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Neodymium-iron-boron (NdFeB) has become the most prominent permanent magnet alloy, with a wide variety of
applications and an ever-increasing demand. Their recycling is important for securing the supply of critical raw
materials used in their manufacturing. The use of organic acids such as acetic acid has been of recent interest for
the recycling of waste NdFeB magnets. Despite achieving good leaching efficiencies, the published literature has
not properly investigated the effects of key factors influencing the acetic acid leaching process and their
respective interactions, which has led to conflicting findings as to what conditions are optimal. The present work
goes to show that no such optimum exists by taking a look at the major factors (concentration, solid-to-liquid
ratio, time, and temperature) and their interactions. The results show that leaching efficiencies >95% and
even up to 100% can be achieved using a variety of different conditions showing that the leaching reaction is
quite flexible, which is helpful for a potential upscaling of the process. The separation of the leached elements
presents another problem in NdFeB magnet processing. As a novel application, this work investigated iron
separation from the acetic acid leachate by the means of simple and inexpensive aeration. It was found that up to
99% of iron could be precipitated as FeO(OH) (goethite) within 2 h at pH 5 and 80 °C, while only minor neo-
dymium co-precipitation was observed (5%). Separation of iron from the leachate can help obtain purer REE
products in further processing.

1. Introduction

Since their development in the 1980s, neodymium permanent
magnets (NdFeB) have become key components in many applications
and electronic devices. Far superior to other magnetic materials in most
respects — having higher remanence, coercivity, and energy product,
but lower Curie temperature — NdFeB magnets have replaced
samarium-cobalt, alnico, and ferrite magnets in many applications
(Cullity and Graham, 2009). A number of other elements (Al, Co, Dy, Ni,
Pr, Tb) can be added to the alloy to improve some of its properties, e.g.,
useable temperature range (Brown et al., 2002). NdFeB magnets are
commonly found in computer and office automation, automotive parts,
consumer electronics and appliances, industrial automation, and other
high-tech applications (Gislev and Grohol, 2018).

Ever increasing global adoption and use of various electronic devices
and their eventual discarding has caused an increase in the generation of
waste electronic and electrical equipment (WEEE or e-waste). It is esti-
mated they already constituted roughly 8% of municipal waste with
41.8 Mt of e-waste produced in 2014 (Kaya 2019). Global e-waste
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generation has seen a substantial increase since, reaching 53.6 Mt in
2019 (excluding photovoltaics), and is estimated to exceed 74 Mt in
2030 (Forti et al., 2020).

Two-thirds of NdFeB magnets are used in computers, wind turbines,
and automotive applications (Rademaker et al., 2013), which also
represent areas with great potential for growth. A 2018 report by the
European Commission estimates that the demand for neodymium, pra-
seodymium, and dysprosium in wind power applications in the EU could
increase as much as 40-fold come 2030 compared with 2015, assuming
the European Wind Energy Association’s high estimate of the total wind
power production of 988 TW h, equal to 31% of EU electricity demand in
2030 (Corbetta 2015). Similarly, expanding electric vehicle production
is estimated to need 10 times as much Nd, Pr, and Dy in 2030 compared
with 2015 values. Even the lower estimates for wind power expansion
place their combined annual raw material demands at 2000 t of Nd and
500 t of both Pr and Dy.

This rapid growth poses a serious issue when it comes to disposal,
and maybe even more importantly supply security, as most of the
world’s virgin rare earth element (REE) production — including that of
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Nd, Pr, and Dy — is concentrated in China. E-waste presents a potential
secondary source for raw material production. Current recycling efforts
satisfy 6-7% of the REE demand in the EU. A ramp-up in recycling could
result in an annual neodymium production of over 400 t come 2030, but
with rapidly increasing demand, this would still satisfy only about 8% of
Nd demand, depending on the estimates. Globally recycling is estimated
to produce over 2200 t of Nd and cover 9% of the demand in 2030.

The mounting pressure for the recycling of REE-containing waste
sources, like that of NdFeB magnets, has prompted the scientific com-
munity to find novel solutions for their processing. Some emphasis has
to be placed on finding low-cost approaches in addition to novelty, for
any NdFeB recycling process has to compete with virgin raw material
production. The price of neodymium oxide has been quite steady,
approximately 40 € kg_1 for the past few years (Mineral Commodity
Summaries 2021), setting a benchmark for any NdFeB magnet recycling
process development for the time being. REE prices are expected to rise
as demand increases, but increasing prices are also expected to prompt
the opening of new mines and increase the size of estimated reserves
(Habib and Wenzel, 2014), curbing expectations for future price hikes.

Recycling and reprocessing of waste NdFeB magnets have been
studied intensely in the past two decades with a wide variety of ap-
proaches taken (Yang et al., 2017). Direct recycling methods include
re-sintering, melt spinning, hydrogen decrepitation deabsorbation
recombination (HDDR), and recasting, but the variation between
different alloys and their composition, in addition to the lower quality
products obtained by direct recycling methods, makes it impractical in
most cases and metallurgical processes more appealing. Metallurgical
processes are divided into pyrometallurgical and hydrometallurgical
routes. The former includes methods such as oxidative roasting (Firdaus
et al., 2016) and selective chlorination (Itoh et al., 2008). The latter
usually consists of a leaching step, using one of many possible leaching
methods, followed by one or more metal recovery steps, employing
processes such as precipitation, ion exchange, solvent extraction, and
electrochemical methods (Binnemans et al., 2013).

Conventional leaching processes commonly employ mineral acids,
but other leaching methods have been pursued in the past few years.
These novel approaches include the use of ionic liquids (IL), which can
be useful in both the leaching of NdFeB magnets (Orefice et al., 2018)
and the metals extraction step when leaching with acids (Riano and
Binnemans, 2015). Another novel line of research is the use of organic
acids, which is also in line with the principles of green chemistry
(Saenz-Galindo et al., 2021), contributing to their appeal. A variety of
organic acids have been studied for use in the leaching of spent NdFeB
magnets, such as acetic, ascorbic, citric, formic, glycolic, maleic, malic,
oxalic and tartaric acids. Similar efforts have been undertaken for the
leaching of lithium-ion battery wastes (Li et al., 2013). Many of the
studied organic acids seem viable for use as a leaching agent, but acetic
acid appears more appealing due to its lower production cost. Acetic
acid has the added benefit of being able to be produced entirely via
renewable biological processes such as the oxidative fermentation of
ethanol or anaerobic fermentation of sugars, and some bacteria are even
able to produce acetic acid from one-carbon compounds like carbon
monoxide, all of which have the advantage of low energy and raw ma-
terial costs (Sim et al., 2007).

One of the challenges in the hydrometallurgical processing of spent
NdFeB magnets is the extraction and production of pure REE products,
for the high iron concentration in NdFeB leach liquors is known to cause
problems and result in impurities when using some common REE sep-
aration methods, such as liquid-liquid extraction (Parhi et al., 2016) or
the oxalate precipitation method (Liu et al., 2020a, 2020b). This prob-
lem may be resolved by using the oxidative roasting—selective leaching
method (Liu et al., 2020a, 2020b) or by separating iron prior to REE
recovery, e.g., by hydroxide addition (Onal et al., 2017). Another con-
ventional method for iron separation from an aqueous media is oxida-
tion and precipitation of iron (Free 2013), which has been employed in
the treatment of e.g. ground waters, estuaries, and hydrometallurgical
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wastewaters. Iron(Il) is readily oxidised to iron(III) when exposed to air
or a number of other oxidising agents, although the rate of air oxidation
is slow in acidic solutions, becoming more rapid as pH increases
(Kroschwitz et al., 2001). Possible oxidants include air (aeration),
NH,O0H, NaOCl, KMnO4, H,0,, Cl,, O3, ClO, and MnO, (Khatri et al.,
2017), of which aeration, hydrogen peroxide and ozone carry the benefit
of not introducing extra elements into the solution, making further
processing that much easier.

Recycling of NdFeB magnets and REE recovery has been of great
interest in this millennium. In addition to conventional hydrometallur-
gical processing using mineral acids, the use of organic acids has
garnered some attention as an application of green chemistry principles.
Acetic acid is one of the prime candidates and has been the subject of
some previous work. It has been successfully utilised in the leaching of
powdered NdFeB magnets as is (Behera and Parhi 2016). The use of
auxiliary techniques like ultrasound and microwave can be used to
speed up the process (Behera et al., 2019). While achieving high
leaching efficiencies (99.99%), the previous work has not properly
examined the effects of individual factors and their interactions for they
have been conducted using the one-factor-at-a-time (OFAT) method.
The OFAT method suffers from an inability to detect and estimate
possible interactions between the different factors and as a result, can
miss the optimal conditions, should they exist in the first place. In this
work, a multivariate analysis of the most prominent factors influencing
the leaching reaction — concentration, solid-to-liquid ratio, time and
temperature — is performed by employing a 2-level full factorial
experimental design, which allows for estimation of the effects of indi-
vidual factors independently and their respective interactions.

A major complication in any hydrometallurgical process is the sep-
aration of leached elements. In the case of NdFeB processing and acetic
acid leaching, the previous work has attempted iron separation by the
means of oxidative roasting and selective leaching. At best the produc-
tion of insoluble iron oxides and soluble REE oxides has resulted in a
fairly high separation of iron (99.0%) and Nd recovery (94.2%) (Yoon
et al.,, 2015), while others have not managed such good separation
(21-38%) and have relied on solvent extraction for further separation
(Gergoric et al., 2018). The very high temperatures and energy intensity
of the roasting process can be considered a downside. Instead of selec-
tive leaching, separation of iron from the leachate can be achieved via
the oxidative precipitation of iron. Used in many other applications
(Khatri et al., 2017), the method sees its novel application in the hy-
drometallurgical processing of NdFeB magnets. The present work in-
vestigates a few oxidation methods (air, HyO2) and the effect of the
primary factors influencing the precipitation reaction (pH, T and t),
showing that it is a feasible alternative for iron separation.

2. Experimental
2.1. Materials

Spent NdFeB magnets from manually disassembled hard disk drives
(HDD) — received from a Finnish recycling company Green Disposal Oy,
Ltd — were demagnetized in a muffle furnace at a temperature of 400 °C
for 3 h. Magnets were manually crushed with a setup resembling mortar
and pestle and passed through a 500 pm sieve to obtain a fine powder,
which was used throughout the study.

Glacial acetic acid (100%, VWR AnalaR NORMAPUR ACS) diluted to
specified concentrations was used for all of the leaching experiments.
Water used for dilutions, washing, etc. was ultra-pure grade (Merck
Millipore Milli-Q, Germany), and herein referred to as just water.
Concentrated nitric acid (>65%, Honeywell Fluka) was used to prepare
5% nitric acid solutions, which in turn were used for the preparation and
dilution of both standard and sample solutions for inductively coupled
plasma-optical emission spectroscopy (ICP-OES). In the iron precipita-
tion experiments, a hydrogen peroxide solution (33%, VWR) was used as
an oxidiser, and a sodium hydroxide solution (50%, J.T.Baker) diluted to
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5% was used for pH adjustment. Filtration was performed using What-
man filter papers.

2.2. Analytical methods

Elemental analysis of the pretreated sample material was carried out
by total acid digestion using aqua regia, and a subsequent determination
of Al, B, Co, Dy, Fe, Nd, Ni, Pr, and Tb concentrations in the sample
solutions by inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Perkin Elmer Avio 500, USA). The magnet powder was
examined with a scanning electron microscope (SEM, Zeiss EVO-50XVP,
Germany) fitted with an energy-dispersive X-ray detector (EDS, Bruker
Quantax 400, USA), which was utilised for semi-quantitative elemental
analyses. Sample solutions obtained from the leaching and iron pre-
cipitation experiments were analysed with ICP-OES to measure
elemental concentrations to determine leaching and precipitation effi-
ciencies. The particle size distribution of the magnet powder was ana-
lysed with a laser diffraction particle size analyser (Malvern Mastersizer
3000, UK) fitted with a Hydro MV dispersion unit. Samples were sus-
pended in deionized water and ultrasound was applied during mea-
surement to break down agglomerates. Analysis was performed in
triplicate and the Fraunhofer scattering model was used for particle size
estimation.

The elemental composition of the iron precipitate was determined
using ICP-OES and SEM-EDS. Additionally, a powder x-ray diffractom-
eter (PXRD, Malvern Panalytical X’Pert PRO, United Kingdom) with Cu
K, radiation (4 = 0.154187 nm, generated by sealed X-ray tube and Ni
p-filter; 45 kV, 40 mA) was used to identify the major crystalline phases
of the iron precipitate. Each lightly hand-ground sample was attached
onto a steel-made sample holder with a 16 mm diameter sample cavity.
Diffraction intensities were recorded by an X’Celerator detector at room
temperature from a spinning sample with a 26-range of 6-90°, a step
size of 0.0170 and counting times of 180 s per step (overall time of a scan
2 h). Data processing and search-match phase analyses were carried out
by program X’Pert HighScore Plus (v. 4.9) (Degen et al., 2014) and ICDD
PDF4+ database (Gates-Rector and Blanton, 2019).

2.3. Acetic acid leaching

2.3.1. Initial experiments

Leaching of the magnet powder was initially tested by conducting
three experiments with duplicate samples and leaching at three different
acetic acid concentration levels (0.4, 0.7 and 1.0 mol L™1), all usinga 1 g
per 100 ml S/L ratio. Further two experiments were run using two
different, lower S/L ratios (1 g per 150 ml and 1 g per 200 ml), leaching
with 1 mol L™! acid solution. Experiments were conducted in 250 ml
beakers, leaching for 24 h at 20 °C and stirring at 600 min™! on a hot-
plate stirrer (Heidolph MR Hei-Tec, Germany). Afterwards, the sample
solutions were filtered through paper filters into volumetric flasks and
filled with water. The samples were further diluted with a 5% HNOs
solution prior to ICP-OES measurement.

Leaching efficiencies for each element (x) were calculated by
comparing the values obtained from ICP-OES to ones calculated from
sample mass and the pre-determined mass fractions of the sample ma-
terial:

Cx, measured X Vinilial x dilution

Leaching efficiency = . Ny (€9)]
sample - /0x

2.4. Main effects and interactions

The effect of different factors (concentration, solid-to-liquid ratio,
temperature and time) on acetic acid leaching efficiency was studied by
conducting a series of leaching experiments, which were performed in
50 ml plastic screw cap test tubes in a covered water bath, heated and
stirred with a magnetic stirrer hotplate. Leachant was preheated to the
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Table 1
The four factors and their respective levels selected for the 2-level full factorial
experimental design, including a centre point.

Factor/Level Lower Centre Upper
Concentration (mol L’l) 0.2 0.6 1.0
S/L ratio (g mL™}) 1/150 1/75 1/50
Temperature (°C) 20 50 80
Time (h) 1 3.5 6

desired temperature prior to leaching, the temperature of the bath was
adjusted to 20,50 and 80 °C and monitored with a mercury-in-glass
thermometer, and the stirrer was set to 600 min~!. Leachant volume
was kept constant (50 ml) and the S/L ratio varied by varying sample
mass. Leaching solutions were then filtered, transferred into volumetric
flasks and filled with water, and further diluted with a 5% HNO3 solu-
tion for ICP-OES analysis.

To assess the individual effects of each factor and their respective
interactions, experimental design (DOE) was used for the experiment. A
2-level full factorial randomized design with a centre point triplicate
was employed to gain insight into the general direction and amplitude of
the effects and possible curvature of response. The R software environ-
ment (R version 4.0.2 with Remdr 2.7-1 and RemdrPlugin.DoE 0.12-3
and their dependencies) was used for creating the design and analysing
the results. The selection of factors and their respective levels — pre-
sented in Table 1 — was based on existing literature and our own initial
experiments.

2.5. Leaching kinetics

Kinetics of the acetic acid leaching was studied in select conditions
employing 2 series of triplicate sample solutions. 2 g of the magnet
powder was leached in a covered 400 ml beaker using 200 ml of 0.4 mol
L~! acetic acid solution at a temperature of 20 °C on a magnetic stirrer
set to 600 min . Periodical subsamples (V =0.5 ml) were taken with an
automatic pipette, filtered through a paper filter, filters washed with
water and sample immediately diluted with 5% HNOs for ICP-OES
analysis. Stirring was halted, and solids were allowed to settle for 1
min each time before sampling. For the first series, subsamples were
taken after 1, 2, 3, 4, 5, 6, 7, 8, 12 and 24 h of leaching, and for the
second series after 16, 20, 24 and 40 h.

2.6. Iron precipitation

Pregnant leaching solutions (PLS) for the iron precipitation experi-
ments were prepared by dissolving the powdered magnets using a 0.4
mol L7! acetic acid solution and an S/L ratio of 1/150 g mL™* and
leaching for 24 h at 20 °C to ensure complete dissolution.

Precipitation experiments were carried out in 250 ml beakers placed
on magnetic stirrer hotplates. The stirrer speed was set to 800 min~! and
the temperature of the sample solutions was monitored using an external
probe submerged in the solution, which controlled the hotplate. The pH
of the samples was monitored using a pH meter (Mettler Toledo Seve-
nEasy pH with InLab Expert NTC30 pH electrode, USA) and adjusted
using a diluted sodium hydroxide solution. Precipitation of the dissolved
iron was achieved by oxidation of Fe?* ions to Fe>* ions, and facilitated
using three different methods: 1) ambient air/oxygen dissolution, 2)
direct air feed/aeration and 3) hydrogen peroxide addition. Sample
solutions were transferred into 50 ml centrifuge tubes afterwards and
the precipitate was separated by centrifuging at 3500 min~! for 5 min,
after which the resulting supernatant was carefully removed using a
pipette.

The composition of the precipitate was determined after the pre-
cipitation experiments by preparing three replicate samples. PLS were
prepared as described at the beginning of this section (2.4) and pre-
cipitation was conducted at 90 °C and pH 5, stirring at 800 min ! and
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Table 2
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Elemental composition (wt.%) of the magnet as determined quantitatively by ICP-OES and semi-quantitatively by SEM-EDS. Dysprosium was unable to be determined
with EDS due to overlapping peaks of Fe and Dy, and boron due to the use of a boron viewing window.

Fe Nd Pr Ni Dy B Al Tb O C z
ICP-OES 64.45 24.94 3.63 2.55 1.34 1.12 1.06 0.57 0.19 - - 99.86
SEM-EDS 61.08 27.63 4.49 0.20 - 1.78 - 0.48 0.00 3.24 1.10 100.00

Particle size distribution of the NdFeB powder

— Replicate 1
94 Replicate 2
g Replicate 3

Volume density (%)

10° 10! 10 108
Particle size (um)

(b)

Fig. 1. (a) SEM image of the magnet powder captured with the back-scattered electron detector. (b) Particle size distribution of the magnet powder.

allowing 2 h to react. The formed precipitates were separated by
centrifugation and the resulting supernatants were analysed with ICP-
OES. Precipitates were dried overnight in an oven at 115 °C and the
obtained powders were analysed with XRD and SEM-EDS. A portion of
the precipitate was dissolved in aqua regia and analysed with ICP-OES.

Iron precipitation efficiencies were calculated assuming complete
dissolution of the sample material, using the pre-determined mass
fractions and comparing them with values obtained from ICP-OES:

Cmeasured X Vinilial x dilution

@

Precipitation efficiency = 1 —
Msample X Wt~%Fe

3. Results and discussion
3.1. Analysis of sample material

Elemental concentrations of the sample material determined with
ICP-OES and SEM-EDS are presented in Table 2. Results from the ICP-

OES and EDS analyses appear to be in reasonably close agreement,
although EDS results (see SI 1 for details) should be regarded as semi-

1
REE,Fe 4,B(s) + 37H" (aq)—2REE*" (aq) + 14Fe*" (aq) + B** (aq) + 18 5Hz(g)

quantitative. The obtained results correspond fairly well with theoret-
ical values for a pure NdyFe;4B alloy (72% Fe, 27% Nd, 1% B) and those
reported in the literature (59-65% Fe, 25-32% Nd, 0.66-1.26% B). The
variation reported in these values may be explained by differing
manufacturing processes, the inclusion of various additives and the use
of different coating materials. Praseodymium can substitute neodymium
to a certain degree, and it is used due to its lower cost (Rademaker et al.,
2013). Aluminium, cobalt, dysprosium and terbium on the other hand
may be added to improve certain properties of the alloy (Sagawa et al.,
1987; Cullity and Graham, 2009; Brown et al., 2002; Rademaker et al.,
2013). Nickel and zinc, among other materials, are commonly used as a

protective coating, for sintered NdFeB magnets are prone to corrosion
(Brown et al., 2002). The small amount of oxygen detected with EDS is
likely due to ambient oxidation of the magnet powder. An SEM image of
the magnet powder is shown in Fig. 1a. The image shows a fair amount
of variability in particle size, ranging from only a few micrometres up to
hundreds of micrometres in diameter. The particle size distributions
obtained from the laser diffraction analysis (see SI 2 for details) is pre-
sented in Fig. 1b. The graph shows a large peak in the range of 200-900
pm for each sample and a smaller peak around 10-100 pm. 90% of the
particles are <600 pm in size and 50% are <220 pm. The De Brouckere
mean diameter (D[4,3]) of the three samples is 261 pm.

3.2. Leaching experiments

3.2.1. Initial experiments
The leaching reaction (Liu et al., 2020) for the neodymium magnet
alloy —

3

— sets some constraints on the possible combinations of acetic acid
concentration and solid-to-liquid ratio when the complete dissolution of
the alloy is desired. Literature suggested that the leaching process ben-
efits from low S/L ratios (Yoon et al., 2015; Behera and Parhi 2016),
especially in the case of iron (Gergoric et al., 2018). An S/L ratioof 1 g
per 100 mol L ™! was selected as a basis for the initial experiments. Based
on Equation (3) it was calculated that a 0.34 mol L1 acetic acid solution
would be required at minimum to dissolve 1 g of the alloy. To maintain
sufficient acidity of the solution and to prevent premature precipitation
of the leached metals, a minimum concentration of 0.4 mol L™! was
selected for the experiment.
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Table 3

Comparison of the reported leaching conditions for the acetic acid leaching of NdFeB magnet powders and the achieved leaching efficiencies.
Reference Particle size CAcH S/L ratio/ T t w LE

(um) (mol L7Y) pulp density Q) (h) (min~1) Nd (%)

Yoon et al. (2015) NT 1.0 1% 920 3 400 94.2
Behera and Parhi (2016) 106-150 0.4 1% (w/v) 80 4 800 >99.99
Gergoric et al. (2018) <355 1.0 1/30-1/80 g mL~! 25 24 400 >95
Erust et al. (2021) <500 3 20g Lt 27 5 200 50

The initial leaching experiments (0.4, 0.7 and 1.0 mol L) achieved
mean Nd leaching efficiencies of 98, 96 and 95% respectively. Increasing
acid concentration did not have much of an effect on leaching efficiency,
confirming the hypothesis of 0.4 mol L™! being sufficient when using an
S/L ratio of 1 g per 100 ml and given enough time. The following two
experiments with lower S/L ratios (1/150 and 1/200 g mL™Y) both
reached 100% Nd dissolution, affirming that the reaction benefits from
lower S/L ratios. The increase in leaching efficiency with decreasing S/L
ratio is due to more protons (in absolute terms) being available for the
leaching reaction within the solution because weak acids like acetic acid
only dissociate partially in an aqueous solution. Using a higher S/L ratio
(or lower concentration) can cause proton starvation in the leachate
(Gergoric et al., 2018). Other explanations include increased surface
area towards the leachant, and lower viscosity (Behera and Parhi 2016).

These findings affirm the general notion of dilute acetic acid being
suitable for NdFeB magnet leaching in the right conditions. Table 3 lists
the leaching efficiencies reported in the existing literature along with
their respective leaching conditions. Yoon et al. (2015) focused on the
grinding and roasting processes and did not study the leaching process
itself in detail. Behera and Parhi (2016) performed a detailed kinetics
study and reached virtually quantitative leaching efficiencies, but the
study was conducted one factor at a time. Gergoric et al. (2018) carried
out a similar OFAT study for leaching roasted NdFeB powders, albeit
with fewer variables and lesser focus on the kinetics, but complemented
with solvent extraction experiments. Erust et al. (2021) tested a variety
of acids followed by a solvent extraction step using an ionic liquid, but
placed very little emphasis on studying the leaching conditions and re-
ported quite low leaching efficiencies for acetic acid, which might have
been due to the high S/L ratio, low temperature, short leaching time or
low stirring speed. The previous work has not taken into consideration
the interfactor interactions and has not assessed the effect of each var-
iable independent of the others. High leaching efficiencies have been
reached using a variety of leaching conditions, which indicates that no

Table 4

global optimum exists. The initial tests and previous work show that the
reaction is quite flexible, and complete dissolution of neodymium is
possible using a variety of different leaching conditions, for which
reason experimental design was employed for the following set of ex-
periments to gain better insight into the effect of each variable inde-
pendently as well as their respective interactions.

3.3. Main effects and interactions

Results obtained from ICP-OES measurements were used to calculate
the leaching efficiencies of iron and neodymium for each experiment,
and they are displayed in Table 4 alongside their respective leaching
conditions. At a glance, the results reveal that very good leaching effi-
ciencies (>95%) are attainable using a variety of different leaching
conditions. They also confirm our assessment of concentrations lower
than 0.4 mol L ! being too low (sub-stoichiometric) when the S/L ratio
is 1/100 or higher. However, a concentration as low as 0.2 mol L™}
appears entirely adequate when the S/L ratio is low enough. For visu-
alisation of the results, the R software environment was used to draw
main effects plots (Fig. 2a) and interaction plots (Fig. 2b) for the factors
influencing neodymium leaching recovery. ANOVA was used to deter-
mine the statistical significance of the interactions, wherein the centre
point replicates were used for the estimation of random error (s? =
0.47). It was found that all of the 2-way interactions were statistically
significant, excluding ¢ — t and S/L — t, which displayed no interaction
whatsoever. The 3-way interactions, excluding ¢ — S/L — t, appeared
statistically significant as well (see SI 3).

Using the included centre point to plot the response over the di-
agonals of the experimental design (see SI 4) shows that the response
behaves quadratically. The centre point itself produced particularly
good leaching efficiencies (95%), and very little gains are made by
further adjustment of the individual factors towards the favourable di-
rections seen in the main effects plot (Fig. 2a). Individual factors can also

The full randomised 2-level factorial design generated using the values from Table 1, complete with the experimental results. Iron and neodymium leaching efficiencies

are displayed alongside their respective leaching conditions.

Sample Run Concentration S/L ratio Time Temperature Leaching efficiency

D order (mol L™ 1) (gmL™Y) (h) Q) Fe (%) Nd (%)
1 1 0.2 1/150 1 20 11.20 22.33
2 12 1.0 1/150 1 20 12.33 24.51
3 14 0.2 1/50 1 20 9.36 21.86
4 4 1.0 1/50 1 20 11.62 24.48
5 8 0.2 1/150 6 20 46.73 55.19
6 11 1.0 1/150 6 20 54.04 60.52
7 6 0.2 1/50 6 20 28.34 38.29
8 15 1.0 1/50 6 20 47.44 55.21
9 3 0.2 1/150 1 80 91.61 93.91
10 13 1.0 1/150 1 80 100.00 100.00
11 9 0.2 1/50 1 80 28.85 44.24
12 7 1.0 1/50 1 80 98.27 96.92
13 16 0.2 1/150 6 80 97.50 99.07
14 10 1.0 1/150 6 80 100.00 100.00
15 2 0.2 1/50 6 80 23.27 64.69
16 5 1.0 1/50 6 80 97.73 100.00
17 17 0.6 1/75 3.5 50 98.08 96.00
18 18 0.6 1/75 3.5 50 96.78 94.66
19 19 0.6 1/75 3.5 50 98.20 95.59
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Main effects plot for Nd recovery
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Interaction plot matrix for Nd recovery
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Fig. 2. (a) The main effects plot, displaying the mean responses of each factor at their low and high settings, and the effect of changing each factor on average. (b)
The interaction plot matrix, showing the average effect each variable had, respective to each other factor. The parallelity of lines within a single subplot indicates a
lack of interaction between the two variables while converging lines are evidence of a possible interaction.
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Fig. 3. (a) Averages of the determined leaching efficiencies from the triplicate samples for both iron and neodymium plotted as a function of time. (b) Plots and
linear fits for shrinking sphere/chemically controlled (left) and shrinking core/diffusion controlled (right) models using the data from the leaching experiment up to

the 24 h mark.

be adjusted towards the unfavourable direction in some cases, as long as
others are adjusted to compensate for that. Adjusting multiple factors in
the unfavourable direction can have a dramatic negative effect, how-
ever. A discussion of these interactions follows.

The main effects plot shows that increasing concentration from 0.2 to
1.0 mol L™} increased Nd recovery by 16 percentage points (pp) on
average, and the interactions plot shows that it was significantly higher
when the S/L ratio was high, which is a clear indication of the inter-
connected nature of the two factors. The interaction between concen-
tration and S/L ratio is further exemplified by the interaction plots.
When the S/L ratio is low, the mean effect of increasing concentration is
a mere 5 pp when at a high S/L ratio it is 27 pp. The interaction is taken
as the mean of their difference, giving a value of 11 pp, meaning that the
effect of increasing concentration grows with increasing S/L ratio.

Similar conclusions can be drawn from the S/L plots, displaying an
average decrease of 14 pp with an increasing S/L ratio. The highest
reductions appeared when concentration was low, but virtually no
change was observed when it was high. This is due to the aforemen-
tioned fact that there is not enough acid and protons present for com-
plete dissolution to occur when the concentration is low and the S/L
ratio is high. This phenomenon can also be understood through the acid
to alloy molar ratio. As was shown in Equation (3), each mole of the
alloy would theoretically require 37 mol of protons to achieve complete
dissolution. At low concentration and high S/L ratio the molar ratio is
roughly 11, which indeed is too low, but increasing just the S/L ratio
brings the molar ratio up to 32. At the high concentration, the molar
ratios are 54 and 162 respectively. The results show that lower acid

concentrations can be compensated for with lower S/L ratios or vice
versa, whichever is deemed more favourable. This was also hinted at by
the results of Behera and Parhi (2016), who reported that increasing
concentration beyond 0.4 mol L1 had little to no effect when S/L =1%
and T =35 °C, but the effect of concentration was not probed further.
They also tested different S/L ratios (1, 3 and 5%) while keeping other
factors constant (¢ =0.4 mol L’l, T =35 °C), and found that Nd leaching
efficiency decreased from 100 to 88% with increasing S/L ratio. This of
course could have been countered by the use of higher concentration.

The average effect of time appeared to be of the same magnitude as
concentration and S/L ratio. Leaching recovery of Nd increased 18 pp on
average from 1 to 6 h and the factor showed no interaction with neither
concentration nor S/L ratio but did interact with temperature. Leaching
efficiencies grew with both increasing time and temperature, but the
effect of time was more minor within the experimental domain. Because
the effect of temperature was so much greater, the average effect of time
diminished with increasing temperature from 29 to 8 pp, which is seen
in the interaction plot (Fig. 2b).

Temperature appeared as the most prominent factor within the
experimental domain with an average effect of 50 pp and the factor
showed interaction with all of the other factors. The interaction with
concentration is due to chemical potential and thermodynamic activity
being functions of temperature. Little difference is observed on average
between the two concentration levels at low temperature (7 pp), but a
noticeable difference can be seen at high temperature (25 pp). The same
is true for the S/L ratio with the higher absolute amount of acid at a low
S/L ratio being affected more by the increasing temperature than at a
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high S/L ratio. Behera and Parhi (2016) did not find as great of a dif-
ference within the temperature range they tested (35-80 °C) with
leaching efficiency increasing from 92 to 100% after 4 h of leaching. The
lesser difference observed can in part be explained by the more narrow
range, and on the other hand likely due to the smaller overall particle
size (46-180 pm) used in their work, requiring less time to leach in all
conditions, damping the difference observed in the present work.

Overall judging by the results it would indeed appear that no true
optimum exists, but rather multiple avenues to complete Nd dissolution
with some constraints that ought to be taken into account when selecting
leaching conditions. Using even very low acetic acid concentrations is
viable if compensated for with a sufficiently low solid-to-liquid ratio to
provide enough acid and protons for the leaching reaction. Similarly,
using a more concentrated acetic acid allows for higher S/L ratios. Time
and temperature feature a similar relationship, for we showed that
complete Nd dissolution will occur in 24 h even at room temperature,
but is equally possible within 1 h using high enough of a temperature
(50-80 °C).

Similar results were reported by Gergoric et al. (2018), who achieved
>95% leaching efficiencies for Nd when ¢ =1.0 mol L™}, S/L. =1/50 g
mL™!, T =25 °C and stirring speed 400 min~!. They tested lower acid
concentrations as well, but leaching efficiency for 0.4 mol L™! acetic
acid was <75%, which in the light of our findings was likely due to the
higher S/L ratio used. Yoon et al. (2015) didn’t focus on the leaching
aspect in their work but reported a Nd leaching efficiency of 94.2% in
the conditions of their choosing (¢ =1.0 mol L’l, S/L =1%, T =90 °C, t
=3 h). Direct comparisons should be made with caution though because
both of them leached roasted and oxidised NdFeB powders.

3.4. Leaching kinetics

The initial experiments showed complete dissolution of the magnet
powder is possible at room temperature given enough time (24 h), but
results from the main effect study saw leaching efficiencies reach a
maximum of 60%, raising the question of how long is enough. Addi-
tionally, kinetic modelling can provide a better understanding of the
leaching process and help with decision-making related to process
design, for which reasons the kinetics experiment was undertaken.

Results obtained from the kinetics experiment for neodymium and
iron were plotted against time, producing Fig. 3a. Initially, leaching
appears to proceed linearly with recovery surpassing 80% after 12 h for
both elements, after which the reaction slows down by a fair amount but
eventually reaches 100% after 24 h. Reaction slowing down is likely due
to the fairly broad particle size distribution (1-500 pm) with the
remaining larger particles leaching slower after the depletion of smaller
ones, reflecting the particle size distribution presented in Fig. 1b. The
final samplings at 40 h feature a slight reduction in recovery for both
elements, which resulted from the onset of iron precipitation.

The applicability of shrinking core models (SCMs), which are among
the most popular models used for modelling heterogeneous solid-liquid
reactions in hydrometallurgy (Othusitse and Muzenda, 2015), for
describing the present leaching process was tested using results from the
aforementioned experiment. Equation (4) was used to calculate the
fraction of leached neodymium at each point in time.

~ Nd leaching efficiency

100 % )

kt=1-(1-X)} 5)
2 2

ktzlngf(le)* (6)

The obtained values were fitted to two different models: equation (5)
describes the shrinking core model, in which the rate of reaction is
controlled by the surface chemical reaction, whilst equation (6) is used
for the shrinking sphere model, where the reaction rate is controlled by
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Table 5
Results of the iron precipitation experiments expressed as the precipitation ef-
ficiencies of Fe and Nd, in varying reaction conditions (temperature, time, pH).

No. Aeration T t pH Precip. eff.
Q) ()] Fe (%) Nd (%)

1 Yes 30 2 5.0 15 8
2 Yes 30 6 5.0 63 17
3 Yes 80 2 5.0 99 5
4 Yes 80 6 5.1 99 8
5 No 90 2 4.2 49 6
6 No 90 6 4.2 72 14
7 No 90 2 5.0 73 6
8 No 90 6 5.0 86 5
9 Yes 90 2 3.9 84 7
10 Yes 90 6 4.0 96 7
11 Yes 90 2 5.0 95 5
12 Yes 90 6 5.0 96 9

diffusion (Othusitse and Muzenda, 2015). Fits for both models were
done using the data points up to 24 h from the leaching experiment,
plots of which are presented in Fig. 3b. The diffusion controlled model
(6) appears to have a better fit statistically (R? = 0.99041), but the data
points clearly show some curvature at the lower end of the graph. The
chemically controlled model (5) has a slightly worse fit (R? = 0.98470)
despite the data points showing a more linear trend excluding the de-
viations at the higher end. Based on these results it’s impossible to give a
definitive statement, but the findings of Behera and Parhi (2016)
strongly point toward the reaction being chemically controlled. The
leaching reaction happening on the surface of shrinking magnet parti-
cles would mean that grinding the magnets into a finer powder will
further speed up the leaching reaction.

3.5. Iron precipitation

3.5.1. Selection of precipitation agent

Since the oxidation of iron is possible using a variety of oxidants,
oxidation-precipitation of iron from the PLSs was first attempted using
three different approaches. Though to avoid the introduction of alien
elements into the leaching solutions, the oxidation methods chosen were
hydrogen peroxide, ambient air and aeration.

Initially, tests were run at room temperature but did not produce any
good results. Further testing was conducted at elevated temperatures,
for successful oxidation-precipitation of iron as goethite/magnetite from
nickel-rich leach liquors at a temperature of 95 °C had been reported
(Han et al., 2016). Secondly, it was found that HyO, did not work for this
application as it experienced rapid decomposition upon introduction
into the PLS and did not have the chance to properly oxidise the iron(II)
ions. This could be due to "high’ pH (>4), temperature and concentra-
tion of transition metals (Fe, Co, Ni). Another reason could be part of the
H»0; reacting with acetic acid to form peracetic acid. Even with peri-
odical additions of fresh H;O, over extended periods of time, no
appreciable amounts of precipitate formed.

Oxidation at an elevated temperature in ambient air as well as the
use of aeration proved most successful for precipitating iron selectively
from the PLS. Partially covered sample solutions were placed on hot-
plate stirrers set to 95 °C and 800 min~! and left for 24 h. Sample so-
lutions had their pH adjusted to and maintained at 5 with periodical
additions of dilute NaOH. Both methods managed to precipitate the
majority of iron while retaining most of the neodymium in the solution.

3.6. Aeration experiments

A variety of precipitation experiments were conducted in small
batches to study the viability of various reaction conditions and the
influence of major factors such as time, temperature, pH and aeration.
The most relevant experiments and findings are presented in Table 5.
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Table 6
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Mean elemental composition (wt.%) of the iron precipitates as determined quantitatively by ICP-OES and semi-quantitatively by SEM-EDS. Dysprosium was unable to
be determined with EDS due to overlapping peaks of Fe and Dy, and boron due to the use of a boron viewing window.

Fe Nd Pr Ni Dy B Al Tb o C z
ICP 57.42 1.38 0.16 0.45 0.19 0.43 0.30 0.00 - - 60.74
EDS 64.61 1.10 0.16 0.66 - - 0.72 0.00 27.75 1.65 99.60

These results showed that major increases in iron precipitation are
achieved by using aeration over passive ambient oxygen dissolution.
While ambient air oxidation appeared possible, it would most certainly
be unfeasible in any industrial scale application. Introducing aeration
and small air bubbles into the solution increases the surface area
available for oxygen dissolution by orders of magnitude. The other
major factor appeared to be temperature. Increasing temperature
allowed for a shorter reaction time by speeding up the oxidation process
but it also carries a negative effect as oxygen’s solubility in water de-
creases. This can be seen by comparing the Fe precipitation efficiencies
achieved at 80 and 90 °C, where the increase in temperature has resulted
in a minor reduction in Fe precipitation efficiency. Adjusting pH to 5
instead of 4 appeared to allow for a shorter reaction time without
causing any additional Nd co-precipitation. The reason for this behav-
iour is that air oxidation is slower in acidic conditions and speeds up as
pH increases (Kroschwitz et al., 2001). An alternative to aeration and air
oxidation would be to use other oxidants, which could potentially in-
crease oxidation efficiency and speed, but also incur additional costs
(Khatri et al., 2017). This would also introduce alien elements into the
solution, potentially complicating further processing and waste
treatment.

The effect of acidity was further investigated with a set of experi-
ments featuring incremental increases in pH, ranging from 5 to 8. Other
factors were set to T =90 °C, t =2 h, ® =800 min~! with aeration on.
Results from this set showed that any increase in pH beyond 5 resulted in
considerable and rapidly increasing co-precipitation of neodymium and
other elements (see SI 5). Sample solutions with pH 7 and above were
virtually devoid of metals, containing only boron. These findings would
lead to believe that any further optimisation should be conducted at or
below pH 5. Our experiments showed that 96-99% of iron could be
precipitated while retaining 91-95% of neodymium in solution when
using the aeration method and precipitating at 80-90 °C, pH 5 and for at
least 2 h. These results are on par with those of Yoon et al. (2015), who
achieved 99% separation of iron and 94.2% recovery for neodymium.

Improvements in precipitation efficiency and rate could likely be
found using proper aeration equipment and control. Another possibility
is the use of even higher temperatures under increased pressure, but that
would also necessitate the use of some other form of oxidation. Neo-
dymium losses on the other hand could possibly be decreased by using
filtration for separation, which would require some form of flocculant to
be added, but allow washing of the iron precipitate.

3.7. Characterization of precipitate

To assess the selectivity of the precipitation reaction and composi-
tion of the formed precipitate, three replicate sample solutions were
prepared and iron was precipitated using the aeration method in the
conditions of T =90 °C, t =2 h, @ =800 min~ L. The composition of the
formed precipitates was examined using ICP-OES, SEM-EDS and PXRD.
The elemental compositions obtained from ICP and EDS analyses are
presented in Table 6. Judging by the ICP-OES results, the precipitates
appeared reasonably pure, as impurities accounted for 3.3% of the total
mass of the obtained precipitates. REEs in total constituted 1.72% of the
precipitates, of which the majority (1.38%) was neodymium. Iron con-
tent was 57% of total mass and 95% of precipitated elements. Almost
40% of the total mass went undetected by the ICP-OES analysis, pre-
sumably due to the remainder being oxygen and hydrogen.

All three measured samples produced nearly identical PXRD

patterns. The search-match phase analyses made with the patterns
resulted congruently in the identification of an orthorhombic FeO(OH)
phase without the presence of other crystalline phases, as no unassigned
diffraction peaks remained in the patterns (see SI 6 for further details).
Pure FeO(OH) would consist of Fe 62.85%, O 36.01% and H 1.13% by
mass. Iron concentrations determined with ICP-OES differ from these
values somewhat, which is in part explained by the contained impu-
rities. It is also possible that the precipitate contains minor amounts of
other iron oxides or oxide-hydroxides, as was the case when Han et al.
(2016) precipitated iron from nickel-rich leach-liquors, but which went
undetected due to low concentration and the amorphous nature of our
precipitates. Further optimisation of the precipitation conditions could
potentially reduce the co-precipitation of REEs and other elements.
Improvements might be found using lower pH and allowing longer re-
action times instead.

4. Conclusions

The present work has demonstrated that no one optimal condition
exists for the recovery of neodymium from NdFeB magnets by acetic acid
leaching. The novel feature of the present work was the multivariate
investigation of the major factors influencing the leaching process,
which has shown that up to 100% of Nd could be dissolved using a wide
variety of different conditions. High leaching efficiencies have been
reported in the previous work, but only in a specific set of conditions
(Behera and Parhi 2016). The present work shows that there is room for
adjustment of the individual factors. Concentration and S/L ratio as well
as time and temperature act as pairs of factors, where changes in the
other can be compensated for by changing the other. Increasing tem-
perature can also facilitate the usage of lower concentrations or higher
S/L ratios due to their interactions. Information provided in the present
work should help any potential application of acetic acid for the
leaching of waste NdFeB magnets, and with the upscaling of the said
process as no specific set and narrow range of variables has to be strictly
followed.

Secondly, as a novel application, it was shown that dissolved iron
could be effectively separated from the acetic acid leachate as iron(III)
oxide-hydroxide by oxidative precipitation with low levels of neodym-
ium co-precipitation. At best (pH = 5, T =80 °C, t =2 h) the efficiency of
iron removal was 99%, while only 5% neodymium was lost in the pro-
cess due to co-precipitation. Oxidation of iron(II) was achieved by
simple and inexpensive aeration. Results obtained using this method are
on par with the approach of oxidative roasting and selective leaching
(Yoon et al., 2015), and achievable in a similar time frame but at a much
lower temperature. As iron(III) precipitates at a fairly low pH, no
excessive use of neutralising reactants is required. In fact, the pH of the
PLS post-leaching was found to be high enough as is, making precipi-
tation possible, albeit slower, without the use of neutralising agents
entirely. Separation of iron from the PLS enables the production of more
pure REE products by e.g. the oxalate precipitation method or
liquid-liquid extraction, which are known to suffer from the presence of
iron to an extent.
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