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ABSTRACT:

This study proposes a novel leaching methodology to recover neodymium from scrap magnet using
ammonium persulfate ((NH4)2S20g) solutions. The Nd-Fe—-B magnets from obsolete Hard-Disk-
Drives were physically treated by thermal demagnetization (400 °C, 45 min) and mechanical
crushing (< 420 um). The chemical composition of the ground sample was Nd: 31.5 wt%, Fe: 64.8
wt%, Co: 1.9 wt%, Ni: 0.6 wt%. Diagrams of equilibrium phases (Eh vs. pH) were designed to
determine the predominance of the formed species in the (NH4)2S:0g system. Ammonium
persulfate aqueous solutions were prepared to generate oxidative sulfate radicals. These radicals
allowed to leach the ground samples of Nd—Fe—B magnets and recover of neodymium sulfate. The
influence of (NH4)2S20g concentration (0.7 — 1.3 M), temperature (25 — 75 °C) and L/S ratio (25
— 50 mL/g) on Nd-Fe-B magnets leaching was investigated employing analysis of variance in a
23 full factorial experimental design. At the optimal conditions, quantities greater than 98% of Nd—
Fe-B magnets were leached after 15 min reaction time. Neodymium sulfate was selectively
recovered as crystals, and evaluated by chemical and crystallographic analyses. The findings
presented in this investigation suggest that neodymium could be recovered from scrap magnet
using an eco-friendly leaching methodology assisted by ammonium persulfate.

Keywords: Scrap magnet, persulfate, neodymium recovery, e-waste, leaching.

1. INTRODUCTION

In the rare-earth elements (REE) industry, around 36% of the world reserves are in China. Since
the last three decades, this country has become the first mineral supplier with more than 90% of
the REE international market (Abhilash et al., 2016; Meshram et al., 2016). This situation has
promoted an imbalanced relationship between purchase requests and available REE in Chinese ore
deposits (Binnemans and Jones, 2015). As a consequence, strict regulations have been adopted
representing supply problems from primary sources. In order to promote suitable streams of REE
without potential environmental risks, new alternatives are being studied around the recovery of
REE from secondary sources (Sun et al., 2016).

One of the most important secondary sources is electronic waste (e-waste) (Gutiérrez-Gutiérrez
et al., 2015). Large amounts of e-waste are annually collected owing to accelerated manufacture



and consumption of electronic devices as computers (PC), audio-visual and communication
equipment (Akcil et al., 2015; Kaya, 2016). In the United States of America, a rough production
of 34 million tons of e-waste was estimated in 2010, increasing these amounts until almost 50
million tons for 2018 and expecting a growth rate of 5% for the next years (Balde et al., 2015).
The excessive growth of these materials in landfills has been associated with rapid obsolescence
of devices, which illustrates new models manufacture and their short lifespans (Habib Al Razi,
2016). Hence, e-waste could be proposed as a promising and plentiful secondary source to be
treated by recycling processes.

Recently, Several investigations have proposed e-waste as a potential chain of supply to recover
strategic metals for the development of low-carbon technologies (Binnemans et al., 2013;
Ueberschaar and Rotter, 2015). Indeed, it has been revealed that significant fractions of these
wastes are composed of scrap computers. These scraps contain Hard Disk Drivers (HDD), which
are manufactured with diverse kinds of elements to carry out their performance. Those elements
include transition (Cu, Ni, Fe), precious metals (Au, Ag, Pt) and REE (Dy, Nd). One of the most
important constituents of HDD is Nd-Fe-B magnets. These magnets contain large amounts of Nd
(15 — 30%), as well as other metals as Fe (70 — 60%) and Co (0 — 10%). Therefore, Nd-Fe-B
magnets are suitable secondary sources to recover neodymium from scrap computers (Lixandru et
al., 2017; Ueberschaar and Rotter, 2015).

The neodymium recovery from scrap computers has been suggested as a promising solution for
decreasing the current shortage issues; however, the extraction treatments show real challenges
that require proper approaches. Traditional disposal treatments such as incineration, landfill, and
hydrometallurgy have been implemented to recycle e-waste, exhibiting in most of the cases some
adverse effects on human health and environment (Kaya, 2016). On the one hand, incineration and
landfill deteriorate the quality of ecosystems due to the emission of toxic vapors and the generation
of hazardous by-products that are finally disposed into soils, freshwater and oceans (Hong et al.,
2015; Woo et al., 2016). These treatments still take place in some developed countries and the
majority of the developing ones. On the other hand, previous investigations have used
conventional hydrometallurgical methods to recover neodymium from magnets in discarded HDD
(Lixandru et al., 2017; Onal et al., 2017a). These methodologies have been developed by using
strong acids solutions (e.g., HNO3, HCl and H2SO4) in order to achieve the total dissolution of the
metallic fraction (Ferron and Henry, 2015). Strong acids solutions could cause a negative
environmental impact and strict chemical management of the generated by-products are required.

Conventional hydrometallurgy leaching process for neodymium recovery employes subsequent
separation/purification stages. The precipitation separates neodymium from the leach solution
generating double neodymium sulfate salts (Nd2(SO4)3*M2SO46H.0 (M= NHs4, Na and K)).
These salts are produced after pH adjustment with the addition of alkaline agents (NaOH, KOH,
NHs, etc.) (Lee et al., 2013; Lyman and Palmer, 1993). Organic collectors that form insoluble
compounds are also used in the precipitation process (Panda et al., 2016; VVander Hoogerstraete et
al., 2014; Yoon et al., 2016). Moreover, the precipitation process of neodymium sulfate generates
compounds that require to be purified. This is the case of mechanical methods as filtration and
centrifugation, which separate the soluble species and produce sediments of heterogeneous
mixtures. For instance, Lyman and Palmer used filtration to reach the total Nd recovery as solid
NdFs after hydrofluoric acid washes (Lyman and Palmer, 1993). While REE solids separation from
liguor was carried out by using filtration, washing and centrifugation procedures also has been
used (Vander Hoogerstraete et al., 2014). Although the high efficiency of these conventional
methods seems to be a common characteristic, environmental concerns have increased on
irreparable damages into ecosystems such as spillages risks, generation of toxic gases, insecure
high concentrations, and untreatable complex hazardous by-products (Baral et al., 2014; Behera
and Parhi, 2016; Robinson, 2009). Therefore, novel methodologies to recover neodymium using
green reagents with lower environmental impact are being considered as one of the most important
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goals to be achieved in recent years.

Nowadays, alternative methodologies with low environmental impact have been implemented
to recover neodymium from scrap magnet. These methodologies include the use of phosphoric,
ascorbic and acetic acid, which could reach short-time reactions with high and selective rates of
recovery. In this sense, phosphoric and ascorbic acid solutions leached 99% of Nd at room
temperature. After Nd leaching, NdPOs amorphous precipitates with minority Fe traces were
obtained and recovered (Onoda and Nakamura, 2014). Meanwhile, similar neodymium recoveries
were reached at optimum leaching conditions in acetic acid systems (CHsCOOH). In the mentioned
system, ground scrap magnet (106 — 150 pm) was dissolved employing low concentrations of
CH3COOH (0.4 M), constant heating (80 °C) and stirring assistance during 4 h (Behera and Parhi,
2016).

Additionally, an eco-friendly alternative to recover metals from e-waste is also exhibited by
persulfate salts. These salts show high oxidative sulfate radical (SO4™) speciation in water from the
persulfate ions (S;0s%), where the formed radical suffers unlikely biological adsorption or
deposition into sediments, seaweeds and animal life. These salts show high oxidative sulfate
radical (SO4~) speciation in water from the persulfate ions (S;0s%), where the formed radical
suffers unlikely biological adsorption or deposition into sediments, seaweeds and animal life
(Alzate et al., 2017, 2016). Ammonium persulfate ((NH4)2S20s) has shown several advantages
compared to other persulfate salts such as high redox potential (2.08V vs. NHE), high solubility at
25 °C (850 g/L) and activation energies between 100 and 116 kJ mol* (Hassan et al., 2017; Matzek
and Carter, 2016; PeroxyChem, 2017). The speciation from (NH4)2S,Os to anion S0 in aqueous
solution also permits the thermal activation by producing SO4™ radicals that show high reduction
potential (E°= 2.5 — 3.1 V) at neutral pH (Sharma et al., 2015). Furthermore, it has been
demonstrated that (NH4)2S20s could recover valuable metals without generation of harmful by-
products. These by-products are compounds rich in metallic sulfates that have been employed in
subsequent industrial processes without negative effects on the environment (Hyk and Kitka, 2017;
Sharma et al., 2015).

Although (NH,)2S20sg has been successfully used to recover valuable metals from e-waste, there
has not been a single precedent in the literature on neodymium recovery from Nd-Fe-B magnet
using (NH4)2S20s solutions (Alzate et al., 2017, 2016; Hyk and Kitka, 2017; Lu and Xu, 2017). In
our previous work, we developed an eco-friendly process to selectively recover gold using
(NH4)2S20s solutions. In this research Fe, Ni and Cu layers were partially oxidized, while gold
was recovered in a solid state by peeling it from the substrate (Alzate et al., 2016). Furthermore,
the obtained solid by-product composed of double ammonium sulfate salts were demonstrated to
be harmless (Alzate et al., 2017, 2016). Statistical analyses from this investigation determined the
experimental levels of the ammonium persulfate concentration and liquid/solid (L/S) ratio, as well
as the numerical decrease of experimental assays due to optimization methodologies. These
conditions were used in the present work as a starting point to select experimental levels of
concentration, L/S ratio and temperature for the neodymium recovery by using (NH4)2S20s.
Additionally, temperature levels were further established following the thermal studies proposed
by Yoon et al. (Yoon et al., 2014).

In this study, an environmentally-friendly method to recover neodymium from Nd-Fe-B magnet
scrap using (NH4)2S20s was developed. A statistical analysis was performed to evaluate the
influence of experimental parameters on the metal leaching and neodymium recovery. The
established leaching conditions recovered neodymium as hydrated neodymium sulfate
(Nd2(S04)3.nH20) and produced a mixture of metallic sulfates as by-products. The findings
presented in this work showed a novel oxidative methodology to recover neodymium from Nd-Fe-
B magnets and generate solid by-products without negative effects on the environment.



2. EXPERIMENTAL

2.1 Materials and characterization

The Nd—Fe-B magnets from end-of-life Hard Disk Drives (HDD) were provided by a local
recycling company. The starting magnetic scrap was manually dismantled to separate non- metallic
fraction from magnets. Thus, the dismantling of obsolete HDD gave as a result the collection of
around 95% of the first magnetic scrap that was composed by Nd-Fe-B magnets attached to steel
plates. A bulk sample of these classified magnets was demagnetized by heating at 400 °C for 45
min into a semi-industrial furnace (195 dm?® inner volume). Figure 1 presents one sample of
demagnetized magnets that were randomly selected due to its different size and shape. The
separation showed a 26% + 1.3 and 74% + 1.1 of Nd-Fe-B magnets (Figure 1) and remaining steel
plates, respectively.

Representative samples of magnets were then subjected to crushing stages in a type 3.5-cm
upper-opening roll crusher (Consolidate Sturtevant Mill). After size reduction, the obtained
powders were analyzed using X-Ray Fluorescence spectroscopy (XRF, ARL Optim'x). Further,
additional evaluations were performed using scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM-EDS, JEOL JSM-6490LV).

The leach solution was analyzed by microwave plasma atomic emission spectroscopy (MP-
AES, AGILENT MP 4100) to quantify base metals (Fe, Co and Ni). After this characterization,
the precipitation process was carried out, and the obtained neodymium sulfate was evaluated by
X-Ray Fluorescence spectroscopy (XRF, ARL Optim'x), and X-Ray Diffraction (XRD,
PANalytical-Empyrean) with Cu ko radiation (A =1.5 A) at 45 kV and 40 mA determined the
crystallographic patterns. These patterns were evaluated with a slow 20 step size and the angle
range between 10° and 50°. The identification of the obtained diffraction patterns was assessed
using High Score Plus software, crystallography Open Database (COD) and International Centre
for Diffraction Data (ICDD). Finally, metallurgical indexes of the base metals were calculated
between their initial amount in the sample and the final amount found in the solutions.
Additionally, the formation of sulfate ions (SO4%) into those leaching solutions was studied using
ion chromatography with chemical suppression of eluent conductivity (IC, DIONEX ICS 1000).

Additionally, macro and microscopical analysis were performed using a stereomicroscope
(AmScope SM-1TS-114S-10M) and SEM-EDS respectively.

1cm

Figure 1. Sample of demagnetized Nd-Fe-B magnet.



2.2 Leaching of magnetic scrap

The leaching of the ground sample was carried out employing ammonium persulfate (>98%
(NH4)2S20s) as leaching agent at two concentrations (0.7 - 1.3 M). The solutions were prepared
into glass reactors with a standard volume of 400 mL. Distilled water and mechanical stirring (400
rpm) were employed to prepare oxidative solutions with a L/S ratio of 25 and 50 mL/g at two
different temperatures (25 °C and 75 °C). These factors and levels were selected following the
optimized results previously obtained by Alzate et al. (2016), whereas temperature levels were
chosen due to the significant influence of temperature on the neodymium leaching kinetics (Yoon
et al., 2014).

The selected samples of the ground Nd-Fe-B magnets were put into the leaching solutions for
15 minutes to evaluate the effect of experimental conditions on the leaching process. Furthermore,
Medusa software and HSC chemistry software were used to calculate equilibrium constants and
design a potential (Eh) vs. pH diagram (Pourbaix diagram) for the dissolved and solid species
(HSC Chemistry Software, 2014, Medusa software, 2010). The Pourbaix diagram was employed
to support the thermodynamic analysis of the aqueous system Fe-Nd-Co-Ni-SO42 and illustrate
the pH dependence on the selective formation of the neodymium sulfate. The used thermodynamic
databases have been reported in previous investigations to study the lanthanides and actinides
leaching (La, Nd, Ce, and Th) in PO4-SO4-H20 systems (Kim and Osseo-Asare, 2012).

2.3 Recovery and analysis of neodymium sulfate

The leach solution at optimum conditions was used to selectively precipitate neodymium
sulfate. The precipitation process was performed controlling pH at 0.1 and temperature at 75 °C to
generate crystals of neodymium sulfate (Nd2(SO4)3.nH20; n=3,5,7). The recovery of neodymium
was carried out by following the optimal conditions achieved in the leaching process. In this
recovery stage, the obtained solution was put into a glass reactor to selectively obtain solid crystals
of neodymium sulfate by fractional precipitation. The precipitation reactions are ruled by the
thermodynamic parameters, where negative values of AG° define the spontaneous shift in the
direction of product formation. There is a major spontaneity to form neodymium sulfate at 75 °C
(AG%z5 cy = -138.7 kJ/mol) than a lower temperature (AG%zs o) = -111.1 kJ/mol). Thus, the
neodymium recovery as neodymium sulfate is also influenced by increasing of temperature. These
findings are in agreement with results previously published by Kim and Osseo-Asare in 2012,
where it is described the effect of temperature and acidic environment on the recovery of
neodymium sulfate (Kim and Osseo-Asare, 2012). The crystals of neodymium sulfate were
purified and stabilized, whereas the remaining leach solution was unselectively precipitated to
produce a solid mix of sulfates as by-products. Finally, the obtained neodymium sulfate and by-
products were characterized by morphological, chemical and crystallographic techniques using
methodology mentioned above.

2.4 Experimental design

In the present investigation, a full factorial 23 design was selected to evaluate the influence of
three independent factors at two different levels on the Nd-Fe-B magnets leaching. The three
independent factors (ammonium persulfate concentration, temperature, and L/S ratio) with their
respective coded levels (low and high) are shown in Table 1. This full factorial 22 design employed
eight experimental runs and one replicate to calculate the experimental error. A total of sixteen-



experimental runs was randomly performed to minimize interferences of unknown factors and
secure the independence assumption among the value of factors.

Table 1. Levels of independent factors in full factorial 23 design.

Factors Levels

Low (-1) High (+1)
A: [(NH2)25:05] (M) 0.7 1.3
B: Temperature (°C) 25 75
C: Liquid/Solid ratio (mL/g) 25 50

The significance of linear effects (A, B and C) on the response was statistically evaluated using
analysis of variance (ANOVA) to accept the null hypothesis of the experiments. The calculated p-
values with a significance level of 95% (0=0.05) were compared to evaluate the statistical effect
of the studied factors on the leaching of Nd-Fe-B magnets. All the experimental data were analyzed
by Design Expert software (Design Expert, 2015). This software also allowed to calculate a
polynomial regression model of these data. The regression model that represents the full factorial
design was explained by a first order equation (Eq. 1). In Eq.1, y is the leaching percentage of Nd-
Fe-B magnets, X1, X2, X3 are the coded factors, S, comprises the global mean, pi, S, pz are
coefficients of the linear factors, f12, f13, f23 and 23 correspond with coefficients of the double
and triple interactions respectively, and &,,5 is pure error of the model.

Y = Bo + B1x1 + Baxy + B3xs + Pr2X1Xy + P13X1X3 + PazXaX3z + Pi23X1X2X3 + €123 (1)

3. RESULTS AND DISCUSSION

3.1 Characterization

The Nd-Fe-B magnets fraction was ground and subjected to particle size reduction analysis.
The size reduction showed a 70% of powders with sizes less than 420 um, irregular morphologies
and a local composition were associated with Fe (67.2 wt%), and Nd (32.8 wt%) (Figure 2a and
Figure 2b). These powders were also evaluated by XRF in order to reach representative
measurement, and the results showed contents of neodymium (31.4 wt%) and iron (64.8 wt%) as
described in Table 2. It can be seen that both analyses of chemical composition agreed.
Additionally, it was also found other metals in minor amounts, such as cobalt, nickel, aluminium
and copper. These results are in agreement with those presented by Onal et al (Onal et al., 2015).
Other works have reported the composition of boron lower to 1%wt. indicating a negligent effect
on the subsequent processes of leaching and recovery ((Behera and Parhi, 2016; Onal et al., 2017b,
2015)); based on this, the presence of this metalloid was ignored in this investigation.

Table 2. Chemical composition of the ground Nd-Fe-B magnets.

Elements Fe Nd Co Ni Al Cu B Others
0,
(wt%) 64.8 31.4 1.9 0.6 0.4 0.2 - 0.7
(Onal et al., 2015) 65.0 22.4 1.05 0.6 0.4 0.2 0.8 9.3
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Figure 2. SEM (a) and EDS (b) analysis of the ground Nd-Fe-B magnets.

3.2 Redox and solubility equilibria

The leaching of the ground sample of Nd-Fe-B magnets was modeled by designing an Eh vs.
pH diagram (Pourbaix diagram) for dissolved and solid species individually formed (Figure 3).
The designed potential-pH diagram was conducted using the proposed experimental values of
concentration and temperature (75 °C) to obtain an accurate understanding of redox behavior for
the samples in the aqueous system Fe-Nd-Co-Ni-SO4?". Table 3 shows thermodynamical constants
for the leaching reactions. The Pourbaix diagram for this system showed the coexistence of Nd and
Fe species at a low pH value (pH < 4) (Eq. 2 - 3). While aqueous species of iron (Fe?*) remained
in solution at oxidative potential values, Nd was transformed into a soluble sulfate and then in a
thermodynamically stable neodymium sulfate octahydrate solid as shown in Table 3 and Eg. 6. A
similar result was shown by iron with the formation of iron sulfate heptahydrate in a pH range
between 3.8 and 6.5 (Table 3, Eq. 7), whereas oxidized Co?* ions also could remain in this state
until pH < 6.9 (Table 3, Eq. 4) and become Co(OH): at higher alkaline conditions. Although nickel
(Table 3, Eq. 5) and other metals also suffered an oxidative process, it was not possible to represent
a suitable stability region due to the low concentration of these metals in the experimental leach
solution.
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Figure 3. En—pH diagram for Fe-Nd—-Co-Ni-S0Q4?—H-0 system at 75 °C with [Fe]: 1.2x10? M,
[Nd]: 2.1x10° M, [Co]: 3.1x10™* M, [Ni]: 1.1x10* M, [(NH4)2S20s]: 1.3 M.

Table 3. Thermodynamic constants for the leaching reactions.

. ] Redox
Equation Redox reaction ootential (E°) Log Ks °c)
(2) Nd <> Nd* (g + 3¢ -2.3 -
(3) Fe > Fe?*( + 2¢° 0.4 -
4) Co < Co% (g + 2¢ -0.2 -
(5) Ni < Ni** ) + 2¢e° -0.2 -
(6) 2Nd3* + 35047 () + 8H20 <> Nd2(S04)3.8H20() - 20.8
(7) Fe** + SO4% 5 + 7TH20 <> FeS04.7H,0 - 2.4
(8) S;08% +2e > 2S04* 1.8-27 -
9) Nd** + 2 SO4* <> 2Nd(SOa4)." - 5.7
(10) Nd** + SOs% <> 2NdSO4* - 4.2
(11) Fe** + SO4% 5) <> FeSOu) - 3.2
(12) Ni%* + SO4% (5) <> NiSOu) - 2.8
(13) C0o%* + S04 (5) <> CoSO4(a) - 2.7

3.3 Leaching results

Table 4 shows the experimental design layout. Leaching of Fe, Co and Ni was considered as
secondary responses that permitted the calculation of the neodymium sulfate formation. After the
sixteen experimental runs were performed, the standard deviation of the main response (Leaching
of Nd-Fe-B magnets) was determined to be < 0.23%. In Table 4, the maximum leaching of Nd-Fe-
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B magnets (98.6% + 0.1) was observed around 15 minutes. This leaching rate reached the highest
conditions of linear factors in the actual levels (+1, +1, +1). The significance of these factors and
their interactions were studied by analysis of variance (ANOVA) (Table 5). The ANOVA showed
p-values lower than the significance level (o = 0.05) for all the linear factors and interactions,
indicating that (NH4)2S2Og concentration, L/S ratio and temperature vary together in their effect
on the response.

Once the analysis of variance was performed, Design Expert software calculated a
mathematical regression model to explain the leaching of Nd-Fe-B magnets. Equation 8 shows the
fitted model. Further, the coefficient of determination (R? = 0.9997) demonstrated the validity of
the model. In concordance with this result, predicted R? (Pred-R%= 0.9987) and adjusted R? (Adj-
R?=0.9995) were in suitable agreement given that their difference was lower than 0.2 value.

9%Leaching na-resmagnets= 70.03+5.42A+16.20B+2.08C+1.32AB+1.92AC+1.39BC+0.27ABC +
0.05 (8)

Equation 8 exhibts that A, B and C has a positive sign which indicates a direct influence of
(NH4)2S20¢ concentration, temperature, L/S ratio on the leaching of magnets. Factor B was the
most influential linear factor. This could be explained by the acceleration of leaching by increasing
temperature. Leaching efficiency of Nd-Fe-B magnets reached greater than 98% at the highest
value of temperature (Table 4, exp 15-16). The leaching process reached the maximum redox
potential value for the couple S,0s2/SO4~ (Table 3, Eqg. 8) with the activation of persulfate by
temperature assistance (Sharma et al., 2015). This thermal activation caused a strong oxidative
reaction that permitted to dissolve the metallic fraction with the formation of two SO4™ radicals
(S208% + heat — 2 SO47). In this sense, the formation of sulfate free radicals has widely been
proved by heat exposition given as result a energetic reaction and the subsequent leaching of metals
(Alzate et al., 2017; Chen et al., 2017; Hyk and Kitka, 2017; Matzek and Carter, 2017; Sharma et
al., 2015).

The high oxidative potential indicates the preferential leaching over Nd/Nd** followed by the
leaching of the Fe/Fe?*, Co/Co?* and Ni/Ni?* as can be seen in Table 3 (Eq. 2 - 5) (Prakash et al.,
2014). Meanwhile, the positive effect of A and C factors on the response could be attributed to the
proper availability of aqueous media to guarantee the interaction between the sample of Nd-Fe-B
magnets and the formed oxidative SO4~. Furthermore, the contribution of all the interactions was
positive showing similar relevance.

The oxidative reaction of this agent combined with temperature indicated leaching of metals
around 98% with a reaction time of 15 min. After the leaching process, the leach solution acquired
a pink color indicating a stepwise reaction for the neodymium sulfate formation at pH 0.1. In this
study, soluble intermediates complexes (NdSO4*, Nd(SOa)2") could be formed during the leaching
process. The formation of these complexes showed a dependence on temperature and concentration
of neodymium and sulfate ions as previously indicated by several authors (Kim and Osseo-Asare,
2012; Migdisov et al., 2006). The complex Nd(SOa4)." exhibited an equilibrium constant higher
than that of the NdSO4" (Table 3, Eq. 9 - 10), indicating that the former complex has a preferential
formation under the established parameters of temperature and pH (75 °C, pH 0.1) prior to
obtaining of Nd2(SO4)3.8H.0. However, when over-saturated sulfate solutions (> 1x102 M) are
used, the thermodynamic stability is controlled by Nd2(SO4)3.8H20. This has been evident in the
Pourbaix diagrams proposed by (Kim and Osseo-Asare, 2012), where the soluble Nd2(S04)3.8H.0
shows a predominance in acidic solutions (pH< 4.0) (Kim and Osseo-Asare, 2012). Finally, the
increase in temperature leads to form the solid Nd2(SO4)3.8H20() from the solution due to its low
solubility.

In contrast, the remaining soluble sulfates of iron (FeSQOa), nickel (NiSOaw) and cobalt
(CoSOu4)) were also formed at pH of 0.1 and 75 °C (Table 3, Eq. 11 - 13), showing an unlikely
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interference on the stability of the formed neodymium complexes. According to this, the
equilibrium constants greater than zero for the metallic sulfates exhibited a preferential behavior
of stability such as Nd>Fe>Ni>Co. The absence of this interference could be observed in both the
current Eh-pH diagram at 75 °C (Figure 3) and the experimental results presented in this

investigation.

Table 4. Experimental design with factors and response values for the Nd-Fe-B magnet leaching.

Experiment Factors and levels % Leaching over 15 min

A B I Base metal NG.Fe.B

Run [(N Haz;)szos] (°TC) L(/ri Sg)o Fe Co Ni Magnets
1-2 0.7 25 25 35.4+1.6 8.91£0.1 2.5+£0.4 55.6+0.1
3-4 1.3 25 25 51.2+0.7 30.3+1.2 3.940.1 55.6+0.4
5-6 0.7 75 25 66.6+1.2 45.60.6 6.2+£0.5 78.2+0.1
7-8 1.3 75 25 73.8£0.4 54.7+1.2 4.840.6 87.3+0.2
9-10 0.7 25 50 90.7£0.9  78.1+0.2 5.310.4 48.8+0.3
11-12 1.3 25 50 91.8+1.4 76.4+0.3 5.7£0.2 60.2+0.1
13-14 0.7 75 50 68.4+0.4  40.8+1.3 7.7+0.2 80.7£0.2
15-16 13 75 50 64.4+0.9  39.2+0.5 5.17+£0.7 98.6+0.1
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Table 5. Analysis of variance (ANOVA) for the magnet leaching.

Degree
Sum of
Source of Mean Squares p-value
Squares
freedom
Model 4858.1 7 694.0 < 0.0001
A- [(NH4)2S20¢] 470.4 1 470.4 < 0.0001
B- Temperature 4200.0 1 4200.0 < 0.0001
C- L/S Ratio 69.1 1 69.1 < 0.0001
AB 27.8 1 27.8 < 0.0001
AC 58.7 1 58.7 < 0.0001
BC 31.1 1 31.1 < 0.0001
ABC 1.1 1 11 0.00015
Pure Error 0.4 8 0.05
Corrected Total 4858.5 15

The current oxidative system dissolved the Nd-Fe-B magnet using the combination of the
highest levels for concentration, temperature and L/S ratio. Hence, contour plots were generated
to describe the simultaneous combination of the two factors on for the leaching of the Nd-Fe-B
magnets, where the third factor was held at the highest level. Figures 4a-c show a wide red region
where the leaching efficiency of magnets reached greater than 98% through the combination of
(NH4)2S20s concentration at 1.3 M, a temperature of 75 °C and L/S ratio of 50 mL/g for a reaction
time of 15 min.

Leaching of Nd-Fe-B Magnet (%)

B: Temperature (°C)  5¥7as A Concentration (M)
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Figure 4. Leaching of the Nd-Fe-B magnets (a) A: (NH4)2S20g] and B: Temperature with C= 50
mL/g, (b) A: [(NH4)2S20s] and C: L/S ratio with B= 75 °C, (c) B: Temperature and C: L/S ratio
with A= 1.3 M.

3.4 Precipitation and recovery of neodymium sulfate

Neodymium was recovered by controlling temperature and pH parameters of the leach solution,
of which a selective separation of neodymium sulfate crystals occurred. After this separation, the
obtained crystals were purified and they can be seen in Figure 5. At macroscopic scales, it is
possible to observe the typical pink color of the neodymium sulfate crystals and its diverse
morphologies. The SEM/EDS analysis was subsequently performed to evaluate the morphology at
the microscopic level and chemical composition of crystals. Figure 6 indicates the selective
precipitation thin rectangular prisms with similarities to a monoclinic crystalline structure. Based
on the EDS results, the elementary composition showed neodymium sulfate without evidence of
iron traces.

Figure 5. Crystals composed of neodymium sulfate.
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Figure 6. SEM image (a) and EDS analysis (b) for Nd2(SO.)s crystals.

The XRD analysis exhibited crystallographic phases for the neodymium sulfate (Figure 7).
These patterns showed correspondence with the crystallographic reference patterns of neodymium
sulfate with diverse types of hydration (Nd2(SO4)3.nH20, where n= 4,5 and 8). According to this
result, the main peaks with the highest intensity were observed at 14.5°, 27.8° and 42.6°. Similarly,
iron sulfate heptahydrate (FeSO4.7H.0) patterns were also determined in a reduced intensity for
the pick at 27.7°. Although this recovery process has been reached with a large selectivity level, it
is entirely reasonable to evaluate the iron participation with additional assessments. The
crystallographic predominance of neodymium sulfate with minority iron phases agreed with the
chemical composition represented in XRF results (Table 6). In this result, neodymium as oxide
was the highest amount as target metal (23.5 %wt.) with minority iron and other traces. The
presence of sulfate ions constituted three-quarters of the total composition because of the chemical
nature of the leach solution. The purity of the generated neodymium sulfate was calculated by
relating rare-earth oxides over the total metals in the absence of sulfate ions. This purity showed a
value of 96% indicating a selective and effective recovery process of neodymium.

FeSO,.7H,0
Nd,(SO,),.5H,0
Nd,(SO,),.4H,0
Nd,(SO,),.8H,0

4 4 < 4

Intensity (a.u)
d<
|

<44

T Y T . T Y T N T

20 30 40 50 60
2 Theta
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Figure 7. XRD pattern for the recovered hydrated Nd>(SO4)s crystals assisted under temperature
and pH control.

Table 6. Chemical composition of the synthetized neodymium sulfate.

Composition SO4* Nd203 Fe20s Al,O3 Others
(Wt%) 75.5 235 0.8 0.1 <0.1

3.5 Evaluation of the obtained by-products after selective neodymium recovery

After the selective neodymium recovery, the resulting solution behaved following the Pourbaix
diagram for Fe-Nd—Co—Ni-SOs*~H0 (Figure 3). These results indicated the formation of soluble
hydrated iron sulfate at 75 °C and pH 0.1. Subsequently, a hydrated by-product of iron sulfate was
generated by cooling precipitation; it means that the resulting solution was heated and rapidly
cooled down. This obtained by-product with this precipitation process can be seen in Figure 8.a.
In order to analyze crystallographic phases and chemical composition for the by-products, XRD
and XRF tests were carried out. Firstly, the crystallographic phases for iron sulfate were associated
with three and six hydrations (FeSO4.3H20, FeSO4.6H,0) (Figure 8.b). Furthermore, other sulfates
such as hydrated nickel and cobalt sulfates (NiSO4.2H>0, CoSO4.2H,0) were also determined. In
the case of ammonium sulfate ((NH4)2S0O4), the XRD pattern showed that this compound could be
formed after the reaction of dissociation of (NH4)2S20s in the neodymium recovery. In general,
characteristic peaks with large intensity for (NH4)2SO4 were observed at 17.8°, 23.5°, 26.2°, and
30.5°, while metallic sulfates were represented by hydrated iron, cobalt and nickel sulfates.
Secondly, the absence of toxic or harmful compounds was exhibited after chemical composition
analysis. These analyses suggested that the obtained by-products in the solid state do not represent
an environmental hazard due to the contamination of iron, cobalt, and nickel sulfate (Table 7).
Thus, the obtained by-products in the solid state show the absence of toxic or harmful salts.
Furthermore, the amounts of metals could be eventually implemented as iron precursors for
technological fields based on pigments and fertilizers (El-jendoubi et al., 2011; Tolinski, 2015;
Xue et al., 2017).

(a)
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Figure 8. By-products image (a) and XRD pattern (b) obtained from the recovery process of
neodymium sulfate assisted under temperature and pH control.

Table 7. Chemical composition for the obtained by-products.

Composition SO4* Fe Co Ni
(Wt%) 78.9 19.4 1.6 <0.1

4. CONCLUSIONS

The recovery of neodymium from scrap Nd-Fe-B magnets was developed using a novel eco-
friendly alternative with ammonium persulfate. Optimal conditions were established as
(NH4)2S20g concentration of 1.3 M, a temperature of 75 °C and L/S ratio of 50 mL/g. These
conditions allowed 98% of neodymium recovery after 15 minutes of reaction time. The influence
of concentration, temperature, and L/S ratio were statistically significant as well as the interaction
between all the factors. In this regard, the temperature showed the highest influence on the scrap
leaching and the subsequent neodymium recovery. This agreed with the thermodynamic behavior
described in the aqueous Pourbaix diagram for Fe-Nd—Co-Ni-SO4>" system. Moreover, the
calculated Gibbs free energy values showed the spontaneous shift in the direction of product
formation. Based on those optimal experimental results, neodymium was recovered as crystals of
neodymium sulfate using inverse solubility principles with temperature (75 °C) and pH (0.1)
adjustments (Kim and Osseo-Asare, 2012). The chemical and crystallographical analysis
confirmed the selective precipitation of neodymium sulfate with a high level of purity (96%) and
minimal presence of other metal traces (>0.1 wt%). The findings of this investigation demonstrated
for the first time a cleaner path to recover neodymium from scrap Nd-Fe-B magnet using
ammonium persulfate. The implementation of this methodology exhibits a close loop neodymium
recycling process with high selectivity and non-environmental issues.
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HIGHLIGHTS

. Neodymium was recovered from scrap magnet using ammonium persulfate solutions
. Equilibrium phases for the persulfate system were analyzed by Eh vs pH diagram

. Persulfate ions speciated in sulfate radicals by increasing temperature

. Sulfate radicals leached Nd-Fe-B magnets and neodymium sulfate was recovered

. The produced solid by-products are eco-friendly.
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