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Abstract

Recovery of rare-earth elements (REEs) from spent NdFeB magnets is receiving great attention
because of high amount of neodymium and potential risk of environmental pollution. In this
study, a novel environment-friendly hydrometallurgical route is proposed for efficient recovery
of REEs during electrochemical leaching with sulfuric and oxalic acids. With proper
adjustment of the electrolyte composition and operating conditions, effective separation of
different elements is observed; a compact layer of REE oxalates in a purity of up to 93% is
obtained on the cathode, while iron remains in the solution and as solid residue for further
recovery. The mechanisms during the electro-leaching process were subsequently investigated
and we propose that cathodic deposition of the REES is due to electrostatic attraction of the
REE-oxalate particles on the cathode. With this finding, selective recovery of REEs from spent
magnets can be achieved. This study provides a new insight on electronic waste recycling by
implementing principles of electrochemistry.
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1. Introduction
Over the past decades, consumer demand has led to increasing amounts of electronic

and electrical waste, in which large amounts of valuable and precious metals are lost [1, 2]. On
the other hand, some metals like rare-earth elements (REEs) are difficult to mine. They are
relatively plentiful in Earth’s crust, but because of their geochemical properties, rare-earth
elements are typically dispersed and not often found concentrated in rare-earth minerals. As a
result, economically exploitable ore deposits are less common [3, 4]. All these factors together



with the political aspects concerning with strong quota of REEs from China have made their
recycling one of the predominant and vitally important aims in modern technology [5—10].

Current industries are suffering from lack of REEs. Particularly, production of hybrid
cars, turbines, hard drive disks, and headphones that use neodymium magnets (NdFeB).
Nowadays such magnets are the strongest that can be used for miniaturization of electronic
devices. They contain 50—60% of iron, 25—30% of rare-earth elements (mainly neodymium)
and around 1% of B. Other elements, such as Al, Ga, Co, Nb, Si, Zr, Ni, Cu, Zn are used as
minor additives in order to improve thermal, magnetic or corrosion properties of these
magnets [11-15].

All technologies currently available for recycling of spent NdFeB magnets can be
divided into hydrometallurgical [16—19] and pyrometallurgical [20, 21] methods.
Pyrometallurgical methods demand a lot of energy for melting all the components.
Hydrometallurgical technologies are less energy-consuming and can be implemented in
different ways. The main steps include demagnetization, mechanical pre-treatment, leaching,
and precipitation. The REEs can be precipitated using e.g. oxalic acid. This acid is an effective
chelating agent for metal cations and known as very efficient precipitant for REEs (pKsp = 31
—33) [17, 22, 23]. Other uses for oxalic acid are waste-water treatment [24], biosorbents for
removing of heavy metals [25], and fabrication of membranes [26]. Traditionally, used oxalic
acid is disposed of as hazardous waste. The reuse of oxalic acid is therefore required from
economic and environmental points of view. Van der Hoogerstraete et al. [23] showed a process
of recycling of NdFeB magnets that based only on oxalic acid, air, water and as a result
produced leaching residue and the waste from aqueous stripping. Itakura et al. [27] reported
that purity of final neodymium oxalate with precipitation by oxalic acid from spent magnets
was around 99.8%.

Electrodeposition of REEs from aqueous media is impossible due to their strongly
negative reduction potentials [28]. In our previous work, we found that during electro-leaching
electrodeposition of iron was accompanied by inclusion of REEs in the cathode deposit [29].
Under certain conditions, deposition of REEs becomes dominant and the presence of oxalic
acid in the leaching solution appears to be a crucial factor. To the best of our knowledge, this
effect has not been investigated earlier. Aim of this study is to clarify the role of oxalate on the
mechanism of direct REE recovery from the electro-leaching solution. For this purpose, number
of analytical methods (SEM, EDX, XRD, XPS) were used to investigate the composition and
structure of the cathodic deposit. Moreover, deposition of iron from synthetic solutions and

from the actual leach solution was studied by electrochemical analysis.



2. Experimental
2.1 Materials

NdFeB magnet Webcraft GmbH (Germany) with diameter of 35 mm and thickness of
5 mm was used as the anode and copper plate as the cathode (0.2 dm?). NdFeB spent magnets
were demagnetized at the Curie temperature of 310 °C for 1 hour in an Entech muffle furnace.
Electrodes were mechanically prepared by polishing with #500, #900, #1200 and #2000 emery
paper, then with Al>O3 suspension, and finally degreased with ethanol.

Sulfuric acid (Sigma-Aldrich, 98%), oxalic acid (Sigma-Aldrich, >97.5%) and MilliQ
water (Merck Millipore Q-POD) were used for preparing of solutions.

2.2 Electrochemical leaching

All electrolysis were carried out at 22 + 1°C in a 150 mL glass beaker in galvanostatic
mode using a PS 3005 power supply at anode current density i = 50 A/dm? with the stirring
speed @ = 400 rpm. The pH and conductivity of the leach solutions was monitored using
standard procedures (Radiometer PHM 240 pH/ion pH meter and Knick 703 conductivity
meter), the temperature of the electrolyte was controlled by a water bath (RK8 CS, Lauda).

Concentrations of sulfuric and oxalic acids were 0.5 mol/L and 0.05 mol/L, respectively.
Working area of NdFeB magnet was kept 0.05 dm? per 80 mL of solution. Maximum duration
of electro-leaching was 2 h. Mettler AC 88 analytical scale was used for weighting the magnet
samples and copper cathodes before and after electrolysis.

2.3 Electrochemical measurements

Electrochemical measurements were carried out in a three-electrode cell with saturated
silver/silver chloride as reference electrode, platinum wire as counter electrode, and a copper
substrate (exposed surface area 1 cm?) as working electrode using an Autolab PGSTAT 302N
potentiostat-galvanostat (Methrom). Prior to the experiments, working electrodes were
immersed in the electrolyte for 30 min. Potentiodynamic polarization was carried out at a 5
mV/s sweep rate in cathodic direction. The temperature was controlled by a water jacket and a
thermostat. Cathodic polarization curves were measured for a leach solution obtained after
lhour and for synthetic solutions of ferrous and ferric sulfate in the presence and absence of
oxalic acid and/or Nd sulfate. In the synthetic solutions, cre = 10 g/L and cng = 2 g/L.

2.4 Characterization methods



Surface morphology and composition were measured using Hitachi SU3500 scanning
electron microscopy (SEM) equipped with an energy dispersive X-ray (EDX) unit. The
chemical composition and crystal structure of the copper cathode and anode (NdFeB magnet)
before and after electro-leaching were further ascertained using X-ray diffraction (XRD)
(Bruker D8 Advance) with Cu Ka irradiation. The 26 range was 10 — 70° and step size 0.02 °/s.

Cathode deposits, which were obtained after electro-leaching for 45, 60, 90 and120 min
in the mixture of sulfuric and oxalic acids, were washed thoroughly with water, removed from
copper substrate and digested. The filtered solution was analyzed with inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent 7900) in a mixture of 1% HNO3 and 1% HCI
(Ultrapure, Merck). Relative standard deviation of all ICP measurements were less than 3.6%.

X-ray photoelectron spectroscopy (XPS) was used for the characterization of cathodic
deposits after 1 and 2 hours of electro-leaching. The samples were cleaned in deionized water
for 10 min and dried. No other treatment was implemented in order not to compromise the
subtle chemical changes on the surface. Spectra were recorded in the Fe2p, Nd5d, B1s, C1s and
O1s binding energy (BE) range for each sample to verify their surface chemistry. The
measurements were carried out using Escalab 250Xi multispectroscope (ThermoFisher
Scientific) equipped with Al Ka monochromatic X-Ray source and spot diameter of 0.65 mm.
Applied pass energy was 10 eV and the energy step size 0.1 eV. Charge compensation was
controlled through low-energy electron and low-energy Ar+ ions emission using the flood gun
(emission current 0.15 mA). The XPS depth of analysis is approximately 5 nm.

{-potential of neodymium oxalate particles was measured by an electro-kinetic analyzer
(SurPASS, Anton Paar) using 1 mM KCI solution as the background electrolyte. Neodymium
oxalate particles were obtained by mixing Nd2(SO4)s (Sigma-Aldrich) and oxalic acid in
aqueous solution at a molar ratio of 1:3. The precipitate was thoroughly washed, filtered and
packed in a cylindric cell. The pH range was from 5 to 2 and a HCI solution was used in the pH
adjustment.

2.5 Efficiency of electro-leaching
For assessment of the electrodeposition conditions, current efficiency (&) was calculated. In
some cases, ¢ was more than 100% due to the active dissolution and substantial contribution of
chemical leaching. Energy consumption W (in kWh/kg of NdFeB magnet) was calculated from
Eqg. (1), where U is the average cell voltage on cell (V) and ¢ s the current efficiency. For iron,
gre = MrelzreF = 1.05 g/(Ah) and for neodymium gng = 1.79 g/(Ah), where z is the ion charge
and F the Faraday constant.
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All experiments were done in triplicate to ensure statistical reliability of the results.



3 Results and discussion

3.1 Electro-leaching of spent NdFeB magnet

Electro-leaching of spent NdFeB magnet was studied using 0.5 M H2SO4 and a mixture
of 0.5 M H2S0O4 and 0.05 M H2C»04. The results at other concentrations of sulfuric acid have
been reported previously [29] and only those obtained at high current density of 50 A/dm? and
in the presence of oxalic acid are shown in Fig. 1. The data obtained without electricity are

shown for the sake of comparison.
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Figure 1. Amount of iron (a) and neodymium (b) leached from NdFeB magnet waste in 0.5 M
H2S04 (blue) and in 0.5 M H2SO4 + 0.05 M H2C,04 (green). i = 0 A/dm? (solid lines), 50 A/dm?
(dashed lines)

Under these rather extreme conditions, dissolution of Fe (Fig. 1a) and Nd (Fig. 1b)
decreased probably due to intensification of competitive processes like oxygen evolution and
passivation of magnet surface by oxidation. It is important to note that the values in Fig. 1 were
calculated from the solution concentrations and they do not include precipitated species. This
is especially true for Nd and other REEs because of formation of sparingly soluble
oxalates [29]. As a result, the solution concentration of Nd was only a third of the value
observed without oxalic acid after 1 hour of electro-leaching.

The focus of this study is on the cathodic deposition taking place during electro-
leaching. The experimental data showing the amount and composition of the deposit are given
in Table 1. The REE yield and purity were calculated using Eqs (2) and (3) and the results are
shown in Fig. 2.



Table 1. Content of main components in the cathodic deposit and in the solution during electro-

leaching. W is the energy consumption. T = 22 °C, | = 50 A/dm?, @ = 400 rpm)

Time of electro-leaching, min

Concentration of metalsin | Weight in Weight in W,
Time | AManode | AMcathode, deposit, mg/g deposit, g solution, g Ucen, | kWh/k
,min |, g g Fe Pr Nd Gd |Fe Nd Fe Nd \ g
0 - - - - - - - - - - 3.2 -
0.267 - - - - - - - - 27.08
10 | +0.008 - 7.6
0.473 0.020 - - - - - - - - 15.57
20 | #0.015 | +0.003 7.6
0.558 0.027 - - - - - - 13.41
30 | #0.031 | +0.004 0.290 | 0.054 | 7.7
0.984 0.200 |241.8+| 46.0 | 166.5 | 41.6 7.72
45 | #0.206 | +0.051 | 438 |+55|+251 |+6.6]| 0.003 | 0.051 | 0.420 | 0.105 | 8.0
0.550 | 0.112 7.44
1.047 0.231 | 343+ | 69.3 | 2479 | 60.1
60 | £0.153 | +0.027 109 | +05] £19 |+1.8]| 0.008 | 0.057 8.7
2.195 | 0.442 6.90
1.507 0.412 | 35.0% | 68.2 | 247.5 | 60.7
90 | #0.111 | +0.061 92 |+02] +£1.9 [+1.1] 0.014 | 0.102 11.9
2.449 | 0.765 5.80
2.735 0.686 | 13.2+ | 74.2 |254.0+| 61.0
120 | #0.009 | +0.130 | 0.06 | +1.7 | 16.3 |£5.1]| 0.143 | 0.133 18.6
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Figure 2. Yield and purity of REEs in cathodic deposit during electro-leaching of spent NdFeB
magnet in a mixture of 0.5 M H2SQO4 and 0.05 M H2C204 at 50 A/dm?.

As shown in Table 1, electrochemical leaching for 2 hours in a mixture of 0.5 M H2SO4
and 0.05 M H,C,04 at 50 A/dm? dissolved 2.74 g of the NdFeB magnet and 0.69 g were
deposited on the cathode. About 0.20 g of Nd, Pr and Gd was found in the cathodic deposit and

mass balance calculations show that they are in the form of oxalate (REE2(C204)3-10H20).




After about 60 min, mainly REE complexes deposited on the cathode and the purity on
metal basis was 86—88% (Fig. 2). Further leaching beyond 90 min led to decrease in purity,
probably because exhaustion of oxalic acid in the solution and subsequent increase of iron
reduction. The amount of REE oxalate deposited after 2 h corresponds to about 60 % of oxalic
acid added initially. Part of oxalic acid is bound as iron complexes and part is decomposed at
the electrodes. Under the studied conditions, the REE yield was low (Fig. 2) and further studies
are needed to find optimal method for oxalic acid addition. Continuous addition may be
advantageous in order to minimize decomposition in electrode reactions.

In order to explore the leaching mechanism, cell voltage as well as anode and cathode
potentials were monitored. The results are shown in Fig. 3 and the electrode potentials are given
on the SHE scale. Moreover, bulk pH and conductivity were measured after 1 hour of
electrolysis and the results are shown in Fig. 1S (supplementary material).
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Figure 3. Variation of cell voltage (1), anode potential (2) and cathode potential (3) during
electro-leaching of spent NdFeB magnet in 0.5 M H2SO4 + 0.05 M H2C204. T =22 °C, @ =400
rpm, i =50 A/dm?.

Open circuit potential of anode was 0.56 V and the sharp increase during the first 3
minutes can be explained by selective dissolution of the more reactive components including
Nd and other REEs (Eq. (4)) (in the following equations, E° stands for the standard reduction
potential on the SHE scale). Subsequent decrease of the anode potential indicates more uniform

dissolution of iron that is the more electronegative component in the magnet (Egs (5)-(7)).

Nd3*(aq) + 3e = Nd(s) E°=-232V (4)



Fe?*(aq) + 2e = Fe(s) E°=-0.44V (5)
Fe®*(aq) + 3e = Fe(s) E°=-0.037V (6)
Fe®*(aq) + e = Fe?*(aq) E°=0.77V (7)

In the presence of oxalic acid, anodic oxidation can also proceed according to Eqs
(8)—(10) [30—32] that result in precipitation of Nd and other REEs and complexation of ferrous

and ferric ions.

2Nd(s) + 3C2042"(aqg) + 10H20 = Nd2(C204)3-10H,0(s) + 66" (8)
Fe + nHC,04 (aq) = [Fe(C204)n]* **(aq) + nH*(aq) + ne” 9)
Fe + nHC,04 (aq) = [Fe(C204)n]>*"(aq) + nH*(aq) + ne~ (10)

After the initial period, the anode potential remains more or less constant in the range
of 2.5-3.5 V (Fig. 3) and may induce oxidation of iron [30—32]. Moreover, active evolution of

oxygen due to Eg. (11) was observed.

2H,0 = 4H*(aq) + Oa(g) + 4e~ E°=1.23V (11)

During electro-leaching at 50 A/dm?, solution pH initially increased due to consumption of the
protons in the leaching reactions and because of hydrogen evolution at the cathode (Eq. (12).
In principle, hydrogen can be also formed in the reaction between the acid and the magnet but

because of the high anode potential, this reaction is effectively suppressed.

2H*(aq) + 26 —Ha(q) E°=0.00V (12)

At later stages pH decreased probably because of the intensification of the oxygen evolution
(Eg. 11). Solution conductivity decreased during electro-leaching as the hydrogen ions were
replaced by less conductive components released from the magnet [33].

Calculated energy consumptions and amount of Fe and REEs in cathodic deposit and in
a solution during 2 hours of electrolysis obtained from ICP analysis are presented in Table 1
and Fig 2S. During increasing of electrolysis time from 10 minutes to 2 hours average energy

consumptions decreased from 27.1 to 5.80 kWh/kg.



In summary, anodic dissolution at high current densities and in the presence of oxalic
acid takes place under highly oxidative conditions and the main products are ferric oxalate
complexes and insoluble REE oxalates. Composition of the leached magnet residue is discussed

in next Section.

3.2 Effect of electro-leaching on the NdFeB magnets

Influence of etching and electrochemical leaching on the polished NdFeB magnet is
illustrated in Figure 4.

Figure 4. SEM images of the spent NdFeB magnet surface initially (a), after 10 s etching in 1
M HNO:3 (b) and after 1 h electrochemical leaching in a mixture of 0.5 M H2SO4 and 0.05 M
H2C20; at i=50 A/dm? (c)

Commercial NdFeB magnets are coated with a Ni-Cu-Ni layer for the anticorrosion
properties and the main structure consists of the ferromagnetic matrix (f-phase) and Nd-rich
interstitial phase (n-phase) [29, 34] as shown in Fig. 4a. Before the leaching experiments,
magnets were demagnetized, coating was chemicaly removed by 1 M nitric acid and surface



was mechanically polished. Etching in nitric acid (Fig. 4b) led to some dissolution because of
high reactivity of the n-phase and formation of galvanic pairs between n- and f-phases.

In our previous work [29], we showed that dissolution during electrolysis does not
significantly influence the surface characteristics both in sulfuric acid solution and in a mixture
of sulfuric and oxalic acids. However, during electro-leaching at high current densities and with
oxalic acid, magnet surface was more extensively oxidated and formation of insoluble products
might led to passivation of the magnet surface. When the anode current density was increased
from 0 to 50 A/dm?, the oxygen content more than doubled from 7.2 to 14.8 wt-%. (Table 2).
Moreover, even protruding edges began to dissolve under these conditions and the Fe-rich
nodules dominated in the residue (Fig. 4c). Regardless of the leaching conditions, the XRD
pattern of the leached NdFeB magnet showed predominance of the Nd2Fe14B phase [29] (Fig.
3S in supplementary material). As expected, peaks that are characteristic to ferric oxides are

also present in accordance with Table 1 and with the discussion in the previous Section.

Table 2. Elemental composition of spent NdFeB magnet surface after leaching under various

conditions.
Leaching | Current Elemental composition, wt%
solution | density, | C @] Al S Fe Cu |Zr Pr Nd | Gd

Aldm?

0 32 |72 |1 03| — | 538 | 6.0 | 16 | 56 | 181 | 4.2
0.5M

10 32 |81 |02 (03| 562 |39 | 13 | 44 |184 | 38
H2SO4

50 26 |148| 03 | 0.9 | 56.7 - - 42 |16.7 | 3.8
+0.05 M 3.7 |235| 02 |21 | 479 - 09 | 38 | 149 | 29
H2C,04 50

3.3 Characterization of cathodic deposit

During the electrochemical leaching of the spent NdFeB magnet, compact and uniform
cathodic deposit was observed only in a mixture 0.5 M H2SO4 and 0.05 M H2C;04 at i =
50 A/dm?2. SEM images of the coating are shown in Fig. 5. Under other conditions no deposit

was observed.
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Figure 5. SEM images of the cathode deposit obtained during anodic dissolution of NdFeB in
a mixture of 0.5 M H2SO4 and 0.05 M H2C>04 at 50 A/dm?. Time of electro-leaching was 1
hour (a) and 2 hours (b).

After 1 h, the surface of the cathodic deposit had a lot of cracks (Fig. 5a) due to active
evolution of hydrogen but after 2 h, a fibrous structure was observed. EDX analysis (Table 2S,
Supplementary material) revealed that composition of the sediment changed markedly during
electro-leaching. After 1 h leaching, the copper substrate was mainly coated by metallic iron
(75.4 wt-%) with some incorporation of REEs. Iron content reduced significantly to about 1
wt-% after 1.5 h suggesting that Fe?* reduction was displaced by other reactions. During further
leaching (1.5—2 h), the sediment was mainly composed of carbon-containing compounds of Nd
and other REEs (Pr, Gd). The XRD patterns (Fig. 6) shows that the main phases deposited on
the cathode after 2 h were Nd2(C204)3-10H20 and Fe.
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Figure 6. XRD patterns of the cathode deposit after 2 hours of electro-leaching of spent NdFeB
magnet. Leaching was done in a mixture of 0.5 M HSO4 and 0.05 M H2C,04 at 50 A/dm?

As shown in Fig. 7 for Fe and Nd and in Fig. 5S (supplementary material) for other elements,
the distribution in the sediment was quite homogeneous. It is visible that after 1 hour of
electrolysis matrix consisted mainly of iron with dots of neodymium (Fig. 8a). Further
continuation of electrolysis led to de-ironing of the surface and formation of full and compact

neodymium oxalate layer.
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Figure 7. High-resolution EDX mapping of the cathode deposit after electro-leaching for 1 h
(a—c) and 2 h (d—f). i= 50 A/dm?.

Next, high-resolution XPS analysis was used to get a more detailed surface composition of the
cathodic deposit. The raw spectra were deconvoluted into main components and the results are

shown in Fig. 8.
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Figure 8. High-resolution XPS spectra registered in the binding energy range of a) Fe 2p; b)
Nd 3ds2; and c) B 1s for the cathodic deposit obtained after 1 hour and 2 hours.

Iron is present in two chemical states, with peaks centered at a binding energy of 710.6
+0.1eV and 712.4 + 0.1 eV (Fig. 8a), which correspond to Fe?* and Fe3* species, respectively.
The Fe?*/Fe®* ratio slightly increases with time; from 2.1 after 1 hour to 3.0 after 2 hours of
electrolysis, which is understandable given the occurrence of reduction processes at the
cathode. Based on the obtained results iron is most probably present as a mixture of FeO and
Fe304 [35—38].

The Nd 3ds/. spectra (Fig. 8b) show a peak corresponding to Nd>Os and a satellite peak
observed at about 10 eV higher. The latter most probably represents Nd bound with oxalic acid.
Moreover, the XPS analysis indicated absence of Pr on the surface of cathodic sediment, while
plenty of it was found inside the deposit by EDX and ICP analyses. The reason for differences
between EDS and XPS results is the low depth of analysis of the latter technique, which is only
up to 5 nm. It should be noticed that the surface of both sediments consists mostly of hydroxide

and carbon-containing species (oxalates).



Another difference in these two analyses is seen in the case of boron. The EDX technique
is not sensitive enough to detect boron due to very small kinetic energy of boron Ka signal,
determined by low atomic mass of this element. On the other hand, the XPS B spectra reveals
presence of this element (Fig. 9c). Established boron peak is centered at a binding energy of
(191.5 £ 0.1) eV after 1 h of electrolysis and corresponds to B20s [39, 40]. Increasing time of
electrolysis to 2 h leads to disappearing of boron from coating surface.

In view of Eq. (4), deposition of Nd on the cathode is quite surprising and therefore
other experiments were attempted to find the deposition mechanism. Electrochemical
measurements were made to clarify reduction of iron from different solutions. Polarization
curves for synthetic ferrous and ferric sulfate solutions and from a solution obtained after 1 h

electro-leaching are depicted in Figure 9.
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Figure 9. Linear polarization curves of synthetic solutions (cre = 10 g/L and cng = 2 g/L) and a
leaching solution obtained after 1 h electro-leaching. Insert shows the initial part of Fe?*

reduction curves.

Reduction of Fe?* ions (Eq. (4)) began at E = —0.32 V and addition of oxalic acid shifted
it to more negative values (E = —0.39 V) because of complexation with oxalate. Addition of
Nd3* did not significantly affect the reduction overpotential and the curve matches with that of
the solution that contained only Fe?* and oxalic acid. At a current density of 0.006 A/cm?
evolution of hydrogen starts. As expected, reduction of Fe* ions takes place stepwise according
to Egs (6) and (4), and the polarization curves show two separate waves. Reduction began at E
=—0.04 V and at around E=—0.5 V, it was accompanied by evolution of hydrogen (Eq. (11)).



The presence of oxalic acid again shifted Fe?* reduction wave to more negative potentials, while
effect on reduction of Fe** was very small.

The polarization curve of the leach solution suggests that iron is present mainly as Fe3*.
Iron concentration in the leach solution was 8.6 g/L. Moreover, the wave representing hydrogen

evolution was substantially stronger due to higher acid concentration.

3.4 Mechanism of REE recovery on the cathode

On the basis of the above data, a mechanism for electroleaching/electrodeposition was
proposed and it is schematically depicted in Fig. 10. As the anodic process was explained in
detail in our previous work [29], this scheme focuses on the cathodic process.

a) 0-15 min b)15-30 min  ¢)30-60 min d)60-120 min
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Figure 10. Proposed mechanism for electro-leaching of spent NdFeB magnets in a mixture of
0.5 M H2SO4 and 0.05 M H2C.04 (a—d) and appearance of the cathode (a’ — d’).

During the first half an hour, concentration of metal ions in the electrolyte was quite
low (Fig. 1) and no reduction of iron on the cathode took place. However, presence of oxalic



acid allowed to form fine REE oxalate (REE2(C204)3-xH20) particles. The solubility product
of REE oxalates is very low, pKs, = 31 — 33, and the dissolved metals are effectively
precipitated. The particles were characterised using XRD and zeta-potential measurements. As
shown in Figs 5S and 6S(in supplementary material), the XRD peaks can be assigned to REE
oxalates (Nd-oxalate used here as the model compound) and the particles are positively charged
under acidic conditions. We thus propose that the positively charged REE oxalate particles
moving with the liquid flow collide and stick on the cathode thus forming the REE-rich deposit.
It is not yet clear why this process displaces iron reduction and inhibits Fe deposition. This may
be related to stabilization of Fe?* by complexation with oxalic acid and therefore reduction to
metallic iron is less favored.

After 15 minutes, the color of the solution became strongly yellow indicating the
oxidation of iron from Fe?* to Fe** and formation of soluble oxalate complexes of iron (111).
This result was confirmed by the polarization measurements shown in Fig. 9. Eventually, iron
deposition on the cathode is effectively suppressed and the positively charged REE oxalate
particles start to deposit. Details of the process are not known but formally cathodic deposition
can be described by Eq. 13.

2[NdC204]* + H2C204 + 10H20 + 26— Nd2(C204)3:10H20 + H> (13)

4 Conclusions

In this study, a proof-of-principle is given for a process, in which the rare-earths metals are
recovered from the NdFeB magnet in high purity by using only demagnetization, etching, and
electro-leaching steps. The process scheme is outlined below. Purity of final REE-oxalate
product is 91-93% (86—88% REESs purity) and further purification step will be required in order

to divide rare-earth elements. The leach solution can be treated for iron recovery.
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The key finding of this study is deposition of the REEs on the cathode. On thermodynamic
basis, direct reduction to a metallic deposit is not possible and the results are explained by
electrostatic attraction of the negatively charged REE oxalate particles on the cathode. This
possibility has not been mentioned previously for recycling of spent magnets and it may have
potential for future recycling methods. Further optimization of the process to increase the REE

yield and to minimize energy consumption is currently under investigation in our group.
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Fig 1S. Effect of current density on pH (a) and conductivity (b) of solution obtained in H2SO4
and mixture of 0.5 M H2SO4 and 0.05 M H2C204 after 1 hour of electrolysis (i=0 means initial

solution)
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Figure 3S. XRD patterns of NdFeB alloy (original XRD surface [31])



(@)

[AIK ] i ——

(b)

PrL 0 | S CuK

d 200 ym
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Figure 6S. XRD patterns of a powder obtained after 20 min leaching of spent NdFeB magnet in a
mixture of 0.5 M H,SO, and 0.05 M H,C,0; at 50 A/dm?
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Table S1. Equations of cathodic reactions

Equations Standard
potentials, V

2Fe?*+3H;0 = yFe,0a+6H" +2¢ E°=0.673 (1)
2Fe?*+4H;0 = Fes04+8H* +2e~ E°=0.744 )
2Fe?*+ Fe304+H20 = yFe,03+4H* +2¢~ E°=0.592 (3)
FeZ*+2H,0 = Fe(OH)z+2H* E°=0.65 (4)
Fe¥*+3H,0 = Fe(OH)s+3H* E°=0.61 (5)
2Fe304+H,0 = 3yFe,03+2H* +2e~ E°=0.521 (6)
yFe,03+6H,0= yFe(OH)3+1.50, +6H* +66~ E°=1.241 @)
Fe304+9H,0= Fe(OH)3+20, +9H* +9¢ E°=1.171 (8)
FesO4+8H" = 3Fe® +4H,0 +e~ E°=—0.122 (9)
Fes0s=3Fed*+20, +9¢~ E°=1.13 (10)
Fe,03=23Fe3*+1.50; +6e” E°=1.24 (11)

Table S2. EDX analysis of surface of cathodic sediment (wt%) obtained during electro-
leaching of NdFeB magnet in 0.5 M H2S0. and 0.05 M H2C20s at i=50 A/dm?

1 hour 1.5 hours 2 hours

C 2.9 11.2 11.2
0] 15.0 33.6 27.1
S 0.3 0.4 0.4
Fe 75.4 1.0 0.6
Pr 1.3 9.3 8.6
Nd 4.5 34.0 50.3
Al 0.5 — —

Gd — 7.0 -

Cu — 35 1.9
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