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Abstract: The high demand for rare earth permanent magnets (REPMs) for use in advanced electrical
equipment has led to the classification of some rare earth elements (REEs), such as neodymium,
praseodymium, and dysprosium, as strategic raw materials by the European Union. Finding an
efficient method with economic benefits and minimal environmental impact is one of the challenges
of recycling REPMs. A novel method to recover REPM metals by dissolving them with citric acid
and separating the rare earth elements using the solvent extraction method as the next step has been
introduced. Therefore, this research investigates the efficiency and kinetics of leaching REPM swarf
by citric acid (0.5 to 2.5 M). The results showed that increasing the citric acid concentration from 0.5 M
to 1.45 M significantly enhanced the dissolving rate of all studied elements. Although the results
showed that the optimal concentration of citric acid in the leaching reagent was between 0.9 and
1.45 M, the REE dissolving reaction with a leaching reagent containing 1.45 M and 0.9 M citric acid
reached equilibrium conditions at about 120 and 180 min, respectively. It could be concluded that
using citric acid as an organic acid can dissolve the metals in REPM swarf with high efficiency and a
fast dissolving rate. This issue can be considered key for recycling REPMs and the future REE supply
challenge.

Keywords: permanent magnets; rare earth elements; hydrometallurgical process; leaching; citric acid

1. Introduction

The various applications of rare earth permanent magnets (REPMs) in electrical in-
struments and industrial equipment, such as wind turbines, hard disk drives, and electric
vehicles, have led to some rare earth elements (REEs) being recognized as strategic el-
ements [1]. In addition, the advancement of technology has caused more than tens of
thousands of tons of REPM waste to be produced annually in the world either at the
end-of-life or during the production of REPMs [2,3]. Therefore, recovering the elements
from permanent magnets is important from economic and environmental points of view.
The non-production of polluted gases and the ability to use a variety of magnet compounds,
as well as processing steps similar to the extraction of rare earth elements from primary
ore, can be mentioned as the advantages of hydrometallurgical methods for recycling
permanent magnets [4,5].

Various studies have been carried out to investigate the effect of mineral acids leaching
reagents, such as sulfuric [6–8], hydrochloric [8–10], and nitric [10] acids, and organic acids
leaching reagents [11–13], such as citric, acetic, formic, and tartaric acids, on the leaching
efficiency of REPMs. Although the results showed that both types of acids can dissolve the
metals in REPMs, environmental issues have caused more attention to be drawn toward
using organic acids as green solvents.

The leaching of REPMs was investigated by adding NaCl and HCl in the first and
second steps, respectively [14]. The results of this method showed that more than 97% of
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Nd could be dissolved at room temperature. The long time taken to mix the REPMs and
NaCl (7 days) can be mentioned as the main problem of this method. Investigating the
leaching kinetics of REEs from spent hard disks showed that the dissolution efficiency of
this type of REPM with sulfuric acid is higher than with acetic and oxalic acids [15].

Yoon et al. [7] found that ash-layer diffusion was the main rate-determining stage of
neodymium dissolving (from REPM) with sulfuric acid, and the shrinkage sphere was
fitted to kinetic results. In addition, Behera and Parhi [13] investigated the effects of
chemical and operational parameters on the leaching of REPMs withacetic acid. They
concluded that the leaching of REPMs with acetic acid followed the shrinkage sphere
model, and the concentration of the acetic acid and the reaction temperature were the
limitation parameters of Nd and Fe leaching. Kumari et al. [10] investigated a pyro-
hydrometallurgical method to dissolve REPMs from wind turbines with hydrochloric acid.
They found that the mixed controlled model was the most suitable kinetic model for REPM
leaching. Furthermore, they concluded that the surface chemical reaction and mass transfer
limited the dissolving reaction of REPMS with HCl. Additionally, Kitagawa and Uemura
reported that the leaching kinetics of REPMs’ scrap with acetic acid followed the shrinking
sphere model [16].

A novel hydrometallurgical method to recover the metals from REPMs has been
introduced by Birloaga and Vegliò [17]. In this method, citric acid is used as the leaching
reagent to dissolve the REEs and Fe from REPMs, and the solvent extraction process is
applied to extract REEs from the pregnant leach solution (PLS). The results of the initial
experiments using this method showed that determining the optimal conditions of the
leaching stage plays an important role in the overall efficiency of this method.

Given that most of the previous research was carried out to find an efficient method to
recover REEs from the swarf, scrap, and end-of-life of REPMs, investigating the mechanisms
of these methods can lead to the faster development of the recycling of REPMs. It should be
noted that evaluating the kinetics of metals’ dissolving, as well as determining the suitable
fitted kinetic model, can be considered as the key to optimizing the leaching process (metal
extraction and selectivity) and scaling-up.

According to the good results obtained from the initial experiments of recycling
REPMs using citric acid (as a leaching reagent) and recovering REEs in the form of oxides,
determining the kinetic model of leaching REPMs can lead to optimizing this method. As
the kinetic model of REPMs’ leaching in the citric acid media has not been comprehensively
investigated, this research tries to evaluate the dissolution behavior of REPMs in this media.
Therefore, some experiments were carried out to evaluate the effect of citric acid (organic
acid) concentration in the range of 0.5 to 2.5 M on the dissolving efficiency of REPM main
metals, such as Nd, Fe, Pr, Dy, Tb, B, and Y. The results showed that citric acid has a high
potential to dissolve both light and heavy REEs as well as Fe from REPMs; which could
be followed by other processes such as solvent extraction to produce the pure REE and Fe
oxides powder.

2. Materials and Methods
2.1. Materials

The permanent magnet swarf (achieved at the hydrogen decrepitation stage of the
REPM production stage) was used as the raw material in the leaching process. The analyti-
cal grade of citric acid (Sigma-Aldrich, Wien, Austria) was dissolved in distilled water to
prepare a leaching solution.

2.2. Leaching Stage

To dissolve the metals presented in the REPM swarf (as the feed), 20 g of powder
REPM swarf and 200 mL of leaching solution (leach solution to feed ratio of 10 L/kg) were
added to a glass flask. Four leach solutions with 0.5, 0.9, 1.45, and 2.5 M citric acid were
prepared and used in these experiments. An orbital rotary shaker was used to mix the
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mentioned materials; with a string rate of 250 rpm for 6 h. It should be noted that leaching
experiments were carried out at room temperature.

To investigate the dissolving rate of REPM swarf metals, several samples were taken
at different reaction times from the leaching system. ICP-OES (Agilent, model 5100) was
used to measure the metal concentration of solutions.

2.3. Kinetics Models

The leaching of REEs, iron, and boron with citric acid occurs by the following reactions:

2 Nd + 2 C6H8O7 = 2 C6H5NdO7 + 3 H2 (1)

2 Dy + 2 C6H8O7 = 2 C6H5DyO7 + 3 H2 (2)

2 Tb + 2 C6H8O7 = 2 C6H5TbO7 + 3 H2 (3)

2 Pr + 2 C6H8O7 = 2 C6H5PrO7 + 3 H2 (4)

2 Y + 2 C6H8O7 = 2 C6H5YO7 + 3 H2 (5)

2 B + 2 C6H8O7 = 2 C6H5BO7 + 3 H2 (6)

Fe + C6H8O7 = C6H6FeO7 + H2 (7)

These reactions occur involving reagents of different phases: solid for metals and liquid
for citric acid. For heterogeneous reactions of this type, the reaction speed is influenced by
various phenomena, such as the rate of diffusive transfer outside the solid particles, the
rate of the chemical dissolution reaction, and the rate of diffusion of the products into the
particle solid.

In order to describe these phenomena, the use of the Shrinking Core Model [18] is
proposed. As described by this model, it is possible to obtain, through the mass balance
around the solid particle, the relationship that describes the progress of the reaction over
time. To describe the progress of the reaction over time, the conversion α is obtained using
the following relationship:

α =
cLL ·VLL

c0
s ·m0

s
(8)

where CLL is the concentration of the metal involved in the reaction in the leaching solution,
VLL is the volume of the leaching solution, c0

s is the concentration of the metal of interest
in the initial solid, and m0

s is the mass of the initial solid introduced into the leaching
system. Equations related to liquid film diffusion control, chemical reaction control, and
solid product layer diffusion control for spherical particles in the Shrinking Core Model are
shown in Equations (9)–(11), respectively.

α = kFt (9)

1 − (1 − α)1/3 = kRt (10)

1 − 3 (1 − α)2/3 + 2(1 − α) = kPt (11)

where kF, kR, and kP are the kinetic constants for the various controlling mechanisms, and
t is the time elapsed since the start of the test. Generally, these quantities are a function of
various factors, as described by the relationship:

k = ϕ(ccitric acid, S/L, T, rpm, Φ. . .) (12)

where ccitric acid, S/L, and T are the concentration of citric acid, the solid (feed) to leaching
reagent ratio, and the reaction temperature, respectively. In addition, rpm is the stirring
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rate and Φ is the particle size. Through Equation (12), it is possible to obtain Equations (13)
and (14).

k = k0 ccitric acid
n ϕ (S/L, T, rpm, Φ. . .) (13)

lnk = lnk0
′ + n lnccitric acid (14)

Thus, Equation (14) is the linearization of Equation (13), keeping all variables constant
except citric acid concentration. The reaction order n can be estimated via regression based
on these considerations.

3. Results and Discussion
3.1. Permanent Magnet Swarf Characterization

To measure the metal concentration of REPM swarf using the ICP-OES method, some
samples were taken and dissolved at aqua regia (HCl:HNO3 of 3:1). Table 1 shows the
average metal concentration (for three analyses) of the REPM swarf. As can be seen, Fe
(63.4%) and Nd (20.3%) were the main metals in the REPM swarf. It should be noted that
about 28% of these materials consist of both light and heavy REEs. Additionally, some
plastic particles were observed in the REEPM swarf sample. Thus, the uncertain part of the
sample can be related to plastic materials. Figure 1 shows the insoluble materials from the
permanent magnets in aqua regia.

Table 1. The grade of metals in the PM swarf.

Metal
Light REEs Heavy REEs

Fe% B%
Nd% Pr% Dy% Tb Y%

Permanent magnet swarf 20.29 4.24 2.82 0.31 0.11 63.43 0.87
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In addition, the particle size of the REPM swarf was examined by applying sieve
shakers. The plot of cumulative passing particles via particle size is shown in Figure 2.
Based on the plot, the d80 of leaching feed was about 164 µm.
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3.2. Effects of Acid Concentration on the Metal Dissolving Efficiency

Several experiments were performed to study the effects of leaching time on the
metal dissolving of REPM swarf, including REEs, iron, and boron, at different citric acid
concentrations in the leach solutions. In these experiments, the citric acid concentration
varied from 0.5 M to 2.5 M. Tables 2–5 show the results of the metal recovery yields for
all studied leach solutions during 6 h of mixing. Similar behavior was observed for all
the elements considered: (1) increasing time increased the dissolution efficiency of the
metal; (2) enhancing the citric acid concentration in the leach solution improved the metal
dissolving. As can be seen, about 100% metal dissolving for Nd, Tb, and Y, and 90% for Dy,
B, and Fe were achieved with a leach solution containing more than 0.9 M citric acid.

Table 2. Experimental leaching results: citric acid concentration 0.5 mol/L.

Time (min)
Recovery Yield (%)

Fe Dy Nd Tb Y B Pr

10 10.9 ± 0.2 16.1 ± 1.8 22.7 ± 0.1 19.9 ± 3.1 15.3 ± 0.1 16.5 ± 1.8 21.4 ± 3.8
20 22.7 ± 0.4 26.7 ± 2.3 36.3 ± 0.6 31.6 ± 3.7 23.0 ± 1.6 24.0 ± 2.8 29.0 ± 5.2
30 27.4 ± 0.6 29.1 ± 2.4 38.5 ± 0.5 33.2 ± 2.1 25.3 ± 0.1 29.4 ± 3.4 33.9 ± 6.3
45 39.2 ± 0.6 40.0 ± 3.4 52.1 ± 0.5 48.4 ± 2.7 35.2 ± 1.4 34.4 ± 4.4 38.6 ± 7.0
60 45.0 ± 0.8 43.9 ± 3.3 55.9 ± 0.6 50.3 ± 9.2 38.8 ± 1.6 38.6 ± 4.5 42.2 ± 7.7
75 45.1 ± 0.6 44.7 ± 3.5 57.1 ± 0.4 52.3 ± 1.0 39.7 ± 2.6 42.5 ± 5.1 45.5 ± 8.4
90 45.8 ± 0.5 45.3 ± 3.6 58.4 ± 0.3 53.7 ± 6.9 40.2 ± 0.2 42.8 ± 5.0 45.6 ± 8.3

105 47.5 ± 0.9 46.1 ± 3.7 58.7 ± 0.5 53.7 ± 6.2 41.2 ± 2.4 45.5 ± 5.1 48.1 ± 8.8
120 47.9 ± 0.9 46.1 ± 3.6 58.0 ± 0.2 53.7 ± 1.6 40.9 ± 2.0 46.2 ± 5.2 48.7 ± 9.0
150 51.9 ± 1.1 48.9 ± 4.1 61.9 ± 0.5 56.0 ± 0.2 43.8 ± 1.9 48.9 ± 5.7 51.2 ± 9.5
180 52.1 ± 1.1 49.5 ± 4.1 62.5 ± 0.5 57.8 ± 1.4 43.6 ± 1.2 50.2 ± 5.7 52.0 ± 9.8
210 52.7 ± 1.4 50.1 ± 4.2 63.0 ± 0.1 57.8 ± 4.8 44.7 ± 1.8 54.9 ± 6.0 57.0 ± 10.7
240 62.5 ± 2.4 58.0 ± 4.1 72.3 ± 0.2 67.6 ± 1.3 51.6 ± 1.6 57.2 ± 3.7 59.6 ± 10.4
300 66.1 ± 2.8 59.4 ± 5.4 74.3 ± 0.7 69.0 ± 2.6 52.9 ± 1.0 60.2 ± 3.4 63.0 ± 11.0
360 67.5 ± 2.5 63.0 ± 5.1 79.1 ± 0.4 73.6 ± 3.1 56.6 ± 1.9 60.8 ± 3.3 63.2 ± 10.8
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Table 3. Experimental leaching results: citric acid concentration 0.9 mol/L.

Time (min)
Recovery Yield (%)

Fe Dy Nd Tb Y B Pr

10 14.5 ± 0.4 20.9 ± 1.8 29.3 ± 0.2 26.1 ± 0.1 27.3 ± 1.2 21.1 ± 1.6 25.5 ± 3.8
20 28.3 ± 0.9 32.9 ± 2.1 44.3 ± 0.2 40.1 ± 1.8 41.6 ± 3.1 32.0 ± 2.9 36.1 ± 5.6
30 36.5 ± 1.1 39.6 ± 3.0 51.2 ± 0.3 46.6 ± 2.1 50.0 ± 2.3 41.0 ± 3.5 43.9 ± 6.6
45 45.4 ± 1.3 47.6 ± 2.5 60.0 ± 0.1 55.7 ± 4.7 60.0 ± 3.1 50.7 ± 5.0 51.7 ± 7.4
60 50.7 ± 1.6 53.4 ± 4.0 65.6 ± 0.8 61.3 ± 4.2 67.2 ± 3.9 56.7 ± 5.3 56.6 ± 8.2
75 55.8 ± 1.8 58.5 ± 4.4 70.8 ± 2.7 67.3 ± 6.3 72.5 ± 4.8 62.7 ± 6.2 61.3 ± 9.3
90 61.5 ± 2.0 64.5 ± 4.0 77.3 ± 2.0 73.4 ± 5.3 79.5 ± 6.4 66.2 ± 6.6 63.8 ± 9.7

105 61.5 ± 2.2 64.6 ± 4.6 77.6 ± 1.8 73.9 ± 6.2 78.8 ± 5.9 69.3 ± 6.6 66.1 ± 10.2
120 65.2 ± 2.5 68.5 ± 4.4 81.5 ± 2.4 78.3 ± 9.1 83.2 ± 6.3 71.2 ± 7.3 67.9 ± 10.8
150 69.0 ± 2.6 72.3 ± 4.7 85.4 ± 1.0 82.8 ± 6.9 86.9 ± 7.6 74.8 ± 7.3 70.6 ± 11.3
180 69.4 ± 2.5 74.0 ± 5.3 87.2 ± 0.5 84.9 ± 9.5 88.9 ± 7.1 76.9 ± 7.1 71.8 ± 11.3
210 71.2 ± 2.7 74.4 ± 4.4 87.3 ± 0.4 85.0 ± 9.4 89.0 ± 6.4 79.4 ± 7.5 73.2 ± 11.7
240 77.6 ± 4.2 82.8 ± 6.3 95.3 ± 1.6 94.6 ± 9.0 97.1 ± 7.7 80.7 ± 7.5 73.6 ± 11.6
300 82.2 ± 4.7 87.1 ± 5.3 99.5 ± 0.2 99.6 ± 7.1 101.7 ± 9.4 85.5 ± 7.3 77.5 ± 12.1
360 82.2 ± 4.2 87.4 ± 5.1 101.4 ± 0.5 99.5 ± 5.0 103.7 ± 8.0 91.2 ± 9.0 82.1 ± 13.0

Table 4. Experimental leaching results: citric acid concentration 1.45 mol/L.

Time (min)
Recovery Yield (%)

Fe Dy Nd Tb Y B Pr

10 12.0 ± 0.3 18.2 ± 1.4 25.5 ± 0.1 21.4 ± 0.6 22.8 ± 0.9 18.8 ± 1.6 23.5 ± 3.7
20 24.8 ± 0.8 29.6 ± 2.6 39.6 ± 0.0 35.3 ± 3.0 47.8 ± 1.9 30.4 ± 2.7 35.1 ± 5.6
30 35.2 ± 0.9 38.7 ± 2.6 49.5 ± 1.1 45.6 ± 4.7 55.0 ± 3.6 38.6 ± 3.9 42.0 ± 6.8
45 49.9 ± 1.5 53.3 ± 4.2 64.9 ± 1.7 60.6 ± 3.1 72.4 ± 3.8 56.2 ± 6.2 56.6 ± 8.7
60 57.6 ± 1.7 61.4 ± 4.9 72.9 ± 2.3 69.0 ± 6.0 74.7 ± 3.7 63.5 ± 7.4 62.4 ± 10.2
75 63.8 ± 2.1 67.4 ± 4.5 79.2 ± 1.0 75.5 ± 6.8 81.0 ± 6.2 67.3 ± 7.7 64.6 ± 10.5
90 68.3 ± 2.5 72.4 ± 4.3 84.5 ± 0.7 81.6 ± 8.9 86.5 ± 7.0 73.7 ± 7.5 69.9 ± 11.5

105 71.0 ± 2.6 75.8 ± 5.0 87.6 ± 0.1 84.7 ± 7.8 89.4 ± 7.6 75.5 ± 6.9 70.7 ± 11.8
120 73.6 ± 2.9 78.4 ± 4.9 90.3 ± 0.6 87.4 ± 5.9 92.3 ± 8.4 77.9 ± 8.1 72.1 ± 12.1
150 77.7 ± 4.3 84.3 ± 5.1 94.3 ± 1.0 93.9 ± 9.1 95.8 ± 9.5 82.5 ± 8.4 75.7 ± 12.6
180 77.9 ± 4.1 84.5 ± 5.9 95.3 ± 1.3 94.1 ± 8.2 97.2 ± 8.6 84.9 ± 8.7 77.5 ± 13.2
210 78.8 ± 4.6 85.2 ± 6.0 96.9 ± 0.2 95.9 ± 10.8 98.6 ± 9.1 87.8 ± 8.5 79.3 ± 13.2
240 81.6 ± 4.4 88.7 ± 6.4 99.5 ± 2.2 99.5 ± 9.9 101.1 ± 8.9 88.0 ± 8.0 78.8 ± 13.0
300 84.1 ± 4.7 91.7 ± 4.3 100.9 ± 1.5 101.8 ± 5.3 102.9 ± 9.1 92.9 ± 10.3 82.3 ± 13.3
360 84.2 ± 4.4 92.3 ± 5.0 102.2 ± 1.2 103.5 ± 11.8 104.5 ± 8.5 96.9 ± 10.0 85.5 ± 13.7

Additionally, the dissolution of REEs, iron, and boron strongly depended on the
acid concentration. In particular, the extraction yields increased with increasing acid
concentration in the leach solution. This aspect was evident after one hour of reaction and
tends to be even more evident over time. Although the equilibrium condition was achieved
using 0.9, 1.45, and 2.5 M (less than 5% tolerance in the last three points), the dissolution
equilibrium state was not achieved using 0.5 M of citric acid over the 6 h. Therefore, it
can be concluded that the use of 0.5 M citric acid requires a long reaction time in addition
to low dissolution recovery. On the other hand, increasing the citric acid concentration
from 1.45 M to 2.5 M did not change the metal dissolving efficiency significantly (the metal
dissolving efficiencies corresponding to both concentrations were almost the same). This
behavior can be attributed to the required amount of citrate ion (C6H5O7

3−) needed to
dissolve the REPM metals.

The increase in citric acid concentration can tend towards saturation, indicating that
a balance point has been reached between the dissolution capacity of citric acid and the
amounts of the metals present in an REPM. This suggests that an optimal amount of citric
acid is required to completely dissolve the metals; beyond which the dissolution efficiency
does not increase significantly.
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Table 5. Experimental leaching results: citric acid concentration 2.5 mol/L.

Time (min)
Recovery Yield (%)

Fe Dy Nd Tb Y B Pr

10 14.4 ± 0.4 20.1 ± 1.3 27.6 ± 0.1 23.9 ± 0.8 24.7 ± 0.5 20.5 ± 1.7 25.2 ± 4.0
20 28.6 ± 0.7 32.3 ± 2.0 42.0 ± 0.7 37.9 ± 4.6 40.1 ± 1.3 33.1 ± 3.5 37.3 ± 6.0
30 40.4 ± 1.0 43.3 ± 2.9 53.4 ± 0.1 49.0 ± 4.0 53.4 ± 3.3 46.2 ± 4.5 48.9 ± 7.6
45 56.4 ± 1.9 59.6 ± 3.4 71.1 ± 0.5 66.4 ± 5.9 72.1 ± 4.4 62.9 ± 6.1 62.9 ± 9.7
60 59.7 ± 2.0 63.1 ± 4.4 73.5 ± 0.1 70.4 ± 6.6 75.0 ± 4.9 68.0 ± 6.9 66.5 ± 10.6
75 68.4 ± 2.5 71.9 ± 3.8 83.3 ± 1.6 79.7 ± 6.4 84.7 ± 6.7 73.4 ± 7.4 69.9 ± 10.7
90 71.1 ± 2.8 75.3 ± 5.9 85.5 ± 0.6 82.8 ± 9.3 87.3 ± 7.0 74.8 ± 6.2 70.9 ± 11.3

105 74.1 ± 3.2 78.4 ± 4.9 89.3 ± 1.5 87.6 ± 11.1 90.5 ± 6.4 77.5 ± 7.0 72.7 ± 11.7
120 77.0 ± 5.0 81.3 ± 3.5 92.0 ± 0.5 88.8 ± 4.0 94.1 ± 6.9 79.3 ± 6.7 73.9 ± 11.6
150 79.5 ± 4.9 85.2 ± 5.4 95.3 ± 0.0 94.1 ± 7.3 96.8 ± 8.0 83.9 ± 7.6 77.6 ± 12.4
180 81.4 ± 4.7 86.5 ± 4.0 96.6 ± 0.5 95.7 ± 5.6 98.3 ± 8.1 86.3 ± 7.7 79.6 ± 12.5
210 83.3 ± 4.6 89.7 ± 5.3 99.4 ± 2.4 99.1 ± 10.6 100.7 ± 7.6 87.9 ± 7.6 80.0 ± 12.8
240 84.5 ± 5.2 89.7 ± 4.2 99.5 ± 1.4 100.3 ± 11.6 100.4 ± 8.2 89.1 ± 6.8 80.8 ± 12.5
300 85.6 ± 5.1 91.7 ± 3.4 101.0 ± 2.6 102.0 ± 10.0 101.5 ± 7.5 89.3 ± 7.1 80.8 ± 13.1
360 87.4 ± 5.3 94.4 ± 3.3 103.4 ± 1.7 105.9 ± 12.2 103.8 ± 7.9 93.3 ± 8.6 83.8 ± 13.4

The REE dissolving reaction using the leaching reagents containing 1.45 M and 0.9 M
citric acid reached equilibrium conditions at about 120 and 180 min, respectively.

In the considered leaching system, the effect of the increase in the acid concentration
was more evident in the extraction yield of the different metals when working with lower
acid concentrations (0.5–0.9 M). In fact, it can be seen that, when moving from a concen-
tration of 0.5 M to 0.9 M of citric acid, for Nd there was an increase in the leaching yield
(120 min) from 58% to 82%. In addition, moving from an acid concentration of 1.45 M to
2.5 M, there was an increase in the Nd leaching yield after 120 min from 90% to 92%.

This behavior, found for all the elements studied, suggests that the optimal concentra-
tion of citric acid is in the range of 0.9–1.45 M. In addition, lower concentrations (less than
0.5 M) showed a lack of leaching reagents with significantly low yields. Instead, a further
increase in the acid concentration (higher than 1.45 M) did not lead to significant increases
in the extraction yields, which would justify the greater consumption of chemicals.

Using the correlation matrix of the data reported above, the connections between the
yields of the different metals were analyzed. Each cell of the matrix shows the connection
between two metals. The results of this analysis are shown in Figure 3.
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Figure 3. Correlation matrix for the recovery yields of the analyzed metals.
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As can be seen from the correlation matrix, the extraction yields of the different metals
are strongly linked to each other. This result is due to the fact that the elements considered
behave in a similar manner in the leaching conditions used. The elements most correlated
with each other appear to be Nd, Dy, and Tb, as can already be guessed by looking at their
position on the periodic table.

The element most correlated with all the others is certainly Nd, for which the lowest
correlation is 0.991, with Pr. This result could be of great importance to build a single model
for all the elements.

Regarding Nd, Tb, and Y, a complete extraction was observed after 240 min of reaction
at a citric acid concentration of 1.45 M. The other metals did not reach a complete extraction
yield in the analyzed time interval. Indeed, after 360 min at an acid concentration of
1.45 M, Dy, Pr, B, and Fe were leached with an extraction yield of 92%, 85%, 97% and 84%,
respectively.

The obtained results show that citric acid is a suitable leaching reagent for dissolving
the mentioned metals, as confirmed by various works in the literature [19–21]. This behavior
is mainly due to the ability of citric acid to form covalent bonds with metal ions such as
those of REEs thanks to its carboxyl group (-COOH).

3.3. Kinetic Analysis

Based on the extraction yields shown in Tables 2–5, the α, 1 − (1 − α)1/3, and
1 − 3(1 − α)2/3 + 2(1 − α) versus time diagrams for all studied metals (Nd, Dy, Tb, Y,
Pr, B, and Fe) in the presence of citric acid in the range of 0.5 to 2.5 M were determined. It
should be noted that the best lines were fitted on the graph based on regression. Figure 4
shows the 1 − 3(1 − α)2/3 + 2(1 − α) versus time plots for all studied metals. The slope of
these lines corresponds to the kinetic constants. Table 6 shows the values of k for each of the
metals considered at different concentrations of citric acid. The coefficient of determination
(R2) was calculated for each regression line.

Table 6. Kinetic constants (min−1) and determination coefficients in the product layer diffusion
control model for the leaching of PM swarf at different citric acid concentrations (Solid-to-liquid ratio:
10 wt./vol., Temperature: 25 ◦C, stirring rate: 250 rpm, particle size (d80): 164 µm).

0.5 mol/L CA * 0.9 mol/L CA 1.45 mol/L CA 2.5 mol/L CA

k (min−1) R2 k (min−1) R2 k (min−1) R2 k (min−1) R2

Fe 1.0 × 10−3 ± 2.0 × 10−4 0.965 1.8 × 10−3 ± 1.3 × 10−4 0.996 2.5 × 10−3 ± 2.3 × 10−4 0.993 2.9 × 10−3 ± 2.5 × 10−4 0.993
Dy 9.6 × 10−4 ± 2.2 × 10−4 0.955 2.1 × 10−3 ± 1.2 × 10−4 0.997 3.0 × 10−3 ± 2.3 × 10−4 0.995 3.4 × 10−3 ± 2.5 × 10−4 0.995
Nd 1.7 × 10−3 ± 4.2 × 10−4 0.949 3.5 × 10−3 ± 2.3 × 10−4 0.996 4.7 × 10−3 ± 2.8 × 10−4 0.997 5.1 × 10−3 ± 3.6 × 10−4 0.996
Tb 1.4 × 10−3 ± 3.3 × 10−4 0.952 3.0 × 10−3 ± 1.6 × 10−4 0.998 4.2 × 10−3 ± 3.1 × 10−4 0.995 4.6 × 10−3 ± 3.4 × 10−4 0.995
Y 7.3 × 10−4 ± 1.6 × 10−4 0.957 3.7 × 10−3 ± 2.6 × 10−4 0.996 5.2 × 10−3 ± 3.1 × 10−4 0.997 5.5 × 10−3 ± 4.1 × 10−4 0.995
B 8.7 × 10−4 ± 1.1 × 10−4 0.986 2.4 × 10−3 ± 1.3 × 10−4 0.997 3.0 × 10−3 ± 2.7 × 10−4 0.993 3.4 × 10−3 ± 4.2 × 10−4 0.986
Pr 1.0 × 10−3 ± 1.8 × 10−4 0.972 2.2 × 10−3 ± 2.3 × 10−4 0.990 2.6 × 10−3 ± 3.1 × 10−4 0.987 2.9 × 10−3 ± 5.2 × 10−4 0.973

* CA: Citric Acid.

Figure 4 shows a good linear relationship for all the metals considered at all concentra-
tions of citric acid if it is considered the solid product layer diffusion control. Indeed, in all
these cases, the coefficients of determination are always very high. This result shows how
the residual-layer diffusion controls the leaching reaction. This result can be interpreted
from the hydrogen production during leaching reactions of metals using citric acid. The
presence of H2 can be an obstacle to the diffusion of citric acid to the reaction site (inside
the pores of solid particles). It should be noted that particle size controls internal diffu-
sion [18]. Thus, increasing the particle size leads to more difficulty for H2 to exit from the
particle; thus, it accumulates in the pores and reduces the citrate ions’ concentration near
the reaction site. On the contrary, smaller average diameters allow the H2 molecules to
leave the solid particles more quickly and lead to a greater probability that the citric acid
molecules reach the reaction sites.
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Figure 4. Plots of 1 − 3(1 − α)2/3 + 2(1 − α) versus time under different citric acid concentrations
(Solid-to-liquid ratio: 10 wt./vol., Temperature: 25 ◦C, stirring rate: 250 rpm, particle size (d80):
164 µm).

The graphs shown in Figure 5 are based on the determined kinetic parameters. These
results demonstrate that the kinetic model used was suitable for describing the analyzed
process. As further confirmation of the suitability of the model, Figure 6 shows a scatter
plot constructed by comparing the experimental and calculated values.
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Using the results shown in Table 6, it is possible to obtain, using Equation (14), the
graph shown in Figure 7.
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Figure 7. The plot of lnk vs. lnccitric acid for the leaching of different elements from PM swarf
(Solid-to-liquid ratio: 10 wt./vol., Temperature: 25 ◦C, stirring rate: 250 rpm, particle size (d80):
164 µm).

Through a regression with a linear model of the experimental points shown in Figure 7,
it is possible to determine the reaction order n of Equations (13) and (14). The results of this
analysis are reported in Table 7 for the different elements with the relative coefficients of
determination.



Metals 2023, 13, 1801 12 of 13

Table 7. Summary of reaction order n for all the elements and related determination coefficients.

n R2

Nd 0.6821 0.8748
Dy 0.7638 0.906
Tb 0.7413 0.8833
Y 1.2469 0.7744
Pr 0.6414 0.8329
B 0.8032 0.8332
Fe 0.6669 0.9368

Figure 7 and Table 7 show a not-very-good linear relationship between ln(k) and
lnccitric acid, with almost all the coefficients of determination below 0.9. This result could
be due to an assumption of the model used which is not very faithful to reality. When the
relationship for the residual layer diffusion control model is determined from the mass
balance around a solid particle, it is assumed that the concentration of citric acid is constant
for the entire reaction duration [18]. Obviously, this assumption is never verified in a
batch-type system like the one usually used in this type of experiment. The hypothesis is
often verified if one works with very low S/L ratios as a negligible amount of reagent is
consumed. In the case studied, the S/L ratio of 10 wt/vol is probably not low enough.

In physical terms, a reaction order less than one suggests that the reaction rate is not
directly proportional to the concentration of the reactant, and this may be due to reaction
processes involving adsorption and desorption, or reactions with complex intermediate
steps.

4. Conclusions

This work studied the extraction process of rare earth elements from permanent mag-
net swarf through citric acid leaching. In particular, the influence of the acid concentration
on the extraction yield of Nd, Pr, Dy, Tb, Y, Fe, and B was analyzed.

It was observed that increasing the concentration of citric acid in the range of 0.5 to
1.45 M led to a significant increase in the extraction performance of all the studied metals.
The optimal concentration of citric acid was between 0.9 and 1.45 M. A further increase in
concentration involved the consumption of reagents, which was excessive compared to the
improvement in performance.

The dissolving kinetic of the studied metals was investigated using the Shrinking Core
Model. The results show that dissolving REEs with citric acid was under the product layer
diffusion control. This aspect is probably due to the formation of H2 during the leaching
reactions: a very low internal counter-diffusion of H2 led to an accumulation of gas in
the pores of the particle, consequently making it more difficult for the reagents to reach
the reaction site. In addition, the reaction order was considered for each metal leaching
reaction, and the kinetic constant of the different reactions was determined.

The study allows for significant insights into aspects linked to the leaching of REEs
with citric acid. Since the process is under product layer diffusion control, it is essential to
consider the particle size in order to achieve high yields in reasonable times. Furthermore,
thanks to the kinetic parameters found, it is possible to estimate the quantity of hydrogen
produced inside the leaching reactor. These results are essential in optimizing the studied
process to be able to carry out a correct scale-up on a pilot and industrial scale.
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