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Abstract

Currently, sintered neodymium-iron-boron (Nd-Fe-B) permanent magnets (PMs) have a
clear domination over other rare-earth (RE) PMs, such as samarium-cobalt (Sm-Co) by
means of both value and weight shares. Sintered Nd-Fe-B PM consumption has been
estimated to be driven by hybrid and electric vehicles and wind turbines in the next 20
years, though the use of these magnets in other applications will support further demand
growth. Generally, the sintered Nd-Fe-B PMs incorporate 20-30 wt.% of rare-earth
elements (REEs) that include mainly Nd with a small addition of Dy and/or Tb, and as
such represent an important secondary REEs resource. Despite that, less than 1% of REEs
are being recycled from End-of-Life (EoL) products, with REE-containing PMs
representing the largest share of these products. This is a very small percentage, especially
if we consider that the recycling of the sintered Nd-Fe—B magnets is an important strategy
for reducing the environmental dangers associated with the RE mining and overcoming the
well-documented supply risks associated with the REEs.

With the aim of recycling the sintered Nd-Fe—-B magnets, various approaches, such as
direct re-use, alloys recovery and REEs recovery are currently at different technology-
readiness levels. A direct re-use of the Nd-Fe-B magnets is considered as the most
economical and ecological way. However, extra addition of REE materials, e.g., Nd hydride,
is required due to the loss in the liquid phase and the non-separation of REE oxide (REO)
phases. As a result, sintered Nd-Fe-B magnets produced from the repeated recycling of
materials by direct re-use methods tend to have poorer magnetic properties as the number
of cycles increases. Alloys recovery, such as melt-spinning and liquid-metal extraction, is
able to recover both RE-transition metal (RE-TM) alloys and TM-free RE metals that are
ready for new magnets making. However, the processes generally operate at 750-950 °C
with long durations that are energy-intensive. REEs recovery, such as gas-slag extraction
and hydrometallurgy, is applicable to both slightly and heavily oxidized magnet material
with varied compositions. Especially, hydrometallurgy is seen as the most promising, as it
requires relatively simple equipment to extract the REEs in a continuous operation at mild
temperatures. However, this multi-step process consumes large quantities of acids and
alkalis as well as large quantities of wastewater. Still, further research is needed to make
the recycling processes for Nd-Fe-B magnets more economical, sustainable and
environment-friendly.

Sintered Nd-Fe—B PMs consist of REE-rich grain boundaries, representing about 10—
12% of the magnet, and the Nd.FeuB grains of the matrix phase, which is practically
oxygen-free, accounting for 85-87% of the magnet. An electrochemical process was
developed to recover the Nd:Fe; B grains from the sintered Nd—Fe-B magnets. The
procedure is based on the anodic etching of the sintered Nd-Fe-B magnets in a non-
aqueous dimethylformamide (DMF)-0.3 mol L'* FeCl, bath. Selective recovery of Nd.Fe.,B
grains was realized within the applied current density < 5 mA c¢cm™ based on the etching
priority of phases: metallic Nd > intergranular NdFe,Bs > matrix NdsFeisB. The total
energy consumption of the proposed recycling route is estimated to be ~2.99 kWh kg,
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which is comparable to the state-of-the-art direct re-use methods. A recycling route for the
sintered Nd—Fe-B magnets is proposed based on the electrochemical etching that ends up
with the NdoFeuB grains, REE-containing electrolyte and REE-based particles, and pure
Fe metal as the final products with the only consumption of FeCl, and electricity. The
proposed recycling route is currently the only procedure that enables repeated recycling of
sintered Nd—Fe-B magnets in a closed-loop system.

The REE-containing electrolyte with REE chlorides and FeCl, dissolved can be further
treated by the conventional hydrometallurgical process for high purity of the REEs
recovery. Alternatively, these chlorides can also be used as metal precursors for RE-TM
alloys synthesis by electrodeposition which is promising in producing thin film magnets.

Electrodeposition of Nd-Fe from the 1-ethyl-3-methylimidazolium dicyanamide
([EMIM][DCA]) ionic liquid (IL) using metal chlorides was investigated. We observed that
Nd*" cannot be electro-reduced independently, although it can be co-electrodeposited
inductively on a Cu substrate with the presence of Fe?". The transmission electron
microscopy (TEM) analysis combined with electron-energy-loss spectroscopy (EELS)
verified the formation of NdC, as an indirect proof that Nd** is reduced to Nd° during the
electrodeposition process. The TEM/EELS was also able to confirm that the deposition of
the Nd-Fe starts with the sole deposition of Fe, followed by the co-deposition of Nd-Fe.
This is in agreement with the transition-state theory, which has the Fe initially reduced to
an activated state (Fe"), where it is able to catalyse the reduction of the RE** to RE". This
new insight into the electrodeposition process brings us a very important step closer to
being able to recycle REEs efficiently and even to realize electrodeposited REE-based PM
thin films at a mild temperature, thus giving us a sustainable, green-chemistry approach
that provides a genuine alternative to high-temperature molten salt electrolysis.

To reduce the environmental impact of REEs recovery, a facile closed-loop process to
selectively separate and recover the REEs and TMs from the sintered Nd-Fe—-B magnets
was demonstrated. First, using a room-temperature electrolysis step, the sintered Nd—Fe—
B magnet was completely leached on the anode, while the Fe metal was selectively
deposited on the cathode. By balancing the dissolution and consumption of the Fe, selective
leaching of the REEs was realized, which saved 84.4% in terms of acid consumption and
did not require the use of any alkali for the Fe precipitation. The REEs were selectively
precipitated as REE-sodium sulfate double salts, which meant we have been able to recycle
the electrolyte in a closed-loop, avoiding any wastewater discharge that has to be done
using conventional hydrometallurgy. This two-step method was able to recover 92.5% of
the REEs with a purity of 99.4%.
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Povzetek

Po trenutnem trznem delezu tako po vrednosti kot tudi po tezi, imajo sintrani trajni
magneti na osnovi sistema redka zemlja-prehodna kovina neodim-Zelezo-bor (Nd-Fe-B)
o¢itno prevlado nad drugimi magneti na osnovi podobne kemijske konfiguracije (npr. Sm-
Co). Ocenjuje se, da bodo porabo sintranih trajnih magnetov Nd-Fe-B v naslednjih 20
letih diktirala predvsem hibridna in elektri¢na vozila ter vetrne turbine kot nadgradnja teh
magnetov v Ze klasi¢nih aplikacijah. Na splosno sintrani trajni magneti Nd—Fe-B vsebujejo
20-30 ut.% elementov redkih zemelj, ki vkljucujejo predvsem Nd z majhnim dodatkom Dy
in/ali Tbh in kot taksni predstavljajo pomemben sekundarni vir. Kljub temu se manj kot 1
% elementov redkih zemelj reciklira iz odpadnih izdelkov, najvecji delez teh izdelkov pa
predstavljajo prav trajni magneti. To je zelo majhen odstotek, se posebej, ¢e upostevamo,
da je recikliranje sintranih magnetov Nd-Fe-B pomembna strategija za zmanjsanje
okolijskih skodljivih vplivov, povezanih z rudarstvom redkih zemelj, ter za premagovanje
dobro dokumentiranih tveganj oskrbe, povezanih s temi specificnimi elementi.

Pristopi k recikliranju trajnih magnetov Nd-Fe—B so razli¢ni, npr. neposredna ponovna
uporaba, pridobivanje osnovnih zlitin in pridobivanje osnovnih elementov redkih zemelj,
in se trenutno izvajajo na razlicnih stopnjah tehnoloske pripravljenosti. Neposredna
ponovna uporaba magnetov Nd-Fe-B s pretaljevanjem velja za trenutno najbolj
ekonomicen in ekoloski nac¢in. Vendar pa zahteva dodajanje manjsih koli¢in elementov
redkih zemelj (NdH,) za kompenzacijo izgub slednjih med pretaljevanjem, saj zlitina s
casom bogati na vsebnosti Nd-oksida. Kot rezultat imajo sintrani magneti Nd-Fe-B, ki so
narejeni s ponavljajo¢im se recikliranjem s pretaljevanjem, slabse magnetne lastnosti, ki se
s Stevilom ciklov Se poslabsujejo. Pridobivanje osnovne zlitine Nd-Fe-B prek pretaljevanja
in hitrega ohlajanja ali prek ekstrakcije elementov redkih zemelj s tekoco kovino je sicer
izvedljivo, vendar energijsko potratno, saj deluje pri povisanih temperaturah 750-950 °C
in v dolgih c¢asovnih intervalih. Pridobivanje redkih zemelj iz odsluzenih magnetov je
mogoce tudi s postopki plinske ekstrakcije in nadaljnje elektrolize ali s kemijskimi postopki
hidrometalurgije, ki se lahko uporabljajo tako za rahlo kot mocéno oksidirane magnete
razlicnih vhodnih kemijskih sestav. Predvsem se hidrometalurgija obravnava kot najbolj
obetavna, saj zahteva razmeroma enostavno opremo za ekstrakcijo elementov redkih zemelj
v obliki soli, v kontinuirnem delovanju pri blagih temperaturah. Vendar pa ta postopek
poteka v vec¢ kemijskih korakih, ki rezultirajo v porabi velike koli¢ine kislin in alkalij ter v
generaciji velike koli¢ine odpadne vode, kar Se vedno predstavlja izziv. Tako smo v okviru
te doktorske disertacije raziskali nove smeri, ki lahko vodile k vedji ekonomi¢nosti ter k
visji ekoloski sprejemljivosti, ki bi recikliranje magnetov Nd-Fe-B dvignile na visji
trajnostni nivo.

Mikrostrukturo svezih kot tudi odsluzenih sintranih magnetov Nd-Fe-B sestavljajo
zrna NdoFe;,B matri¢ne faze, ki je prakti¢no brez kisika, kar predstavlja 85-87 % magneta,
ter meje med zrni, bogate z Nd, ki predstavljajo priblizno 10-12 % magneta, vendar
preferencno oksidirajo tekom casa uporabe. Poleg omenjenih faz Nd-Fe-B magneti
vsebujejo tudi fazo NdFe,Bs, ki pa po delezu predstavlja le nekaj %. Za selektivno
pridobivanje zrn Nd.FeuB iz sintranih magnetov Nd-Fe-B smo razvili elektrokemijski
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postopek, ki temelji na anodnem jedkanju magnetov Nd-Fe-B v organskem topilu
dimetilformamidu (DMF)-0,3 mol L' z dodatkom FeCl,. Selektivno rekuperacijo zrn
Nd,FesB smo uspesno izvedli znotraj okvirja uporabljene tokovne gostote < 5 mA c¢m ? na
podlagi razlicnih elektrokemijskih redukcijskih potencialov posameznih faz v magnetu Nd-
Fe-B, po principu preferencnega jedkanja: kovinski Nd > faza NdFe,B, > faza Nd.Fe,B.
Ocenjena skupna poraba energije za predlagano pot recikliranja znasa ~2,99 kWh kg™, kar
je primerljivo z dosedanjimi metodami neposredne reciklaze. Predlagana pot recikliranja
sintranih magnetov Nd-Fe-B na podlagi elektrokemicnega jedkanja se konca z zrni
Nd.FesB ter s cisto kovino Fe na katodi, in rezultira le v konéni porabi FeCl, in elektrike.
Predlagana pot recikliranja je trenutno edini postopek, ki omogoca veckratno recikliranje
sintranih magnetov Nd-Fe-B v zaprtem sistemu. Zrna Nd:FesB je moc¢ direktno uporabiti
za izdelavo novih magnetov, nastali elektrolit, ki vsebuje ione elementov redkih zemelj,
njihove kloride in raztopljen FeCl,, pa je mogoce nadalje obdelati s konvencionalnimi
hidrometalurskimi postopki. Slednji elektrolit lahko teoreti¢no uporabimo tudi kot osnovni
elektrolit za elektro-nanasanje sistemov redka zemlja-prehodna kovina, kar je obetavno pri
proizvodnji tankoslojnih magnetov.

Iz tega naslova smo raziskali elektro nanasanje oz. elektro redukcijo sistema Nd in Fe.
Elektro nanasanje smo izvajali iz brezvodnega elektrolita na osnovi ionske tekocine
([EMIM][DCA]) 1-etil-3-metilimididazol diamida iz raztopin soli NdCl; in FeCls; Opazili
smo, da se Nd*' ne more samostojno nanasati, vendar pa ga lahko nanesemo na substrat
Cu ob prisotnosti Fe. Z analizo v presevnem elektronskem mikroskopu (TEM) v
kombinaciji s spektroskopijo na izgubo energije elektronov (EELS) smo dokazali prisotnost
Fe in Nd v nanesenih slojih. Nd je v sloju prisoten kot NdC,, kar nam sluzi kot posreden
dokaz, da se je Nd** med postopkom elektronanasanja reduciral do Nd”. Analiza TEM /
EELS je tudi potrdila, da se nanasanje Nd-Fe zacne z odlaganjem Fe, ¢emur sledi so-
odlaganje Nd. Rezultat je v soglasju z razvito in predlagano teorijo t. i. prehodnega stanja.
Fe, ki se najprej nanese, zreducira v aktivno stanje (Fe), slednji pa nadalje katalizira
redukcijo Nd** v Nd°. Ta nov vpogled v postopek elektronanasanja, predstavlja zelo
pomemben korak blizje temu, da lahko ucéinkovito recikliramo elemente redkih zemelj in
celo uresni¢imo idejo o elektronanasanju tankih slojev Nd-Fe, za kar u¢inkovitega postopka
v dostopni literaturi Se ni. Razviti postopek elektronanasanja predstavlja korak napram
trajnostnim resitvam pri pridobivanju in recikliranju elementov redkih zemelj, saj
predstavlja zeleno in ucinkovito alternativo konvencionalnim postopkom pridobivanja Nd
z elektrolizo iz staljenih soli.

Da bi zmanjsali vpliv konvencionalnih postopkov (predvsem hidrometalurskih)
predelave elementov redkih zemelj na okolje, smo nadalje razvili tudi postopek za selektivno
lo¢evanje in pridobivanje elementov redkih zemelj in prehodnih kovin iz sintranih magnetov
Nd-Fe-B. Najprej je bil s pomocjo elektrolize pri sobni temperaturi sintran magnet Nd-—
Fe-B popolnoma elektrokemijsko raztopljen na anodi, Fe pa selektivno naneseno na katodi.
7 uravnotezenjem raztapljanja magneta in porabe Fe na katodi smo dosegli selektivno
izpiranje elementov redkih zemelj, kar je prihranilo 84,4 % v smislu porabe kisline, za
precipitacijo Fe pa ni bilo treba uporabiti alkalij, kar so znacilnosti hidro metalurskega
postopka. Elemente redkih zemelj smo selektivno oborili kot dvojne soli (Nd, Dy)-
natrijevega sulfata. S predlaganim postopkom nam je uspelo reciklirati elektrolit v zaprti
zanki, pri ¢emer smo se izognili kakrsnemu koli odvajanju odpadne vode, ki bi ga bilo treba
izvesti s konvencionalno hidrometalurgijo. S tem dvostopenjskim postopkom smo uspeli
pridobiti 92,5 % elementov redkih zemelj s Cistostjo 99,4 %
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Chapter 1

Introduction

1.1 Development of PMs

Permanent magnets (PMs) are essential components in many fields of technology because
they can provide magnetic flux. The magnetic properties of a PM are derived from
hysteresis loop behavior (B vs. H in engineering or M vs. H in physical sciences), as shown
in Figure 1.1 [1]. The relationships between the magnetic induction (B) inside a PM, the
applied magnetic field (H), and the magnetization induced inside the sample by H, are
defined by equation (1.1):

where iy is the permeability of the free space; M is the total magnetization of a PM.

Magnetization Magnetic induction =
“\1 B = l(H + M)
o A

v

(a) (b)

Figure 1.1: Hysteresis curves for PMs: (a) M vs. H and (b) B vs. H [1].

The M ws. H hysteresis loop is called the magnetization curve (Figure 1.1a). At
sufficiently large values of H, the magnetization becomes constant at its saturation value,
i.e., saturation magnetization (M;). When H is decreased to zero after reaching the
saturation, the magnetization is not reduced to zero but retains a certain value that is
called remanent magnetization (M,). If the applied field is then increased in the opposite
direction, the magnetization will reach zero when H equals the intrinsic coercivity (H.). A
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large field is needed to demagnetize a PM with large H.; value. When the reversed magnetic
field is further increased, saturation is reached again at —M,. Reducing H to zero and then
increasing it in the original direction brings the magnetization back to its saturation value,
M,. This way, the whole M vs. H hysteresis loop is obtained [2].

The B ws. H hysteresis loop is called the normal magnetization or normal induction
curve that reflects the constant magnetic susceptibility after the saturation point is reached
and does not saturate (Figure 1.1b). When H is decreased to zero, the induction decreases
to B, (called residual induction, or remanence) which is the same as the value of M,. If the
applied field is then reversed, the induction will decrease to zero when the negative applied
field equals the coercivity, H.. The H. is lower than H.. The point where the product of B
and H reaches its maximum value is called the maximum energy product, (BH)maw, which
can be defined as an ability of a magnet to store the magnetostatic energy [1, 2].
Additionally, the Curie temperature (7.) where a magnetic material loses its ferromagnetic
properties is also an important parameter to be considered in different applications.

The magnet revolution has been brought, regarding the (BH)uu, for more than 100
years which is given by Figure 1.2a, from steels, ferrites, Alnico [aluminum-nickel-cobalt
alloys, (Al-Ni-Co)| to rare-earth (RE) PMs [samarium-cobalt (Sm—Co) magnets and
neodymium-iron-boron (Nd-Fe-B) magnets]| [3, 4]. After the development of Kichizaemon
Sumitomo (KS) steel in 1916, the progress of ferrite and Alnico is promoted, respectively.
In the late 1960s, the development of hard magnetic materials has experienced a decisive
jump, with the introduction of RE PMs. Driven by the growing demand for energy-efficient
technologies in which PMs often play a pivotal part, the Nd-Fe-B PMs are developed to
meet the need for maximized energy densities at various operating temperatures. It can be
seen that the (BH)u. of the Nd—Fe-B PMs has achieved a value almost 60 times of that
of steels.

In 2016, the world market for PMs was reported with 85% ferrite, 13.5% Nd-Fe-B,
0.6% Sm—Co and 0.9% Alnico by weight, whereas with 33.9% ferrite, 61.0% Nd-Fe-B,
3.0% Sm-Co and 2.1% Alnico by value (Figure 1.2b) [5]. The common phases of ferrite are
BaFe2019 and SrFeis019 with (BH)me < 38 kJ m™ [6]. They are cheap and relatively easy
to produce, thus ferrite magnets have the largest share in terms of tonnage in the PM
market. Additionally, ferrites also have very good resistance against corrosion, which makes
them widely used in low-performance motor applications, sensors and other larger
electronic devices. Alnico magnets have the smallest market share by both value and
volume. Currently, they are being used mainly for specialized magnetic testing devices (e.g.
spectrometers) which requires continuous tuning of the product. Due to their high thermal
stability along with low H, factor (inset of Figure 1.2a), they can be easily magnetized and
demagnetized, making them suitable for such purposes [7]. In terms of value, two-thirds of
the PMs are RE PMs. Among the RE PMs, Nd-Fe-B PMs have a clear domination over
Sm—Co PMs by means of both value and weight shares. There are two different Sm—Co
alloys which are being used: SmCo; and SmyCoi7. These PMs possess good H., high
corrosion resistance and excellent thermal stability [8]. The (BH)m. of Sm-Co magnets
ranges between 120 and 260 kJ m? with the 7. of 720 °C, depending on the alloy
composition [9-12]. Whereas Nd-Fe-B PMs consist of Nd,Fe;sB grains (matrix phase),
surrounded by a Nd-rich grain boundary phase (GBP). The (BH) . of Nd-Fe-B PMs can
reach 450 kJ m* commercially with the 7. of 312 °C [13, 14]. Beside the much lower energy
density, Sm—Co PMs are much more expensive than the Nd-Fe-B PMs due to higher raw
materials and manufacturing costs [15]. Furthermore, the production process for Sm—Co
PMs is also more complex than that for Nd-Fe-B PMs. Additionally, Nd-Fe-B PMs can
offer the smallest magnet volume under the same magnetic strength, enabling the design
of the miniaturized devices, such as cameras, sensors and cell phones with high-energy
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efficiencies [16]. As a result, Nd-Fe-B PMs are the inevitable option, especially for light-
weight and high-performance applications.
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Figure 1.2: (a) Development of PMs over time with their maximum energy product,
(BH)mas [3, 4], (b) the world market share of PMs by weight (up) and by value (down) in
2016 [5].

1.2 Nd-Fe-B PMs and Their Applications

Currently, two types of the Nd—Fe-B PMs are commercially available, namely, sintered-
and bonded-magnets based on the manufacturing routes. The classic powder metallurgy
process for sintered-magnets and the rapid solidification process for bonded-magnets are
shown in Figure 1.3 [17]. Sintered magnets are prepared by pulverizing a master alloy
precursor (such as trademarked Neomax, NdisFerBs) produced by a strip casting method,
followed by hydrogen decrepitation (HD) and jet milling to form microcrystalline size
powders (typically 3-5 pm), continued by sintering the magnetically aligned powder into
dense blocks, which are subsequently heat treated, cut to shape, surface treated, and
magnetized. Bonded magnets are prepared by melt-spinning thin ribbons of the Nd-Fe-B
alloy. The ribbon contains randomly oriented Nd:FesB nano-scale grains. This ribbon is
then pulverized into particles, mixed with a polymer such as polyolefin, latex or rubber,
polypropylene (PP), polyethylene (PE), high density polyethylene (HDPE), polyamide,
nitrile rubber or other elastomers, etc., and either compression or injection molded into
bonded magnets. Although bonded magnets offer lower B, values compared to sintered
magnets due to the incorporation of non-magnetic polymers, they present several
advantages such as lower weight and higher corrosion resistance with more complex
geometries [18]. Nowadays, major applications for bonded Nd-Fe-B PMs are the spindle
motor (used in hard disk drive, HDDs, and optical disk drives, ODD), stepper motors (used
in printers, scanners, and similar equipment for very precise scanning and motion control
on various medical devices and test equipment) and servo motors (used for motion control,
particularly in application where precise position and speed control at high torque is
required, such as machine tools, robotics, or electrical power steering systems) [19]. In 2014,
the total production of the Nd-Fe-B PMs (sintered and bonded magnets) was estimated
to be 79.5 kt [4], indicating a much larger market demand for sintered magnets than bonded
ones (~10 kt, annually [17]). Thus, the main studies on manufacturing and recycling of the
Nd-Fe-B PMs are focused on sintered ones.
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Figure 1.3: Manufacturing routes for the Nd-Fe-B PMs [17].

Figure 1.4: Backscattered electron image of the typical microstructure of a sintered Nd—
Fe-B magnet [20].
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For the sintered Nd-Fe-B PMs, typically, three equilibrium phases are formed: the
hard magnetic matrix phase (Nd.Fe;sB, 2:14:1 phase), the minor boride phase (Nd;.Fe,B,
where z is ~0.1) and the Nd-rich GBP [21] (Figure 1.4). Although sintered Nd-Fe-B PMs
have a stronger magnetic strength due to the hard magnetic matrix phase, they are inferior
to Sm—Co PMs regarding the resistance to oxidation and the T.. Nd—Fe-B PMs start to
lose too much of their magnetic strength if the working temperature is above 80 °C while
they completely lose their magnetization at the working temperature above their 7. (310
°C) for standard Nd-Fe-B alloys. Based on these facts, additives such as Dy, Th, Gd, Nb,
Co, Cu and Al are used during the magnet manufacturing process to modify some of the
physical and magnetic properties to suit wide application needs. Small additions (1-8 wt.%)
of Dy, Th and Gd greatly enhance the magneto crystalline anisotropy and the H. of the
magnet by diffusing into the 2:14:1 phase, which dramatically increase the maximum
operating temperature, but they also decrease the B, and (BH).. due to the substitution
of Nd [22-25]. Additionally, it has been observed that the amorphous Nd thin layers at the
surface of the 2:14:1 grains are replaced by Dy, which plays an important role to improve
the H.in Nd-Fe-B PMs [26]. Nb is added for substitution of Fe to refine Nd.Fe,B grains,
resulting in a significant improvement of thermal stability and H, [27, 28]. Co is added to
increase the T. by substitution of Co for Fe [29-31]. Cu and Al are added to improve the
hot workability of the magnet alloy by forming Nd—Cu and Nd-Fe-Al eutectic alloys in
the GBP which are also beneficial for corrosion resistance [32-35].

Sintered Nd-Fe—-B PMs are widely used in many applications, such as industrial motors,
wind turbines,; sensors, magnetic resonance imaging (MRI), audios and hybrid/electric
vehicles (H/EVs) (Figure 1.5) due to their high energy density [36]. Among these
applications, production of HEVs and EVs is forecast to increase from 2.3 million units in
2016 to over 10.1 million units in 2026 [37], as nearly all major automotive manufacturers
have developed HEV and EV models. This production growth is likely to drive a greatly
increased demand for the sintered Nd-Fe-B PMs, because they are used in the powertrain
in HEVs and EVs as well as in numerous other smaller applications, such as windscreen
wiper motors and air conditioning systems, with up to 2.5 kg of the sintered Nd-Fe-B PMs
being used in the powertrain of current models [38]. Additionally, in 2016, wind turbines
were the second largest end-use applications for sintered Nd-Fe-B PMs behind consumer
electronics, consuming around 8000 t of the sintered Nd-Fe-B PMs [38]. Global wind
capacity is growing rapidly, with the Global Wind Energy Council (GWEC) forecasting
cumulative capacity to grow by 8.8-10.6% per year through to 2022, reaching 840 GW
[39]. Though figures vary by manufacturer and product, the direct-drive permanent magnet
generator (DDPMG) design for wind turbines typically requires the largest volumes of the
sintered Nd-Fe-B PMs at 500-700 kg/MW of installed capacity. Hybrid designs use much
smaller amounts of the sintered Nd-Fe-B PMs, typically between 100 and 200 kg/MW of
the installed capacity. Newer DDPMG technologies have become commercially available
for large-size turbines, used mainly in offshore wind farms, which is expected to increase
the volume of the sintered Nd—Fe-B PMs consumed per unit. It has been estimated that
the sintered Nd-Fe-B PM consumption in the next 20 years will be driven by hybrid and
electric vehicles and wind turbines, though the use of these magnets in other applications
will support further demand growth [40].
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Figure 1.5: Shares of different applications in the global sintered Nd—Fe-B PM market in
the year 2012 [36].

1.3 Recycling of the Sintered Nd—Fe-B PMs

Although, the chemical composition of the sintered Nd-Fe—-B PMs varies from different
applications. Generally, the sintered Nd-Fe-B PMs incorporate 20-30 wt.% of the rare-
earth elements (REEs) that include mainly Nd with a small addition of Dy and/or Tb,
they represent an important secondary REE resource [16]. Because primary mining of the
REEs leads to a large environmental footprint associated with chemical usage and harmful
emissions [41] and the REEs are considered the most critical based on their economic
importance and supply risk [38]. Yet, despite their criticality, less than 1% of REEs are
being recycled from End-of-Life (EoL) products, with the REE-containing PMs
representing the largest share of these products [42]. Additionally, stricter laws, published
on June 2018 by European Commission (EC), will mean that 70% of ferrous metals will
have to be recycled by 2025 and, very importantly, producers will be responsible for their
EoL products [43]. Therefore, the recycling of Nd-Fe-B PMs, especially sintered magnets,
from the EoL products is now categorized as a “key enabling technology” [44, 45] with the
prospect of positioning REEs within the circular economy.
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Figure 1.6: Estimation of (a) the theoretical and (b) realistic return flows by application
in tons of the sintered Nd-Fe-B PMs and overall recycling rate [46].

The recycling chain of the sintered Nd—Fe—-B magnets consists of the following steps:
EoL products collection, magnet extraction, and recycling of the extracted magnets [47]. Tt
should be noted that the term of “magnet scraps” is mixed in use for different magnet
sources in the literature. In this thesis, the extracted Nd-Fe-B magnets from the EolL
products are named as “EoL Nd-Fe-B magnet scraps”. As the off-quality Nd-Fe-B
magnets are inevitably generated in the manufacturing process, they are also called as
“magnet scraps” in the literature [48, 49]. Here, the term “Nd-Fe-B magnet scraps” covers
both the EolL Nd-Fe—B magnet scraps and the off-quality Nd—Fe—-B magnets. Additionally,
the wet Nd-Fe-B magnet sludge (a mixture of oil, machining chips, and other solid residue
[50]) generated during the manufacturing process of cutting and polishing is termed as
“Nd-Fe-B magnet swarf”. Theoretically, the annual recycling potential of sintered Nd—Fe—
B PMs increases slightly from 2018-2028 (Figure 1.6a) in the European Union (EU) [46].
From 2028 on, however, a sharp increase is expected due to the anticipated market
penetration of H/EVs and e-bikes, with the share of wind turbines also expected to increase
significantly from 2030 [46]. The total recycling potential for the EoL-sintered Nd-Fe-B
PMs in the period 2018-2040 is estimated at 233 kt, corresponding to 66.6 kt of Nd and
7.9 kt Dy [46]. However, due to the fact that the extraction of magnets from the EoL
products is not economic in most cases, the realistic recycling potential is predicted to be
on a much lower level (Figure 1.6b) compared to the theoretical one. The annual recycling
rate is predicted to increase from 1% to 21% of the theoretical potential from 2018-2040,
with the overall recycling potential of about 25.7 kt of the sintered Nd-Fe-B PMs,
corresponding to 7.1 kt Nd and 1.1 kt Dy. It must be noted that economic feasibility of
the magnet extraction depends on the market prices for the Nd-Fe-B magnet scraps, which
are strongly connected to the REE prices, and the extraction costs. Currently, in the EU,
approximately 150 t of sintered Nd-Fe-B magnet scraps are collected and exported
annually to China and Japan for metallurgical recycling, whereof about 40% originate from
magnet production [40]. Whereas the production of the sintered Nd-Fe-B magnet scrap
has been relatively constant in recent years [40]. Additionally, a large amount of the Nd—
Fe-B magnet swarf that accounts for up to 30% of the total production is inevitably
generated [51], which is, potentially, to be recycled. It has been estimated that a normal
primary supply is unable to meet the forecast demand of Nd and Dy in their modelled
demand scenarios by 2050. Although recycling is unlikely to close the wide gap between
future demand and supply by 2050, in the long term, secondary supply from recycling can
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meet almost 50% of the demand, i.e., by 2100 [52]. Nevertheless, high recycling potential
of the sintered Nd—Fe-B magnet scraps and Nd-Fe-B magnet swarf proposes a strong
demand for developing cost-effective and environmentally friendly recycling approaches in
the upcoming years.

Table 1.1: Applications of the sintered Nd-Fe-B PMs and their average lifetime [46, 53,
54].

Application Average magnet content Estimated lifetime

Electric Vehicles 2500 g 15 years
Hybrid Electric Vehicles 1500 g 15 years
Auxiliary Vehicle Motors 175 g 15 years
Electric Bikes 270 g 15 years
Industrial Motors -- 15 years
Wind Turbines, Direct drive 650 kg/MW >20 years
Wind Turbines, Hybrid drive 160 kg/MW >20 years
Magnetic Resonance Imaging 251 10 years
Hard Disk Drives 5.67 g 10 years

Audio Devices - 5-10 years

Table 1.2: Comparison of the theoretical potential and realistic returns of the sintered
Nd-Fe-B PMs in tons accumulated from 2018 up to 2040 within the EU [46].

Application Theoretical potential Estimated realistic
returns [t Nd-Fe-B] returns [t Nd-Fe-B]
Electric Vehicles 36336 7097 (28%)
Hybrid Electric Vehicles 49320 9140 (36%)
Auxiliary Vehicle Motors 60861 0 (0%)
Electric Bikes 23832 292 (1%)
Industrial Motors 10575 232 (1%)
Wind Turbines, Direct drive 5776 4678 (18%)
Wind Turbines, Hybrid drive 3066 2483 (10%)
Magnetic Resonance Imaging 31585 1579 (6%)
Hard Disk Drives 8704 174 (1%)
Audio Devices 2836 0 (0%)
Total 232801 2567 (100%)

Currently, the necessary recycling technology is not available at an industrial scale in
Europe. It is simply cheaper to buy REE master alloys or newly manufactured magnets
originated from primary resources than to reprocess the complex material from recycled
resources [55, 56]. One of the main challenges for recycling of the sintered Nd-Fe-B PMs
is the magnets extraction from the waste and EoL products, on which an emphasis should
be laid in the future research and development. It should be noted that the sintered Nd-—
Fe-B PMs from mobility applications and wind turbines are more easily dismantled and
physically concentrated due to their large contents (Table 1.1) and dominance in recycling
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share in the upcoming future (Table 1.2), and even reuse of these large magnets is possible
after refurbishing. For the recycling of the sintered Nd-Fe-B magnet scraps, diverse
approaches are currently under development in Europe, which can be classified into: i)
direct re-use, ii) alloys recovery, and iii) REEs recovery based on the form of the end-
products.

1.3.1 Direct Re-Use Methods

The sintered Nd—Fe-B PMs are multi-phase materials: they have RE-rich GBP, which
contain the vast majority of the oxygen (typically 300-400 ppm [47]), and represent about
10-12% of the magnet, while the Nd,Fe,B matrix phase, which is practically oxygen-free,
is 85-87% of the magnet [57]. Thus, a direct re-use of the magnets as a whole is currently
regarded as the best route both ecologically and economically due to the minimum energy
consumption in a very short loop without waste generation. This magnet-to-magnet route
ends up with new magnets as the final products and is applicable only if the Nd-Fe-B
magnet scraps are not highly contaminated and oxidized/corroded [58]. At present, large
quantities of such magnets are not available practically, but the situation may possibly
change from 2025 on according to Figure 1.6b where the recycling potential for wind
turbines and H/EVs starts to increase.

(a) Re-sintering (b) HDDR

Hydrogen Decrepitation ‘ Hydrogen Decrepitation

Yy v

Jet milling
Aligning + Pressing E E
Bl
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HDDR Processing

Powder

s de o

Sintering magnets | Bonded/fully dense magnets

Figure 1.7: Recycling routes for the Nd-Fe-B PMs by (a) Re-sintering and (b) HDDR (the
used images are rearranged based on [17]).

The direct re-use methods, including re-sintering (Figure 1.7a) and hydrogenation
disproportionation desorption and recombination (HDDR, Figure 1.7b) are being
developed. Generally, the Nd-Fe-B magnet scraps are pre-treated by HD process where
hydrogen is absorbed into the magnet material and reacts with the intergranular GBP and
Nd,FeisB matrix phase, resulting in their hydrogenation and consequent material
pulverization due to the different volume expansions of the two phases [59]. The resulting
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powder can be further processed via the same route for the production of a new magnet.
It must be mentioned that HD process transforms the as-extracted magnets into an almost
fully demagnetized powder for an easy separation of the magnetic fraction from the rest of
the materials (corrosion protection layers or, depending on the device, the assembly where
the magnet was fixed into) [60]. Taking into account the challenges in dismantling of the
EoL. products, HD provides an energy-efficient way to dismantle, demagnetize, and
pulverize the magnets in one processing step.

However, the Eol. Nd-Fe-B magnet scraps have a higher oxygen content (typically
2000-5000 ppm) compared to the virgin magnets (typically 300-400 ppm) [47]. This
additional oxygen mainly takes place at the REE-rich, e.g., Nd-rich, GBP [61], because
metallic REEs are preferentially oxidized to form rare-earth oxides (REOs) when exposed
to air. Direct re-use methods recycle the EoLL Nd-Fe-B magnet scraps without separation
of REOs that causes problems. Due to the much higher melting temperature of these oxides
compared to that of eutectic phase, e.g., metallic Nd-rich phase, they do not melt on re-
sintering of the magnet scraps, resulting in reprocessed magnets lacking full density and
exhibiting poor magnetic properties [62]. E. Herraiz et al. [63] recycled Nd-Fe-B magnet
scraps from voice coil motors (VCM) using the HD processing and re-sintering route. The
hydrogenated Nd-Fe-B powder was milled and re-sintered into new magnets at 1060 °C
in the vacuum. However, the re-sintered Nd-Fe—-B magnets showed a decrease in density,
B,, H. and (BH)uw, in comparison to the starting material. The decrease in magnetic
properties has been reported to be due to a loss of Nd-rich GBP as a result of oxidation.
Alexandru Lixandru et al. [64] systematically investigated HDDR processing conditions for
the recycling of the sintered Nd-Fe-B magnet scraps. The oxygen concentration was
registered between 0.25 and 0.45 wt.% after the HDDR process, which was higher than
that of the initial scrap between 0.09 and 0.26 wt.%. Furthermore, comparing the starting
scrap magnets with the recycled magnets, recovery rates of ~90% in B, and less than 80%
of H, recovery rate were achieved in the recycled HDDR magnets after the optimization of
the HDDR process.

Due to the loss in the metallic REE and the increase of oxide phases in the GBP,
powder blending of extra RE materials into the HD powder is a common technique to
compensate for the existing REEs tied up with oxygen. Oliver Diehl et al. [65] added 2
wt.% NdH; to the recycled powder, inducing an increase in H. of the recycled magnet of
9%, while remaining the same B, as the starting scrap magnets. M. Zakotnik [66] used the
GB modification technique by adding extra Dy in the range of 0.2-1.3 at.% resulting in an
~80% increase in H. and ~6% decrease in B, over starting material. It is clear that a higher
oxygen level in the as-recycled magnet requires higher fresh REE consumption which then
represents only a partial circular economy for the magnets. Furthermore, with the repeated
recycling by direct re-use methods, the total volume of the non-ferromagnetic phases
increases due to the addition of RE hydrides, which then reduces the saturation
magnetization and therefore the B, of the sintered Nd-Fe-B magnets. As a result, the
sintered Nd—Fe-B magnets produced from the repeated recycling of materials by direct re-
use methods tend to have poorer magnetic properties as the number of cycles increases.

1.3.2 RE Alloys Recovery

For recovering RE alloys from the sintered Nd-Fe-B magnet scraps, several processes
are under investigation, such as re-melting-melt spinning, electro-slag refining and liquid
metal extraction. These processes operate at 750-950 °C with the end-products of either
the Nd—Fe-B master alloys that are ready for new magnets making, or transition metal
(TM)-free RE alloys. They are applicable to almost all types of compositions but relative
clean pieces.
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Figure 1.8: Recycling routes for the sintered Nd—-Fe-B magnet scraps by (a) Re-melting-
melt spinning, (b) Electro-slag refining, and (c) Liquid-metal extraction (the used images
are rearranged based on [17] and Google search).

1.3.2.1 Re-Melting-Melt Spinning

Recycling sintered Nd-Fe-B magnet scraps by the re-melting-melt spinning route (Figure
1.8a) have the advantage of removing the oxides in the magnets. Generally, the magnet
scraps are inductively melted and subsequently cast (melt spun) onto a water-cooled copper
wheel with a high rotation speed (e.g., 30-40 m s') [67]. The melt is rapidly solidified in
the shape of flakes with cooling rates of up to 10° K s! during which a very fine structure
(nanocrystalline or amorphous) is formed with typical grain sizes of 5-50 nm [68]. A
compositional as well as microstructural optimization of the resulting flakes can be realized
with the reduced oxygen content due to slag formation during melting [69, 70]. However,
this energy-intensive process causes the loss of a significant amount of the REEs (around
20-30%) due to the strong affinity for oxide slags [65, 71].

1.3.2.2  Electro-Slag Refining

The electro-slag refining process (Figure 1.8b) utilises molten fluoride to extract and to
separate REOs which become harmful for recycling when magnets are reproduced from
EoL magnet scraps. In this process, molten fluorides like LiF-NdF; and LiF-DyF; are used
as a flux and the REOs present in the Nd—Fe-B magnet scraps are extracted because the
REOs dissolve in the molten fluoride flux to form REE oxyfluoride [72] which floats above
the liquid alloys. Alloys that are refined by removing oxides have the oxygen content
sharply reduced from 5000 ppm to less than 200 ppm by weight and are sufficiently low as
the master alloy for magnets. This process is relatively simple and energy-saving to
regenerate magnet alloys without oxidation, especially viable for large and clean sintered
Nd-Fe-B magnet scraps, such as the broken magnets from manufacturing. However, it is
not applicable to the magnet swarf with fine granules and high level of contaminations
[49].
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1.3.2.3 Liquid-Metal Extraction

The liquid-metal extraction (Figure 1.8c) is similar in principle to conventional low-
temperature liquid-liquid solvent extraction. Liquid metals are used which can selectively
dissolve the RE alloy and distribute RE metals and TMs between two immiscible liquid-
metal phases. Several liquid systems including Mg-Nd and Ag—Nd were studied. In the
Mg-Nd system, the high affinity of Nd for Mg causes Nd to rapidly diffuse out of the solid
magnet scraps into the liquid Mg (melting point: 649 °C) [73]. Nd is soluble in liquid Mg
up to 65 at.% at 800 °C [74], whereas Fe is essentially insoluble (less than 0.035 at.% at
800 °C) in molten Mg [75]. However, the theoretical extraction limit of Nd for the Mg-Nd
system is 24-25 at.% [76]. The liquid Mg-Nd alloy can be separated from the Fe-B
particles. Due to high vapor pressure of Mg (0.73 atm at 1300 K) and the very low vapor
pressure of Nd (less than 10° atm at 1300 K) [77], Nd metal can be recovered from the
alloy by vacuum distillation of Mg. The advantage of the Mg—Nd system is that Nd metal
with up to 97.7% purity could be recovered directly from magnet scraps and the liquid-
metal solvent can be recycled and the waste streams are kept to a minimum. However, this
process is relatively slow (24-72 h) with high-energy costs during metal extraction and the
Mg distillation steps. Furthermore, it cannot be applied to (partly) oxidized magnet scraps.
Ag—-Nd system was developed for the direct extraction of Nd from the sintered Nd-Fe-B
magnet scraps, because Ag (melting point 962 °C) dissolves Nd, but not Fe or B. Nd can
be separated from the liquid alloy by oxidation of Nd to Nd.Os;, which is insoluble in molten
Ag [78]. Although Ag is more expensive than Mg, using Ag seems to be an interesting
option for an industrial liquid-metal leaching process, because of the easy recyclability and
re-use of the Ag metal. The extraction limit of Nd for the Ag—Nd system can reach 55
at.%. As the end product is a REO, the advantage of Ag-Nd system should be weighed,
compared to the Mg—Nd system where a RE metal is finally obtained.

1.3.3 REEs Recovery

For the recovery of the REEs as raw materials, various approaches have been developed
in recent years, which can be classified into glass-slag extraction, gas-phase extraction, and
hydrometallurgical methods. The end-products are either RE halides (RE fluorides, REF;
or RE chlorides, RECl;) or REOs. These methods are applicable to both slightly and
heavily oxidized magnet material with varied compositions.

1.3.3.1 Glass-Slag Extraction

The glass-slag extraction (Figure 1.9a) utilizes a molten flux to selectively extract REEs
from the sintered Nd—Fe-B magnet scraps into a slag phase which can supercool to a glass.
In this process, molten B,O; (1377 °C) is applied both as the oxidizing agent and the
extraction medium in an Ar atmosphere. RE metals are selectively oxidised to REOs,
leaving behind a-Fe and Fe;B phases with the REEs (Nd, Dy and Pr) content of less than
0.01 wt.% [79]. The REEs are separated and concentrated through the formation of REOs-
B»0O;3 melt, which contains 50 wt.% REOs and B,O; melt (immiscibility gap). The REEs
can be recovered from the glass slag by dissolving the glass slag in sulfuric acid (H»SO4),
followed by selective precipitation of the REEs as sulfate double salts or hydroxides [80].
The REOs-B20O; could also be leached with hydrochloric acid (HCI) and precipitated as
REE oxalates. Although this method is suitable for the large-scale treatment of magnet
scraps, it is energy-intensive and generates a lot of inorganic waste.

Bian et al. [81] improved this method by using FeO-B,O; fluxes to increase the
selectivity of Nd oxidation and separation of REEs from Fe. The FeO is selectively reduced
to metal by the metallic Nd in molten flux due to its larger chemical potential compared
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to B20Os at the temperature of 1400-1550 K. The increasing temperature and prolonging
holding time help the reduction of B:O; contents in the oxide phase. However, the B was
distributed in both oxide and metal phases that consequently formed REBO; in the oxide
phase, which reduces the purity of the REOs. The extraction ratios of all REEs were more
than 99.5 wt.%, and the purity of the REOs reached 98.4% when using 2FeO-B,0; flux.

(a) Glass-slag extraction (b) Gas-phase extraction
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Figure 1.9: Recycling routes for the sintered Nd-Fe-B magnet scraps by (a) Re-sintering
and (b) HDDR (the used images are rearranged based on Google search).

1.3.3.2 Gas-Phase Extraction

Gas-phase extraction (Figure 1.9b) is based on chemical vapor transport reactions that
transform all the metals and oxides in the magnet scraps into volatile chlorides which can
be separated based on differences in volatility. It is known that the RECIl; form volatile
chlorides with alkali metal chlorides (e.g., KRECL) and with aluminium chloride
(REALCls;s.(g) with n = 1-4) [82], leading to a huge increase in vapor pressure. Therefore,
a stream of Cl; (chlorinating gas) in N (carrier gas) with AlCls(g) is sent over the magnet
scraps to completely chlorinate the oxides and metals to the corresponding volatile
chlorides. The resulting gas-phase species are transported with the carrier gas to a tubular
furnace with a temperature gradient where the metal chlorides are deposited and
decomposed in the anhydrous metal chloride and AICl; at different places in the reactor
tube. The anhydrous RECI; are selectively concentrated at the temperature zone of 800—
900 °C due to the lowest volatility. The Co and Ni chlorides are condensed at the
temperature zone of 500-700 °C while the other TMs such as Fe, Cu, Al, etc. deposit at
the last temperature zone of < 350 °C of the furnace. Obviously, gas-phase chlorination
requires relatively high temperatures and long reaction times. The RECI; have very similar
volatilities, so mutual separation is not expected in the sublimation processes.

Due to the complete chlorination, more than 80% of Cl, gas is consumed for unwanted
elements like Fe. Additionally, the AlCI; can be highly corrosive which hydrolyzes to form
hydrogen chloride (HCI) gas, even with a minor amount of moisture. Therefore, selective
chlorination of the magnet scraps was investigated. Selective chlorination in molten FeCl,
bath combined with activated carbon addition via distillation was proposed by Uda et al.
[83, 84]. Molten FeCl; acts as the reaction medium while carbon is added to convert NdOCI
to NdCls. The RECI; are separated from the rest by vacuum distillation with REE yields
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of ~76%. Shirayama et al. [85] utilised molten MgCl, to selectively convert REEs in the
sintered Nd-Fe-B magnet scraps to RECls, leaving solid Fe-B alloy and impurity elements
behind. Approximately 80% of Nd and Dy could be efficiently extracted as chloride
following 12 h of reaction. Itoh et al. used NH4Cl as the chlorination agent which easily
chlorinated Nd and Nd»Os to form NdCl;. Although Both o-Fe and Fe,Os; were also
chlorinated to generate FeCl,, but with conversion rates of around 30 and 90%,
respectively. The resultant RECl; with up to 90% yields could be consequently recovered
by leaching the reacted solids with water.

1.3.3.3 Hydrometallurgical Methods

Recycling of the REE-based PMs is, traditionally, via hydrometallurgy where the whole
magnet scraps are completely/partly dissolved in strong mineral acids, e.g., H,SO, and
HCl, and the REEs are selectively precipitated as sulfate double salts, e.g., (Nd,
Na)(SO4)2zH,0, oxalates or fluorides. Hydrometallurgical methods are applicable to both
slightly and heavily oxidized magnet material with varied compositions. As the
hydrometallurgical recycling of the sintered Nd—Fe-B magnet scraps is quite similar to the
existing hydrometallurgical processing of ores for the REEs, the REE-rich leaching
solutions can be injected into an existing REE separation plant after the removal of non-
REEs [71]. The separated REOs or REF; by hydrometallurgical methods can be used in
all REE-related applications apart from PMs.

Acid leaching is the most important step as it determines the extraction efficiency of
valuable metals and their concentrations in the leachate as well as the selectivity against
contaminants such as Fe that needs to be minimized during the REEs precipitation. Up to
date, two different leaching routes are established: a complete leaching route and a selective
leaching route.

Complete leaching. Complete leaching of the sintered Nd-Fe-B magnet scraps is
conventionally realized in concentrated HCI, H,SO4 or HNO; solutions. The choice of acid
mostly depends on the subsequent separation process: HoSO, for selective precipitation and
HCI for solvent extraction [86]. The usage of HNOs is normally avoided because it produces
nitrated wastewater. H,SOy solution (Figure 1.10a) is used to leach the sintered Nd-Fe-B
magnet scraps due to the formation of REE sulfate followed by selectively precipitating
neodymium-sodium sulfate double salt which could be converted into a variety of useful
products, like REF; [87-89]. For treating 1 kg of the sintered Nd-Fe-B magnet scraps, 10
L of a 2 mol L' H,SO, solution is required (solid-to-liquid (S:L) ratio of 10% w/v) which
completely dissolves the magnet scraps and keeps the pH low enough to prevent
precipitation of Fe(OH)s;. The pH is then raised to ~1.0 by NaOH, KOH or NH,OH, at
which a neodymium-(sodium or ammonium) sulfate double salt, Nd2(SO.4)s:M2SO,-2H,0 or
(Nd, M)(SO4)2-2H.0 (M = Na, K, NHy) is formed. Fe remains in solution as long as the
pH does not exceed 2.0. The RE sulfate double salt can be converted to either NdF; by
leaching in hydrofluoric acid (HF) solution or Nd oxalate by adding an aqueous oxalic acid
solution. The other REEs like Dy, Pr and Tb present in the scrap can also be recovered as
the RE sulfate double salt and be converted into the REF; or RE oxalate. RE oxalate can
then be calcined to form REOs. Both the REF; and REOs can be reduced to the
corresponding RE metal (e.g., molten salt electrolysis [90]). After removal of the RE sulfate
double salts, oxygen gas is bubbled or H»O, solution is added to fully oxidize Fe*" to Fe*"
that precipitates as yellow jarosite, NaFes;(SO4)2(OH)s, which is easier to filter than
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Figure 1.10: Recycling routes for the sintered Nd-Fe-B magnet scraps by hydrometallurgy
using (a) HoSO, and (b) HCI acid solution.

3-6 mol L' HCI solution (Figure 1.10b) with the S:L ratio of 10% w/v has been applied to
completely dissolve sintered Nd-Fe-B magnet scraps [86, 91]. However, Fe leaches into the
solution as Fe?", which is a stable species until a pH of 6.0 and cannot be selectively
precipitated [44, 86]. Because REEs are traditionally precipitated as REE oxalates using
oxalic acid, whereas iron(II) oxalates are highly insoluble [92]. On the other hand, Fe*"
undergoes hydrolysis and can be precipitated at a pH of 2.0 where the REEs remain as
stable species in solution [93]. Therefore, the oxidation of Fe** to Fe*" is required, generally
by adding H.O, solution as an oxidizer [91], as air oxidation of Fe*" is kinetically sluggish
below pH 7.0 [94]. After oxidation, the separation of Fe from other elements as precipitates
(a- or/and B-FeO(OH)) can be achieved at pH 2.0-4.0 [92, 95]. The resulting solution after
Fe removal is reacted with oxalic acid to form a precipitate that contains the REEs. The
calcined precipitate forms REOs, which can then be returned to the initial manufacturing
process for the Nd—Fe—B magnets or to any other RE-related applications.

Alternatively, the pre-treatment of the magnet scraps can be applied by an oxidative
roasting at 500 to 950 °C to transform all Fe into Fe,Os, which would favor the Fe removal
step after complete leaching process. It was found that the dissolution of Nd,O; and Fe,O;
(oxidative roasting at 500 °C) was much faster than direct leaching of the magnet using 2
mol L' HySO, solution [96]. However, it was also reported that a RE-Fe complex oxide,
NdFeOs;, formed at high temperatures for a certain duration is more acid-resistant than
the respective simple oxides (Nd»Os; and Fe;Os), suppressing the Nd extraction [97, 98].
Therefore, a prolonged leaching duration at elevated temperatures is required for the
complete dissolution of this complex oxide with sufficient acid addition [99].

It has to be noted that unlike the fluoride precipitation for the REEs separation in the
conventional hydrometallurgical process where NdFj; is readily gelatinous and is, therefore,
difficult to separate from solution by filtration [49]. The NdF; obtained from RE sulfate
double salt is easy to filter which shows a significant advantage. Additionally, the solubility
of RE sulfate double salts decreases with increasing temperatures which can be used for
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high REEs recovery [100]. Because of this, the RE sulfate double salts are generally used
for precipitation and storage of the REEs in the current industry [49].

Based on the whole recycling routes of hydrometallurgy, for the complete dissolution of
1000 kg of the sintered Nd—Fe-B magnet scraps, the required amount of H.SO, is 2172 kg
from which 272 kg is for Nd and 1900 kg is for Fe. Likewise, the required amount of HCI
is 1622 kg, from which 202 kg is for Nd and 1420 kg is for Fe. Moreover, the consumption
of base for Fe removal and effluent neutralization is correspondingly 1600 kg of NaOH or
1100 kg of CaO [101]. Additionally, due to the adverse impact of mineral acids on the
environment, organic acids, e.g., acetic acid, citric acid et al., are also used and proved to
be efficient for leaching Fe and Nd from ground scrap magnets [102, 103]. Organic acids
are more easily degradable and less hazardous, compared to mineral acids, although longer
leaching duration and higher working temperature are required.
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Figure 1.11: Potential-pH diagram of the Fe-H,O and Nd-H,O systems, where a(M"") is
the activity of M"" ion, (M = Fe and Nd) [101].

Selective leaching. Because the sintered Nd-Fe—B magnets consist of more than 60 wt.%
of Fe which consumes the majority of the acid and alkali. A selective leaching of the REEs
from the sintered Nd-Fe-B magnet scraps with reduced chemical usage is practically
demanded. The basic principle of the selective leaching relies on the pH-dependent
dissolution of the calcined material, which is called potential-pH diagram [101] shown in
Figure 1.11. The stability region of Fe,O; and Nd*" at the pH 1.0-7.0 can be used,
theoretically, to dissolve Nd*' leaving Fe in the residue as Fe,O;. Koyama and Tanaka
[104] reported that selective leaching was realized by using 0.02 mol L' HCI in an autoclave
at 180 °C for 2 h after oxidatively roasting the magnet scrap at 900 °C for 6 h. More than
99% of REE recovery has been achieved with less than 5% of Fe extraction. On the
contrary, more than 50% of Fe was leached without roasting, although more than 99% of
the REEs were extracted. Selective leaching on roasted magnets at a lower temperature is
also possible by increasing the initial acid concentration with prolonged etching duration
(Table 1.3).
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Table 1.3: Percentages of Nd, Dy, and Fe leached from the sintered Nd-Fe-B magnets
after oxidative roasting [104].

HCIl / mol L* Nd / % Dy / % Fe / %
0.001 15.8 13.1 1.2
0.01 96.4 96.1 14.0

0.1 > 99 > 99 > 99

Leaching was done at 60 °C for 24 h.

Solvent extraction. After the acid leaching step, precipitation of the REEs is the easiest
route to recover dissolved REEs. However, due to the similar chemical behavior of the
REESs, the precipitates are separated as mixed REE compounds that have low commercial
value [105, 106]. Therefore, individual separation of the REEs is desirable. Solvent
extraction allows for excellent intragroup separation of the REEs, which is promising for
large-scale industrial applications [107]. It is based on the formation of complexes between
ligand molecules soluble in an organic phase and ions present in an aqueous phase and the
transfer of these complexes to the immiscible organic phase. Individual separation is
possible due to the decrease in ionic radii along with the lanthanide series, also known as
lanthanide contraction. Heavier elements create stronger complexes than the lighter ones,
facilitating their separation [53]. It must be noted that the separation of individual REEs
requires a large number of separation stages to achieve very high purity, and thus is
economically challenging. REEs recovery via solvent extraction can be done with leachates
obtained after the total dissolution of magnets (Fe is present in the solution along with the
REEs) and after selective leaching (no Fe is present in the aqueous phase). Typically,
solvent extraction is followed by precipitation to recover the product(s) in solid form.

The most common ligands for industrial solvent extraction of the REEs are commercial
organophosphorus compounds, such as the bis-(2-ethylhexyl)-phosphoric acid (D2EHPA).
Before using D2EHPA for solvent extraction, Fe removal from the leachates is required. It
has been reported that D2EHPA was used on a H.SOu-leachate containing Nd, Dy, Pr, Gd,
Co and B with an initial pH of 5.2 [108]. Extraction equilibrium with 0.6 mol L' D2EHPA
was reached within 5 min in cyclohexanone and 1-octanol. Equilibrium was achieved within
3 min using aliphatic diluents, hexane, octane, and kerosene which were most suitable for
the REE separation. The REEs were completely extracted as a group using 0.9 mol L™ or
1.2 mol L' D2EHPA in either octane or hexane without B or Co extraction. The separation
of heavy REEs from the light REEs was achieved using 0.3 mol L' D2EHPA in hexane,
without measurable B or Co extraction. The complete stripping of the REEs from the
loaded organic phases was possible by using > 2 mol L' HCI solutions. Partially saponified
2-ethylhexyl-2-ethylhexyl-phosphonic acid (PC-88A) was used to separate REEs from the
magnet chloride leachate after removal of Fe and Co with NaOH and NaHS, respectively
[109]. Separation of the light REEs from heavy REEs was successfully realized with 1 mol
L' PC-88A in kerosene, although no separation of Pr from Nd and of Dy from Tb,
respectively, was carried out. Extraction of the REEs from magnet-scrap sulfate leachates
with PC-88A was also reported [110]. A comparative study [111] of PC-88A and D2EHPA
for the REEs recovery concluded that either extractant dissolved in kerosene is feasible to
recover the REEs with high efficiencies. Mineral acids can be used to strip the metals from
the loaded organic phase with the order of stripping efficiency being hydrochloric > nitric
> sulfuric for D2EHPA and nitric > sulfuric > hydrochloric for PC-88A. Other extractants
that have attracted a lot of interest for separation of the REEs are
Tricaprylmethylammonium nitrate ([A336][NOs|) [112, 113], bis(2,4,4-trimethylpentyl)
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phosphinic acid (Cyanex 272) [114], Tri-octyl-phosphine oxide (Cyanex 921) [115] and Tri-
iso-octyl-amine (Alamine 308) [116]. The combination of two extractants or one extractant
with one ionic liquid (IL) generally gives a better synergy [117].

The magnet leachates without Fe removal were also investigated by solvent extraction.
Tetraoctyl diglycol amide (TODGA) showed high selectivity for the REEs over Fe in
nitrate media using the aliphatic diluents [118]. The impurity elements generally did not
exceed distribution ratios of > 0.1 with very efficient stripping of the REEs (>96%) by
using water. David Dupont and Koen Binnemans used the carboxyl-functionalised IL,
betainium bis(trifluoromethylsulfonyl)imide ([Hbet][TfN]) to leach the roasted magnet and
simultaneously separate REEs from other elements [119]. [Hbet)[Tf:N]-HO system is a
special thermomorphic leaching system that homogeneously leaches roasted magnet at 80
°C while selectively extracts Fe®" in the IL phase (organic phase) at room temperature. The
REEs were stripped out by adding oxalic acid with a purity above 99.9 wt.%. The
[Hbet][Tf,N] was regenerated by stripping Fe using oxalic acid. A similar study using
Trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101) to extract Fe in the organic
phase while leaving REESs in the aqueous phase is also reported [120]. The separation factor
for Nd/Fe was 5.0 x 10° in a 9 mol L' HCI solution by forming stable anionic chloro
complexes. For separation of the REEs by ILs, the focus is on the use of hydrophobic ILs
with nonfluorinated anions (chloride or nitrate). By increasing the alkyl chain lengths on
the cation, the ILs can be made hydrophobic (immiscible with water) without the need of
using hydrophobic fluorinated anions. The separation of the REEs is realized by re-
distributing the REEs and TMs into two immiscible phases. The stripped REEs can be
further separated individually using D2EHPA or PC-88A.

1.3.4 Electrochemical Recycling Processes

Electrochemistry is an integral part of recycling metals and is often used to recover metals.
Electrochemical processes transport electrons from the anode (oxidation reactions) to the
cathode (reduction reactions) by applying voltage between the two/three electrodes.
Therefore, recycling of the sintered Nd-Fe-B magnet scraps through etching or even
complete leaching could be done via oxidation reactions on the anode, while on the cathode,
metals or alloys are deposited simultaneously.

1.3.4.1  Electrochemical Recovery of the RE Metals/Alloys in Molten Salts

Due to the variation of the electrochemical potential of Nd (-2.32 V ws. standard hydrogen
electrode, SHE), Fe (-0.447 V vs. SHE) and B (-0.89 V vs. SHE) [121], the REEs can be,
theoretically, leached away selectively through electrochemical anodization by controlling
the potential and maintaining it in the region between dissolution of the REEs and the
region in which metallic Fe, B, and other elements are stable or immune.

Y. Kamimoto et al. [122] investigated the electrochemical leaching behaviors of various
elements of the sintered Nd-Fe-B magnet scraps in 59 mol% LiCl + 41 mol% KCI molten
bath at 723 K (Figure 1.12a). The use of potentiostatic electrolysis enabled selective
leaching of the REEs from the magnet in the potential range from —1.8 to 0.8 V (ws.
Ag/AgCl). Control of the oxidation potential enabled control of the oxidation stage during
potentiostatic electrolysis. In the first stage, the REEs were leached from the GBP of the
magnets. In the second stage, the REEs were leached from the interior of the Nd.FeiuB
matrix phase. Although the estimated leaching ratio of the REEs was approximately 90%
at —1.0 V, the leaching ratio of Fe and the cathodic deposit, as well as the energy
consumption, were not specified.
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Figure 1.12: Schematic drawing of (a) selective leaching of the REEs using a sintered Nd-
Fe-B magnet scrap as the anode in molten salts [122] and (b) the process for separation
and recovery of the REEs using a bipolar electrode [123].

T. Oishi [123] proposed a new process based on an alloy diaphragm in a molten salt. A
RE-TM alloy is used as the diaphragm, which functions as a bipolar electrode and enables
selective “permeation” of the REE ions (RE*") (Figure 1.12b). The RE metals or alloys are
recovered via the following steps: (i) a REE-containing material like the sintered Nd-Fe—
B magnet scrap is used as the anode and the RE metals are selectively dissolved into the
melt as ions, (ii) the dissolved RE*" are reduced on the anode side surface of the diaphragm
and the REE atoms diffuse through the diaphragm, (iii) the REE atoms are dissolved from
the cathode side surface of the diaphragm as ions, and (iv) REE is finally recovered as a
metal or an alloy on the cathode by reduction of the dissolved RE*". The RE*" remaining
in the anode room can be collected by electrolysis using another cathode in the anode room.
Almost all impurities remain in the anode room as residue or anode slime. This process
potentially enables the recovery of highly pure RE materials or even allows the selective
recovery of the RE metals like Dy from the sintered Nd—Fe-B magnet scraps because of
the high selectivity during the alloying step on the anode side surface of the diaphragm, as
Konishi et al. [124] showed using a molten chloride. On the other hand, some technical
problems still remain unresolved. These include low mechanical strength of the RE-TM
alloys and difficulties in maintaining the alloy diaphragm at an appropriate composition.
Thus, further investigations are necessary to establish whether this process is applicable to
commercial use.

Additionally, the microstructure of the sintered Nd—Fe—B PMs directly influences the
corresponding dissolution mechanisms. Generally, the sintered Nd-Fe-B PMs consist of
Nd,Fe B grains (matrix phase), surrounded by a Nd-rich phase and a B-rich phase in the
GBP [125]. It has been proposed [126, 127] that Nd-rich phases corrode preferentially
because of the negative standard reduction potential of REEs, followed by the B-rich phase
dissolution which can even result in pulverization of the magnet [128]. This provides a
theoretical support for selective recovery of the Nd>FeuB grains from the sintered Nd—Fe—
B magnet scraps.

1.3.4.2  Electrochemical Recovery of the REEs in Aqueous Solutions

Theoretically, the sintered Nd-Fe-B PMs can be anodized on the anode and dissolve into
the electrolyte without using extra acid, this offers an alternative to recover the REEs from
the electrolyte with the highest possible purity by conventional hydrometallurgy in a more
environmentally friendly way.

A patent for processing the Nd-Fe-B magnet slag [129] claimed that a complete
leaching of the magnet slag filled in a plating barrel as an anode and a simultaneous Fe
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refining by cathodic deposition could be achieved in a sulfamic acid bath with an applied
current density of 50 A dm % The Nd- and Fe-containing leachate was obtained, followed
by the addition of HF solution to precipitate Nd out as NdF;. The remaining solution was
sent back to the electrolysis tank for further electro-refining. However, both Fe*" and Fe**
can precipitate as FeFs [130] and FeF, [131] by adding HF due to their low solubility.
Consequently, NdF; was precipitated without selectivity as a mixture of NdF;, FeFs and
FeF,. Further purification of NdF; from the fluoride mixture was not described in the
patent. Therefore, selective precipitation of Nd from the Nd- and Fe-containing leachate
still needs further investigation.

Recently, Prakash Venkatesan et al. [132], developed an electrochemical recycling
process to selectively extract REEs from the sintered Nd-Fe-B magnet scraps at room
temperature. The sintered Nd—Fe—B magnet scrap was used as the anode to convert the
elements present in the magnet scraps into the respective hydroxides. More than 97% of
the REEs leached into the solution with HCI, leaving the Fe in the residue. The REEs
were recovered using oxalic acid, followed by calcination to obtain REOs with high purity
(99.2%). The electrochemical process precipitated > 90% of the Fe in the form of
akaganeite (FeOOH) with the extra electricity consumed to convert the Fe** to Fe*". The
resulting leachate in the form of wastewater could not be recycled because of the high
concentration of oxalic acid remained in the solution after REE precipitation that would
result in non-selective precipitation of REEs and Fe in the next batch if this oxalic acid-
containing solution would be re-used. This electrolysis process is advantageous, as the
leaching of the magnet scraps and the oxidation of Fe?" to Fe*" were done simultaneously
in one step. The electrochemical conversion of Fe*" to Fe*" is more efficient than that of
the conventional hydrometallurgical process. The whole process required an acceptable
energy consumption of 3.0 kWh/kg of the sintered Nd-Fe-B magnet scraps.

1.3.4.3 RE-TM Recovery by Electrodeposition

Electrodeposition of Nd—Fe in an alloy form can be a promising alternative to RE alloy
recycling route and could act as an alternative of direct PMs synthesis method.
Electrodeposition is an attractive process, as it possesses many advantages such as low cost
and easily maintained equipment, great flexibility, with the possibility to tailor properties
to a specific application based on the composition of the solution and the operating
conditions [133]. More importantly, electrodeposition enables to produce RE-TM-based
magnets as thin films in micron- or even nano-size on substrates that cannot be done by
the current powder-metallurgy route which typically produces magnets in millimeters or
centimeters.

Currently, two categories of electrolyte are being used for electrodeposition of metals
and alloys: aqueous electrolytes and non-aqueous electrolytes. Aqueous electrolytes
generally contain water (as a solvent), a conductive salt, target metal salts (solutes) and
some additives in dependence of the targeted application (surfactants, brighteners and so
on). The advantages of these electrolytes are high solubility for metal salts, high
conductivity and low viscosity. Because of the low capital investment and simplicity, metal
deposition (electrodeposition or electroplating) in aqueous electrolytes has been extensively
investigated [134]. The REEs commonly have a very negative reduction potential (< —2.3
V wvs. SHE [135]), making them very difficult to deposit in a metallic form. Therefore, using
aqueous solution to deposit RE-related alloys is very challenging with regards to the
occurrence of the hydrogen evolution (2H* + 2e — H,, ¢ = 0 V ws. SHE) during
electrolysis, a narrow electrochemical window (2H.O + 4e- — 20H + H,, ¢! = —0.828 V
vs. SHE) and low thermal stability of aqueous solutions [136]. At the potential necessary
to reduce Nd, strong liberation of hydrogen and a consequent increase in pH would take
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place at the interface. Nd*" would hydrolyse at pH >7 [137] and in addition, Nd may
interact strongly with hydroxyl ions. This phenomenon would favor the formation and
incorporation of Nd oxide or hydroxide instead of Nd metal [138]. It is a fact that individual
deposition of pure Nd from an aqueous solution is extremely difficult, even impossible.
However, the electrodeposition of the REEs with the elements such as Fe, Ni or Co in the
form of films from aqueous solutions has been reported [133, 139, 140], although the metallic
state of these films has not yet been confirmed. This electrodeposition phenomenon is called
“induced co-deposition” or “anomalous co-deposition” which suggests that the
electrodeposition of the REEs from non-aqueous solvents together with the TMs might
offer a promising alternative [141].

Non-aqueous electrolytes can be classified into three groups: molten salts, deep eutectic
solvents (DESs) and ILs, based on the difference in working temperatures of
electrodeposition. A classical molten salt electrolyte is obtained by melting or liquifying
one or more metal salts through heating (450-1025 °C), to counterbalance the salt(s) lattice
energy. Such a solution consists of ions and their combinations and is free of any solvent
molecules. Therefore, molten salts can function as solvents with good heat capacity (red
heat, > 700 °C) and high conductivity. The most common molten systems are LiCl-KCl
[142], NaCl-KCl [143] and LiF-CaF [144], but also other mixtures are used and investigated
[136]. Molten salt electrolysis enables a continuous operation, and therefore it is suitable
for mass production of many refractory metals. For making RE metals by electrolysis in
molten salts, the common RE salts are REF; mixed with REOs, using an inert cathode like
W or Mo, et al. and graphite as the sacrificial anode [90, 145]. For making RE-TM alloys,
TM metals, e.g., Fe and Ni, are used as the cathode instead [146, 147]. Additionally, the
regeneration of spent salts is not required in the electrolysis process [148]. Molten salt
electrolysis is advantageous because it allows the simultaneous extraction and separation
of metals/alloys based on their eletrochemical potentials. The existing limitation on the
cell design and understanding of molten salt’s behavior and optimal conditions are some of
the aspects that still need to be further studied. Additionally, one big problem of molten
salt electrolysis is the high-energy consumption which leads to large running costs.

A salt dissolved in a molecular solvent (generally, organic) at near ambient temperature
is DES. One of the most widely used components for formation of DES is choline chloride.
In combination with safe hydrogen bond donors, such as urea, carboxylic acid (e.g. oxalic,
citric or amino acid) or polyols (e.g. glycerol or carbohydrates), choline chloride is capable
of rapidly forming a DES [149]. Generally, DESs are liquids at a temperature lower than
150 °C and most of them are liquids between room temperature and 70 °C. The
electrochemical windows of DESs are around 2.5 V (varying on the substrates) with
viscosities which can reach as low as 19 ¢P (ws. water, 1 ¢P [150]) at 20 °C [151, 152]. There
are literature reports about the electrodeposition of the RE-TM using DESs [153-155], and
organic solvents [156]. However, here the organic chemicals are generally volatile, casting
doubt on the environmental credentials of the process.

ILs are generally defined as those salts composed solely of ions (cations and anions)
with melting points below 100 °C [157]. A typical IL contains a large organic cation as well
as an inorganic or an organic anion. This highly asymmetric structure makes it difficult for
the cations and anions to stack closely with each other, thus effectively prohibiting IL’s
crystallization and lowering its melting point [158]. Salts having a low melting point are
liquids at room temperature, or even lower, and form a new class of liquids usually called
room-temperature ionic liquids (RTILs). One of the most important properties of ILs is
the extremely high electrochemical stability, of which cathodic limit can be as negative as
-3.3 V vs. Fe/Fc* (Fe: ferrocene, Fe(CsHs),), while the anodic limit can be as positive as
+5.4 V vs. Li/Li* [159]. Therefore, almost all the metal elements in the periodic table are
theoretically possible to be reduced or oxidized electrochemically within this window. In
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fact, the electrodeposition of Nd using imidazolium and phosphonium-based ILs was
reported [160-163]. However, the oxygen contents up to 50 at.% in the deposits make these
materials of little practical value. To confirm the valence state of the deposited REEs, such
as Nd, X-ray photoelectron spectroscopy (XPS) was used in these earlier studies. However,
the binding energies of metallic Nd (Nd’) and Nd oxide (Nd,O;) are very close, i.e., 980.5—
981.5 eV and 981.7-982.3 eV, respectively, making it almost impossible to differentiate
between the two states [164]. Sophisticated methods to characterize the RE-containing
deposit on chemical composition, crystallography and valence state are strongly needed.
Furthermore, the availability of literature describing electrochemical co-deposition of the
RE-TM using ILs is quite limited. Therefore, finding a stable electrolyte system with high
ionic conductivity and wide electrochemical window and avoiding the oxidation of the
deposit will be critically required to recycle the sintered Nd—Fe-B PMs in alloy forms.

Additionally, a deep understanding of the mechanism for the co-deposition of the RE—
TM, so far, has not been reported. It is well known that some elements with negative
electrochemical standard potentials cannot be electrodeposited in metallic form from
aqueous solutions, but they can be co-deposited with TMs, forming alloys [165]. For
example, metallic tungsten cannot be deposited alone from an aqueous solution, but it does
deposit in the presence of Fe**/** in solution, forming metallic alloys [166-168]. For Fe-W
co-deposition, catalytic mechanisms induced by adsorbed species such as hydrogen (H.q) or
the adsorbed TM (TM.q4) are proposed [169, 170]. A “catalytic reduction” theory was
proposed by Holt and Vaaler [171] to explain the reduction of aqueous tungstate solutions
in the presence of zero-valence TM elements (i.e., Ni, Co and Fe). Another mechanism,
proposed by Clark and Lietzke [172], emphasizes the role of hydrogen, where there is an
initial deposition of a partially reduced tungstate film on the cathode, followed by the
catalytic reduction of this film by hydrogen in the presence of freshly deposited Fe, Co, or
Ni. The third mechanism is based on the formation of TM tungstate complexes that are
precursors to tungsten alloys, as introduced by Younes-Metzler et al. [173] In this concept
mixed-metal soluble complexes were used by adding a complexing regent of citrate [166] or
gluconate [174] as a prerequisite for the TM—W co-deposition. The latter two mechanisms
rely on active hydrogen produced by the electrolysis of water and the formation of TM-
tungstate coordination compounds with certain complexing reagents that help realize the
co-deposition process. The “catalytic reduction” theory opens a way to further investigate
the co-deposition of the RE-TM in both aqueous and non-aqueous solutions.

1.4 Summary of the Literature Review

To summarize the literature survey of the sintered Nd-Fe-B PMs recycling, diverse
approaches are being developed and used for different purposes with regards to final
product application. To make new PMs as the final products using recycled materials, the
direct re-use methods are generally considered as the most ecological and economical route.
However, the direct re-use methods cannot separate the REOs and thus result in an
unsustainable recycling problem. Alternatively, RE alloys recovery can be considered as a
promising route. Currently, the re-melting-melt spinning method and electro-slag refining
method are able to remove REOs, realizing the RE alloys recycling. However, these
methods operate at high temperatures leading to 10-30 wt.% of REEs loss. Separating the
RE alloys and the REOs under a mild temperature will reduce the energy consumption
and REEs loss that makes it more cost-effective. Although the liquid-metal extraction
method requires a long processing duration and a large energy input, the recovered RE
metals are valuable and can be used for other applications, apart from PMs.



1.4. Summary of the Literature Review 23

REEs recycling in ionic forms (REOs or RECI;) as the end products by glass-slag
methods and gas-phase extraction generally requires medium to high temperatures for
prolonged durations along with the use of non-recyclable and/or unstable chemicals, which
has huge environmental impacts. Hydrometallurgical methods based on strong mineral acid
leaching are indispensable as they can deal with all types of magnets with a different
composition and oxidation state. Especially the magnet swarf generated from cutting,
polishing processes are mixing with water as sludge. REE-containing oxides produced from
glass-slag recycling process and re-melt spinning recycling process need to be treated
further. The magnet swarf and REE-containing oxides can be processed mainly by
hydrometallurgical methods to recover REEs in the form of REF; or REOs as raw
materials. However, hydrometallurgical methods have such a high environmental footprint
due to the consumption of large amounts of chemicals and the generation of considerable
wastewater that the recovery of the REEs through selective leaching is strongly demanded.
As Fe consists > 60 wt.% of the magnet scraps that consumes the majority of chemicals,
selective leaching of the REEs, leaving Fe behind, would greatly reduce the chemical
consumption and wastewater generation. Since the pre-treatment of the magnet waste by
oxidation roasting allows the selective leaching with a diluted mineral acid, efforts can be
focused on the combination of oxidative roasting and diluted mineral acid leaching or even
organic acid leaching that will give a good selectivity on REEs leaching over Fe/Fe,O3 with
a high REEs recovery.

It must be noted that the experimental work on recycling in this thesis was performed
on the sintered Nd-Fe-B PMs.
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Chapter 2

Aims and Hypothesis

2.1 Problem Description

The total recycling potential for the EoL sintered Nd—Fe-B PMs in the period 2018-2040
is estimated at 233 kt [46], which triggers the development of the corresponding recycling
methods. In terms of making new sintered PMs from the sintered Nd-Fe-B magnet scraps,
the direct re-use methods are generally considered as the most ecological and economical
routes. However, they are not able to separate REOs from the the sintered Nd-Fe-B
magnet scraps. An addition of extra RE alloys is required to reach fully dense magnets due
to the high molten point of the REOs in the GBP [62], which consequently represents only
a partial circular economy for the sintered Nd-Fe-B PMs. Furthermore, with the repeated
recycling by direct re-use methods, the total volume of the non-ferromagnetic phases
increases due to the addition of REE hydrides, which then reduces the saturation
magnetization and therefore the remanence of the sintered Nd—Fe-B PMs. As a result, the
sintered Nd—Fe-B PMs produced from the repeated recycling of materials by direct re-use
methods tend to have poorer magnetic properties as the number of cycles increases.

Electrodeposition of Nd—Fe in an alloy form can be a promising alternative to RE alloy
recycling route, as well as an alternative of direct PMs synthesis method. However,
electrodeposition of Nd-Fe in an alloy form is challenging due to the very negative
reduction potential of Nd*". Finding a stable electrolyte system with high ionic conductivity
and wide electrochemical window and avoiding the oxidation of the deposit is critically
required to recycle the sintered Nd-Fe-B PMs in alloy forms. Additionally, a deep
understanding of the mechanism for the co-deposition of the RE-TM is still unclear.

To recover the REEs from the sintered Nd-Fe-B magnet scraps, hydrometallurgy is
currently the only realistic route to recover REEs from the sintered Nd-Fe-B magnet
scraps as it can be incorporated into the existing REE separation plants. But such methods
require 2172 kg of H.SO, and 1600 kg of NaOH to treat 1000 kg sintered Nd-Fe-B magnets,
together with the generation of around 10000 liters of wastewater [101]. The acid and alkali
cannot be recycled in a closed-loop and the wastewater and solid waste, e.g., jarosite [71],
have to be further treated, all of which adds to the costs. The state-of-the-art methods,
including the electrochemical and thermal pre-treatment of the magnets that facilitate the
separation of REEs from Fe, still cannot avoid the generation of wastewater.

2.2 Aims

1.) To electrochemically recover the RE alloys (Nd:FeiB matrix phase) from the
sintered Nd—Fe—B magnet scraps at room temperature as an alternative to molten
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salt electrolysis. As the sintered Nd-Fe-B magnets contain 87~92% hard magnetic
alloy NdsFesB matrix phase which is barely oxidized during their lifetime due to
the protection of the GB (typically Nd-rich phase) [57]. Therefore, a direct
electrochemical recovery of the Nd;FeuB grains for fresh Nd-Fe-B PMs making
would directly reduce the chemical usage and energy consumption.

2.) To electrochemically deposit Nd-Fe alloy from non-aqueous solutions. The
electrodeposition of Nd-Fe in the metallic/alloy forms at mild temperatures can be
regarded as another way of RE alloy recycling of the sintered Nd-Fe-B magnet
scraps. More importantly, it will directly influence the area of producing the
nanostructured magnets for the micro-electro-mechanical system devices, especially
using the recycled sources, and would dramatically reduce the manufacturing cost
and alleviate the environmental footprint.

3.) To electrochemically recycle REEs and Fe from the sintered Nd-Fe-B magnet
scraps, via the selective leaching of the REEs using room-temperature electrolysis.
As REEs only account for up to 30 wt.% of the PMs, selective leaching of the
REEs, leaving metallic Fe behind will largely reduce the chemical consumption.

Main Goals of the Dissertation:

1.) Recovering the Nd,Fe;;B grains from the sintered Nd-Fe-B magnets by selectively
electrochemical etching the Nd-rich GBPs in an organic electrolyte. For that
purpose, we used the magnet as the anode, the Nd-rich GBPs of which were
preferentially etched (anodized) during electrolysis, leaving the Nd,Fe; B grains
behind. Investigation of the etching mechanism would facilitate the high recovery
of Ndy,Fe B grains which makes the recycling process economically feasible.

2.) Electrodeposition of Nd-Fe in metallic form from non-aqueous solutions and
investigation of the mechanism for the RE-TM co-deposition.

3.) Selective leaching of the REEs from the sintered Nd-Fe-B magnets by electrolysis,
Fe metal electrodeposition and selective precipitation of REEs with recyclable
electrolyte.

2.3 Hypothesis

2.3.1 Hypothesis 1

Generally, the sintered Nd-Fe-B magnet scraps consist of Nd,Fe;,B grains (matrix phase,
accounting for 87~92% [57]), surrounded by a Nd-rich (including metallic Nd, NdO and
Nd.O; [175, 176]) phase and a B-rich phase (Nd;..FeB; where z is ~0.1 [21]) in the GBP.
It has been proposed [126, 127] that Nd-rich phases corrode preferentially because of the
negative standard reduction potential of REEs, followed by the B-rich phase dissolution
which can even result in pulverization of the magnet [128]. This provides a theoretical
support for selective recovery of the Nd,Fei B grains from the Nd-Fe-B magnet scraps.
Due to the difference in electrochemical potential of Nd (-2.32 V vs. SHE), Fe (-0.447 V
vs. SHE) and B (-0.89 V ws. SHE) [121], metallic Nd can be preferentially etched
electrochemically, compared to Fe and B.

We hypothesize that the electrochemical etching priority of all the metallic phases in
the sintered Nd-Fe-B magnet scraps depends on their Nd content. Therefore, the metallic
Nd and B-rich phase in the GBP can be preferentially etched electrochemically by tuning
the applied potential or current density, leaving behind the magnetic NdoFe B grains for
recovery. As the sintered Nd-Fe-B magnet scraps are quite sensitive to oxygen and water,
a non-oxygen and non-water system is required to prevent the oxidation of the recovered
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NdsFesB grains that can readily be oxidized. As the NdO and Nd,Oj3 are electrochemically
inert and thus they will remain solid state as particles even after electrochemical etching.
A magnetic separation of the Nd.Fe;uB grains from these oxide particles can be realized
using an external magnet. The recovered Nd,FesB grains without oxidation are potentially
aimed for direct re-use for new magnet synthesis. Therefore, RE alloy recycling could be
realized at room temperature by selective etching of the GBP using an electrochemical
anodization method.

2.3.2 Hypothesis 2

RE metals and alloys are quite sensitive to water and oxygen due to the nature of their
very negative electrode potential. The evolution of hydrogen is inevitable during the RE
metals/alloys electrodeposition in aqueous electrolytes. This hydrogen evolution then
increases the pH of the solution, thereby favoring the formation of the REE hydroxides
and oxides [138]. Therefore, electrodeposition of the Nd-Fe from non-aqueous solution is
required to avoid hydrogen evolution and thus would help the Nd-Fe alloys making, which
realizes the RE alloy recycling. Indeed, there are literature reports about the
electrodeposition of RE alloys using DESs and organic solvents [153-155, 177]. But here
the organic chemicals are generally volatile, casting doubt on the environmental credentials
of the process. ILs with their high ionic conductivity, wide electrochemical window, lack of
volatility and a very low vapor pressure also look promising [178]. In fact, the
electrodeposition of Nd using imidazolium and phosphonium-based ILs was reported [160-
163], but oxygen contents up to 50 at.% in the deposits make these materials of little
practical value. It is a fact that individual deposition of pure Nd metal is extremely difficult
due to its very negative reduction potential. However, Nd*', as well as many other REEs,
can be deposited together with one or more metals from the TM group [179-181]. This
electrodeposition  phenomenon is called “induced co-deposition”.  Although
electrodeposition studies of Nd-Fe from ILs as well as the co-deposition mechanism are up
to now scarce in the literature, being able to electrodeposit REE metals and RE-TM alloys
at a mild temperature from ILs would be promising in terms of the environmental footprint
of the REE industry. It has been reported that metallic tungsten cannot be deposited alone
from an aqueous solution, but it does deposit in the presence of Fe?*/** ions in the solution,
forming metallic alloys [166-168].

We hypothesize that the mechanism for RE-TM co-deposition might be similar to that
of TM—W co-deposition. A “catalytic reduction” theory was proposed by Holt and Vaaler
[171] to explain the reduction of aqueous tungstate solutions in the presence of zero-valence
TM elements (i.e., Ni, Co and Fe). In this process, the reduction of TM*" to TM" occurs
first; it then catalyzes the tungsten deposition until the surface is covered with it,
preventing any further tungsten deposition. This process continues until a new layer of the
TM element forms. The observation of laminated structures was the basis for this concept
by Younes and Gileadi [182], although how the zero-valence state of a TM element
catalyzes tungsten deposition was not elaborated. We hypothesize that the mechanism for
RE-TM co-deposition might be similar to that of TM—-W co-deposition. Inspired by the
“catalytic reduction” theory of W-Fe, here we introduce an induced co-deposition
mechanism for RE-TM based on the transition-state theory, which assumes that the
transition-state TM (Z'M") is the catalyzer for the RE** reduction to RE".

2.3.3 Hypothesis 3

Although, hydrometallurgy is currently the only realistic route to recover REEs from the
sintered Nd-Fe-B magnet scraps. A large amount of the mineral acids and alkalis is
required to completely leach the sintered Nd—Fe-B magnet scraps and to neutralize the
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leachate. Fe consists of more than 60 wt.% of the sintered Nd-Fe-B magnet scraps which
consumes the majority of the mineral acids during the acid-leaching process and alkalis
during Fe removal process which generates large amounts of Fe-based solid waste, e.g.,
jarosite [101]. Additionally, after Fe removal and REE precipitation processes, large
amounts of wastewater containing oxalic acid are inevitably generated that need further
treatment. Selective leaching of REEs from the EoLL Nd-Fe-B, leaving Fe unleached, is
practically demanded as it would largely reduce the chemical consumption.
Electrochemistry can be used as an integral part of recycling of REE-based PMs as it is
often used to recover metals at room temperature. Actually, the anodic dissolution of Nd—
Fe-B magnet scraps, generating Nd** (as one example of REEs), Fe?" et al. into the
electrolyte, has been reported [132]. While on the cathode selective deposition of Fe it could
be achieved due to the large difference of Nd**/Nd” (-2.3 V vs. SHE) and Fe**/Fe" (-0.47
vs. SHE) in electrode potential, leaving Nd*" in the electrolyte.

Therefore, we hypothesize that the selective leaching of the REEs could be achieved by
leaching the sintered Nd-Fe-B magnet scraps on the anode that dissolves Nd*", Fe’" et al.
into the electrolyte (Fe** production), while simultaneously depositing Fe metal in the
cathode (Fe*' consumption), where the net production/consumption of Fe*" in the whole
process is maintained around zero (balanced Fe®" concentration in the electrolyte). To
maintain the balanced Fe*" concentration in the electrolyte, the leaching efficiency of Fe**
from the Nd—Fe-B magnet anode should be tuned as close as the current efficiency of Fe
deposition on the cathode. Furthermore, as the electrolyte contains both Nd*" and Fe’",
selective precipitation of Nd*' is required. NaySO, will be used as the precipitant to
precipitate Nd** in the form of (Nd, Na)y(SO4)s2H,O which is a typical Nd raw material
ready for industrial application [49]. After recovering Nd, the electrolyte can be re-used for
the next electrochemical processing.
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Chapter 3

Materials and Methods

3.1 Materials

Selective recovery of the Nd.FeyB grains from the sintered Nd—Fe—B magnets: As sintered
Nd-Fe-B magnets are quite sensitive to oxygen and water, in order to prevent the
oxidation of the recovered NdsFeuB grains that can readily be oxidized, a protective Ar
atmosphere for material handling and non-aqueous solvents for the electrochemical
experiments need to be used. To select the most suitable solvent, important points need to
be considered: i) the solvent should not be based on water, because of the oxidation issues,
ii) it should have high solubility for FeCl, to have a high conductivity of the electrolyte;
ii) it should have high vapor pressure, so it can be recovered by distillation and re-used.
After considering these facts, the economic feasibility together with environmental and
safety issues have to be considered. For this study dimethylformamide (DMF, >99%,
Sigma-Aldrich, Germany) was selected for all the electrochemical etching experiments as
it fulfils the first three criteria. Here we have to emphasize that precautions have to be met
when working with this solvent according to safety regulations [183]. Iron(II) chloride
tetrahydrate (FeCl; - 4H,0, > 99.99%), and molecular sieves (4A) were used and purchased
from Sigma-Aldrich. Prior to use, molecular sieves that were dried under vacuum at 160
°C for more than 24 hours were added to the DMF to remove any water. FeCl, - 4H,O was
dehydrated under vacuum at 140 °C for 24 hours. All the dried chemicals were stored inside
a closed bottle in an argon-filled glove box with water and oxygen contents below 1 ppm.
The water concentration in the electrolyte was less than 50 ppm, as determined with a
Karl Fischer titration (C20S, Mettler-Toledo, Switzerland). The sintered Nd-Fe-B
magnets were supplied by Magneti Ljubljana d.d., Slovenia, and were used as model
materials of the EoLL PMs. These magnets were demagnetized and mechanically polished
to remove the protective coating on the surface (Al/Al,O;). The chemical compositions of
the magnet scrap were measured with inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin Elmer Optima 5300 DV), with the results listed in Table
3.1. Despite Nd, the addition of Dy (1-8 wt.%) [25, 184] in the sintered Nd-Fe-B magnets
is typical for high temperature application such as hybrid electric vehicles and electric
motors.
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Table 3.1: Elemental composition of the sintered Nd-Fe-B magnets.

Element Content (wt.%) Element Content (wt.%)
Nd 26.01 Ga 0.22
Dy 7.20 Al 0.12
Fe 61.83 Cu 0.11
Pr 0.58 Co 2.93
B 0.90 Total 99.90

Electrochemical deposition of the Nd-Fe from an ionic liquid: 1-ethyl-3-
methylimidazolium dicyanamide ([EMIM][DCA], > 98%), iron(II) chloride tetrahydrate
(FeCly - 4H,0, > 99.99%), hydrochloric acid (HCI, 37%), and neodymium(III) chloride
hexahydrate (NdCl; - 6H.O, > 99%), and molecular sieves (4A) were used and purchased
from Sigma-Aldrich. Prior to use, molecular sieves that were dried under vacuum at 160
°C for more than 24 hours were added to the [EMIM|[DCA] to remove any water.
FeCl, - 4H,0 and NdCl; - 6H,O were dehydrated under vacuum at 140 °C for 24 hours. All
the dried chemicals were stored inside a closed bottle in an argon-filled glove box with
water and oxygen contents below 1 ppm. The water concentration in the electrolyte was
less than 50 ppm, as determined with a Karl Fischer titration (C20S, Mettler-Toledo,
Switzerland).

Selective recovery of the REEs and Fe metal from the sintered Nd-Fe-B magnets:
iron(II) sulfate heptahydrate (FeSO,7H,O, > 99%), ammonium sulfate ((NH4):SOs, >
99%), sodium citrate dihydrate (Nascit-2H,O, > 99%), sodium sulfate (Na.SOs, > 99%),
boric acid (H;BOs, > 99%) and sulfuric acid (H>SO., 98%) were used and purchased from
Sigma-Aldrich. The sintered Nd-Fe-B magnets were supplied by Magneti Ljubljana d.d.,
Slovenia, and were used as model materials of EoLL PMs. These magnets were demagnetized
and mechanically polished to remove the protective coating on the surface (Al/ALOs). The
chemical compositions of the magnet scrap were measured with ICP-OES (Perkin Elmer
Optima 5300 DV), with the results listed in Table 3.2.

Table 3.2: Elemental composition of the sintered Nd-Fe-B magnets.

Element Content (wt.%) Element Content (wt.%)
Nd 23.71 Ga 0.25
Dy 6.55 Al 0.06
Fe 64.23 Cu 0.12
Pr 0.78 Co 2.13
B 1.12 Total 98.95

3.2 Selective Recovery of the Nd:FeisB Grains from the
Sintered Nd—Fe-B Magnets

A three-electrode cell (Figure 3.1) with a potentiostat (Gamry, Reference 600, USA) was
used during the experiment:
e A Pt wire (> 99.99%, diameter ¢ = 0.5 mm) was used as the quasi-reference
electrode (QRE), because the potential obtained using a Pt QRE is stable and
reproducible in DMF at a mid-range temperature.
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e A sintered Nd-Fe-B magnet with varied effective surface areas or a Pt wire (>
99.99%, diameter ¢ = 0.5 mm, with an effective area of 0.047 cm?) was used as the
working electrode.

e An inert Pt plate (30 mm x 10 mm, with an effective area of 2.0 cm?) or a Cu foil
(40 mm x 30 mm, with an effective area of 10 cm?) was used as the counter
electrode.

The initial electrolyte bath consisted of 15 mL of DMF with 0.3 mol L * FeCl..

Potentiostat

Magnetic particles
DMF + 0.3 M FeCl,

Non-magnetic particles

Figure 3.1: Schematic illustration of the electrochemical cell for recovering the Nd.Fe1 B
grains from the sintered Nd-Fe-B magnets; (1) A sintered Nd-Fe-B magnet (anode), (2)
A Cu foil (cathode), (3) Pt wire (QRE), (4) Electrical conductors for the connection to the
power supply, (5) Electrolyte, (6) Magnetic particles, (7) Non-magnetic particles and (8)
An external commercial Nd—-Fe-B magnet.

3.2.1 Linear Sweep Voltammetry

The electrochemical behaviors of the sintered Nd-Fe-B magnets in 15 mL of DMF
containing 0.3 mol L' FeCl, at room temperature were evaluated using linear sweep
voltammetry (LSV). In order to observe the microstructure evolution of the sintered
magnet during electrochemical etching, a polished sintered Nd-Fe-B magnet (2 mm x 2
mm x 30 mm) was used as the working electrode with effective areas of 0.05 cm” A Pt
wire (> 99.99%, diameter ¢ = 0.5 mm, with an effective area of 0.047 cm?) was also used
as the working electrode to make a comparison with the sintered Nd-Fe-B magnet.
Another Pt wire (> 99.99%, diameter ¢ = 0.5 mm) was used as the QRE. All the potentials
reported herein were referred to the Pt QRE. A Pt plate (30 mm x 10 mm) was selected
as the counter electrode, with an effective area of 2 cm?® The LSV experiments were carried
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out in a potential range from open circuit potential (OCP) to 1.0 V (vs. Pt) with a scanning
rate of 40 mV s

3.2.2 Electrochemical Etching of the Sintered Nd—Fe-B Magnets

A Cu foil substrate (40 mm x 30 mm) was employed as the cathode with an effective area
of 10 cm? and a polished sintered Nd-Fe-B magnet (2 mm X 5 mm x 30 mm) was used
as the anode with the effective area of 0.25 cm® A Pt wire (> 99.99%, diameter ¢ = 0.5
mm) was used as the QRE. The applied current density was within the range 2-48 mA
cm ? for various times. In order to obtain a higher yield of particles, a Cu foil substrate (40
mm x 30 mm) was employed as the cathode with an effective area of 10 cm? and a polished
sintered Nd-Fe-B magnet (2 mm x 15 mm x 30 mm) was used as the anode with an
effective area of 5 cm® A Pt wire (> 99.99%, diameter ¢ = 0.5 mm) was used as the QRE.
A current of 10 mA (the corresponding anode current density was 2 mA c¢cm? and the
cathode current density was 1 mA cm?) was applied for 360 min. A few studies have
reported that REEs and TMs could be co-deposited in organic solvents [154, 156]. In order
to obtain REE-free metal on the cathode, the cathode current density in the current study
was controlled at 1 mA cm ? because the literature [185] suggests that a Nd-Fe film would
be obtained at a cathode current density > 1 mA cm 2 All the experimental procedures
were carried out in an Ar atmosphere at room temperature.

3.2.3 Nd:FeusB Grains Collection after the Electrochemical Etching

Since the magnetic particles of the Nd;FesB grains formed after the electrochemical etching
tended to be attracted by the anode, after every 60 min the etched anode was put close to
an external magnet to separate these particles from the anode. After the electrochemical
etching, the Nd.FenB grains are collected magnetically and washed three times
ultrasonically using DMF. The non-magnetic REE-based particles were collected by
filtering the electrolyte after etching.

3.3 Electrochemical Deposition of the Nd—Fe from an Ionic
Liquid

3.3.1 Cyclic Voltammetry

A three-electrode cell with a potentiostat was used for all the electrochemical
measurements. The electrochemical behaviors of the Fe** and Nd** in 10 mL of
[EMIM][DCA] containing 0.03 mol L' FeCl; and 0.1 mol L' NdCls at 110 °C were evaluated
using cyclic voltammetry (CV). Pt wires (> 99.99%, diameter ¢ = 0.5 mm) were used as
the working electrode and the QRE. A Pt plate (> 99.99%, 30 mm x 10 mm) was selected
as the counter electrode. The areas of the working electrode and the counter electrode
immersed in the electrolyte were 4.71 mm? and 80 mm?, respectively. The CV experiments
were carried out in a potential range from —2.0 V to 0 V (ws. Pt) for at least 50 cycles with
a scanning rate of 10-100 mV s

3.3.2 Electrodeposition of Nd—Fe

For the electrodeposition experiments, a Cu substrate (5 mm x 5 mm) was employed as
the cathode and an Fe plate (25 mm Xx 15 mm) was used as the anode in 10 mL of
[EMIM][DCA] containing 0.015/0.03 mol L' FeCl, and 0.1 mol L' NdCl; at 110 °C. The
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Cu substrate was used instead of Pt because the cathodic parts of the CVs on the Pt and
Cu electrode are similar. Before use, they were degreased with acetone, followed by an acid
treatment (1 mol L' HCI) to remove the surface oxides and finally dried. All the
experimental procedures were carried out in an Ar-filled atmosphere at 110 °C. The
deposition process was realized by using a constant potential of —1.4 V and a pulsed current
of 4, = —4 to —24 mA cm? for different times. The as-deposited samples were washed with
dried DMF to remove any electrolyte adhered to the surface.

3.4 Selective Recovery of the REEs and Fe Metal from the
Sintered Nd—Fe—B Magnets

A three-electrode cell (Figure 3.2) with a potentiostat was used during the experiment:

e A Ag/AgCl (3 mol L' KCl) electrode was used as the reference electrode,

e A polished sintered Nd-Fe-B magnet with varied effective surface areas or a Pt
wire (> 99.99%, diameter ¢ = 0.5 mm, with an effective area of 0.047 cm?) was
used as the working electrode. An external magnet was put inside a glass tube to
hold the anode to the side wall of the glass tube. It was observed that pulverization
of the magnet led to loose magnetic particles that were no longer in electrical
contact. However, the external magnet kept the loose magnetic particles attached
to the anode for continuous leaching, and

e A Pt plate (30 mm x 10 mm)/Cu foil (40 mm x 60 mm) was used as the counter
electrode, with an effective area of 2.0 cm?/8-16 cm”.

Potentiostat

Ag/AgCI (reference)

{ w pH meter

Glass tube

External

magnet Cu substrate
(cathode)
Nd-Fe-B
(anode)
Stirrer
Electrolyte

Figure 3.2: Schematic of the electrochemical cell for leaching the sintered Nd-Fe-B
magnets and the deposition of Fe at room temperature.
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3.4.1 Linear Sweep Voltammetry

The electrochemical behaviors of the Nd-Fe-B magnets in 70 mL of an aqueous bath
containing 0.6 mol L' FeSOy, 0.4 mol L (NH4)>SO4, 0.175 mol L' Nagcit and 0.4 mol L'!
H3;BO; with the pH of 4.0 (Mettler-Toledo, S210) were evaluated using LSV at room
temperature. In order to observe the microstructure evolution of the sintered magnet during
electrochemical etching, a polished sintered Nd-Fe-B magnet (2 mm x 2 mm x 30 mm)
was used as the working electrode with effective areas of 0.05 cm® A Pt wire (> 99.99%,
diameter ¢ = 0.5 mm, with an effective area of 0.047 cm?) was also used as the working
electrode to make a comparison with the sintered Nd—Fe-B magnet. The sintered Nd—Fe—
B magnet and the Pt wire working electrode had an effective area of 0.05 and 0.047 cm?,
respectively. A Pt plate (30 mm x 10 mm) was selected as the counter electrode, with an
effective area of 2 cm?. An Ag/AgCl (3 mol L' KCl) electrode was used as the reference
electrode. The LSV experiments were carried out in a potential range from OCP to 1.0 V
(vs. Pt) with a scanning rate of 100 mV s™.

3.4.2 Influence of Anodic Current Density on the Leaching of the
Sintered Nd—Fe-B Magnets

The electrolyte bath contained 0.6 mol L' FeSOy, 0.4 mol L™ (NH4);SO4, 0.175 mol L™
Nagcit and 0.4 mol L' HsBOs. A polished Nd-Fe-B magnet (30 mm x 15 mm X 5 mm)
connected with a Pt wire as the conductor was used as the anode with the effective area
of 2.0 cm®. A copper foil (40 mm x 60 mm) with an effective area of 8-16 cm* was dipped
into the electrolyte as the cathode and the back of the foil was masked with insulating
tape. An Ag/AgCl (3 mol L' KCl) electrode was used as the reference electrode. Currents
of 100, 150 and 200 mA were applied (initial current density of 50, 75 and 100 mA cm? on
the anode, respectively, and 12.5 mA cm™? on the cathode) to investigate the leaching
efficiency of the sintered Nd—Fe-B magnet and the corresponding energy consumption. The
electrolyte was agitated magnetically via a magnetic PTFE-coated stirring bar at a
constant rotating speed of 500 rpm. Some 4 mol L' H,SO, was added to the electrolyte
dropwise every 10 min to keep the pH between 3.5 and 4.5, measured with a pH meter
(Mettler-Toledo, S210) immersed in the electrolyte throughout the experiment.

3.4.3 Influence of Sodium Citrate Concentration on Fe Deposition

The electrolyte bath contained 0.6 mol L' FeSO,, 0.4 mol L' (NH4)2SO4 and 0.4 mol L™
H;BO; with the Nascit concentration varying from 0.05 to 0.175 mol L. Four pieces of
polished sintered Nd—Fe-B magnets (30 mm x 15 mm x 5 mm) connected with a Pt wire
as the conductor were used as the anode with the effective area of 8.0 cm? A copper foil
(40 mm x 60 mm) with an effective area of 16 cm?® was dipped into the electrolyte as the
cathode and the back of the foil was masked with insulating tape. An Ag/AgCl (3 mol L
' KCl) electrode was used as the reference electrode. A current of 200 mA was applied with
the initial current density of 25 mA c¢m? on the anode and 12.5 mA c¢m? on the cathode.
The electrolyte was agitated magnetically via a magnetic PTFE-coated stirring bar at a
constant rotating speed of 500 rpm. Some 4 mol L' H.SO, was added to the electrolyte
dropwise every 10 min to keep the pH between 3.5 and 4.5, measured with a pH meter
immersed in the electrolyte throughout the experiment. Every 1 hour, 0.2 mL solution was
sampled for a concentration measurement of total dissolved Fe and the weight of deposited
Fe was measured for current efficiency calculation.
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3.4.4 One Batch of Electrolysis

The electrolysis experiment (electrochemical leaching and electrodeposition of Fe
happening simultaneously) was performed for 8 hours as a single batch. The electrolyte
bath contained 0.6 mol L' FeSOy, 0.4 mol L' (NH4)>SO4, 0.175 mol L' Nagcit and 0.4 mol
L' H;BO;. Four pieces of polished sintered Nd—Fe-B magnets (30 mm x 15 mm x 5 mm)
connected with a Pt wire as the conductor were used as the anode with the effective area
of 8.0 cm® A copper foil (40 mm x 60 mm) with an effective area of 16 cm* was dipped
into the electrolyte as the cathode and the back of the foil was masked with insulating
tape. An Ag/AgCl (3 mol L' KCl) electrode was used as the reference electrode. A current
of 200 mA was applied with the initial current density of 25 mA c¢m? on the anode and
12.5 mA cm™ on the cathode. The electrolyte was agitated magnetically via a magnetic
PTFE-coated stirring bar at a constant rotating speed of 500 rpm. Some 4 mol L™ HySO,
was added to the electrolyte dropwise every 10 min to keep the pH between 3.5 to 4.5,
measured with a pH meter immersed in the electrolyte throughout the experiment. Every
1 hour, 0.2 mL solution was sampled for a concentration measurement of total dissolved
Fe and the weight of deposited Fe was measured for current efficiency calculation.

3.4.5 Selective Precipitation of the REEs

After the electrolysis step, 0.57 grams of NaxSO, was added to the electrolyte solution,
followed by heating at 70 °C for 2 hours to selectively precipitate REEs based on a
description in the literature [186]. While the solution was warm, the precipitates were
obtained by filtration and were washed thoroughly with water, followed by drying at 105
°C for 12 hours. The filtrate was recycled back to the electrolysis cell for the next
electrolysis batch.

3.4.6 Calculations

The leaching efficiency (7) for the dissolution of the sintered Nd-Fe-B magnets was
calculated as follows:

n=—2 x100(%) (3.1)

my

where my and m; are the observed and theoretical mass loss of the magnets, respectively.
The observed mass loss was calculated as the mass change of the magnet before and after
the electrolysis. The theoretical mass loss for the magnet was calculated as [132]

I*t (3.2)

" F N

where [ is the applied current, A; F is the Faraday constant, 96485.33 C mol’; ¢ is the
time of the electrolysis, s; and Ngq is the total number of equivalents obtained from
dissolving a unit mass of the alloy [187]:

Ko, 3.3
NEQ=Zf’ n (3:3)

a;

where f, n;, and a; are the mass fraction, the number of electrons exchanged, and the atomic
weight, respectively, of the ith alloying element.
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The Fe leaching efficiency (7reL) from the magnets is estimated based on the leaching
efficiency of the magnets under a constant current. We assumed that the Nd;FeuB phase
accounts for 90% by weight, while the GBP accounts for 10% [57]. There are two extreme
cases: the GBP contains only i) metallic Nd or ii) Nd>O3 (without considering other phases,
e.g., NdFe;By, due to their negligible content). In the case of i), the formula for the magnets
can be written as NdzssFewuB, under a constant leaching without selectivity (reaction (3.4)),
the Fe leaching efficiency is calculated as

Nd, gsFe 4, B-39.49¢ —2.83Nd*" +14Fe +B** (3.4)

14*2 (3.5)
Tre L= Y sgeg1aray g < 00 (O=T0.9%

In the case of ii), the formula of the magnets can be written as Nd;Fe.,B, because the
Nd:Os is electrochemically inert and thus does not consume charge (current). Under a
constant leaching without selectivity (reaction (3.6)), the Fe leaching efficiency is
calculated as

NdyFe;,B-37¢ —2Nd*"+14Fe* +B** (3.6)

14%2 (3.7)
nFefL:ﬁL* m %100 (%)275.7%*77L

Generally, both metallic Nd and Nd»Os3 are present in the GB; therefore, the Fe leaching
efficiency (7r.1) under a constant current should be in the range of (70.9-75.7%)*nL.
Specifically, when the magnet is leached with a 7 of 100%, 7.1, is in the range 70.9-75.7%.

The current efficiency (7p) of the Fe deposition on the cathode is calculated as

_ mFe/MFe
R ERTDYY

x100(%) (3:8)

where my. is the mass of the deposited Fe on the cathode, g; Mr. is the molar mass of Fe,
55.85 g mol™; I is the applied current, A; ¢ is the duration of the electrolysis, s; and F' is
the Faraday constant, 96485.33 C mol .

The recovery (%) of REEs from the Nd-Fe-B magnets is calculated as

REEs in REE sulphate double salts (%) x Recovered REE sulphate double salts (g) (3_9)

%R =
% REEs in magnet (%) x Amount of leached magnet (g)

The energy consumption, £ (kWh kg') is calculated as

_U*I* (3.10)
3600 * m

where U is the voltage measured between the magnet anode and the copper cathode, V; [
is the applied current, A; ¢ is the duration of the electrolysis, s; and my is the amount of
magnet dissolved, kg. Thus the reported values are kilowatt-hours per kilogram of the
magnet.
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3.5 Material Characterization

3.5.1 Scanning Electron Microscopy

The morphology and chemical composition of the sintered Nd—Fe-B magnets, Nd-Fe
deposits, Nd.FesB grains, non-magnetic REE-based particles and REE-based precipitates
were determined using a field-/thermionic-emission and scanning electron microscope
(F/TE-SEM, JSM-7600F and 5800, JEOL, Japan) equipped with an energy-dispersive X-
ray spectrometer (EDS) system INCA (Oxford Instruments, United Kingdom). An
accelerating voltage of 18 kV was used with a working distance of 15 mm for the imaging
and the EDS analysis in JSM-7600F. In order to achieve good accuracy for the quantitative
elemental analysis, the efficiency of the EDS detector was calibrated at 18 kV using a pure
Co-standard. For the JSM-5800, an accelerating voltage of 20 kV was used with a working
distance of 10 mm for the imaging and the EDS analysis.

3.5.2 Transmission Electron Microscopy

Two Nd—Fe deposits annealed at 350 and 750 ° C for 30 min, respectively, were analyzed
by a transmission electron microscope (TEM, JEM-ARM200F, JEOL). A focused ion beam
(FIB, FEI HeliosNanolab 650) was used to prepare the electron-transparent lamellae from
these two samples (the conditions: accelerating voltage ~30 kV down to 1 kV, probe current
9.3 nA down to 73 pA with the incidence angles from 2° to 7° were carefully monitored
throughout the whole etching process in order not to alter the samples structure and
composition). The lamellae were investigated with TEM equipped with a cold field-emission
gun, a scanning unit (STEM), and high-angle annular dark-field (STEM-HAADF) and
annular bright-field (STEM-ABF) detectors. Low beam currents of 16 nA and low
accelerating voltage of 80 kV were used to reduce the knock-on-damage to the sample.

3.5.3 X-ray Diffraction Analysis

The crystal structure of the sintered Nd—Fe-B magnets, Nd—Fe deposits, Nd:Fe;4B grains,
non-magnetic REE-based particles and REE-based precipitates were determined with an
X-ray diffractometer (XRD, PANalytical, Netherlands) using Cu-Ka radiation (XA = 1.5406
A).

3.5.4 Thermogravimetric Analysis and Thermal Annealing

Thermogravimetric analysis (TGA) of the [EMIM][DCA] IL was conducted using a
STA1500 (Rheometric Scientific) in a nitrogen atmosphere between 30 and 800 °C with a
temperature ramp of 10 °C min'. Using the TGA, an annealing experiment was performed
under Ar (99.999%) at 350 and 750 °C for 30 min (Carbolite, MTF 12, England). The ratio
of Nd/(Nd + Fe) in the deposit is expected to remain the same after annealing at 350 °C
and 750 °C, as the phase changes of the deposits with 12 at.% of Nd, which would
correspond to NdsFe;; composition, would not happen until the temperature ~1100 °C,
where the Nd,Fe;; phase would transform to Fe (bcc) and liquid phase via peritectic
reaction, according to the phase diagram of Fe-Nd [188].

3.5.5 Inductively Coupled Plasma Mass Spectrometry

The concentration of the REEs, i.e., Nd, Dy and Pr as a whole, was analyzed by mass
spectrometry with inductively coupled plasma (ICP-MS, Agilent 7700, Agilent
Technologies, Tokyo, Japan). The quality of the analytical measurements was checked by
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the analysis of the standard reference material SPS-SW1 (Reference material for
measurements of elements in surface waters) obtained from Spectrapure Standards (Oslo,
Norway).

3.5.6 Ultraviolet-Visible-Near Infrared Spectrophotometry

The concentration of total dissolved Fe in aqueous solution was determined using the 1,10-
phenanthroline method [189] using an ultraviolet-visible-near infrared (UV-Vis-NIR)
spectrophotometer (LAMBDA 950, PerkinElmer, USA) at X\ = 510 nm for the Fe-phen
complexes.
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Chapter 4

Results and Discussion

4.1 Selective Recovery of the Nd:FeisB Grains from the
Sintered Nd—Fe-B Magnets

The recycling of the sintered Nd-Fe-B magnet scraps can be classified into: i) direct re-
use methods, ii) pyrometallurgical processing and iii) hydrometallurgical separation and
recovery [47, 71, 190]. In terms of new magnets production using the recycled Nd-Fe-B
magnet scraps, pyrometallurgical processing working at high temperature is energy-
intensive, while hydrometallurgical routes require multi-processing steps with a large
amount of chemical consumption and wastewater generation. In contrast, the direct re-use
methods such as the re-sintering [63, 66], and HDDR [59, 64, 191] of the sintered Nd-Fe—
B magnet scraps are generally regarded as the most economical and ecological ways because
they provide short processing steps with zero-waste generation. However, the high oxygen
content (typically 2000-5000 ppm) in the REE-rich GBP of the sintered Nd-Fe-B magnet
scraps severely limits their recycling potential [47, 61]. These REOs (mainly Nd»Os) cannot
be extracted, resulting in reprocessed sintered magnets, lacking full density and exhibiting
poor magnetic properties. Therefore, extra RE hydrides are generally added to compensate
for the existing REOs [66, 192]. This then represents only a partial circular economy for
the magnets [193]. Additionally, the REE-rich phases, i.e., REOs, are non-ferromagnetic
[194]. With the repeated recycling by direct re-use methods, the total volume of the non-
ferromagnetic phases increases due to the addition of the RE hydrides, which then reduces
the saturation magnetisation and therefore the remanence of the sintered Nd-Fe-B
magnets. Consequently, the sintered Nd-Fe-B magnets produced from the repeated
recycling of materials by direct re-use methods tend to have poorer magnetic properties as
the number of cycles increases.

The sintered Nd-Fe—-B magnets consist of the REE-rich GBs, representing about 10—
12% of the magnet, and the NdsFe B grains, which are practically oxygen-free, accounting
for 85-87% of the magnet [57]. Thus, a direct recovery of the Nd.FeuB grains, leaving
REOs behind as a starting point would provide a sustainable recycling route for the fresh
Nd-Fe-B PMs production with high magnetic properties.

Herein, we describe an electrochemical process to recover the Nd:FeuB matrix grains
from the sintered Nd-Fe-B magnets based on the etching priority of different phases in
the magnets. As a result, the Nd:Fei B matrix grains and the REOs were disconnected
from each other after electrochemical etching that allowed a magnetic separation of the
matrix Nd.FesB grains. DMF, a non-aqueous solvent, was used to prevent the oxidation
of the recovered Nd.Fe;sB grains as they are quite sensitive to oxygen and water.
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4.1.1 Microstructural Investigation of the Sintered Nd—Fe-B Magnets
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Figure 4.1: (a) BSE-SEM image and (b) XRD pattern of a sintered Nd-Fe-B magnet.

Figure 4.1a shows a back-scattered electron (BSE)-SEM image of a polished sintered Nd—
Fe-B magnet. The dark-grey phase is the matrix phase, labelled (1), which consists of
83.51 at.% Fe, 9.02 at.% Nd, 3.99 at.% Dy and 3.48 at.% Co based on EDS. The light-grey
phase, labelled (2), consists of 63.58 at.% Fe, 30.02 at.% Nd, 2.38 at.% Dy and 4.02 at%
Ga, while the white phase, labelled (3), contains 30.23 at.% Nd, 3.89 at.% Dy and 65.88
at.% O. The bright intergranular region surrounding the grey phase (1) are the GBPs
(labelled with yellow dashed lines in Figure 4.1a). The observed phases are in accordance
with literature reports, with the thickness of the GBs being less than 10 nm [176, 195-197].
The analysis of the GB and the triple point (labelled with red dashed circles) is, however,
not reliable in our case, because of its small volume. Figure 4.1b shows the XRD pattern
of the polished sintered Nd-Fe-B magnet, from which the Nd;Fe,B (PDF# 04-006-3648),
metallic Nd (PDF# 04-012-9522) and Nd.O; (PDF# 00-041-1089) phases are observed.
Combining the XRD result with the microstructure, the grey phase (1) is the (Ndi.
Dy.).Fe B matrix phase, i.e., labelled as “Nd,Fe;;B”. Based on the stoichiometry from the
EDS, the light-grey phase (2) is the NdFe,B, [198], the peaks of which are overlapping with
the peaks of NdsFeB phase in the XRD pattern, because it represents just a few percent
of the total (Figure 4.1b). The white phase (3) is a mixture of Nd;Os; and Dy»O3 phases,
where the characteristic peaks of the Dy,Os; phase are not visible due to there being only a
small amount. According to the literature [196, 199], the GBP is Nd-rich material, which
mostly consists of metallic Nd and a mixture of different Nd-based oxides.

4.1.2 LSV Study on the Sintered Nd—Fe-B Magnets
Figure 4.2 shows the LSV of a Pt electrode (black curve) and an initial sintered Nd-Fe-B

magnet (red curve) in DMF containing 0.3 mol L' FeCl, with a scan rate of 40 mV s™.

For all the electrolysis experiments, the following reactions are possible at the anode:
Fe’'—¢ —Fe" (4.1)
Nd"-3¢ —Nd*" (4.2)

NdFe,;B;23¢ —»Nd*" +4Fe* +4B*" (4.3)
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NdyFe; B-37¢ —»2Nd*"+14Fe?" +B** (4.4)

The cathodic reaction is the reduction of Fe?" to produce metallic Fe:

Fe*"+2¢ —Fe (4.5)
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Figure 4.2: LSV of a Pt-wire working electrode (black curve) and an initial sintered Nd—
Fe-B magnet (red curve) in DMF containing 0.3 mol L' FeCl,, 40 mV s, room
temperature.

When using Pt as the working electrode (black curve), the current density started to
increase at ~0.15 V along the BC line due to the onset of the oxidation of Fe** (reaction
(4.1)) that includes also the oxidation of [FeCls(DMF)]" [200, 201] complex that might
explain the mild current peak at ~0.55 V and the peak current (P;) attributed to [FeClL]*
[200, 201] oxidation at the potential of 0.75 V. When the Nd-Fe-B magnet was used as
the working electrode, the current density started to increase at the potential of —0.40 V,
shown by the red curve. The peak (P2) of 5 mA c¢m ? recorded at —0.02 V was responsible
for the oxidation of metallic Nd in the grain boundaries (reaction (4.2)) due to its very
negative electrode potential (—2.32 V vs standard hydrogen electrode, SHE) [135]. The peak
(Ps) at 0.30 V is likely a combined oxidation of the NdFe;B; phase (reaction (4.3)) with an
oxidation of Fe*" (reaction (4.1)). From point C on, the current density regularly increases
along CD on the red curve which is the response of the oxidation of all the Nd-containing
phases together with the Fe*" oxidation (reactions (4.1)—(4.4)). Accordingly, the etching
priority of the phases inside the magnet is as follows: metallic Nd (in the grain boundary)
> NdFe,B; > Nd,Fe;,B (magnetic phase). This is in good agreement with the previous
reports [202-205].
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4.1.3 Electrochemical Etching of the Sintered Nd—Fe-B Magnets

Based on the etching priority from the LSV, selective etching of the metallic Nd-rich phase
from the GB could be realized by applying a potential of < —0.02 V (corresponding to < 5
mA cm ?) on the anode, while applying potentials of higher than 0.40 V (corresponding to
> 9.9 mA cm ?) would lead to the non-selective etching of all the phases present, e.g., the
metallic Nd-rich phase, the NdFe B, and Nd;Fe.,B.

Figure 4.3: BSE-SEM images of the sintered Nd-Fe-B magnets after electrochemical
etching with a current density of (a) 2 mA cm™ (b) 4 mA cm™?, (¢) 8 mA cm™?, (d) 16 mA
cm? (e) 32 mA cm ™, and (f) 48 mA c¢cm ™ for 2 min at room temperature.

The BSE-SEM images of the polished sintered Nd-Fe-B magnets after electrochemical
etching with a current density of 2-48 mA c¢m ™ for 2 min at room temperature are shown
in Figure 4.3. The Nd-rich triple points are preferentially etched at 2 mA cm™? due to the
more negative electrochemical potential caused by the higher Nd content (Figure 4.3a).
The Nd-rich GBs connected with the triple points were also slightly etched. A longer
etching time is needed to completely etch away the GBs surrounding the Nd.FeB grains.
Whereas the GBs were further etched with the increasing applied current density of 4 mA
cm ? (Figure 4.3b) and were completely etched at 8 mA cm? (Figure 4.3¢) within 2 min,
exposing the single Nd,Fe.uB grains on the polished magnet surface. Clearly, the average
thickness of the gaps between the Nd.FeuB grains was, roughly, ~100 nm and ~300 nm
with the etching current density of 4 and 8 mA cm 2, respectively. As the thickness of the
GB of the sintered Nd-Fe-B magnet is generally < 10 nm [176, 195-197], the much larger
thickness of the gaps between the Nd.Fe,B grains after etching at 4 and 8 mA c¢m™ for 2
min indicates that the etching of the edges of the Nd:Fe B grains happened together with
the etching of the GBs. When the applied current density was further increased from 16
to 48 mA cm?, aggressive etching on the Nd,Fe;4B grains is clearly observed (Figure 4.3d—
f). Dense craters on the surface of the Nd;Fe,B grains were formed by etching at 16 mA
cm? (Figure 4.3d). When the current density of 32 mA cm* was applied, the morphology
(Figure 4.3e) consists of electrochemically inert Nd/Dy oxides (white phase) and porous
NdsFe B grains in which an average diameter of the pores is roughly 500 nm. A more
porous structure of the Nd.FeuB grains with an average diameter of the pores around 1



43

pm was observed under the applied current density of 48 mA cm? (Figure 4.3f). Therefore,
it can be concluded that for a constant etching time, a higher applied current density
results in more aggressive etching of the Nd.Fe B grains. A low current density, e.g., 2
mA cm? could be applied with a long etching time to completely etch the GBs and
consequently to obtain the Nd.Fe;sB grains.

Figure 4.4: BSE-SEM images of the sintered Nd-Fe-B magnets after electrochemical
etching with a current density of 2 mA cm? for (a) 0 min, (b) 1 min, (c¢) 2 min, (d) 4 min,
(e) 8 min and (f) 15 min at room temperature.

Figure 4.4 shows the progression of the etching effect on the microstructure of a polished
sintered Nd-Fe-B magnet surface when applying a current density of 2 mA c¢m™? for 0-15
min at room temperature. The roundish (labelled by the red dashed circle, Figure 4.4a)
and triangular (labelled by the yellow dashed triangle, also called a “triple point”, Figure
4.4a) white phases present on the polished surface of the sintered Nd—Fe-B magnets (Figure
4.4a) with the GBs are Nd-rich phases, which are etched away first. Consequently, craters
(labelled by the red dashed circle, Figure 4.4b) and an empty triple point (labelled by the
yellow dashed triangle, Figure 4.4b) connecting with the partially etched GBs (labelled by
red dashes, Figure 4.4b) were observed after etching for 1 min. The GBs surrounding the
NdsFeB grains were further etched away when the etching time was extended to 2 min
(labelled by the yellow dashes, Figure 4.4c). When the polished sintered Nd-Fe-B magnet
was etched for 4 min under an applied current density of 2 mA cm? the GBs were
completely etched away, exposing the Nd.Fe;sB grains and leaving behind the Nd-based
oxide phases (the white phase in the triple points of Figure 4.4d), which are not prone to
electrochemical oxidation. The size of the Nd,Fe;,B grains varies from 5 pm to 10 pm. The
gaps (labelled by the white dashes, Figure 4.4d) between the Nd,FeB grains (the thickness
of the gaps varies from ~500 nm to ~1 pm) were formed after preferential etching of the
metallic phases in the GBs. The thicker gaps after etching than the thickness of the initial
GBs (< 10 nm) [176, 195-197] indicate that some etching of the Nd,FesB grain edges also
occurred. The edges of the NdsFeuB grains were further etched perpendicular to the
polished surface with a prolonged etching time of 8 min (red dashed arrows, Figure 4.4e).
When the sintered Nd-Fe-B magnet was etched for 15 min, the polished surface was
progressively etched, resulting in a porous structure for the Nd:Fe;sB grains (Figure 4.4f).
Some vacancies (e.g., the position labelled by a red dashed circle, Figure 4.4f) observed on
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the magnet surface indicate that the Nd:Fe.uB grains detached from the rest of the magnet
after the complete etching of the surrounding GBs. The second layer of the Nd,Fe4B grains
(labelled with red dashed arrows, Figure 4.4f) was much less damaged with the GB
completely etched. This indicates that etching of the GBs of the sintered Nd—Fe—-B magnet
reached more than 2 layers of the Nd-Fe1B grains to a depth of 10-20 pm within 15 min
when applying a current density of 2 mA cm™>

4.1.4 The Etching Mechanism of the Sintered Nd—Fe-B Magnets

In order to understand the etching process in a three-dimensional space, a mechanism for
the electrochemical etching of the sintered Nd-Fe—-B magnet with metallic Nd at both the
GBs and triple points in a water- and oxygen-free organic electrolyte is illustrated in Figure
4.5.
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Figure 4.5: Schematic illustration of the microstructural evolution of a sintered Nd-Fe-B
magnet with metallic Nd in the GBP during electrochemical etching/anodization in a
water- and oxygen-free organic electrolyte.

For simplicity, only the planar surface of the magnet directly facing the cathode is
considered to be subject to the electrochemical etching and the low current density (< 2
mA cm?) is considered to selectively etch the sintered magnets. At the very beginning ¢ =
t;, the anodization begins with the etching of metallic Nd, most probably at the interfaces
of the Nd-rich phase and the Nd.FeuB grains, as the electrochemical potential is always
higher at the electrode edges [206]. As shown in Figure 4.5a at ¢ = ¢; (red colored regions),
an etching depth of d; is reached. Etching of the magnet proceeds until ¢ = ¢, when a
certain thickness (d») of the metallic Nd has been etched away, now exposing the Nd.Fe;,B
grains (Figure 4.5b). At ¢ = {5, the metallic Nd in the triple points might not be etched
completely, depending on its volume at the triple point, as shown in Figure 4.5b. The
etching depth d for t — ¢, increases. Consequently, the exposed area of the anode/magnet
becomes larger with ¢t — t,, which decreases the current density and the over-potential for
etching the metallic Nd. As a result, the etching rate of the metallic Nd in the GB reduces
with ¢ > t,. When a constant current is applied and in order to keep the charge balanced,
the etching of the Nd,Fe;;B grains needs to occur at d» at ¢ = t, (Figure 4.5b, red-colored
region). At t = t;, the etching reaches a depth of ds at which point the etching of the
Nd,Fe B grains proceeds both on the front interface and the side interfaces (Figure 4.5c¢,
red-colored region) in parallel with the deeper etching of the Nd-rich phase. When the
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latter is completely etched (¢ = t,), the partially etched Nd,Fe; B grains and the Dy/Nd-
oxides detach from the magnet surface (Figure 4.5d).

4.1.5 Recovery of the Nd:FeiuB Grains from the Sintered Nd—Fe-B
Magnets

To monitor the overall etching process and to avoid etching the Nd.Fe;sB grains for high
rates of recovery, electrochemical etching of a sintered Nd-Fe-B magnet with an applied
current of 10 mA (the corresponding current density of 2 mA cm?) was conducted for 360
min. The magnetically collected particles are shown in Figure 4.6a. These are individual
particles confirming that Nd.Fe;,sB grains can be extracted through selective etching of the
Nd-Fe-B magnet. The EDS result shows that the compositions of the grey phase (83.24
at.% Fe, 9.98 at.% Nd, 2.63 at.% Dy and 4.15 at.% Co) are similar to those of the initial
polished magnet shown in Figure 4.1a.
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Figure 4.6: BSE-SEM images of (a) collected magnetic powder after electrochemical
etching (360 min), (b) collected non-magnetic particles by filtration after the
electrochemical etching (360 min) with EDS spectra and (c) the corresponding XRD
pattern. Etching conditions: 10 mA (2 mA cm?), room temperature, no stirring.

For the 1.61 grams of the sintered Nd-Fe-B magnet treated at 10 mA (2 mA cm?) for
40 h, 1.08 grams of the Nd:FeB grains were obtained. Accordingly, 67.2% of the Nd-Fe—
B magnet was recovered in the form of the Nd:Fe;uB grains and the energy consumption
per kilogram of the obtained Nd>Fe,B grains was calculated to be 0.58 kWh. Around 20%
of the Nd;FeuB grains was etched and dissolved into the electrolyte (assuming that the
initial sintered Nd-Fe-B magnet contained 87% of Nd.FeB grains [57]). This is caused by
i) the decreasing over-potential for etching the metallic Nd during the etching process that
forces the etching of the Nd,FesB grains according to the etching mechanism (Figure 4.5)
and ii) untimely removal of the Nd,Fe;4B grains from the magnet anode after the complete
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etching of the surrounding GBP. However, the recovery of the Nd.FeisB grains can be
further improved by using an ultrasonic bath during the electrochemical etching process to
remove the Nd.Fe;sB grains from the magnet anode in time.

The non-magnetic particles collected by filtrating the electrolyte after electrolytic
etching are presented in Figure 4.6b. The particles in two different geometries, round shape
and elongated ribbed shape, are observed. The round particles and the elongated ribbed
particles mainly consist of Nd, Dy and O, in which the oxygen content (O/(Nd + Dy +
0)) is ~69 at.% and ~35 at.% (Figure 4.6b). The spectra also show the Cl (< 3.5 at.%)
coming from the incomplete washing of the particles with DMF. It must be noted that
boron (B) is not shown in the EDS spectra due to it being a light element, which cannot
be detected by EDS. Figure 4.6¢ shows the XRD pattern of the non-magnetic particles
obtained by filtration after anodic etching of the sintered Nd—Fe-B magnet. The confirmed
phases are Nd,O3; (PDF# 00-041-1089 and PDF# 00-043-1023), Dy.Os; (PDF# 04-014-
8977 and PDF# 00-019-0436), Nd (PDF# 04-012-9522) and NdB, (PDF# 00-024-1458).
Combined with the EDS results, the round particles contain Nd.Os; and Dy,Os; phases,
while the elongated ribbed particles consist of Nd.Os, Dy»03, Nd and NdB, phases.
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Figure 4.7: (a) The SE-SEM image of the deposit on the cathode with EDS spectrum
(inset). (b) The influence of etching time on the concentrations of Fe** (blue curve), Nd**
(black curve) and Dy*" (red curve) and in the electrolyte. Conditions: Applied current 10
mA, the corresponding anode current density: 2 mA c¢cm? and cathode current density: 1
mA cm % room temperature, no stirring.

On the cathode, a deposit was obtained after a deposition of 60 min on a Cu
substrate/cathode (in the period 301 to 360 min) which is shown in Figure 4.7a. Some
cracks are observed from the secondary electron (SE)-SEM image of the deposited film.
The EDS spectrum (inset of Figure 4.7a) indicates that only Fe was deposited on the Cu
substrate. This is because the concentration of Fe’" in the electrolyte was much higher
than that of Nd*" and Dy**, and the standard electrode potential of Fe**/Fe (-0.447 V) is
much lower than those of RE**/RE (< —2.2 V), both of which result in the preferential
deposition of Fe. Additionally, the current efficiency of the Fe deposition was 99.6%,
because of the use of DMF, which is electrochemically stable, avoiding the hydrogen
evolution that generally happens in aqueous solutions [138]. The concentrations of dissolved
Nd**, Dy*" and Fe*" are monitored along with the etching time of 360 min (Figure 4.7b)
at the applied current of 10 mA (the corresponding anode current density is 2 mA cm?).
It can be seen from Figure 4.7b that the concentrations of Nd** and Dy*" in the electrolyte
increase with the increasing etching time and exhibit a linear relationship (correlation
coefficient, R* = 0.996 and 0.995, respectively), from which the etching rate of the Nd**
and Dy*" are calculated as 2.367 and 0.685 mg L min, respectively. The concentration
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of Fe’", in contrast, decreases with the increasing etching time, which indicates that the
consumption of Fe?" in the electrolyte due to electrodeposition on the cathode was larger
than the amount of Fe*" dissolved into the electrolyte by etching from the anode. The net
consumption rate of Fe?" is calculated as 2.106 mg L' min'. Therefore, the only chemical
consumption for recovering the Nd.Fe4B grains is FeCl,.

4.1.6 Recycling Route for the Sintered Nd—Fe-B Magnets Based on
the Electrochemical Recovery of the Nd:FesB Grains

A recycling route for the sintered Nd-Fe-B magnet scraps is proposed based on the
electrochemical etching (Figure 4.8). The obtained Nd;Fei B grains are used as raw
materials for new magnet making. The REE-containing electrolyte and REE-based
particles can be further treated by the conventional hydrometallurgical process for high
purity of > 99% REEs recovery [47, 71] followed by molten salt electrolysis [101] for making
RE metals/alloys which can be used together with the obtained Nd,Fe.B grains for new
sintered Nd—Fe—-B magnet making. DMF can be recovered by distillation and re-used in a
closed-loop with minimized safety risk and environmental impact. Upon that the overall
REEs mass balance from the initial magnet is 100% preserved which forms a circular
economy.

Electrochemical recycling

Nd-Fe-B
FeCl, + DMF — > I magnet scraps D
Cathodic
Anodicletching deposition
=) Nd,Fe,,B grains,
< § .
3 REE-based particles, | =~ [Fe metal
5 RE”, Fe”', etc.
g —
<
8 Magnetic | separation
REE-based particles Nd,Fe, B .
RE*, Fe”, etc. grains 0.58 kWh kg
Hydrometallurgy | |
Electrolysis
New Nd-Fe-B
RE metals / alloys PMs
e.g., Nd-Pr
46.%ll kWh kg ~2.99 kWh kg™

Figure 4.8: Flowsheet of electrochemical recycling of the sintered Nd-Fe-B magnets.
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Table 4.1: Energy consumption of making sintered Nd-Fe-B magnets via different
recycling routes.

Route Energy consumption References
(kWh kg!)
Hydrometallurgy 30.0~33.4 [207]
Direct re-use ~3.0 [207]
Electrochemical recycling ~2.99 This study

[a] The detailed calculation of energy consumption is based on the available literature.

To make new sintered Nd—Fe-B magnets using the recovered Nd.FesB grains as the
starting material, the addition of RE metals or alloys, e.g., Nd hydride [65] and Nd-Pr
hydride [207] are expected to reach fully dense magnets with the formation of GBs. 1.9
wt.% of Nd-Pr hydride/cycle is generally added in direct re-use methods to compensate
for the loss of the Nd with the continuous recycling cycles due to Nd,Os formation in the
GBs [65, 207]. Upon that the energy consumption for producing 1.0 kg of the sintered Nd—
Fe-B magnets via direct re-use methods is ~3.0 kWh when using the direct re-use methods,
with 1.9 wt.% of Nd—Pr hydride additive [207]. The total energy consumption for making
new sintered Nd-Fe—B magnets via the proposed electrochemical recycling route, therefore,
includes: i) the energy consumed for recovering the Nd;FeuB grains, ii) the energy
consumed for additive RE metals or alloys making [207], here we are considering the double
addition of the Nd-Pr hydride (~4 wt.% Nd-Pr hydride) as we have to compensate for the
whole Nd-rich GBP, and, iii) the energy consumed for the new sintered Nd-Fe-B magnet
processing steps. The energy consumption per kilogram for making Nd-Pr hydride
associated with mining the ores is 46.7 kWh [207], and the energy consumption per
kilogram of the obtained Nd,FesB grains was calculated to be 0.58 kWh. Considering also
the magnet processing steps, such as sintering (0.46 kWh kg') and annealing (0.08 kWh
kg') [207], the total energy consumption of the magnet-manufacturing process with
blending 4 wt.% of Nd—Pr hydride (1.87 kWh) using the proposed electrochemical recycling
route is estimated to be ~2.99 kWh kg'. It has to be emphasized that the proposed
electrochemical recycling route requires a constant amount of the additive per cycle
irrespective of the number recycling cycles as the Nd-rich phase does not pick up oxygen
while recycling, unlike in the direct re-use methods. Consequently, higher total energy
consumption is expected for direct re-use methods with the repeating recycling cycles. For
comparison, the energy consumption of the hydrometallurgical route is regarded the same
as that of the traditional magnet-manufacturing route associated with mining the ores, due
to their similar production process [40]. The total energy consumption for producing 1.0
kg of the sintered Nd-Fe-B magnets is 30.0-33.4 kWh using the traditional magnet-
manufacturing route [207] (Table 4.1) if we consider the conventional additive of the Nd-
Pr hydride. However, the additive can be replaced by other alloys, such as Nd—Cu [176]
and Ce [208] that would lead to a much lower energy footprint. As a whole, the proposed
electrochemical recycling route proves itself to be comparable in energy demand to the
direct re-use methods, but it proves to be more sustainable in the long term.

In this section, we propose a facile and cost-effective electrochemical recycling process
that selectively recovers the Nd.Feu B grains from the sintered Nd—Fe-B magnets at room
temperature. The anodic etching mechanism is based on fine-tuning of the applied current
density < 5 mA cm?to exploit the etching priority series of the phases present in the
pristine sintered Nd-Fe-B magnet: metallic Nd > intergranular NdFeB; > matrix
NdsFesB, which allows the preferential etching of their surrounding REE-rich GBs, leaving
the individual Nd;FeisB grains behind for magnetic separation. The total energy
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consumption of the proposed electrochemical recycling route is estimated to be ~2.99 kWh
kg ! which is, in the long term, expected to be economically more feasible while offering
considerably more flexibility.

4.2 Electrochemical Deposition of the Nd—Fe from an Ionic
Liquid

In Section 4.1, selective etching of the sintered Nd-Fe-B magnets on the anode ends up
with Nd.FeuuB grains, REE-based particles and REE-containing electrolyte. According to
the proposed recycling route for the sintered Nd-Fe-B magnet scraps (Figure 4.8), the
REE-containing electrolyte can be further treated by distillation to recover DMF for re-
use and REE-based chlorides that are ready for the conventional hydrometallurgical
process for high purity of > 99% REESs recovery [47, 71] followed by molten salt electrolysis
[101] for making RE metals/alloys. Alternatively, electrodeposition of RE-TM, e.g., Nd—
Fe, alloys at mild temperatures using the REE-based chlorides as metal sources would,
theoretically, be a promising RE alloy recycling route and could act as an alternative of
the direct PMs synthesis method. Compared to the hydrometallurgical process, it would
avoid the multi-step REE separation and reduction processes that consume large amounts
of chemicals and thermal energy.

However, it is very difficult to deposit REEs in a metallic form because they generally
have a negative reduction potential of < 2.3 V vs. SHE [135]. There are literature reports
about the electrodeposition of RE alloys using DESs and organic solvents [153-155, 177].
But here the organic chemicals are generally volatile, casting doubt on the environmental
credentials of the process. ILs with their high ionic conductivity, wide electrochemical
window, lack of volatility and a very low vapor pressure, also look promising [178].

In this section, the IL, [EMIM][DCA], was used as the electrolyte for the
electrodeposition of the Nd and Fe. [EMIM][DCA] is an oxygen-free IL that exhibits a low
viscosity (21 c¢P at 20 °C), which ensures a high mass-transfer efficiency and a high
conductivity, both of which are beneficial for electrodeposition [209]. DCA-based ILs with
a good coordination ability were already applied to RE metal electrodeposition [210], as
metal chlorides are found to dissolve well in the DCA-based ILs by forming complexed
anions [211]. The electrochemical behaviors of the Nd*" and Fe*" were investigated, from
which a co-deposition mechanism for RE-TM was proposed with a kinetic model. A
detailed study using TEM combined with electron-energy-loss spectroscopy (EELS) was
performed in order to locally investigate the chemical composition of the deposit and the
valence state of the deposited Nd.

4.2.1 Electrochemical Behaviors of Fe*t and Nd*' in [EMIM][DCA] IL

The CV was used to investigate the electrochemical behaviours of the Fe** and Nd*" in
[EMIM][DCA] as shown in Figure 4.9.
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Figure 4.9: (a) CV of a Pt electrode in (1) [EMIM][DCA], (2) FeCl, (0.03 mol L")-
[EMIM][DCA], (3) NdCl; (0.1 mol L")-[EMIM][DCA] and (4) FeCl, (0.03 mol L)-NdCl,
(0.1 mol L")-[EMIM][DCA], 110 °C, 40 mV s, (b) CV of a Pt electrode in FeCl, (0.03 mol
L)-NdCls (0.1 mol L)-[EMIM][DCA] with a scan rate from 10-100 mV s and (c) Plot
of I, 42, 110 °C.

The black curve (curve 1) in Figure 4.9a shows the CV of the [EMIM][DCA] solution
at a scan rate of 40 mV s'. The current starts to increase from —1.5 V vs. Pt and this can
be attributed to the decomposition of the [EMIM]* cation [212], which indicates the
cathodic limit potential of the [EMIM][DCA]. For this reason, the potential scan was
stopped at —1.50 V in all the subsequent CVs. In the blue curve (curve 2) that represents
the Nd*" solution, there is no significant current increase observed up to —1.50 V, which
indicates that the Nd*" reduction is not induced on its own in this IL system, most probably
due to the very negative reduction potential of Nd** [135]. It should be noted that the
current increases from —1.25 V to —1.5 V in both curve 1 and curve 2 that is typically
observed in the CV curves of the ionic liquids, called potential-dependent double layer
charging current [213]. With the increasing potential, the charging current response of the
double layer increases accordingly. The red curve (curve 3) and the green curve (curve 4)
are the CVs of the FeCl-[EMIM][DCA] and FeCl,-NdCls-[EMIM][DCA], respectively. The
starting point for the Fe?" reduction in curve 3 is —1.19 V, while the reduction peak (Ps.)
appears at —1.25 V and the corresponding oxidation peak (Ps) is present at —0.60 V. A
small current shoulder appeared after Ps. at around —0.5 V is observed. Similar reports
could be found from other studies [214, 215] which attributed the shoulder to a strong
interaction, such as the desorption [213] of the Fe** complex on the electrode surface. In
curve 4, the current increase that can be ascribed to the starting point for the Fe*" and
Nd** co-reduction is observed at —1.25 V, while the reduction peak (P.,) appears at —1.30
V, with a much higher peak current, both of which are shifted negatively compared to
curve 3. The reason for the more negative starting point for the Fe?" and Nd** co-reduction
(at —1.20 V) is probably due to the reduced coverage of Fe** on the cathode as a result of
the addition of Nd*', according to the Nernst equation [206], and the more negative
reduction potential is due to the more negative reduction potential needed for the Nd**.
The peak current for Nd** and Fe*" (6.5 mA cm™ at —1.30 V) that is higher than in the
case of Fe’" reduction (3.5 mA cm? at —1.25 V) indicates that the reduction of Nd**
contributed to the current increase. Because Nd*" could not be reduced by itself as
described in curve 2, the peak current increase of curve 4 can be only ascribed to the co-
deposition of Nd and Fe, compared to that of curve 3. It should be noted that the peaks
of Py, in curve ¢ and Py, in curve d are ascribed to the electrochemical decomposition of
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the IL. Because it has been shown from the black curve which is for pure IL that the
decomposition of the IL should start from —1.5 V. The decomposition potential for the IL
shifted positively from —1.5 V to ~1.4 V after the Fe*" deposition peak. It has been already
reported that zero-valence Fe is able to catalyze the decomposition of imidazolium cations
[216, 217] and upon that Py, and Py, coming after the peak of Fe*" deposition and Fe** +
Nd?** co-deposition, respectively, could be ascribed to the catalytic decomposition of the IL
by Fe. The oxidation peak (Py) at =0.33 V in curve d is more positive and wider, with a
higher peak current than those in curve 3, which can be attributed to the co-reduction of
Nd and Fe.

Figure 4.9b shows the CV of FeCl,-NdCls-[EMIM]|[DCA] at different scan rates, ranging
from 10 mV s to 100 mV s'. The reduction peaks shift from —1.20 V to —1.30 V with an
increasing scan rate, where the peak current increases from 5.0 mA c¢cm? to 12.0 mA cm 2
The oxidation peaks of the Nd and Fe deposits in the reversed scan are observed in the
potential range —0.81 V to —0.22 V and show an increase in intensity and a shift towards
a more negative potential at higher scan rates. This indicates that the oxidation of Nd and
Fe is faster at a higher scan rate due to the faster electron-transfer rate. A broad shoulder
and a secondary oxidation peak (where the arrow points in Figure 4.9b) in the oxidation
zone are also developed at higher scan rates, as a result of the Nd and Fe compounds
beginning to form, which can oxidize as separate phases at high scan rates [218]. The
potential difference between the cathodic (P4.) and the anodic (Pi.) peak of Nd-Fe is larger
than 800 mV (Figure 4.9a, curve 4). A plot of I,—v"? is shown in Figure 4.9¢, and can be
described by the Randles-Sevcik equation [206, 219], which categorises the Nd and Fe co-
reduction process as irreversible and controlled by diffusion.

4.2.2 Theoretical Mathematical Model of the RE-TM Co-Deposition
Based on the “Transition-State Theory”

The results obtained from the CV study presented in Figure 4.9 show the co-reduction of
Nd (RE) together with the deposition of Fe (TM); however, the theoretical background to
support the processes of how the RE*" is reduced inductively with TM?" remains unclear.
It is a fact that individual deposition of pure Nd metal is extremely difficult due to its very
negative reduction potential. However, Nd*', as well as many other REEs, can be deposited
together with one or more metals from the TM group [179-181]. This electrodeposition
phenomenon is called the “induced co-deposition”. It was found that in DESs, Nd*" cannot
be reduced alone to Nd’, but it can be inductively co-deposited with Fe* [154, 155]. These
studies indicated that co-deposition is possible, using a potential that is much more positive
than that for the individual deposition of the REEs. However, an explanation for why RE*"
could be reduced in the presence of Fe?* at a more positive potential was not presented in
detail.

It is well known that some elements with negative electrochemical standard potentials
cannot be electrodeposited in metallic form from aqueous solutions, but they can be co-
deposited with TMs, forming alloys [165]. For example, metallic tungsten cannot be
deposited alone from an aqueous solution, but it does deposit in the presence of Fe**/** ions
in the solution, forming metallic alloys [166-168]. For Fe-W co-deposition, three possible
co-deposition mechanisms have been proposed. A “catalytic reduction” theory was
proposed by Holt and Vaaler [171] to explain the reduction of aqueous tungstate solutions
in the presence of zero-valence TM elements (i.e., Ni, Co and Fe). In this process, the
reduction of TM*" to TM" occurs first; it then catalyzes the tungsten deposition until the
surface is covered with it, preventing any further tungsten deposition. This process
continues until a new layer of the TM element forms. The observation of laminated
structures was the basis for this concept by Younes and Gileadi [182], although how the
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zero-valence state of a TM element catalyzes tungsten deposition was not elaborated.
Another mechanism, proposed by Clark and Lietzke [172], emphasizes the role of hydrogen,
where there is an initial deposition of a partially reduced tungstate film on the cathode,
followed by the catalytic reduction of this film by hydrogen in the presence of freshly
deposited Fe, Co, or Ni. Without the inducing element, the tungstate ion is only partially
reduced (WO, — WO,) [220], and due to its low over-potential with respect to hydrogen
evolution, it cannot be further reduced. The third mechanism is based on the formation of
TM tungstate complexes that are precursors to tungsten alloys, as introduced by Younes-
Metzler et al. [173]. In this concept mixed-metal soluble complexes were used by adding a
complexing regent of citrate [166] or gluconate [174] as a prerequisite for the TM-W co-
deposition. The latter two mechanisms rely on active hydrogen produced by the electrolysis
of water and the formation of TM-tungstate coordination compounds with certain
complexing regents that help to realize the co-deposition process. The “catalytic reduction”
theory opens a way to further investigate the co-deposition of the RE-TM in both aqueous
and non-aqueous solutions.
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Figure 4.10: (a) Free energy changes during a reaction, (b) reaction paths of RE-TM co-
deposition process, and (c) schematic of the induced co-deposition process in a locally
enlarged view.
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We assume that the mechanism for RE-TM co-deposition might be similar to that of
TM-W co-deposition. Inspired by the “catalytic reduction” theory of W—-Fe, here we
introduce an induced co-deposition mechanism for RE-TM based on the transition-state
theory, which assumes that the transition-state TM (7M") is the catalyzer for the RE**
reduction to RE®. With this assumption, the influence of the substrate on the deposition
of the RE-TM is neglected. According to Henry Eyring [221], reactions proceed through a
well-defined transition state or activated complex, as shown in Figure 4.10a. The standard
free-energy change in the transition from the reactant [e.g., TM*'] to the activated complex
(e.g., TM") is AGp, whereas the complex is elevated above the product (e.g., TM) by AGb.
Therefore, the transition-state complex is ready to release some energy (Gp) to reach a
thermodynamically stable state (i.e., the ground state). It should be noted the quantitative
energy transferred from one atom to another is still not clear yet, as the modern
investigations of the validity of the transition-state-theory are still going on [222-224]. The
most common postulate is called the strong-collision assumption that large enough amounts
of energy are transferred in molecular (atomic in this case) collisions [225]. Based on this
theory, an assumption is made that the TM?*" is reduced first to the zero valence state with
a high energy (TM", activated state or transition state, shown in Figure 4.10b), from which
some of the energy can be transferred to the RE*" to reduce its energy barrier, which makes
it ready to be reduced at a much more positive potential (¢§;3+ /RE) than its standard

electrode potential ( Based on this mechanism, at the very beginning of the

SOIiEi’”/RE)'
electrodeposition, the first few atomic layers of the deposit have to be metallic TM with
high energy (7M"), which then subsequently catalyses the reduction of the RE**.

The concentration of TM" formed by the electrodeposition proposed in the above-
mentioned model directly influences the reduction of RE*", as the formation of TM" is
controlled by the TM*" concentration in the electrolyte and the applied potential/current
density. Based on this, the functional relationship between the molar fraction of REE in
the deposit and the concentration of TM?*' in the bulk solution, as well as the applied
potential /current density, can be established. The solvation behavior and stable species of
RE chlorides in DCA-based based ILs still need to be elaborated in the future, although
the [Fe(DCA);Cl]* complex was confirmed as the main species in [EMIM][DCA] IL by S.
Begel [226]. According to the report from Q. B. Zhang [210] who speculated the [La(DCA).]
complex as the stable species in 1-butyl-3-methylimidazolium dicyanamide ([BMIM]|[DCA])
IL, the [Nd(DCA), complex is to be expected as the main species due to the chemical
similarity of Nd and La. In order to clearly present the induced co-deposition process, the
speciation of the Nd** and Fe*" in [EMIM][DCA] are simplified as Nd(DCA )3 and Fe(DCA),
which are illustrated in Figure 4.10c. Before the deposition (¢ = 0), both the TM** and
RE?*" are adsorbed onto the cathode surface and are ready to be reduced. Once a potential
or a current is applied (¢t = t;), TM** is first reduced to T'M", whereas the TM*" and RE**
in the vicinity will compete to alloy with it. During the alloying, the energy is transferred
from TM" to TM*" and RE*" (¢ = t,) to form the complexes of TM"“TM?*" and TM"RE*",
which are ready to be further reduced at ¢ = t5. Since the specific amount of energy from
TM" can be absorbed by both RE** and TM?*, at any instant of time ¢,, all the involved
reactions from ¢, to t; are happening at the same time, and can be expressed as follows:

i TM2 126 & TAL (4.6)
# kg *
RE* + TM" & TAS RES (a)

b
TM2 4 T & Tar Mt (b)
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where k; and k; are the electrochemical rate constants, and k., k» and k. are the equilibrium
constants.

Since the lifetimes for the activated species are very short (a mean life of 10 to 10"
s [221]), the complex reactions of TM" with RE* and TM?" are considered to be in
equilibrium at all times and the corresponding reverse reaction rates are neglected
compared to the forward reaction rates. Therefore, the Tafel kinetics is assumed to be valid
for these reactions, the partial current densities, 4, can thus be expressed as a function of
the kinetic constants, k.

= APk (1-g)e

where n; is the number of electrons transferred in the electrochemical reaction j, where n,
=n=mn"=2,n,=m = ny’”’ = 3 in these cases, A is the frequency factor, F is the
Faraday constant, ¢ is the ion concentration in the bulk solution, & is the adsorption
coverage, «; is the transfer coefficient, #7; is the over-potential, R is the universal gas
constant, and T is the absolute temperature.

Since most of the surface area is covered by the IL, the surface coverage of TM?*" and
RE*" with their intermediates is considered small; therefore, we make the term 1-6,
constant as 1-# and let f = F/RT. The corresponding equations are as follows:

i =2AFk;(1-6)c(TM*") e 1 (4.11)

o TM RE* )=k, c( TM") c(RE*") (4.12)
o TM - TM**)=kyc( TM") c(TM>T) (4.13)
o(TM)=k.c(TM") (4.14)
iy=3AFky(1-0)c( TM -RE*") ¢ 2272/ (4.15)

i1=2AFk,(1-0) o( TM "TM>*) e 1f (4.16)
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o TMTM-RE*") =k, o( TM “TM) c(RE*") (4.17)
o TM-TM-TM?**)=kyc( TM "TM) c(TM**) (4.18)
(2TM)=k.c( TM ~TM) (4.19)
iy=3AFky(1-0)c( TM ~TM-RE*") e 22 (4.20)
i =2AFk;(1-6)c( TM TM-TM>") e @1/ (4.21)
Clearly,

Z._Zzl'_{=...=%=kbc(TM*)=@=Z=...=% (4.22)

by i t2 1y 12

Therefore, for simplicity, the current efficiency is assumed as 100%, and the total
current density 7 can be expressed as:

. Ul IO
G=iHigtiHigti +Higt+i+is= e T0) (41+12) (4.23)

Since the reactions (4.6), (a), (b), (c) and (4.7) are considered as a unit that is repeated
by the reaction (4.8), (a)’, (b)’, (¢)’ and (4.9) (second unit) and the reactions afterwards
(the rest units). In terms of the calculation of the molar fraction of REE (Xgg) in the
deposit, e.g., the alloy, Xge should always be the same in all units. Thus, only one unit can
be considered for the calculation. At any time interval, A¢, the number of electrons resulting
from the total concentration change of the reduced TM (¢(TM)r) is equal to the electrons
flowing through 7, while the number of electrons for the RE*" reduction is equal to the
electrons flowing through 4. Therefore,

niffi/:m;( TM)+Ac( TM RE* )+ Ac( TM“TM**)+-Ac(TM)+Ac(TM-RE) (4.24)
1
CalI (TM-RE) 495
TLQF ‘/ ¢ ( : )

where V is the effective volume covering all the electro-active species involved in all the
reactions happening near/on the cathode surface.
Inserting equations (4.11)—(4.15) into (4.24) and (4.25), we obtain,

_kCV+A]€g(1 g)kaC(RE3+)e*ug//gf
(1-¢ Vitky Ve(RE® )+ Ve(TMZT) ) (4.26)

. Ak (1-0) ¢(TM* ) e 1mf
C( ™ ): 3+ —asn,f
k V+Aky(1-0)k,c(RE)e @22

Based on these kinetic equations, Xgr of the deposit is calculated from the partial
current densities according to the following equation:
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gt gt ip+e+i3
i ] i et )

Xpp= (4.27)

Inserting equations (4.11) and (4.15) and combining with equation (4.26), equation
(4.27) is rewritten as follows:

— ? _ kaaC( TM*) C(RE3+)6*042772f
i] + 22 k] C(TM2+)67011771f+k2ka’C( TM*) C(RE3+)6 agﬁgf

1

ki, V Ako(1-0) kg o(REP ) ¢ @272/
Aky(1-0)k, c(RE?T) e @27/ - — - (4.28)
chJrjl(kg(l)H)EGC(RE)BJF)E%W(Ie VR VARETD)H VTV )

Equation (4.28) indicates that the REE content in the deposit depends on the applied
over-potential and the concentration of TM?*" in the bulk solution. A higher applied over-
potential or a lower TM?*" concentration results in a higher REE content in the deposit.
Theoretically, this kinetic model can be generally applied to describe the induced co-
deposition phenomenon for all RE-TM systems.

4.2.3 Validation of the Theoretical Mathematical Model
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Figure 4.11: Nd content [Nd/(Nd + Fe)] in the deposit as a function of varied Fe**
concentration in bulk solution from NdCls (0.1 mol L)-[EMIM][DCA] baths. Applied
potential of —1.40 V ws. Pt, t = 300 s, agitation rate: 400 rpm, 110 °C.
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Experiments for the Nd-Fe electrodeposition were performed by chronoamperometry at —
1.40 V wvs. Pt, which is slightly higher than the peak potential for Nd—Fe co-deposition
(P4), shown in Figure 4.9a. Figure 4.11 shows the experimental and simulated Nd contents
for different Fe** concentrations from 0.01 mol L' to 0.04 mol L'. The Nd content
decreases from 22.5 at.% to 5.7 at.% when the Fe’" concentration increases from 0.01 mol
L' to 0.04 mol L'!. The experimental data fits the kinetic model with a high correlation
coefficient (R?) of 0.946, validating the proposed co-deposition mechanism that describes
the catalytic role of Fe"in the co-deposition behaviour of Nd-Fe. The rate constants of &,
and k; derived from the simulated parameters D and E show that k, is significantly smaller
than k, thus it can be concluded that Fe” is preferentially combined with Fe?" instead of
Nd**, resulting in a relatively low Nd content in the deposit.

4.2.4 Electrodeposition of Nd—Fe Films Using the Pulse-Current

Technique

In order to achieve a homogenous deposition and to avoid any concentration polarization,
the pulse-current technique [227] was applied. An example of the current-pulse waveform
with the corresponding potential response during current-pulse polarization is shown in
Figure 4.12a.
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Figure 4.12: (a) Current pulse waveform with potential response at I,,= —16 mA cm? in
FeCl, (0.015 mol LY)-NdCl; (0.1 mol L')-[EMIM][DCA] (Fe*:Nd* = 1.5:10) and (b)
atomic ratio of Nd [Nd/(Nd + Fe)] in the deposit as a function of pulse duration at I, =
~16 mA cm? for the total t,, of 300 s in FeCl, (0.015 mol L*)-NdCl; (0.1 mol L')-
[EMIM][DCA] (Fe*:Nd** = 1.5:10) and FeCl, (0.03 mol L"')-NdCl; (0.1 mol L')-
[EMIM][DCA] (Fe**:Nd*" = 3:10) baths. Agitation rate: 400 rpm, 110 °C.

During the resting period, t,; (1 s), the potential remained at around —0.78 V ().
When a cathodic current of —16 mA cm* was applied during the deposition period, ., (0.1
s) the potential shifted suddenly to a less-noble value of ~1.16 V (¢»), at the end of t,.. An
increase in the electrodeposition potential during t, corresponds to the growth of a
concentration polarization layer on the surface during each cycle and the introduction of
tor after t,, recovered the surface concentration of the Nd*" and Fe*" ions [227]. According
to the Nernst equation, a lower deposition potential is needed for Nd and Fe deposition at
higher concentrations of Nd*" and Fe*" ions, which helps to reduce the possibility of
[EMIM]* decomposition. Figure 4.12b shows the relative atomic ratio of Nd [Nd/(Nd +
Fe)] in the Nd-Fe thin film as a function of pulse duration (10-100 ms). No obvious increase
in Nd [Nd/(Nd + Fe)] for both the applied concentration ratios of Fe**/Nd*" 3:10 and
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1.5:10, where the Nd content was almost constant at ~9 at.% and ~13 at.%, respectively,
with an increase in the pulse duration. This is because #,, (10-100 ms) was short, where
the average corresponding potentials stayed at almost the same value with the same applied
current density.

Figure 4.13: SE-SEM images of the as-deposited films from FeCl, (0.03 mol L *)-NdCl; (0.1
mol L'')-[EMIM]|[DCA] (Fe*":Nd*") = 3:10) bath with current density L. = (a) -4, (b) -8,
(c) -16, (d) 24 mA cm ™ at a total ., of 300 s. Agitation rate: 400 rpm, 110 °C.

Figure 4.13 shows SE-SEM images of the as-deposited Nd-Fe film on a Cu substrate
with a pulse current density from —4 to —32 mA cm?. The granular structure (diameter, d
<5 num) without cracks is visible. The grain size increases with the increasing current
density due to the larger total charge consumed at the same deposition time of 300 s.
Figure 4.14 shows the relative atomic ratio of Nd [Nd/(Nd + Fe)] in the Nd-Fe thin film
as a function of the pulse current (—4 to =32 mA cm?). The Nd content increases from 7.5
at.% to 9.9 at.% at the concentration ratio of Fe?*/Nd*" 3:10 with the increasing pulse
current, and it increases at a higher rate in the electrolyte with a lower Fe?" concentration
(Fe?"/Nd*") 1.5:10. It should be noted that the current efficiency of the Nd-Fe deposition
at —16 mA cm? with the Fe*" concentration (Fe*/Nd*") of 1.5:10 was calculated as 69.8%,
which is lower than the other report on TM deposition from [EMIM][DCA] IL (97-99%)
[228]. The loss of current efficiency for Nd-Fe deposition may be attributed to the
decomposition of the IL that is in correspondence with the EDS analysis that detected the
presence of carbon and nitrogen in the deposits.
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Figure 4.14: Atomic ratio of Nd [Nd/(Nd + Fe)| in the deposit as a function of pulse
current density (tm = 50 ms) in FeCl, (0.015 mol L')-NdCl; (0.1 mol L)-[EMIM][DCA]
(Fe?*:Nd* = 1.5:10) and FeCl, (0.03 mol L ')-NdCl; (0.1 mol L ')-[EMIM][DCA] (Fe**:Nd**
= 3:10) baths. Agitation rate: 400 rpm, 110 °C.

4.2.5 TEM Analysis of Nd—Fe Deposits

Although the electrodeposition of Nd using imidazolium and phosphonium-based ILs was
reported [160-163], oxygen contents up to 50 at.% in the deposits make these materials of
little practical value. The origin of these Nd oxides formed during the electrodeposition (or
after) is unresolved. To find an answer, it is necessary to determine the valence state of
the Nd, i.e., Nd*" or Nd*" or Nd’, in the deposited materials. Although XPS was used in
these earlier studies [229, 230], the valence state of the Nd deposit was unclear. This is
because the binding energies of metallic Nd (Nd’) and Nd,O; are very close, i.e., 980.5—
981.5 eV and 981.7-982.3 eV, respectively, making it almost impossible to differentiate
between the two states [164]. In order to precisely determine the oxygen content of the
deposit and reveal the deposition mechanism, the chemistry and phase composition of the
deposit were investigated by means of TEM, combined with EDS and EELS. The
amorphous nature of as-deposited Nd—Fe films was confirmed by the XRD analysis (Figure
4.15a), as already described in the literature [154]. Therefore, a thermal treatment of the
deposit is necessary to form the crystalline alloy phases, e.g., the Nd.Fe;; phase. Based on
the phase diagram for Nd-Fe [231], the deposit with a Nd content of 12 at.% that would
correspond to the Nd.Fe;; phase stoichiometry after annealing, was selected for a thermal
treatment. According to the results of the TGA, the IL starts to decompose above 250 °C
(Figure 4.15b). Therefore, in order to remove the unstable organic compounds, the
deposited film was annealed at 350 °C under argon for 30 min. The sample with the same
initial composition was annealed at 750 °C under argon for 30 min, which is the temperature
to obtain the Nd-Fe crystalline phase [232].



60 Chapter 4. Results and Discussion

(a) Cu(200) (b)
—— as-deposited

2

= <
2 Cu(111) o
Q w»
£ K
] =
.g 0 50 60 0 80 f‘)
s 20/ degree .;
£ z
S =]

Cu(220)
IV = — T ——= T T T T

T d T T T T d T T T T 24
30 40 50 60 70 80 90 0 100 200 300 400 500 600 700 800 900
26 / degree T/°C

Figure 4.15: (a) XRD pattern of the as-deposited thin film, inset is the enlargement of the
pattern and (b) Thermogravimetric trace for [EMIM]|[DCA] IL.

The TEM images of the cross-section of the deposit annealed at 350 °C and 750 °C are
shown in Figure 4.16. Figure 4.16a shows a homogeneous layer of the deposit annealed at
350 °C on the Cu substrate. The sample annealed at 350 °C remained amorphous, as
confirmed by the absence of diffraction spots in the selected-area electron-diffraction
pattern (SAED). Figure 4.16b shows the same layer after the annealing at 750 °C, which
resulted in the formation of the porous nanocrystalline structure (as confirmed by the sharp
diffraction reflections in the corresponding SAED pattern).

deposit [ i Al “deposit

Cu substrate gé% Cu substrate

Figure 4.16: TEM images of the cross-section of the deposit (12 at.% of Nd) (a) annealed
at 350 °C with a corresponding SAED pattern and (b) (same initial composition deposit)
annealed at 750 °C with a corresponding SAED pattern.

Figure 4.17a shows a high-angle annular dark-field scanning TEM (HAADF-STEM)
image of a representative example of the cross-section of the deposit (12 at.% of Nd)
annealed at 350 °C. A porous structure of the deposit formed on the Cu substrate is
observed. A thin layer (labelled by two white dashed lines in Figure 4.17a), located between
the Cu substrate and the porous deposit is shown along with the Cu substrate. Figure
4.17b shows the compositional change with the deposition depth (the red arrow line in
Figure 4.17a), determined by EELS. The Fe content increases in the region between 0 nm
and 3 nm, whereas Nd is not detected at all. After 3 nm from the Cu substrate, the Fe
content reaches a peak value and the Nd starts to appear, showing that the Fe was
deposited on the Cu substrate first. According to the proposed co-deposition mechanism,
Fe is reduced first to catalyse the subsequent reduction of Nd*". Therefore, the above-
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mentioned EELS spectra directly prove the proposed co-deposition mechanism. The
compositional fluctuations in the EELS spectra and the relatively broad transition region
of the composition change are possibly caused by the unevenness of the Cu substrate
(inclination) and the heterogeneous distribution of the deposit after the annealing. The
oxygen content increases from the base content of ~3 at.% to the peak content of ~18 at.%,
where the Nd content reaches its peak content of ~28 at.%. It can also clear that the oxygen
content fluctuates along with the change in the Nd content. This indicates that oxygen in
the deposit most probably originates from NdO/Nd,Os. The Nd oxide(s) can be explained
by the surface oxidation during the sample’s transportation from the FIB to the TEM.
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Figure 4.17: (a) HAADF-STEM image of the cross-section of the sample (12 at.% of Nd)
annealed at 350 °C. (b) Compositional depth profile as obtained by EELS line scan in the
image (a) (red arrow), (¢) HAADF-STEM image of the cross-section of the sample (12
at.% of Nd) annealed at 750 °C. The corresponding EELS spectrum of (d) the light grey
particle (black-dashed circle) and (e) the white particle (red-dashed circle) from image (c),
and (f) Zone axis calculation from FFT pattern of the white particle (green-dashed square)
as a comparison with the NdC, (PDF# 04-004-1322).

Figure 4.17c shows a HAADF-STEM image of the nanoparticles that formed during the
annealing at 750 °C. The dark-grey part of Figure 4.17c are the pores formed by annealing,
while the light-grey particles (black-dashed circle) are metallic Fe, confirmed by the EELS
(Figure 4.17d). The white particle labelled with the red-dashed square is a single crystal
(~7 nm in size) of NdC, observed in the (110) zone axis, confirmed by a fast Fourier
transform (FFT) pattern (Figure 4.17f). Figure 4.17e¢ shows EELS spectra of the same
single crystal (red-dashed circle), mainly composed of Nd and C with a minor oxygen
content. A quantitative analysis of the EELS spectrum (black curve) shows that the Nd
content [Nd/(Nd + O)] is close to 90 at.%. Thus, it can be concluded that the majority of
the Nd in the annealed Nd-Fe deposit is in the zero-valence state, Nd’, either as metallic
Nd or in the form of NdC..

Thermodynamically, it is possible to obtain NdC, at 750 °C, since the Gibbs free energy
(AG) of the reaction, Nd+2C=NdC,, is negative, as shown in Table 4.2. Therefore, there
are two reaction paths existing to form Nd i) Nd*" is reduced to Nd’ during the
electrodeposition, ii) Nd** is reduced to Nd** during electrodeposition, and then further
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reduced to Nd” by C (from the pyrolysis of organic compounds in the deposit). However,
thermodynamically the Nd** cannot be reduced by C or H, at 750 °C, not even at 1500 °C,
since all the AG are above 0 (Table 4.2). Therefore, the Nd’ can only be obtained by the
electro-reduction of Nd*".

Table 4.2: Gibbs free energy (AG) of chemical reactions calculated by HSC Chemistry
6.

Reaction equations Temperature (°C) AG (kcal)
Nd+2C=Nd(C; 750 —49.035
ONACly+C=2Nd+CClL(g) 750 951.377
1500 174.203
NACly+ Hay(g)=Nd+2HCl(g) 750 71.973
1500 19.648
INd,034+3C=4Nd+3COs(g) 1500 340.922
Nd,0;+3Ha(g)=2Nd+3H,0(g) 1500 205.707

The induced co-deposition of Nd, a REE and Fe, a TM, was investigated in the
[EMIM][DCA] electrolyte using electrochemical measurements and SEM- and TEM-based
analysis. An induced co-deposition mechanism for RE (Nd) and TM (Fe) is derived and
supported by a mathematical model that considers the effect of the Fe?" concentration on
the Nd content in the deposit, in which the Fe" is formed during the electrodeposition,
catalysing the co-deposition of Nd and Fe. Upon annealing, NdC, is formed through the
reaction of the electrodeposited Nd’ with C as the AG of the reaction is negative. The
developed RE-TM co-deposition mechanism that is valid for the Nd**-Fe?*-[EMIM][DCA]
IL system creates tremendous opportunities for RE-TM PM recycling and thin film
production with a low environmental impact. A development of longer alkyl chains ILs
would be a direction to follow in the future in order to increase the ILs stability [178] and
the current efficiency. A proven electrodeposition of Nd-Fe from the [EMIM]DCA]
electrolyte at a mild temperature thus contributes to the green character of this process
which can be considered as a sustainable and green alternative to high-temperature molten
salt electrolysis.

4.3 Selective Recovery of the REEs and Fe Metal from the
Sintered Nd—Fe-B Magnets

The sintered Nd-Fe-B PMs typically contain 28-35 wt.% REEs (Pr, Nd, Tb, and
Dy), which means that the sintered Nd—Fe-B magnet scraps are an important
secondary resource for REEs. Recovering REEs from the sintered Nd-Fe-B magnet
scraps is, therefore, going to be the key strategy for overcoming the serious supply
risks associated with the REEs and making the REEs available for other
applications, e.g., solid-oxide fuel cells and nuclear reactors [105].

Various approaches for REEs recovery, such as glass-slag extraction [79, 81], gas-
phase extraction [82, 233], and hydrometallurgy [53, 117] are currently at various
technology-readiness levels. Among them, hydrometallurgy is currently the only
realistic route to recover REEs from the sintered Nd-Fe-B magnet scraps as it can
be incorporated into the existing REE separation plants. But such methods require
2172 kg of HoSO,4 and 1600 kg of NaOH to treat 1000 kg Nd—Fe—B magnets, together
with the generation of around 10000 liters of wastewater [101]. The acid and alkali
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cannot be recycled in a closed-loop and the wastewater and solid waste, e.g., jarosite
[71], have to be further treated, all of which adds to the costs. The state-of-the-art
methods, including the electrochemical and thermal pre-treatment of the magnets
that facilitate the separation of REEs from Fe, still cannot avoid the generation of
wastewater.

In this section, we develop a greener and more facile electrochemical method for
the sintered Nd—Fe—-B magnet scraps recycling. The proposed procedure enables a
selective REEs recovery and a simultaneous Fe metal deposition in only two steps
with the total re-use of the electrolyte; thus avoiding the formation of Fe-based solid
waste and the wastewater discharge.

4.3.1 Linear Sweep Voltammetry of the Sintered Nd—Fe-B Magnets
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Figure 4.18: (a) LSV of a Pt-wire working electrode (black curve) and a sintered Nd-Fe—
B magnet (red curve) with 0.6 mol L™ FeSOs, 0.4 mol L™ (NH4)2SO4, 0.175 mol L™ NasCit
and 0.4 mol L'! H;BOs in the electrolyte (Conditions: scan rate of 100 mV s, pH 4.0, room
temperature). (b) BSE-SEM images of sintered Nd-Fe-B magnets before and after LSV.

Figure 4.18a shows the LSV of a Pt-wire working electrode (black curve) and the initial
magnet (red curve) in the bath solution containing 1.2 mol L' FeSO,, 0.4 mol L'
(NH4)2SO4, 0.125 mol L' NasCit and 0.4 mol L' HsBOs (pH 4.0) with a scan rate of 100
mV s’ In the potential segment AB of the black curve, the current density is stable at
around 0 mA cm? From point B on, where the potential is 0.4 V, the current density
starts to increase regularly along the line BC due to the oxidation of Fe*' on the Pt
electrode (reaction (4.29)).

Fe?—e —Fe*™ (4.29)
NdyFe;,B-37¢ —2Nd*"+14Fe* +B3" (4.30)
2H,0-4e —4H"+0,7 (4.31)

When the magnet was used as the working electrode, the current density starts to
increase at point D with a potential of —0.70 V, shown by the red curve in Figure 4.18a.
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The initial magnet generally consists of metallic Nd,Fe;;B (matrix phase, accounting for
~90% in terms of volume [57]), metallic NdFe;Bs, metallic Nd and Nd,Os; phases, the
increase of current density from —0.7 V is caused by the oxidation/leaching of the metallic
phases, e.g., Nd;FeuB (reaction (4.30)) in the magnet. No pronounced oxidation peaks are
observed, indicating that all the metallic phases in the magnet were oxidized/leached
without significant selectivity. A similar result was reported in our recent study [234] where
the fast leaching kinetic at high current density leads to non-selective leaching of all the
metallic phases in the Nd-Fe-B magnet. The current density increases continuously along
EF with the presence of kinks that are caused by the oxygen bubbles formed on the magnet
surface. These bubbles were visually observed due to the side reaction of water
decomposition (reaction (4.31)). Therefore, to avoid the water decomposition that decreases
the leaching efficiency of the magnet, the applied potential should be more negative than
0 V (corresponding current density of 323 mA cm?). Figure 4.18b shows BSE-SEM images
of the polished magnet before and after LSV. The initial magnet before LSV consists of
NdsFe B grains surrounded by the Nd-rich GBs that are supposed to be leached
preferentially, due to the more negative electrochemical potential of Nd than that of Fe
[202]. After LSV, the remaining Nd>Fe;,B grains (grey phase) were progressively leached,
indicated by the pores and pits on their surfaces. However, these Nd-FeuB grains are
connecting with each other through the remaining GBs (yellow dashed lines), further
demonstrating the non-selective leaching of the magnet.

4.3.2 Electrochemical Leaching of the Sintered Nd—Fe-B Magnets

Figure 4.19a shows the kinetics of leaching the magnets under applied currents of 50, 100,
150 and 200 mA (current densities of 25, 50, 75 and 100 mA cm?] respectively) on the
anode. An increased leaching rate of the REEs (the slope values in Figure 4.19a) from
300.06 to 1073.92 mg L' h'! with the increasing current density from 25 to 100 mA cm?
is observed. The REEs leaching into the solution increased with the increase in the current
density and their concentration increased linearly with the times of the electrolysis. The
anodic leaching efficiency of the magnets under current densities of 25, 50, 75 and 100 mA
cm 2 was 99.9% 99.8%, 98.7% and 92.4% with the corresponding energy consumption of
0.82, 0.96, 1.21 and 1.51 kWh per kilogram of the magnets, respectively (Table 4.3). In
order to keep the leaching efficiency ~100%, the current density applied to the anode should
not exceed 50 mA cm ? to avoid water decomposition, which consumes the supplied charge.
It should be noted that applied current densities < 50 mA cm? bring low energy
consumption, but result in low leaching rates, causing low yield of the REEs. In the
practical application, both the energy consumption and the yield of the REEs are needed
to be considered. In this study, an anodic current density of 25 mA c¢m?, with an applied
current of 200 mA, was used as a possible example for the electrochemical leaching of the
Nd-Fe-B magnets.

Fe’'+2¢ —Fe (4.32)
2H" +2¢ —H,yT (4.33)

Simultaneously, Fe metal was deposited (reaction (4.32)) on the cathode at a current
density of 12.5 mA cm™. As hydrogen evolution (reaction (4.33)) occurs simultaneously
with Fe deposition, this leads to an increase in pH > 7.0 at the cathode interface [235].
Consequently, both Fe*" and Fe*" (pH > 3.0) [235, 236] and RE*", e.g., Nd** (pH > 6.0)
[237] are expected to hydrolyse and form metal hydroxides on the cathode, because of
which Fe metal deposition would be limited and the overall REE recovery would be
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reduced. Upon that (NH4)2SO4 was added as a complexing agent to maintain the Fe’* and
Fe*" as soluble species [235] at increased pH, and another complexing agent, Na;Cit, was
added to prevent the formation of RE hydroxides on the cathode [238]. However, citrate
ions (Cit*) can also chelate with Fe*" (Fe(Cit) ), which decreases the concentration of
unchelated Fe*". As a result, the over-potential for Fe deposition increases, which lowers
its current efficiency [239]. Figure 4.19b shows that with the increasing concentration of
Na;Cit from 0.05 to 0.175 mol L, the current efficiency of Fe deposition decreased from
92.9% to 74.9%.

It should be noted that in a long run, the increasing thickness of the Fe deposit will
largely change the overall surface area of the cathode, leading to the change of the current
efficiency. This can be avoided by removing the deposited Fe on the cathode surface using
heat treatment [240] that increases the internal stress between the cathode material and
deposited Fe, resulting in the detachment of the Fe deposit from the cathode material.

For a leaching efficiency of the sintered Nd-Fe-B magnets close to 100% under a
constant current, approximately 70.9-75.7% of the current contributes to the leaching of
Fe which can be regarded as the Fe leaching efficiency from the anode (See “Calculations”
in Section 3.4.6). The concentration of total dissolved Fe (including Fe’" and Fe*") in the
electrolyte is a result of the Fe leaching from the anode and the Fe consumption on the
cathode. Because the current efficiency is either higher than or within the Fe leaching
efficiency range (indicated with blue-dashed lines in Figure 4.19b), the concentration of
total dissolved Fe in the electrolyte decreased with leaching time (Figure 4.19¢). A more
rapid decline in Fe concentration is observed with a lower concentration of NasCit in the
electrolyte. It should be noted that the reducing Fe concentration in the electrolyte, in
turn, results in a decrease of current efficiency [241]. Therefore, the current efficiency of
the Fe deposition in the electrolyte with the NasCit concentration from 0.05 to 0.175 mol
L, in the long term, is expected to decrease to a Fe leaching efficiency range of 70.9-
75.7%, where the Fe leaching from the anode is balanced by the Fe consumption on the
cathode. Consequently, a stable concentration of total dissolved Fe (balanced
concentration) in the electrolyte will be achieved. Therefore, a lower concentration of
Na;Cit will result in a lower balanced concentration of the total dissolved Fe, favoring the
next steps of selective REE precipitation and purification. In contrast, if the current
efficiency of Fe deposition were to be lower than 70.9%, a continuous increase in the total
dissolved Fe concentration in the electrolyte would occur. This would have adverse effects
on the next steps of selective REE precipitation and purification. Moreover, the lower
current efficiency resulted in more added H>SO, to keep the pH of electrolyte between 3.5
and 4.5, due to the side reaction of hydrogen evolution (reaction (4.33)).

Alternatively, instead of lowering down the current efficiency of Fe deposition by adding
more NasCit, supplying a certain amount of Fe salt FeSO, into the electrolyte to
compensate the net consumption of Fe is another option to achieve a balanced Fe
concentration in the electrolyte, if the current efficiency of Fe deposition is higher than
75.7%.
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Figure 4.19: (a) Influence of current density 25-100 mA ¢cm? on the leaching of the REEs
from a Nd-Fe-B magnet anode with 0.6 mol L' FeSOy, 0.4 mol L' (NH4).SOy, 0.4 mol L
' HsBO; and 0.175 mol L' NasCit in the initial electrolyte. (b) Effect of NasCit
concentration on the current efficiency of the Fe deposition in the electrolyte (0.6 mol L™
FeSOy, 0.4 mol L™ (NH4)2SOy4 and 0.4 mol L' HsBOs in the initial electrolyte); the dashed
blue line shows the operational Fe deposition current efficiency range, where the Fe
concentration balance (leaching vs. deposition) is reached. (c¢) Effect of NasCit
concentration on the Fe concentration in the electrolyte (0.6 mol L' FeSOy, 0.4 mol L'
(NH,)2SO4 and 0.4 mol L' H;BOs in the initial electrolyte) at the anodic current density
of 25 mA cm™ and cathodic current density of 12.5 mA cm™. (d) The SE-SEM image of
the Fe deposit with an EDS spectrum (0.6 mol L' FeSOy, 0.4 mol L' (NH4),SO,, 0.175
mol L' NasCit and 0.4 mol L' HsBO; in the initial electrolyte) at the cathodic current
density of 12.5 mA c¢cm™.
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Table 4.3: Effect of current density on magnet-anode dissolution, anodic leaching
efficiency, and energy consumption of the electrolysis step.

Current density Mass of magnet Anodic leaching Energy consumption
(mA cm?) dissolved (g) efficiency (%) (kWh kg 1)
25 0.220 99.9 0.82
50 0.439 99.8 0.96
75 0.651 98.7 1.21
100 0.813 92.4 1.51

Nevertheless, using 0.4 mol L' (NH4)>S0, and 0.175 mol L' NasCit as complexing
agents, it was possible to keep the current efficiency of the Fe deposition on the cathode
close to the Fe leaching efficiency from the anode (~75.7%), and thus a balanced Fe (Fe**
and Fe*") concentration in the electrolyte could be achieved that enables repeated
electrolyte recycling. With this electrolyte bath, the Fe metal was obtained on the cathode
(Figure 4.19d). As the initial magnet contains a small amount of other TMs, e.g., Co (2.13
wt.% in this study), TM alloys, e.g., Fe—Co, are expected to be deposited on the cathode
with repeated recycling of the electrolyte. After electrolysis for 8 hours at an applied current
of 200 mA, 1.76 g of the magnets was completely leached with a leaching efficiency of
99.9% and an energy consumption of 1.36 kWh per kilogram of the sintered Nd-Fe-B
magnets. Around 1.5 mL of 4 mol L™ HSO,4 was used to adjust the pH of the electrolyte
between 3.5 and 4.5, from which the H.SO,4 consumption is calculated to be 0.34 kg per
kilogram of the sintered Nd—Fe-B magnets, which saves 84.4% of the acid usage, compared
to the conventional hydrometallurgical process [101]. Although a few studies have reported
on the selective leaching of the REEs from the sintered Nd—Fe-B magnet scraps, however
the aspect of either the Fe-based solid waste or wastewater was not yet elaborated. For
example, the REEs from the sintered Nd—Fe—-B magnet scraps can be selectively leached
based on the principle of the pH-dependent dissolution of the calcined magnets using the
potential-pH diagram [242, 243]. Koyama and Tanaka [104] reported that the selective
leaching of REEs could be realized by using 0.02 mol L' HCI in an autoclave at 180 °C for
2 h or at a lower temperature by increasing the initial acid concentration and having a
prolonged etching time. An energy-intensive pre-treatment of the sintered Nd-Fe-B
magnet scraps oxidized at 900 °C by roasting was needed to fit within the potential-pH
diagram and the overall process operates at elevated temperatures. In the end, the REEs
were precipitated out via conventional hydrometallurgy [71] with generation Fe,Os; and
oxalic acid-containing wastewater. In this study, combining all the reactions happening on
both the anode (reaction (4.30)) and the cathode (reactions (4.32) and (4.33)) in a balanced
Fe (Fe’* and Fe*") concentration electrolyte, the net reaction of the whole electrolysis can
be expressed using reaction (4.34), which realizes the “selective leaching” of REEs, leaving
the major component of metallic Fe “untouched”:

NdyFe; B+9H " —2Nd*"+B*" +14Fe+4.5H,1 (4.34)

4.3.3 Selective Precipitation of the REEs

After the electrolysis step, a purple solution was obtained as the leachate with the pH
adjusted to 3.5, in which the REEs were present as sulfate salts for further separation.
Although a patent for processing Nd-Fe-B magnet slags [129] claimed that complete
leaching of the magnet slags which were filled in a plating barrel as an anode and
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simultaneous Fe deposition on the cathode could be achieved electrochemically in a
sulfamic acid bath. The HF solution was used to precipitate the Nd as NdF; from the Nd-
and Fe-containing leachate after electrolysis, which was then sent back to the electrolysis
tank for further electrodeposition. However, as both Fe* and Fe?" can precipitate as FeF;
[130] and FeF, [131] by adding HF, due to their low solubility, NdF; could be precipitated
without selectivity as a mixture of NdF;, FeFs and FeF,. How the NdF; was further purified
from the fluoride mixture was not described in the patent.

It is well known that the sulfate double salt of the light REEs, including La, Ce, Pr,
Nd and Sm, has very low solubility in an aqueous solution [49]. REEs, e.g., Nd, can be
precipitated as (Nd, Na)(SO4)22H20 by introducing Na,SOy, with the following reaction:

ng(SO4)S+NEL2SO4+2213H204)2(Nd, Na) (SO4)2IHQO \L (435)

Generally, more than 90% of REEs in the solution can be precipitated, when the
addition of Na,SO, at a molar ratio of NapSO, to REEs is higher than 2:1 [186]. In this
study, the addition of Na,SO, at a molar ratio of Na.SO, to REEs was fixed to 1:1 to
prevent the excess of Na,SO4 during repeated recycling of the electrolyte. Because the molar
ratio of Na,SOs to REEs higher than 2:1 for each recycling cycle, although high REE
recovery would be achieved, the dissolution of Na,SOs would reach saturation during
repeated solution recycling, leading to the recrystallization of Na,SOs as precipitate
together with REE-sodium-sulfate double salts. Thus, extra washing step would be
required.

( b ) —— Recovered precipitate
— (Nd, Na)(SO,),-H,0: PDF# 01-076-2597
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Figure 4.20: (a) BSE-SEM images with an inset of a real image and (b) XRD pattern of
the REE precipitates.

As both Fe** and Fe*" in the leachate stayed soluble due to the addition of (NH4)2SO;4
and NasCit. Therefore, with the addition of Na,SO, at a molar ratio of Na,SO4 to REEs of
1:1, followed by heating the solution at 70 °C for 2 hours, REEs were selectively precipitated
as shown in Figure 4.20a. The XRD analysis shows that the diffraction peaks are well
indexed to the (Nd, Na)(SO.). - H:O (PDF# 01-076-2597) phase (Figure 4.20b). The ICP-
MS analyses of the precipitates revealed that the recovered REEs were Nd (93.7%), Dy
(3.1%) and Pr (2.6%), having a high purity (99.4%) and trace levels of Fe. Both the XRD
and ICP-MS analysis prove that the REEs in the leachate were successfully precipitated
as REE-sodium-sulfate double salts with high selectivity.

It should be noted that the recovered REEs from the sintered Nd-Fe-B magnets in the
form of RE-sodium-sulfate double salts can be readily converted to either REOs by
dissolving in oxalic acid and roasting in air or REF; by leaching in HF solution with
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negligible losses of REEs [49]. However, unlike the fluoride precipitation for the REEs
separation in the conventional hydrometallurgical process where NdF}; is readily gelatinous
and is, therefore, difficult to separate from the solution by filtration [49], the NdF; obtained
from the sulfate double salt is easy to filter, which is a significant advantage of this route.
Because of this, the REFE-sodium-sulfate double salts are generally used for the
precipitation and storage of REEs in the industry today [49].

4.3.4 Recycling of the Electrolyte
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Figure 4.21: (a) Percentage extraction of the REEs. (b) Current efficiency of Fe deposition
and total dissolved Fe concentration over 9 recycling cycles. (c) Schematic of the proposed
closed-loop recycling route for recovering REEs from the sintered Nd—Fe-B magnets.

After filtration of the REE precipitates, the filtrate was sent back for the next
electrolysis cycle. The overall REE recovery for 9 cycles is shown in Figure 4.21a. On the
fresh electrolyte, the REEs recovery was only 56.8% due to the insufficient addition of
Na»SO, with the molar-ratio of NaxSO, to REEs of 1:1, compared to 2:1 in a mole of NaxSO,
to REEs used in the conventional hydrometallurgical process [186]. However, with the
repeated recycling, the accumulated concentrations of both Na.SO, and REEs in the
solution were increased, driving reaction (4.35) to the right and as a result, around 92.5%
of the REEs was recovered by the fourth cycle. Because ~92.5% of the leached REEs
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on the fourth cycle were precipitated with the added Na,SO,, leaving ~7.5% of
NaxSO,; and REEs for the next cycle, the accumulated concentrations of NasSOy
and REEs in the electrolyte after the REE precipitation increased slightly and trend
to be stable, leading to a stable recovery of the REEs for the rest cycles. It has been
reported that REEs, such as Nd*" can form complex with Cit, according to the following
equilibrium, and the existence of NdCit, (NdHCit)*, (NdHCit,)* and (NdCity)** was
confirmed by the solution in the pH range of 2~5 [244].

nNd* " HECit" —Nd, H Cit, % (4.36)

However, the addition of Na,SO, caused the precipitation of the REEs as REE-sodium-
sulfate double salts from these REE-Cit complexes. This is probably due to the higher
stability of REE-sodium-sulfate double salts than REE-Cit complexes in the solution of
high sodium sulfate concentration of this study [245]. Therefore, the constant citrate
concentration in this study does not influence the REE recovery in a long run.

Correspondingly, with the initial electrolyte bath of 0.6 mol L' FeSO, + 0.4 mol L
(NH4)2SO4 + 0.175 mol L™ NasCit + 0.4 mol L' HsBOs, the current efficiency of the Fe
deposition was kept within 70.9-75.7% (indicated with pink-dashed lines in Figure 4.21b),
which guaranteed a relatively stable concentration of total dissolved Fe around 0.6 mol L~
''in 9 repeating cycles. We would expect that a stable REEs recovery of 92.5% with a
relatively stable composition of the electrolyte can be achieved over the long term.
Therefore, repeated cycles of re-using the electrolyte can avoid wastewater release by using
the current electrolysis-selective precipitation recycling route for the REESs recovery (Figure
4.21c).

It should be noted that boron (B) was also leached out from Nd-Fe-B magnets in the
form of HsBO; electrochemically, according to the half-reaction [121]:

B+3H,0-3¢ —»H;BO;+3H" (4.37)

In the initial electrolyte, H;BO3; was added as a buffer to favor the Fe electrodeposition on
the cathode, because it can prevent the precipitation of metal hydroxides on the cathode
surface that hinder the Fe deposition [246]. The concentration of boron increased from
0.402 mol L' in the initial electrolyte to 0.428 mol L after the electrochemical leaching
for 8 h at 200 mA (25 mA cm?), which is ascribed to the leaching of boron from the Nd—
Fe-B magnet in the form of H;BOs. The increased concentration of HsBOj in the electrolyte
can strength the buffer capacity, facilitating the Fe deposition [246]. It is expected that in
the long term of reusing the electrolyte, the concentration of H;BO; will reach a saturation
(~0.92 mol L™ at 25 °C [247]) where H3BO; will crystallize. In the REE precipitation step,
H3;BO; will precipitate together with REE-sodium-sulfate double salts. The precipitated
H;3;BOs; can be easily washed away from the precipitates with water, after which the B can
be recovered as zinc borate hydrate [248] by adding zinc and raising the pH. The recycled
B as zinc borate hydrate could be commercially used as a flame retardant [248].

In recent years, electrochemical recovery of REEs from the sintered Nd—Fe-B magnet
scraps has been reported. P. Venkatesan et al. [44] were able to selectively recover the
REEs, using membrane electrolysis to treat the partially HCl-leached Nd-Fe-B magnet
within four steps. More than 95% of the REEs was leached into the solution and
simultaneously Fe*" was anodically oxidized and precipitated as Fe(OH); that was removed
by filtration. The remaining REEs in the electrolyte were precipitated with oxalic acid.
This process facilitates the oxidation of Fe** to Fe*' without extra addition of oxidants.
The same group [132] further developed a two-anode system to leach Nd-Fe-B scraps and
convert the Nd and Fe into the respective hydroxides without pretreatment of partial acid-
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leaching. The REEs were recovered using oxalic acid, followed by calcination to obtain
REOs with high purity (99.2%). The electrochemical process precipitated > 90% of the Fe
in the form of solid akaganeite (FeOOH). Despite the progress achieved in the
electrochemical recycling of the REEs, the methods though efficient in REEs recovery still
end up with Fe-based solid waste and the oxalic acid-containing solution as wastewater
that has to be treated. As a comparison, the current electrolysis-selective precipitation
recycling route for the REEs recovery from the sintered Nd—Fe-B magnet scraps is greener.

In summary, we have demonstrated a facile closed-loop recycling route showing that
the REEs can be selectively recovered from the sintered Nd-Fe-B magnets. In an
electrolysis cell where the sintered Nd—Fe-B magnets are used as the anode, selective
leaching of REEs is realized by balancing the Fe dissolution from the anode and Fe
consumption on the cathode. This step saves 84.4% and 100% of acid and alkali usage,
respectively, with the energy consumption of 1.36 kWh per kilogram of the sintered Nd-
Fe-B magnets. After the electrolysis, the REEs were selectively precipitated as REE-
sodium-sulfate double salts from the electrolyte, which are used as industrial raw materials.
The electrolyte was sent back for reuse in the electrolysis cell, avoiding the wastewater
generation. The addition of (NH4)»SO4 and sodium citrate as chelating agents plays a key
role in stabilizing the composition of the electrolyte for recycling and further enabling the
selective precipitation of the REEs with high purity (99.4%). At the same time, Fe metal
was obtained, which can be used in a wide range of industrial products. The whole process
avoids the high-temperature roasting pre-treatment of magnets and the wastewater
discharge, making it economically and environmentally feasible for industrial applications.
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Chapter 5
Conclusions

Rare-earth elements (REEs) are considered the most critical based on their economic
importance and supply risk. The sintered neodymium-iron-boron (Nd-Fe-B) permanent
magnets incorporate 20-30 wt.% of REEs that represent an important secondary REEs
resource. Recycling of Nd-Fe-B magnets from End-of-Life (EoL) products will largely
reduce the environmental footprint associated with the primary mining of REEs. To
develop environmentally friendly and cost-effective approaches for Nd-Fe-B magnets
recycling is categorised as a “key enabling technology” with the prospect of positioning
REEs within the circular economy.

This thesis mainly focuses on the recycling of the sintered Nd-Fe-B magnets using
electrochemistry. Three electrochemical processes were developed to recycle and reprocess
sintered Nd-Fe-B magnets: i) Selective recovery of the matrix Nd,Fe,B grains by
electrochemical etching; ii) Electrodeposition of Nd and Fe from ionic liquid (IL)-based
electrolyte and iii) Selective recovery of REEs and transition metal (TM) by a room-
temperature electrolysis.

Recycling of the sintered Nd—Fe-B magnets by recovering the matrix Nd.FeuB grains
was successfully achieved using electrochemical etching. The etching mechanism is based
on fine-tuning of the applied potential < —0.02 V (vs. Pt, current density < 5 mA cm?) to
exploit the etching priority series of the phases present in the pristine Nd-Fe-B magnets:
metallic Nd > intergranular NdFe,Bs; > matrix Nd.Fe;sB, which allows the preferential
etching of their surrounding REE-rich grain boundaries, leaving the individual Nd.Fe.B
grains behind for magnetic separation. The total energy consumption of the proposed
electrochemical recycling route is estimated to be ~2.99 kWh kg ' that is, in a long term,
expected to be economically and environmentally more feasible while offering considerably
more flexibility.

Electrochemical co-deposition of Nd and Fe as an alternative recycling route was
realized in the IL-based electrolyte, 1-ethyl-3-methylimidizolium dicyanamide using pulse-
current plating. An induced co-deposition mechanism for the RE-TM is derived and
supported by a mathematical model that considers the effect of the Fe*" concentration on
the Nd content in the deposit, in which the transition state Fe is formed during the
electrodeposition, catalyzing the co-deposition of Nd and Fe. Upon annealing, NdC, is
formed through the reaction of the electrodeposited Nd’ with carbon as the Gibbs free
energy of the reaction is negative. The developed co-deposition mechanism for RE-TM is
potentially applicable to all non-aqueous systems for REE-based thin film production.

Selective recovery of REEs from the sintered Nd-Fe—B magnets in a facile closed loop
was developed. In an electrolysis cell where Nd—Fe-B magnets are used as the anode,
selective leaching of REEs is realized by balancing the Fe dissolution from the anode and
Fe consumption on the cathode. This step saves 84.4% and 100% of acid and alkali usage,
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respectively, with the energy consumption of 1.36 kWh per kilogram of sintered Nd—Fe-B
magnets. After the electrolysis, the REEs were selectively precipitated as RE-sodium-
sulfate double salts from the electrolyte, which are used as industrial raw materials. The
electrolyte was sent back for reuse in the electrolysis cell, avoiding the wastewater
generation. The addition of (NH4)>SO4 and sodium citrate as chelating agents plays a key
role in stabilizing the composition of the electrolyte for recycling and further enabling the
selective precipitation of REEs with high purity (99.4%). At the same time, Fe metal was
obtained, which can be used in a wide range of industrial products.

Electrochemical recycling of RE permanent magnets provides a more flexible alternative
to the existing recycling methods, as it enables both alloys recovery and REEs recovery
using varied electrolyte medium in a wide range of temperature regimes. This thesis
provides insight into novel recycling routes based on electrochemistry for the sintered Nd—
Fe-B magnets. However, a relatively clean and bulky magnet scrap has to be used in all
the processes. To electrochemically treat magnet swarf for example, that are produced from
magnet finishing processes, e.g., shaping, cutting and polishing, accounting for around 20—
30 wt.% of the starting material, further investigations towards efficient recycling are
needed. There are two fronts for further study on magnet swarf recycling by
electrochemistry:

a) For recovering REEs from the magnet swarf, complete leaching of the magnet swarf by
H*, electrochemically generated in situ on the anode, based on the oxygen evolution
reaction (2H.O — 4e — 4H" 4+ O,, ¢ = 1.23 V vs. SHE). By balancing the dissolution
and consumption of the Fe on the anode and cathode, respectively, selective leaching
of the REEs could be achieved, followed by selectively precipitating REEs without
wastewater discharge, as described in this thesis.

b) For making new sintered Nd-Fe-B permanent magnets (PMs) from recycled materials
(including Nd-Fe-B magnet swarf and sintered Nd-Fe-B magnet scraps), a
combination of molten salt electrolysis with melt-spinning would be a promising route
as described by the following steps: i) sintered Nd—Fe-B magnet scraps/swarf are
melted with the flux, e.g., NdF; + LiF, and used as the cathode, ii) the RE oxides, e.g.,
Nd»O; dissolved in the flux in the upper layer and are reduced to metal forms by
electrolysis, iii) the liquid alloys in the bottom of the cell are cast onto a water-cooled
copper wheel with a high rotation speed to obtain RE alloy flakes that can be further
used as master alloys for new PM making. This process is advantageous as it is
applicable to both oxidized and non-oxidized magnet scraps/swarf and more
importantly, no extra RE alloys are needed and the acids & alkalis consumption, as
well as solid waste & wastewater generation are avoided.
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