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Abstract

During molten salt electrolysis of rare earths greenhouse
gas emission occurs causing environmental and climate
changes. In this study the electrochemical process win-
dow for didymium oxy-fluoride electrolysis is determined
by linear sweep voltammetry and staircase chronoamper-
ometry. Simultaneously the composition and the quantity
of gas generation are investigated by an in situ
FTIR-spectrometry in order to understand the process
phenomena happening at anode and the mechanisms
behind them. Different electrolyte compositions based on
NdF;, PrF; and LiF and various oxide amounts were
employed showing the diversity in off-gas ratios. Effects
of using two praseodymium-oxide compounds, namely
Pr¢O,; and Pr,O; used as raw materials, on the process
and amount of anodic gases is considered as well.
Perfluorocarbon (PFC) emission reduction is accom-
plished by electrolysis automatization by coupling the
FTIR-spectrometer with a controller which triggers the
oxide dosage preventing full anode effect.
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Introduction

Current increase in price for neodymium (Nd) and praseo-
dymium (Pr) oxide by +50% is direct consequence of their
application boost in green technologies, such as wind tur-
bines and electric cars, where didymium alloy (a mixture of
Nd and Pr) is one of the main components of permanent
magnets. This demand expansion leads to bigger
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neodymium and praseodymium production and therefore a
rise of greenhouse gases (PFCs, CO,) emission. Didymium
alloy is usually produced by melting the defined mixture of
pure neodymium and praseodymium metals which are
obtained by oxy-fluoride molten salt electrolysis similar to
aluminium electrolysis. Since separation of neodymium and
praseodymium by solvent extraction is difficult and costly
process due to their similar physical properties and knowing
that praseodymium even improves some magnetic properties
of Nd-based magnets [1-3] employing direct molten salt
electrolysis of their mixed oxides is more advantageous.
Another advantage is that the mixed Nd/Pr-oxide supplied as
final product from magnet recycling, can be used for direct
didymium production [4, 5] in place of primary extraction
route during which the radioactive waste is present.

Nevertheless, due to the Chinese monopoly in rare earth
metal production, scientists are confronted with the lack of
and difficultly accessing scientific articles regarding didy-
mium production by molten salt electrolysis. Some known
papers [6, 7] in English report only the viability of the
process but are without further explanations and are out-
dated, whereas accessible Chinese articles do not offer
enough data [8-10]. Investigation on the influence of elec-
trolyte composition on molten salt electrolysis of didymium
was recently done [11] but information on off-gas emission
is so far not known, initiating the research in this paper.
Off-gas emission during neodymium electrolysis is already
known [12-15] and is used as premise for didymium off-gas
analysis.

Experimental

In all experiments a mixture of rare earth fluoride and
lithium fluoride is used with 7:1 ratio at working temperature
of approximately 1050 °C. The rare earth fluoride compo-
sition is varied as shown in Table 1. The chemicals used as
electrolyte NdF; (Treibacher, >99.9%), PrF; (Treibacher,
99.9%) and LiF (Less common metals, >99.9%) were firstly
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Table 1 Electrolyte

. NdF; [wt%]
compositions

87.5

78.75
64.23
57.75

Oxide feeding - <— Thermocouple

W-reference

lid
W-counter Thermax steel
electrode body
C-working Graphite
electrode crucible

Fig. 1 Electrolysis cell setup

dried separately for 24 h at 250 °C, before they were
accordingly mixed, pre-melted and homogenized in a high
purity graphite crucible placed in a vacuum induction fur-
nace under argon inert atmosphere at ca. 1050 °C. Such
prepared electrolyte was stored under high purity argon
atmosphere (O,, H,O <1 ppm) within a glovebox (Jaco-
mex). Raw materials used Nd,O3 (Alfa Aesar, >99.9%),
Pr¢O,; (Treibacher, >99.0%) and Pr,Oz (Treibacher,
99.61%) were dried for 24 h at 120 °C, pressed, crushed in
pestle with mortar and sieved to particle size between 0.71
and 1.25 mm. The ratio of the dosed Nd/Pr-oxides was in all
experiments 73.4-26.6 wt% and the concentrations used in
electrolytes were varied between 0—4 wt%. The experimental
setup consisted of pure graphite crucible (SIGRAFINE®
R8510) filled with electrolyte (approx. 2 kg) and placed into
steel closed cell with Swagelok connections through which
the thermocouple type S with molybdenum sheath (Omega
Engineering GmbH) and electrodes were inserted (Fig. 1).
The lid of the cell is water cooled and had the dosing device
for oxides built in. As working electrode (WE) high purity
graphite rod (@6 mm, SIGRAFINE® R8510) was used,
whereas tungsten rod served as quasi-reference (W-QRE)
and counter (CE) electrode (@6 mm and @8 mm, respec-
tively, with purity 99.95%). The prepared steel cell was
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PrF; [wt%] LiF [wt%]
0 12.5
8.75 12.5
23.27 12.5
29.75 12.5

placed in a resistance heated furnace and flushed with argon
during whole experiments. All electrochemical measure-
ments were carried out with an  IviumStat
potentiostat/galvanostat (Ivium Technologies B.V.). Simul-
taneously off-gas measurements were done by Gasmet
DX4000 Fourier transformation infrared spectrometer (FTIR,
Ansyco). For the process control an appropriate software is
installed in Yokogawa UT55A Controller for dosing the
oxides if a certain voltage value is surpassed and/or CF,4 and
C,Fg (PFC) gases were detected.

Results and Discussion
Process Window/off-Gas Composition

Linear sweep voltammograms of NdF;-LiF (87.5-12.5 wt
%) and NdF;-PrF;-LiF (64.23-23.27-12.5 wt%) elec-
trolytes with different Nd,O3 and Nd,O3;—PrgO4; (73.4-26.6
wt%) concentrations were recorded on graphite electrode
with 5 mV/s scan rate which are shown in Fig. 2. Deter-
mined process window and off-gas composition for neody-
mium electrolysis (Fig. 2a) is used for comparison with
phenomena happening during didymium electrolysis
(Fig. 2b). Even now any firm conclusion on the mechanism
of the anode process in aluminium electrolysis can’t be
given, which is used as basis for rare earth electrolysis. It is
proposed that at low current densities the discharge of
oxygen ions takes place at the most active sites on the anode
surface, followed by its penetration into the carbon lattice
and by further increase of current density in depletion at the
anode surface [16]. Our neodymium experiments are com-
parable with previous research [12, 15] showing partial
passivation with oxygen containing ions attributed to peak
O, at around 1.7 V versus W-QRE where concentration of
these electroactive species reaches its maximum resulting in
high values of CO and CO, in off-gas. Anode current density
depends on added oxide concentration and reaches a maxi-
mal value of 0.9 A/cm? with oxide concentration >2wt%.
Afterwards full anode effect (O,) happens at approx. 2.3 V
versus W-QRE followed by current abrupt and PFC, namely
CF, and C,F¢ emission (Fig. 2a). In the case of electrolyte
that contains PrF; and with addition of PrgO,; full anode
effect is shifted more positive at around 3.0 V versus
W-QRE due to the more complex component system
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Fig. 2 a Linear sweep voltammograms recorded on graphite electrode
at 1050 °C in NdF;-LiF electrolyte with different Nd,O3 concentra-
tions and scan rate = 5 mV/s (above) with off-gases measured with an
in situ FTIR-spectrometer generated during electrochemical measure-
ments with 2 wt% oxide (below); b Linear sweep voltammograms

(Fig. 2b). Partial passivation occurs at the same current
density values ca. 0.9 A/cm? but in this case without sharp
current drop which is noticed in neodymium electrolysis.
This difference can be explained by various simultaneous
reactions of neodymium and praseodymium complex spe-
cies. Proposed anodic reaction for neodymium by Ste-
fanidaki [17] follows Eq. (1):

3[NdOFs]* —6e™ = 3/20,(g) +3Nd** +15F (1)

Based on that we can propose same complex of praseo-
dymium present in melt which oxidation as well generates
oxygen on anode according to Eq. (2):

3[PrOFs]* —6e~ = 3/20,(g) + 3PP +15F  (2)

Since the used PrgO; consists of mixture of Pr*" and Pr**
some other complexes [PrOF,]’” are probably present. The
influence of praseodymium valence in oxide raw material on
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recorded on graphite electrode at 1050 °C in NdF;—PrF;-LiF elec-
trolyte with different Nd,O3-Pr¢O;; concentrations and scan rate
v=5mV/s (above) with off-gases measured with in situ
FTIR-spectrometer generated during electrochemical measurements
with 2 wt% oxide (below)

process and PFC emission is investigated in Sect. “Influence
of Praseodymium Fluoride and Oxide on PFC Emission”.

The composition of the off-gases during didymium
electrochemical measurements is the same as in case of
neodymium consisting of CO, CO,, CF,4 and C,Fg as can be
seen in Fig. 2a, b (showing one exemplar measurement with
2 wt% oxide for simplicity). Nevertheless, the ratio and
amount differs and more gas is produced, especially CO/CO,
ratio increases. C,Fg emission starts after CF, evolution
showing the same tendency but with significantly smaller
amount then during neodymium electrolysis. This increase
in gas production is related to praseodymium molarity in its
oxide and fluoride, i.e. higher oxygen and fluoride content
and its availability. Additionally, Pr**-oxide present in
PrgOy; reacts spontaneously with carbon (AG < 0) follow-
ing the Eq. (3) and evolution of CO and CO,.

6PrO; + 2C = 3Pr,03 + CO + CO, (3)
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Influence of Praseodymium Fluoride and Oxide
on PFC Emission

In aluminium industrial electrolysis anode effect can occur
up to several times per cell per day producing around 37.4
million metric tons of greenhouse gases worldwide [18].
This frequency of anode effect can be assumed for rare earth
electrolysis requiring the analysis in which system and under
which conditions the PFC has the highest emission. In Fig. 3
can be seen the tendency of anode effect and accordingly
CF, evolution with increasing praseodymium content in
NdF;-PrF;-LiF electrolyte and different Nd,Os;—PrgOy;
oxide concentration. In this figure the maximal CF4 con-
centrations obtained during the measurements are taken into
consideration after which electrolysis is interfered. It can be
noticed that CF, amount decreases with increase of oxides in
system and above 2 wt% remains relatively constant with
increasing praseodymium content in electrolyte. This
behavior is similar to aluminium electrolysis where wetting
of the electrodes is worsened by alumina decrease leading to
spread out of the gas bubbles and increase of their concen-
tration on an anode [19] which in our case due to vertical
position of used anode manages to escape the bath. There is
so far no known research on the solubility of mixed didy-
mium oxide in its fluoride salts but those results can impli-
cate this chemical property as well. Nevertheless, the off-gas
concentration values should be more considered for quali-
tative description of the systems and processes rather than
for quantification of the off-gases due to many diverse
influencing factors.

3000
2500
2000
1500

1000

CF4 [ppm*100]

500

0 10 20 30 40
PrF3 in electrolyte [%)]

Fig. 3 Maximum CF, concentration in ppm * 100 in off-gas during
electrochemical measurements in different NdF;—PrF;-LiF electrolyte
systems with increasing praseodymium weight percentage and with
different oxide amounts at 1050 °C measured by FTIR-spectrometer
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Influence of Praseodymium Valence on Process
Window and off-Gas Composition

The systems containing Pr,O5; with Pr** and PrsO,; with
mixture of Pr’* and Pr** are investigated and compared.
Linear sweep voltammogram of NdF;—PrF;-LiF system
with different concentrations of Nd,Oz—Pr,O3 is shown in
Fig. 4a expressing quite similar trend as the voltammograms
done in the neodymium system without praseodymium
(Fig. 2a). This behavior was expected, since in this case
praseodymium and neodymium have the same valence 3*
and close decomposition potentials of —1.276 V and
—1.297 V, respectively calculated by FactSage® thermody-
namical software at 1050 °C. The partial passivation with
oxygen containing ions (peak O,) is clear to distinguish from
anode effect (peak O,) and these reactions are happening at
almost the same potentials, ca. 1.7 V versus W-QRE and ca.
2.3 V versus W-QRE, respectively. Higher current densities
are notable owing it to simultaneous oxidation reactions of
neodymium and praseodymium oxy-fluoride complexes
shown in Egs. (1) and (2) reaching the values of around 1.4
Alem?. The process window difference between systems
using Pr’* and mixture of Pr’* and Pr** in same electrolyte
presented in Fig. 4b clearly shows that additional oxidation
reactions are taking part in systems containing Pr** ions. As
assumed Pr** present in PrgO;; forms as well some other
oxy-fluoride complexes which are shifting the critical
potential values more positive and disable visibility of partial
passivation by oxygen containing species.

Principle and Implementation of Process Control

Electrolysis process control is usually focused on cell
potential and oxide concentration values. Since oxide con-
centration is quite difficult to measure in situ and online,
critical cell potential data are used to build a controller with
help of company Yokogawa, which would trigger the dosing
of the oxides by reaching this pre-set potential value [20].
Chronoamperometry measurements are done on chosen
potentials near oxidation reactions (O; and O,) (Fig. 5a),
allowing longer reaction time, during which off-gases are
measured (Fig. 5b) in order to confirm our results and
assumptions that CF; emission is detectable before full
anode effect occurs. As it can be seen CF, evolution happens
prior the full anode effect and after partial passivation,
whereas C,Fg is detectable afterwards when an anode effect
starts. From it can be concluded and confirmed that in partial
passivation only oxygen containing species are taking part
and CF, emission starts later at higher potentials. These
findings led to possibility for installment of an advanced
process control by connecting the FTIR-spectrometer
(Ansyco) with new model controller UT55A. As soon as
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Fig. 4 a Linear sweep voltammograms recorded on graphite electrode
at 1050 °C in NdF;-PrF;-LiF (64.23-23.27-12.5 wt%) electrolyte
with different Nd,O3—Pr,O5 (73.4-26.6 wt%) concentrations and scan
rate = 5 mV/s (above) with off-gases measured with an in situ

previously-set PFC concentrations are detected by in situ
FTIR-spectrometer, the signal will be send to controller,
triggering again the dosing of the oxides and preventing full
anode effect.

Conclusion and Outlook

Process windows for neodymium electrolysis (as reference)
and didymium molten salt electrolysis in different elec-
trolytes, using diverse mixed oxide concentrations and with
two different praseodymium oxides, namely Pr,O; and
PrgO,;, were determined. Critical potential for full anode
effect differs only in case when PrgO;; is used as the raw
material leading to a more positive shift of anode potential
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FTIR-spectrometer generated during these measurements in case with
2 wt% oxide (below) b) Comparison of process windows in NdF;—
PrF5-LiF electrolyte with 2.5 wt% Nd,O3;-Pr¢O;; and Nd,O3-Pr,03

values and impedes visibility of partial passivation by oxygen
containing species. Presumably, next to present [NdOFs]*~
and assumed [PrOFs]*™ at least one more praseodymium
oxy-fluoride complex exists taking part in oxidation reactions
on the anode. Simultaneously, the off-gases were measured
in situ by FTIR-spectrometer and analyzed. In regard to PFC
emission the use of higher praseodymium fluoride content in
electrolyte showed higher CF, and C,Fg concentrations in
case of anode effect, when the oxide amount was below 2 wt
%. Investigations show that CF, can be detected before full
anode effect, whereas C,F¢ is emitted at and after this phe-
nomenon. This fact was used for installment of a controller
triggering the oxide dosing after first CF, detection pre-
venting the system entering full anode effect. Next step
will be implementation of those fundamental findings into
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Fig. 5 a Chosen potentials for chronoamperometry presented on linear sweep voltammogram of NdF;—PrF;-LiF (64.23-23.27-12.5 wt%) system
with 1 wt% Nd,O3-Pr,O; (whole voltammogram in inset). b Off-gas composition during the chronoamperometry on potentials marked in
figure (a)

scaled-up long-term electrolysis with similar setup to an
industrial one in order to estimate the feasibility of the pro-
cess control, i.e. PFC emission reduction.
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