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A novel electrolytic process that uses a liquid—metal cathode was investigated to produce
high-purity magnesium (Mg) metal using magnesium oxide (MgO). Electrolysis of MgO in a
magnesium fluoride (MgF,)-lithium fluoride (LiF) molten salt was carried out with applied
voltages of 2.5V to 3.0 V at 1053 K to 1083 K using tin (Sn), silver (Ag), or copper (Cu) as the
cathode and graphite or platinum (Pt) as the anode. After electrolysis, Mg alloys with Mg,Sn,
AgMg, and Cu,Mg phases were produced with current efficiencies of 77.2 to 83.8 pct when the
concentration of Mg in the Mg alloys was 11.9 to 12.9 mass pct. For the production of
high-purity Mg metal directly from the Mg alloys, vacuum distillation was performed. When
vacuum distillation was conducted at 1200 K to 1300 K, the concentration of Mg in the Mg
alloys feed decreased from 30.2 to 34.1 mass pct to 0.32 to 1.75 mass pct, and Mg metal with a
purity of 99.975 to 99.999 pct was obtained. Therefore, this study demonstrates that the
production of high-purity Mg metal through an efficient and environmentally sound method
using the electrolysis of MgO is feasible.
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I. INTRODUCTION

MAGNESIUM (Mg) is the lightest structural metal
and has excellent physical properties, such as high
specific strength, castability, and machinability.!"! Owing
to these superior properties, one of the major uses of Mg
is vehicle applications for the reduction of weight to
improve fuel efficiency. For example, 41.2 pct of the
global production of Mg was consumed for transporta-
tion application in 2015. In addition, the demand for
Mg will increase in the future, especially for use in
automobiles, because of the need to reduce carbon
dioxide (CO,) gas emissions."!

Mg metal is commercially produced through thermal
reduction or electrolytic methods. At present, the
Pidgeon process, which uses the thermal reduction
method, is predominantly used for Mg metal produc-
tion.™ In the Pidgeon process, dolime (CaO-MgO),
which is prepared by the calcination of dolomite
(CaCO3MgCO3) at 1273 K to 1573 K, reacts with
ferro-silicon (Fe-Si) at 1373 K to 1473 K under
vacuum.” 7 The reduced Mg metal is then evaporated,
and Mg crowns are obtained by the condensation of
gaseous Mg metal. However, this process has disadvan-
tages, such as high energy consumption, low labor
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productivity, and environmental concerns about the
generation of large amounts of sulfur oxide (SO,) gas by
the burning of coal.l’:*!

Several processes, such as the MagCorp, Hydro
Magnesium, VAMI, DSM, IG Farben, and Dow
processes, were developed utilizing electrolytic meth-
o0ds.>7?" 12 In the electrolytic processes, the preparation
of anhydrous magnesium chloride (MgCl,), carnallite
(MgClyKCl), or partially dehydrated MgCl,
(MgCly1.25 H,O) from brine, sea water, magnesite
(MgCO3), or serpentine (3 MgO-2 SiO,2 H,O) is
necessary before the electrolysis is conducted.>’-'!!
Afterward, the molten salt electrol?/sis of MgCl, is then
performed at 928 K to 993 K.M As a result of the
electrolysis, liquid Mg metal and chlorine (Cl,) gas are
produced at the cathode and anode, respectively. How-
ever, these electrolytic processes have several disadvan-
tages, such as the intense energy required for anhydrous
MgCl, preparation, generation of Cl, gas, and contam-
ination of iron (Fe) in the Mg metal produced.!”

In order to resolve the drawbacks of current com-
mercial electrolytic processes, a few studies have been
carried out for the development of a novel Mg metal
production process using magnesium oxide (MgO) as a
feedstock.'> ™1 Among the Mg production processes
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Fig. 1—Flowchart of the novel Mg metal production process.

that were investigated, the solid oxide membrane (SOM)
process has drawn considerable attention because of its
promlslng features.!'”> '8 One important feature of this
process is the oxygen ions that migrate inside the
yttria-stabilized zirconia (YSZ) membrane are oxidized
at the liquid silver (Ag) anode during the electrolysis. As
a result, Mg metal and oxygen (O,) gas are produced.
The advantages of the SOM process are that the
preparation of MgCl, is not necessary and that O, gas
evolves at the anode. However, the disadvantages of the
process are the decrease of the current efficiency from 90
pct to 40 to 50 pct when the electrolysis continues
without argon (Ar7) gas bubbling and degradation of the
YSZ membrane.

In order to produce high-purity Mg metal directly
from MgO using a simple electrolysis cell even with O,
gas evolution, molten salt electrolysis of MgO using a
liquid—metal cathode to produce high-density Mg alloys
and vacuum distillation of the Mg alloys to produce
high-purity Mg metal were investigated. Figures 1 and 2
show the flowchart and schematic of the novel Mg
production process investigated, respectively. As shown
in Figure 1, MgO is used as the feedstock. Moreover,
toxic gases such as Cl, gas do not evolve in the process.
When an inert electrode such as platinum (Pt) is used,
O, gas is generated at the anode. Furthermore, high
current efficiencies can be obtained because the reaction
between the Mg metal in the Mg alloy and a reactive gas
such as the O, gas generated at the anode can be
hindered. High-purity Mg metal can be obtained with
the use of vacuum distillation. Finally, scale-up of the
process should be feasible because an electrolysis cell
similar to the type of the electrolysis cell used in the
Hall-Heroult process can be used in the process.
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Fig. 2—Schematic of the novel Mg metal production process.

II. MECHANISM OF THE NOVEL MAGNESIUM
METAL PRODUCTION PROCESS

Figure 3 shows the theoretical decomposition volt-
ages of some selected fluorides and MgO at elevated
temperatures.’”  The decomposition voltage was
obtained from the Nernst equation using the Gibbs free
energy change (AG°) and the number of electrons
transferred (n) in a reaction. The theoretical decompo-
sition voltages under the standard state, i.e., MgO in
form of the solid phase, were calculated at the elevated
temperatures because it is an appropriate method for the
evaluation of the stability of species in an electrolyte.

In this study, the eutectic composition of 54 mass pct
magnesium fluoride (MgF,)-46 mass pct lithium fluoride
(LiF) was selected for the electrolyte after considering
the dissolution of MgO, the wide potential windows of
MgF, and LiF, and the low meltlng temperature of the
electrolyte (refer to Figure S-1P" in the electronic
supplementary material). The eutectic point of the
electrolyte is 1014 K, therefore, the temperature for
the electrolysis of MgO in the MgF,-LiF molten salt was
determined to be 1053 K to 1083 K.

In addition, tin (Sn), Ag, and copper (Cu) were
selected as the cathode metals. Figures 4(a) through (c)
show the binary phase diagrams of the Mg-Sn, Mg-Ag,
and Mg-Cu systems, respectively, with the isobaric line
of the vapor pressure of Mg (ng) as a functlon of the
temperature and the concentration of Mg.”!! As shown
in Flgure 4(a), when Sn metal is used as the cathode, the
maximum concentration of Mg electrodeposited is
expected to be 27 pct at 1083 K and 30 pct at 1053 K
when the py, is considered. This is because when py,
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Fig. 3—Theoretical decomposition voltages of selected fluorides and
magnesium oxide at elevated temperatures.

exceeds 0.01 atm, the Mg metal produced will evaporate
during electrolysis,”? resulting in a decrease in the
current efficiency of the process.

Furthermore, the temperature required for the vac-
uum distillation of the Mg-Sn alloy can also be assessed
from Figure 4(a). When the pressure of the system is
lower than 1 atm, the metal begins to evaporate at vapor
pressures lower than 0.01 atm.*? As a result, even
though py, is in the range of 0.0001 atm to 0.001 atm,
the Mg in Mg alloys is expected to evaporate during
vacuum distillation. Therefore, when the recovery of a
large amount of Mg from the Mg-Sn alloy is considered,
the appropriate temperature for vacuum distillation is in
the range of 1200 K to 1300 K.

As shown in Figure 4(b), when Ag metal is used as the
cathode, the maximum concentration of Mg electrode-
posited is expected to be 21 pct at 1083 K and 27 pct at
1053 K. In addition, 1300 K is the appropriate temper-
ature for the vacuum distillation of Mg-Ag alloy.
Figure 4(c) shows that the maximum concentration of
Mg electrodeposited is expected to be 25 pct at 1083 K
and 31 pct at 1053 K when Cu metal is used as the
cathode. In addition, Mg metal will be recovered from
Mg-Cu alloy at 1200 K to 1300 K through vacuum
distillation.
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METALLURGICAL AND MATERIALS TRANSACTIONS B



(a) Eworking Ereference Ecounter

T 1
1
I,
—-

Ar gas Exhaust gas

1 N _ I

Ultra-torr
vacuum fittings

| Jr— SUS flange

(< Water cooling

e Nj wire

AlLO, tube =——"

«<— SUS reactor - ‘

0O 00O OO0 O—t+—ALO,ball

° ° ‘
. . |
. 11
C crucible ;‘!F 1
° ° Fi } ‘ h 1
® 1 ® _ Mo wire ———— Fes |
ol B ) ® Pt wire ——— ’
Graphite or —'I
° ® GlassyCrod i |
° & — MgF,-LiF or
MgF,-LiF-MgO
® looocoo0o0o0o0o000 ® Ag shot

Fig. 5—Experimental apparatus used for cyclic voltammetry: (a) schematic diagram, (b) photographs of the electrodes assembled with the top

flange, and (c) stainless steel reactor.

Consideration of the densities of the Mg alloys and
the electrolyte is also necessary. The theoretical density
of 4.8 mass pct MgO-MgF,-LiF is 2.91 g/cm®, while the
theoretical densities of 30 mass pct Mg in Sn, Ag, and
Cu are 3.45 g/em®, 3.78 g/em?, and 3.61 g/ecm’, respec-
tively. Therefore, until the maximum concentration of
Mg metal of the aforementioned Mg alloys is reached,
liquid Mg alloys will be produced at the bottom of the
electrochemical reduction cell.

III. EXPERIMENTAL

A. Preparation of the Electrodes and Salts

Before the experiments, MgF, (anhydrous powder,
purity > 99.9 pct; Kojundo Chemicals Inc.) and LiF
(anhydrous powder, purity > 99.9 pct; Kojundo Chem-
icals Inc.) were dried at 453 K for more than 72 hours
using a vacuum oven (Model no.: VOS-601SD,
EYELA).

Each electrode was physically connected to a nickel
(Ni) wire (purity > 99.5 pct; ¢ 1 mm; Alfa Aesar
Chemical Co. Ltd.) and was inserted into an alumina
(Al,05) tube (purity > 99.8 pct; ¢ = 6 mm, O.D., 1 = 1
mm, thickness). The gap between the electrode and the
Al,O5 tube was filled with an Al,O3-based paste (Aron

METALLURGICAL AND MATERIALS TRANSACTIONS B

Ceramic D; Toagosei Co., Ltd.) and dried at room
temperature for 24 hours (see Figure 5(b)). Subse-
quently, the prepared electrodes were dried at 363 K
for 2 hours, 423 K for 2 hours, and 773 K for 5 hours
under vacuum.

B. Cyclic Voltammetry

Figure 5 shows the schematic and photographs of the
experimental apparatus used for the cyclic voltammetry
(CV). As shown in Figure 5(a), a mixture of MgF,-LiF
or MgF,-LiF-MgO (powder, purity > 99.99 pct;
Kojundo Chemicals Inc.) was placed in a carbon (C)
crucible. In addition, the Ag shot (purity: 99.99 pct,
Sungeel Himetal) was placed in the C crucible to absorb
the generated metals during the pre-clectrolysis of the
mixtures of MgF,-LiF and MgF,-LiF-MgO. The cru-
cible was positioned in a stainless steel reactor, and the
electrodes assembled with the top flange were set up
with the reactor, as shown in Figures 5(b) and (c).

When the cathodic sweep was conducted, a molybde-
num (Mo: purity > 99.95 pct; ¢ 0.5 mm; Alfa Aesar
Chemical Co. Ltd.) wire, Pt (purity > 99.95 pct; ¢ 1 mm;
Alfa Aesar Chemical Co. Ltd.) wire, and graphite (¢ 3
mm; SGL Carbon Group) or glassy C (¢ 3 mm; Tokai
Fine Carbon Co., Ltd.) rod were used as the working,
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Fig. 6—Schematic of the experimental apparatus used for the
electrolysis of MgO.

quasi-reference, and counter electrodes, respectively. In
addition, when the anodic sweep was performed, a
graphite or glassy C rod, Pt wire, and Mo wire were
employed as the working, quasi-reference, and counter
electrodes, respectively.”! The reactor was evacuated
for 10 min, and Ar gas (purity: 99.9999 pct) was flowed
into the reactor until the internal pressure reached 1
atm. During the experiments, Ar gas was flowed
maintaining 1 atm of internal pressure.

After the reactor was positioned in an electric furnace,
the temperature was increased and kept at 773 K for 24
hours to remove residual H,O from the system. Subse-
quently, the CV measurements were conducted at 1083
K using a potentiostat (Model no.: VMP3, booster:
VMP3B, 2 A to 20 V; Biologic Science Instruments).

C. Electrolysis of MgO Using a Liquid—Metal Cathode

Before the electrolysis of MgO, pre-electrolysis was
conducted at 1083 K to remove the impurities in the
molten salt used. The mixture of MgF,-LiF-MgO was
placed in the C crucible, and the crucible was positioned
inside the stainless steel reactor. The Ni wire cathode
and the graphite rod anode were set up with the top
flange. The reactor was then evacuated for 10 minutes,
and Ar gas was flowed into the reactor until the internal
pressure reached 1 atm. During the experiments, Ar gas
was flowed maintaining 1 atm of internal pressure. After
the atmosphere control was finished, the temperature of
the reactor was increased and kept at 1083 K. In the
pre-electrolysis process, 0.5 A was applied for 4 hours.
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When the pre-electrolysis was finished, the electrodes
were removed from the molten salt, and the reactor was
cooled to room temperature.

After the pre-electrolysis was completed, an Al,O3
crucible (purity > 99.5 pct, ¢ = 18 mm, O.D., r = 1.5
mm, thickness, 7 = 25 mm, height) containing Cu, Ag,
or Sn was assembled with a graphite rod shielded by an
Al,O3 tube and placed at the bottom of the new empty C
crucible, as shown in Figure 6. In addition, the Ag shot
and pieces of MgF,-LiF-MgO mixture obtained after
pre-clectrolysis were placed in the crucible. A graphite
rod or Pt plate for the anode was assembled with a
stainless steel flange in Figure 6 before the experiments.
The anode was lowered into the electrolyte during the
experiments. When the graphite anode was used, two
graphite rods connected externally via Ni wiring were
used to control the current density.

The reactor was evacuated for 10 minutes, and Ar gas
flowed into the reactor until the internal pressure
reached 1 atm. During the experiments, Ar gas was
flowed maintaining 1 atm of internal pressure. After a
controlled atmosphere was established, the temperature
of the reactor was increased and kept at 1053 K to 1083
K. For the electrolysis of MgO, 2.5 V to 3.0 V was
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applied for 10.4 to 15.5 ks using the potentiostat. After
the electrolysis, the reactor was cooled to room temper-
ature and the Mg alloys obtained in the Al,O3 crucible
were recovered. After the Mg alloys were separated from
the Al,Oj3 crucible, the salt on the surface of the Mg
alloys was completely removed using abrasive paper.
Thereafter, the Mg alloys were pulverized using a
mortar for the analysis.

D. Vacuum Distillation of Mg Alloys

In order to demonstrate the separation of Mg metal
from the Mg alloys by utilizing the difference of vapor
pressure between Mg and the cathode metals such as
Cu, Ag, or Sn, vacuum distillation of the Mg alloys
prepared by melting of Mg and Cu, Ag, or Sn was
conducted. Before the vacuum distillation, melting of
Mg and Cu, Mg and Ag, and Mg and Sn mixtures in the
C crucible were conducted under vacuum at 1023 K to
1073 K for 4 to 5 hours, at 1023 K to 1073 K for 5to 7
hours, and at 1013 K for 15 hours, respectively, using an
electric or high frequency induction furnace. The melt-
ing was conducted to use the sufficient amount of Mg
alloy feed for the vacuum distillation.

Figure 7 shows the schematic and a photograph of the
experimental apparatus used for the vacuum distillation.
The Mg alloys were placed at the bottom of the steel
reactor. The reactor was plugged using a silicone plug
and evacuated during the experiments using a rotary
pump (Model no.: GLD-201B, ULVAC KIKO, Inc.).
The steel reactor was positioned in the electric furnace,
which was preheated to 1200 K to 1300 K for 5 to 10
hours. After the vacuum distillation experiments were
finished, the reactor was immediately removed from the
furnace and cooled to room temperature. The reactor
was then cut and the samples were collected.

E. Analysis

The concentration of elements in the samples was
analyzed using inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES: Perkin Elmer, Optima
5300DV and Thermo Fisher Scientific, iCAP 6500) or
glow discharge mass spectroscopy (GD-MS: MSI,
GDY90RF). The crystalline phases of the samples obtained
were identified using X-ray diffraction (XRD: Rigaku,
SmartLab, Cu-Ka radiation). Additionally, the compo-
sitions and surfaces of the samples were analyzed using
field emission scanning electron microscopy/energy dis-
persive X-ray spectroscopy (FE-SEM/EDS, Merlin Com-
pact, Carl Zeiss AG/AZTEC, Oxford Instruments).

IV. RESULTS AND DISCUSSION

A. Cyclic Voltammetry

Figures 8(a) through (c) show the results of the CV
measurement of the MgF,-LiF molten salt before the
pre-electrolysis, the MgF,-LiF molten salt after the
pre-clectrolysis, and the addition of MgO in the
MgF,-LiF molten salt obtained after the pre-electrolysis
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Fig. 8—Results of CV measurement of the (a) MgF,-LiF molten salt
before  pre-electrolysis, (b) MgF,-LiF molten salt after
pre-electrolysis, and (¢) addition of MgO in the MgF,-LiF molten
salt after pre-electrolysis using a graphite anode with respect to the
Pt quasi-reference electrode at 1083 K.

using a graphite anode with respect to the Pt quasi-ref-
erence electrode at 1083 K, respectively. The potentials
indicated in the figures were not corrected for the ohmic
drop.

As shown in Figure 8(a), a small cathodic current was
observed at — 0.68 V (vs Pt quasi-reference electrode)
owing to the reduction of cations of impurities in the
molten salt. In addition, a large cathodic current was
observed at — 1.70 V (vs Pt qzuasi-reference electrode)
owing to the reduction of Mg®" to Mg in the molten
salt, as shown in Eq. [1]. When the anodic sweep was
conducted, a small anodic current was observed at 0.90
V (vs Pt quasi-reference electrode) and a large anodic
current was observed at 3.01 V (vs Pt quasi-reference
electrode). The result of the anodic current at 0.90 V (vs
Pt quasi-reference electrode) indicates that the anions of
the impurities contained in the MgF,-LiF molten salt
were oxidized. As shown in Figure 8(a), the span of the
potential window of impurities contained in MgF,-LiF
molten salt (vs Pt quasi-reference electrode) was 1.58 V.
Therefore, it is expected that impurities in the form of

VOLUME 51B, DECEMBER 2020—2999



(a)
o
g 3 T T 286V T T T T
< 2f 1
3 1k V4 -
>
g o ! = -
5 |
[0 Ak i
©
z 2 WE : molybdepum WE : glassy carbon
o 4r CE : glassy carbon CE : molybdenum
= Ref.: platinum Ref.:|p|atinum
S 3 1 1 1 1
© "3 2 4 0 1 2 3 4 5

(b) Potential, E / V vs. Pt quasi-ref.

b
P 3
§ Te——dvI—=
< 2t : ': .
> 1b /] ll 4
Z Sl | I
73] — —
c
gt ]
< 5 WE : molybdepum WE : glassy carbon
O 4 CE : glassy carbon CE : molybdenum 7
= Ref.: platinum Ref.: platinum
3 3 1 1 1 1 1 1
© "3 2 4 0 1 2 3 4 5
Potential, E/V vs. Pt quasi-ref.

)
§ i piev———
< 2t | 1
S | ]
Z o _,//
= L == - H 4
< 3.02 V—>E
3 1r : .
k= 2l | ' WE : molybdenum : WE : glassy carbon |
o ' CE :glassycarbon CE : molybdenum
5 3 L Ref.l: platlnulm i Ref.:lplatlnurln
3 -

-3 -2 -1 0 1 2 3 4 5
Potential, E/ V vs. Pt quasi-ref.

Fig. 9—Results of CV measurement of the (a) MgF,-LiF molten salt
before  pre-electrolysis, (b) MgF,-LiF molten salt after
pre-electrolysis, and (c¢) addition of MgO in the MgF,-LiF molten
salt after pre-electrolysis using a glassy C anode with respect to the
Pt quasi-reference electrode at 1083 K.

oxides were contained in the MgF,-LiF molten salt
because the theoretical decomposition voltages of MgF,
and LiF are 4.84 V to 5.31 V.?” In addition, a large
anodic current was observed at 3.01 V (vs Pt quasi-ref-
erence electrode) owing to the generation of fluorine (F»)
gas by the oxidation of F~ in the MgF,-LiF molten salt,
as shown in Eq. [2].

Mg?* (in molten salt) +2 e~ = Mg (/) 1]

F~ (in molten salt) = 1/2F, (g) + e~ 2]

However, when the CV measurements were con-
ducted after pre-electrolysis, even a small anodic current
was not observed until the generation of the F, gas. The
results shown in Figure 8(b) indicate that the estimated
decomposition voltage of MgF, is 4.62 V.
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When the CV measurements were conducted at 1083
K for the 4.8 mass pct MgO-MgF,-LiF molten salt
obtained after the removal of impurities, the first large
anodic current was analyzed at 0.36 V (vs Pt quasi-ref-
erence electrode), as shown in Figure 8(c). This is
because the O°~ was oxidized at the graphite anode,
as shown in Eq. [3]. These results indicate that the
estimated decomposition voltage of MgO is 2.01 V at
1083 K when a graphite anode is used under the
experimental conditions. In addition, a second large
anodic current started at 3.03 V (vs Pt quasi-reference
electrode) due to the oxidation of F~ to F, gas.
Therefore, the estimated decomposition voltage of
MgF, is 4.68 V.

C (s) + x O* (in molten salt)
=COy (g) +2xe (x=1,2) 3]

Figures 9(a) through (c) show the results of the CV
measurements of the MgF,-LiF molten salt before the
pre-electrolysis, the MgF,-LiF molten salt after the
pre-clectrolysis, and the addition of MgO in the
MgF,-LiF molten salt obtained after pre-electrolysis,
using the glassy C anode with respect to the Pt
quasi-reference electrode at 1083 K, respectively.

As shown in Figure 9(a), the redox potential for
Mg® " /Mg of MgF,-LiF molten salt before the pre-elec-
trolysis was — 1.75 V (vs Pt quasi-reference electrode).
In addition, a large anodic current was observed at 1.11
V (vs Pt quasi-reference electrode). As a result, it is
expected that impurities in the form of oxides in the
MgF,-LiF molten salt were decomposed at 1083 K
when the cell voltage exceeded 2.86 V.

Figure 9(b) shows the results of the CV measurement
of MgF,-LiF molten salt after the pre-electrolysis at
1083 K. When the anodic sweep was conducted, a large
anodic current was observed at 2.45 V (vs Pt quasi-ref-
erence electrode) owing to the oxidation of F~ to F, gas,
as shown in Eq. [2]. As a result, the estimated decom-
position voltage of MgF, at 1083 K using the glassy
C anode was 4.08 V, when the redox potentials for
Mg>* /Mg and F~/F, were considered.

When the CV measurements were conducted at 1083
K for the 4.8 mass pct MgO-MgF,-LiF molten salt
obtained after the removal of impurities, the first large
anodic current was observed at 1.37 V (vs Pt quasi-ref-
erence electrode), as shown in Figure 9(c), which was
attributed to the oxidation of O°" in the MgO-Mg-
F»-LiF molten salt. Therefore, the estimated decompo-
sition voltage of MgO using the glassy C anode at 1083
K was 3.02 V under the experimental conditions when
the redox potential for Mg>" /Mg, — 1.65 V (vs Pt
quasi-reference electrode), was considered. These results
show that the estimated decomposition voltage of MgO
using the glassy C anode is larger than that of MgO
using the graphite anode by approximately 1.0 V. From
these results, O, gas can be expected to have evolved
when a glassy C anode was used. In addition, a second
large anodic current was observed at 2.51 V (vs Pt
quasi-reference electrode), as shown in Figure 9(c), due
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Table I. Experimental Conditions for the Electrolysis of MgO Using a Liquid—-Metal Cathode in MgF,-LiF Molten Salt
Cathode
Exp. No.? Temp., T/K Time, ¢’/ks Applied voltage, E/V Metal Weight, w./g Anode material
191010 1083 10.4 2.5 Sn 6.052 c
190930 1053 14.2 2.5 Sn 6.117 cP
191209 1053 14.3 2.5 Ag 6.083 c’
200106 1053 12.1 2.5 Cu 6.168 c®
200203 1053 15.5 3.0 Sn 6.026 Pt¢

“Experimental conditions;

(1) Weight of MgF, = 270.0 g, weight of LiF = 230.0 g, weight of MgO = 25.0 g.

(2) Carbon crucible was used for the electrolysis.

(3) Al,O3 crucible (¢ 18 mm (O.D), 25 mm (h), 1.5 mm (t)) was used for containing cathode metal.

®Rod: ¢ 8 mm.
“Plate: 10 mm (w) x 30 mm (h) x 1 mm (t).

Table II. Results of the Electrolysis of MgO and the Analysis of Mg Alloys Obtained After the Electrolysis
Average Concentration of Element i, C; (mass pct)*
Current, Current Density, Current Efficiency,
Exp. No. Electrodes I/mA J/mA-cm =2 ¢ n (pet)® Mg Sn Ag Cu Li Al Fe Ni
191010 Sn-C 821.9 553.8 82.2 126 bal. na na 069 021 nd nd
190930 Sn-C 625.1 421.2 80.1 127 bal. na na 071 012 nd nd
191209 Ag-C 595.3 401.1 83.8 129 na bal. na 002 0.18 nd nd
200106 Cu-C 713.3 480.6 77.2 119 na mna bal nd 010 nd nd
200203 Sn-Pt 551.7 371.7 81.7 126 bal. na na 082 037 nd nd

“Determined by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis, n.d: not detected (< 0.005 mass pct), n.a: not

analyzed.

Current efficiency (pct) = (actual weight of Mg obtained x 100)/theoretical weight of Mg obtained.
“Effective area for current density was determined by subtraction of the area of alumina tube for the cathode from internal area of alumina

crucible (see Fig. 6).

to the oxidation of F~ to F, gas. As a result, the
estimated decomposition voltage of MgF, at 1083 K
using the glassy C anode was 4.16 V.

B. Electrolysis of MgO using a Liquid—Metal Cathode

Table I shows the experimental conditions of the
electrolysis of MgO using a Sn, Ag, or Cu cathode.
Table IT shows the results of the electrolysis of MgO
using a liquid—-metal cathode and the analytical results
of the Mg alloys obtained.

As shown in Tables I and II, when the electrolysis of
MgO was conducted using a Sn cathode and a graphite
anode with an applied cell voltage of 2.5 V at 1083 K
and 1053 K for 10.4 to 14.2 ks, the current efficiencies
were 82.2 pct and 80.1 pct, respectively. These results
indicate that the influence of the difference in the
reaction temperatures on the current efficiency is not
large until the concentration of Mg in the Mg-Sn alloy
reached 12.6 to 12.7 mass pct. However, as expected in
Section II, the decrease of the temperature required for
the electrolysis, from 1083 K to 1053 K, will increase the
current efficiency when the concentration of electrode-
posited Mg increases beyond 12.6 to 12.7 mass pct
owing to the decrease of the py, of the Mg-Sn alloy.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Figure 10 shows the results of the XRD analysis of
Mg alloys obtained after the electrolysis of MgO at 1053
K to 1083 K using Sn, Ag, or Cu as the cathode and
graphite or Pt as the anode. Figure 11 shows the results
of the SEM and EDS analysis of the Mg alloys obtained
after the electrolysis at 1053 K to 1083 K using Sn, Ag,
or Cu as the cathode and graphite as the anode.

As shown in Figures 10(a) and (b), Mg,Sn and Sn
(Mg) were produced at the cathode after the electrolysis
of MgO, using a Sn cathode and a graphite anode at
1053 K to 1083 K, as expected from the binary phase
diagram of the Mg-Sn system when the concentration of
Mg is 12.6 to 12.7 mass pct.**! Furthermore, as shown
in Figure 11(a), the microstructure of the Mg-Sn alloy is
a mixture of Sn-rich and Mg-rich phases. For example,
the results of the EDS analysis indicated that the
concentrations of Mg in the Sn- and Mg-rich phases
were 0.4 mass pct and 27.2 mass pct, respectively.

In addition, the electrolysis of MgO was conducted
using an Ag or Cu cathode and a graphite anode with an
applied cell voltage of 2.5 V at 1053 K for 12.1 to 14.3
ks. It is worth noting that Ag or Cu was solid before the
electrolysis because the melting temperature of Ag and
Cu is higher than 1053 K. Figures 12(b), (c), (e), and (f)
show the photographs of Ag and Cu metals before the
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Fig. 10—Results of the XRD analysis of Mg-Sn alloy obtained at
(a) 1083 K and (b) 1053 K, those of (¢) Mg-Ag and (d) Mg-Cu
alloys obtained at 1053 K using a graphite anode, and that of (e)
Mg-Sn alloy obtained at 1053 K using a Pt anode.

electrolysis and those of Mg alloys obtained after the
electrolysis of MgO using Ag and Cu as the cathodes. As
shown in Figures 12(e) and (f), lumps of Mg alloy were
obtained after the electrolysis because the liquid cath-
odes were formed at 1053 K as the electrolysis pro-
ceeded, owing to Mg metal that was electrodeposited, as
expected from the binary phase diagrams of the Mg-Ag
and Mg-Cu systems.**

Table I shows that the current efficiencies of the
electrolysis of MgO at 1053 K using Ag and Cu cathodes
were 83.8 and 77.2 pct, respectively. In these experi-
ments, the concentrations of Mg in Mg-Ag alloy and
Mg-Cu alloy were 12.9 and 11.9 mass pct, respectively.
When the py, of the Mg-Cu alloy is considered, as
shown in Figure 4(c), it is expected that the current
efficiency would be similar to the current efficiencies
obtained by the electrolysis using the Sn or Ag cathode.
However, the current efficiency of the electrolysis of
MgO using the Cu cathode was found to be slightly
smaller than that obtained using the Ag or Sn cathode.
However, the exact reason for this reduction in the
current efficiency is still under investigation.
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Fig. 11-—Results of SEM and EDS analysis of the cross-sections of
the obtained (a) Mg-Sn (Exp. no. 190930), (b)) Mg-Ag (Exp. no.
191209), and (¢) Mg-Cu (Exp. no. 200106) alloys.

Figures 10(c) and (d) show the results of the XRD
analysis of the Mg-Ag and Mg-Cu alloys obtained after
the electrolysis using a graphite anode at 1053 K,
respectively. As shown in Figure 10(c), an AgMg phase
was identified after the electrolysis of MgO using the Ag
cathode. When the binary phase diagram of the Mg-Ag
system and the concentration of Mg in the Mg-Ag alloy
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Fig. 12—Photographs of (@) Sn, (b) Ag, and (c¢) Cu before the electrolysis and those of (d) Mg-Sn (Exp. no. 190930), (¢) Mg-Ag (Exp. no.

191209), and (f) Mg-Cu (Exp. no. 200106) alloys after the electrolysis.

Table III. Experimental Conditions and Analytical Results of the Mg Metal Obtained at the Low-Temperature Part and the
Residue Obtained at the Bottom of the Reactor After Vacuum Distillation

Concentration of Element i, C; (mass pct)

Mg Metal Obtained at Low-Temperature Part® Residue at Bottom of Reactor®

Exp. No. Feed Alloy Temp., 7/K Time, 7/h  Mg®

Ag Sn Fe Ni Mg Cu Ag Sn

Cu-Mgl feed

Cu-Mg2 feed

Ag-Mg feed

Sn-Mg feed

180920 Cu-Mgl 1200 5 99.965 n.d
181129 Cu-Mg2 1300 10 99.999 < 0.001
181019 Ag-Mg 1200 5 99.999 nd
190102 Ag-Mg 1300 5 99.975 nd
181217 Sn-Mg 1200 5 99.998 n.d

33.9 63.5 n.a n.a
30.2 664 n.a n.a
30.5 n.a 689 na
34.1 n.a n.a 65.3

nd nd 0.02 n.d 7.02 957 na n.a
n.d nd nd n.d 0.78 982 na n.a
nd nd nd n.d 572 na 96.0 n.a
0.01 nd <0.001 n.d 1.75 n.a 97.8 n.a
nd nd nd n.d 0.32 na n.a 98.1

“Determined by glow discharge mass spectrometry (GD-MS) analysis; n.d: not detected. Below the detection limit of the GD-MS (< 0.001 ppm).

All other elements were not detected by analysis.

®The purity of magnesium was calculated by subtracting the sum of all impurities except chlorine.
“Determined by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis, n.a: not analyzed.

are considered, the production of AgMg and Ag;Mg
phases is expected under slow cooling.*¥ However, the
binary phase diagram of the Mg-Ag system is incom-
plete for compositions that have less than 45 mass pct
Mg. Figure 10(d) shows that the Cu,Mg phase and the
Cu (Mg) phase were identified, as expected from the
binary phase diagram of the Mg-Cu system when the
concentration of Mg in Mg-Cu alloy is 11.9 mass pct.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Figures 11(b) and (c) show the microstructure of the
Mg-Ag and Mg-Cu alloys obtained after the electrolysis
of MgO using Ag and Cu cathodes, respectively. As
shown in Figure 11(b), Ag-rich phases were not
observed. These results indicate that only intermetallic
phases, such as AgMg, were produced. Unlike in the
microstructure of the Ag-Mg alloy, a mixture of Cu- and
Mg-rich phases was observed in the microstructure of
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the Mg-Cu alloy. For example, the results of the EDS
analysis showed that the concentrations of Mg in the
Cu- and Mg-rich phases were 2.6 and 14.3 mass pct,
respectively.

In order to demonstrate the feasibility of the novel
electrolytic process under the evolution of O, gas at the
anode, the electrolysis of MgO was conducted at 1053 K
for 15.5 ks with an applied voltage of 3.0 V using a Sn
cathode and a Pt anode. When the concentration of Mg
in the Mg-Sn alloy obtained was 12.6 mass pct, the
current efficiency was 81.7 pct. As shown in Table II,
this result is similar to the current efficiencies obtained
when the electrolysis of MgO was conducted using a
graphite anode. In addition, it is expected that O, gas
was generated at the anode under these conditions when
the results of the CV measurements in Sect. IV-A were
considered. Therefore, these results indicate that the
novel electrolytic process investigated in this study
exhibited 77.2 to 83.8 pct current efficiency when the
graphite or inert electrode was used at 1053 K until the
concentration of Mg was 11.9 to 12.9 mass pct.

Figure 10(e) shows the results of the XRD analysis of
the Mg-Sn alloy obtained after the electrolysis of MgO
at 1053 K using a Sn cathode and a Pt anode. As
expected from the binary phase diagram of the Mg-Sn
system, when the concentration of Mg is 12.6 mass pct, a
mixture of M}gzsn and Sn (Mg) was obtained after the
electrolysis.**

Table II also shows that the Mg alloys obtained after
electrolysis contained aluminum (Al). It is expected that
the Al originated from the Al,O5 crucible that was used
for holding the liquid—metal cathode in the reaction
between Mg in the Mg alloys and the crucible. However,
it is worth noting that the Al,O5 crucible maintained its
shape even after the electrolysis experiments. These
results indicate that the effect of Mg in Mg alloys on the
reduction of the Al,O5 crucible was not large owing to
the low activity of Mg. However, further investigation
on the solubility of Al,O3 in the MgF,-LiF molten salt
at 1053 K to 1083 K is necessary.

As shown in Table 11, the current efficiency of the
electrolysis of MgO in the MgF,-LiF molten salt at 1053
K to 1083 K did not reach 100 pct and was 77.2 to 83.8
pet. The electrodeposition of the impurities, reactions
between the Mg alloy and the Al,O3 crucible, and the
evaporation loss of Mg from the Mg alloy could be the
reasons that reduced the current efficiency below 100
pct. Moreover, under these electrolysis conditions, the
current density was 0.372 to 0.554 A/cm?. The current
efficiency and current density of a commercial elec-
trolytic process using MgCl, are approximately 70 to 90
pet and 0.55 to 0.60 A/em?®, respectively.”> 2! The
current efficiency of the new Mg production process
developed is close to that of the commercial electrolytic
process although the current density is slightly lower
than that of the commercial electrolytic process.

The anode system is important for a commercial
electrolysis process. When large-scale production of Mg
was considered using the developed process in this
study, the use of a C anode is preferred from the
short-term perspective. In this process, Mg metal is
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produced at the bottom of the cell. Therefore, C
contamination is prevented because C powders can float
on the surface of the electrolyte.

C. Vacuum Distillation of Mg Alloys

In order to demonstrate the feasibility of the produc-
tion of high-purity Mg metal from Mg alloys, such as
Mg-Sn, Mg-Ag, and Mg-Cu, vacuum distillation of the
Mg alloys was conducted. Table III shows the experi-
mental conditions and analytical results of the Mg metal
obtained at the low-temperature part and the residues
obtained at the bottom of the reactor after vacuum
distillation.

Vacuum distillation of the Mg-Cu alloy was con-
ducted at 1200 K to 1300 K for 5 to 10 hours. As shown
in Table ITI, when the vacuum distillation was con-
ducted at 1200 K for 5 hours, the concentration of Mg
in the Mg-Cu alloy feed decreased from 33.9 to 7.02
mass pct, and Mg metal with a purity of 99.965 pct was
obtained at the low-temperature part of the reactor (see
Figure S-2 in the electronic supplementary material). To
increase the recovery efficiency of Mg from the Mg-Cu
alloy, the temperature of the vacuum distillation was
increased to 1300 K. As a result, the concentration of
Mg in Mg-Cu alloy feed decreased from 30.2 to 0.78
mass pct, and Mg metal with a purity of 99.999 pct was
obtained. From the experimental results, it can be
concluded that Mg can be efficiently recovered from a
Mg-Cu alloy at 1300 K using vacuum distillation.

= Mg,Cu : PDF #00-001-1187 ©CuMg : PDF # 01-077-1178
A AgMg, : PDF #00-001-1170 A AgMg, : PDF # 00-045-1020
® Mg,Sn : PDF #00-007-0274 ©Mg  : PDF #00-001-1141
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Fig. 13—Results of the XRD analysis of (¢) Cu-Mg, (b) Ag-Mg, and
(¢) Sn-Mg alloys used as feedstock for the vacuum distillation and
(d) Mg metal obtained after the vacuum distillation.
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In addition, the vacuum distillation of the Mg-Ag
alloy was conducted at 1200 K to 1300 K for 5 hours. As
shown in Table III, when the vacuum distillation was
conducted at 1200 K, the concentration of Mg in the
Mg-Ag alloy feed decreased from 30.5 to 5.72 mass pct,
and Mg metal with a purity of 99.999 pct was obtained
at the low-temperature part of the reactor (see Figure S-3
in the electronic supplementary material). The recovery
efficiency of Mg from Mg-Ag alloy increased when the
vacuum distillation was conducted at 1300 K because
the concentration of Mg in the residue obtained at the
bottom of the reactor was 1.75 mass pct. In addition,
Mg metal with a purity of 99.975 pct was produced.
These results indicate that 1300 K is appropriate for the
vacuum distillation of a Mg-Ag alloy, as mentioned in
Section II.

Vacuum distillation of the Mg-Sn alloy was con-
ducted at 1200 K for 5 hours. As shown in Table III,
Mg metal with a purity of 99.998 pct was obtained at the
low-temperature part of the reactor (see Figure S-4 in
the electronic supplementary material), and the concen-
tration of Mg in the Mg-Sn alloy feed decreased from
34.1 to 0.32 mass pct. Therefore, it can be concluded
that Mg can be efficiently recovered from a Mg-Sn alloy
at 1200 K, as expected in Section II.

Figure 13 shows the results of XRD analysis of
Cu-Mg, Ag-Mg, and Sn-Mg alloys used as a feedstock
for the vacuum distillation and the Mg metal obtained.
As shown in Figure 13, high-purity Mg metal was
obtained by the vacuum distillation of Cu-Mg, Ag-Mg,
Sn-Mg alloys at 1200 K to 1300 K.

When the results of the electrolysis of MgO followed
by the vacuum distillation are taken into consideration,
the use of Sn as the cathode for the developed process is
preferred. Table 11 shows no significant difference in the
current efficiencies obtained when Sn, Ag, or Cu was
used as the cathode and C or Pt was used as the anode
until the concentration of Mg was 11.9 to 12.9 mass pct.
However, the vacuum distillation temperature for the
recovery of Mg from Mg-Sn alloy was 1200 K, which
was the lowest among the recorded temperatures for the
vacuum distillation. In addition, 30 mass pct of Mg can
be electrodeposited on the Sn cathode, as expected from
the discussion in Section II, and Sn has the lowest
melting point among Sn, Ag, and Cu.

V. CONCLUSIONS

To develop an efficient and environmentally friendly
Mg production process, molten salt electrolysis using a
liquid—metal cathode (MSE-LMC) and vacuum distilla-
tion to produce high-purity Mg metal using MgO as the
feedstock was investigated. The estimated decomposi-
tion voltages of MgO in 54 mass pct MgF,-46 mass pct
LiF molten salt at 1083 K under the experimental
conditions when using graphite and glassy C anodes
were 2.01 V and 3.02 V, respectively. Through the
electrolysis of MgO in MgF,-LiF molten salt with an
applied voltage of 2.5 V to 3.0 V at 1053 K to 1083 K
using graphite or Pt as the anode, Mg alloys such as a
Mg,Sn and Sn (Mg) mixture, AgMg, and a Cu,Mg and
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Cu (Mg) mixture were produced when Sn, Ag, and Cu
were used as the cathode, respectively. The current
efficiency and current density were 77.2 to 83.8 pct and
0.372 to 0.554 A/cm?, respectively, when the concentra-
tion of Mg in the Mg alloys was 11.9 to 12.9 mass pct. In
addition, Mg metal with a purity of 99.975 to 99.999 pct
was obtained by the vacuum distillation of Mg-Cu,
Mg-Ag, and Mg-Sn alloys prepared in advance at 1300
K, 1300 K, and 1200 K, respectively.
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