autoclave

The NdFeB magnets are a significant component of technological applications, which contain a remarkable
quantity of rare earth elements (REEs). For this reason, the recycling of NdFeB magnets is essential for the reuse
of these elements. This research represents the recycling strategy of NdFeB magnets, which consists of iron
minimization through in-situ hydrolysis during oxidative leaching and hematite precipitation in an autoclave.
The influence of the experimental parameters in the hydrolysis of Fe>* in a nitric acid medium on the formation
of a mixture of iron oxide hydroxide was examined in detail. Afterward, the effect of the temperature, time and,
water addition on the iron and REEs precipitation in the autoclave was investigated by the ANOVA analysis based
on the Box-Behnken design. According to the particle swarm optimization algorithm, maximum REEs extraction
and minimum iron extraction were achieved in a solution of 1.82 mol/L nitric acid, at a solid/liquid ratio of 11/
100, a temperature of 60 °C, and a stirring speed of 415 rpm. The mean leaching efficiencies of REEs and iron are
calculated to be 76% and 7%, respectively. The optimal parameters for hematite precipitation in the autoclave
were determined to be a process temperature of approximately 137 °C, a processing time of approximately 3 h
and 55 min, and a water addition of approximately 20%. The optimum parameters are in harmony with the

validation experiments.

1. Introduction

Worldwide demand for rare earth elements (REEs) has increased
strongly due to the utilization of these elements in high-tech products,
including permanent magnets, phosphorus materials, catalysts, and
batteries. Increasing concerns about REEs supply and environmental
problems in ore production, limited resources, and national policies
have led to an increase in studies about the recovery of REEs from scrap
materials (Rim, 2016; Lewicka et al., 2021; Mudali et al., 2021). The
NdFeB magnets which contain up to 30% REEs (Nd, Pr, and Dy) are one
of the most remarkable scraps for the recovery since the content of REEs
in magnets is higher than in some REEs-bearing minerals (Zhang et al.,
2020a, 2020b; Barkov et al., 2021; Tay et al., 2021). In the literature,
there has been an abundance of research on the recovery of REEs based
on pyrometallurgy and hydrometallurgy (Kruse et al., 2017; Chung
et al., 2022; Polyakov and Sibilev, 2015; Stopic et al., 2022; Kaya et al.,
2021; Omodara et al., 2019; Bohm et al., 2023; Ilatovskaia et al., 2023).

Hydrometallurgy is the widely preferred technique for the extraction of
REEs from scrap materials. Lower grade and complex streams can be
conducted by hydrometallurgical routes eventuated in high product
purity (Akcil et al., 2021; Tunsu et al., 2016; Peelman et al., 2016; Emil-
Kaya et al., 2022; Uysal et al., 2022; Du et al., 2023.).

Selective precipitation processes have been performed for REEs
extraction, after the direct leaching process of NdFeB magnets. Tian
et al. (2019) leached NdFeB magnet powders with HCl. They used
hexamethylenetetramine (HMTA) and tartaric acid as chelating agents
to prevent iron precipitation during the leaching process. In another
study, NdFeB magnet powders were leached with HCl, and the conver-
sion of Fe>" to Fe>" was performed by electrochemical method. The
purity of RE oxides obtained by precipitation with oxalic acid following
the calcination process was 99.2% (Venkatesan et al., 2018). As an
alternative to the chemical conversion of iron, Parhi et al. (2016)
preferred to use HyO; to oxidize Fe®" to Fe3* after the leaching process
with HCL. The HNOj3 leaching with the addition of HyO5 has also been
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investigated. Iron was precipitated as Fe(OH)3 by adjusting the pH to 3
using NaOH. Subsequent use of oxalic acid as a precipitation agent
resulted RE oxides of 68% purity (Rabatho et al., 2013). Likewise, the
recycling of NdFeB magnets was performed by complete leaching with
iron removal using MnO,, for chemical oxidation of Fe?" to Fe®t (Onal
et al.,, 2017). As a different process, NdFeB magnet powders were
leached with mineral acid including HCl, H,SO4, and HNO3 without the
addition of a chemical agent for the conversion of iron. Following that,
selective iron precipitation was carried out in a hydrothermal reactor in
two steps with the addition of glucose which provided the hydrolysis of
Fe3* into hematite without losing REEs (Lin et al., 2019).

Hematite precipitation in an autoclave is a well-known process, but
still needs to be investigated for recycling of NdFeB. It was reported that
the hematite precipitation from ferric chloride at a temperature <100 °C
at atmospheric pressure, where -FeO.OH was formed at approximately
60 °C by controlling the seeding and changing the molarity of the so-
lution. Prolonged retention time favored a stable hematite phase, at
times longer than 100 h only the hematite phase was observed (Dutrizac
and Riveros, 1999). In the zinc industry, the hematite precipitation
process has been employed for the iron removal process. The kinetics
and chemistry of the hematite precipitation were elucidated. In their
study, hematite was formed through the oxydrolysis reaction of ferrous
sulphate at temperatures of between 195 and 200 °C at a pressure in the
range of 103 to 414 kPa (Cheng et al., 2003). In another study, the
precipitation kinetic of ferric sulphate in a batch reactor at 200 °C was
investigated. The hematite precipitate with various formulas was ob-
tained by manipulating process conditions such as the absence/presence
of zinc sulphate and Fe ™3 concentration (Cheng and Demopoulos, 2004).
In another study, the hematite precipitation was accomplished from a
ferric chloride solution in an autoclave. The precipitation of hematite
was achieved at approximately 100 °C in the presence of hematite seed
(Riveros and Dutrizac, 1997).

Since the interaction among the parameters and defining optiorm-
mum process conditions via the conventional technique could not be
accomplished, the statistical experimental design methods such as
Taguchi and Box-Behnken methods were preferred in many studies, to
determine optimum process parameters and their relationship with each
other (Unal and Kaya, 2020; Wang et al., 2011; Dutta et al., 2021). In
recent years, experimental design techniques have been frequently used
in hydrometallurgical studies for the determination of optimum leach-
ing parameters (Dahasahastra et al., 2022; Pan et al., 2020; Zhang et al.,
2020a, 2020b; Yazici and Deveci, 2013). In particular, Taguchi’s
experimental design effectively reduces the number of experiments for
identifying the optimal process parameters. Subsequently, ANOVA
analysis assigns the significant leaching process parameters. However,
experimental design techniques allow a single objective to be achieved.
In case of multiple objectives in the process, optimization methods can
define optimum process conditions. Among them, particle swarm opti-
mization (PSO) has attracted attention due to it being conveniently
implemented in various fields (Robinson and Rahmat-Samii, 2004;
Coello et al., 2004). With experimental design methods such as Taguchi
and Box Behnken and optimization methods, including PSO, optimum
experimental parameters can be defined with a small number of
experiments.

In this study, oxidative leaching is developed for iron removal by
favoring in-situ iron hydrolysis during oxidative leaching for the first

Table 1

Oxidative leaching parameters and their levels for NdFeB magnets.
Parameters Levels

1 2 3

Acid Concentration mol/L 1 2 3
Solid: Liquid Ratio w/v 1/10 1/20 1/30
Temperature °C 40 60 80
Stirring Speed pm 200 350 500
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time. To define maximum REEs and minimum iron dissolution during
leaching, the leaching experiments are performed based on Taguchi
orthogonal array. Afterward, maximum REEs and minimum iron
dissolution are determined by the PSO method. Hematite precipitation
in an autoclave is a well-known process, however, systematic study of
hematite precipitation in an autoclave for the recycling of NdFeB mag-
nets is still outstanding. Following the oxidative leaching, the dissolved
iron was precipitated in the autoclave under pressure and temperature
based on the Box-Behnken experimental design.

2. Material and method
2.1. Experimental design of leaching process by Taguchi method

Firstly, a preliminary leaching experiment was performed for 120
min. Samples were collected for chemical analysis every 15 min. Since
there was no significant increase in dissolution amounts of elements
after 30 min, the leaching time of 30 min was chosen. Taguchi orthog-
onal array (L9) approach was applied for the experimental design of the
leaching process. The solid/liquid ratio was varied in three levels of 1/
10, 1/20, and 1/30, the reaction temperature was adjusted in three
levels of 40, 60, and 80 °C, and the stirring rate was adjusted in three
levels of 200, 350, and 500 rpm. Table 1 shows the oxidative leaching
parameters.

2.2. Scrap NdFeB magnet powders characterization and methodology for
leaching experiments

Scrap NdFeB magnets were supplied in bulk form. The NdFeB mag-
nets were crushed by a jaw crusher (Retsch GmbH, Haan, Germany). The
chemical composition of the magnet powders was determined using X-
ray fluorescence (XRF) spectroscopy (Panalytical WDXRF spectrometer,
Malvern Panalytical B.V., Eindhoven, Netherlands). Afterward, NdFeB
magnet powders were dissolved in a solution of 3 mol/L nitric acid to
define the detailed chemical composition of the NdFeB magnet. After
solid/liquid separation by vacuum filtration setup, this solution was
analyzed by inductively coupled plasma optical emission spectroscopy
(ICP-OES) (SPECTRO ARCOS, SPECTRO Analytical Instruments GmbH,
Kleve, Germany). The phase analysis of NdFeB magnet powders was
revealed by X-ray Diffractometer (Bruker D8 Advance) with a LynxEye
detector using Cu—K radiation (A = 1.54187 Io\). Particle size distribu-
tion of NdFeB magnet powders was revealed by a dynamic particle
analyzer with an M5 lens (SympaTech QuickPick Oasis).

Leaching experiments were performed in a 1000 mL three-neck
round bottom glass flask with 200 mL diluted nitric acid. Nitric acid
(65%) was provided from VWR International GmbH, Darmstadt, Ger-
many. The heating mantle (IKA Werke GmbH, Staufen in Breisgau,
Germany) was used to control the temperature of the experiment. The
slurry in the flask was agitated with a mechanical stirrer at various
speeds for 30 min. The experimental setup for leaching was reported
elsewhere (Emil-Kaya et al., 2023).

A vacuum filtration setup was utilized to separate the leaching so-
lution and the leach residue. The leaching behavior of metals was
evaluated by ICP-OES. Potentiometric titration of Fe>* in the leaching
solution was conducted with cerium(IV) sulfate by titration system
(Metrohm Dosimat 655, Titrosampler 855).

X-ray diffraction analysis (XRD) revealed the phase content of the
leach residue and the calcined leach residue (Bruker D8 Advance with
LynxEye detector). The XRD patterns of the calcined leach residue and
the leach residue were recorded in the 20 range of 10-90°. The
morphological investigation of the leach residue was performed by
Scanning Electron Microscope (SEM, Zeiss Gemini 500). Moreover, the
elemental composition of the leach residue was revealed by Energy
Dispersive Spectroscopy (EDS). Fourier-Transform infrared spectrum of
the leach residue was recorded between 4000 and 400 cm ™! by Fourier-
Transform infrared spectroscopy (FTIR, Bruker Alpha T).
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Table 2
Process parameters and their levels for Box-Behnken Design.
Parameters Levels
1 2 3
Process Temperature (°C) 120 140 160
Time (h) 2 4 6
Water Addition (%) 0 25 50

2.3. Box Behnken design for iron precipitation process in the autoclave

This section investigated the effect of temperature and time on the
recovery and removal efficiencies of REEs and iron, respectively. Tem-
perature and precipitation time in an autoclave were reported as
important parameters for iron precipitation in the literature (Lin et al.,
2019; Dutrizac and Riveros, 1999; Cheng et al., 2003; Cheng and
Demopoulos, 2004; Riveros and Dutrizac, 1997). The effect of water
addition, which has not been investigated before in the literature, was
also investigated in this section. Based on the idea that the addition of
water increases the pH value, water was added to the leaching solution
at certain rates, and the pH of the leaching solution was measured. The
pH value of the solutions with water addition of 0%, 25%, and 50% was
measured as 2.15, 2.24, and 2.31, respectively. Moreover, the effect of
water addition on metal ion concentration and recovery (%) of REEs and
the removal efficiency of iron (%) was investigated.

A Box-Behnken design was employed for the iron removal process in
an autoclave under pressure. The precipitation experiments in the
autoclave were conducted with three parameters at three levels. Process
temperature was adjusted in three levels of 120, 140, and 160 °C, pro-
cess time of 2, 4, and 6 h and water addition of 0, 25, and 50%. The
process parameters and their levels can be found in Table 2.

2.4. Iron precipitation process in the autoclave

The precipitation studies were conducted in a 1500 mL autoclave
(Biichi Kiloclave Type 3E, Switzerland) with 100 mL leach liquid at
varied temperatures and durations. These experiments were carried out
without the use of gas pressure. A water-cooling system was employed to
cool the autoclave at the end of the experiment. A centrifuge was used to
separate the precipitated hematite from the leach liquor. The pre-
cipitates were dried at 65 °C in the furnace. Afterward, the precipitates
were analyzed by XRD analysis.

3. Results and discussion
3.1. Characterization of scrap NdFeB magnet powders

The composition of NdFeB magnet powders was determined using X-
ray fluorescence analysis. Table 3 shows the phase composition of

Table 3
The chemical composition of NdFeB magnet powders determined by XRF
analysis.

Component Fe,03 Nd,03 Pry,03 MnO Tb40,
Concentration (wt%) 68.1 20.4 5.72 1.97 0.70
Component Co030,4 Al,03 Na,0 PdO SiO,y
Concentration (wt%) 0.70 0.42 0.34 0.24 0.24
Component As,03 Gay03 CuO Nb,Os5 Other
Concentration (wt%) 0.21 0.20 0.14 0.12 0.50

Table 4

Chemical analysis of NdFeB magnet powders determined by ICP analysis.
Composition Fe Nd Pr B Co
Concentration (wt%) 66.3 23.9 7.38 0.877 0.773
Composition Dy Cu Mo Cr Ni
Concentration (wt%) 0.662 0.102 <0.1 <0.1 <0.1
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NdFeB magnet powders. The presence of Fe, Nd, and Pr, as well as small
amounts of Tb, Al, Si, Co, Mn, and Pd, was detected with XRF analysis.

The result of the ICP-OES analysis of NdFeB magnet powders is
shown in Table 4.

The presence of Fe, Nd, and Pr, as well as small amounts of Cu, B, Co,
and Dy, was detected with ICP analysis. The phase analysis of NdFeB
magnet powders was performed by (XRD) analysis. Fig. 1. depicts the
XRD pattern of the magnet powders.

The XRD peaks in the pattern of NdFeB magnet powders correspond
to tetragonal structure NdoFe;4B with the space group of P42/mnm
(JCPDS #40-1028). Fig. 2 shows an SEM image of NdFeB magnet
particles.

The morphology of the NdFeB magnet powders was non-uniform,
having a large size distribution. Furthermore, EDS analysis confirmed
the presence of Nd, Fe, and Pr. Fig. 3 shows the dynamic particle analysis
of NdFeB magnet powders.

Fig. 3 reveals the distribution density (q3*) and the distribution sum
(Q3) of the NdFeB magnet powders with the diameter (EQPC)-value of
the NdFeB magnet powders. According to the distribution sum (Qs), the
dgo.3, dso.3, and djg 3 values are 90.19 pm, 56.01 pm, and 11.50 pm,
respectively. These results confirm that 90.3% of the NdFeB magnet
powders have a grain size smaller than 90.2 pm. The distribution density
of powders (qs*) reaches its global maximum at ~80 pm.

3.2. Characterization of leach residue occurred through in-situ iron
hydrolysis during leaching

Fe() +2HNO;—Fe*" +2NO, ™ +20H™ (AGspec = — 164.621 KJ) (€D)]

In the hydrometallurgical process, the nitric acid medium has several
advantages, such as the ability to create highly oxidizing conditions and
to use oxygen directly from air. This medium has unique properties in
terms of iron oxidation. The removal of iron from the recycling process
of the NdFeB magnet is an important step in producing high-purity RE
oxides. Nitric acid promotes the oxidation of Fe?" to Fe3*. Chemical
reactions occur during the leaching process when NdFeB magnet parti-
cles interact with nitric acid. These reactions (Eq. 1-5) are described as
follows.

Fe( + 3HNO; »Fe’™ +3NO,™ +30H™ (AG%ec = — 143.769 kJ) )

Nd() + 3HNO; »Nd** +3NO,” +30H" (AG%c = —797.625k])  (3)
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Fig. 1. X-ray diffraction analysis of NdFeB magnet powders.
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Fig. 2. SEM micrograph of NdFeB magnet powders.

Pr) +3HNO;»Pr*" +3NO,” +30H™ (AG°sec = —788.947 KJ) 4

Dy, +HNO;—»Dy** +3NO,™ +30H (AG%-c = —793.874kJ) 5)

Gibbs free energy calculations of the abovementioned equations at
60 °C were conducted in HSC Chemistry 9.

Hydrolysis of Fe3* nitrate at high temperatures results in the for-
mation of hematite and goethite. The precipitation behavior of dissolved
Fe2" differs from that of dissolved Fe3*. While Fe?* precipitates at the
same pH level as REEs, Fe>* precipitates at a lower pH level than Fe?*
and REEs with base media. Iron ions in the solution as Fe>* enable the
separation of REEs. Intending to determine the quantity of Fe>* in the
leach liquor, we performed the potentiometric titration analysis. The
amount of Fe?" in the leach liquors, which were performed with the
specified condition, is <1%. The mean pH value was 2.15 for all vali-
dation experiments conducted under the specified conditions. This pH
value favors the continuation of the hydrolysis of Fe after the completion
of the leaching process. The NdFeB magnet powders initiate an
exothermic reaction with nitric acid. The removal of iron via hydrolysis
at high temperatures during the direct leaching process appears to be a
simple solution for NdFeB recycling. During the leaching process,
goethite and Fe(OH)ssoliqy Were formed through the Feitknecht reaction

sequence, which enables the selective leaching of REEs. This reaction
sequence (Egs. 6-9) is described as follows (Feitknecht and Michaelis,
1962);

O3(¢)=05ag) (6)
Fe?* 4 2H,0 = Fe(OH), + 2H* @
Fe(OH), +%Oz +%H20 = Fe(OH)3solia) ®)
Fe(OH);3(501iq) = & — FeOOH o4) + H,O 9

The control experiment was conducted at 60 °C under the specified
conditions. However, due to the exothermic reaction of NdFeB magnet
powders and nitric acid, the reaction temperature was measured at
>60 °C in the first 15 min. The graph was created with the x-axis rep-
resenting the leaching time and the y-axis representing the leaching
temperature. Fig. 4 shows the reaction temperature of magnet powders
in nitric acid as a function of time.

The formation of goethite is favored by the high reaction tempera-
ture (Babjan, 1971). If the reaction occurs at a lower temperature, then
the formation of Fe(OH)ssliqy is expected, and in this case, the

100 ry in
Xjo3 =11.50 pm X503 =56.01 pm X993 =90.19 pm  Part. =1505 /
o o N » 120
| M Distribution sum Q;/% @ Distribution density qs !

© 80 ] -
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g 401 = / 2
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Fig. 3. Dynamic particle analysis of NdFeB magnet powders.
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Fig. 4. Reaction temperature of magnet powders in nitric acid as a function
of time.

formation of mixed amorphous goethite and Fe(OH)ssoliq) is expected.
Fig. 5 shows X-ray diffraction analyses of the leach residue and the
calcined leach residue from the validation experiments.

The broad peak in the leach residue confirmed the amorphous form.
The XRD peak at 38.10° corresponds to orthorhombic iron oxide hy-
droxide (PDF card No. 00-044-1415). The calcined residue was mainly
Fey0O3 with a small amount of NdFeO3 phase. The reflection lines (012),
(104), (110), (113), (024), (116), (214), (300), and (1010) have been
assigned to the peaks at 20 = 24.20°, 33.23°, 35.70°, 40.95°, 49.57°,
54.20°, 62.58°, 64.15°, and 72.14°, respectively, confirming the rhom-
bohedral iron structure of the sample (PDF card No. 01-084-0307).
Fig. 6 displays the SEM image of the leach residue from the validation
experiment. The presence of Fe, as well as small amounts of Nd and Pr,
was detected with EDS analysis. The results matched those obtained by
ICP analysis. The SEM analysis showed that the leach residue consisted
of large particles.

The EDS study revealed the presence of Fe and minor amounts of Nd
and Pr. The SEM analysis revealed that the leach residue was composed
of large particles. The FT-IR spectra of the leach residue from the

* Feg0q Calcined Leach Residue|
- g Leach Residue
v NdFeO5
| + Nd20u20
° Fe(OH)O
— . L ]
)
= °
> 4
C
1]
=

0 20 30 4 5 60 70 8 9%
26(°)

Fig. 5. XRD analysis of the as-filtered and calcined leach residue from the
validation experiment.
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Fig. 6. SEM images of the leach residue from validation experiment at 10,000X
magnification.

validation experiment and stretching region are illustrated in Fig. 7.

Table 5 illustrates the tabulated FTIR data and corresponding
references.

The FT-IR spectra of the leach residue was recorded in the wave-
number range of 400-4000 cm ™~ in ambient atmosphere. Fig. 7 illus-
trates the FT-IR spectra as well as the stretching regions. The IR spectra
of the leach residue shows two minor peaks at 564 and 677 cm ™! in the
far-IR range. The stretching vibrational mode of metal (Fe—O) oxygen
bonding is responsible for the peaks at 564 cm ™! and 677 cm ™. The Fe-
O-H stretching vibrational mode generates two small peaks at 819 cm ™!
and 1040 cm ™. The high intense band identified at 1321.51 cm™! is
associated with the O—H stretching. The broadest band is found in the

T T T
0.14 - T
N T
4 o~ I
0.12 ?.) o o g
] w 3 ]
@ 0104 S
c |
S 0.08 i
9 1 =
1 n
S 0064 @ 2
o RN 8
S lE e |[]E
< 1 <K o
0024 B8l 3
0.00 4 h/ o]
-0.02 1

— T T T T T T~ T T T T T T "
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

Fig. 7. FT-IR spectra of the leach residue from the validation experiment.

Table 5
The Tabulated FTIR Data with their references.
Wavenumber (cm™')  Assignment  Reference
3264.89 O-H (Obreja et al., 2013, Chhabra et al., 2012)
1631.51 and O-H (Tucureanu et al., 2016, Chhabra et al.,
1321.51 2012)
819.63 and 1040.25 Fe-O-H (Pinto et al., 2019, Raul et al., 2012

564.86 and 677.90 Fe-O (Pinto et al., 2019, Raul et al., 2012
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Table 6
The experimental parameters for magnet leaching and the results of experiments based on Taguchi’s orthogonal arrays.
Experiment Code Molarity of Acid Solid/ Liquid Ratio Temperature (°C) Stirring Speed Leaching S/N Leaching S/N
(mol/L) (rpm) Eff. for Fe (db) Eff. for REE (db)
[Fe] % [REE] %
D1 1 1:10 RT 200 19 14.43 23 —12.765
D2 1 1:20 40 350 50 6.02 59 —4.58
D3 1 1:30 60 500 63 4.01 79 -2.05
D4 2 1:10 40 500 10 20.26 69 —2.97
D5 2 1:20 60 200 75 2.5 78 -2.15
D6 2 1:30 RT 350 99 0.08 96 —0.35
D7 3 1:10 60 350 30 10.46 91 —0.81
D8 3 1:20 RT 500 87 1.21 84 -1.51
D9 3 1:30 40 200 93 0.63 88 -1.11
3.3. Taguchi’s analysis of the leaching process and statistical analysis
Table 7
ANOVA results for extraction of REEs. The three-level L9 orthogonal array was employed to optimize the
Parameter DoF sS MS Fovalue Pvalue leaching efficiencies of iron and REEs. Table 6 presents the leaching
3 - parameters and the level of experiments with chemical analysis deter-
Acid Concentration 2 165.767 82.883 32.72 0.000* ined b lvsi h o f di leulated
Solid: Liquid Ratio 9 75.829 37.914 14.97 0.0014 mined by ICP analysis. The S/N ratio for REEs and iron were calculate
Temperature 2 64.302 32.151 12.69 0.0024 with Eq. (10) (larger is better) and Eq. (11) (smaller is better), respec-
Stirring Speed 2 71.005 35.502 14.02 0.0017 tively. Table 6 presents the S/N ratio values for each experiment. Af-
Total 17 terward, ANOVA analysis was used for determining the contribution of
each process parameter.
Table 8 1{~(1
S/N=—10log|~-> (= (10)
ANOVA results for extraction of iron. na=\Yi
Parameter DoF SS MS F-value P-value
n
Acid Concentration 2 39.167 19.584 7.85 0.0106 S/ N= —10log 1 Z(yz) an
Solid: Liquid Ratio 2 582.457 291.229 116.71 0.000* n 4=t
Temperature 2 17.291 8.646 3.46 0.0766
Stirring Speed 2 11.518 5.759 2.31 0.1552 The F-values, Mean Square (MS), and Sum Square (SS) values can be
Total 17 672.891 determined by statistical analysis. Table 7 and Table 8 represent the

near-IR region, extending about 2600-3650 cm™}, with the second-
highest strong peak at 3264 cm™! corresponding to the O—H stretch-
ing vibrational mode.
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calculated values for the extraction of REEs and the dissolution of iron,
respectively.

The P-value illustrates the statistical importance of the leaching
parameters. Statistical analysis revealed that, while all experimental
parameters are statistically important for the extraction of REEs, acid
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Fig. 8. The effect of the leaching parameters on the optimization criteria for both REEs and Fe.
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Fig. 9. Flow chart for utilizing PSO.

concentration and solid/liquid ratio are the important parameters for
the extraction of iron under the experimental working conditions. Fig. 8
illustrates the effect of the leaching parameters on the optimization
criteria for both REEs and Fe.

According to the Taguchi plots, NdFeB magnet powders should be
leached in 3 mol/L of nitric acid solution with a solid/liquid ratio of 1:30
and a stirring speed of 350 rpm at a process temperature of 60 °C to
achieve maximum REEs contents in the leach liquor. On the other hand,
magnet powders should be leached in a solution of 1 mol/L of acid
concentration, at a solid/liquid ratio of 1:10 and at a stirring speed of
500 rpm, at a process temperature of 60 °C to achieve minimum
extraction of iron. Validations experiments were conducted under the
specified experimental conditions. The leaching efficiencies of REEs and
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iron were 99% and 99%, respectively, under the specified conditions for
maximum REEs. On the other hand, the leaching efficiencies of REEs and
iron were 28% and 22%, respectively, under the specified condition for
minimum iron content. The chemical analysis results are consistent with
the Taguchi results. As a result of these findings, traditional precipita-
tion steps are required for removing iron from the leach liquor. The pH
value would be below 1 due to high nitric acid concentration. Adjusting
the pH values is required to remove iron from the leach liquor. To
achieve both maximum REEs and minimum iron extraction, particle
swarm optimization method (PSO) was chosen. The particle swarm
optimization was coded with the equations obtained from the regression
analysis to attain both maximum REEs extraction and minimum iron
extraction.

Optimum REE/Fe extraction
[1.82 mol/L, 11/100, 60°C, 415rpm]
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Fig. 10. Flowchart for model-supported iron minimization via in-situ hydrolysis during oxidative leaching.
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Fig. 11. XRD pattern of the precipitate in the autoclave.

3.4. Regression analysis of REEs and iron

There are two main purposes of the leaching as follows; (1) maximize
the extraction of REEs and (2) minimize iron dissolution. The leaching
experiments were carried out with different levels of acid concentration
(M), solid-liquid ratio (R), temperature (T), and stirring speed (S) to
ascertain the contribution of the experimental parameters Furthermore,
it is conducted to determining the relationships between the afore-
mentioned parameters and the output variables. The regression analysis
was employed for the REEs equation, and the iron dissolution equation
based on the specified input parameters. Based on the results obtained
from the chemical analysis, Eq. (12) and Eq. (13) provide the computed
equations for the iron dissolution and REEs extraction.
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Table 10
ANOVA results for REEs precipitation.

Source DF  AdjSS Adj MS F- P-
Value Value

Model 9 6117.18 679.69 24.91 0.001

Linear 3 4340.25 1446.75  53.03 0.000

Temperature 1 3741.13  3741.13  137.12 0.000*

Time 1 578.00 578.00 21.19 0.006

Water Addition 1 21.13 21.13 0.77 0.419

Square 3 1684.43  561.48 20.58 0.003

Temperature*Temperature 1 420.10 420.10 15.40 0.011

Time*Time 1 664.64 664.64 24.36 0.004

Water Addition* Water 1 849.33 849.33 31.13 0.003

Addition

2-Way Interaction 3 92.50 30.83 1.13 0.421

Temperature*Time 1 20.25 20.25 0.74 0.428

Temperature* Water Addition 1 0.00 0.00 0.00 1.000

Time* Water Addition 1 72.25 72.25 2.65 0.165

Error 5 136.42 27.28

Lack-of-Fit 3 127.75 42.58 9.83 0.094

Pure Error 2 8.67 4.33

Total 14 6253.60

are a good fit. Determining the lowest and maximum values of these
equations, respectively, requires multi-objective optimization which
defines the input parameters.

3.5. Optimization of the leaching process

This study aims to identify the optimal leaching parameters both for
minimizing iron through in-situ iron hydrolysis and for maximizing

— 2 2
Fedisotuion = —36.79+24.33M — 1.607R — 4.55M" + 0.032R 12) REEs extraction during the leaching process. Particle swarm optimiza-
tion (PSO) has been effective in order to optimize difficult multifunc-
REE raciion = — 6.064+9.02M — 0.84R 4 0.02T 4 0.02S — 3.42M* +0.118R* 4+ 0.055T> — 0.0025S> (13)

Eq. (12) shows the regression equation for iron dissolution which has
R? = 96.08%, R? — adjusted = 92.32%, and R? — predict = 79.29%. Eq.
(13) shows the regression equation for the extraction of REEs which has
R? =96.91%, R? — adjusted = 93.93%, and R? — predict = 75.72%. The
term R? is a statistical indicator of how closely the data match the
regression line that was fitted. Moreover, the R?-adjusted value presents
model accuracy and R2 The R? values in this study indicate the models

Table 9
Box-Behnken matrix and the results concerning the percentage of iron and REEs
content in the leach liquor after iron precipitation in the autoclave.

Sample  Process Time  Water Recovery Removal Eff. of

Temperature [h] Addition  Eff. of Iron

[°c] [vol%] REEs %

%

Al 120 2 25 89 1
A2 160 2 25 47 0.06
A3 120 6 25 72 0.7
A4 160 6 25 21 0.06
A5 120 4 0 71 0.3
A6 160 4 0 31 0.05
A7 120 4 50 80 1.7
A8 160 4 50 40 0.1
A9 140 2 0 56 0.4
A10 140 6 0 52 0.05
All 140 2 50 62 1
Al12 140 6 50 41 0.1
A13 140 4 25 82 0.07
Al4 140 4 25 79 0.04
Al5 140 4 25 83 0.05

tional and dimensional discontinuous problems (Eberhart and Shi,
1998). The PSO is a nature-inspired optimization method, which needs
neither any mathematical relation nor pre-processing. Moreover, it can
be easily implemented since it is based on the swarm technique. To find
max/min points, it utilizes the intelligence and movement of the parti-
cles. Moreover, it is a robust stochastic evolutionary computational
technique (Robinson and Rahmat-Samii, 2004). The other optimization
techniques are compared with PSO elsewhere (Tharwat and Schenck,

Table 11
ANOVA results for iron precipitation.

Source DF  AdjSS Adj MS F- P-
Value Value

Model 9 3.31798  0.36866  9.11 0.013

Linear 3 2.32218 0.77406 19.12 0.004

Temperature 1 1.47061 1.47061 36.33 0.002

Time 1 0.30031  0.30031  7.42 0.042

Water Addition 1 0.55125 0.55125 13.62 0.014

Square 3 0.44206  0.14735  3.64 0.099

Temperature*Temperature 1 0.28093  0.28093  6.94 0.046

Time*Time 1 0.05846 0.05846 1.44 0.283

Water Addition* Water 1 0.16026  0.16026  3.96 0.103

Addition

2-Way Interaction 3 0.55375  0.18458  4.56 0.068

Temperature*Time 1 0.02250 0.02250 0.56 0.489

Temperature* Water Addition 1 0.45562  0.45562  11.26 0.020

Time* Water Addition 1 0.07563  0.07563  1.87 0.230

Error 5 0.20239 0.04048

Lack-of-Fit 3 0.20192  0.06731  288.46 0.003

Pure Error 2 0.00047 0.00023

Total 14 3.52037
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Fig. 12. (a), (c), (e) and (b(, (d), (f) represent the response surface plots for iron precipitation and REEs, respectively.
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Fig. 13. Optimization plots for maximum REEs and minimum iron content in
the leach liquor.

2021; Khan and Sahai, 2012). Hence, optimization algorithms based on
nature-inspired are suggested for difficult multidimensional discontin-
uous systems. Apart from these, this algorithm allows combining and
hybridizing for improving the performance of the common algorithms.
Therefore, the PSO method was chosen both for maximizing REEs
extraction and for minimizing iron extraction.

Based on the regression analysis, Eq. (12) and (13) are defined as the
target function for the multi-objective function of the PSO. The multi-
objective function in Eq. (1) has two goals: (1) maximizing the extrac-
tion of REEs and (2) minimizing iron extraction.

Recycling,,; =min(w, (|REE(M,R,T,S) —g\|)+w: (| Fe(M,R,T,S) —g:)),—1
<w <0<w, <1
14)

REEs = —464+6.61 T+24.1 TM +16.18 W —0.02667 T*T — 3.354 TM*TM — 0.607 W*W — 0.0562 T*TM — 0.0000 T*W + 0.425 TM*W

Fe =29.09—-0.2726 T —0.817 TM — 0.830 W 4 0.000690 T*T +0.0315 TM*TM + 0.00833 W*W + 0.00187 T*TM +0.00338 T*W 4 0.0137 TM*W

Here in Eq. 14, —1 is given as a negative sign to maximize the effi-
ciency of REEs extraction. On the other hand, 1 is described as a positive
sign to reduce iron extraction efficiency.

The values 100 and O belong to the values of g; and g, respectively.
For PSO, input parameter constraints, inertia, learning factor, iteration
number, and particle size must also be defined. Fig. 9 depicts a flowchart
for the application of the multi-objective PSO algorithm.

As a result of the PSO, the optimal parameters were found to be an
acid concentration of 1.82 mol/L, a solid/liquid ratio of 11/100, a
process temperature of 60 °C, and a stirring speed of 415 rpm. Under
these specified conditions, 84% of REEs and 5% of iron would be dis-
solved during the oxidative leaching process. Validation studies with the
specified conditions were carried out 10 times. The mean REEs and iron
leaching efficiencies were calculated to be 76% and 7%, respectively.
These results are good since such low iron extraction in any of the
baseline experiments was not achieved. Fig. 10 displays a flowchart for
model-supported iron minimization via in-situ hydrolysis during the
oxidative leaching.
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3.6. Characterization of the precipitate formed in the autoclave

The precipitation of hematite from the leach liquor under pressure
and a high temperature was performed. A nitric acid medium offers
highly oxidizing conditions and the use of oxygen directly from the air,
thus Fe>* is generated in the leach liquor. In this study, Fe®* was hy-
drolyzed to hematite under pressure and a high temperature. The hy-
drolysis reaction of Fe>* to hematite is given in the following Eq. (15):

2Fe*t +6NO; +3H,0 = Fe; 05 + 6HNO; (15)

The precipitation of hematite at approximately 137 °C from leach
liquor was performed in an autoclave under pressure for four hours to
remove the remaining iron after the leaching process. High purity (98%)
REEs in leach liquor was achieved after the hematite precipitation. The
precipitate was characterized by XRD analysis. Fig. 11 shows the XRD
pattern of hematite.

The XRD peaks were indexed by the rhombohedral phase of Fe,O3
with a standard pattern from (JCPDS) file no 84-0307.

3.7. Iron precipitation under pressure and high temperature

Moreover, investigating the effect and combined effect of each pro-
cess parameter requires several experiments conducted based on the
Box-Behnken design. The significant experimental parameters affecting
the efficiency of iron removal under pressure and temperature in the
autoclave were determined by ANOVA analysis.

The precipitation process was optimized with the RSM, which results
in minimum iron and maximum REEs contents in the leach liquor.
Table 9 shows the Box-Behnken matrix and the results concerning the
percentage of iron and REEs content in the leach liquor after iron pre-
cipitation in the autoclave.

3.8. Model fitting, statistical analysis, and response surface analysis

The empirical relationship between the input parameters (tempera-
ture T, time TM, and water addition W) and the output variables were
examined through regression analysis. The equations for the precipita-
tion of REEs and iron are given in Eq. (16) and Eq. (17), respectively.

16

a7

The regression equation for the precipitation of REEs is given in Eq.
(16), with R? = 94.25% and R%-adjusted = 83.90%. Additionally, Eq.
(17) gives the regression equation with R = 97.82% and R%-adjusted =
93.89% for the iron precipitation. The R? value is a statistical indicator
of how closely the data match the regression line that was fitted.
Moreover, the R%-adjusted value presents model accuracy and R2. The R?
values in this study indicate the models are a good fit. Table 10 and
Table 11 show the findings of the ANOVA analysis. The F-value for each
parameter shows how each precipitation parameter affects the purity of
solution. A P-value of <0.05 indicates the statistical significance of each
process parameter. The MS, SS, F-value, and the P-value of the process
parameters are shown in Tables 10 and 11, respectively, for REEs and
iron.

Statistical analysis revealed that, while temperature and time are
important parameters for the precipitation of REEs, temperature, time
and water addition are the significant parameters for the removal of iron
in the autoclave under the experimental working conditions.

Fig. 12 presents the response surface plots for the relationship be-
tween temperature, time, and the addition of water to the removal of
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Fig. 14. The proposed conceptual flowsheet for high REEs recovery from spent
NdFeB magnets.

iron. Fig. 12 (a), (c), (e) and 4.27 (b), (d), (f) represent the response
surface plots for iron precipitation and REEs, respectively.

For the NdFeB magnets recycling, the main purpose is to achieve the
high purity of REEs. Therefore, the efficiency of the REEs recovery is
needed to be increased using defining optimal input parameters without
losing REEs.

Fig. 12 (a) illustrates the surface response and contour plots for
determining the maximum REEs content and the minimum iron content
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temperature and time on iron precipitation. This figure also illustrates
that iron removal can be achieved when the time is longer than 4 h and
the temperature is higher than 150 °C. The combination of water
addition and temperature was studied for the REEs and iron content in
the leach liquor. Fig. 12 (c) displays the maximum content of REEs in the
leach liquor achieved at low temperatures and at a water addition of
between 25% and 30%. Furthermore, the effect of these process pa-
rameters on iron removal is illustrated in Fig. 12 (d). This figure also
demonstrates that the maximum iron removal is observed at a process
temperature of about 160 °C and water addition of between 20% and
40%. The effects of water addition and process time for REEs and iron
are presented in Fig. 12 (e) and (f), respectively. These figures indicate
that the purity of the leach liquor can be increased at high-temperature
values and low water addition. However, high REEs content in the leach
liquor were obtained for the period of 2.5 h < TM < 4.5 h and at water
addition of 25% < W < 35%, as shown in Fig. 12 (e). These surface
response and contour plots show that temperature is defined as the most
important parameter for the promising results of the iron removal pro-
cess. This conclusion is also consistent with the ANOVA results for the
iron removal process in the autoclave.

3.9. Optimization of the iron precipitation process in the autoclave

This optimization process aims to achieve high-purity REEs in the
leach liquor while the precipitation of REEs together with iron is pre-
vented. Therefore, both a maximum REEs content and a minimum iron
content are anticipated during the iron removal process in the autoclave.
For this purpose, an optimization study was conducted with MINITAB.
The optimization plot for both maximum REEs and minimum iron
contents is presented in Fig. 13.

The optimal parameters were determined to be a process

Table 12
REEs recovery and iron removal efficiencies.

REEs recovery efficiency (%)

NdFeB magnet Leaching Precipitation Total
in the leach liquor. A process time of <4.5 h and a temperature of powders 76 96 72.96
<130 °C provide the maximum REEs content in the leach liquor after the NdFeB magnet Iron removal efficiency (%)
autoclave experiment. On the other hand, Fig. 12 (b) shows the effect of powders ;;ad”“g llag‘z)mp‘ta“‘m Ig:)ﬂl
Nd: 23.936
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Fig. 15. Material flow analysis (MFA) for recycling of NdFeB magnets under the optimum experimental conditions.
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temperature of approximately 137 °C, a process time of approximately 3
h and 55 min, and a water addition of approximately 20%. A validation
experiment was conducted with these process parameters. The contents
of REEs and iron in the residual leach liquor were calculated to be 96%
and 0.1%, respectively. Thus, iron was removed from the system with a
4% loss of REEs.

Compared to the direct leaching of the magnet powders, the pro-
posed conceptual flowsheet for the recovery of REEs ensures extraction
of REEs selectively during the leaching experiments. Moreover, the
following step for the iron removal process in an autoclave proved
effective for obtaining high-purity REEs in the leach liquor. Advantages
of this flowsheet include a high REEs recovery efficiency and the pre-
cipitation of the hematite without the need for adding a precipitation
agent. Fig. 14 illustrates the proposed conceptual flowsheet for high
REEs recovery from spent NdFeB magnets.

Fig. 15 illustrates a material flow analysis (MFA) for the recycling of
NdFeB magnets under the optimum experimental conditions. All flows
are in percentage.

The overall mass flows obtained from the chemical analysis are
shown by the Sankey diagram (Fig. 15). The REEs flow starts on the left
side of the diagram with 31.95% and 24% of REEs lost during oxidative
leaching. After the iron precipitation in the autoclave, approximately
76% of REEs are recovered under the optimum conditions, with >98%
purity achieved.

Table 12 presents the REEs recovery and iron removal efficiencies.

The REE recovery efficiencies are 76% and 96% in the leaching and
the precipitation stages, respectively. Iron removal efficiencies are 93%
and 100% in the leaching and the precipitation stages, respectively.

4. Conclusion

In this study, iron dissolution was avoided throughout the leaching
process through in-situ iron hydrolysis. Afterward, the dissolved iron
was precipitated in the autoclave with the aim of removal of iron from
the system. Notable findings of this study are given as follows;

e Taguchi method was employed to determine the optimal leaching
parameters for maximum REEs extraction and minimum iron
extraction. Afterward, PSO was computed to define optimum
leaching parameters. Based on the average ten validation leaching
experiments, leaching efficiencies of REEs and iron were 76% and
7%, respectively.

Statistical analysis revealed that, while solid/liquid ratio is the most
important parameter for minimizing iron extraction under experi-
mental working conditions, acid concentration, and solid/liquid
ratio are important parameters for maximizing REEs extraction.
The optimization tool in MINITAB gives the optimum parameters for
the minimum iron and maximum REEs content in the leach liquor.
The validation experiment was performed at a process temperature
of approximately 137 °C, a processing time of about 3 h 55 min, and a
water addition of approximately 20%. Under the specified experi-
mental conditions, the contents of REEs and iron in the residual leach
liquor were calculated to be 96% and 0.1%, respectively. Thus, iron
was removed from the system with a 4% of REEs loss.

Statistical analysis shows that, while temperature and time are
important parameters for the precipitation of REEs, temperature,
time and water addition are the significant parameters for the pre-
cipitation of iron in the autoclave.
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