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Abstract—The leaching kinetics of neodymium in NdFeB permanent magnet powder was analyzed for the purpose
of recovery of neodymium in sulfuric acid (H,SO,) from E-scrap (electric scrap) of NdFeB permanent magnet powder
treated by oxidation roasting to form a reactant. The reaction was conducted with H,SO, concentrations ranging from
2.5t0 3.5 M, a pulp density of 110.8 g/L, an agitation speed of 750 rpm, and a temperature range of 30 to 70 °C. After
4 h of leaching, the neodymium content in the E-scrap powders was completely converted into a neodymium sulfate
(Nd,(S0O,),) solution phase in H,SO, in the condition of 70 °C and 3.0 M H,SO,. Based on a shrinking core model with
sphere shape, the leaching mechanism of neodymium was determined by the rate-determining step of the ash layer
diffusion. Generally, the solubility of pure rare earth elements in H,SO, is decreased with an increase in leaching tem-
peratures. However, the leaching rate of the neodymium in E-scrap powders increased with the leaching temperatures
in this study because the ash layer included in the E-scrap powder provided resistance against the leaching. Using the
Arrhenius expression, the apparent activation energy values were determined to be 2.26 kJmol™ in 2.5 M H,SO, and

2.77 kJmol™" in 3.0 M H,SO,.
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INTRODUCTION

NdFeB permanent magnets have been broadly used in various
fields requiring magnets with high magnetism, such as cranking
motor of automobiles, computers, audio-visual components, mag-
netic separators, and military and aerospace systems. The average
annual growth in the magnet market has increased to 70% due to
the increase in world demand over the last decade. About 30 wt%
of the NdFeB magnetic used is generated as scraps during the magnet
preparation processes, and the amount of end-of-life scrap has also
increased [1-7].

Therefore, it has been important to develop the separation and
recycling technology for the recovery of neodymium from E-scrap,
and the use of recycled neodymium could affects the supply and
demand of raw neodymium materials [8].

This study was conducted in an effort to recover high value-added
neodymium from the E-scrap of NdFeB permanent magnets. The
leaching of E-scrap powders was hypothesized by a shrinking core
model with a constant size and ash layer diffusion, because the NdFeB
permanent magnetic scrap powder was oxidized by roasting in an
electric muffle furnace. For the leaching mechanism, it was assumed
that the H,SO, solution diffuses into the inner ash layers until only
the ash layers remain after the completion of neodymium leaching,
as shown in the leaching behavior diagram of Fig. 1.
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Fig. 1. Schematic diagram for the leaching behavior of E-scrap
powder.

The Nd,O, existing in the E-scrap powders of oxidized NdFeB
permanent magnets is converted into a Nd,(SO,); phase in H,SO,
solution, as described in Eq. (1). The reaction has a stoichiometric

ratio of 3 mol H,SO, per 1 mol Nd,O,.
3H,S0,(A)+Nd,04(B)—Ndy(SO,);+3H,0 1

The neodymium component existing on the surface of E-scrap
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powders was leached out, but the effect of chemical reaction did
not appear, because the neodymium amount revealed on the sur-
face was negligible. Then, the ash layer provided a resistance for
the H,SO, solution to penetrate toward the core of the ash layer.
Therefore, the ash layer diffusion could be considered as a rate-de-
termining step. In the ash layer diffusion model, there are many kinetic
equations [9,10], but in this study the reaction rate was applied as
Eq. (2) in terms of the diffusion rate of H,SO, through the ash layer
by shrinking core model with a constant sized spherical particle, as
shown in the leaching behavior of Fig. 1.

1=3(1-Xp) " +2(1 - Xp) K it @

X, is fractional conversion of neodymium in E-scrap and k, is the
apparent rate constant for ash layer diffusion and inverse of the time
required for complete conversion of a particle, r.=0.

ka.rh = ;2_ (3)
P

D, is the effective diffusion coefficient of H,SO, in the ash layer, R
is the radius of initial E-scrap particle. C,, is initial concentration of
H,SO,. X is the fractional conversion of neodymium in E-scrap
and p, is the molar density of neodymium in E-scrap.

EXPERIMENT

The E-scrap powders and sulfuric acid solution could react explo-
sively during leaching process due to exothermic reaction. Accord-
ingly, it is difficult to control reaction temperature. Therefore, the
E-scrap powder was roasted into a metal oxide under the atmo-
sphere condition for 5 h at 600 °C. For the effective leaching of neody-
mium, and then the powder was ground with a shatter box fusing a
tungsten carbide grinding barrel. As a raw material, the 50% mean
diameter of powder was 9.4 um before the leaching, and Table 1
shows the composition of the metals in E-scrap powder.

A double-jacketed Pyrex glass reactor with three baffles and con-
denser was used for sulfuric acid leaching, and the reaction tem-
perature was constantly controlled by supplying water from water
bath to the double jacked reactor. The leaching tests were per-
formed under the following conditions: 110.8 g/L pulp density; 750
rpm agitation speed; 2.5 M to 3.5 M sulfuric acid concentration.

Sulfuric acid concentrations were adjusted to 2.5M to 3.5 M.
The stoichiometric concentration was calculated to be 2.4 M to dis-
solve all the metal components from E-scrap powder.

The metal composition of the E-scrap powders of NdFeB per-
manent magnets was analyzed after digesting the scraps with sulfu-
ric acid with inductively coupled plasma-mass spectrometer (ICP-
MS, X-series (X5), Thermo Elemental, UK). Sampled neodymium
solution was filtrated by a syringe filter with 0.2 pm pores, and then
the leached solution was analyzed by ICP-AES.

The crystal structure of the E-scrap powder was analyzed by X-
ray diffraction spectroscopy (D8 ADVANCE, BRUKER AXS).
The concentration of neodymium ion was analyzed by inductively
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Fig. 2. XRD patterns of E-scrap powders of NdFeB permanent
magnet.

coupled plasma-atomic emission spectrometry during the leaching
(ICP-AES, iCAP6000, Thermo Fisher, UK).

RESULTS AND DISCUSSION

Fig. 2 shows XRD patterns of the E-scrap powder roasted from
NdFeB permanent magnets. The main peak has a hematite crystal-
line structure, as confirmed by JCPDS reference card (33-0664).
Table 1 shows the elemental compositions of E-scrap powder ana-
lyzed by ICP-MS. As shown in Table 1, the content of neodymium
is 19.10% in E-scrap powder. Since neodymium is a main compo-
nent among REEs (rare earth elements) in E-scrap powder, neody-
mium was selected in the experiment as a leaching objective.

The leaching experiment was carried out under the condition of
110.8 g E-scrap powder per L of H,SO,, with agitation at a temper-
ature of 30 °C to 70 °C. If metal components exist as simple metal
oxide, the stoichiometric ratio of H,SO, required to be converted
into sulfate forms is about 2.4 M. Although there was no change in
size of the E-scrap powder of NdFeB permanent magnets before
and after the leaching, the neodymium component in the E-scrap
powder was completely leached out in the solution after the leaching.

Fig. 3 shows the leaching results as a function of sulfuric acid
concentration from 2.5 to 3.5 M. The neodymium in E-scrap pow-
der was completely leached out after the leaching of 4 h at the condi-
tion of the sulfuric acid concentration of 3.0 M, pulp density of 110.8
g/L, and leaching temperature of 70 °C. With increasing H,SO, con-
centration from 3.0 M to 3.5 M, the leaching yield decreased, be-
cause the solubility of Nd,(SO,); was decreased by means of the
common ion effect of SO in the solution. In the case of 3.5 M
sulfuric acid, the increase of SO;~ concentration in the solution ex-
ceeded the concentration of neodymium. Therefore, it seems that
the formation of Nd,(SO,); crystal decreases the leaching yield of

Table 1. Elemental compositions of NdFeB permanent magnetic scraps analyzed by ICP-MS

Element Nd (%) Dy (%)

Fe (%)

Ni (%) Co (%) Al (%)

E-scrap powder 19.10 4.17

55.90 <0.008 1.11 0.50
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Fig. 3. Leaching yield of neodymium according to concentrations
of sulfuric acid (leaching temp., 70 °C; leaching time, 4 h;
pulp density, 110.8 g/L; agitation speed, 750 rpm).
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Fig. 4. Evolution of fractional conversion of leached neodymium
in 2.5 M H,SO,.

neodymium in the case of 3.5 M sulfuric acid. Accordingly, the opti-
mum concentration of sulfuric acid for the most effective leaching
was found to be 3.0 M.

Figs. 4 and 5 show the fractional conversion of neodymium with
the concentration of H,SO, during the leaching period. The leach-
ing yield of neodymium increased with the reaction temperature.
As shown in Fig, 5, the Nd,O, in the NdFeB permanent magnetic
scrap was completely leached out into the Nd,(SO,), solution after
the reaction for 4 h under the condition of 70 °C and 3.0 M H,SO,.

As mentioned, the leaching reaction was determined by ash layer
diffusion. The mean diameter of NdFeB permanent magnets was
about 9.4 um before the leaching, and there was no change in the
size after the leaching reaction, as shown in particle size analysis of
Fig. 6 and SEM image of Fig. 7. The results show that the NdFeB
permanent magnetic scrap remains only in the ash layer after the
leaching, and the layer provides resistance against the penetration
of sulfuric acid into the core of E-scrap.

In the experiment, it was assumed that there was no change of
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Fig. 6. Particle size distribution before and after leaching.

concentration during the leaching reaction, because excessive H,SO,
was added with concentrations of 2.5 M to 3.5 M, which is higher
than the stoichiometric ratio of 2.4 M necessary for the complete
leaching of all the metals according to ICP-MS. The real conver-
sion of the Fe component was shown to have a leaching efficiency
of 20% in the experiment. Accordingly, the acid concentration is
excessive in the leaching solution, and the solutions indicated a pH
range less than 1.0 after the leaching, Therefore, it could be assumed
that the concentration of H,SO, is constant during the leaching reac-
tion.

The rate equation can be summarized as in Eq. (2) using the shrink-
ing core model with same size before and after the leaching, which
considers a spherical particle [11,12]. The neodymium component on
the surface of the E-scrap reacts with H,SO,, and is rapidly leached
out during the first step of the leaching. The surface of the E-scrap
becomes rough, and the thickness of the ash layer gradually increases
according to the progress of leaching. The ash layer provides resis-
tance against H,SO, penetrating into the core of the E-scrap.

The rate equation can be summarized as in Eq. (2) for the ash
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Fig. 7. SEM photographs of E-scrap powders according to leaching times: (a), (b) 0 min (c), (d) 60 min (e), (f) 240 min.

layer diffusion rate-determining step using the shrinking core model
that considers a spherical particle. Based on Eq. (2), the apparent
rate constant can be calculated by the least square method at various
reaction temperatures, as shown in Fig. 8. Table 2 is the result of
the apparent rate constant (k) obtained from the slope of each graph
of Fig. 8 in 2.5 M sulfuric acid. To investigate the effect of leaching
temperatures, the apparent activation energy was calculated from the
rate constants shown in Table 2. In the ash layer diffusion stage,
the slope was —2.717x10?, as shown in Fig. 9. Finally, the apparent
activation energy appeared as a value of 2.26 kJmol™' in the range
of 30 to 70 °C. The small activation energy value shows that this
leaching reaction is insensitive to temperature change for the leach-
ing of neodymium.

Fig. 10 presents a graph obtained from the relationship of 1-3
(1-X,)**+2(1-X;) according to the leaching times based on ash

layer diffusion in 3.0 M H,SO,. The rate equation is summarized
as in Eq. (2) for the ash layer diffusion rate-determining step using
the shrinking core model, which has the shape of a spherical particle.
Based on Eq. (2), the apparent rate constants were calculated by
the least square method from the graph, as shown in Fig. 10. Table
3 is the result of apparent rate constant (k) obtained from the slope
of each graph of Fig. 10 in 3.0 M sulfuric acid. The apparent activa-
tion energy was calculated from rate constants shown in Table 3. In
the ash layer diffusion stage, the slope was —3.332x10” as shown in
Fig. 11. Finally, the apparent activation energy was calculated as
2.77 kJmol ™" in the range of 30 to 70 °C.

Table 4 is the summary of leaching kinetics of neodymium from
E-scrap powders of NdFeB permanent magnet. These results show
that the leaching yield and apparent reaction rate constant, k,, for
3.0 M are higher than values of 2.5 M, because it was assumed that

Korean J. Chem. Eng.(Vol. 31, No. 4)
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Fig. 8. The relationship of 1-3(1-X;)**+2(1-X}) vs. time during
the ash layer diffusion stage in 2.5 M H,SO,.
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Fig. 9. Arrhenius plot of ash layer diffusion stage in 2.5 M H,SO,.

the reaction rate constant is proportional to initial acid concentra-
tion, as described in Eq. (3). Accordingly, k., becomes higher when
the initial acid concentration is higher, and the increase of the reac-
tion rate constant increases the reaction rate at the same reaction
time. Therefore, the leaching yield of neodymium for 3.0 M H,SO,
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Fig. 10. The relationship of 1-3(1-X;)**+2(1-X;) vs. time during
the ash layer diffusion stage in 3.0 M H,SO,.
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Fig. 11. Arrhenius plot of ash layer diffusion stage in 3.0 M H,SO,.

solution is higher than that for 2.5 M.
The activation energy values were found to be 2.26 kJmol " at
2.5M H,SO, and 2.77 kImol™' at 3.0 M H,SO,. These small val-

Table 2. Parameter searching data obtained from the regression for ash layer diffusion determining step in 2.5 M H,SO,

Parameter 30°C 40 °C 50°C 60 °C 70 °C
Ko 2.199x10™* 3.308x10°* 5.641x10™* 9.642x10™* 1.559%10°
Y, 7.716x107° 1.117x107? 2.264x107* 2.853x107? 3.071x107?
R? 0.944 0.964 0.961 0.974 0.987

Table 3. Parameter searching data obtained from the regression for ash layer diffusion determining step in 3.0 M H,SO,

Parameter 30°C 40°C 50°C 60 °C 70 °C
Ko 3.348x10™ 5.606x107 9.440x107 1.995x107° 3.854x107°
Yo 8.126x107° 1.457x107 1.880%107 8.608x107° —-2.556x 107
R? 0.973 0.969 0.987 0.997 0.972

April, 2014
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Table 4. Summary of leaching kinetics of neodymium from E-scrap powders of NdFeB permanent magnet

Unreacted ash layer controlling step

Pulp densit H,SO, conc. 5 ; B
P Y e K (1/min), Leaching yield (%) Activation energy
(g/L) (mol/L)
30 40 50 60 70 (kJ/mol)
110.8 2.5 2.199x10™* 3.308x10™* 5.641x10™* 9.642x10™* 1.559x10°° 2.26
38 46 59 71 82
110.8 3.0 3.348x10™* 5.606x10™* 9.440x10™* 1.995x10° 3.854x107° 2.77
45 56 69 88 ~100

ues were caused by the ash layer diffusion being more insensitive
than other mechanisms like the chemical reaction and the film layer
diffusion. Furthermore, the solubility of rare earth elements such as
neodymium is generally decreased with the increase of temperatures
[13].

CONCLUSIONS

A leaching mechanism for neodymium in E-scrap powders of
NdFeB permanent magnets in H,SO, was proposed by a shrinking
core model with constant size. The neodymium content (Nd, Nd,O;)
in E-scrap powder was completely converted into an Nd,(SO,), solu-
tion phase within 4 h with a pulp density of 110.8 g/L. in 3.0 M H,SO,.
Through this kinetic study, the leaching reaction was determined
by the ash layer diffusion stage.

1. The leaching kinetics followed a shrinking core model with
the ash layer diffusion as the first rate-determining step. At this time,
the activation energy values were found to be 2.26 kJmol™ in 2.5 M
H,SO, and 2.77 kJmol™" in 3.0 M H,SO,. These small values are
caused by the mechanism by ash layer diffusion and the decrease
of solubility of neodymium according to the increase of tempera-
ture. The dependence of temperature change of the leaching of neody-
mium was very low.

The optimum condition for the recovery of neodymium from E-
scrap of NdFeB permanent magnets was proposed to be a leaching
time of 4 h with a pulp density of 110.8 g/L, with a temperature of
70°C in 3.0 M H,SO,.
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NOMENCLATURE

C, :initial concentration of H,SO, reactant [molL™"]

E  :apparent activation energy for ash layer diffusion [kJmol™]
k., :apparent rate constant for ash layer diffusion [s™']

: radius of E-scrap [m]

: radius of initial E-scrap [m]

: fractional conversion of neodymium in E-scrap

, : effective diffusion coefficient of H,SO, reactant

O X =

Greek Letter
Pz :molar density of neodymium in E-scrap [molL ']
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