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Abstract

A new recycling process for the extraction of rare earths from neodymium—iron—boron (NdFeB) magnet scrap is being
developed, based on the direct extraction of rare earths from end-of-life magnet material in a molten fluoride electrolysis
bath. Rare earths are required in their metallic form for the production of new NdFeB magnets, and the suggested process
achieves this through a single step. The process is being developed on a laboratory scale and has been proven to work in
principle. It is expected to be environmentally beneficial when compared to longer processing routes. Conducting life cycle
assessment at R&D stage can provide valuable information to help steer process development into an environmentally
favorable direction. We conducted a life cycle assessment study to provide a quantitative estimate of the impacts associated
with the process being developed and to compare the prospective impacts against those of the current state-of-the-art
technology. The comparison of this recycling route with primary production shows that the recycling process has the
potential for much lower process-specific impacts when compared against the current rare earth primary production route.
The study also highlights that perfluorocarbon emissions, which occur during primary rare earth production, warrant further
investigation.

Keywords Rare earths - Molten salt electrolysis - Molten fluorides - Recycling - Ex-ante LCA - Perfluorocarbon (PFC)
emissions

Introduction the most important applications in terms of REE market

value [1]. Recent geopolitical REE supply risks have

Rare earth elements (REEs) play a key role for the
advancement of green technologies, with permanent
NdFeB magnets for efficient motors accounting for one of
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triggered an interest in their recycling, among other
strategies followed to alleviate potential supply risks [2, 3].
While industrial NdFeB scrap recycling is already prac-
ticed, end-of-life scrap is generally shredded and the REE
content lost into the steel fraction [1]. The diversities of
magnet applications, component design, and material
composition pose challenges to the development of col-
lection, disassembly, and recycling processes, which would
need to be established for the processing of end-of-life
NdFeB magnets [4]. However, there is a strong demand for
effective recycling of REE containing waste products, and
REE recycling from NdFeB magnets is expected to play an
increasingly important role in future REE supply [1, 5, 6].
Besides its role in mitigating REE supply risk shortages,
recycling is expected to be beneficial over primary REE
production from an environmental impact point of view for
a number of processing options which have been analyzed
in recent life cycle assessment (LCA) studies [7-9]. REEs
are required in metallic form for NdFeB magnet
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production. The prominent process for REE metal pro-
duction involves electrolysis of rare earth oxides (REOs),
obtained through primary production routes [10]. Direct
(magnet material recycling) or indirect recycling routes are
being developed to recycle the magnet material as a whole,
or to extract the REEs, respectively [2]. Direct recycling
processes can be expected to be most environmentally
advantageous due to the short processing routes, only
surpassed by magnet reuse [6, 9]. For indirect metallurgical
recycling, hydrometallurgical and pyro-metallurgical pro-
cesses are distinguished. Indirect routes offer more flexi-
bility in that they are less sensitive to contamination and
variability of the input material stream. They can produce
individual elements as outputs, but typically involve
numerous processing steps in which the rare earths are
separated from exogens (iron, boron, and impurities), and
individually separated and reduced from rare earth oxides
to metals [2, 11, 12].

A new recycling process has been developed, based on
the direct extraction of rare earths from end-of-life (EOL)
magnet material in a molten salt electrolysis bath, thereby
eliminating the need to conduct a more complex, multi-
stage process. This new process development is techno-
logically challenging, but a single-step recovery of REEs
from magnetic scrap is very attractive from an industrial
point of view [13]. Various research groups are working on
this topic [14-18]. Extraction processes are promising in
that they are generally suitable to handle NdFeB scrap with
variable compositions and contamination levels [19, 20].
Since the electrolyte is reusable and the processing chain
short, the recycling process is also expected to be envi-
ronmentally beneficial over longer processing routes
[13, 20]. The process offers some convenient technical
advantages over the current molten salt electrolysis process
used in primary REE production: First, it solves the prob-
lem of low solubility of REO in molten fluorides by con-
verting them to rare earth fluorides before subjecting them
to the electrolysis. Second, the common problem of
oxyfluoride formation from rare earth oxides (REOs) in
molten fluorides, which decreases the efficiency of the
electrolysis, is overcome. Third, the issue of fluorocarbon
formation on the anode is resolved by employing a reactive
anode instead of the conventionally used graphite anode,
which is anodically dissolved to regenerate the fluorinating
agent in situ in the electrochemical reactor.

Conducting a life cycle assessment study to support
R&D can provide valuable information to help steer pro-
cess development into an environmentally favorable
direction [21-24]. To date, no LCA studies have been
conducted for this new recycling process.

This paper presents an LCA study of a recycling process
during which REEs are extracted from scrap magnets
through molten salt electrolysis. The goal of this study was
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to help guide the development of this process, to identify
the process-specific impacts associated with this route and
to get an indication of how they compare against those of
the most common primary production route for rare earths.
The influences of important processing choices which
affect the environmental impacts of the process being
developed are discussed.

Process Description

The one-step recycling process to extract rare earth metals
from scrap magnets is being developed on a laboratory
scale at TU Delft. Nonmagnetized, uncoated magnet sam-
ples were used in the experiment. The magnets were ball
milled under inert atmosphere to increase the surface area
to facilitate the electrochemical reactions, and the powder
was inserted into the salt bath. This key process step (i.e.,
the electrolysis) is the most technologically challenging
one, and the focus of the research undertaken at TU Delft.

The experimental setup consists of an electrolytic cell
with lithium fluoride used as an electrolyte. Aqueous
solutions are unsuitable since the REE deposition potential
is well below the water decomposition potential, and the
major reaction would thus be the decomposition of the
electrolyte rather than REE deposition [13]. The cell is
positioned within a resistance furnace used to heat the bath
to obtain molten lithium fluorides (LiF). An iron anode and
a molybdenum cathode are used. The milled magnet
powder from which the REEs are to be extracted is added
to the electrolyte. The process temperature (~ 950 °C) is
maintained throughout the process, which is conducted
under a protective argon atmosphere to prevent oxidation
of the extracted REEs.

Neodymium fluoride (NdF3) is added to the mixture as
catalyst to initiate the electrolysis process. Current (from a
different circuit to the one heating the resistance furnace) is
applied to start the electrochemical reactions, which first
decomposes the NdF; (Eq. 1) since it is less stable than
LiF. Nd** is reduced on the cathode, and F, ions are
oxidized at the anode; hence, FeF; is formed on the anode
(Egs. 2 and 3). The anode is consumed in this process.

REF; — RE*" 4+ 3F

ForRE=Nd, E = —47VatT =950°C (1)
RE*" + 3¢~ — RE (2)
Fe 4+ 3F~ — FeF; (3)

FeF5 then reacts with the REE contained in the molten
magnet material, and the REE in the magnet material is
exchanged for Fe from the FeF; to form REF;, thereby
extracting and separating the rare earths from the iron and
boron (and other minor constituents such as Al, Co, etc.)
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(Eq. 4). The fluoride ions are thereby liberated and then
move on to the anode, which maintains the reaction. The
additional Fe in the magnet material takes the form of an
intermetallic phase, such as Fe,B or FeCo [25].

RE(magnet) + FeF;(salt) — REF;(salt) 4 Fe @)
(magnet)AG°[950°C] = —588kJ (Nd)

The cell voltage causes the REF; to dissociate again
(Eq. 1), after which the rare earths are reduced at the
cathode and are deposited in layers of different REEs, with
the (electrochemically) favored reaction happening first
(Eq. 2).

A variation of the process uses the scrap magnet
directly, i.e., the magnet material is not milled prior to the
electrolysis, but inserted directly into the electrolysis bath
in lieu of the iron anode. Hence, the scrap magnet is
simultaneously oxidized (Eq. 4) and anodically dissolved,
and reacts with FeF3, which is added directly into the bath
as fluorinating agent. As a result of this reaction, NdFj; is
formed, which will subsequently dissociate again (Eq. 1).

An unintended side reaction may occur in both process
variants, if the FeF; is decomposed before it reacts with the
scrap magnet material. In this case, the Fe would be
deposited at the cathode, and the fluoride ions would
maintain the anodic reaction. To what extent this happens
requires further research. However, REE-Fe alloys can be
directly used in magnet production.

Experimental SetUp

For the experiment, lithium fluoride (98.5%; Alfa Aesar)
was mixed in a glove box with the NdFeB magnets (sup-
plied by Magneti Ljubljana), previously ball milled into
fine powder. The magnet composition as provided by
Magneti Ljubljana is shown in Table 1. 15 g of milled
magnet powder were processed in one experiment. Neo-
dymium fluoride (99.9%; Alfa Aesar) was added in order to
initiate the electrolysis process. This mixture was then
charged into a graphite crucible' and heated up to 950 °C
for 3 h under argon atmosphere, with an applied current of
20 A for the resistance furnace, and 15 A for the processing
current driving the electrolysis [10].

After completion of the electrolysis, the samples were
analyzed by X-ray diffraction (XRD) as well as by Electron
Probe Micro Analysis (EPMA) in order to determine the
phases that are formed during the experiments and their
compositions. The conversion of the neodymium from the

! Fluoride is very corrosive, thereby limiting the options for materials
which can be used for the crucible. On an industrial scale, graphite
crucibles are commonly used. For research purposes, inert metals
such as Mo, Ni, Pt, and W can be used.

magnet into neodymium fluoride was earlier proved in the
same lab [26]. The results from XRD and EPMA show the
deposition of neodymium and dysprosium on the molyb-
denum cathode.

The experiments showed that the reaction between the
magnet material and FeF; (Eq. 4) works with a very good
efficiency in a lab setting. Furthermore, it could be shown
that neodymium and dysprosium can be extracted from the
magnet material, i.e., a REE mischmetal product can be
produced at the cathode, which corresponds to the com-
position of the REEs in the magnet. The REMs (rare earth
metals) are deposited individually in layers.

The process development is challenging due to the high
reactivity of rare earths at high temperatures: Despite the
protective atmosphere, the REEs are currently oxidized at
the cathode. So far, it could be shown that the process is
feasible in principle. Further experiments are required to
determine the recovery yield in lab- and pilot-scale envi-
ronments. Furthermore, the degree to which unintended
side reactions occur remains to be tested.

Methods: Life Cycle Assessment

A life cycle assessment study was conducted in accordance
with the goal and scope definition (Goal of the Study,
Considered Scope and System Boundaries section). For the
life cycle inventory (LCI) compilation, qualitative infor-
mation on the process was obtained in close collaboration
with the researcher developing the process. Since at the
time of writing, the process development so far had focused
mainly on the proof of principle, but had not yet been
implemented on an industrial scale, assumptions were
required to compile the foreground data (i.e., the process-
specific material and energy consumption, waste, and
emissions). They were based on relevant literature
regarding primary rare earth production and aluminum
production, and discussions with experts in the group
developing the process. To account for uncertainties
associated with the process-specific impacts of the fore-
ground process, a range of values are presented in the LCI.

The modeling was done in openLCA (Version 1.4.2).
Ecoinvent V3.2 (APOS) data were used to model the
background processes.” A standard set of impact assess-
ment methods (CML baseline, Version 4.4. of January
2015) was used for the assessment.

2 Background processes are processes not directly related to the
recycling process itself, such as the production of chemicals and
electricity used in the process.

@ Springer
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Table 1 Composition of the neodymium magnet supplied by Magneti Ljubljana analyzed with XRF (X-ray-fluorescence spectrometry)

Element Nd Dy Al Fe

Co Pr Cu Ga Total

Wt% 28.9 272 0.14 63.4

291 0.67 0.19 0.07 99.0

Goal of the Study, Considered Scope, and System
Boundaries

The aim of this study was to conduct a (gate-to-gate) life
cycle assessment study in order to determine the potential
impact of the one-step recycling process of REEs from
scrap NdFeB magnets through molten salt electrolysis.
Process developers can be informed about the potential
impacts of the process being developed, and about the
aspects that should be given special attention from the
point of view of reducing overall process impacts. Since
the process is at an early stage of development, the analysis
cannot present an exact figure. Rather, the influence of
different factors can be tested. The environmental impacts
from this process route can also be tentatively compared
against those of alternative primary production processes
for REEs.

Nd and Pr make up the bulk of the rare earth fraction in
Nd-Fe-B magnets. Since the focus of this study was on the
analysis of process-specific impacts, the functional unit of
this analysis was chosen as the production of one kg Nd-Pr
alloy through extraction from NdFeB magnet scrap. From a
technical point of view, the process is similar for all REEs.
The technical system includes the one-step molten salt
electrolysis recycling process, starting with the extraction
of the magnet from its compound (e.g., a motor), demag-
netizing, decoating and ball milling (Fig. 1). The product is
an REM alloy, at purity levels sufficient for use in magnet
production. The first life of the magnets, collection, and
transport of end-of-life magnet applications to the recycler
are not included in the analysis.’

The extraction of the magnets from EOL compounds,
demagnetizing and cleaning steps were not conducted in
the lab, but would be required if the process was imple-
mented in practice. They are therefore included in the LCI.
The focus of this study is on the electrolysis process since it
is the most technologically challenging processing step,
and the focus of research efforts of the researcher

3 The cutoff allocation method was used here, i.e., the impacts from
the first life cycle of the magnet are not accounted for, and the
material enters the recycling process burden free. The approach was
chosen since the focus of this study was on technology development
and thus impacts associated directly with the process being
developed.

@ Springer

developing the process. Data are compiled from the liter-
ature and complemented with expert discussions held with
the researchers developing the process, and data provided
by a magnet manufacturer.

Life Cycle Inventory Recycling Process:
Assumptions

Expected (Qualitative) Differences Between Lab-
and Industrial-Scale Setups

When using EOL magnets as input material for the elec-
trolysis, the magnets need to be extracted from their
compounds (e.g., motors), demagnetized, cleaned, and
milled.

The process being developed closely resembles the
Chinese state-of-the-art molten fluoride electrolysis process
for rare earth reduction [27]. Contrary to the laboratory
setup, which uses a resistance furnace to obtain the
required temperature of the salt bath and a power source to
drive the electrolysis, the heating and the current would
both be supplied from the same power source in an
industrial setup (Yang Y, 2016, personal communication).
The current is fixed and maintained at a certain level.
Current efficiency, defined as the percentage of the cell
current utilized to deposit the target metals at the cathode,
effectively varies over time. Among other factors, this
depends on the extent to which side- or back-reactions
happen, impurities are deposited, and short circuits occur
[28]. Since the same current drives both the heating and the
electrolysis process, some slight temperature variation is to
be expected. The cell resistance may increase during the
operation, e.g., due to an increase in impurities in the cell
[29].

In previously conducted lab-scale experiments, the focus
has been on proving process feasibility, rather than opti-
mizing energy and material utilization. For this reason, the
electrolyte is exchanged for each experiment conducted. If
the process was implemented on an industrial scale, the
electrolyte would be reused [13]. The infrastructure,
including the electrodes, electrolyte and the bricks which
are part of the cell construct, would typically be replaced
every 5 months [10].

It was assumed that the typical Chinese 3 kA technology
is representative of the technology size of the equipment
which would be used for the NdFeB recycling when
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Fig. 1 Processing steps for the
EOL-magnet recycling
process—two process variants,
with and without milling, and
for the primary production
process which was used for a
rough comparison (Bayan Obo)

(8]

Extraction o
magnet from Demagnetizing Cleaning
compound

) Ball-milling )Electrolysis

Extraction o

magnet from Demagnetizing Cleaning Electrolysis
compound
Mining Physical / chemical Solvent extraction with Electrolysis

beneficiation

calcination

implemented on an industrial scale.” It has been mentioned
in the literature that the process temperature is a factor
considered in optimization efforts for the industry process
[30]. The process developed at TU Delft can be conducted
at a slightly lower temperature than the industrial-scale
reduction of REO to REM. Since the differences in tem-
perature are expected to be small, the industrial setup is
assumed to be a representative estimate.

Extraction of the Magnet from the Compound,
Demagnetizing, and Decoating

The life cycle inventory data for the extraction of the
magnet from the compound, demagnetizing, and decoating
are based on a previously conducted life cycle assessment
study. The magnets are separated from the permanent
magnet motors with the help of pressurized air; demagne-
tized with infrared light, and cleaned/polished with silicon
carbide and reusable polyphenylene sulfid granulate. [9] A
detailed description of the processing steps analyzed in this
study can be found in [9, 11]. The data (presented in SI
Table 2), based on the extraction of magnets from traction
motors used in electric cars, are used here as a proxy for
different end-of-life NdFeB applications. It should be noted
that the losses of magnet material during the extraction
from its compound could, in practice, differ between EOL-
NdFeB applications. The effective removal of the magnets
will, in practice, depend on the development of suit-
able dismantling and/or extraction processes. Successful
trials have been undertaken for some applications, which,
besides traction motors, include hard disk drives and air
compressor motors [31, 32].

4 Although larger cells have been developed, the data given in the
literature are for the 3 kA cells which are said to be the most common
technology as of now.

Ball Milling of Magnet Material (Process Variant 1 Only)

After cleaning, the material is milled under protective
argon atmosphere to prevent oxidation. The milling step is
undertaken to increase the surface area to facilitate the rare
earth extraction. The energy consumption of the ball-mil-
ling step can be estimated from the hardness of the material
being milled, and the particle sizes before and after the
milling [33, 34] (SI Table 2). The grain size produced in
the lab experiment is ~ 200 pm.

Electrolysis

Magnet Composition The magnets can vary with regards
to their content of individual rare earths. Usually, Nd, Pr,
Dy, and Tb, and sometimes Gd are present in NdFeB
magnets. REEs have very similar electrochemical proper-
ties, and therefore show similar behavior in the process. No
distinction is made for magnets with different REE com-
positions for the purpose of this analysis, only the recovery
of Nd and Pr was modeled for the purpose of this study.

Process Yield With the current state of the lab experi-
ments, detailed information on process yields for the
reduction step, i.e., the fraction of the rare earth material
contained in the magnet material which can be harvested as
rare earth metal deposited at the cathode, is not yet avail-
able since the focus of the research has so far been on the
proof of principle. Hence, it is also not yet known to what
extent the milling of the magnet material improves the
yield. Therefore, a wide range from 50 to 95% was mod-
eled. The 95% corresponds to the best yield reported in the
literature for primary REM production [27]; the 50% rep-
resent a conservative estimate.

Energy Consumption In rare earth primary production,
reducing RE oxides to metal is the processing stage which
consumes most process energy per kg REM [35], and
research is being undertaken to improve the current

@ Springer
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efficiency for rare earth electrowinning processes with
alkali halides [36]. Energy is required to both drive the
extraction via a direct current and maintain the temperature
at which the reaction takes place (around 950 °C). The
energy consumption was assumed to be continuous
throughout the lifetime of the electrolytic cell (150 days).

The theoretical electricity consumption required for the
deposition current can be calculated using Faraday’s law
[28, 35], according to which for each type of metal, the
(theoretical) amount which is deposited can be calculated
for a given plating time and amperage. In practice, losses
occur due to side reactions etc. A current efficiency factor
of 65-78% is representative of the industrial fluoride sys-
tem [37, 38]. The power consumption for the DC current
driving the reaction is around 9-13 kWh/kg REM for
industrial processes, with a material yield of 90-95%
[10, 27, 35]. According to [35], the energy requirement is
on the higher end of this range for mischmetal and lower
for individual REM.

During plating time, the temperature has to be main-
tained—hence, the required plating time, which is a func-
tion of the amount of material processed, is approximately
proportional to the energy requirement for heating (if the
initial warm-up is neglected). Unlike in the lab experiment,
in industrial electrolysis processes, the heat is provided by
the same power source as the decomposition current. For
the Chinese “3 kA technology,” the current state-of-the-art
rare earth reduction technology, around three quarters of
the total energy is used for obtaining and maintaining the
temperature, while only 26% is attributable to the decom-
position current [10, 27, 39]. Heat is lost through various
routes; a detailed heat balance calculation is presented in
[10]. The energy consumption range reported in the liter-
ature was adopted in this study. The value given in the
literature refers to the REE output and is reported (in kWh/
kg REM produced). It was assumed that in the case of a
low recovery rate (50% assumed) the processing of the
magnet would take the same amount of time as in the case
of a higher (95% assumed) recovery rate, with approxi-
mately half the yield. Due to the fact that most of the
electricity is attributable to heat loss, which is related to the
process duration, and since it is not clear what additional
side reactions would occur, it is assumed that the energy
values given in the literature correspond to the rare earth
content in the magnet (i.e., the input material), rather than
the fraction recovered at the cathode. This means that the
electricity consumption per unit of REM alloy during the
electrolysis roughly doubles for the lower recovery rate.

Electrolysis Material Consumption and Disposal, Including
Auxiliaries and Infrastructure According to Vogel et al.
[27], citing Zhang et al. [40], the 3 kA cell infrastructure is
typically replaced every S months. In this period, around 10
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t (8.5-11.5 t) of REM are produced. It was assumed that the
complete infrastructure, including electrolytes and outer
structure, is replaced.

Literature data were used as a basis for an estimate of
the net electrolyte consumption. An estimate in the litera-
ture states that the net usage of LiF corresponds to
approximately 1-1.5% of the REM output weight [10].
This is in line with the figures reported for similar pro-
cesses elsewhere in the literature: Sprecher [8] published a
dataset for primary rare earth production, where some of
the assumptions were based on aluminum reduction pro-
cess data, which they adjusted, based on differences in
molecular weights. According to their dataset, 0.001 kg
cryolite is used per kg of liquid Nd in the electrolysis
process, and 0.01 kg of aluminum fluoride (with cryolite
and aluminum fluoride used as proxy substances for the
salts used in REM production). The total net salt con-
sumption amounts to 1.3 wt% of the REM content pro-
cessed. In aluminum production, the cryolite consumption
is around 0.05 and 1.75 wt% of the output weight of the
recovered aluminum, respectively [41, 42]. The estimate
for this study was based on the data from Siming et al. [10],
assuming that the LiF consumption is proportional to the
REM content of the input material processed (SI Table 3).

Emissions Contrary to primary REE production, the
recycling process causes no carbon monoxide or carbon
dioxide emissions during the anodic reaction, since instead
of the graphite anode, an iron anode is used (Eq. 3). Per-
fluorocarbon (PFC) emissions are an issue in aluminum
production, and there is indication that they might present
an issue in primary rare earth production, too—see Per-
fluorocarbon (PFC) Emissions. In the recycling process, no
carbon/graphite anodes are employed. The crucible is
typically made from graphite, thereby introducing carbon
into the cell. Alternative materials which could withstand
the corrosive nature are more expensive. However, the
pathways which produce PFC emissions in aluminum
reduction cells all refer to the anode(s) per se [43].
Therefore, it was assumed that no PFC emissions are
generated from the recycling process.

Assumptions Metal Scrap Recycling Regarding the EOL
magnet, no burdens from the first life of the magnet
(original production of the magnet) are assigned to the
scrap magnet entering the system. The iron which is left
over after the electrolysis from the magnet scrap is
assumed to be further processed.
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Life Cycle Inventory: Primary Production—Data
Assumptions

To obtain a tentative comparison, the production of Nd and
Pr from the recycling process are compared against the
primary production of Nd and Pr from Bayan Obo. Life
cycle inventory datasets for primary rare earth metal pro-
duction have previously been compiled [8, 44-47]. Pro-
cess-relevant  parameters (energy and/or material
consumption) are also reported outside the life cycle
assessment literature [27, 35]. The last step in the rare earth
metal production process, i.e., the electrolysis, is associated
with high-energy requirements, most of which are
accountable to heat losses [10].

In this study, the primary production of rare earth oxides
is based on the data from Sprecher et al.’s baseline scenario
[8]. The data are provided in the original publication.
However, the baseline dataset was adjusted as indicated in
this section, and in SI Table 1.

Update of Electricity Consumption Figures

To account for the range in electricity consumption values
reported in the literature, the figures in the primary pro-
duction dataset were adjusted in order to align them with
the assumptions made for the recycling process.

Update of Allocation Factors

The allocation of environmental flows to Nd and Pr was
updated. Value allocation was used to share the process
impacts from both multi-output stages, reflecting prices
from recent years (2013-2016). There are two stages in the
primary production of rare earths for which assumptions
regarding coproductions are necessary: the beneficiation
stage, where concentrated iron ore and rare earth concen-
trate are separated, and the solvent extraction stage
undertaken to separate individual rare earths. For the
beneficiation stage, around 74% of the output value is
attributable to the mixed rare earth concentrate [48], and
around 77% of the rare earth value after separation is
attributable to the “magnet REEs,” i.e., Nd and Pr (see SI
Table 4 for data used to calculate the updated allocation
factors for the allocation between individual REEs).

Perfluorocarbon (PFC) Emissions

Perfluorocarbon emissions are potent and very long-lived
greenhouse gases associated with aluminum and semicon-
ductor production [49]. During aluminum electrolysis,
PFCs are formed in unintended side reactions when the
fluorine from the salt bath reacts with the carbon from the

anode. Similar effects also occur during rare earth reduc-
tion, where graphite anodes are also state of the art [29].
The effects are, however, far less discussed compared to
the PFC emissions from aluminum and semiconductor
production, since the global production volumes for rare
earth metals are small ([43, 50]).

PFC emissions cannot be captured once released, so the
formation has to be managed via the control of process
conditions [39]. Both in aluminum and rare earth produc-
tion, the formation processes are complex and influenced
by a multitude of factors [39, 43]. A patent has been filed to
address this issue back in 1998 [51, 52]; but the solution
was later claimed impracticable [53]. Elsewhere in the
literature, PFC emissions associated with rare earth pro-
duction have also been acknowledged as an issue which
merits further investigation [54, 55]. Inert anodes (which
would eliminate the carbon anode), combined with new
types of electrolytes, are a research topic in molten fluoride
electrolysis [56, 57].

PFC emissions given in published life cycle inventories
for rare earth electrolysis are considered to be of similar
magnitude to those of aluminum production [8, 45], or not
listed in the inventory [44].

In recent years, a noticeable gap between reported and
measured PFC emissions has emerged, and efforts are
being made to improve emissions accounting for PFCs
from aluminum production [43, 49, 58]. Recent work by
Vogel et al. [39, 59] provides estimates for PFC emissions
from rare earth production based on a technology review
and lab studies. Their findings suggest a possibility for high
PFC emissions from rare earth production (when compared
against emission factors for aluminum in CO,-equ. per kg
of metal produced). The authors recommend the imple-
mentation of industrial measurements of PFC emissions in
rare earth smelters [59]. Two publications present mea-
surements of PFCs in industrial settings in Chinese REM
electrolysis plants [60, 61]. For those plants, GWPs from
PFC emissions (in CO,-equ. per kg of REM metal) were
found to be of similar magnitude to those of aluminum
metal.

For this study, the recent industrial measurements for
PFC emissions were adopted for the optimistic estimate.
For the pessimistic estimate, the emission factors from the
medium emission scenario in [59] were adopted to consider
possibly higher emissions that might occur in an illegal or
unregulated smelting plant.

Hydrogen Fluoride (HF) Emissions
Hydrogen fluoride is produced during aluminum produc-
tion and during rare earth electrolysis [10, 62]. When

contacted with water vapor, hydrogen fluoride forms
hydrofluoric acid. Both the gas and acid are toxic to
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humans, marine, and freshwater species. Fluoride emis-
sions can be managed via process control and through the
use of fume control systems [62]. In aluminum production,
HF emissions can be efficiently scrubbed with a very high
efficiency of ca. 99% [63]. Details on the management of
hydrogen fluoride (HF) emissions from rare earth elec-
trolysis could not be found in the literature; however, they
are mentioned in the literature as an issue [57]. According
to Vogel et al. [39] and Schreiber et al. [45], in rare earth
production, the emissions are managed via scrubbing.
Siming et al. [10] reports that HF emissions in rare earth
electrolysis are being addressed by the development of new
cell designs. The figure provided in [8] was adopted for this
study.

Results

The life cycle impact assessment was conducted with CML
baseline. Results are shown for a selection of impact cat-
egories, namely ozone depletion, human toxicity, depletion
of abiotic resources (elements, ultimate reserves), acidifi-
cation, depletion of abiotic resources (fossil fuels), photo-
chemical oxidation, climate change, and eutrophication.
The results from the ecotoxicity categories are not shown
in the results table (Table 2), which is justified in the next
section.

Comparing the Proposed Recycling Process
Against Primary Rare Earth Production

The results of the recycling route were compared against
the most common primary production route for Nd and Pr.
Due to the nature of the study, this can only be considered a
rough comparison.

Results indicate that recycling is beneficial for the
analyzed impact categories and almost all scenarios, with
the exception of the most pessimistic recycling scenario
(Table 2). When compared against primary production, the
results for this most pessimistic recycling scenario with
only 50% REM recovery and milling indicate that the
impacts would be lower than those for the primary pro-
duction route for the majority of impact categories—with
the exception of the result for the eutrophication category.
In this recycling scenario, eutrophication is mainly due to
electricity production, with more than half of the impact
originating from the preparation of the scrap magnet
material before the electrolysis.

Furthermore, results for the impact categories terrestrial,
freshwater, and marine ecotoxicity did not confirm this
trend for all scenarios. However, the contribution analyses
conducted for these categories raised some doubts about
the meaning of these results. For example, for the category
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terrestrial ecotoxicity, the production of REM from the
recycling route was associated with higher impacts than
primary production when the high (pessimistic) LCI esti-
mate recycling scenarios with milling. Results show that
for the recycling scenarios with milling, this category is
dominated by the steel used for the iron anode. This steel is
not required for the scenarios where the scrap magnet is
directly used as anode. The impact is largely from chro-
mium emissions to air during steel production, although a
low-alloyed steel dataset was used here (as a proxy for
silver steel). This result is very questionable for two rea-
sons: First, the steel consumption is based on a conserva-
tive assumption, i.e., a very generous amount of steel was
assumed, especially for the high (pessimistic) LCI estimate
(see SI Table 3). Second, and most importantly, the addi-
tion of chromium to the steel is not crucial for this
application.

Besides the findings from the contribution analysis, it
should be noted that the ecotoxicity categories (terrestrial,
freshwater, and marine ecotoxicity) are reportedly associ-
ated with high uncertainties [64], and therefore often
omitted by LCA practitioners. The marine ecotoxicity in
particular is not recommended for use for this reason.

Contribution Analysis GWP 100a: Recycling
Process

Metal production is an important contributor to global
warming [65]. It is therefore important to understand to
what extent recycling processes provide an advantage
regarding this issue over primary production [26, 66]. For
this study, the focus is on identifying the environmentally
important parameters in process development.

Against this background, a contribution analysis for
GWP 100a is presented. Results refer to the production of
1 kg Nd-Pr (alloy). For the recycling processes, a contri-
bution analysis for the best- and the worst-case scenario is
presented.

The best-case recycling scenario is the low (optimistic)
LCI estimate with 95% material recovery during electrol-
ysis and without milling. 57% are attributable to the elec-
trolysis, with 54% attributable to electricity for electrolysis
and 3% for material and infrastructure (Nd oxide, LiF,
etc.). A surprisingly large contribution is from the pre-
processing (43%, of which 22% is attributable to demag-
netization, and 18% to silicon carbide used for cleaning).
For the worst case recycling (high (pessimistic) LCI esti-
mate, 50% REE recovery, with magnet milling), only 40%
are attributable to the electrolysis (33% electricity for
electrolysis), and the other 60% to cleaning with silicon
carbide and demagnetization.
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Table 2 Recycling versus primary production: comparing environmental impacts between recycling and primary production for different
scenarios (impact per kg Nd/Pr alloy [different units] and impact recycling/impact primary production per kg Nd/Pr alloy [%])

One-step recycling process, 1 kg REM, low One-step recycling process, 1 kg REM, high
estimate estimate
Impact category (based on CML With milling Without milling With milling Without milling
baseline)
50% 95% 50% 95% 50% 95% 50% 95%

recovery recovery recovery recovery recovery recovery recovery recovery

Ozone layer depletion (kg CFC-11 eq.) 1.69E—06 9.36E—07 1.41E—-06 7.44E-07 3.30E—-06 1.74E—06 2.45E—06 1.2909E—06

Human toxicity (kg 1,4-dichlorobenzene 22 15 14 7 42 22 22 12
eq.)
ADP—elements, ultimate reserves 6E—05 4E—-05 3E—05 2E-05 1E—-04 5E—-05 5E—-05 3E—-05
(kg Sb-eq.)
Acidification potential—average Europe  0.15 0.09 0.13 0.07 0.30 0.16 0.23 0.12
(kg 8O, eq.)
Depletion of abiotic resources—fossil 309 170 259 136 612 322 459 242
fuels (MJ)
Photochemical oxidation—high Nox 0.0073 0.0043 0.0058 0.0030 0.0148 0.0078 0.0105 0.0055
(kg ethylene eq.)
Climate change—GWP100 (kg CO, eq.) 30 17 25 13 59 31 44 23
Eutrophication—generic (kg PO,— eq.)  0.07 0.04 0.05 0.03 0.13 0.07 0.09 0.05
Low LCI estimate recycling/low LCI estimate ~ High LCI estimate recycling/low LCI estimate
primary production primary production (%)
Impact category (based on CML With milling Without milling With milling Without milling
baseline)
50% 95% 50% 95% 50% 95% 50% 95%
recovery recovery recovery recovery recovery recovery recovery recovery
Ozone layer depletion (% change) 11 6 9 5 22 12 16 9
Human toxicity (% change) 4 3 2 1 7 4 4 2
ADP—elements, ultimate reserves (% change) 11 8 6 3 19 10 9 5
Acidification potential—average Europe 22 12 19 10 44 23 33 17
(% change)
Depletion of abiotic resources—fossil fuels 28 15 23 12 55 29 41 22
(% change)
Photochemical oxidation—high Nox 27 16 21 11 54 28 38 20
(% change)
Climate change—GWP100 (% change) 41 23 34 18 80 42 59 31
Eutrophication—generic (% change) 53 30 43 22 102 54 73 38
Low LCI estimate recycling/high LCI estimate ~ High LCI estimate recycling/high LCI estimate
primary production (%) primary production (%)
Impact category (based on CML With milling Without milling With milling Without milling
baseline)
50% 95% 50% 95% 50% 95% 50% 95%
recovery recovery recovery recovery recovery recovery recovery recovery
Ozone layer depletion (% change) 11 6 9 5 22 12 9 16
Human toxicity (% change) 4 3 2 1 7 4 2 4
ADP—elements, ultimate reserves (% change) 11 8 6 3 19 10 5 9
Acidification potential—average Europe 22 12 18 10 42 22 17 32
(% change)
Depletion of abiotic resources—fossil fuels 27 15 22 12 53 28 21 40
(% change)
Photochemical oxidation—high Nox 26 15 20 11 52 28 20 37
(% change)
Climate change—GWP100 (% change) 4 2 4 2 9 4 6 3
Eutrophication—generic (% change) 51 29 42 22 99 52 71 37
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Contribution Analysis GWP 100a: Primary
Production

For the low (optimistic) LCI estimate of the primary pro-
duction process, around 16% of the impact (GWP 100a) is
from the electrolysis step, of which 0.4% is from direct
emissions of PFCs, and 0.6% from upstream process
emissions of this processing step (infrastructure, salt etc.).
The other 14% are attributable to electricity consumed for
the electrolysis process step. Around 84% are
attributable to the processing steps before the electrolysis
(mining, beneficiation, roasting, leaching, and solvent
extraction). For the high (pessimistic) LCI estimate of the
primary production process, 76% of the GWP 100a impact
is attributable to direct PFC emissions from the electrolysis
process, with only 5% attributable to the electricity con-
sumption in the electrolysis process, and 19%
attributable to the production of the rare earth oxides.

Sensitivity of LCIA Results to Different Factors
Primary Rare Earth Production

For the primary rare earth production, an optimistic and a
pessimistic variant of the LCI dataset were modeled. A
single baseline dataset was used as a reference for the
primary production. The differences between the optimistic
(low) and pessimistic (high) LCI estimates originate from
the changes in this baseline dataset, namely the electricity
consumption during the electrolysis and the PFC emis-
sions. The PFC emissions only impact the results in cate-
gory GWP 100a, but for this category, the results are
extremely sensitive to the PFC emission estimates, with a
factor 4 between the optimistic (low) and pessimistic (high)
LCI estimates. This illustrates the strong influence of the
conservative PFC emission factor, representing unregu-
lated/illegal production. For other impact categories, the
electricity consumption is mainly responsible for the dif-
ferences, which amount to between 0 and 63% between the
low and high estimates across the impact categories.

To check the sensitivity of the LCIA results to price
fluctuations, prices from different time periods (and for
different places in the supply chain) were used, but the
results were not sensitive to this choice. Both a 1-year
average FOB price for 2014/2015 (the price which reflects
cost of production and transport to the harbor, but excludes
shipping) and a 3-year average price in US$ for 2013/2016
were used (see SI Table 4 for details). However, the dif-
ference was small, with 77.2 and 76.6% of the rare earth
values attributable to Nd and Pr, respectively.
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Recycling

For the recycling process, an optimistic and a pessimistic
variant were modeled as for primary production. In addi-
tion, the scenarios were varied with regards to the inclusion
of a milling step, and regarding the recovery rates (see SI
Table 2 and SI Table 3 for the LCI datasets).

When comparing the pessimistic (high) LCI estimates
against the optimistic (low) estimates for the recycling
process, the impact assessment results increase by 70-92%
on average across all impact categories (Table 2). This is
due to the LCI dataset entailing a large variation between
optimistic (low) and pessimistic (high) LCI values for the
pretreatment steps. These differences show up in the
results, especially for the scenario with milling and only
50% recovery, which enhances these differences. Within
the pretreatment steps, factors which noticeably impact the
results include the energy consumption for demagnetiza-
tion, the assumed argon consumption, material losses
assumed for the milling process, and the quantity of silicon
carbide used for magnet cleaning.

The influence of the inclusion of a milling step on the
environmental impacts of the recycling processes is 25%
on average for most impact categories (not considering
human toxicity and ADP elements). These two impact
categories are particularly sensitive to the inclusion of the
milling step, and the difference in impact is therefore lar-
ger, which can be explained by some of the components in
the steel used as anode material in the milling scenarios.

The results are, unsurprisingly, sensitive to the recovery
rate. As an optimistic estimate, it was assumed that 95% of
the rare earth elements can be recovered during the elec-
trolysis step. If the recovery rate was substantially lower
(50% was assumed), the impacts per kg Nd-Pr alloy
increase approximately by 85% on average which varies
depending on the impact category and scenario considered.

Summary and Conclusion

A life cycle assessment study was conducted for a one-step
molten salt electrolysis process employed for the recycling
of rare earths from scrap magnet material. The study was
conducted to identify potential environmental hotspots
early on during the process development, and to provide a
rough indication of how the potential impacts of this sec-
ondary rare earth production route would compare to the
impacts of the primary production routes. The results from
this paper should be interpreted as an early estimate of
potential impacts associated with the process being devel-
oped that can serve as a basis for further investigations.
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The comparison of this recycling route to primary pro-
duction shows that the recycling process has the potential
for much lower process-specific impacts compared to the
current rare earth primary production route. Since the
recycling process is at an early development stage, the
main focus has been on demonstrating that the process
works in principle. Therefore, the influences of different
processing choices and data assumptions on the results
were tested. Even when a low REE recovery rate of 50%
during the electrolysis is assumed, the recycling process is
environmentally friendly for the majority of impact cate-
gories. Results show that the material recovery rate is
crucial to the overall impact of the recycling process.
Furthermore, the choice of preparation steps also influences
the overall impact. In contrast to this, the cell infrastruc-
ture, which has been included in the study due to a rela-
tively frequent need for replacement (every 150 days),
does not have a big impact on the overall results. For the
preparation steps, data assumptions should be further
redefined in future studies. For the cleaning step in par-
ticular, which does not appear to be negligible in terms of
impact contribution, it is recommended to further investi-
gate what level of cleaning is actually necessary before the
electrolysis.

The inclusion of the milling step can play a crucial role,
but the difference is particularly large for the toxicity
categories, and due to the assumed composition of the iron
anode rather than the milling itself. The ecotoxicity cate-
gories are characterized by high uncertainties, and the
additives in the steel which drive the impacts are not
necessarily required in the anode material. Furthermore, it
must be highlighted here that the purpose of the inclusion
of the milling step is to increase the material recovery rate
of the process. To what degree this happens could not yet
be considered in these scenarios, since this had not been
analyzed by the researchers developing the process until
the time of writing; i.e., the milling step and the material
recovery rate were modeled as if they were independent.
However, this is an important knowledge gap without
addressing which it is difficult to draw conclusions about
whether the magnet should be milled or not from an
environmental impact point of view. Thus, process devel-
opment should focus on optimizing material recovery, and
investigate to what extent milling improves the recovery
rates.

Literature focusing on technical process improvement in
rare earth primary production mentions potentially large
additional impacts from PFC emissions in primary rare
earth production which have not yet been discussed in LCA
literature. PFC emissions from the rare earth industry are
currently not reported, but have very high global warming
potentials, i.e., even small quantities emitted could make a
large contribution to the overall impact. Recent

measurements in rare earth smelting plants found PFC
emissions to be of similar magnitude to those in aluminum
production, i.e., on the lower end of the range assumed for
this study. However, due to a potential for high emissions
in the absence of process control, further PFC emission
measurements are recommended. If this is shown to be an
issue, rare earth producers should be encouraged to report
PFC emissions, as is done by aluminum manufacturers
[43].
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