
Green Chemistry

COMMUNICATION

Cite this: Green Chem., 2020, 22,
1105

Received 23rd September 2019,
Accepted 16th December 2019

DOI: 10.1039/c9gc03325d

rsc.li/greenchem

A facile method for the simultaneous recovery of
rare-earth elements and transition metals from
Nd–Fe–B magnets†

Xuan Xu, *a,b Saso Sturm, a,b Zoran Samardzija,a Janez Scancar, b,c

Katarina Markovicc and Kristina Zuzek Rozmana,b

A green and facile electrochemical method for Nd–Fe–B PM re-

cycling was developed. The proposed procedure enables a selec-

tive REE recovery and a simultaneous Fe metal deposition in only

two processing steps, with the total re-use of the electrolyte. The

proposed procedure thus avoids the formation of solid Fe-based

waste and wastewater discharge.

Rare-earth elements (REEs) which are the essential com-
ponents of permanent magnets (PMs) are considered by the
European Commission to be the most critical materials in
terms of their economic importance and supply risk.1 The use
of PMs, especially neodymium–iron–boron (Nd–Fe–B) types,
will expand rapidly, as e-vehicles, e-scooters and e-bikes have
become increasingly widespread and add to the huge quan-
tities of magnets already being used in electricity-generating
wind turbines.2 A Nd–Fe–B PM typically contains 28–35 wt%
REEs (Pr, Nd, Tb, and Dy), which means that end-of-life (EoL)
magnets are an important secondary resource for REEs.
Recovering REEs from EoL Nd–Fe–B PMs is, therefore, going to
be the key strategy for overcoming the serious supply risks
associated with REEs and making REEs available for other
applications, e.g., solid–oxide fuel cells and nuclear reactors.3

Various approaches for REE recovery, such as glass-slag
extraction,4 gas-phase extraction,5 and hydrometallurgical
methods,6 are currently at various technology-readiness levels.
Among them, hydrometallurgical methods are seen as the
most promising. They require relatively simple equipment to
extract REEs with high purity and are generally applicable to
both non-oxidised and oxidised Nd–Fe–B magnets. With
hydrometallurgy, however, the Nd–Fe–B magnets are comple-

tely dissolved in HCl or H2SO4 solutions. For instance, a
H2SO4 solution is used to leach the Nd–Fe–B magnets to form
REE sulphate, followed by precipitating REE-sodium–sulphate
double salts, (RE, Na)2(SO4)2·xH2O.

7 When put quantitatively,
for every 1 kg of Nd–Fe–B, 10 L of 2 mol L−1 H2SO4 is required
(solid-to-liquid (S : L) ratio of 10% w/v) to dissolve the magnets
and keep the pH low enough to prevent the precipitation of
Fe(OH)3. The pH is then raised to 1.5 with NaOH, at which point
(Nd, Na)2(SO4)2·xH2O is deposited. The iron remains in solu-
tion as long as the pH stays below 2.0. The sulphate double
salt can then be converted to either NdF3 by leaching in a HF
solution, or Nd oxalate, by adding an aqueous oxalic acid solu-
tion. The REE oxalate can then be calcined to form REE oxides
(REOs). Both the REF3 and REOs can then be reduced to the
corresponding REE metal (e.g., molten-salt electrolysis8). After
removal of the REE-sodium–sulphate double salts, oxygen gas
or a H2O2 solution is added to fully oxidise Fe2+ to Fe3+ that
precipitates as yellow jarosite, NaFe3(SO4)2(OH)6, which is
easier to filter than Fe(OH)3. Alternatively, a roasting pre-treat-
ment of the PMs at 900 °C can completely oxidise Fe to Fe2O3

before the acid leaching step, which would favour the Fe
removal step.

Although hydrometallurgical processing of Nd–Fe–B
magnets is effective, many time- and chemical-consuming
steps are needed to obtain REEs. When put quantitatively,
treating 1000 kg of Nd–Fe–B magnets requires 2172 kg of
H2SO4, of which 272 kg is for Nd and 1900 kg is for Fe. The con-
sumption of alkali for Fe removal as jarosite and the effluent
neutralization is correspondingly 1600 kg of NaOH or 1100 kg
of CaO.9 Jarosite is considered as problematic waste within the
European Union;10 therefore, further hydrometallurgical treat-
ment of the solid waste is required that adds to the overall
chemical consumption and wastewater generation.11

There have been efforts towards finding more efficient
routes for Nd–Fe–B recycling; however, the aspect of either
solid waste or wastewater was not yet elaborated. For example,
the REEs from EoL PMs can be selectively leached based on
the principle of the pH-dependent dissolution of the calcined
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magnets using the potential-pH diagram.12 Koyama and
Tanaka13 reported that the selective leaching of REEs could be
realised by using 0.02 mol L−1 HCl 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 oxi-
dative roasting of the magnet at 900 °C was needed to fit
within the potential-pH diagram and the overall process oper-
ates at elevated temperatures. In the end, the REEs were preci-
pitated out via conventional hydrometallurgy.11b

Electrochemistry can be alternatively used as an integral
part of REE-based PM recycling as it is often used to recover
metals at room temperature. A patent14 describes an electro-
chemical dissolution of Nd–Fe–B magnet slags and recovery of
the REEs. HF was added as the precipitating agent that
however endangers the selective REEs precipitation as Nd3+,
Fe3+, and Fe2+ precipitate as insoluble NdF3, FeF3

15 and
FeF2.

16 P. Venkatesan et al.17 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 were leached into the solution and simul-
taneously Fe2+ was anodically oxidised and precipitated as
Fe(OH)3 that was removed by filtration. The remaining REEs in
the electrolyte were precipitated with oxalic acid. This process
facilitates the oxidation of Fe2+ to Fe3+ without extra addition
of oxidants. The same group18 further developed a two-anode
system to leach Nd–Fe–B scraps and convert Nd and Fe into
the respective hydroxides without pretreatment of partial acid-
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 Fe in the form of
solid akaganeite (FeOOH).

Despite the progress made in the electrochemical recycling
of the REEs, the methods though efficient in REE recovery still
end up with Fe-based solid waste and the electrolyte that has
to be treated.

Here, we develop a greener and more facile electrochemical
method for Nd–Fe–B PM recycling. The proposed procedure
enables a selective REE recovery and a simultaneous Fe metal

deposition in only two steps with the total re-use of the electro-
lyte, thus avoiding the formation of solid Fe-based waste and
wastewater discharge.

Our initial investigations focused on the electrochemical
leaching of Nd–Fe–B scraps and the Fe deposition. Linear
sweep voltammetry (LSV) was performed for a Pt-wire working
electrode (black curve) and the initial magnet (blue curve) in
the bath solution containing 0.6 mol L−1 FeSO4, 0.4 mol L−1

(NH4)2SO4, 0.175 mol L−1 Na3Cit and 0.4 mol L−1 H3BO3

(pH 4.0) at a scan rate of 100 mV s−1 (Fig. 1a). In the potential
segment AB of the black curve, the current density is stable at
around 0 mA cm−2. From point B on, where the potential is
0.4 V, the current density starts to increase along the line BC
due to the oxidation of Fe2+ on the Pt electrode (reaction (1)).

Fe2þ Ð Fe3þ þ e� ð1Þ

Nd2Fe14B Ð 2Nd3þ þ 14Fe2þ þ B3þ þ 37e� ð2Þ

H2O Ð 4H2þ þ O2 " þ 4e� ð3Þ
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 blue curve in Fig. 1a. The initial magnet
generally consists of metallic Nd2Fe14B (matrix phase, account-
ing for ∼90% in terms of volume19), metallic NdFe4B4, metallic
Nd and Nd2O3 phases, and the increase in current density
from −0.7 V is caused by the oxidation/leaching of the metallic
phases, e.g., Nd2Fe14B (reaction (2)), in the magnet. No pro-
nounced oxidation peaks are observed in the DE portion,
although a steady increase in the current density can be
observed, indicating that all the metallic phases in the magnet
were oxidised/leached without significant selectivity. A similar
result was reported in our recent study,20 where the fast leach-
ing kinetics 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 oxygen bubbles formed
on the magnet surface. These bubbles were due to the side

Fig. 1 (a) LSV of a Pt-wire working electrode (black curve) and a sintered Nd–Fe–B magnet (blue curve) with 0.6 mol L−1 FeSO4, 0.4 mol L−1

(NH4)2SO4, 0.175 mol L−1 Na3Cit and 0.4 mol L−1 H3BO3 in the electrolyte, at a scan rate of 100 mV s−1. (b) BSE–SEM images of the magnet before
and after LSV.
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reaction of water decomposition (reaction (3)). 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−2).
Fig. 1b shows back-scattered electron (BSE)-SEM images of the
polished magnet before and after LSV. The initial magnet
before LSV consists of Nd2Fe14B grains surrounded by the Nd-
rich grain boundaries that are supposed to be leached prefer-
entially, due to the more negative electrochemical potential of
Nd than that of Fe.21 After LSV, the remaining Nd2Fe14B grains
(grey phase) were progressively leached, indicated by the pores
and pits on their surfaces. However, these Nd2Fe14B grains
connect with each other through the remaining grain bound-
aries (yellow dashed lines), further demonstrating the non-
selective leaching of the magnet.

Fig. 2a shows the kinetics of leaching the magnets with
applied currents of 50, 100, 150 and 200 mA (current densities

of 25, 50, 75 and 100 mA cm−2, respectively) on the anode. An
increased leaching rate of the REEs (the slope values in
Fig. 2a) from 300.06 to 1073.92 mg L−1 h−1 with the increasing
current density from 25 to 100 mA cm−2 is observed. The
leaching of REEs into the solution increased with the current
density and their concentration increased linearly with the
time of electrolysis. The anodic leaching efficiency of the
magnets at current densities of 25, 50, 75 and 100 mA cm−2

was 99.9%, 99.8%, 98.7% and 92.4% with corresponding
energy consumptions of 0.82, 0.96, 1.21 and 1.51 kW h per
kilogram of magnets, respectively (Table 1). For aiming at a
leaching efficiency of ∼100%, the current density applied to
the anode should not exceed 50 mA cm−2 to avoid the water
decomposition that can consume the supplied charge. Taking
this into consideration we have chosen a current density of
25 mA cm−2 for later experiments, as this is the current
density that leads to the leaching efficiency ∼100%, and low

Fig. 2 (a) Influence of the current density of 25–100 mA cm−2 on the leaching of the REEs from a Nd–Fe–B magnet anode with 0.6 mol L−1 FeSO4,
0.4 mol L−1 (NH4)2SO4, 0.4 mol L−1 H3BO3 and 0.175 mol L−1 Na3Cit in the initial electrolyte. (b) Effect of Na3cit concentration on the current
efficiency of the Fe deposition in the electrolyte (0.6 mol L−1 FeSO4, 0.4 mol L−1 (NH4)2SO4 and 0.4 mol L−1 H3BO3 in the initial electrolyte); (c) effect
of Na3cit concentration on the Fe concentration in the electrolyte (0.6 mol L−1 FeSO4, 0.4 mol L−1 (NH4)2SO4 and 0.4 mol L−1 H3BO3 in the initial
electrolyte) at an anodic current density of 25 mA cm−2 and a cathodic current density of 12.5 mA cm−2. (d) The SE–SEM image of the Fe deposit
with an EDS spectrum (0.6 mol L−1 FeSO4, 0.4 mol L−1 (NH4)2SO4, 0.175 mol L−1 Na3Cit and 0.4 mol L−1 H3BO3 in the initial electrolyte) at a cathodic
current density of 12.5 mA cm−2.
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energy consumption, however at a low leaching rate. For practi-
cal purposes, when aiming at a 100% leaching efficiency, a
constant current could be applied using the current density
even below 25 mA cm−2; however a case to case study needs to
be done taking into account the particular energy consump-
tion and the time scale of the whole process.

Simultaneously, the Fe metal was deposited (reaction (4))
on the cathode at a current density of 12.5 mA cm−2. As hydro-
gen evolution (reaction (5)) occurs simultaneously with Fe
deposition, this leads to an increase in pH > 7.0 at the cathode
interface.22 Consequently, both Fe2+ and Fe3+ (pH > 3.0)22,23

and REE3+, e.g., Nd3+ (pH > 6.0),24 are expected to hydrolyse
and form metal hydroxides on the cathode, which means that
Fe deposition would be limited and the overall REE recovery
would be reduced. Upon that (NH4)2SO4 was added as a com-
plexing agent to maintain the Fe2+ and Fe3+ as soluble
species22 at increased pH, and another complexing agent,
Na3Cit, was added to prevent the formation of REE hydroxides
on the cathode.25 However, citrate ions (Cit3−) can also chelate
with Fe2+ (Fe(Cit)−), which decreases the concentration of
unchelated Fe2+. As a result, the over-potential for Fe depo-
sition increases, lowering its current efficiency.26 Fig. 2b shows
that with the increasing concentration of Na3Cit from 0.05 to
0.175 mol L−1, the current efficiency of Fe deposition
decreased from 92.9% to 74.9%.

Fe2þ þ 2e� Ð Fe ð4Þ

2Hþ þ 2e� Ð H2 " ð5Þ

It should be noted that in a long run, the increasing thick-
ness 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 treatment27 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 Nd–Fe–B magnets close to 100%
under 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 SEI
“Calculations”). The concentration of total dissolved Fe
(including Fe2+ and Fe3+) 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, the concentration of
total dissolved Fe in the electrolyte decreased with leaching
time (Fig. 2c). A more rapid decline in Fe concentration is
observed with a lower concentration of Na3Cit in the electro-
lyte. It should be noted that the reducing Fe concentration in
the electrolyte, in turn, results in a decrease of current
efficiency.28 Therefore, the current efficiency of the Fe depo-
sition in the electrolyte with the Na3Cit concentration from
0.05 to 0.175 mol L−1, in the long term, is expected to decrease
to an 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 Na3Cit will result
in a lower balanced concentration of the total dissolved Fe,
favouring the next steps of selective REE precipitation and
purification. In contrast, if the current efficiency of Fe depo-
sition 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 H2SO4 to keep
the pH of electrolyte between 3.5 and 4.5, due to the side reac-
tion of hydrogen evolution (reaction (5)).

Alternatively, instead of lowering down the current
efficiency of Fe deposition by adding more Na3Cit, supplying a
certain amount of Fe salt like FeSO4 into the electrolyte to
compensate for 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 maintained higher than
75.7%.

Nevertheless, using 0.4 mol L−1 (NH4)2SO4 and 0.175
mol L−1 Na3Cit 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 (70.9–75.7%), and
thus a balanced Fe (Fe2+ and Fe3+) concentration in the electro-
lyte could be achieved that enables repeated electrolyte re-
cycling. With this electrolyte bath, the Fe metal was obtained
on the cathode (Fig. 2d) avoiding the usage of alkali, e.g.,
NaOH, to remove Fe as akaganeite or jarosite that needs
further treatment. As the initial magnet contains a small
amount of other transition metals, e.g., Co (2.13 wt% in this
study), transition metal alloys, e.g., Fe–Co, are expected to be
deposited on the cathode with repeated recycling of the elec-
trolyte. After electrolysis for 8 hours at an applied current of
200 mA, 1.76 g of magnet was leached with an efficiency of
99.9% and an energy consumption of 1.36 kW h per kilogram
of the magnet. Around 1.5 mL of 4 mol L−1 H2SO4 was used to
adjust the pH of the electrolyte between 3.5 and 4.5, from
which the H2SO4 consumption is calculated to be 0.34 kg per
kilogram of the magnets, which saves 84.4% of the acid usage,
compared to the conventional hydrometallurgical process.9

Combining all the reactions occurring on both the anode (reac-
tion (2)) and the cathode (reactions (4) and (5)) in a balanced
Fe (Fe2+ and Fe3+) concentration electrolyte, the net reaction of
the whole electrolysis can be expressed using reaction (6),

Table 1 Effect of current density on magnet-anode dissolution, anodic
leaching efficiency, and energy consumption of the electrolysis step

Current
density
(mA cm−2)

Mass of
magnet
dissolved (g)

Anodic
leaching
efficiency (%)

Energy
consumption
(kW h 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

Communication Green Chemistry

1108 | Green Chem., 2020, 22, 1105–1112 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 5

:4
1:

14
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc03325d


which realises the “selective leaching” of REEs, leaving the
major component of metallic Fe “untouched”.

Nd2Fe14Bþ 9Hþ ! 2Nd3þ þ 14Feþ B3þ þ 4:5H2 " ð6Þ

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 sulphate salts. It is known that the sulphate
double salt of light REEs, including La, Ce, Pr, Nd and Sm, has
very low solubility in an aqueous solution.29 REEs, e.g., Nd,
can be precipitated as (Nd, Na)(SO4)2·xH2O by introducing
Na2SO4, with the following reaction:

Nd2ðSO4Þ3 þ Na2SO4 þ 2xH2O Ð 2ðNd;NaÞðSO4Þ2 � xH2O

ð7Þ

Generally, more than 90% of REEs in the solution can be
precipitated, when the addition of Na2SO4 at a molar ratio of
Na2SO4 to REEs is higher than 2 : 1.30 In this study, the
addition of Na2SO4 at a molar ratio of Na2SO4 to REEs was
fixed to 1 : 1 to prevent the excess of Na2SO4 during repeated
recycling of the electrolyte. If the molar ratio of Na2SO4 to
REEs was higher than 2 : 1 for each recycling cycle, although
high REE recovery would be achieved, the concentration of
Na2SO4 would reach saturation (13.9 g per 100 mL at 20 °C
(ref. 31)) at around the eighteenth cycle, leading to the recrys-
tallization of Na2SO4 as a precipitate together with REE-
sodium–sulphate double salts. Thus, an extra washing step
would be required.

As both Fe2+ and Fe3+ in the leachate stayed soluble due to
the addition of (NH4)2SO4 and Na3Cit, with the addition of
Na2SO4 (0.57 g) at a molar ratio of Na2SO4 to REEs of 1 : 1, fol-
lowed by heating the solution at 70 °C for 2 hours, REEs were
selectively precipitated as shown in Fig. 3a. The X-ray diffrac-
tion (XRD) analyses show that the diffraction peaks are well
indexed to the (Nd, Na)(SO4)2·H2O (PDF# 01-076-2597) phase
(Fig. 3b). The inductively coupled plasma mass spectrometry
(ICP-MS) analyses of the precipitates revealed that the recov-
ered REEs were Nd (93.7%), Dy (3.1%) and Pr (2.6%), with
high purity (99.4%) and trace levels of Fe. Both the XRD and
ICP-MS analyses prove that the REEs in the leachate were suc-
cessfully precipitated as REE-sodium–sulphate double salts
with high selectivity.

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 Fig. 4a. The REE recovery from the fresh
electrolyte was only 56.8% due to the insufficient addition of
Na2SO4, keeping the molar-ratio of Na2SO4 to REEs of 1 : 1,
compared to 2 : 1 in a mole of Na2SO4 to REEs used in the con-
ventional hydrometallurgical process.30 However, with the
repeated recycling, the concentrations of both unreacted
Na2SO4 and REEs in the solution accumulated and drove reac-
tion (7) to the right. As a result, around 92.5% of the REEs
were recovered by the fourth cycle. From the fourth cycle on,
92.5% of the leached REEs were precipitated, leaving 7.5% of
Na2SO4 and REEs in the electrolyte for the next cycle. The accu-
mulated concentrations of Na2SO4 and REEs in the electrolyte

after REE-sodium–sulphate double salt filtration for the next
cycle increased by only 7.5%, leading to a stable recovery of the
REEs for all subsequent cycles. It has been reported that REEs
such as Nd3+ can form a complex with Cit−, according to the
following equilibrium, and the existence of NdCit, (NdHCit)+,
(NdHCit2)

2− and (NdCit2)
3+ was confirmed by the solution in

the pH range of 2–5.32

nNd3þ þ jHþ þ kCit3þ Ð NdnHjCitkð3nþj�3kÞ ð8Þ
However, the addition of Na2SO4 caused the precipitation

of the REEs as REE-sodium–sulphate double salts from these
REE-Cit complexes. This is probably due to the higher stability
of REE-sodium–sulphate double salts than that of REE-Cit
complexes in the solution with a high sodium sulphate con-
centration.33 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−1 FeSO4 + 0.4 mol L−1 (NH4)2SO4 + 0.175 mol L−1 Na3Cit +
0.4 mol L−1 H3BO3, the current efficiency of the Fe deposition
was kept within 70.9–75.7% (indicated with pink-dashed lines
in Fig. 4b), which guaranteed a relatively stable concentration

Fig. 3 (a) BSE–SEM images with an inset of a real image and (b) XRD
pattern of the REE precipitates.

Green Chemistry Communication

This journal is © The Royal Society of Chemistry 2020 Green Chem., 2020, 22, 1105–1112 | 1109

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 5

:4
1:

14
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc03325d


of total dissolved Fe around 0.6 mol L−1 for 9 repeating cycles.
We expect that a REE recovery of 92.5% with a relatively stable
composition of the electrolyte can be achieved over the long
term. Therefore, repeated re-use of the electrolyte can avoid
wastewater release by using the current two-step procedure,
i.e., electrolysis-selective precipitation, for the REE recovery
from Nd–Fe–B magnets (Fig. 4c).

It should be noted that boron (B) was also leached out from
Nd–Fe–B magnets in the form of H3BO3 electrochemically,
according to the half-reaction:34

Bþ 3H2O Ð H3BO3 þ 3Hþ þ 3e� ð9Þ

In the initial electrolyte, H3BO3 was added as a buffer to
favour the Fe electrodeposition on the cathode, because it can

prevent the precipitation of metal hydroxides on the cathode
surface that hinder the Fe deposition.35 The concentration of
boron increased from 0.402 mol L−1 in the initial electrolyte to
0.428 mol L−1 after the electrochemical leaching for 8 h at
200 mA (25 mA cm−2), which is ascribed to the leaching of
boron from the Nd–Fe–B magnet in the form of H3BO3. The
increased concentration of H3BO3 in the electrolyte can
strength the buffer capacity, facilitating the Fe deposition.34 It
is expected that in the long term of reusing the electrolyte, the
concentration of H3BO3 will reach a saturation (∼0.92 mol L−1

at 25 °C (ref. 36)) where H3BO3 will crystallise. In the REE pre-
cipitation step, H3BO3 will precipitate together with the REE-
sodium–sulphate double salts. The precipitated H3BO3 can be
easily washed away with water and then recovered as zinc
borate hydrate37 by adding zinc and raising the pH. The zinc

Fig. 4 (a) Percentage extraction of REEs at an anodic current density of 25 mA cm−2 and a cathodic current density of 12.5 mA cm−2 and (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.
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borate hydrate could be commercially used as a flame
retardant.37

Additionally, the recovered REEs from the Nd–Fe–B
magnets in the form of REE-sodium–sulphate double salts can
be readily converted to either REOs or REF3 with negligible
losses of REEs.29 However, unlike the fluoride precipitation for
REE separation in the conventional hydrometallurgical process
where NdF3 is readily gelatinous and is, therefore, difficult to
separate from the solution by filtration,29 the NdF3 obtained
from the sulphate double salt is easy to filter, which is a sig-
nificant advantage of this route. Because of this, REE-sodium–

sulphate double salts are generally used for the precipitation
and storage of REEs in industry today.29

Conclusions

We have demonstrated a green and facile route for Nd–Fe–B
PM recycling, showing that both the REEs and Fe metal can be
recovered in only two steps: electrolysis and selective precipi-
tation. Compared to the state-of-the-art methods, the proposed
method largely reduces the chemical consumption and avoids
Fe-based solid waste generation and wastewater discharge,
making it economically and environmentally attractive for
industrial applications.
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