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Abstract

Spent NdFeB magnets are highly appealing secondary resources for rare earth elements
(REEs), especially for Nd. The goal of this study was to investigate electrochemical leaching
of Fe and rare earths from NdFeB magnets with sulfuric and oxalic acids at different acid
concentrations and current densities and reveal the mechanism of the leaching in varying
conditions. The metals were leached from polished magnet surface and from crushed magnets
using a 3D-printed Ti basket. Electron and atomic force microscopic analysis showed a highly
heterogeneous structure of the magnets containing on average 60 wt-% of Fe and 25 wt-% of
Nd. According to Kelvin probe force microscopy, the Volta potential difference between the
matrix and the REE-rich grains was over 500 mV. Addition of oxalic acid (H2C204) in the
sulfuric acid leach solution allows leaching at lower cell voltage and separation of the REE-
oxalate precipitates. Some incorporation of rare-earth element oxalates in the cathodic
sediment was also observed. Finally, the leaching mechanism is discussed.
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1. Introduction

The demand for rare-earth elements (REES) is nowadays higher than the supply and the prices
of these metals are expected to increase in the near future. Especially, concerns are arising due
to a monopoly and strong export quota on rare earths of China and scarcity of rare-earth ores
in Europe. While new alternative materials do not exist, the most effective way to solve the

problem is developing an affordable recycling technology [1, 2].

Fluorescent lamps [3, 4] and permanent magnets are typical secondary resources of REES, The
last ones are widely used in electromechanical, magnetomechanical, and electronic

applications [5, 6]. Currently, the strongest permanent magnet is a neodymium magnet (also



known as NdFeB, NIB, or Neo magnet). This type of rare-earth magnet is made from an alloy
of neodymium, iron, and boron to form the Nd:Fe14B tetragonal crystalline structure. The
magnetic properties, as well as corrosion resistance strongly depend on the alloy composition,
microstructure and manufacturing technique employed [7]. Also, various dopants are used to
improve the properties of the magnets. Two types of NdFeB dopants have been mentioned in
the literature [8—15]. Type (1) dopants are Al [8, 9], Ga [10], Cu [11, 12], Co [13], Ge, Sn and
Zn, and type (2) dopants are V [14], Mo [15], W [15], Nb [15] and Ti. Both types of dopants
influence on the microstructure in a different way and increase the magnetic coercivity or
improve the corrosion resistance of the magnet. According to Schultz et al. [16], however, the
alloy modifications improve corrosion resistance only to a certain degree. Another way is to
coat the magnet with Al [17], Zn or Ni-Cu. These metals are important, because they influence

on the recycling technology and purity of the final product.

High concentration of Nd and Dy in the NdFeB magnets makes them an important material for
recycling. Many different technologies for REEs recovery have been proposed [18-37].
Among them are chlorination [18], hydrogen decrepitation and direct reuse [19], selective
leaching or precipitation [20—24], glass slag methods [25], solvent extraction [26—31],
electrolysis in molten salts [32—34], gas phase extractions [35], and bioleaching [36]. The aim
of all these methods is to maximize selectivity, which is, however, a difficult task due to
similarity of REEs. Furthermore, they have many disadvantages such as high cost, high energy
consumption for heating, and difficult utilization of the waste. Among the studied methods, the
simplest way to separate REEs from other metals includes leaching and chemical precipitation.
Hoogerstraete et al. [1] showed that it is possible to use oxalic acid, which is a strong
complexing agent for Nd, in the leaching process to form precipitates (solubility product of
Nd2(C204)s is 1.08-107%%) [37]. Another possible variant is to add an alkali to obtain mixed
double sulfate salts [6, 25]. At the same time Ambikadevi and Lalithambika [38] concluded
that oxalic acid is also the most efficient for dissolving iron oxides, so it is possible to use
mixture of mineral and oxalic acids in order to reach a better leaching efficiency.

Besides conventional acid leaching, Parkash et al. [39-41] have demonstrated several
electrochemical technologies in which REEs have been selectively and efficiently extracted at
room temperature. These methods include a dual anode strategy [39] and using two-[40] and
three-[41] chambered membrane reactors enabling highly efficient and eco-friendly possibility

for REE recycling. However, it is necessary to note that REEs are highly reactive elements and



cannot be recovered from the aqueous solutions directly on the cathode [42], but instead
electrochemistry can be used for anode dissolution process as shown earlier [43—45]. As an
alternative route, it is quite useful to have special holders (baskets), which allow the utilization
of big amount of different kind of waste and without necessity for pressing or adding electrical
connections. Besides, ratio of surfaces between cathode and anode can be changed if needed
and respectively it will influence on the speed of dissolution. Moreover, during electrolysis, it
is possible to add waste from the top of the basket without interrupting the process. It has also
been discovered recently that materials like NdFeB waste [46], for of which the principal anode
reaction is oxygen evolution may continue to function as anodes when placed in a titanium
basket.

However, it is vitally important to find connection between the mechanism of NdFeB alloy
dissolution and possibility for direct recovery of REEs. In this study, dissolution of NdFeB
magnets were investigated both with chemical and electrochemical leaching. Moreover, the
alloy was extensively characterized before and after leaching using electron (SEM, EDX) and
atomic force microscopy as well as chemical analyses. We were able to show effectiveness of
electrochemistry-aided leaching and the underlying mechanisms were also explored. The
novelty of our approach in linking understanding of the magnet composition to the leaching
behavior. Furthermore, electro-leaching of the polished surfaces was extended to a more
realistic system, where crushed magnets are leached in a specially designed holder.

2. Experimental

2.1 Materials

Spent NdFeB magnets from Webcraft GmbH (Germany) with the diameter of 35 mm and
thickness of 5 mm were used in all experiments. The samples were demagnetized at the Curie
temperature of 310 °C for 1 hour in an Entech muffle furnace. For proper demagnetization of
the working area, the samples were connected by edges. In electrochemical studies NdFeB
magnet was used as the anode and copper plate as the cathode (0.2 dm?). Anodes were
mechanically polished with #500, #900, #1200 and #2000 emery paper, then with Al.O3
suspension, and finally degreased with ethanol. Electrolysis was carried out in a galvanostatic
mode of PS 3005 power supply. For some experiments, the magnet was crushed into small
pieces, first with a hammer and then set between two aluminum metal plates by applying a



force of 10 tons with a hydraulic press. NdFeB magnets are brittle and break quite easily into

smaller pieces (100-1000 pm).

In order to determine the total elemental composition, 0.1 g of the NdFeB magnet was dissolved
in a mixture of nitric and hydrochloric acids (volume ratio HNO3z:HCI = 1:4) using Milestone
Ultrawave microwave digestion system. The mixture was then filtered through 0.45 um
polypropylene filters (VWR). Three blank samples containing only acids were treated similarly
and used as background.

Sulfuric acid was used as a leaching agent and it was prepared by diluting concentrated acid
(Sigma-Aldrich, 98%) with MilliQ water (Merck Millipore Q-POD) to a desired concentration.
Oxalic acid (Sigma-Aldrich, >97.5%) was used as a strong complexing agent for the REE ions.

2.2 Methods

All leaching experiments were carried out at 22 + 1°C in a 150 mL glass beaker. In the
electrochemical leaching experiments with the polished magnets, current densities of 10, 20
and 50 A/dm? were used. In some experiments, the magnet was crushed and a 3D-printed
titanium basket was used as a holder (Fig. 1). In this case 0.5 M H2SO4 and current density of
10 A/dm? was used. Height of basket was 15 mm, diameter 30 mm, and size of the holes
0.05 mm. The temperature of the electrolyte was controlled by a water bath (RK8 CS, Lauda).
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).

Power supply

Waste
Termometr Cathode (Cu)
Anode (FeNdB)
Blaslest Water bath

(3-d printed Ti)

Magnet

Stirring

Figure 1. Schematic picture of electro-leaching in a Ti basket.



In order to choose the optimal leaching conditions, the concentration of sulfuric acid was varied
between 0.05 and 0.5 mol/L. Concentration of oxalic acid in all experiments was 0.05 mol/L.
Solid to liquid ratio was kept at 0.05 dm? of NdFeB alloy surface per 80 mL of solution and
magnetic stirring speed was 400 rpm. The samples were leached for 1 h. The magnet samples
were weighted before and after leaching using Mettler AC 88 analytical scale. The solution
sample leachates taken during leaching were diluted with a mixture of 1% HNOz and 1% HCI
(Ultrapure, Merck), and the metal concentrations were measured using inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent 7900). Relative standard deviation of all ICP

measurements were less than 3.6%.

Potentiodynamic polarization scans were performed using a potentiostat-galvanostat (Autolab
PGSTAT 302N, Methrom) in a three-electrode glass cell. Polarization curves were recorded at
a potential sweep rate of 1 mV/s from the open circuit potential (OCP) until 1 V. The NdFeB
magnet was used as the working electrode, while Pt and a saturated Ag/AgCl were used as the
counter and reference electrodes, respectively. The potentials reported in the text were

recalculated to the standard hydrogen electrode (SHE) scale.

The morphologies of the leached magnet surfaces and electrodeposited coatings were imaged
using Hitachi SU3500 scanning electron microscopy (SEM). Elemental composition was
measured by energy dispersive X-ray spectroscopy (EDX, Thermo Scientific UltraDry SDD).
Precipitates obtained after dissolution in mixture of sulfuric and oxalic acids were washed
thoroughly with water, digested and analyzed with ICP-MS. The chemical composition and
crystal structure of the NdFeB magnet before and after leaching was further ascertained using
X-ray diffraction (XRD) (Bruker D8 Advance) with Cu Ka irradiation. The 2@ range was 10
—70° and step size 0.02 °/s.

For the optimization of electrodeposition conditions, current efficiency (g) was calculated. In
some cases, ¢ was more than 100% due to the active dissolution and substantial contribution of

chemical process. Energy consumption W (in kWh/kg) was calculated from Eqg. (1)

E

qalloyg

W = 1)



where E is the average cell voltage on cell (V). Considering only the major components Fe and

Nd, the electrochemical equivalent of the alloy gaioy (in g/Ah) was calculated from Eq. (2).

qalloy = ququ (2)
quWFe + qu WNd

where w is the weight fraction. For iron, gre = Mre/zreF = 1.05 g/(Ah) and for neodymium gng
= 1.79 g/(Ah), where z is the charge of the product ion and F the Faraday constant.

The scanning Kelvin probe force microscopy (SKPFM) technique of the polished magnet
samples was used to determine the local Volta potentials of the microstructure and relative
nobility of the REE-rich regions. VVolta potential mappings were carried out in air using atomic
force microscope (MultiMode 8, Bruker) in a double pass mode (Kelvin Probe Force
Microscopy): first pass measures topography (height) and second pass the local potential
difference in lift mode. The mapped area (40x40 um) was scanned with Bruker SCM-PIT
probe with spring constant of ~2.8 N/m, resonant frequency of ~75 kHz and tip radius of ~20
nm. The tip speed was 8 um/s, image resolution 512x512 pixels, and tip lift height 50 nm.
AFM data was analyzed using Nanoscope Analysis V1.8 software. The first order plane fit and
zeroth-order flattening were used to process the height maps. The potential maps were neither

flattened nor was any filter applied to smooth the data.

All the experiments were done in triplicate to ensure statistical reliability of the results.

3. Results and discussion

The studied system is composed of highly heterogeneous solid phase in contact with a solution,
where number of dissociation, complexation and precipitation equilibria are present. The
composition of the polished magnet surface is first discussed in Section 3.1. Section 3.2 deals
with dissolution of the metals with/without electric current and in view of the complex solution

chemistry. Electro-leaching of crushed magnet is finally discussed in Section 3.3.

3.1 Characterization of the polished NdFeB magnet



Microscopic examination of the polished NdFeB magnet (Figure 2) shows the heterogeneous
structure. Moreover, the matrix of the alloy is fragile and part of the grains ranging from 2 to
15 um loosens during the polishing were crumbled. Chemical composition of the different
domains was analyzed using EDX mapping and the results for the major components is shown
in Fig. 2. The compositions at specific locations A, B, and C are listed in Table 1. The maps

for the minor additives are given in Fig. 1S in the supplementary material.

Fig. 2. High-resolution EDX mapping of the main elements on the spent NdFeB magnet
surface showing different chemical composition.

Table 1. Composition of domains A-C in Figure 1 determined by EDX.

Element A (light grain) B (bright grain) C (dark grain)
wt-% mol-% wt-% mol-% wt-% mol-%
C 7.3 3.9 2.2
O) 0.8 1.3
Al 0.3 0.5 0.6
Si 1.4 - -
P 0.6 - -
Fe 10.2 12.3 10.3 18.1 67.6 74.6




Ce 10.2 14.6 4.8
Pr 15.6 21.1 5.1
Nd 53.8 25.3 48.3 33.1 18.7 8.0
Gd - - 0.6
Dy - - 0.3
Fe: Nd 1:2 1:1.8 93:1

The maps clearly show that Fe is most abundant in the matrix, while Nd and Pr are located in
the grains and concentrated on the grain boundaries. Dy and Ce are nearly evenly distributed
over the surface. Boron was not analyzed. It should be noticed that carbon, which is evenly
spread in this alloy, inhibits the leaching process [47] because the surface becomes covered
with a black slime of graphite. Other impurities (e.g. Ca, C1, O and Pr), however, are
considered as a starting point of the leaching [47]. Dy and Nb, on the other hand, have an
opposite influence as the increase of their concentration enhances the corrosion resistance of
NdFeB inhibiting its dissolution [48]

According to Table 1 and Fig. 1S, the ferromagnetic matrix consists mainly of Nd and Fe with
a mole ratio of 1.5-2/14 and thus represents the ¢-phase (Nd2Fe14B) [16]. The grains rich in
Nd, Pr and Ce have a mole ratio of Nd and Fe around 2/1, which is substantially lower than the

value 4 /1 reported for the Nd-rich n-phase [16].

The Volta potential indicates the relative tendency of metals for oxidation and can help to
assess the severity of localized dissolution in the systems with complex
microstructures [49-51]. In a galvanic couple, the phase with higher electrochemical nobility
has typically higher VVolta potential and usually acts as a cathode, whereas that with lower Volta
potential acts as an anode. SKPFM mapping revealed sub-micron or nanometer-sized structure
of the alloy, as seen in Figure 3. The potential difference between Nd2Fe1sB ¢-phase and the
Nd-rich anodic phases varied up to 500 mV, which usually is sufficient to initiate selective
dissolution of such anodic sites. The potential difference averaged over the whole surface was
213 mV = 50 mV. The ratio of the sizes between different phases is one of the main parameters
effecting on in the leaching process (larger size of the cathodic phase enhances leaching due to

enhanced oxygen reduction) [52].



Figure 3. (a) Topography and (b) Volta-potential map measured using SKPFM in air on the
surface of polished NdFeB magnet. Profile analysis in each map is a section along two lines.

In summary, EDX, SEM, and SKPFM data confirmed the presence of domains with
different chemical composition and high differences in local Volta potential, which both have

important impact on the leaching process as discussed below.

3.2 Chemical and electrochemical leaching

The leaching experiments discussed in this Section were made on polished NdFeB magnet
surface using different leach solutions and current densities. Measurements made at i = 0 are
referred to as chemical leaching. Effect of the current density on leaching in 0.1 M H2SO4 (a)
and 0.1 M H2S0O4 + 0.05 M H2C>04 (b) is presented in Fig. 4. Concentration of dissolved iron
in solution is presented as mass by multiplying of measured by ICP analysis concentration on
volume of used solution to show comparable values obtained by weighing. During the leaching
there was almost linear growth of the iron concentration in the solution, except for the case of
the highest current density (20 A/dm?). This is connected to a process of cation accumulation
and iron electrodeposition that begins to take place at these conditions. Concentration of Fe?*
ions in the presence of H.C,O4 was nearly twice as low suggesting formation of insoluble

FeC,04 (Fig. 4b) that may lead to surface passivation. On the other hand, it was observed that



increasing of oxalate-ions concentration to 0.1 M shows similar behavior to 0.05 M H>C,04
during leaching process (Fig. 3S). Consequently, during the first 30 minutes Fe dissolution was
low and then increased due to activation of surface. Similar behavior of REEs in the presence
of oxalic acid will be explained later.
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Figure 4. Effect of current density on iron leaching from NdFeB magnet waste in (a) 0.1 M
H2S04 and (b) 0.1 M H2SO4 + 0.05 M H2C04. Stirring rate 400 rpm, T = 23 °C, i = 0 A/dm?
(circles), 10 A/dm? (triangles), 20 A/dm? (squares).

Weight loss of NdFeB alloy during chemical and electrochemical leaching is listed in Table 2.
It is established that a loss of alloy weight strongly depended on the composition of the
electrolyte and the applied current density. Even without electricity, NdFeB was rapidly and
effectively leached in 0.5 M H,SOs. Increasing of the current density up to 20 A/dm? led to a
gradual increase of the weight loss but in the presence of oxalic acid even at the current density
of 50 A/dm? the weight loss was clearly lower. This can be attributed to the passivation of the
alloy surface. Moreover, there is a plateau in iron dissolution curve after 30 minutes at current
density of 20 A/dm? in sulfuric acid leaching, but no passivation was observed at 10 A/dm?.
Inhibition of the iron dissolution at lower current densities can be explained by intensification
of cathodic and anodic processes that can be accompanied by several chemical transformations.
First, we assume that increasing of current density leads to passivation of the surface. On the
other hand, oxygen gives possibility of changing iron state from Fe?* to Fe3*, and finally,
significant change in bulk pH during electrolysis leads to formation of dispersed phases, like

Fe(OH)s, that finally precipitate.

In the presence of oxalate, the weight loss of NdFeB alloy was less at all concentrations, which

is most likely due to the formation of insoluble oxalates on the NdFeB surface. It should be



noticed that the mass losses during the electrolysis differ from those calculated theoretically
according to Faraday’s law because of the high reactivity of the magnet and mechanical

degradation of the matrix during the leaching [39].

Table. 2 Weight loss of NdFeB magnet during chemical and electrochemical leaching

0.5 M H,S0; 0.1 M H,S0, 0.05 M H2S04 .
~ [ 0.05M B 0.05M ~ [ 0.05M Th\‘fglfgfa'
H>C204 H2C204 H2C,04
i, A/dm? Am, g
Chemical | 146+ | 111+ | 045+ | 0089« | 0.029+ |0.000 £ B
leaching 003 | 013 0.04 0.08 0.005 | 0.002
0 164% | L19% | 074% | 067% | 06l% |067%| .0
011 | o0.08 0.03 0.07 004 | 001 :
168+ | 148+ | 132+ | 080=
20 007 | 006 | 005 0.07 - - 1.51
207+ | 107¢
50 014 | 0.02 - - - - 3.78

* Am = lQaioyt , Where 1 is current (A), Ganoy is electrochemical equivalent of the alloy, 1.51
(9/Ah) and t is time, (h).

Fig. 5 shows the leaching data for individual REEs at different current densities. Concentration
of REEs increased linearly with time during chemical leaching (Fig. 5a) and at current density
of 10 A/dm? (Figure 5¢) and the leaching efficiency increased 3.5 times after applying
electricity. Steady increase of REEs concentration shows that insignificant amount was
included in precipitates or in the cathode deposit. However, when using current density of 20
A/dm?, the concentration of REEs started to decrease after 30 minutes. This is probably
connected to their mechanical co-deposition on the cathode (see Section 3.5 and Table 4) in
the form of solid fall-down phase (it would be explained below in mechanism of leaching
process, Fig. 9) or with formed oxalates (addition of H.C20a). Presence of H2C>04 strongly
affected the behavior of the REEs (Figs 5b, 5d and 5f) which is related to the formation of
oxalate complexes and precipitates (see below). After immersion of NdFeB alloy in the
solution, selective leaching of most electronegative components takes place first. During the
first 30 minutes of electrochemical leaching (Figs 5d and 5f), concentration of REEs remained
constant while the REE/oxalate ratio corresponded to the forming of complexes. The REE
complexes adsorb on the anode surface and form passive layer. Besides, it is possible that
slightly soluble carbonates form due to oxidation of oxalic acid. After that, an increase of

dissolved REEs was observed, but their amount in the solution was 3—20 times less than in the



leaching solution without H2C>04. Increasing the oxalate concentration from 0.05 to 0.1 M
(Figs 5b and 6S) enhanced dissolution of REEs, but the behavior around 30 min activation
period was similar, possibly due to formation and dissolution of oxalate species [53, 54]. The
precipitate formed during electro-leaching in the presence of H2C>04, was analyzed with XRD
and after digestion with ICP-MS (Table 3 and Figure 4S in supplementary material). The XRD
profile showed formation of Nd2(C204)3-10H20 powder, which is supported by the results
presented in Table 3.
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Figure 5. Effect of current density on the leached weight of REEs from NdFeB magnet waste
in(a, c,e) 0.1 M HxSO4 and (b, d, f) 0.1 M H2SO4 + 0.05 M H2C204; (a, b) chemical leaching;
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electrochemical leaching at current density, (c, d) 10 A/dm? and (e, f) 20 A/dm? (Stirring rate
400 rpm, T =23 °C).

Table 3. Metal composition of the precipitate after chemical and electrochemical leaching in
the mixture of 0.1 M H2SO4 and 0.05 M H»C0..

Fe | cu | Nd | ce | pPr | Gd
g/kg
chemical
leaching 2.8 0.8 295.0 0.7 87.0 75.5
10 A/dm? 3.1 0.5 291.3 0.7 85.0 75.1
20 A/dm? 3.1 0.5 289.7 0.7 83.4 75.0

* amount of Tb, Dy, Ho, Er, Yb, La, Sm was 0.03—0.09 g/kg

In the presence of oxalic acid (Figs 5b, 5d and 5f), the REEs concentration in the solution
remained nearly constant for the first 30 min probably because of precipitation of the dissolved
metals as oxalates (see Eq. (5d) below). After consumption of the oxalate, the REEs
concentration started to increase. All REEs form insoluble salts with oxalate with solubility
products pKsp = 26 — 33 [37] and the solution concentration should be extremely low. The
relatively high amount of REEs in the solution is assumed to be due to the presence of soluble

oxalate complexes.

According to the leaching data, NdFeB alloy is highly reactive with sulfuric acid even without
electric current. Chemical dissolution in sulfuric acid can be described by following overall
reactions [55].

NdoFe1sB + 17H2S04 = 2Nd® + 14Fe?t + 17S04* + 17H, +B 3)

Boron is further converted into its oxide and sulfur dioxide is released as shown in Eq. (4).

2B + 2H,S04 = B»03 + 35S0, + 3H20 (4)

Dissolution in a mixture of sulfuric and oxalic acid takes place according to the same
mechanism, but the dissolved metals form stable oxalate complexes and eventually precipitate
as crystalline hydrates as shown for Nd in Eq. (5¢). The solubility of Nd oxalate is extremely
low (pKsp = 33 [37]) and precipitation takes place immediately. For ferrous oxalate, pKsp = 6.5



and according to speciation calculations (not shown here), most of dissolved iron remains in
solution as sulfate and oxalate complexes. Eq. (5) is written in terms of oxalate anion but
actually oxalic acid exists mainly as H.C>04 at pH below 1.2, whereas HC,O4 is the most

predominant species at pH 2.5-3 [56].

Fe?* + nC204>” = [Fe(C204)n]2" (5a)
Fe?* + C204> + 2H20 = Fe(C204)-2H,0 (5h)
Nd®* + nC2042" = [Nd(C204)n]*?" (5¢)
Nd?* + nC2042~ = [Nd(C204)n]>?" (5d)
2Nd®* + 3C204> + 10H20 = Ndz(C204)3-10H20 (5€)

In electro-leaching, anodic dissolution of the NdFeB alloy takes place according to the
reactions shown in Eq. (6). Electrooxidation of Nd has two following steps with sequential
transfer of electrons (Eq. (6a, 6b)) with obtaining Nd**. The last one in aqueous solutions forms
slightly soluble Nd>03 and Nd(OH)a.

Nd = Nd?* + 2¢ E°=—22V (6a)
Nd = Nd* + 3¢~ E°=-2323V (6b)
2Nd + 3C204> + 10H20 = Nd2(C204)s-10H20 + 3¢ (6¢)
Fe = Fe?" + 2¢” E°=-0.44V (6d)
Fe + nHC,04 = [Fe(C204)n]* 2"+ nH* + ne” (6e)

Moreover, oxidation to ferric ions (Eq. (7a)), evolution of oxygen (Eq. (7b)), oxidation of
oxalate to form carbonic acid or carbon dioxide (Eg. (7c)) may take place on the anode [57],
especially at the highly noble anode potential (>0.8 V) during electrolysis in a mixture of

sulfuric and oxalic acid (Fig. 5S). Hydrogen evolution (Eq. (7d)) takes place on the cathode.

Fe?* = Fe3*+ e °=0.77V (7a)
2H20 — Oz + 4H* + 4e~ E°=1.23V (7b)
HC204 = H"+2CO2+ 2e~ (7¢)

2H* + 26" = Hy (7d)



Due to reaction 7d, an increase in the solution pH was observed during electro-leaching (see
Fig. 2S in supplementary material), because in the beginning protons were reduced on the
cathode causing hydrogen evolution. For 0.1 M H2SOs, increase was more pronounced and
after an hour pH reached 3.8 and a reddish insoluble sediment containing most likely iron
hydroxides and oxides was formed. Addition of 0.05 M H>C>04 led to a less significant pH rise

as the oxalic acid acts as a buffering agent thus keeping pH more or less constant.

According to the measured polarization curves shown in Fig. 6, the only process is metals
dissolution up to around —0.5 V(SHE) followed by nearly constant current density and
eventually evolution of oxygen (not shown in Fig. 6). However, there is no drop in current
density that is typical for passivation cases. For sulfuric acid leaching (Fig. 6a), both the initial
slopes and the plateau current density increase with increasing acid concentration, probably
because of the conductivity effect. As seen in Fig. 6b, the presence of oxalate as a significant
effect on the slopes at the lowest sulfuric acid concentration. This may be explained by the
formation of an oxalate layer (Figure 7, h), which slows down the mechanical degradation of
the surface thus allowing maintenance of the high surface area.
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Figure 6. Linear polarization curves of the polished NdFeB magnet in sulfuric acid solutions

(a) without oxalic acid and (b) in presence 0.05 M H2C20a.



Figure 7. Microstructure of initial FeNdB magnet SE-SEM (a) and BSE-SEM (b) image of the surface
after leaching in mixture 0.1 M H,SO4 (c-e) and in 0.1 M H;SO,+0.05M H,C,04 (f-h): chemical
leaching (a, f), electrochemical at current density, A/dm?2: 10 (d, g), 20 (e, h)

3.3 Electro-leaching of powdered magnet

Electro-leaching of crushed magnet in a basket was studied in order to further improve the
leaching efficiency and to make the process practically more feasible. Fe and REEs leaching
from the powdered spent NdFeB magnet at different cell voltages is presented in Fig. 8. It is
clear, that leaching was effective up to 30 minutes and then a plateau was reached, and leaching
was completed. Significant increase of cell voltage during electrolysis was observed (Fig. 6S
in supplementary material) that could be explained by decreasing surface area during the
dissolution. However, the voltage increase could be eliminated by adding fresh magnet waste

powder into the basket during the leaching process.
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Figure 8. Comparison of iron and REEs leaching from NdFeB magnet waste powder in a basket

and with plate.

3.4 Leaching mechanism of the NdFeB magnet

Based on the obtained data on chemical and electrochemical leaching, following mechanism
of dissolution can be proposed (Fig. 9). Due to the heterogeneous structure of NdFeB alloy,
fast and preferential leaching takes place at the less noble Nd-rich phases (Figure 7) located
around the Fe-rich Nd2Fe14B grains (¢-phase). This is reasonable considering the fact that the
rare earth elements represent some of the most active metals; their standard electrode potentials
range from —2.2 to —2.5 V. As a result, whole grains of the ¢-phase finally break off from the
surface (Fig. 9). Schultz et al. [16] suggested a composition-based mechanism and presence of
two different intergranular phases: n-phase is B-rich and n-phase is Nd-rich phase (NdsFe).
Established by EDX analysis in this work; mole ratio of Nd and Fe in the intergranular phase

shows higher amount of Fe.
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Figure 9. Schematic illustration of leaching process on the surface of spent NdFeB magnet in
a) H2S04, b) mixture of H2SO4 and H2C204

3.5 Characterization of the cathodic sediment

Micrographs and EDX results of the cathode coatings are presented in Fig. 10 and Table 4. The

most compact coating with strong adhesion was obtained from an electrolyte that contained
only H2SO4 at the current density of 10 A/dm? (Fig. 10a). The cracks seen are typical for iron
deposits. The coating formed in the mixture of 0.1 M H2SO4 and 0.05 M H2C>04 at current

density of 20 A/dm? (Fig. 10d) showed cornflower-like structures. Increasing the current

density in 0.1 M H2SOq4 led to a creation of dendrites that could be easily removed from the

cathode surface.
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Figure 10. Micrographs of the cathode surface after 1 hour electrolysis (a, b) in 0.1 M H2SOg,
(c, d) in mixture 0.1 M H2SO4 and 0.05 M H2C,04 at current density (a, ¢) 10 A/dm? and (b,
d) 20 A/dm?,

As mentioned above, REESs have strong negative reduction potentials and cannot be reduced in
aqueous solutions, but EDX data indicated substantial amount of these elements in the cathode
sediments. This most probably stem from mechanical inclusion of the REE precipitates in the
growing deposit layer. Large amount of oxygen shows that oxides of Nd and Pr were included
in the iron coatings and in the presence of H>C>04, oxalates of these metals seem to be included
in the coatings. Besides, we assumed that formed oxalic complexes of REEs could be deposited
directly on cathode as reduction from complexes could takes place at much more noble
potentials as from individual ions. Another possibility of inclusion at high current density in
0.1 M H2SO4 could be caused by increasing of pH (Fig. 2S) due to cathodic reaction that leads
to precipitation of basic Nd sulfate. The basic salts of Nd and Nd(OH)s could be included in
cathode sediment. At the current density of 10 A/dm?, only a small amount of coating was
obtained from the mixture of 0.1 M H2SO4 and 0.05 M H2C20s.

Table 4. EDX analysis of the cathodic deposit (the values are in wt-%)

0.1 M H2S0q4 0.1 M H2S04 and 0.05 M H»C»04




10 A/dm? 20 Aldm? 10 A/dm? 20 A/dm?
C 2.9 3.9 12.8 11.7
O 17 28.3 19 241
Al 0.5 0.3 - -
S 1.4 0.9 - -
Fe 62 447 5.3 30.3
Ce - 4 - -
Pr 2.9 3.2 2.7 6.4
Nd 13.2 14.7 10.6 27.4

3.7 Energy consumption

The cell voltages measured during the electrolysis at different conditions are presented in Fig.
7S in supplementary material and the calculated energy consumptions listed in Table 5. At the
current density of 10 A/dm?, insignificant increase in cell voltage was observed. Increasing the
current density up to 20 A/dm? led to voltage values of 10 V in sulfuric acid and mixture of
sulfuric and oxalic acid. Obviously, addition of oxalate at lower current densities allows lower
cell voltage, which respectively decreases the energy consumption. Decreasing of voltage is
related to the blocking of the surface, which inhibits the mechanical degradation of the matrix.

This on its behalf led to the growth of the electrode surface area, which decreases the voltage.

Table 5. Energy consumption (kWh/kg magnet) of electro-leaching.

i, A/dm? 0.1 M H2SOq4 0.1 M H2SO4+0.05 M
H2C204
10 2.9 0.7
20 10.1 10.0

4. Conclusions

In this study we investigated the leaching process of spent NdFeB magnet via chemical and
electrochemical methods for the recovery of REEs. XRD and SEM/EDX analyses revealed the
presence of Nd>Fe14B micrometer-sized ferromagnetic granules surrounded by Nd-rich phases.
Local Volta potential differences as high as 500 mV within the microstructure suggests
preferential selective leaching of the Nd-rich phase and this was proven by chemical and
electrochemical leaching experiments with 0.05 — 0.5 M H>SO4. The leaching rate strongly



depends on the acid concentration and current density. The positive effect of applied voltage
was significant especially at low acid concentrations thus making the leaching process more
environmentally friendly. Addition of oxalic acid in the leaching solution further reduces the
energy consumption and at the same time improves recovery of REESs as solid oxalates. Some
of the REEs were also found in the cathodic deposits. Therefore, optimizing the leaching
conditions is highly important in order to make the new process viable in large-scale

applications.

As a step towards realistic separation process, electro-leaching of powdered NdFeB magnet
was studied using a 3D-printed titanium basket as the holder. The obtained results verify the
efficiency observed with polished magnets and give basis for further development . The present
paper indicates a clear potential for the electrochemical leaching methods to recover REEs

from the magnet waste.
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Figure 1S. High-resolution EDX mapping of Nd-rich phases showing different chemical
composition.
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Fig. 2S. Initial pH and after 1 hour of chemical and electrochemical leaching
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Fig. 3S. Chemical leaching of REEs (a) and Fe (b) from NdFeB magnet waste in 0.1 M H2SO4
+ 0.1 M H2C204.
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Figure 4S. X-Ray diffraction spectra of powder after electrolysis in the mixture of H.SO4 and
H2C204
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Fig. 5S. Anode potential (NdFeB magnet) during electrolysis in 0.1 M H2SO4 and 0.05 M
H2C20s at current density, A/dm?: 1 — 10, 2 — 20.
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Fig 6S. Voltage on a cell in 0.5 M H,SOs4. Stirring rate 400 rpm, T =23 °C, i = 10 A/dm?
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Fig. 7S. Cell voltage during electrolysis: (1, 2) 0.1 M H2SOs, (1, 2') 0.1 M H>SO4 + 0.05 M
H2C,04; current density (2, 2') 10 A/dm? and (1, 1) 20 A/dm?,
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