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Neodymium-iron-boron (NdFeB) waste magnets consist of approximately 28%
rare earth values in the form of the Nd,Fe 4B phase. According to the results,
carbothermic reduction through microwave irradiation of crushed magnets
was observed to be promising for the separation of metallic iron and rare earth
values. The effect of microwave exposure time and charcoal addition on the
formation of different phases was evaluated. Carbothermic reduction (10% C)
for 1.2 min raised the temperature of the sample to 990°C and resulted in the
formation of iron balls with more than 85% purity. Higher exposure time
favors the formation of the NdFeO3; phase, thereby encapsulating the rare
earths, resulting in limited dissociation. Rare earth oxides with purity of more
than 98% were recovered via a leaching and precipitation route. The micro-
wave route was found to be superior to the conventional muffle furnace
heating route with low energy consumption and metallic iron formation.

INTRODUCTION

Neodymium-iron-boron (NdFeB) magnets are
extensively used in electronic devices (laptops,
music players, cell phones, hard drives), wind
turbines, electric vehicles, magnetic cooling sys-
tems, etc.”” NdFeB magnets are comprised of 25—
35% rare earth elements (REEs) (Nd, Dy, Pr), with
the rest being Fe, while modification of some
physical and magnetic properties as per application
can be done by adding Al and Co.? An approximately
400-kg NdFeB magnet is required in a wind turbine
for production of 1 MW electrical energy, and an
electric vehicle motor uses an approximately 2-kg
magnet, reflecting a considerable quantity of NdFeB
waste to be considered as a potential source, which
can be procured easily.* The increasing demand for
and limited production of REEs, including Nd and
Dy from primary sources, draws attention to the
recovery of REEs from secondary sources.'? It has
been reported that recycled magnets have greater
energy efficiency (75%) compared with magnet
production from primary resources (60%).> The
REE content in the sorted magnet (~ 25%) is quite
high compared with primary deposits (0.15-3%).5"
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Magnets collected from discarded instruments pro-
vide a potential REE source with several advan-
tages such as reducing landfill problems and
environmental impact.®?

Hydrometallurgical and pyrometallurgical pro-
cessing routes provide various opportunities to
extract REEs from waste NdFeB magnets. Pyromet-
allurgy based routes are energy-intensive with high
reaction temperatures (1000-1500°C), duration (6—
24 h), and excess flux dosage (Si, Ti, C, ByOs,
Mg).51%11 Sulfation/nitration, followed by calcina-
tion and water leaching, has been proved to be
efficient in recovering over 90% REEs.'? Sulfation/
nitration converts all the metals present in NdFeB
magnets into metal sulfate followed by calcination
for oxides, whereas REEs remain in the sulfate form
and are further separated by water leaching. The
hydrometallurgy route uses acid leaching (HySOy,
HCI, HNOj3) with more than 95% dissolution of Fe
and Nd.'>'* Nd is recovered from the solution
through precipitation using oxalic acid.'® However,
the iron dissolution, along with REEs, makes fur-
ther extraction difficult and energy-intensive.
Oxidative roasting of the NdFeB magnet transforms
the underlying elements (Nd, Dy, Fe) to their
respective oxides (NdyOs, DysOs, Fes05).2516 Fur-
thermore, the rare earth oxides (REOs) are recov-
ered in solution after acid leaching while FesO;
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remains as a residue. The process involves thermal
treatment at 900°C for 6-15 h, followed by leaching
in 0.5 M HCI for 5 h.* It has been reported that HCI
is a better lixiviant than H,SO, for leaching of the
oxidized magnet material, and a low acid concen-
tration is more conducive to REE leaching.'” Fur-
thermore, REE enriched sulfate solution provides
effective separation of REEs from the solution with
fewer Fe impurities. On the other hand, the HCI
based leachate consisting of Fe has an adverse effect
on the purity of the final product.

In the present study, carbothermic microwave
reduction of NdFeB magnets was investigated in
the context of metallic iron formation for its effec-
tive separation from REEs. In our previous work,
microwave exposure was found to be beneficial for
the oxidation of NdFeB magnets.'® With just 80 s of
microwave exposure at 900 W, a temperature of
600°C was attained, and approximately 56% REEs
were recovered via the leaching and precipitation
route. It is expected that microwave carbothermic
reduction may yield higher efficiencies because iron
can be selectively reduced over Nd which facilitates
subsequent separation. To the best of our knowl-
edge, this is the first attempt to use carbothermic
microwave reduction of NdFeB magnets for separa-
tion of metallic Fe and REE values. The objectives of
this study for REE recovery from NdFeB magnets
included (a) investigation of carbothermal reduction
in the microwave to recover REE values, (b) com-
parison with conventional muffle furnace treat-
ment, (c) leaching and precipitation, and (d)
energy consumption analysis for different routes
(exposure, carbothermal reduction, and muffle fur-
nace route).

MATERIALS AND METHODS
Material and Characterization

The NdFeB magnets used in this study were
dismantled from waste hard disc drives procured
from the institute warehouse, and were manufac-
tured in the last 10 years. The magnet units were
demagnetized after heating at 360°C for 1 h, fol-
lowed by pulverization below 100 um using a mortar
and pestle. The pulverized magnet sample com-
prised 28% REE (26% Nd, 2% Dy), 65% Fe, and 2%
Co in the form of NdyFe 4B phase, as determined
from the characterization study we reported previ-
ously.'® The complete chemical analysis and x-ray
analysis of NdFeB magnet feed is shown in supple-
mentary Table S-1 and Fig S-1 (refer to online
supplementary material). The sample composition
was evaluated with x-ray fluorescence (XRF) (Ri-
gaku, Supermini 200). The sample morphology and
elemental analysis were carried out using a scan-
ning electron microscope (SEM) equipped with an
energy-dispersive x-ray spectroscopy (EDS) system
(Zeiss). The change in the mineral phase in the
sample during treatment was investigated with an
x-ray diffractometer (XRD, Rigaku) with Cu-K,

radiation. The XRD spectrum was noted in 2-theta
of 10-90° with a scanning rate of 2°/min and 0.02°
step size. The quantitative phase analysis was
conducted by presuming triangular peaks, and the
underlying peak area depicts the phase quantity.'®

Microwave and Muffle Furnace Treatment

The experimental procedure followed is shown in
Fig. 1. Microwave treatment was carried out in a
refractory grade alumina crucible in a 900-W, 2.45-
GHz microwave unit (Enerzi) for a predetermined
time. The microwave reactor used in our study had
a multimode cavity with a chamber volume of 5.6 1.
The temperature attained during the microwave
treatment was determined immediately after the
exposure using a metallic thermocouple. Tempera-
ture measurement during exposure was avoided
because of the significant interference of micro-
waves with the metallic thermocouple, which can
cause inaccurate temperature readings.

Two different processing routes were studied: (1)
carbothermal reduction (R) (microwave irradiation
of feed mixed with 10% charcoal), and (2) exposure
followed by carbothermal reduction (E + R) (mi-
crowave irradiation of feed followed by cooling at
room temperature and further reduction with 10%
charcoal). The prime purpose of direct reduction
experiments was to reduce the iron values to
metallic iron, thereby liberating the REE values
into oxides. On the other hand, the exposure
followed by reduction route oxidizes the iron values
in the magnet to Fe;Os; during initial exposure,
which is further reduced to metallic iron through
carbothermic reduction. The proximate analysis of
charcoal indicates that it contains 88% fixed carbon,
1.1% ash, 0.4% moisture, and 10.1% volatile matter.
The effect of exposure time (0-10 min) and addition
of charcoal (10%) on the formation of phases was
also evaluated. Charcoal dosage was selected based
on stoichiometric calculation for the reduction of
Fey;03 to Fe. The conventional thermal treatment
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Fig. 1. Experimental flowsheet followed in this study.
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was conducted in a muffle furnace (Carbolite) in a
refractory grade crucible for predetermined times
and temperatures. The heat-treated samples were
further processed for REE extraction. All the exper-
iments and measurements were conducted twice,
and average values are reported along with the
error involved.

Rare Earth Extraction

The NdFeB magnet powder exposed to microwave
irradiations was dissolved in 0.5 M HCI for recovery
of the REEs (Nd, Dy). Leaching trials were con-
ducted at 70°C with a 5% pulp density for 2 h. The
leach solution was vacuum filtered, and the residue
was oven-dried at 110°C, and the leach solution was
precipitated for REE with oxalic acid (0.015 g/mL).
Based on the literature, a pH value in the range of
1-2 was required for precipitation of REEs with
continuous magnetic stirring at 600 rpm for
20 min.'® The oxalic acid content was kept above
the stoichiometric value because of the presence of
non-REE species like Fe3*. The recovered precipi-
tates were calcined at 900°C and 1 h to REO and
corresponding extraction, as shown in Eq. 1.

%REO — extraction = (WREO X %REEREo)

1

- (WFEED X %REEFEED) x 100 ( )
Wrrep and Wgrgo depict the weight of the sample
used in leaching and REO weight attained, whereas
%REEFEED and %REEREO depict RE values in
sample and product separately.

RESULTS AND DISCUSSION

Thermodynamic Analysis and Microwave
Properties of NdFeB Magnets

The time—temperature plot for microwave expo-
sure of 15 g of NdFeB magnets at 900 W in a
microwave furnace is shown in Fig. 2a. It is
observed that temperature surges to approximately
400°C within 5 min. The heating rate was 102°C/
min in the initial phase of heating (3—6 min), and an
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average heating rate of 40°C/min was further
attained up to 26 min. It is reported that the
Nd,Fe 4B phase decomposes to o-Fe, Fe,B, and
Nd,O3 in an oxidative environment, according to
Egs. 2—4. The Gibbs free energy formation for the
oxide compounds of Nd (Nd — Nd;O3), Dy Dy —

Dy,03), Fe (Fe — Fey;03), and NdFeOs is shown
in Fig. 2b.%1 It is observed that AG° formation of
REO is more negative compared with Fe;Os; there-
fore, the formation of NdyO3 and Fe occurred in the
initial stage as per Eq. 2 and can also oxidize as per
Eq. 3. However, because of sufficient Nd;O3 con-
tent, the formation of NdFeOs occurs, as shown in
Eq. 4 because of the lower AG® values in the entire
temperature range.®>1! It is evident that at temper-
atures higher than 630°C, charcoal can reduce
Fey03 to Fe (Eq. 5), and REOs remain unaffected
even at a higher temperature, i.e., no formation of
neodymium carbide/oxycarbide. Above 1090°C,
NdFeOs diminishes because of carbothermal reduc-
tion along with the formation of CO as per Eq. 6.
Therefore, in this study, an effort was made to
decompose Fe;O3; and NdFeOs; by carbothermic
reduction.

Penetration depth is often used to study the
microwave absorbing properties of a material. The
penetration depth of a material is the distance over
which the power of the electromagnetic wave is
reduced by one half and is inversely proportional to
the frequency of the microwave radiation. Penetra-
tion depth is calculated as per Eq. 7, where, /, is the
wavelength of the incident wave, ¢ is the dielectric
constant and ¢” represents the dielectric loss factor.
The values of and & and &’ are 13 and 0.5
respectively, as determined from the literature.19’26
The penetration depth is inversely proportional to
microwave frequency, which can increase the per-
missible batch size with a decrease in the operating
frequency. Corresponding penetration depth was
calculated to be 14 cm, which is high enough for
microwaves to penetrate inside the sample. On the
other hand, the penetration depth of graphite
(¢ =18, ¢’ =0.12) was calculated to be 68.7 cm.
The addition of graphite during reduction further
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Fig. 2. (a) Time—temperature plot for microwave exposure at 900 W, and (b) the Gibbs free energy formation (AG®) for Fe,O3, Nd,O3, Dy,O3,
and NdFeOj3 and reducing agent (charcoal) calculated based on 1 mol of oxygen (O,) gas.
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increases the penetration depth, thereby increasing
the microwave adsorption capability of the sample,
which further increases the temperature attained
during treatment.

ngFe14B(s) + ;OQ(g) — 12Fe(s) + FegB(S)
+ Nd2Os(s) (2)

9Fe(s) + gOz(g) — Fey0s(s) (3)
%Nd203(s) + %Fe(s) +0y— gNdFeOg(s) (4)

FegOs3(s) + gC(s) — gCOz(g) + 2Fe (5)

2NdFeOs(s) + 2C(s) — NdyOs(s) + 2Fe + 3CO  (6)
/! 2 _%
D, ——"to_ 1+(8—,) ~1 (7)
27 (2¢')? &

Microwave Exposure: Characterization
and Analysis of Product

Microwave exposure, carbothermic reduction, and
exposure followed by reduction processing routes
were attempted. The exposed sample specimen
photographs are shown in Fig. 3, depicting a solid
surface. The final temperature of the sample
attained at different microwave exposure durations
is shown in Fig. 4a. Data points corresponding to E
represent direct exposure, R represents the car-
bothermic reduction, whereas E + R represents
exposure followed by carbothermic reduction. With
an increase in exposure time, the sample surface
was observed to be quite hard, and the thermocou-
ple was not easily inserted to monitor the temper-
ature. As per our g)revious work on the exposure of
NdFeB magnets,'® a temperature of approximately
600°C was obtained in 80 s of exposure, which
further saturated with time (~ 450°C after 5 min).

The stoichiometric carbon required for a complete
reduction of Fe;O3 to Fe was evaluated as ~ 10% as
per Eq. 5. The addition of 10% charcoal increased
the temperature, and the temperature surged to
approximately 990°C in 1.2 min during the reduc-
tion and exposure-reduction route. The XRD anal-
ysis of the microwave product under various
conditions is shown in Fig. 4b. Metallic Fe and
Fe;05; were the main phases formed during expo-
sure to the liberation of REO. However, it is
essential to mention that microwave exposure of
5-10 min was found to be adequate for the

formation of the desired phases (Fe, NdyOs,
Fey03), whereas extended exposure time caused
NdFeOg3 phase formation.

The quantitative XRD analysis of microwave
products (exposure, reduction, exposure and reduc-
tion) is shown in Fig. 4c. Approximately 28% Nd5Os3,
37% Fe, and 30% Fey;O3 phases were formed after
5 min exposure. In the case of carbothermal reduc-
tion, approximately 28% NdFeO3; phase was formed
in the initial 2.5 min. It should be noted that higher
exposure time and temperature does not guarantee
pure Nd/Dy.O3 formation and leads to NdFeOs;
formation. However, the formation of metallic balls
(4% by weight) of approximately 1 mm diameter
was observed, as shown in Fig. 3. The addition of
charcoal after exposure treatment reduces FesO;
and NdFeO3 phases as per the Gibbs free energy
diagram shown in Fig. 2b and is also evident from
the pores visible in the sample specimen photograph
(Fig. 3) of the reduced sample. It is expected that
the diffusion of carbon into metallic Fe decreases
the melting point of Fe close to the eutectic point of
1147°C, and during reduction a surface temperature
of approximately 990°C was obtained in 1.2 min
(10% charcoal); therefore, the formation of metallic
Fe is possible. It was interesting to observe that
approximately 32% of metallic balls by weight were
formed after 1.2 min in the exposure-reduction
experiment, and a weight loss of 5% was observed.
Furthermore, approximately 54% of metallic balls
by weight were observed at 2.5 min, which further
diminished at 5 min, and the fraction of NdFeOs;
surged to 41%. Approximately 12% NdyOs, 24% Fe,
37% Fey03, and 28% NdFeOs; phases were observed
after 2.5 min in the exposure-reduction route. The
backscattered micrograph at higher magnification
(2000 x) of balls shown in Fig. 5a revealed three
different morphologies at point P1 (85% Fe), P2
(97% Fe), and P3 (28% Fe, 52%Nd) and quantitative
XRD analysis (Fig. 5b) of Fe balls revealed 81% Fe,
9% Fey,03, and 10% NdFeOs. The SEM micrograph
of microwave exposed product shows the porous
sample surface with bulk oxygen diffusion during
the microwave treatment.

Microwave Exposure Followed by REE
Recovery

The REE extraction under different conditions is
displayed in Fig. 6a, and approximately 55% was
attained within 2.5 min exposure. The extraction
was observed to be constant until 5 min and subse-
quently decreased with time. Fe,Os, being acid-
insoluble, reports to the leach residue, and some Fe
values also dissolved during leaching. The Pourbaix
diagram of the Fe-H,O and Nd-H,O system is
shown in Fig. 6b.?! As per the Pourbaix diagram,
Nd3* can be selectively leached, leaving Fe,Os5 in the
residue in the stability region (pH 0 to 7). With
charcoal addition during microwave exposure, the
Fe percentage increased with the formation of Fe
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Fig. 5. (a) Backscattered image of Fe ball, (b) XRD analysis of Fe ball, and (c¢) SEM micrograph of the microwave product.

balls. Extraction of approximately 50% was
achieved after 2.5 min reduction with 10% charcoal.

However, during the exposure-reduction route,
41% extraction was attained in 2.5 min. This can be
attributed to the fact that the iron phase dissolved
during leaching reports to the final REO product
and thereby decreases yield and purity. Also, at a
higher temperature, NdFeO3 formation takes place,
which encapsulates the Nd values. In the case of
reduction, the excessive Fe formation and conver-
sion to NdFeO; resulted in lower RE extraction
compared with direct microwave treatment. The
elemental analysis of the REO product correspond-
ing to different microwave exposure conditions is
shown in Fig. 6b. The carbothermic reduction route
resulted in the excessive dissolution of Fe values
during leaching, which further restricted the pre-
cipitation process, thereby resulting in poor purity
of the REO product. The product of direct exposure
contains less than 2% Fe impurities. Acidic leaching
results in the dissolution of Fe values; therefore, it
is recommended that a new solvent could be pur-
sued for effective separation of REE and Fe values
to obtain the desired products.

Muffle Furnace Treatment

Crushed NdFeB magnets were also subjected to
muffle furnace heating at 900°C for different time
intervals. A weight gain of approximately 33% was
attained after 30 min of heating and further satu-
rated with an increase in time reflecting complete
oxidation of the magnet material within 30 min.
The XRD analysis of the muffle furnace heated
magnet material (1 h, 3 h, 6 h) in Fig. 7a shows the
presence of the NdFeO3 phase throughout the entire
temperature range. The heated mass was further
leached under the same conditions [0.5 M HCI, 2 h,
and precipitation with oxalic acid (0.015 g/mL)], and
the corresponding REE extraction is shown in
Fig. 7b. Maximum REE extraction of 41% was
achieved after 270 min of heating and is quite
different from the reported values (> 90%).* The
processes in the literature include leaching with
0.5 M HCI for 6 h and using the carboxyl-function-
alized ionic liquid. It is expected that 270 min would
be sufficient time for the oxidation of NdFeB magnet
material, while extended oxidation promotes
NdFeOs formation, thereby encapsulating the REE
values.
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analysis.

Comparison of Different Routes and Energy
Use Considerations

The comparison for different routes shown in
Table I reveals that the microwave exposure route
offers the highest REO purity and approximately
55% yield. The microwave furnace operated for
2.5 min consumes 0.0375 kW h energy, whereas the
muffle furnace operated for 270 min consumes
5.5 kW h energy. The energy consumed per unit
mass for the microwave route is approximately
7.5 MW h/t of energy, which is about 144 times less
than the muffle furnace route. However, it should be
noted that calculations are done on a laboratory
scale, and the associated energy consumption can
drastically vary during the scale-up studies by
enhancing sample size and microwave power. The

absorbed power of dielectric material is a function of
the electric field intensity and microwave power.??
An increase in sample size decreases the heat loss
due to volumetric heating, and a decrease in energy
consumption per unit mass.?*?® Based on these
factors, there is a huge opportunity to employ
microwave exposure routes for the recycling of
NdFeB magnets on a large scale. The difficulties
associated with the scale-up of microwave treat-
ment may involve the determination of optimal load
size and economical range of electromagnetic fre-
quency. The electrical to electromagnetic energy
conversion efficiency is inversely proportional to
microwave frequency and, generally, the industrial
microwave furnaces operate at 915 MHz compared
with 2.45 GHz in small-scale microwaves. Based on
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Table I. Comparison of different processing routes followed in this study
Best Exposure Reduction Exposure + reduction Muffle furnace
condition (2.5 min) (2.5 min, 10% C) (2.5 min, 10% C) (270 min)
Heat treatment
Energy 7.5 MW h/t 1350 MW h/t
consumption
Fe balls (wt.%) - 4% 54% -
Fe 27% 14% 25% -
Nd;O3 20% 17% 12% 17%
Fe;03 37% 37% 37% 43%
NdFeO3 - 31% 28% 41%
Nd2F614B 16% — — -
Leaching 0.5 M HCI, 2 h
Yield 55% 50% 41% 41%
REO purlty Nd203-98%, Nd203-98%, Nd203-85%, Nd203-97%,
and color Fe,03 < 2%, Fe, O3 < 2%, Fe,03-15%, Fes 03 < 3%,
green green brown green
the exergy flows analysis for the metallurgical CONCLUSION

production of NdFeB magnets in the literature,’
the microwave exposure and leaching step can be
employed as a potential recycling step in the
flowsheet. The recycling of magnets through the
microwave exposure and leaching route will pro-
duce REO, metallic Fe, and FeysO3, which can be
further processed through molten salt electrolysis
and powder metallurgy techniques to fabricate new
magnets.” Compared with the conventional muffle
furnace pretreatment processes (800°C, 2 h; 900°C,
6 h) reported in the literature,®'” the microwave
processing route is quick (2.5 min), energy efficient
(144 times less) and produces valuable products
(metallic Fe, REO). Overall, in the context of REE
extraction yield, process conditions, and energy
consumption, the microwave exposure route is
found to be promising.

NdFeB permanent magnets retrieved from obso-
lete hard disc drives comprise 28% RE and 65% Fe.
Based on the experiments carried out in a micro-
wave (exposure, reduction, exposure + reduction)
and muffle furnace, it was found that microwave
treatment of NdFeB magnets is an efficient and low
energy process for separation of metallic Fe and
REO phases. A temperature of ~ 600°C was
obtained within an 80-s exposure, and the addition
of 10% charcoal surges the temperature to 990°C.
Approximately 54% of the mass was converted into
metallic balls (Fe with purity > 85%) of approxi-
mately 1 mm diameter during exposure, followed by
a reduction route. The carbothermal reduction had
a positive impact on the dissociation of Fe,O3; and
NdFeOs phase, thereby resulting in the formation of
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metallic Fe at a higher temperature. The conven-
tional muffle furnace processing resulted in the
formation of Fe;O3, NdFeOs, and Nd;Os; phases
without metallic Fe formation. The microwave
exposure route offers the highest REO purity
(> 98%) and approximately 55% yield. The reduc-
tion route resulted in the excessive dissolution of Fe
values during leaching, which further restricted the
precipitation process, thereby resulting in reduced
yield and purity of the REE product. The microwave
route consumes approximately 7.5 MW h/t of
energy, which is significantly lower than the muffle
furnace route. Observations from this study can
provide valuable guidelines for the recycling indus-
try recovering similar magnets from waste hard disc
drives.
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