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Electrochemical separation of Mn(II) impurity from molten salt electrolyte
for magnesium electrolysis
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Abstract: The electrochemical separation of Mn(II) impurity from molten NaCl-KCIl-MgCl, was systematically
investigated to facilitate the electrolytic production of high-purity magnesium. The reduction of Mn(II) to Mn metal on
tungsten electrode was a quasi-reversible process controlled by diffusion. The apparent standard potential and exchange
current density of Mn(IT)/Mn(0) electrode reaction were determined at temperatures ranging from 973 to 1048 K. Solid
Mn metal generated during electrolysis aggregated into irregular clumps and adsorbed some needle-like MgO, imposing
a detrimental effect on both the aggregation and the purity of magnesium metal. After electrolysis at —1.5 V in molten
NaCl-KCI-MgCl,—0.62wt.%MnCl, for 8 h, the concentration of MnCl, impurity decreased to 0.037 wt.%, achieving a
removal efficiency of 94.14%. When direct electrolysis was performed in molten NaCl-KCI-MgCl,—0.62wt.%MnCl,,
the obtained magnesium metal was small blocks with a caviar-like appearance, and the purity was just 98.59%. In contrast,
a large globule of magnesium metal was obtained when electrolysis was performed in the purified electrolyte, and its
purity was improved to 99.94%. The controlled-potential electrolysis proposed in this work has been verified to be a green
and practically effective method to separate the metal ion impurities from molten electrolyte for high purity magnesium
extraction.

Keywords: electrochemical separation, Mn(II) impurity; high purity magnesium; removal efficiency; molten salt
electrolyte

consumption, large-scale production, and more

1 Introduction

Magnesium is well-known for its excellent
properties and has been widely applied in the auto-
motive, aerospace, 3C (computer, communication
and consumer electronics) and other industrial fields
in the world [1—4]. The global magnesium market is
growing at a compound annual growth rate of about
5%, and is forecasted to reach 1.6x10°t by 2027 [5].
The electrolytic technology based on the molten salt
electrolysis of anhydrous magnesium chloride or
carnallite [6], is one of the two main techniques for
the industrial production of metallic magnesium on a
worldwide scale due to the significant advantages
such as continuous operation, relatively low energy

environmental friendliness [7]. Since MgCl, has an
inexhaustible supply from brines, the electrolytic
technology is considered to have greater application
prospects in the future.

The impurities, especially the metal ion
impurities such as Fe, Ni, Mn, Cu, and Al ions, are
detrimental to both the magnesium purity and current
efficiency [8]. The elimination of ionic impurities is
necessary for the electrolytic magnesium production.
On the other hand, electrorefining in molten salts is
practicable for the recycling of magnesium metal,
which is regarded as a crucial technology to expand
the usage of magnesium in the future and fits well
with the concept of green chemistry regarding the
circular economy and near zero-emission [9]. There
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is no doubt that some other metal impurities are
contained in the magnesium scrap, and their
contamination of magnesium metal should be
properly controlled in the electrorefining process.
Therefore, the investigation on the electrochemical
behavior of impurity elements is of great importance
to both the electrolytic production of magnesium
metal and the electro-recycling of magnesium scrap.

The electrochemical behaviors of Fe, Ni, Mn,
Cu and Al have been extensively explored in melts
consisting of alkali metal chlorides [10—18].
However, the electrolysis and electrorefining of
magnesium are usually conducted in the melts
containing MgCl, as a main ingredient, such as the
NaCl-KCI-MgCl, system or the NaCl-CaCl,—
MgCl, system. The reported results may not be entirely
accurate or applicable to the molten salt system for
magnesium electrolysis, since both the chemical and
physical properties vary among different systems.
Only a few studies, focusing on the electrochemical
behaviors of Fe, Ni, and Cr, have been conducted
in the molten salt system for magnesium electro-
lysis [19—22]. MnCl; is a common impurity in the
chloride raw materials for electrolytic magnesium
production, and thus Mn(Il) is introduced into the
electrolyte as a typical impurity ion [21,23]. So far,
the details on electrochemical behavior and separation
of Mn(Il) in the electrolyte for magnesium electro-
lysis have not yet been fully clarified.

In this study, the electrochemical behavior of
Mn(II) and its impact on the aggregation and purity
of magnesium metal were thoroughly examined in
the NaCl-KCI-MgCl, system. Consequently, a new
method based on controlled-potential electrolysis
was proposed to separate metal ion impurities from
the molten salt electrolyte, and it was verified to be
an effective approach for the purification of molten
salt electrolyte due to its technical, economic, and
environmental benefits. This work will provide
further insights into the electrochemistry of impurity
ions in molten salt electrolysis of magnesium metal,
as well as lithium, calcium, and beryllium metals,
and may also lay a theoretical foundation for their
recycling from scraps via electrorefining technology.

2 Experimental

2.1 Chemicals and preparation of molten salt
electrolyte
The molten salt electrolyte used in this research
was a chloride mixture (177 g) composed of

anhydrous NaCl, KCI and MgCl, in a molar ratio
of 42:42:16. The chloride mixture was kept in a
corundum crucible and heated at 473 K overnight to
remove residual moisture, and then raised to 973 K
and maintained for 60 min. Anhydrous MnCl, was
introduced directly to the electrolyte as the source
of Mn(II) without any additional treatment. All the
metal chlorides used were of analytical grade and
commercially available.

2.2 Experimental setup and electrochemical

methods

All the electrochemical experiments were
performed in a three-electrode system using an
electrochemical workstation (PGSTAT 302 N) that
was controlled by the software Nova 2.1. A tungsten
wire (1 mm in diameter, 99.99% purity), a spectrally
pure graphite rod (6 mm in diameter), and an Ag
wire (1 mm in diameter, 99.99% purity) immersed
in the solution of NaCl-KCl-MgCl,—2.0mol%AgCl
contained in a mullite tube served as the working
electrode, counter electrode, and reference electrode,
respectively. The lower end of the tungsten wire was
polished thoroughly and cleaned before use, and the
active surface area of the working electrode was
calculated by determining the length that was
immersed in the electrolyte after the experiment.

The electrode reaction of Mn(II) in the NaCl—
KCI-MgCl; electrolyte was examined on tungsten
electrode by cyclic voltammetry (CV), square wave
voltammetry (SWYV), chronopotentiometry (CP) and
open circuit chronopotentiometry (OCP). Electro-
chemical separation of Mn(II) and electrolytic
extraction of magnesium metal were conducted by
potentiostatic electrolysis in the electrolyte at
973 K. All the electrochemical experiments were
accomplished under the protection of flowing high-
purity argon. After electrolysis, the deposits were
extracted from the electrolyte, and then cleaned
ultrasonically with ethanol or deionized water, and
subsequently dried in vacuum.

2.3 Characterization

The contents of Mn and other elements in the
samples were determined using an inductively
coupled plasma optical emission spectrometry
(ICP-OES, Avio 200). The elemental composition
and chemical state were identified using X-ray
photoelectron spectroscopy (XPS, NEXSA). The
crystalline phases of the electrolytic products were



1002
characterized by X-ray diffraction (XRD, D8
Advance) with CukK, radiation, and the

microstructure and element distribution were
examined with field emission scanning electron
microscopy (FESEM, Mira3 XMU) equipped with
X-ray energy-dispersive spectroscopy (EDS).

3 Results and discussion

3.1 Electrochemical behavior of Mn(II)

The electrochemical behavior of Mn(II) during
magnesium electrolysis was initially investigated
by CV on an inert tungsten electrode. Figure 1(a)
represents the comparative CV curves measured
on tungsten electrode before (dotted line) and
after (solid line) the addition of 0.62 wt.% MnCl,
to the molten NaCI-KCl-MgCl, at 973 K. Only
one couple of redox peaks A/A’' appears at
about —1.80 V/~1.64V in the blue dotted line,
corresponding to the Mg(Il)/Mg(0) electrode
reaction. After the addition of MnCl, to the
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electrolyte, a new couple of redox peaks B/B' at
approximately —1.30/—1.17 V appears in the forward
and reverse scans, and can be ascribed to the
deposition and subsequent dissolution of Mn metal.
No other redox signals, except for A/A" and B/B’, are
observed in the electrochemical window. This
implies that in the NaCl-KCI-MgCl, electrolyte,
Mn(II) ions are directly reduced to Mn metal on a
tungsten electrode through the following reaction:

Mn(II)+2e=Mn(0) (1)

It is evident that the oxidation peak B’ exhibits
a much higher current amplitude than the reduction
peak B. This is the characteristic feature of the
generation of an insoluble substance on the electrode
during the reduction process. Additionally, it can be
seen from Fig. 1(a) that the deposition potential of
Mn metal is approximately 0.5 V more positive than
that of Mg metal, and Mg does not combine with the
preferentially reduced Mn metal to form Mg—Mn
alloy through underpotential reduction, suggesting
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Fig. 1 CV curves measured on tungsten electrode in molten NaCl-KCI-MgCl, before and after addition of 0.62 wt.%

MnCl; (a), and at different scan rates within scan range from —0.9 to —1.5 V (b); (c) Variation of peak potential versus

logarithm of scan rates; (d) Relationship between cathodic peak current and square root of scan rate (Temperature: 973 K;

electrode surface area: 0.322 cm?)



Zhi-wen ZHAO, et al/Trans. Nonferrous Met. Soc. China 36(2026) 1000—1014 1003

that the electrochemical separation of Mn(Il)
impurity from the NaCl-KCIl-MgCl, electrolyte
should be feasible.

To explore the reversibility and control step of
Mn(II)/Mn(0) electrode reaction, CV tests were
performed in the molten NaCl-KCI-MgCl>,—0.62wt.%
MnCl, with the scan rates varying from 0.10 to
0.40 V/s within the potential range from —0.9 to
—1.5V, as shown in Fig. 1(b). The curves of peak
potential (¢p,) versus the logarithm of scan rate (Ig v)
were plotted (Fig. 1(c)). It can be seen that the anodic
peak potential (¢p.) exhibits a negligible excursion
with the increase of scan rate, and the cathodic peak
potential (gppc) displays a slight negative shift when
the scan rate is higher than 0.30 V/s. Accordingly,
the electrochemical reduction of Mn(II) on tungsten
electrode in molten NaCI-KCI-MgCl, is considered
as a quasi-reversible process [24,25]. Furthermore,
the cathodic peak current (/) increases gradually
with increasing scan rate, since the diffusion layer
becomes thinner at a higher scan rate. As shown in
Fig. 1(d), I, is directly proportional to the square
root of scan rate (v'?), meaning that the
electrochemical reduction of Mn(Il) in the molten
salts is controlled by diffusion. When the reduction
product is an insoluble metal, the Berzins—Delahay
equation is valid for quantitatively calculating the
diffusion coefficient (D) [26]:

IPC:_O.61SCO(nF')NZ(RT)fl/ZVI/ZDl/Z (2)

where S is the surface area of the working electrode
immersed in electrolyte (cm?), Co represents the
concentration of Mn(I) ions (mol/mL), n corresponds
to the number of the electrons transferred, ' and R
denote the Faraday’s constant (96500 C/mol) and the
molar gas constant (8.314 J/(mol-K), respectively,
and 7 is the thermodynamic temperature (K). Based
on the slope (k) of the fitted line in Fig. 1(d), the
diffusion coefficient of Mn(Il) in the NaCl-KCl—
MgCl, electrolyte at 973 K is calculated to be
approximately 4.4x107° cm?/s, which is in the same
order of magnitude as those reported in previous
literature [15—17,27-30].

Figure 2(a) displays the SWV curves for the
molten NaCl-KCI-MgCl,—0.62wt.%MnCl, system
at different frequencies. Only one electrochemical
signal corresponding to the reduction of Mn(II) ions
was detected at around —1.3 V, and the reaction is
likely quasi-reversible since the reduction peak
potential of SWV curves is nearly independent of
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Fig.2 SWV curves of molten NaCl-KCl-MgCl,—
0.62wt.%MnCl, measured on tungsten electrode at
different frequencies (a) and at 10 Hz (b) (Temperature:
973 K; electrode surface area: 0.322 cm?)

frequency. These results were consistent with those
observed in CV curves. It can be seen from the inset
in Fig. 2(a) that the peak current (/,) is directly
proportional to the square root of frequency (f '),
and the number of electrons transferred in this
process can then be determined by the following
formula [31]:

RT
W, =3.52— 3
12 F €)

where Wi, is the half-peak width (V). It should be
noted that the shape of SWV curves is not fully
symmetrical. This may be ascribed to the nucleation
overpotential or nucleation effect [32,33], and
consequently the increase of the current was delayed.
Therefore, Gauss fitting was applied to peak B in the
SWV curves by taking only left part into account
when determining the half-peak width, because the
left part was not affected by the nucleation effect, as
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depicted in Fig. 2(b). According to this treatment
method, the value of W), was measured to be
0.128 V, and the number of electrons transferred in
the electrode reaction was calculatedto be 2.3 (=2),
further confirming that the reduction of Mn(Il) on
tungsten electrode is a one-step process exchanging
two electrons.

The electrochemical reduction of Mn(Il) in
molten NaCl-KCIl-MgCl, was further investigated
by CP, as shown in Fig. 3(a). Plateau B is attributed
to the electrochemical reduction of Mn(Il) to Mn
metal. Afterwards, the potential rapidly shifts to a
limited value of about —1.80 V, which corresponds
to the reduction of Mg(Il). Herein, the transition
time (7), which is the necessary time for complete
consumption of the electroactive species around the
electrode and attributed to the diffusion of ions in
the layer of electrolyte, can be determined from
CP curves according to the method described in the
literature [34], as shown in Fig. 3(b). Therefore, the
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Fig.3 CP curves for molten NaCl-KCI-MgCl,—
0.62wt.%MnCl, attained on tungsten electrode with
various applied currents (a) and applied current of 31 mA
showing determination of transition time (b) (Temperature:
973 K; electrode surface area: 0.322 cm?)

transition time for Mn(II) reduction decreases
naturally as the applied current increases. The
correlation of inverse square root of transition time
(r''"?) with the applied current (/) shows a good
proportional relationship (shown in the inset of
Fig. 3(a)). Consequently, the diffusion coefficient (D)
of Mn(Il) can also be estimated from the slope of the
fitted line based on Eq. (4) [35]:

I12=0.5nF CoSn'?D"? (4)

The diffusion coefficient of Mn(II) calculated
by Eq. (4) is about 8.0x107 cm?/s. The value is larger
than the one calculated by CV, but they are in
the same order of magnitude. The discrepancy
may be related to the combination of experimental
conditions and testing methods [36].

The apparent standard potential is an important
thermodynamic parameter and is often employed to
probe the electrochemical reactivity of ions in the
electrolyte [37]. In this case, the standard electrode
potential of Mn(I1I)/Mn(0) ((pl(\)/ln(ll)/Mn(O) vs Ag/AgCl)
can be determined by the Nernst equation:

RT . a
eq _ 0 Mn(Il)
Prin(yMn(0) ~ Pin(nyMn(0) T In

(%)
Anin(0)

where gyl vy means the equilibrium potential
of Mn(II)/Mn(0) couple (V), and amnan and amn()
denote the activities of Mn(I) and Mn metal,
respectively. The activity of pure Mn metal is equal
to 1.

The apparent standard potential of Mn(II)/Mn(0)
couple ((/);,?H(H)/Mn(o)) has the following relationship

with the standard electrode potential:

* RT
0 _ 0
DOMn(yMn(0) ~ PMn(nMn(0) +Eln YMn() (6)

where  yypan (S X ymany ) stands for the activity
coefficient of Mn(II), and Xy is the concentration
of Mn(Il) in the electrolyte. Combining Egs. (5)
and (6), (p;,?n(m/Mn(o) can be calculated based on the
following equation:

*0 ___eq _
€0Mn(11)/Mn(0)_¢’Mn(u)/Mn(0) Fln X Mn(II) (7)

Therefore, @y, e should be determined
beforehand. OCP method is an appropriate method
that is often utilized to determine the equilibrium
potential in the molten salt system [37—40]. In this
work, Mn metal was initially deposited on the
tungsten electrode by potentiostatic electrolysis at
—1.5V for 100 s. Then, the current was turned off
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and the variation of electrode potential with time was
recorded versus the Ag/AgCl reference electrode. As
shown in Fig.4(a), a stable potential plateau
corresponding to the equilibrium potential of
Mn(I1)/Mn(0) can be obtained at each temperature.
Table I summarizes the equilibrium potentials
measured on tungsten electrode by OCP at different
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Fig. 4 (a) OCP curves measured on tungsten electrode at
different temperatures in molten NaCl-KCl-MgCl,—
0.62wt.%MnCl, after potentiostatic electrolysis at —1.5 V
for 100 s; (b) Variation of apparent electrode potential of
Mn(II)/Mn(0) with temperature (Electrode surface area:
0.322 cm?)

Table 1 Equilibrium potential, apparent standard electrode
potential and exchange current density (Jo) of
Mn(II)/Mn(0) redox couple in molten NaCI-KCI-MgCl,
at different temperatures

K 0% (vs Ag/AgCl)/ ¢ (vs Ag/AgCl)/ Jo/

\% \% (mA-cm?)
973 —1.256 —1.018 7.68
998 —1.252 —1.008 9.9
1023 —1.247 —0.996 10.05
1048 —1.243 —0.986 10.88

temperatures. It indicates that an increase in
temperature results in a slight positive shift of
the equilibrium potential, suggesting that high
temperature is favorable for the reduction of Mn(II).
Furthermore, the apparent electrode potentials (vs
Ag/AgCl) at different temperatures can be calculated
by resolving Eq. (7) and are also summarized
in Table 1. According to the data, the temperature
dependence of the apparent standard potential of
Mn(I1)/Mn(0) (Fig. 4(b)) in the present work can be
expressed as follows:

Prtunno (VS AZ/AgCI=—1.439+4.32x107T (8)

It is noteworthy that the apparent electrode
potential of Mn(11)/Mn(0) couple (vs Clo/CI") cannot
be further calculated since the potential (vs Ag/AgCl)
measured in this work cannot be converted to the
potential (vs Cl,/CI").

Exchange current density is an important
electrochemical parameter representing the kinetic
characteristics of the reaction at the electrode/
solution interface in the equilibrium state. A lower
exchange current density implies that a slow redox
reaction occurs while a higher value means the
opposite. The magnitude of exchange current density
also has a significant impact on the nucleation
and the growth processes of electrodeposition, and
consequently on the morphology and structure of the
deposits. Electrodeposition with a high exchange
current density typically results in a needle-like
morphology, while a low exchange current density
leads to a compact morphology [41]. Exchange
current density is often determined using the Butler—
Volmer equation, which can be simplified into two
different equations depending on the magnitude
of the overpotential applied [42]. To prevent the
electrode surface from being completely covered by
solid Mn metal, the linear polarization technique was
adopted in this work to determine the exchange
current density by applying a low overpotential. The
simplified formula can be described as follows:
Iy 9
where J and Jy stand for the net current density
(A/cm?) and the exchange current density (A/cm?),
respectively, and 7 is the overpotential (V), equal to
the magnitude of the electrode potential deviating
from the equilibrium potential.

Figure 5 displays the linear polarization curves
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of Mn(II)/Mn(0) in molten NaCl-KCl-MgCl,—
0.62wt.%MnCl; at various temperatures. There is a
well-defined linear relationship between J and 7, as
shown in the inset of Fig. 5. According to the slope
acquired from the fitted linear polarization curves,
the Jo of Mn(I1)/Mn(0) electrode reaction at different
temperatures can be estimated by employing Eq. (9)
and is listed in Table 1. The value of Jy increased
from 7.68 to 10.88 mA/cm?, indicating a progressive
promotion of electrode reaction with the temperature
increasing from 973 to 1048 K. It confirms that
rising temperature is favorable for electrochemical
separation of Mn(II) impurity. It is noteworthy that
Jo 1s a kinetic parameter of the electrode reaction in
equilibrium, which is related to the nature of the
electrode reaction, reactant concentration, electrode
material and temperature [11]. Due to the tiny
variation of reactant concentration and surface state
of the electrode, the Jy acquired is an estimated value
and may not be perfectly accurate.

=998 K
41023 K
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Fig. 5 Linear polarization curves acquired from molten
NaCl-KCIl-MgCl,—0.62wt.%MnCl, after potentiostatic
electrolysis at —1.5V for 100s with inset showing
relationship between J and # (Electrode surface area:
0.322 cm?)

3.2 Stability of Mn(II) in molten NaCIl-KCl-

MgCl; electrolyte

In this work, only one redox couple,
Mn(I1)/Mn(0), is present within the electrochemical
window ranging from —0.20 to —1.95 'V, as depicted
in Fig. 1, signifying that Mn(II) is stable in molten
NaCl-KCIl-MgCl, at 973 K and will not be further
oxidized to the cation with a higher valence state
such as Mn(IV), Mn(VI) or Mn(VII) during the
electrochemical process. To further ascertain the

stability of Mn(II) ions in the electrolyte system, the
presence of manganese in molten NaCl-KCl—
MgCl,—MnCl, was examined using XPS analysis.
Figure 6(a) displays the XPS survey spectrum
of NaCl-KCI-MgCl,—MnCl,, which was directly
sampled from the molten salt electrolyte after
chilling. It reveals the existence of Na, K, Mg, Mn,
Cl and O elements, as determined by the binding
energy values calibrated against C 1s at 284.60 eV.
In addition to the first five elements, the presence of
O element is likely attributed to the deliquescence of
the anhydrous chlorides due to their high propensity
to absorb moisture.

The surface chemical states were analyzed by
multi-peak fitting, and the deconvoluted XPS spectra
of Mn2p, Mgls, and Cl2p are illustrated in
Figs. 6(b—d), respectively. The high-resolution XPS
spectrum of Mn 2p (Fig. 6(b)) comprises two main
peaks at about 641.4 and 653.0 eV, corresponding
to Mn2ps», and Mn2pi, spin-orbit doublets,
respectively. These binding energies are associated
with the characteristics of Mn species in the +2
valence state [43], and the satellite peak at 646.2 eV
is assigned to the chemical state of Mn?>' in
chlorides [44]. The Mg 1s spectrum (Fig. 6(c)) can
be deconvoluted into two peaks at 1302.9 and
1304.8 eV. The strong peak at 1304.8 eV represents
the Mg element present in MgCl, [45], while the
small peak at 1302.9 eV is ascribed to the +2
chemical state in Mg(OH), [46], derived from the
hydrolysis of MgCl,. The high-resolution XPS
spectrum of Cl 2p in Fig. 6(d) consists of three peaks.
The prominent peak located at 198.7 eV is attributed
to the Cl 2pi» of CI” [47], and the small peaks at
196.8 and 200.6 eV are assigned to the Cl 2ps;, of
CI” [48]. In particular, these binding energies are
correlated with the existence of metal chlorides such
as NaCl and MgCl, [49]. This coincides well with the
fact that the molten salt electrolyte adopted in this
study is composed of chlorides. Therefore, it can be
reasonably concluded that Mn(II) can stably exist in
the molten NaCl-KC1-MgCl, electrolyte at 973 K.

3.3 Electrochemical separation of Mn(II) impurity

To verify the practicability of separating Mn(II)
impurity from the electrolyte by electrolysis at
an appropriate potential, potentiostatic electrolysis
at —1.5V was performed in NaCl-KCI-MgCl,.
Figure 7(a) demonstrates the current evolution
during potentiostatic electrolysis in molten NaCl—
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Fig. 7 (a) Current evolution recorded on tungsten electrode (surface area: 2.68 cm?) during potentiostatic electrolysis at

—1.5V in molten NaCl-KCI-MgCl,—0.62wt.%MnCl, at 973 K (Inset: The deposits obtained by potentiostatic
electrolysis); (b) Variation of removal efficiency (&) of Mn(II) impurity with electrolysis time (Inset: The content of MnCl,

(ci) in the electrolyte at different time)

particles on the electrode, which led to a rapid
increase in the electrochemical reaction area for
subsequent metal deposition. After a short period, the
electrolysis progressed to the second stage. The

KCl-MgCl,—0.62wt.%MnCl,. It can be roughly
divided into three consecutive stages. The current
increased quickly to a maximum value in the first
stage, due to the continuous deposition of Mn metal
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current gradually decreased since the concentration
of Mn(II) around the electrode fell to a low level due
to consumption in electrolysis and the Mn(II) ions
could not be sufficiently replenished by diffusion.
After about 5 h, the electrolysis entered the final
stage. The concentration of Mn(Il) in the electrolyte
dropped to a very low level due to the serious
depletion after long-time electrolysis. Consequently,
the current stayed at a low value and decreased only
slightly in this stage. It should be noted that the
current slightly fluctuated throughout the whole
electrolysis process, which can likely be ascribed to
the variation of the electrode surface caused by the
fall-off of the solid deposits (inset of Fig. 7(a)) from
the electrode. The abrupt fluctuations that occurred
hourly were caused by sampling from the electrolyte
during electrolysis.

To monitor the concentration variation and
removal efficiency of Mn(Il) impurity (&) during the
electrolysis process, a small amount of the electro-
lyte was sampled directly from the electrolyte every
hour for ICP-OES analysis. The removal efficiency
of Mn(Il) impurity (£) was calculated according to
the following formula:

=201 (10)

where ¢y is the initial concentration of MnCl, in the
electrolyte and ¢; is the concentration after
electrolysis at —1.5 V at time i. As shown in Fig. 7(b),
the removal efficiency increased as the electrolysis
time increased. The removal efficiency reached
53.97% rapidly within the first 2 h, and was up to
87.11% after 5 h. After 8 h of electrolysis at —=1.5 V,
the concentration of MnCl, impurity in the
electrolyte decreased from 0.623% to 0.037%,
and the removal efficiency approached 94.14%,
indicating that the Mn(II) impurity can be effectively
removed from the NaCl-KCI-MgCl, electrolyte by
electrolysis at a suitable potential. It is noteworthy
that the active surface area of the tungsten working
electrode in this experiment was just 2.68 cm?.
Undoubtedly, employing a working electrode with
a larger active surface area makes the electro-
chemical separation process significantly more
efficient. From the perspective of industrial
application, the cathode can be designed as a
bottomless cylinder with the anode positioned
vertically through its center, further improving the
separation rate of Mn(Il) impurity from the

electrolyte.

Figure 8(a) displays the XRD pattern of the
deposits extracted from the bottom of the electrolytic
cell after electrolysis at —1.5 V for 8 h in molten
NaCl-KCI-MgCl,—0.62wt.%MnCl, system. The
characteristic peaks are identified as Mn metal and
MgO. This confirms that the Mn(II) impurity can be
effectively separated from the NaCl-KCl-MgCl,
electrolyte as Mn metal through controlled-potential
electrolysis. The micromorphology and element
distribution of the deposits were further examined
using SEM—-EDS, as shown in Figs. 8(b—e). As
shown in Fig. 8(b), the granules aggregate to form
irregular blocks of different sizes, with numerous
needle-like structures distributed on the surface. The
inhomogeneous distribution of Mn, Mg and O
elements, as shown in Figs. 8(c—e), respectively,
suggests that the irregular blocks are Mn metal,
adsorbing some needle-like MgO on their surfaces.
MgO likely originates from the insoluble MgO in the
electrolyte and the hydrolysis of residual MgCl..

3.4 Impact of Mn(II) on magnesium electrolysis

Mn metal is preferentially deposited during
the magnesium electrolysis process because its
reduction potential is more positive, thus adversely
affecting the electrolysis process. As shown in
Fig. 9(a), a blackish, caviar-like product was
obtained by direct electrolysis at —2.0 V in the
NaCl-KCI-MgCl, electrolyte containing a high
concentration of MnCl, (0.62 wt.%). ICP-OES
results indicate that the impurity Mn content in the
product reaches up to 1.32 wt.% (Table 2), and
consequently, the purity of Mg metal is only 98.59%.
There is no doubt that the Mn(II) impurity adversely
affects the purity of Mg metal. It also significantly
hinders the aggregation of the liquid Mg metal
generated during electrolysis. Generally, the
Mn(II) impurity in the electrolyte can be reduced to
Mn metal through the electrochemical reaction
(Reaction (1)) and the chemical process described
below:

MnCl,+Mg=Mn+MgCl, (11)

The generated Mn metal can precipitate with
liquid Mg, causing the Mg metal to fall to the bottom
of the cell due to the increased weight, thus leading
to contamination and the loss of Mg metal.
Furthermore, due to its high melting point (1244 °C),
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Fig. 8 XRD pattern (a) and SEM—EDS analysis results (b—e) of deposits obtained in molten NaCl-KCI-MgCl,—
0.62wt.%MnCl; at 973 K by potentiostatic electrolysis at —1.5 V for 8 h
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Fig. 9 (a) Metal gained at bottom of electrolytlc cell by direct electrolysis at —2.0 V for 10 h in molten NaCl-KCl—
MgClo—0.62wt.%MnCl, at 973 K; (b) XRD pattern of Mg metal (Inset in (b)) produced by electrolysis at —2.0 V for 10 h

in electrolyte purified by pre-electrolysis at —1.5 V for 8 h

solid Mn metal was generated on the tungsten
electrode. The generated Mn granules stacked
together to form blocks with a three-dimensional,
rough surface, as shown in Fig. 8(b), and tended to
adsorb the insoluble MgO present in the NaCl-KCl—
MgCl; electrolyte. The adsorption of insulative MgO
is highly likely to trigger a passivation effect on the
electrode. The passivation film not only degrades
the electrode conductivity but also decreases the

wettability of the generated liquid Mg metal on the
electrode, making it difficult for the liquid Mg metal
formed during electrolysis to grow and preventing it
from coalescing into a larger globule. That is why a
caviar-like Mg metal is obtained during direct
electrolysis in the NaCl-KCI-MgCl, electrolyte
containing a high concentration of Mn(Il) impurity.
For comparison, potentiostatic electrolysis at
—2.0 V was also carried out in the NaClI-KCI-MgCl,
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Table 2 Contents of typical impurities of Mg metal (wt.%)

Source Sample Fe Mn Si Al Cu Ni Mg
Mg9990 0.04  0.03 0.03 0.02  0.004 0.001 99.90
GB/T 3499—2011
Mg9980 0.05 0.05 0.05 0.05 0.004 0.002 99.80
Mg from direct electrolysis 0.0133 1.3249 0.0007 0.0399 0.0213 0.0053 98.59
This work
Mg from electrolysis after purification 0.0129 0.0157 0.0003 0.0212 0.0006 0.0006 99.94

electrolyte purified by pre-electrolysis at —1.5 V for
8 h. A metal ball floating on the electrolyte was
obtained after electrolysis for 10 h, signifying that
liquid Mg can coalesce into a large globule during
electrolysis in the purified electrolyte. As shown in
the inset of Fig. 9(b), the silvery luster becomes
noticeable after a simple polishing treatment. The
XRD pattern in Fig. 9(b) shows exclusive diffraction
peaks corresponding to the Mg phase, confirming the
production of Mg metal. To probe the beneficial
effects of pre-electrolysis on the impurity levels in
the electrolytic product, the purity of the obtained
metal ball was quantitatively analyzed by ICP-OES.
The main impurities found in the original
magnesium ingot include Fe, Mn, Cu, Al, Ni, and Si,
and their contents in the obtained Mg metal are listed
in Table 2. According to the Chinese National
Standard for original magnesium ingot (GB/T
3499 —2011) issued by Standards Committee of
China, the impurity contents conform to the
specifications for product Mg9980 and approach
those of Mg9990. The purity of the Mg metal
obtained by electrolysis in the purified electrolyte
reaches 99.94%, significantly higher than that
obtained by direct electrolysis in the electrolyte
containing a high concentration of Mn(II) impurity,
which is only 98.59%.

3.5 Merits of controlled-potential electrolysis

technology

Generally, the insoluble impurities in molten
salts can be separated by filtering, while the water
content can be removed by heat treatment or vacuum
drying [50]. However, these technologies are
ineffective for the separation of the soluble salt
impurities, such as metal ion impurities. The present
work verified that pre-electrolysis at —1.5 V, which
is more negative than the deposition potential of
impurity metal Mn, but slightly more positive than

that of target extracted metal Mg, is not only
effective for separating Mn(Il) impurity in the
NaCl-KCI-MgCl, electrolyte, but also favorable
for the separation of other metal ion impurities.
Thus, controlled-potential electrolysis, namely
potentiostatic electrolysis at a potential between the
deposition potentials of impurity metals and the
target metal, proves to be an effective technology for
separating metal ion impurities from molten salts.

Besides controlled-potential electrolysis, oxygen
sparging and zone freezing, zeolite ion-exchange,
and phosphate precipitation technologies can also be
employed to remove metal ion impurities from
molten salts [S1—55]. Table 3 gives a brief overview
of the comparison between controlled-potential
electrolysis technology and the state-of-the-art
technologies for molten salts purification. All of
them have their own technical features. Nevertheless,
they are all ex-situ technologies for molten salts
purification, thus leading to the discontinuity in
practical operation. On the contrary, the purification
process based on controlled-potential electrolysis,
which involves a shortcut reaction, can be directly
performed in the electrolytic cell prior to the
magnesium extraction and has distinct advantages
of simpler technological steps and fewer devices.
These technical features consequently bring good
economic benefits. In particular, no chemical
reagents are used in this process, and no waste
solids or sewages are discharged. It conforms well to
the criterion of green chemistry and is more
environment-friendly compared with the other
technologies. In conclusion, from the perspective
of technical, economic, and environmental
sustainability, controlled-potential electrolysis is a
practically green and effective technology to
purify molten salts for the electrolytic production of
high purity metal and the electro-recycling of scrap
metals.
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Table 3 Comparison of controlled-potential electrolysis and state-of-the-art technologies for molten salts purification

. Economic . .
Technology Technical feature cost Environmental impact
One-step process and ease of scale- High economic benefits
Controlled- up for commercial operation; no because of simple and continuous No discharee of
potential  external devices required; high removal operation; no costs required for . g
. . . . . . waste solid or sewage
electrolysis  efficiency for metal ion impurities; no external devices and chemical
new impurities generated reagents
High removal efficienc of . . Ener intensive
g . . Y . High operating temperature . gy .
Oxygen lanthanide  impurities; long time . . . in oxygen sparging and
X . . required to obtain a high removal . .
sparging and required for zone freezing; . . .. zone freezing; volati-
. . efficiency; energy-intensive inzone .~ .
zone freezing unmanageable to regulate the heating ) . . lization of hazardous
. freezing process; high equipment .
[51] zone temperature; relatively complex . . salts during oxygen
. . investment and operating costs .
technological processes and devices sparging
High capacity for separating all .
. e pacity parating a Large amounts of zeolite .
Zeolite ion- fission elements; non-selective in . . . Discharge of a
. . . . required to remove all the impurity .
exchange impurity separation; low utilization . .. . large volume of ceramic
. . species; additional costs required
[52,53] efficiency of zeolite; probable to . . . waste
. . o for disposing ceramic waste
introduce new impurities
Simple processes and easy to scale
Phosphate  up; just effective for separation of Consumption of phosphate .
Spha P, Jus > O scpara P Phosp Discharge of new
precipitation lanthanide and actinide impurities; easy reagents; extra costs required for solid waste
[54,55] to import new impurities; slow reaction disposing phosphates precipitation

rate in solid/liquid precipitation

4 Conclusions

(1) The electrochemical behavior of Mn(Il)
impurity and its impact on magnesium electrolysis
were investigated in NaCI-KCI-MgCl; electrolyte.
The results indicated that the electroreduction of
Mn(II) to Mn metal was a quasi-reversible, one-
step process controlled by the diffusion under
the experimental conditions, with the diffusion
coefficient of Mn(II) calculated to be on the order of
105 cm?/s. The apparent standard potential of
Mn(I1)/Mn(0) shifted positively from —1.018 to
—0.986 V (vs Ag/AgCl), and the exchange current
density increased from 7.68 to 10.88 mA/cm? as the
temperature increased from 973 K to 1048 K.

(2) The feasibility of controlled-potential
electrolysis for separating Mn(Il) impurity from
NaCl-KCI-MgCl; electrolyte was verified. After
potentiostatic electrolysis at —1.5V in molten
NaCl-KCI-MgCl; containing 0.62 wt.% MnCl, for
8 h, the content of MnCl, impurity in the electrolyte
decreased to 0.037 wt.%, and the removal efficiency
approached 94.14%. XRD and SEM-EDS results
showed that solid Mn metal was generated during
electrolysis, forming irregular agglomerates of
various sizes that adsorbed needle-like MgO on

their surface.

(3) The Mn(Il) impurity, when present in the
NaCIl-KCI-MgCl, molten electrolyte, exerted a
detrimental impact on both the electrolysis process
and the purity of the produced Mg metal. When
direct electrolysis was performed in molten
NaCl-KCIl-MgCl; containing 0.62 wt.% MnCl,,
small blocks of Mg metal with a caviar-like
appearance were collected, and the purity was only
98.59%. In contrast, a large globule of Mg metal was
obtained from the electrolyte purified by controlled-
potential electrolysis, with the purity improved
to 99.94%. Controlled-potential electrolysis was
proved to be a green and practically efficient
technology for separating metal ion impurities from
the molten electrolyte, facilitating the electrolytic
production of high purity Mg metal.
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W OE. AT MRS EAESRE, KRG T NaCl-KCI-MgClL & 2h 24 i Mn(IDFHLAL 2250 B . Mn(ID7E
S HRR T R4 8 Mn 24 B e R 1 AR . £ 973~1048 K R IIE 1 Mn(11)/Mn(0) HL R S5 37 1) 2 WL v
F A R RS e FLRE 5 B o ERL AL P A B [ 5 4 8 Min HE B TE — R T AU B AR Y, W EIR 45 # 1
MgO, X 4885 1 RAE M A4l 1577 45 7 R FIFLIA » 7£ NaCl-KC1-MgCl—0.62%MnCL (&3 F) A F-1.5V
Hf# 8 h 5, 225 MnCl IREEFEIKRE 0.037% (B 40), 220 2:FRFIAH] 94.14%. HIEAE NaCl-KCl-MgCla-
0.62%MnCla X 6 o FLAFAS 21 ) 4 JB BE e 2 fn iR, JLAEEE N 98.59%. AHJ, TEIL)S (K145 35 Hh Hfif il 15 2]
R4 JR e, HABE S 3] 99.94% . ASCHE 4 HIAL FIARE,  CURIE B2 70 B I 2k B Ao rh 2 o 42 J 25 1 LA
FREHN e 40 5 4 JR R (1 — Ph i €, LI S 380 ik
KEER: ALY RS A4 Mn(ID); E2fEEE: KRR IEIhHMIR
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