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Abstract: A sustainable separation concept for large-scale recycling of NdFeB magnets under at-
mospheric pressure was developed by utilizing a combination of two separation concepts known
from the literature: (I) selective pre-separation by in situ chlorination and evaporation of ground
oxidized NdFeB material and (II) subsequent distillation for high-purity recovery of all recyclable
chlorinated material components, especially its Rare Earth Elements (REEs). Theoretically, simplified
estimations of the time conversion curves at 1173 K, 1273 K, and 2000 K of a single particle resulted in
the idea of realizing chlorination in some kind of combustion chamber, fluidized bed, or continuous
combustion chamber. After chlorination, all non-volatile components, such as REE chlorides, are
condensed out of the vapor phase in a single-stage phase separator. For subsequent fine separation by
distillation (1292–1982 K for Rare Earth Chlorides and 418–867 K at 2500 kPa for boron and zirconium
chloride recovery), simplified simulations were performed in a total-reflux column under ideal phase
equilibrium conditions to show the estimated minimum separation effort. Using two composition
examples from the literature, high-purity separation of the major Rare Earth Chlorides within a
twelve-stage distillation column as a residual heavy boiling product has been demonstrated to be
potentially technically feasible.

Keywords: NdFeB magnets; Rare Earth Elements (REEs); Rare Earth Chlorides; chlorination;
distillation; recycling

1. Introduction

Neodymium and dysprosium are important components of NdFeB magnets, which
are widely used in vehicle and wind turbine technology. As sufficiently described in [1]
and [2], the shares for neodymium, praseodymium, and dysprosium already increased
enormously from 2015 to 2020. According to the predictions presented in [1–3], the total
demand on NdFeB magnets will increase from 54.7 kt in 2020 to 207.6 kt in 2030, with the
share of electrical devices remaining almost constant at about 10 kt [2]. Thus, the enormous
total increase results from electric vehicles and wind turbines contributing equally. Consid-
ering the increasing demand, especially for NdFeB magnets for electric vehicles, and the
possible resource shortage of these Rare Earth Elements (REEs), combined with the costly
raw material extraction and the environmental problems arising in the mining regions, a
sustainable recycling into valuable materials will be of increasing importance in the future.
In addition, these raw materials are also essential as valuable materials in every cell phone,
computer technology, and almost every electronic device. The intense use of such materials
illustrates the great importance of future recycling instead of consuming natural resources.

Recycling methods for Light Rare Earth Elements (LREEs) from NdFeB magnets
applicable today are explained in detail in [3,4]. In summary, there is, on the one hand, the
possibility of direct mechanical recycling or the application of numerous wet metallurgical
or hydrometallurgical separation techniques such as [5,6] low temperature extraction or ion
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exchange processes with many necessary agents and solvents. On the other hand, dry high-
temperature-based pyrometallurgical separation methods can be used for the avoidance of
extraction agents or solvents and the reduction in other possibly required chemical agents.
Alternatively, in wet-based separation processes, the choice of ionic liquids according to [3]
as solvents or the use of a phosphorus-based trichloride ionic liquid in combination with
the leaching and stripping separation steps to recover the metallic valuable materials is
applicable as a new separation process according to [7]. For this purpose, ball mills can be
used to grind the material of NdFeB magnets as fine as possible, according to [7]. Other
combination processes for separation by leaching, as well as dissolution of metals and
subsequent precipitation of the sought components, are also listed in [8], whose separation
processes were developed in the 1990s. The selective separation of REEs from NdFeB
magnetic material by utilizing the volatilizing chlorination of non-REE material with
simultaneous selective evaporation has already been experimentally investigated in [9].
This process, which combines thermal and physical separation, provides good separation
of up to 95 mole% of the components, as shown by previous studies on chlorination and
volatilization in a two-stage combustion chamber in [10] and further developments as
in [11–13], or [14] (using NH4Cl). In contrast, purities of 99% are required for the recycling
and reuse of neodymium for the production of NdFeB magnets [15]. However, in general,
marketable and recycled neodymium would be available on the market with purities
ranging from 95 mass% to 99.999% [15,16], thus REEs should be recovered within these
purity requirements.

The main objective of this work is to achieve high-purity recovery of mixtures con-
taining reusable REEs from NdFeB magnets by using distillation as an option for fine
separation. In this separation process route, the raw materials from the magnets could
also be recycled on an industrial scale without using solvents and auxiliary materials.
Based on the process already developed in [9] for the separation of rare earths by chlori-
nation and selective evaporation of non-rare earth components, the novelty of this work
is to perform chlorination in a more industrial way by chlorination of fly ash in a kind
of combustion chamber and subsequent distillation as a separation process with a higher
separation accuracy. Even the chlorine component can be recovered after combustion with
atmospheric oxygen. Chlorination is used to lower the boiling points for the application of
distillation-based separation processes of the contaminated non-REEs substance compo-
nents from the raw material to be recycled. The original idea for the distillation of metal
chlorides in this work is based on the Kroll process, which is used to extract titanium from
titanium ores by chlorination and subsequent distillation (see: report of investigations
on the pilot plant in [17]). The distillative separation process was developed by William
Kroll of Luxembourg in the 1930s–1940s as an alternative to the environmentally harmful
sulfate process, which is based on the thermal decomposition of titanium ores with sulfuric
acid at equally high temperatures [17,18]. The developed, more economical and far more
environmentally friendly separation process based on distillation, therefore, still represents
one of the most important processes for raw material extraction today. Similar to the Kroll
process, chlorination and distillation were also successfully used for recycling metal alloys
such as niobium–tantalum alloys, as described in [19]. In this paper, an effective separation
concept extended to distillation is demonstrated and ideally simulated, which provides
high purity separation results without the need for solvents, extractants, and auxiliary
materials in compact separation apparatus.

2. Proposed Separation Concept and Calculation Procedure

A separation concept based on chlorination, idealized flash evaporation, condensation,
and distillation in distillation columns was simulated using self-developed simplified
models implemented in Octave (analogous to MATLAB, a freely available software tool for
solving mathematical problems) under ideal phase equilibrium conditions. The conversion–
time curves in the chlorination have been calculated using the shrinking core models
of spherical solid particles with different porosities [20]. According to [20], the total



Processes 2023, 11, 577 3 of 13

chlorination time could be determined from the film and pore diffusion of the chlorinating
agent into the material and the reaction time in a modified shrinking core model from [20,21]
as a function of the conversion.

The diffusion coefficients in the gas phase were estimated by the methods described
in [20] or given as experimental transport property data, e.g., from [22,23], for the diffu-
sion simplified assumed in air. The kinetic data for chlorination were given in [24] for
oxidation, in [25] for chlorination of Nd2O3 by elemental chlorine, and in [26–28] for the
chlorination of Fe2O3. The diffusion of the chlorides out of the material was neglected.
Carbon tetrachloride or a mixture of carbon and elemental chlorine could be used as the
chlorinating agent for the chlorination of the NdFeB oxide material, which was injected
into the combustion chamber.

The chlorination step was followed by a selective preseparation unit following the
work of [9,10], but using a pressure relaxation-cooling step, instead, for the preseparation
of more volatile chlorides, such as boron chloride, zirconium tetrachloride from the REE
chlorides, and other dichloride components. This separation step was calculated as an
isothermal flash evaporation using the equations from [29] (p. 13–25f).

Subsequently, the two separated fractions were distilled in separate distillation columns
at different pressures (see [29] p. 13–35f “approximate multicomponent distillation meth-
ods”). In the distillation of the light boilers, such as boron trichloride and zirconium
tetrachloride, higher pressures up to 2500 kPa were necessary so that all chlorides involved
could have a liquid phase as a pure substance component. In this fraction, REEs are no
longer present, but zirconium and other raw materials contained therein were recovered.

The remaining heavy boiling molten salt fraction contains the REEs to be recycled as
chlorides, which were to be obtained as the remaining heavy boiling distillation products.
In this process, the distillation was carried out under high temperatures but at normal
pressures of 101.325 kPa. For the simulative estimation, a total reflux equilibrium stage
column was modeled in Octave, where the entire distillation product was fed back to
the column (see: [29] p. 13–39f “rigorous methods for multicomponent distillation-type
separations” for modeling) is simulated. In addition, only ideal enthalpy changes were used
for the expression of the energy balance for each separation stage, which were expressed in
simplified form with the integral over the heat capacities. The vapor–liquid equilibrium
was estimated ideally according to Raoult’s and Dalton’s law (see [29] p. 13–10f), in which
the activity coefficients always had the value γ_i = 1, because no measured VLE data were
available for the chlorinated NdFeB-magnet example. For low pressures, the generalized
vapor–liquid equilibrium condition was (with x, y liquid, vapor mole fraction, p total
pressure, pLV

i pure component vapor pressure in VLE-operation, γi activity coefficient each
of substance component i):

xiγi pLV
i = yi p (1)

The set of equations of each separation stage into a total-reflux column consists only of
the ideal phase equilibrium relation equation from Raoult and Dalton’s law and the energy
balance each separation stage, whereby only the mixture is cooled down as a saturated
liquid at the condenser. Due to the total-reflux condition, the evaporated fraction and total
mass should be the same as from the condensation stage. Furthermore, because of the
total-reflux condition, heating and cooling power was equal (without considering heat
losses to the environment). The cooling capacity in the condenser is calculated by means of
the energy balance. Thus, the calculation of the mass in the Octave model was performed
with the help of the energy balance in each column stage, while the calculation of the mole
fraction was performed independently with equilibrium relation equations and a sum-rate
condition for the sum of all mole fraction values. For this, required vapor pressure data,
heat capacities, and other necessary substance properties for simulation were available
in [30,31], as well as from numerous other literature references.

The developed separation process based on distillation designed under the simplified
assumption of idealized liquid–vapor equilibrium conditions is shown in Figure 1. The sep-
aration concept could be better understood by considering the melting and boiling points
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in Figure 2 of the pure chlorides involved. Chlorination and selective vapor separation
according to [9,10] has achieved a rough separation of other chlorides from a fraction of
heavy boiling REE chlorides. This process could be refined by distillation of the fractions in
Figure 2.
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magnet material based on the composition examples of [9,10,24].

In PB-1, the chlorination of ground and fully oxidized NdFeB magnetic material takes
place in the combustion chamber among three possible technical chlorination designs. The
first possibility is the experimental process idea of [9,10] due to chlorination and selective
separation of volatiles at 1173 K to 1273 K in the N2-Cl2 vapor carrier gas from roasted
coarsely crushed NdFeB material as described in [10], but with the selective removal of only
one single volatile fraction of boron, zirconium, and iron chlorides with minor impurities of
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other chlorides into the vapor fraction. This is consistent with the combined consideration
of PB-1 and PC-1 in Figure 1. During this procedure, the REE residues remain with possible
impurities of dichlorides, such as cobalt dichloride.

Another dry technical chlorination option alternative could be the realization of a
combustion chamber for chlorination, analogous to the technical design of a synthesis
gas production according to the Winkler process from pulverized coal (compare: [32]).
In this technical modification, there are two detailed potential separation options for the
chlorination of NdFeB magnet material: Chlorination at temperatures around 1173–1273 K,
but longer reaction times up to two hours or chlorination at very high temperatures
of 2000 K under significantly lower reaction times in the range of minutes with almost
complete conversion as estimated within the shrinking core model. Cooling and deposition
in PC-1 of the still-contaminated REEs occurs at 1100 K. At this temperature, the chlorides
of the REEs are still present in the vapor stream at a maximum of only few ppm according
to the following calculations.

In all variants, other chlorides are present in the separated vapor from PC-1, which
must be almost completely separated by condensation in C1 and further purification in
the DC-1 distillation column. In DC-1, the fine separation of the REEs as trichlorides takes
place to the high purity heavy boiler product. In addition, dichlorides of iron, cobalt,
and copper can be obtained as a high-boiling distillation product according to following
simulation results.

The purified vapors from C1 no longer contained rare earth components. However, by
means of distillation in DC-2, a recovery of high-purity boron (as boron trichloride) and a
zirconium recovery (as zirconium tetrachloride) with larger impurities of other dichloride
components could be achieved, but only at process pressures of 2500 kPa. With the aid of a
partial condenser, the waste gas (chlorine and carbon dioxide) could be obtained.

3. Results and Discussion on the Potential Technical Feasibility

For the process simulation, a plant with a realistic 25 kt/a was assumed. High-
temperature operations require the inertization of some process steps in Figure 1. Here,
nitrogen can be used without a reaction up to 1100 K, but at higher temperatures argon is a
better inerting agent. Inerting serves to strictly exclude reactive oxygen and moisture from
the molten salt inside the separation units.

3.1. Chlorination

The reduction of the required chlorination time plays a significant role not only in
the separation process but also in an entire large-scale plant to recycle the largest possible
batches of NdFeB magnets. Therefore, estimates of chlorination times and high product
yields were crucial where only conversion rates were calculated. For simplified calculations
using the shrinking-core model, the components of neodymium and iron from [9] were
used for ordinary NdFeB-Dy magnets by neglecting all other components that were below
1.05 mass%.

According to the calculation of the required total chlorination time, it was shown
for the diffusion time excerpt of the in-air carbon tetrachloride, as well as for elementary
chlorine in argon, that the diffusion time alone is negligibly small in contrast to the reaction
time. Here, the diffusion coefficient of carbon tetrachloride in air was given in [22], whereas
diffusion coefficients of chlorine or carbon tetrachloride in argon were estimated only by
Fuller’s equation from [33] (pp. 11.10–11.11). Figure 3 shows the calculated diffusion times
of the chlorinating agents carbon tetrachloride in air and chlorine in elemental argon. It
can be seen that these diffusion times were small compared to the calculated reaction times
as determined for low porosity values according to Figures 4 and 5. When comparing
diffusion and reaction, the ratio is 720–43,200 as the ratio of reaction time to diffusion time.
Thus, the diffusion time is negligibly small in the calculations.
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The reaction time was determined from the following highly simplified reaction net-
work for the diffusion of carbon tetrachloride and the available kinetic data from [25–28,31]:

CCl4 → C + 2Cl2, (2)

Fe2O3 + 3Cl2 → 2FeCl3 + 3/2O2, (3)

Nd2O3 + 3Cl2 → 2NdCl3 + 3/2O2, (4)

C + O2 → CO2 (5)

Due to the significantly higher calculated reaction times compared to the diffusion
times, diffusion played a negligible role for the calculation of the total time for chlorina-
tion. Estimation of the chlorination of spherical oxidized NdFeB-magnet dust particles
at 1173–1273 K according to the shrinking-core model [20] is presented in Figure 4. Anal-
ogous to [9], the calculated chlorination time at 1173–1273 K ranged from 120–160 min
to reach the highest conversion rates of up to 100 mole%. Finer grinding increased the
surface-to-volume ratio. However, for half-sized 50 µm dust particles, the total chlori-
nation time at 1173 K was still 120 min. To achieve very low chlorination times at high
conversions, very fine grinding would be required. Thus, temperatures of 1273 K and 5 µm
grind size would be required to move into the range of a few minutes. However, such
grinding size distributions with small particles in the range of 5–25 µm would be very
difficult to manufacture, for example, in ball mills, as used in [7] for particle sizes of about
125 µm. Therefore, minimal particle sizes of 25–100 µm in terms of grinding effort and a
high conversion rate of up to 100% has been optimized under these chlorination conditions
at 1173–1273 K. Such chlorination could, for example, be technically implemented on an
industrial scale by means of parallel-installable closed combustion chambers with the circu-
lation of the dust particles by chlorine or initial carbon tetrachloride gas after subsequent
thermal decomposition at higher temperatures up to 1223 K, according to the stability limit
of carbon tetrachloride at 1268 K (see: [31]).

In order to significantly reduce the required chlorination time, a high temperature
chlorination variant with chlorine at 2000 K is being investigated using much larger particles
for chlorination. For this purpose, Figure 5 shows the application of high temperatures
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at 2000 K, as can usually be achieved in industrial burners. This shows, according to the
calculations of the shrinking core model, that the total chlorination times are significantly
reduced to maximums of 10 min (for 1 mm particles), achieving high conversion-rates of up
to 100% for the chlorination of the oxidized NdFeB material. For particle sizes in direction
to 100 µm, the required total chlorination time is only about one minute. The total time
will be reduced below 100 µm in a logarithmic scale in the same expected reduced particle
size sizes from the 1 mm to 100 µm reduction. A technically possible implementation of
chlorination could be chlorination in a continuously operated combustion chamber with the
recirculation of unchlorinated material and particle sizes below 100 µm, analogous to the
Winkler process, for synthesis gas production according to [32], or a type of continuously
operated fly ash combustion chamber under very small particle sizes. On the other hand, a
fluidized bed process with the injection of chlorine under prior mixing with carbon could
also be technically applicable for greater particle sizes up to 1 mm.

For the process variant in [9], a technical implementation according to [10] is also
conceivable by the parallelization of each chlorination reactor, on the basis of the results for
the required chlorination time, for extrapolation on a larger industrial scale.

3.2. Preseparation of Volatile Components at 1 atm (101.325 kPa)

In order to separate the volatile chlorides (boron trichloride, iron(III) chloride, zirco-
nium tetrachloride), the selective separation through subsequent condensation of remaining
non-volatile chlorides is necessary. Table 1 gives the composition of chlorinated NdFeB
magnet components with respect to their original contributions according to [9] and [24].

Table 1. Different feed compositions in mole% of complete chlorinated NdFeB magnets.

FeCln
1 NdCl3 BCl3 DyCl3 PrCl3 CoCl2 CuCln−1

1 ZrCl4
1 Source

81.02 9.33 6.17 2.49 0.00 0.62 0.15 0.22 Ref. [9]
82.25 8.68 4.99 0.93 2.21 0.94 0.00 0.00 Ref. [24]

1 n = 0, 2, 3.

The first separation operation of volatile chlorides in PC-1 was simulated according to
the flow diagram in Figure 6, simplified as isothermal flash evaporation calculated with the
composition examples from Table 1. The results are summarized in Figure 6 (as the crucial
separation takes place in different interesting orders of magnitude in composition values
and moves down to very small separation accuracies, a logarithmic y-axis representation is
shown in all distillation-based simulation results) for both separation examples, where the
following excess amount of chlorine was also assumed in the feed composition.
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Figure 6. First pre-separation by cooling and pressure release, simplified and calculated as isothermal
flash evaporation, as explained in [28]: Upper part: Composition from [9] for the generalized NdFeB-
Dy magnet example (first feed example given in [9]) within a maximum deviation of a component of
0.8% lower limit and 1.3% upper limit. The components neodymium and dysprosium trichloride
show the highest deviation values. Lower part: Composition from [24] of the first given NdFeB-DyPr
magnet example within a maximum deviation of a component of 0.9% lower limit and 1.2% upper
limit. The component neodymium trichloride shows the highest deviation values.
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The results show a high-pure separation of boron and zirconium from the feed into
the vapor phase or vapor phase transport with excess chlorine with a separation accuracy
of 99.99 mole% in both separation examples. Only a small amount of iron(III) chloride, up
to 0.1 mole%, condenses out in the liquid fraction. Other non-volatile chlorides such as
cobalt or iron(II) chloride in the range of 0.1 mole% were also obtained in the vapor phase.
Those and other impurities were completely removed from the vapor phase by a second
condensation step in C1, according to Figure 1, at temperatures of 798 K with a separation
accuracy of 99.99 mole%, to ensure only the volatile chlorides were obtained. The rare earth
trichlorides were so low in volatility that their composition values in the liquid fraction
were even below 1 × 10−4 mole%, i.e., at most only available in the ppm range with respect
to the mass fractions (in PC-1). Thus, the separation of the volatile chlorides could be
performed successfully assuming the ideal phase equilibrium according to Equation (1),
with γi = 1.

3.3. Distillation for REE Purification at 1 atm (101.325 kPa)

From the separation results of the volatile chlorides as shown in Figure 6, the REEs re-
mained in the liquid as low volatile trichlorides together with other dichloride components
presented in Figure 2. Before the simulation, a twelve-stage separation column was given,
with a predominant feed composition at the eighth stage as a further simplifying assump-
tion. On the feed example according to [9], the simulation results of the total-reflux column
are shown in Figure 7. In both separation examples, the dichlorides of iron(II) chloride,
cobalt dichloride, and the possible small contribution of copper(II) chloride accumulated as
high boiler components. They were highly purified from the other chlorides and REE chlo-
rides in the first separation stage(s) with very high separation accuracies of 99.9999 mole%
(contamination far below 1 × 10−4 mole%). From the sixth separation stage onwards, the
REE chlorides were present in a concentration just above 1 × 10−2 mole%, and the fraction
value increased with the increasing separation stage number. Thus, even under equilibrium
conditions, the boiling temperature of the mixture must increase significantly from the
sixth separation stage as shown by the defined temperature fraction curve θT = T−Tmin

Tmax−Tmin
between minimum and maximum temperature in the column with Tmin and Tmax. From
the eighth separation stage on, the neodymium trichloride boiling fraction then dominated
in the total-reflux column model, corresponding to the stage temperature ratio close to the
boiling temperature 1870 K of the neodymium trichloride (see Figure 7). Analogous to
the increase in the separation curves of the rare earth trichlorides, the separation curves
of the iron(II) and cobalt dichloride components as light boiling components decreased
analogously. It can still be observed that copper(I) chloride tends to concentrate in the
heavy boiling range in the column in contrast to copper(II) chloride, if these chlorides
are simplified and assumed to be thermally stable. Regarding the achievable separation
accuracy for the neodymium trichloride as a heavy boiling distillation product, it can be
concluded that only a mixture with dysprosium was achievable by distillation. Impurities
of copper via assumed copper(I) chloride was only approx. 0.1 mole%, meaning that a
mixture of neodymium trichloride and dysprosium trichloride of 99.959 mass% could
be achieved by distillation separation which exceeds the necessary industrial purity of
99 mass% [15,16].

If the feed example according to [24] is used for the simulation instead of [9], con-
siderably more separation stages are required for additional praseodymium trichloride
purification as shown in the simulation results in Figure 8.

A mixture of iron(II) and cobalt dichloride accumulated in the first separation stage
of the simulated feed example from [24]. From the fourth stage onward, the proportion
of REEs consisting of neodymium, dysprosium, and praseodymium trichloride increased
significantly as the number of separation stages increased and as the temperature also
rose. From the tenth separation stage onwards, a mixture of all trichlorides could already
be obtained by distillation with a high purity of 99.9999 mole% for REE trichlorides. By
further distillation with a temperature close to the boiling temperature of praseodymium
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trichloride, the proportion of neodymium trichloride and dysprosium trichloride could
then be decreased from the separation stages 10–22 to obtain high-pure praseodymium
trichloride in the last separation stages. Thus, high-pure praseodymium trichloride could
be achieved in the 22nd separation stage with purities far below 99.9999 mole%.
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For the technical implementation, besides the high temperatures required in the
column, the large temperature differences between the column separation stages might be a
technical problem. Therefore, it is recommended to realize the distillation in a fractionated
distillation column operating in a discontinuous manner, in which the separation fractions
are carried out at intervals, starting with the most volatile chloride fraction. After separation
of the fractions, the REE chlorides remain in the distillation column as a high-boiling
residual fraction.

3.4. Zirconium and Boron Purification Using High-Pressure Distillation (High-Volatile Separation
at 2500 kPa)

Distillative separation of the volatile components in the DC-2 separation unit at higher
pressures of 2500 kPa essentially deals with the substance separation problem of mixtures of
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boron trichloride, iron(III) chloride, zirconium tetrachloride, and low impurity contents of
copper dichloride. All other residual less volatile chlorides have been previously separated
in the C1 condensation unit.

Figure 9 shows the Octave simulation results of the total-reflux column at 2500 kPa.
Here, the first figure (separation of boron trichloride and iron(III) chloride) shows the
high purity boron trichloride-iron(III) chloride separation to achieve the separation accu-
racy of 99.9999 mole% in a ten-stage separation column. In contrast, the second figure
below (separation based on purification of zirconium tetrachloride) shows the separation
result of high pure zirconium tetrachloride-based separation with a separation accuracy of
99.9999 mole%, neglecting the boron trichloride component. The simulation results show
the potential high-purity separability of boron trichloride and the more difficult separation
of zirconium tetrachloride as a boiling intermediate in a distillation column at 2500 kPa. In
addition, the separation result for a boron trichloride- and zirconium tetrachloride-based
distillation shown here does not influence the good separation result for the distillative
recycling of REEs in the separation column DC-1.
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Figure 9. Illustration of high-purity boron trichloride (a) and zirconium tetrachloride (b) separation
excerpt example by high-pressure distillation at 2500 kPa, simulated in an exemplary total-reflux
column under simplified idealized phase equilibrium conditions according to Equation (1). The error
bars show the results for a deviation of the calculated temperature of ±5%.

4. Conclusions

The present study demonstrated the possibility of high purity separation of rare earth
mixtures from various NdFeB-DyPr magnet recyclates by chlorination and subsequent
distillation. The simulation results of the developed distillation process have shown that
the required 99 mol% purity for NdFeB magnets can be easily achieved and thus could
be applied as a new recycling method on an industrial scale. Chlorination can be carried
out in a combustion chamber at temperatures of 1173–1273 K as proposed in [7,9] or at
much higher temperatures up to 2000 K under significantly lower reaction times of a
few minutes. The simulation results have particularly shown that all rare earths, such as
neodymium, dysprosium, and praseodymium can be separated with separation accuracies
of 99.9999 mol% and are thus suitable for the reuse of NdFeB magnets depending on
the required minimum purity of 99 mol% (see: [15]). Only for the zirconium and copper
recovery can a higher separation effort with higher impurifications be expected. Based
on the increasing demand of NdFeB magnets up to 2030 [1–3], the possibility of recycling
worldwide waste can be realized completely by distillation-based separation processes.
With a few separation plants, 25,000 t of recyclables needed in 2030 could thus be recovered
with a total rate of 3125 kg/h, which seems to be very well manageable for separation
technology in reasonable quantities.
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Analogous to the Kroll process for distillation-separated titanium recovery by chlori-
nation and distillation, space-saving compact distillation apparatuses with low number
of separation stages can also be developed for the NdFeB magnet recycling on the basis
of the results presented here for an industrial large-scale separation process. However,
further experimental studies on vapor–liquid equilibria are still needed to better model the
distillation process.
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