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ABSTRACT: To achieve the global goals related to renew-
able energy and responsible production, technologies that
ensure the circular economy of metals and chemicals in
recycling processes are a necessity. The recycling of spent
Nd−Fe−B magnets typically results in rare-earth element
(REE)-free wastewater that has a high ferric ion concentration
as well as oxalate groups and for which there are only a few
economically viable methods for disposal or reuse. The
current research provides a new approach for the effective
recovery of oxalic acid, and the results suggest that during the
initial oxalate group separation stage, >99% of oxalate ions can
be precipitated as ferrous oxalate (FeC2O4·2H2O) by an
ultrasound-assisted iron powder replacement method (Fe/Fe(III) = 2, tu/s = 5 min, T = 50 °C). Subsequently, almost all
FeC2O4·2H2O was dissolved using 6 mol/L HCl (T = 65 °C, t = 5 min) and the dissolved oxalates were found to mainly exist in
the form of H2C2O4. Furthermore, over 80% of the oxalic acid was recovered via crystallization by cooling the oxalate containing
HCl solution to 5 °C. After oxalic acid crystallization, the residual raffinate acid solution can then be recirculated back to the
ferrous oxalate leaching stage, to decrease any oxalic acid losses. This treatment protocol for high-iron REE-free solution not
only avoids the potential harm to the environment due to the wastewater but also significantly improves the circular economy of
chemicals in the typical utilization in permanent magnet recycling processes.
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■ INTRODUCTION

The most important rare-earth permanent magnets are
composed of Nd−Fe−B alloys, which due to their excellent
magnetic characteristics, compactness, and lightweight are
widely utilized in automobiles, wind turbines, computer hard
disk drives, electronic vehicles, etc.1 A recent report has found
that the production of Nd−Fe−B magnets has nearly doubled
within the past 5 years, and by 2020, it is predicted that around
130 kt of Nd−Fe−B magnets, which would require 35 kt of
REEs or approximately 22% of the global supply, will be
produced.2 Consequently, when the limited lifetime of, for
example, 2−3 years of consumer electronics and 20−30 years
of wind turbines are considered, a significant amount of end-
of-life magnets will become available in the near future3,4

providing a significant secondary resource for REE production.
In addition, a further 20−30% of the magnet raw material is
lost as waste during the shaping, surface treatment, and
magnetization of the final Nd−Fe−B magnet products.5,6 As
the rare-earth content in Nd−Fe−B permanent magnets is
more than 30%, the recycling of Nd−Fe−B magnets has
attracted significant global interest from both academia and
industry.7−9

Currently, one of the main industrial processes for the
recovery of REEs from spent Nd−Fe−B magnets involves the
oxidative roasting of the spent magnet material, acidic
decomposition, and the precipitation of REEs in the form of
REE oxalates ((REE)2(C2O4)3·nH2O).6,9 Nevertheless, a
previous study has found that >50% of the Fe dissolved
during this process exists in the form of Fe(II) and that its
presence within the oxalate solution can result in the formation
of the FeC2O4 precipitate that decreases the purity of the
resultant REE products.10 As a result, to improve the quality of
the REE oxalate products, additional iron removal steps are
proposed to be performed prior to the REE precipitation. A
traditional process for iron removal involves neutralization
precipitation after ferrous ion oxidation. This methodology
effectively removes almost all iron (Fe(II) and Fe(III))
present, although between 20 and 30% of REE losses by
coprecipitation or mechanical entrainment have been
observed.11 Some other alternative methods such as electro-
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chemical oxidation precipitation and solvent extraction by
trihexyl(tetradecyl)phosphonium (Cyphos IL101) or tri(octyl-
decyl) amine (N235) have also been developed,12,13 and the
iron can be effectively separated from REEs. Nonetheless,
industrial utilization of these iron removal methods would
complicate the production process leading to an increase in
production costs and investment required for infrastructure.
In contrast, one industrially feasible method is to selectively

extract REEs from high-concentration iron solutions. First, the
Fe(II) ions in the acid leachate are oxidized to Fe(III), which
have a minor effect on REE product purity,10 before the REEs
are selectively precipitated as REE oxalate products, to leave
the ferric iron in the raffinate. However, the induced increase
in ferric ion concentration results in increased oxalic acid
consumption due to strong complexation between oxalate and
Fe(III) ions.14 REE precipitation efficiency has been suggested
to reach 90% but only in the presence of a high oxalic acid
excess, n(oxalic acid)/n(REEs) > 3,10 which means that high
REE precipitation efficiency generates large quantities of high
Fe oxalic acid wastewater. Additionally, when the high price of
oxalic acid is taken into consideration, it is critical that
methodologies that both separate and recover oxalate ions
from the REE-free solution are developed to improve the
economic and environmental aspects of Nd−Fe−B magnet
waste recycling.
Conventionally, calcium oxalate precipitation is used to

recover the residual oxalic acids from the wastewater; however,
this process generates significant amounts of calcium sulfate
residues and a recovery efficiency of <80%.15 To avoid the
potential hazards caused by waste residues and to improve
oxalic acid recovery, a number of solvent extraction methods
have also been developed. For example, tributyl phosphate
(TBP) and di(1-methylheptyl)methylphosphonate (P350)
both have been found to be an effective solvent extractant
for the extraction of oxalic acid from low iron aqueous
solutions.16−18 However, for the solutions containing high
ferric ion levels (e.g., above 10 g/L Fe), both TBP and P350
have challenges due to the strong complexation between
oxalate and Fe(III) ions, with only ∼60% of oxalic acid
extracted from such high iron oxalate solution under optimal
conditions.
To improve the oxalic acid recovery from the high Fe(III)

solution, it is suggested to first destroy the stable complex
structure formed by the oxalate group and Fe(III).19 One
promising alternative method is by iron reduction precipitation
through which Fe(III) ions were reduced into Fe(II) and then
form the precipitate of FeC2O4 (Ksp = 3.2 × 10−7) with oxalate
groups. Nevertheless, it was found that more than three times
the stoichiometry of iron scraps was required to completely
reduce Fe(III) into Fe(II) due to the formation of a passive
FeC2O4·2H2O layer on the surface of the iron scraps that
prevents the reduction reaction of Fe(III).19 Additionally,
there is limited information available for the further treatment
of the produced ferrous oxalate precipitates, that is, the
recovery of oxalate ions from FeC2O4·2H2O precipitates. As a
result, in this study, we proposed a method to treat the high Fe
oxalic acid-bearing waste solution by iron reduction precip-
itation with the assistance of ultrasound. The ultrasonic

cavitation effect was supposed to be beneficial for the
breakdown of the passive surface layer (FeC2O4·2H2O)
between products and solution,20,21 which has been widely
employed in the hydrometallurgical processes over the past
decades.22,23 After the precipitation of oxalate ions, acid
dissolution with HCl followed by cooling crystallization was
performed to recover H2C2O4 that can be reused for the
precipitation of REEs. The residual solution (rich in HCl and
FeCl2) after the crystallization of H2C2O4 can be utilized for
the acid dissolution of FeC2O4·2H2O precipitates. The
behavior of iron and oxalate ions during each process step
was investigated in detail to allow process optimization and
increase the possibilities for industrial application.

■ EXPERIMENTAL SECTION
Reagents and Solutions. Residual pregnant leach solution

(PLS)rich in Fe (10 g/L) and (C2O4)
2− (50 g/L)after REE

precipitation from Nd−Fe−B leaching solution was used as the input
for the oxalic acid recovery experiments, and a more detailed solution
composition is outlined in Table 1. Prior to REE precipitation, Fe(II)
was oxidized into Fe(III) in the Nd−Fe−B leaching process to avoid
the formation of the FeC2O4 precipitate (Ksp = 4 × 10−11); therefore,
Fe is assumed to exist in the higher valance state.10 The molar ratio of
Fe and (C2O4)

2− in the solution is nearly 1:3, which suggests the
presence of the Fe(C2O4)3

3− complex. All the chemicals used in this
study were of analytical grade and deionized water was used in all
experiments.

Characterization and Analysis. The concentrations of Fe
(total), Co, B, and REEs were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, PerkinElmer
Optima 7100 DV, USA). The Fe(II) concentration in the REE-free
solution was analyzed by the potassium dichromate method. In
contrast, the Fe(III) concentrations in solution were analyzed by a
precipitation separationEDTA titration method.24 The main
mineral phases within the products of ferrous oxalate and oxalic
acid were identified by XRD (PANalytical X’Pert Pro Powder,
Almelo, the Netherlands) using a Co Kα radiation source with a 40
kV acceleration potential and a current of 40 mA. XRD diffractograms
were analyzed by HighScore 4.0 Plus software. The morphology and
size of the oxalate precipitates were determined by SEM (A LEO
1450, Carl Zeiss Microscopy GmbH, Jena, Germany). The
concentration of the oxalate group when there was no Cl− in solution
was analyzed using a potassium permanganate titration method,
whereas the amount of oxalate in hydrochloric acid solution was
ascertained via a total organic carbon analyzer (TOC, TOC-V CPH,
Shimadzu, Japan). The species and structure of the oxalate group in
the ferrous oxalate leach solution was confirmed by horizontal
attenuated total reflectance Fourier transform infrared (HATR-FTIR)
spectroscopy (Nicolet IS10, Thermo Scientific, USA).

Experimental Procedure. Ultrasound-Assisted Precipitation of
Oxalate Ions. Given that iron exists as a soluble Fe(C2O4)3

3−

complex, iron powders were first added to reduce the Fe(III) to
Fe(II), which then subsequently react with oxalate ions to form
FeC2O4 precipitates, leading to the extraction of oxalate ions from the
processed solution. Ultrasonic power (Ultrasonic Cleaner, Elmasonic
S15H) was utilized to promote the distribution of iron powder and
enhance the Fe(III) reduction reaction. Sonication power was set at
150 W and a water bath (Thermo Haake, DC10) was utilized to
achieve a high recovery efficiency of the oxalate via the oxalate
precipitation reaction. Parameters including the Fe dosage (mole ratio
of Fe/Fe(III) = 1−2.5), sonication time (tu/s = 0−10 min), reaction
temperature (T = 30−90 °C), and reaction time (tr = 10−120 min) in
the water bath were optimized to achieve the high oxalate ion

Table 1. Chemical Composition of the Solution (mg/L) Used as Raw Material in the Study

elements Fe Co B Nd Pr Gd Dy Ho (C2O4)
2−

concentration 10,200 500 690 23 15 8 11 8 50,000
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extraction. After a predetermined reaction time, FeC2O4 precipitates
were filtered and dried at 95 °C for 12 h. The contents of ferric iron
and ferrous iron, as well as the oxalate group, in the solution before
and after the reduction step were analyzed.
Acid Dissolution of Ferrous Oxalate. Dissolution of the FeC2O4

precipitates obtained was investigated in different concentrations of
hydrochloric acid solution. The experiments were conducted in 300
mL round-bottom flasks, with magnetic stirring at 300 rpm with
temperature controlled by a water bath (Thermo Haake, DC10). In
each run, 200 mL of hydrochloric acid solution was put into a flask
and then heated to a preset temperature, before the addition of
ferrous oxalate precipitates. After a defined leaching time, the resultant
slurry was filtered to obtain any residual oxalate precipitates and a
filtrate. The decomposition of ferrous oxalates was determined as a
function of dissolution time (5−120 min), hydrochloric acid
concentration (1−9 mol/L), and liquid-to-solid ratio (5−15 mL/g).
The dissolution efficiency (%E) of the ferrous oxalate is defined as

= × × ×E C V m w% ( )/( ) 100%M (1)

where CM is the concentration of iron in the leachate, V is the volume
of dissolution solution, m is the mass of input oxalate precipitates (g),
and w is the content of iron in oxalate precipitates.
Crystallization of H2C2O4. After the acid leaching of ferrous oxalate

precipitates (FeC2O4·2H2O) at optimum conditions, 20 mL of the
leachate was added in a 50 mL cylindrical reactor without stirring and
then refrigerated at a temperature between 0 and 10 °C. After the
required reaction time, the suspension was filtered immediately and
any resultant oxalic acid crystals were dried at 50 °C for 48 h. The
volume of the solution after crystallization was recorded and the oxalic
acid concentration was analyzed by measuring the total organic
carbon (TOC) concentration. The precipitation efficiency of oxalic
acid (%P) was defined as

= [ − × × ] ×P V C V C% (1 ( )/( ) 100%1 1 0 0 (2)

where C0 and C1 represent the initial and final concentrations of oxalic
acid before and after the crystallization procedure, respectively, and V0

and V1 are the volumes of solution before and after crystallization,
respectively.

■ RESULTS AND DISCUSSION
Ultrasound-Assisted Precipitation of Oxalate Ions. In

this study, the ultrasound-assisted iron powder reduction
process was adopted to extract the oxalate ions by forming the
FeC2O4·2H2O precipitate. The main reactions can be
described as follows:

+ + → · +

=

− −2Fe(C O ) Fe 6H O 3FeC O 2H O 3C O

log K 19.20
2 4 3

3
2 2 4 2 2 4

2

(298.15) (3)

+ → +

=

+ +Fe 2H Fe H (g)

log K 16.03

2
2

(298.15) (4)

+ + → ·

=

+ −Fe C O 2H O 2FeC O 2H O

log K 6.47

2
2 4

2
2 2 4 2

(298.15) (5)

Effects of principal factors (molar ratios of Fe/Fe(III),
ultrasound time, reaction time, and temperature) on the
precipitation of oxalate ions were examined with an ultrasound
power of 150 W. The results shown in Figure 1a,b indicate that
the oxalate ion removal ratio is strongly depended on the Fe/
Fe(III) molar ratio and sonication time. As can be seen, the
precipitation of oxalate ions increases from approximately 80
to 99% as the Fe/Fe(III) molar ratio increased from 1 to above
2. The corresponding concentration of residual oxalate groups
(C2O4

2−) decreases from approximately 9 to 0.06 g/L. In
addition, it can be observed from Figure 1b that precipitation
of oxalate ions increases by approximately 30% with the
application of an ultrasound power of 150 W for only 5 min at
Fe/Fe(III) ratios of 1 and 2. This obvious enhancement with

Figure 1. Precipitation of oxalate ions as a function of (a) Fe/Fe(III) molar ratios (tu/s = 5 min, T = 50 °C, tr = 40 min), (b) ultrasound time (T =
50 °C, tr = 40 min), (c) reaction temperature (tu/s = 5 min, tr = 40 min), and (d) reaction time in water bath (tu/s = 5 min, T = 50 °C).
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ultrasound results from the facilitated mass transfer through
the product layer induced by the ultrasonic cavitation.22 Over
the investigated range of ultrasound treatment (shown in
Figure 1b), the precipitation of oxalate ions at an Fe/Fe(III)
molar ratio of 2 remains 10−20% higher than that obtained
when Fe/Fe(III) = 1. By contrast, other parameters like
reaction temperature (Figure 1c) and reaction time (Figure
1d) were observed to have only a limited effect on the oxalate
ion precipitation. The precipitation of oxalate ions was found
to vary by only approximately 5% under the experimental
reaction conditions (reaction temperature and time) studied,
and the optimum results can be achieved at 50 °C for 40 min
after ultrasound treatment.
To sum up, above 99% of oxalate ions can be precipitated

through this ultrasound-assisted iron reduction process (Fe/
Fe(III) mole ratio of 2 and sonication (150 W and 5 min) at
50 °C for 40 min), resulting a precipitate in the form of
FeC2O4·2H2O (shown in Figure 2).

Decomposition of FeC2O4·2H2O Using HCl. Decom-
position of the FeC2O4·2H2O produced as a function of HCl
concentration was investigated at 65 °C with a solid-to-liquid
(S/L) ratio of 100 g/L for 5 h. The results displayed in Figure
3a show that dissolution of ferrous oxalate increases
substantially with the increase in HCl concentration from 1
to 4 mol/L and that a complete decomposition of FeC2O4·
2H2O was achieved when HCl concentrations are >4 mol/L.
In addition, it is also clear that the associated dissolution
kinetics is faster with higher HCl concentrations. For example,
with a 4 mol/L HCl solution, it takes 5 h to dissolve nearly
100% FeC2O4·2H2O (Figure 3a), whereas when 5 mol/L HCl
was used, completed dissolution was achieved within 5 min
(Figure 3b). Figure 3b also shows that an increase in the
reaction temperature was conducive to the dissolution of
FeC2O4·2H2O as decomposition of the ferrous oxalate
increased from 45% to almost 100% when the temperature
was changed from 25 to 65 °C.
The influence of the solid-to-liquid (S/L) ratio was studied

at 5 and 6 mol/L HCl (T = 65 °C, t = 5 min) and the findings
demonstrate that the leaching efficiency of FeC2O4 decreased
significantly with increasing S/L ratios in both 5 and 6 mol/L
HCl (Figure 3c). When S/L = 200 g/L, leaching efficiency of
FeC2O4 was only 54% with 6 mol/L HCl, whereas with an S/L
ratio of 150 g/L, almost all FeC2O4·2H2O could be dissolved
within 5 min as shown in Figure 3c. The leach solution was

obtained with 70 g/L oxalate group at selected optimum
conditions (S/L = 150 g/L, HCl = 6 mol/L, T = 65 °C, t = 5
min). An FTIR spectrum of the leaching solution obtained was
also measured and a comparison was performed with a pure
oxalic acid solid reference (Figure 3d). The results clearly show
that carbonyl bands related to (COO− νas) asymmetric
stretching vibrations and corresponding symmetric stretches
(COO− νs) can be clearly identified at ∼1630 and ∼1380
cm−1. In addition, the band at 1270 cm−1 represents the
bending stretches of C−OH groups, which indicates the
presence of oxalic acid (H2C2O4) within the acid leaching
solution. Overall, high acidity was found to promote the release
of oxalate ion from ferrous oxalates and the formation of free
oxalic acid in solution, which facilitates the subsequent
crystallization of oxalic acid.

Recovery of H2C2O4 by Cooling Crystallization. After
decomposition of ferrous oxalate with HCl > 5 mol/L, the
oxalate group is predominantly in the form of H2C2O4 rather
than HC2O4

− or C2O4
2−the first and second ionization

constants of H2C2O4 are 5.9 × 10−2 and 6.4 × 10−5,
respectivelywhich indicates that the ferrous oxalate is
decomposed to FeCl2 and H2C2O4 in concentrated hydro-
chloric acid solution. As the recovery of oxalic acid by cooling
crystallization is determined by the solubility of oxalic acid at
different acid concentrations, it is necessary to first study the
dissolution behavior of oxalic acid in HCl at different freezing
temperatures. The synthetic solution (70 g/L H2C2O4) with
different concentrations of HCl was prepared to first
investigate the crystallization behavior of oxalic acid. Figure
4a shows the effects of HCl concentration on the recovery of
oxalic acid. These results indicate that the solubility of oxalic
acid decreases gradually to a minimum of about 15 g/L when
HCl = 6 mol/L after which further increases in HCl
concentration a steady enhancement of solubility up to a
local maximum of 38 g/L at HCl = 9 mol/L. The H2C2O4
concentration in the residual solution, as shown in Figure 4a,
also decreases with a reduction in the freezing temperature
from 10 to 5 °C, whereas there is no obvious change when
temperature is further reduced from 5 to 0 °C. Based on these
results, conditions of 6 mol/L HCl concentration in REE-free
solution and a cooling temperature of 5 °C were selected for
the following crystallization of oxalic acid, and Figure 4b
illustrates that almost 79% of oxalic acid can be recovered
within 2 h under these optimized conditions. As shown from
Figure 5, higher hydrochloric acid concentrations promote the
formation and growth of oxalic acid crystals, especially in terms
of increased H2C2O4 crystal sizecompare the transition from
4 to 6 mol/L, for example.
The cooling crystallization of the real leaching solution,

produced with different HCl concentrations (4−9 mol/L) and
S/L = 100 g/L, is displayed in Figure 6a. Recovery of oxalic
acid was found to increase slightly with increasing HCl
concentration (i.e., final concentration after leaching) from 78
(2.5 mol/L HCl) to 82% (6.5 mol/L HCl). This also leads to a
reciprocal decrease of oxalic acid in the residual solution from
14.5 to 12.5 g/L, and the behavior correlates well with the
findings previously observed with the synthetic solutions
(Figure 4a).
Overall, the results clearly demonstrate that around 80%,

oxalic acid with a good crystallization (Figure 6b) could be
recovered from the acid leach solution of ferrous oxalate. The
residual solution following freeze crystallization was found to
comprise of approximately 0.15 mol/L H2C2O4, 3.5 mol/L

Figure 2. X-ray diffraction pattern of the residue after iron removal
(Fe/Fe(III) = 2, ultrasound power = 150 W, tu/s = 5 min, T = 50 °C,
tr = 40 min).
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HCl, and 0.7 mol/L FeCl2, and this raffinate acid solution is
fully recyclable to the ferrous oxalate leaching stage, which
then allows the residual H2C2O4 to be recirculated to the
crystallization process. Furthermore, when the effect of FeCl2
solubility on the dissolution of FeC2O4·2H2O is taken into
account, the ferrous chloride can also be recovered by
evaporation crystallization once it attains a suitable concen-
tration level.
Flowsheet Development. From the results of the

experiments detailed here, it is possible to develop a new
process to recover oxalate ions from Nd−Fe−B leaching
solutions. The process is based on the combination of
ultrasound-assisted ferrous iron precipitation, decomposition
of FeC2O4·2H2O, and cooling crystallization of H2C2O4.
Moreover, as an excess of iron can accumulate during the
process, an evaporation crystallization stage can be included for
FeCl2 removal. The low-iron HCl solution obtained from the
crystallization of H2C2O4 or FeCl2 can be circulated for use as
a leaching agent for the decomposition of FeC2O4·2H2O.
Nevertheless, it is clear that during the whole process, an

excess of HCl would be required that would accumulate over
time, although this excess HCl can be further converted into
ferrous chloride with the addition of iron powder or separated
from the solution by vacuum evaporation.
Overall, the application of this new, low energy, and high

recovery efficiency process shown in Figure 7 on an industrial
scale could significantly improve the recovery of oxalic acid
from residual (REE-free) acidic leach waste solutions
generated by spent Nd−Fe−B magnet recycling. Furthermore,
in addition to the environmental benefits of waste reduction,
the utilization of this oxalic acid within the recycling process
will have a positive impact on the operational costs associated
with REE recovery.

■ CONCLUSIONS

This research outlines a novel process (Figure 7) for the
effective recovery of oxalic acid from the wastewater produced
by the recycling of spent Nd−Fe−B permanent magnets. This
contributes to the improved recyclability of permanent

Figure 3. Acid leaching efficiency of Fe2C2O4·2H2O as a function of (a) HCl concentration (S/L = 100 g/L, T = 65 °C, t = 5 h), (b) leaching time
(S/L = 100 g/L, T = 65 °C, HCl = 5 mol/L), (c) liquid-to-solid ratios (T = 65 °C, t = 5 min), and (d) the FTIR spectra of pure oxalic acid and the
acid leaching solution.

Figure 4. Recovery of oxalic acid as a function of (a) HCl concentration and temperature (t = 5 h) and (b) crystallization time (T = 5 °C, HCl = 6
mol/L).
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(Nd−Fe−B) magnets as well as a reduction in the chemicals
and waste associated with the recycling process.
The results suggest that the oxalate ion removal by the

ultrasound-assisted iron powder method is strongly dependent
on the Fe/Fe(III) molar ratio as well as total sonication time.
Under the optimum conditions, more than 99% of oxalate ions
could be recovered and the FeC2O4·2H2O products obtained
were readily decomposed (HCl > 6 mol/L) to produce a
solution containing oxalates in the form of H2C2O4. The
minimum solubility of oxalic acid was found at 6 mol/L HCl
solution. Oxalic acid recovery was conducted by freeze
crystallization and >80% recovery was achieved at an optimum
temperature of 5 °C. These findings indicate that the approach
outlined here offers an efficient method for oxalic acid recovery
and the direct recirculation of any remaining acid and oxalates
back to the ferrous oxalate leaching stage. Overall, industrial
utilization of this low energy and high recovery efficiency
process could both significantly reduce the level of waste and
enhance the process economics associated with spent
Nd−Fe−B magnet recycling.
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Figure 5. Morphology of oxalic acid products at different HCl
concentrations (t = 2 h, T = 5 °C).

Figure 6. (a) Recovery of oxalic acid (H2C2O4) from the practical leach solution (initial [H2C2O4] = 70 g/L, T = 5 °C, t = 2 h) and (b) XRD
pattern of the oxalic acid produced.

Figure 7. Flow sheet proposed for the recovery of oxalic acid and iron
from high iron oxalate wastewater produced from spent Nd−Fe−B
permanent magnet recycling.
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