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Rare earth elements recycling has been proposed to alleviate supply risks and market volatility. In this
context, the potential of a new recycling pathway, namely plasma mass separation, is uncovered through
the example of nedodymium - iron - boron magnets recycling. Plasma mass separation is shown to
address some of the shortcomings of existing rare earth elements recycling pathways, in particular
detrimental environmental effects. A simpliﬁed mass separation model suggests that plasma separation
performances could compare favourably with existing recycling options. In addition, simple energetic
considerations of plasma processing suggest that the cost of these techniques may not be prohibitive,
particularly considering that energy costs from solar may become signiﬁcantly cheaper. Further investigation and experimental demonstration of plasma separation techniques should permit asserting the
potential of these techniques against other recycling techniques currently under development.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Owing to their unique ferromagnetism, superconductivity and
luminescence properties, rare earth elements (REEs) are key
components in a large number of technologies. Although REEs have
long been used in mature markets, such as catalysts, glassmaking
and lighting, REEs are now also sought after by emerging, highgrowth markets, such as permanent magnets and battery alloys
(Goonan, 2011; Zepf, 2013; Brumme, 2014). Quantitatively, the
global REEs mining expanded on average by 7% annually between
1990 and 2006 (Goonan, 2011), while REEs demand for permanent
magnet manufacturing alone grew by 280% between 2000 and
2007 (equivalent to 16% annually) (Yang et al., 2016). Looking
ahead, the globalization of low-carbon energy systems, and in
particular of wind turbines and electric cars, is projected to yield
demand growth of 700% and 2600% over the next 25 years for
respectively neodymium (Nd) and dysprosium (Dy) (Alonso et al.,
2012) by virtue of their unmatched performances for high
strength, high temperature magnets (Jacoby, 2013).
On the supply side, REEs production is extremely unequally
distributed worldwide. A single country - China - is responsible for
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over 80 percent of the current global mining production (and even
for as much as 97% up until 2010 (Brown et al., 2013;
Chakhmouradian and Wall, 2012)), and controls over 50% of
worldwide mineral reserves (Hatch, 2012; U.S. Department of the
Interior, 2013; Humphries, 2013; U.S. Department of the Interior,
2015, 2017). A direct consequence of this near-monopoly situation is a very vulnerable market and a high volatility of REEs price.
This market volatility led to the price spike of 2011, during which
the price of some REEs experienced a 10-fold increase over a few
months (U.S. Department of Energy, 2011; Hatch, 2012). The
uncertainty with respect to price, availability, and quality of raw
materials is a serious concern for many industries in countries that
are almost 100% import-reliant, such as the USA and multiple E. U.
countries. This situation led panels and governmental agencies to
place REEs, in particular neodymium (Nd), yttrium (Y), dysprosium
(Dy), europium (Eu) and terbium (Tb), on their critical raw elements
list (Moss et al., 2011; U.S. Department of Energy, 2011). Furthermore, the main consumer countries began implementing mineral
strategies to minimise their vulnerability to the supply of REEs
(United States Environmental Protection Agency, 2012; European
Commission, 2013).
One strategy is supply diversiﬁcation (Golev et al., 2014;
! and Kemp, 2016). This option has led to the start-up or
Bartekova
reviving of exploration projects and mining production around the
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world to alleviate supply risks (Walters and Lusty, 2011; Mariano
€a
€ et al., 2013; Goodenough et al., 2016;
and Mariano, 2012; Sarapa
Machacek and Kalvig, 2016). The trigger effect of the 2011 price
spike in the geographical diversiﬁcation of REEs mining is hardly
debatable. As a matter of fact, China had 97% of the REEs market
share up until 2010 (Brown et al., 2013), whereas about a half dozen
countries produced REEs in 2015, with Australia, India, the USA, and
Russia combining for about 17% of the global production (Brown
et al., 2016; U.S. Department of the Interior, 2017). Although
mining expansion has obvious beneﬁts from a market stability
perspective, REEs mining comes at a signiﬁcant environmental cost
(Humsa and Srivastava, 2015; Charalampides et al., 2016; Lee and
Wen, 2016; Browning et al., 2016; Huang et al., 2016). In addition,
health hazards associated with REEs mining are only beginning to
receive attention (Li et al., 2013; Rim et al., 2013; Pagano et al.,
2015; Rim, 2016). Although it has been suggested that the
environmental impact of mining could be reduced if subjected to
stricter environmental legislation (Schreiber et al., 2016), it remains
unclear whether REEs mining will be societally accepted in
european countries, as exempliﬁed by the ongoing debate in
Denmark on REEs mining in Greenland (Rosen, 2016). Finally,
mining expansion does not address the so-called balance problem
(Falconnet, 1985; Binnemans and Jones, 2015), which stems from
the fact that natural REEs abundance in ores does not match the
market demand of each individual REE.
Another option to address the supply-risks while limiting
environmental damage and mitigating the balance problem is
recycling (Bloodworth, 2013; Rademaker et al., 2013; Tsamis and
! and Kemp, 2016). CorrelaCoyne, 2014; Verrax, 2015; Bartekova
tion between recycling rate and market price stabilization has
notably been observed previously for cobalt and platinum (Darcy
et al., 2013; Verrax, 2015; Bandara et al., 2015). Despite these
strong incentives, less than 1% of REEs were recycled in 2011
(Graedel et al., 2011; Reck and Graedel, 2012; Binnemans et al.,
2013). Various reasons have been given to explain REEs low recycling level, such as the lack of effective collection systems, the
difﬁcultly to extract REEs from scrap, or the relatively low prices
prior to 2011. However, one of the main impediment to the
development of REEs recycling appears to be the low REEs content
of most end-products (Golev et al., 2014). Mass content of REEs for
most applications is lower than 5 g/kg (0.5%), and as low as 0.5 g/kg
(0.05%) in LEDs (Chancerel et al., 2013). One exception is neodymium - iron - boron (Nd2Fe14B, or NdFeB for short) permanent
magnets, for which the REEs mass content can be as large as 30%.
Interestingly, NdFeB magnets currently happen to dominate the
permanent magnets market thanks to their superior energy
product (Jacoby, 2013). Small NdFeB magnets are used extensively
in consumer products, such as hard disk drives and loudspeakers,
while large NdFeB magnets are increasingly used in electric
vehicles and windmill turbines (Binnemans et al., 2013). Although
large magnets can be efﬁciently disassembled to be recycled,
disassembling of electronic goods is key in making REEs recovery
from these products attractive (Tsamis and Coyne, 2014; Sprecher
et al., 2014). Indeed, without efﬁcient pre-processing, rare earth
magnets in electronic goods are shredded along with waste
electronics and electrical equipment, decreasing in turn signiﬁcantly the mass content of REEs.
Recent reviews on NdFeB magnets recycling (Takeda and Okabe,
2014; Yang et al., 2016) show that the two main techniques
considered to date are hydro-metallurgy and pyro-metallurgy.
Hydro-metallurgical recycling typically involves processes very
similar to those used for REEs extraction from primary ores
(Krishnamurthy and Gupta, 2015). These processes rely heavily on
the use of chemicals, including strong mineral acids. This generally
leads to the production of large volumes of liquid wastes and a
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signiﬁcant environmental footprint, but new separation schemes
based on green chemistry (Bandara et al., 2016), closed loops
(Kitagawa and Uemura, 2017) and coordination chemistry (Bogart
et al., 2015, 2016) are currently under development to limit the
footprint of hydro-metallurgical NdFeB magnets recycling. On the
other hand, pyro-metallurgical or high-temperature processing is
believed to be more environmentally friendly thanks to reduced
water consumption and hazardous waste production (Firdaus et al.,
2016), but at the expense of a greater energy input. Yet, some
high-temperature processes still require chemicals and generate
wastes. For example, among pyrometallurgical techniques, some
liquid-phase processes such as electroslag reﬁning generate large
amount of solid-waste (Yang et al., 2016) while certain gas-phase
processes require large amount of chlorine gas (Firdaus et al.,
2016). High-temperature processes are also believed to produce
larger amounts of emissions (Akahori et al., 2014). A promising
recent development in high-temperature NdFeB magnets recycling
is the vacuum induction melting - magnetic separation (VIM-HMS)
process (Bian et al., 2016), which requires no toxic chemicals and
produces minimal solid waste. However, this process might be
challenged by complex compositions, in particular other transition
metals such as copper and nickel (Yang et al., 2016). Besides hydroand pyro-metallurgical techniques, new recycling process have
recently been proposed, for example REEs absorption on
bio-materials such as salmon milt (Takahashi et al., 2014) and
bacteria (Boniﬁcio and Clarke, 2016; Park et al., 2016).
In this paper, we illustrate the potential of plasma mass
separation techniques for rare earth elements recycling through the
example of NdFeB magnets. First, the general features and intrinsic
advantages of plasma separation are introduced. The potential of
plasma mass separation for NdFeB magnets recycling is then
discussed, and a preliminary cost estimate is derived. Finally,
concept improvements are suggested.
2. Plasma separation
By operating on dissociated molecules, plasma separation can
be used where chemical techniques are challenged. Applications for
which these capabilities could prove extremely valuable include
nuclear legacy waste disposal (Siciliano et al., 1993; Freeman et al.,
2003; Gueroult et al., 2015) and spent fuel reprocessing (Zhil'tsov
et al., 2006; Gueroult and Fisch, 2014; Timofeev, 2014). By accommodating straightforwardly complex chemical compositions,
plasma separation could in principle handle coatings, additives and
contaminants which are typically found in permanent magnets
(Firdaus et al., 2016). In addition, plasma separation could handle
equally sintered magnets or resin bonded magnets. Furthermore,
plasma separation does not require chemicals, nor creates additional waste streams. By virtue of these properties, plasma
separation could in principle offer an environmentally friendly
pathway for REEs recycling. However, as it will be shown later, the
energy input required to separate products scale linearly with the
number of atoms in the feed for plasma separation. Plasma
separation is therefore expected to be most attractive for concentrated feeds such as large magnets, and less for diluted feeds such
as waste electronics.
Although plasma separation can be envisioned in many ways, it
essentially boils down to three core technologies. First, the input
stream has to be turned into a plasma. By heating material to very
high temperatures, the bonds that commonly form chemical
substances are broken. Upon further heating, atoms are ionized,
leaving individual ions and electrons, i e. a plasma. A variety of well
established techniques can be used for plasma formation, including
for example laser ablation (Boulmer-Leborgne et al., 1993),
arc-discharges (Brown and Oks, 2005), or dust injection (Tanaka
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et al., 2007). Then, once a plasma is formed, the second technology
consists in preferentially extracting speciﬁc elements from the bulk.
This is where we believe plasmas are unique, as discussed next.
Finally, the third technology corresponds to the collection of
separated elements. This can be achieved by depositing elements
on surfaces, or through recombination in volume.
For separation purposes, plasmas stand out from other states of
matter (like gas and liquid) owing to the ability to control and
manipulate particles through their electric charge. It then becomes
possible to combine electromagnetic forces with other forces to
produce differential effects. By harnessing these effects, elements
can be separated. For example, a rotating plasma produces mass
separation (Bonnevier, 1966, 1971; Lehnert, 1971; O'Neil, 1981) due
to the combined effects of electromagnetic and centrifugal forces.
This mechanism was ﬁrst put to work in plasma centrifuges
(Lehnert, 1973; Krishnan et al., 1981; Del Bosco et al., 1991) to
separate isotopes (James and Simpson, 1976; Prasad and Krishnan,
1987; Grossman and Shepp, 1991) in the 1980s. It is worth noting
here that although plasma centrifuges are conceptually similar to
liquid or gas centrifuges, they differ in that rotation is produced
through electromagnetic effects, which allows to operate plasma
centrifuges at much larger rotation speeds than their liquid and
gaseous counterparts. Since the separation power of a centrifuge
depends on the square of the rotation speed (Fetterman and Fisch,
2011b), higher separation are achievable in a single unit.
In contrast with isotope separation, which involves separating
small quantities of elements with very small mass differences,
some applications (e. g nuclear legacy waste disposal and nuclear
spent fuel reprocessing) require separating elements with large
mass differences at high-throughput. To address this need, a suite
of new rotating plasma conﬁgurations expanding on the plasma
centrifuge concepts has recently been theoretically studied
(Ohkawa and Miller, 2002; Fetterman and Fisch, 2011a; Gueroult
and Fisch, 2012; Gueroult et al., 2014, 2018; Rax and Gueroult,
2016; Ochs et al., 2017a). Beyond rotating conﬁgurations, which
are obvious candidates, a wide variety of differential mechanisms
and conﬁgurations can in principle be used to discriminate
elements based on mass in plasmas. For example, plasma optical
separators (Morozov and Savel'ev, 2005; Bardakov et al., 2010),
crossed-ﬁeld plasma separators (Smirnov et al., 2013), and plasma
ﬁlters based on differential magnetic (Timofeev, 2000) and
collisionality gradient (Ochs et al., 2017b) drifts, and gyro-radius
effects (Babichev et al., 2014) have all been suggested to separate
elements based on atomic mass.
It is important to note here that although plasma centrifuges
have been demonstrated experimentally (Krishnan, 1983;
Hirshﬁeld et al., 1989), experimentation on high-throughput
separation of elements with large mass differences is still in a
relatively primitive stage of development, and limited thus far to
laboratory scale (Bardakov et al., 2014; Paperny et al., 2015; Vorona
et al., 2015; Gueroult et al., 2016). Full scale demonstration of the
entire plasma separation process thus remains to be made.
3. Materials and methods
In order to compare the effectiveness of plasma separation for
NdFeB magnets recycling to other techniques, one has to choose a
composition representative of the input stream. The sample
composition considered here is taken from Firdaus et al. (2016) and
illustrated in Fig. 1. Rare Earth magnets (REMs) not only contain Nd,
Fe and B, but also some mass-percent of Dy to increase the magnets
maximum operating temperature, as well as various amount of Al,
Co, Ni and Nb used to improve mechanical properties. In addition,
contaminants like C, Ca, N, Si and O are found in REMs waste. The
presence of these additional elements in the input stream

Fig. 1. Typical composition of Rare Earth permanent magnet waste (from Ref. (Firdaus
et al., 2016)) (left vertical axis, log-scale) along with the idealized plasma mass ﬁlter
function, GM0 ðMÞ deﬁned in Eq. (1) (right vertical axis, linear-scale). M0 ¼ 100 amu and
a ¼ 50 (case A ), a ¼ 5 (case B ) and a ¼ 0:5 (case C ). Elements making less than 0.1%
in mass (zi ( 10&3 ) are not shown.

represents a challenge for high-temperature recycling (Firdaus
et al., 2016).
Besides deﬁning an input stream, one has to specify the
properties of the plasma separation process. However, as indicated
in the previous section, high throughput plasma mass separation
can be envisioned in multiple ways. Rather than attempting to
capture the subtle differences between these conﬁgurations and
separation mechanisms, we choose here to discuss the potential of
plasma separation for NdFeB magnets recycling through their
common characteristic, that is to say mass discrimination. For this
purpose, let us deﬁne here an analytical ﬁlter function of the form

GM0 ðMÞ ¼

1 þ tanhða½1 & M=M0 'Þ
;
2

(1)

with a a real number representing the inverse of the ﬁlter width, M
the element atomic mass and M0 the ﬁlter threshold mass. Three
different cases A , B and C , obtained for M0 ¼ 100 amu and
respectively a ¼ 50, 5 and 0.5, are plotted in Fig. 1. Case A represents a very narrow, almost ideal ﬁlter, for which GM0 ðMÞ tends to a
step function. Case B is signiﬁcantly broader, but the ﬁlter width
remains comparable to the mass gap observed between non-REEs
and REEs. Finally, for case C , GM0 ðMÞ is nearly linear over the
mass range considered. Introducing xi, yi and zi the mass fraction of
element i of mass Mi in respectively the heavy, light and input
stream, one gets

"
!
zi 1 & GM0 ðMi Þ
# $"
xi ¼ P !
j zj 1 & GM0 Mj

and

z GM ðM Þ
yi ¼ P i 0 # i $
j zj GM0 Mj

(2)

where j runs over all elements, including i. We then deﬁne the
separation factor

bi ¼

xi ð1 & zi Þ
zi ð1 & xi Þ

(3)
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and the extraction efﬁciency

ri ¼

qxi
zi

;

1063

4.1. Effectiveness of NdFeB magnets plasma recycling

(4)

where q is the cut, that is to say the ratio between the product (here
called heavy) and input ﬂow.
For the purpose of comparing the performances of plasma
separation with recent results from a variety of separation pro€
cesses (Onal
et al., 2015; Bandara et al., 2016; Bian et al., 2016), the
focus of this study is on a once-through process where REEs are
separated from all non-REEs elements, but not from one another. In
the case of an input stream containing multiple REEs such as the
one plotted in Fig. 1, the output therefore consists of a mixture of
REEs. This process corresponds to stage 1, i. e. a single pass in the
plasma ﬁlter, in the ﬂowchart depicted in Fig. 2. We note however
that, as illustrated by the lower part of Fig. 2, the output of stage 1
could be sent again in a plasma ﬁlter with a different mass
threshold (stage 2 and 3) to discriminate REEs from one another.
This possibility is brieﬂy discussed at the end of the next section.

4. Results and discussion
The potential of plasma mass separation for REMs recycling
becomes evident when plotting REMs waste composition by mass
as a function of its constituents atomic mass. As seen in Fig. 1, REMs
waste in its elemental form breaks down into two groups. On the
one hand, one ﬁnds a group of light elements (mi ( 92.9 amu, in
light green) made of Fe, B, coating, additives and contaminants. Iron
(Fe) makes over 96% of the mass of these light elements. On the
other hand, the group of heavy elements (mi ) 138.9 amu, in blue)
is exclusively made of REEs. Plasma mass ﬁltration could in
principle efﬁciently separate the heavy group, that is to say REEs,
from the light one. The same mass ﬁltering process will operate
equally on resin-bonded magnets. Indeed, a threshold mass around
110 amu will collect resin elements (mostly carbon, hydrogen and
oxygen) along with light elements due to their low atomic mass,
effectively separating REEs from non REEs.

Fig. 2. Flowchart envisioned for NdFeB magnets plasma recycling. Stage 1 separates
mixed REEs (stream H) from Fe, B and additives and contaminants (stream L), and is
the main object of this study. The lower part (hatched region), referred to as advanced
separation, illustrates how the mixed REEs stream produced by stage 1 could be
further processed to extract individual REEs.

The composition of the two streams produced by the idealized
mass ﬁlter deﬁned in Eq. (1) (light elements stream L and heavy
elements stream H) is plotted in Fig. 3 for each of the three cases,
along with the input stream composition.
For cases A and B , the mass fraction of REEs in the heavy
stream xRE is respectively 1 and 0.97, indicating a very good
separation of REEs from both Fe and B, as well as coatings, additives
and contaminants. In terms of separation factor, one gets
bRE ¼ 3 105 and 76 for the same conditions. The REEs extraction
efﬁciency is rRE ¼ 1 and rRE ¼ 0.99 for a ¼ 50 (case A ) and a ¼ 5
(case B ), respectively. It is worth noting that such REEs purity
levels and extraction efﬁciencies compare favourably with existing
€
recycling processes (Takahashi et al., 2014; Onal
et al., 2015;
Bandara et al., 2016; Bogart et al., 2015; Bian et al., 2016).
In contrast, for a ¼ 0.5 (case C ), REEs mass fraction in the heavy
stream is only 0.44, the extraction efﬁciency is 0.61, and the
separation factor is 1.57 (see Table 1). This poor purity level stems
from the large fraction of Fe collected in the heavy elements stream
owing to the very large width of the ﬁlter, as seen in Fig. 1. Another
consequence of the large ﬁlter width is the presence of a signiﬁcant
amount of REEs in the light elements stream, which in turn yields
low extraction efﬁciency. These results suggest that a ﬁlter with
such a large width is unlikely to be appropriate for REEs recycling,
or at least not in a single step.
Further to the sensitivity to the ﬁlter width studied thus far, the
ﬁlter mass threshold can be tuned to optimize separation. For an
intermediate ﬁlter width, there exists a trade-off between the
extraction efﬁciency and the REEs purity, as illustrated by case B in
Fig. 4. A high mass-threshold will maximize purity at the expense of
the extraction efﬁciency, and vice-versa. For a ﬁlter width narrower
than the mass gap between non-REEs and REEs (case A ), little
effect is observed other than for a decrease in extraction efﬁciency
as M0 approaches the mass of the lightest REEs. Finally, for a large
ﬁlter width (case C ), both rRE and xRE decrease with M0. The result
that xRE decreases with M0 for small a might seem counter-intuitive
at ﬁrst. However, expanding the ﬁlter function GM0 ðMÞ for small a,

Fig. 3. Input stream (leftmost stack) along with mass fraction in each separated stream
L (left stack) and H (right stack) for each of the three cases A , B and C . The REEs
purity in the heavy stream (H), xRE, is 1, 0.97 and 0.44, respectively.
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Table 1
Idealized ﬁlter parameters and REEs separation performances. For all three cases,
M0 ¼ 100 amu.
Inverse ﬁlter width a
REEs purity in output stream xRE
REEs separation factor bRE
REEs extraction efﬁciency rRE
Cut q

Case A

Case B

Case C

50
1
3 * 105
1
0.33

5
0.97
76
0.99
0.34

0.5
0.44
1.57
0.61
0.46

Fig. 5. Contours of the REEs extraction efﬁciency rRE (solid lines) and the REEs purity in
the heavy stream xRE (dashed lines) over the ðM0 ; aÞ space. Parameters corresponding
to cases A , B and C are indicated with black crosses.

Fig. 4. Extraction efﬁciency rRE (blue) and REEs purity in the heavy stream xRE (red) as
a function of the ﬁlter threshold mass M0 for different ﬁlter widths (a ¼ 50 - solid, a ¼ 5
- dash-dotted and a ¼ 0.5 - dashed). The threshold mass is varied between the heaviest
non REEs (Nb) and the lightest REEs (La) typically found in REMs. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the Web version
of this article.)

GM0 ðMÞ ¼

1þa
a
&
M þ O ðaÞ;
2
2M0

(5)

shows that the ﬁlter slope for dM ¼ jM & M0 j≪a&1 is in this limit
inversely proportional to M0, which explains the decrease of xRE
with M0.
For completeness, the evolution of xRE and rRE over the whole
range of (M0,a) considered is plotted in Fig. 5. This result shows that
M0 has little inﬂuence over xRE, which indicates that purity level is
mostly controlled by the ﬁlter width. In addition, it conﬁrms the
sign of vxRE =vM0 changes from positive to negative as the ﬁlter
width grows. In contrast, rRE decreases with M0 for all a. In addition,
Fig. 5 reveals that high efﬁciency separation such that both xRE and
rRE are greater than 99% can be obtained for parameters less
demanding than those corresponding to case A , for example
ðM0 ; aÞ ¼ ð104; 6Þ. A relaxed criteria of 95% can be achieved for
ðM0 ; aÞ ¼ ð105; 4Þ. Finally, a ¼ 2 for M0 ¼ 94 is enough to produce a
99% pure REEs stream (xRE)0.99) if tolerating a lower extraction
efﬁciency rRE~0.75.
Although very rudimentary, this simpliﬁed ﬁlter model provides
valuable pointers to what a plasma mass ﬁlter function should be in
order to be applicable and promising for REEs recycling. However,
since experimental ﬁlter functions for the proposed plasma ﬁlter
concepts have not yet been produced to support this model,
conclusions drawn from this model should be regarded only as

approximate. Still, on the basis of successful plasma isotope
separation experiments, it stands to reason that ﬁlter functions
approximating Eq. (1) could be produced, at least at moderate
throughput. If so, the results obtained above will hold true, at least
qualitatively. In particular, we note that a ﬁlter with a width of the
order of the mass gap between non-REEs and REEs (case B ) should
still provide high performances for NdFeB magnets recycling.
It is worth emphasizing here that the ﬁlter function of a real
plasma mass ﬁlter will depend on very many parameters. To name a
few, plasma density, electron and ion temperatures, neutral
background density and drift velocities will most likely all play a
role on the shape of the ﬁlter function. Producing a speciﬁc ﬁlter
function will consequently require controlling simultaneously a
rather large numbers of plasma parameters. Yet, this complexity is
in principle balanced by the possibility to ﬁne tune the ﬁlter
function thanks to the large number of control knobs. One desirable
feature would for example be asymmetry, that is to say

GM0 ðM0 þ MÞ þ GM0 ðM0 & MÞs1:

(6)

4.2. Preliminary cost assessment
Although a detailed cost calculation is beyond the scope of this
work, and will require in-depth knowledge of the selected plasma
ﬁlter concept, a ﬁrst estimate for the cost of NdFeB magnets (REMs)
plasma processing can be obtained on account of the core
technologies of a generic plasma ﬁlter which were introduced in
the previous section. To this end, the energy cost associated
respectively with input stream evaporation and with plasma
production and maintenance are evaluated in this section.
Since plasma processing involves breaking the input feed into
elemental form, its is useful to recall how many atoms need to be
processed per kg of input feed. One kilogram of pure Nd2Fe14B alloy
is made of N ¼ 9:42 1024 atoms, leading to a Nd mass fraction
zNd ¼ 0.27. The number of atoms in 1 kg of pure Dy2Fe14B alloy
differs from N by only 3%, so that the presence of small fraction of
other REEs will be neglected in ﬁrst approximation. For the same
reason, the presence in REMs of small mass fraction of additives and
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contaminants, or variations in cast alloys composition (for example
Nd2.6Fe13B1.4, or Nd15Fe77B8 (Firdaus et al., 2016)), are neglected.
With this information in hand, it is now possible to evaluate the
energy cost of NdFeB plasma processing.
The energy input required to turn solid material into gas is the
sum of the enthalpy change corresponding to heating the material
from room temperature T0 to fusion temperature Tf at a given
pressure, the latent heat of fusion L F , the enthalpy change corresponding to heating the material from fusion temperature to
boiling temperature Tb at a given pressure, and the latent energy of
vaporization L V . The ratio L F =Tf or entropy of fusion is roughly
constant for metals and of the order of R ¼ 8.314 J mol&1 K&1
(Richard's rule). The ratio L V =Tb or entropy of vaporarization is also
roughly constant for metals, but about an order of magnitude larger
(Trouton's rule). Using thermochemistry data for iron summarized
in Table 2, CpS ðTf & T0 Þ þ CpL ðTb & Tf Þ + L V =3 for iron, with
T0 ¼ 300 K. Therefore, the energy input required for evaporation of
solid Fe is about 4=3L V + 8:25 MJ/kg. Using laser ablation as a
baseline, the fraction of photon energy deposited to the material
depends on the laser absorptivity c, which is about 0.4 for iron
(Kaplan, 2014). Recalling that the input stream is mostly iron, and
that the latent energy of vaporization of Nd (2 MJ/kg) is about three
times smaller than that of Fe, a safe estimate for the laser energy
required for the evaporation of NdFeB magnets is 4=3L V =c + 20
MJ/kg. Finally, this value has to be multiplied by the laser electric
efﬁciency hL to provide the true energetic cost of evaporation. Using
a poor hL ¼ 0:1, this is 200 MJ/kg.
Moving on to plasma formation and maintenance, an upper
bound for the energy cost of plasma formation is obtained by
assuming that the plasma formed is fully ionized. Ideally, the input
energy required to fully ionize a gas is

Ei¼

N
X
j¼1

εij ;

(7)

where N is the total number of atoms and εij is the ionization
energy of atom j. Observing that iron atoms (εiFe ¼ 7:90 eV) account
for over 80% of all atoms in Nd2Fe14B magnets, a ﬁrst estimate for
E i is N εiFe + 12 MJ/kg. This ﬁgure is however grossly underestimated since once has to account for all energy dissipation
channels. This includes excitation of neutrals atoms and ions,
radiation losses, ion heating, etc. For helicon discharges envisioned
for plasma ﬁlters (Gueroult et al., 2016), energy dissipation channels have been measured to represent 1.5 the ionization energy in
pure argon plasmas (Lieberman and Lichtenberg, 1994), or, in other
words, a plasma efﬁciency hP + 0:4. For more complex plasmas, it
stands to reason that this efﬁciency will be lower. For a mediocre
hP ¼ 0:05, the cost of plasma formation and maintenance will be
about 600 MJ/kg. Note however that this cost could in principle be
signiﬁcantly lowered if using a partially ionized plasma as discussed in the next paragraph.
Summing up the cost of feed evaporation and plasma production and maintenance, a rough estimate of the energy cost for
Table 2
Thermochemistry data for iron (Chase, 1998).
Fe
Fusion temperature Tf [K]
Boiling temperature Tb [K]
Latent heat of fusion L F [MJ/kg]
Latent heat of vaporization L V [MJ/kg]
Solid-phase average heat capacity CpS [kJ/(kg K)]

1811
3134
0.25
6.2
0.7

Liquid-phase average heat capacity CpL [kJ/(kg K)]

0.82

CpS ðTf & T0 Þ þ CpL ðTb & Tf Þ [MJ/kg]

2.1
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plasma processing is C p + 800 MJ/kg. Assuming an electricity cost
of $0.12 per kW.h, this is $27 per kg of magnet. It is important to
note here that this cost could be decreased by a factor four since
cost targets for solar energy are $0.03 per kW.h by 2030 (U. S.
Department of Energy, 2016). On the other hand, this derivation
of the ionization cost underlines why plasma separation is a priori
more attractive for concentrated feeds than for diluted feeds.
Indeed, since this cost scales with the number of atoms in the feed,
the cost of plasma processing per unit mass of recovered REE will
roughly grow linearly with the feed dilution (total number of atoms
divided by the number of REEs atoms). For this reason, plasma
techniques appear more promising for recycling large magnets
rather than recycling electronic waste. For the same reason, the use
of a background gas (e. g. argon), if needed, would increase the
processing cost.
A full picture for REEs plasma recycling cost should also include
a study of capital, operation and maintenance costs associated with
plasma processing. However, our processing cost assessment only
dealt with a generic plasma ﬁlter, whereas this full cost assessment
will require selecting a priori a speciﬁc plasma ﬁlter conﬁguration.
Such a detailed analysis is therefore beyond the scope of this work.
Nevertheless, to the extent that plasma ﬁltering techniques should
have a limited footprint compared to chemical processing, capital
costs are expected to compare favourably with those of chemical
techniques. Such a favorable cost scaling has for example been
suggested when comparing pyro-processing to aqueous techniques
for spent fuel reprocessing (National Research Council, 2001).
4.3. Opportunities and perspectives
Mixed REEs used to represent most of the market through their
use in catalysts, ceramics and the glass making industry (Bian et al.,
2016; NPCS Board of Consultants & Engineers, 2009). However,
puriﬁed REEs presently make for most of the demand owing to
their use in fast growing applications ranging from consumer
electronics display panels to high-strength magnets. In light of this
demand evolution, there is a strong incentive to further process the
mixed REEs stream produced by plasma mass separation processes.
One option would be to rely on demonstrated chemical processes
very similar to those used for REEs extraction from ores
(Krishnamurthy and Gupta, 2015). Another option, discussed
below, is to carry out this process in a plasma. Among the foreseen
advantages of plasmas is the lack of secondary waste stream typically associated with the use of chemicals.
Separation of individual REEs can be envisioned in what is
referred to as advanced separation in the plasma separation
ﬂowchart depicted in Fig. 2. The output of the ﬁrst stage, made of
high purity mixed REEs, is fed into the second stage, where it is
separated based on atomic mass into individual REEs. Since
plasma mass separation operates by splitting the input feed into
two components based on atomic mass (three different components in some cases (Bardakov et al., 2010)), it would take
n + ln N=ln 2 stages to separate N distinct REEs. Note that n ( 5
since there are 17 REEs. A non-optimized scheme where particles
are collected and then re-ionized while passing from one stage to
the next would thus have a cost of about ð1 þ nÞC p , with C p the
plasma processing cost obtained in the previous section. However, an optimized scheme where ions pass from one stage to the
next, with no need for re-ionization, could bring the cost down
closer to C p . This could in principle be achieved in conﬁgurations where ions are extracted along the ﬁeld lines, such as crossﬁeld (Fetterman and Fisch, 2011a; Gueroult et al., 2014) and
curved magnetic ﬁeld (Timofeev, 2007) conﬁgurations. In the
limit of a perfectly optimized scheme, by which it is meant that
extra losses induced by the multi-stage scheme are negligible
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compared to C p , the cost for recovery of individual REEs would
be about C p .
For a perfectly optimized conﬁguration, producing 1 kg of Nd
from NdFeB magnets with zNd ¼ 0.27 would cost C p =zNd + $99. To
put things into perspective, the market price of 99.5% pure neodymium and dysprosium was respectively $39 and $185 per kg in
2016 (U.S. Department of the Interior, 2017). Due to the larger cost
of dysprosium, processing streams with larger dysprosium mass
fraction would be more proﬁtable. For example, plasma processing
of 1 kg of a magnet such that zNd ¼ 0.25 and zDy ¼ 0.04 would in
principle have a market value of $17, and would cost $27. This
plasma processing cost could be brought down to under $7 by 2030
assuming the cost targets for solar energy are met (U. S.
Department of Energy, 2016).
Another promising prospect for NdFeB magnets plasma processing lies in the distribution of ionization energy among the
various elements found in REMs. Looking at Fig. 6, REEs are found to
be the elements with lowest ionization energy ((6 eV), while iron,
boron and most of the additives and contaminants have ionization
energy above 7.5 eV. A consequence of this split is that, for given
plasma conditions, the ionization fraction of non-REEs should be
lower than the ionization fraction of REEs. In plasma processing, the
cost is directly proportional to the number of atoms ionized
(neglecting evaporation cost). If one could design a scheme such
that REEs are fully ionized and hence controllable through the
electric and magnetic ﬁelds while a signiﬁcant fraction of non-REEs
(mostly Fe) are not ionized, the cost could be greatly lowered.
Quantitatively, assuming only 40% of Fe and B atoms are ionized,
the processing cost could be brought down to $13 per kg of
Nd2Fe14B magnets. Going back to our previous example, plasma
processing of 1 kg of a magnet such that zNd ¼ 0.25 and zDy ¼ 0.04
would in principle have a market value of $17, and would cost $13.
In other words, it would be proﬁtable. It is worth noting here that
beneﬁts of partial ionization could obviously be combined with
lower cost for solar energy (U. S. Department of Energy, 2016) to
further decrease plasma processing costs.

Fig. 6. Ionization energy of the various elements typically found in Rare Earth permanent magnet waste. Among elements making over 95% of the mass content (Nd, Pr,
Dy, Fe and B), a gap in ionization energy of about 2 eV exists between REEs (in blue)
and non-REEs (in light green), as illustrated by the hatched region. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the Web
version of this article.)

Not overlooking that this last result is at best a ﬁrst rough estimate of what the cost of NdFeB magnets could be, it commands
comments. REEs recycling is generally not deemed economically
viable owing to recycling processes cost and current REEs prices.
However, it has been suggested that an increase of REEs prices by a
factor 1.5e10 could make recycling proﬁtable (Tsamis and Coyne,
2014), and that technology development should therefore be
continued to respond to this eventuality. To the extent that the
rough cost estimate derived above is not so high compared to the
market value of these elements, and that energy cost for solar could
become cheaper (U. S. Department of Energy, 2016), it stands to
reason that plasma separation should be further investigated along
with other promising processes. The rationale for investigating
plasma mass separation for REEs recycling is conﬁrmed when
considering that another hurdle on the way to the development of
REEs recycling processes is environmental impact. Indeed, since
plasma separation does not produce secondary waste (liquid or
solid) nor requires chemicals (see Table 3), it should have a very
minimal environmental footprint.
5. Conclusions
In this paper, the potential of plasma mass separation for rare
earth recycling was exposed through the example of NdFeB magnets recycling.
Owing to their key role in many fast growing applications, there
is presently a clear effort towards securing new supply options for
rare earth elements (REEs). One component of supply diversiﬁcation strategies is recycling. Although chemical techniques used for
REEs extraction from primary ores can also be used for this purpose,
their environmental impact is a concern. In contrast, plasma separation techniques, which do not require chemicals, have a very
minimal environmental footprint.
By analyzing the elemental mass distribution in typical NdFeB
magnets, it is shown that plasma mass ﬁlters have the potential to
separate efﬁciently REEs not only from Fe and B, but also from
contaminants an additives. A simple elemental mass separation
function, which represents an ideal plasma mass ﬁlter, is introduced to quantify separation efﬁciency. This model shows that the
purity level and extraction efﬁciency for the separated mixed REEs
stream can compare favourably to those of state of the art chemical
and high-temperature processes. This simple separation model is
further used to identify key parameters controlling the separation
efﬁciency.
A rough estimate of NdFeB magnets plasma processing obtained
on the basis of the energetic cost of both evaporation and plasma
formation and maintenance is shown to be within an order of
magnitude of the market value of the recovered mixed REEs. In
light of this ﬁnding, a multi-stage plasma separation concept
allowing to separate individual REEs from one another is presented.
This advanced separation concept is ﬁnally shown to have the potential to further lower the cost of plasma processing by maximizing the market value of separated elements.
The rough calculations presented here indicate that plasma
separation techniques could in principle be implemented to
recover rare earth elements from NdFeB magnets at a competitive
cost and with minimal environmental impact. However, to the
extent that large throughput plasma mass ﬁlters are still in a
relatively primitive stage of development, various elements
remains to be demonstrated to conﬁrm these conclusions. In
particular, it remains to assess how close practical separation performances can be from the ideal properties used in this study.
Nevertheless, in light of the large upside potential of these concepts, it stands to reason that plasma separation should be studied
along with advanced chemical and high-temperature techniques.
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Table 3
Overview of the relative advantages and disadvantages of hydo- and pyro-metallurgical processes and plasma separation for rare earth magnets recycling. Data for hydo- and
pyro-metallurgical is taken from Binnemans et al. (2013) and Yang et al. (2016). For plasma separation, the advantages and disadvantages are those anticipated in light of the
process intrinsic properties. These remain to be demonstrated.
Method

Advantages

Disadvantages

Hydro-metallurgical processes

- Can handle all types of magnet compositions.
- Mature processes used for rare earths from primary ores.

Pyro-metallurgical processes

- Do not produce liquid wastes.
- Fewer steps.

Plasma processes* (to be demonstrated)

- Can handle all types of magnet compositions.
- Do not produce secondary wastes.
- Single step.

-
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