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Abstract: Molten salt is an excellent medium for chemical reaction, energy transfer, and storage. Molten salt innovative technologies should be
developed to recover metals from secondary resources and reserve metals from primary natural sources. Among these technologies, molten salt
electrolysis is an economic and environment-friendly method to extract metals from waste materials. From the perspective of molten salt char-
acteristics, the application of molten salts in chemistry, electrochemistry, energy, and thermal storage should be comprehensively elaborated.
This review discusses further directions for the research and development of molten salt electrolysis and their use for metal recovery from vari-
ous metal wastes, such as magnet scrap, nuclear waste, and cemented carbide scrap. Attention is placed on the development of various electro-
lysis methods for different metal containing wastes, overcoming some problems in electrolytes, electrodes, and electrolytic cells. Special focus

is given to future development directions for current associated processing obstacles.

Keywords: molten salt application; molten salt electrochemistry; resource recycling; cemented carbide scrap

1. Introduction

The electrode potential of some active metals, including
aluminum, sodium, magnesium, lithium, and other alkali and
alkaline earth metals, is more negative than that of hydrogen.
Hydrogen gas is generated preferentially on the cathode dur-
ing the electrolysis of aqueous solutions because of the small
overvoltage of hydrogen evolution. Therefore, light metals
cannot be extracted or refined by aqueous solution electro-
lysis. Extracting active metals from molten salts has become
the only dominant production method. The significant
achievements of molten salts in extracting metals are well re-
cognized worldwide [1-5]. Molten salts have been used for
the industrial production of aluminum, magnesium, and oth-
er light metals from as early as the 19th century. Later, they
have also been used for the production of rare elements,
thorium, uranium, tantalum, and other metals [6—8]. The
growing interest in the energy applications of molten salts is
justified by their comprehensive properties. Molten salts have
been widely used in electrolytic metallurgy, synthetic com-
pound materials, cells, energy storage, and so on because of
their excellent electrical conductivity, high electrochemical
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stability, high heat conductivity, low viscosity, high density,
relative stability at high temperatures, and high heat capacity
per unit volume [9-11].

With the developments in society, productivity, and tech-
nology, the demands for metals continue to increase. The
global needs for metal resources are expected to double
between 2010 and 2030 than before [12—14]. Excessive met-
al mining has led to increasingly serious problems, resulting
in a tight supply of many metal resources. The extensive use
of mineral resources is threatening the natural sources in the
near future. Recycling metals from secondary resources not
only makes up for the lack of mineral resources of the origin-
al metals but also reduces the cost of materials and metal ore
mining. Recycling metals from secondary resources also
contributes to a virtuous cycle of sustainable, low-carbon,
and efficient utilization of natural resources [15-17].

Traditional methods for the treatment of secondary re-
sources consist of burying, incinerating, high-temperature
pyrolysis, and smelting processes. Despite the research ef-
forts exerted to develop effective secondary resource recov-
ery methods over the years, traditional methods still have
many problems, such as low cost-effectiveness and environ-
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mental pollution [18-21]. Therefore, a new method and tech-
nology should be urgently developed to recover metals from
secondary resources effectively. Molten salt electrolysis,
which converts electric energy into chemical energy by us-
ing molten salts as the electrolyte for metal extraction, has re-
ceived widespread attention. The impressive achievements of
molten salts in extracting metals are well recognized world-
wide. With the rapid development of molten salt electro-
chemistry, molten salt electrolysis has played a far greater
role than expected in areas such as energy supply, recycle
utilization of resources, and metal smelting. It is not only an
innovative, economical, and green approach for recycling
metals but also an important research direction for the devel-
opment of recycling technology [22-23].

2. Applications of molten salts

As a high-temperature melt, molten salts feature high heat
capacity, high electrochemical stability, excellent heat stabil-
ity, high electric conductivity, and low cost. Molten salts are
an excellent medium for chemical reaction, energy transfer,
and storage and has become a highly recognized electrolysis
medium.

2.1. Molten salt chemistry

Molten salt can be used as a chemical reaction medium for
catalysis, cracking, halogenation, preparation of semicon-
ductors, inorganic powders, and surface functional coating
materials. In the molten salt reaction medium, the reaction
proceeds at the atomic level during the preparation of materi-
als by using molten salts, enhancing the fluidity and remark-
able increasing the diffusion rate. Common molten salts in-
clude sulfates, carbonates, and halides. Compared with tradi-
tional methods, such as solid-phase method, sol-gel method,
co-precipitation method, and hydrothermal method, the use
of molten salts to prepare materials effectively decreases the
synthesis temperature, shortens the reaction time, and con-
trols the composition, morphology, and powder characterist-
ics as evidenced by their low cost, easy operation, short heat
preservation time, and so on [24-26].

Since Arendt [27] first produced BaFe ;0,9 and StFe;,0,9
from molten salts in 1973, the molten salt method has been
used to prepare materials for various applications. Afterward,
various inorganic powder materials, including SrBi,Ta,Oys,
SrBi,Ta,0y, Bi,Ti;0y,, and NaysBi,sTi,O;5, have been pre-
pared using the molten salt method. The synthesis of powders
by the molten salt method can be divided into two processes:
powder particle formation and growth process. Thus, the
morphology of powders is initially controlled by the forma-
tion process and then by the growth process. In general, the
synthesis mechanism can be divided into two categories. (1)
When the mobility of the oxides in the molten salt is higher
than that in the solid phase, diffusion and mixing for the reac-
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tion occur in a short time. Precipitation occurs after exceed-
ing its solubility in molten salt. (2) When the solubility of the
target oxides is greater than those of other nontarget oxides in
the molten salt, the target oxides diffuse to the surface of the
nontarget oxides and finally generate the corresponding
products on the surface [28-29].

In addition to inorganic powder materials, molten salts are
also used to prepare intermetallic compounds, surface treat-
ments, zirconium fluoride glass, high-temperature supercon-
ductor single crystal, and lithium niobate single crystal ma-
terials.

2.2. Molten salt electrochemical electrolysis

Molten salt plays an important role as an electrolyte medi-
um in electrochemistry. At present, most metals are extrac-
ted from the minerals of crustal deposits. Primary metals are
mainly extracted using mining, flotation, hydrometallurgy,
and pyrometallurgy. However, traditional processes cause
pollution. Thus, the operation and production capacity should
incorporate environmental protection measures. New pro-
cess methods in advanced industrial setting should be de-
veloped to meet stringent environmental protection require-
ments [30-31].

Molten salts are characterized by a relatively wide electro-
chemical window, high electrical conductivity, and fast reac-
tion kinetics at high temperatures. In addition, molten salts
are more electrochemically stable than aqueous electrolytes.
The reduction of metal ions with the hydrogen evolution in
solutions decreases the electrochemical current efficiency.
The formation of oxide films and hydrides and the stable de-
position of oxygenated cations also impede the electrodepos-
ition of metals in aqueous solutions. Molten salt electrolysis
provides a conducive working environment for metal pro-
cessing in electrochemical reactions. It runs smoothly under
anhydrous and oxygen-free conditions, effectively inhibiting
hydrogen evolution [32]. In the metallurgical industry, mol-
ten salt electrolysis has been widely applied to manufacture
Al, Mg, rare-earth metals, refractory metals, and other
metals. Among them, molten salt-based electrolytic alumin-
um smelting has achieved large-scale global industrialization
and is a green energy-saving system for environmental pro-
tection with relatively high production efficiency.

In the early 19th century, British chemist Humphrey Davy
first invented molten salt electrolysis, which could produce
many types of chemically active metals. Hall-Héroult
smelted aluminum in the high-temperature range of
1223-1233 K by using cryolite—-AL,O; molten salts as an
electrolyte. This method had a history of more than 100 years
from lab-scale to large-scale industrial production. Explorat-
ory investigation has been carried out for the preparation of
refractory metals by using aluminum electrolysis with tradi-
tional molten salts. Molten salt electrolyte systems, such as
K,TaF~Ta,05/KCI-KF, K,NbOFs/KCl, K,TaF;/KCI-NaCl,
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and K,NbF,/KCl-NaCl, have been developed to extract
niobium and tantalum. K,HfF/KCIl-NaCl, K,ZrFs/KCIl-
NaCl, and TiCl,/LiCI-KCI electrolyte systems for hafnium,
zirconium, and titanium, and other electrolyte systems have
also emerged [33-35].

Titanium transition metal has been investigated in detail;
however, many problems still exist. Titanium smelting was
initially based on the Kroll and Hunter methods operated in-
termittently; however, both methods entail high cost and
cause serious pollution. Molten salt electrolysis is superior to
the Kroll and Hunter methods from the perspective of redu-
cing energy consumption and simplifying the process
[36-37]. Ginatta et al. [38-40] extensively studied the tradi-
tional TiCl, electrolysis process; however, titanium produc-
tion using this method is all-time high. In addition, the tradi-
tional molten salt electrolysis has major problems, such as
low solubility of TiCl, in the molten salt, high electrolysis
temperature, large energy consumption, low current effi-
ciency, many side reactions, and low energy utilization.

The FFC (Fray-Farthing-Chen) Cambridge process de-
veloped by Cambridge University solved the above prob-
lems for the electro-deoxidation of solid metal oxides, as
shown in Fig. 1 [41]. The FFC Cambridge process has its
own characteristics, such as shorter process cycle, lower cost,
and more environmental friendly compared with the tradi-
tional Kroll method. The raw material is a non-volatile oxide,
which simplifies the preparation process in comparison with
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TiCl, molten salt electrolysis. This process has attracted
global interest owing to its simplicity and rapidity as well as
its applicability to a wide range of metal oxides. The method
was also extended to other metals and non-metals, such as
Mg, Cd, Nb, Ta, Zr, Hf, V, W, and Si [42—44]. The FFC pro-
cess was commercialized by British company Metalysis Ltd.
and has been proven to produce a large range of metals (e.g.,
Cd, Ta, and Zr) and alloys (e.g., NbTi, NiTi, and NdFeB) at
the industrial scale. In 2018, the industrial-scale production
of metal oxides, such as titanium dioxides, tantalum oxides,
and uranium oxides, was gradually achieved from the initial
kilogram production [45].

Aside from the FFC process, Solid Oxygen-ion Mem-
brane (SOM), Materials and Electrochemistry Research
(MER), Quebec Iron and Titanium (QIT), and University of
Science and Technology Beijing (USTB) methods have been
developed, providing new vitality for the research of molten
salt electrolysis, especially for the preparation of metals. The
comparison between different Ti electrolysis methods is
shown in Table 1.

The SOM method is a green and environmental-friendly
method first proposed by Boston University for extracting
metals and metal alloys from metal oxides. This method
overcomes the shortcomings of the traditional method of
continuous production, greatly improving the production ef-
ficiency and decreasing the production cost. Sponge titanium
can be directly extracted from ores containing titanium oxide

fy
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Fig. 1. Electrolytic cells for the reduction of TiO, particles [41]. Reprinted by permission from Springer Nature: Nature, Direct elec-
trochemical reduction of titanium dioxide to titanium in molten calcium chloride, G.Z. Chen, D.J. Fray, and T.W. Farthing, Copy-
right 2000.
Table 1. Comparison of different methods in molten salt electrolysis
. . . T
Method Melt Cathode reaction Anode reaction Overall reaction empiature / Year
FFC CaCl, TiOy+e —Ti +20” 20" >0y e TiO,—Ti+0, 1072-1123 2000
SOM CaCl,—-CaF, TiO+2xe — Ti+xO> O +2H,—2H,0+2¢” 2TiO+2xH,— 2xH,O+2Ti  1473-1673 2001
) o TiO+C—Ti"+CO 3¢ or  Ti0y+C—Ti+CO, or
B 3+ + 2 2
MER  NaCl-KCl Ti"+3e —Ti TiO+2C—Ti*2C0+3e Ti0,+2C—Ti+2CO 1073 2002
QIT Ci?ci;cb TiO+e —Ti +20% C+20* -CO e TiO,+C—Ti+CO, 1973-2073 2003
2
USTB NaCl-KCl Ti"+ne —Ti (n<4) TiC,0,—Ti"+CO,+CO+ne" TiC,0,—Ti+CO,+CO 1073 2006
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with short process flow and low energy consumption. The re-
quirements for raw materials are greatly reduced because
only TiO, participates in the reaction [46—48]. American Ma-
terials and Electrochemistry Research Corporation proposed
the MER process using anode dissolution electrolytic reduc-
tion to prepare titanium metal. It has the characteristics of
easy recovery of excessive reaction heat, automation, and
minimal pollution compared with the intermittent Kroll
method. The metallic titanium product obtained by this pro-
cess has less impurity, thus realizing the rapid and continu-
ous production of metallic titanium powders.

The QIT process was developed by the Quebec Iron and
Titanium Company for preparing metallic titanium or titani-
um alloys through high-temperature electrolytic molten ti-
tanium slags. The obtained metal titanium or titanium alloy
could be directly used for ingot casting to simplify the pro-
cess [49-50]. Jiao and Zhu [51-52] developed a new type of
thermal reduction-electrolytic titanium extraction, namely,
USTB, bearing a resemblance to the basic idea and process
route of the MER process. These two approaches extract
metallic titanium using soluble anode. The only difference
between the two approaches is that the soluble anode of the
MER process is titanium dioxide or titanium low valence ox-
ide and that used in the USTB process is TiO-mTiC solid
solution. The USTB method overcomes the low current effi-
ciency in the FFC and OS methods. After industrial-scale
achievement, the process gradually expanded from 1-10 A to
100 A scale.

At present, most methods are still in the laboratory devel-
opment stage. Molten salt electrolysis may replace the exist-
ing traditional process and further be developed by shorten-
ing the process, reducing energy consumption, and realizing
continuous production.

2.3. Molten salt battery

Developing new battery medium is a main stream direc-
tion in view of the excellent electrochemical performance of
molten salts. High-temperature molten salt battery is a
thermally activated reserve battery using molten salt as the
electrolyte. As a new type of reserve battery, the internal
heating agents are ignited using an automatic activation
device to melt the electrolyte. It was first invented by Erb in
Germany at the end of World War II. Since the first thermal
battery was produced by Wurlitzer in 1948, it has received
significant attention from many researchers, who then ex-
tensively studied the thermal battery from various perspect-
ives. The thermal battery has been or will be widely applied
in many fields, such as rockets, missiles, and emergency
electronic instruments, because of its fast activation speed,
high specific power, long storage time, high specific energy,
and wide operating temperature range.

The cathode materials WO;, CaCrO,, Fe,Os, V,0s, CuO,
and FeS, are typically used in battery for in high-tech
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weaponry. The anode material is Mg, Ca, Li, or their alloys,
and the electrolyte is high-temperature molten salt. LiClI-KCl
is often used as an electrolyte for thermal battery owing to its
low price and easy preparation. In addition, it is suitable for
high-temperature and small current discharge with the
highest peak discharge voltage and the longest discharge time
[53-54]. However, Li" is likely to form a large concentration
gradient when the thermal battery is discharged rapidly,
which may cause the polarization effect of the battery.
Moreover, the melting point increases because of the imbal-
ance of Li"/K" ratio, shortening the service life of the thermal
battery. Therefore, the electrolyte system has been continu-
ously improved, and many molten salt systems, such as
LiX-KX (X =Cl, Br, I), LiF-LiX (X = Cl, Br, I), LiF-LiBr—
KBr/LiCl, LiCI-KCI-NaCV/Lil/KI/LiF/LiBr, and LiCl-Lil—
KI/LiF/LiBr/~LiF-LiBr, have been proposed to maximize
the battery life. The chloride electrolyte has a high melting
point temperature; however, it has been used in thermal bat-
tery systems owing to its large electrical conductivity. With
the continuous deepening and development of molten salt
battery research, this technology has become increasingly
mature.

In recent years, the rapid development of thermal battery
technology has led to a significant interest to adapt this tech-
nology for possible select domestic applications. However, it
requires the use of electrolytes with low temperature and
melting points of <300°C. The above high-temperature elec-
trolytes are unsuitable for this application. The incorporation
of iodide ions produces a number of promising candidates,
including LiBr—RbBr/CsCl/CsBr, LiCI-KCIl-CsCl/~RbCl-
CsCl, Lil-KI/~CsI-LiBr/~CsI-LiCI-LiBr, and LiBr—KBr—
CsBr [10,55]. However, batteries based on iodides ions are
heavier than those based on LiCI-KCI eutectic systems be-
cause of the higher density of iodide salts, especially for all-
iodide systems. These salts are also more expensive than the
bromides and chlorides. In addition, iodide electrolytes are
sensitive toward oxidation forming elemental iodine, result-
ing in early failure of batteries. By contrast, some nitrate-
based systems offer more potential because of their much
lower melting points, difficult oxidation, and deliquescence.
Currently proposed nitrate systems include LiNO;—KNO;,
LiNO;—KNO;—CsNO;, LiNO;—NaNO;, and NaNO;—KNOs.
The use of nitrate as the electrolyte is expected to become the
main research direction of thermal batteries owing to its low-
melting temperature and large electrical conductivity [56].

2.4. Thermal energy storage

2.4.1. Solar thermal storage

The rise of the solar thermal power system in recent years
has provided a relatively inexpensive source of energy for in-
dustrial development while simultaneously reducing the con-
sumption of ore resources and emission of pollutants. Ini-
tially, the steam from direct heating was used to drive the tur-
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bine for generating electricity. This method faces some prob-
lems, such as low production efficiency, high working pres-
sure, and complicated system design. Subsequently, oil was
proposed as the heat transfer medium for solar power genera-
tion [57-58].

Compared with heat transfer using oil and water, molten
salts have higher heat stability, stronger heat transfer capa-
city, lower requirements for pipeline pressure, and better heat
storage capacity. They can be used at higher temperatures
and lower costs than the current systems and have become
widely recognized as a thermal energy storage medium
[59-60]. The operating temperature of solar power plants can
be increased in the range of 723—773 K by using molten salt
energy storage for power generation. Since the 1980s, re-
searchers have used molten salt as a thermal transfer and

storage medium in solar thermal power generation. In 1981,
the Eurelios tower solar power plant was the first one con-
structed using molten salt as a thermal transfer and storage
medium. Few decades thereafter, countries such as Spain, the
United States, Denmark, Germany, and China also investig-
ated molten salt thermal storage technology. Solar power
plants use molten salt thermal storage technology to achieve
flexible power production and maximize effectiveness in
modern power grids.

The thermal storage media of solar power generation
devices fall into three main categories: solar salt (60%
NaNO;—40% KNO;), Hitec (7% NaNO;—53% KNO;—40%
NaNQ,), and Hitec XL (45% KNO;—48% Ca(NO;),—7%
NaNQ;) [61-62]. Table 2 shows the melting points and costs
of different thermal storage materials.

Table 2. Melting point and cost of thermal storage materials

Material Melting point / K Temperature change / K Material cost / ($-kg™") Thermal storage cost / ($:-kW 'h 't
Hitec 415 473 0.93 10.7
Hitec XL 393 473 1.19 15.2
solar salt 493 473 0.49 5.8

2.4.2. Nuclear energy storage

A nuclear reactor, also known as an atomic reactor, is a
device that can maintain a controllable self-sustaining fission
chain reaction to convert nuclear energy into electrical en-
ergy and power. Nuclear fission releases a lot of energy and
neutrons; therefore, nuclear fission energy can be advantage-
ously applied to nuclear energy heating, nuclear power, and
so on. Fission neutrons are mainly used for nuclear techno-
logy in medicine, industry, agriculture, and other aspects.
Nuclear reactors mainly contain six types of reactors accord-
ing to the coolants, including molten salt reactor (MSR), gas-
cooled fast reactor, lead-cooled fast reactor, sodium-cooled
fast reactor, supercritical water-cooled reactor, and very-
high-temperature reactor. The MSR is a liquid fuel reactor in
which nuclear fuel is dissolved in liquid fluoride molten salt.
Compared with other reactors, the MSR holds the advant-
ages of neutron economy, higher power density, larger negat-
ive temperature coefficient, nuclear non-proliferation, lower
fuel consumption, and inherent safety. The extensive devel-
opment of the atomic energy industry and nuclear fuel tech-
nology has opened new applications of molten salts. Molten
salts were initially applied in nuclear reactor research in the
1950s. The Oak Ridge National Laboratory (ORNL) suc-
cessfully built and operated the first MSR. The ORNL also
designed a new molten salt breeder reactor with ThF, as the
fertile component of the liquid fuels and with LiF and BeF, as
the carrier salt mixtures. MSRs still have a wide room for in-
vestigation and development [6].

In China, the Shanghai Institute of Applied Physics
launched a Thorium MSR Nuclear Energy System project in
January 2011 as a strategic pilot project. The Chinese
Academy of Science completed the design of thorium-based

MSRs with solid and liquid fuels, in parallel with efforts for
promoting their construction in the near future. The research
of neutronics modeling, safety analysis, thermal-hydraulics
modeling, and material investigation provided abundant ba-
sic data for the development of MSRs [63].

2.5. Other molten salt applications

Fuel cell, also called an electrochemical generator, is a
power generation device that directly converts the chemical
energy of fuel into electrical energy. Fuel cells around the
world have received increasing attention owing to their high-
energy conversion efficiency and low environmental pollu-
tion [64].

The electrolyte in the fuel cell may be aqueous solution
(e.g., H;PO,), molten salt (e.g., Li,COs3), solid polymer (e.g.,
polyoxyethylene), or solid oxide (e.g., CeysSm,,0;4). Com-
pared with aqueous electrolytes, molten salts are ionic melts
with higher conductivity. The energy conversion efficiency
of the cells can reach 50%. Fuel cells are being investigated,
and most of them are based on molten carbonate fuel cells
(MCFCs). They are high-temperature fuel cells using molten
carbonate salt mixtures as the electrolyte with normal car-
bonate mixtures of alkali metals Li, K, Na, and Cs. They con-
sist of a porous nickel anode and a porous lithium-doped
nickel oxide cathode[65-66]. These components are easily
degraded because of the corrosive molten alkaline carbon-
ates and the high operating temperature. The state-of-the-art
cathode is usually formed by in situ oxidation and sub-
sequent lithiation of pre-sintered porous nickel plates. In situ
doping of Li provided by the Li,CO; component of the mol-
ten carbonate electrolyte can improve the conductivity of the
NiO cathode. However, the dissolution of NiO in the carbon-
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ate melt during the operation of the cell creates a problem.
The characteristics of the catalyst or electrolyte should be op-
timized to overcome this problem. The latest MCFC anode
catalyst has a satisfactory creep resistance and stable catalyt-
ic activity during fuel cell operation by using H, or H,/CO.

3. Applications of molten salt electrolysis in
secondary metal resource recovery

The development and exploration of secondary metal re-
sources have received considerable attention owing to the
scarcity of mineral resources, the low utilization of tradition-
al development technologies, and serious pollution. Recyc-
ling metals from secondary resources can meet the growing
demand of the world metal market while achieving efficient
utilization of secondary resources. The treatment methods of
metal waste may differ with respect to different production
industries [67—-68]. Molten salt electrolysis has been applied
in secondary resource recycling, such as the magnet scrap,
nuclear waste, metal/alloy waste, and cemented carbide. Re-
cycling and manufacturing of metals and alloys have undeni-
ably become an important productive process of the present-
day world [69].

3.1. Magnet scrap

Recycling rare-earth elements (REEs) from secondary re-
sources have attracted attention with the rapid growth in the
consumption of rare-earth resources and processing costs.
The dependence of modern industrial manufacturing on
primary products can be reduced through utilization of sec-
ondary resources. Moreover, the geographic supply distribu-
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tion of REEs is changed to alleviate the resource shortage,
accounting for 26.3% of the total global rare-earth consump-
tion for rare-earth permanent magnet (REPM), which is used
in electronics, such as loudspeakers, mobile phones, and hard
drives [70]. At present, REPM scrap is mainly recycled
through metallurgical processes. However, the available
technologies and innovations need to be adjusted because of
the complex design and large number of elements in the
REPM scrap.

Currently, recycling REPM scrap through molten salt
electrolysis has two mechanisms: (i) reacting the auxiliaries
with rare-earth ions in REPMs to dissolve the REESs into the
molten salts and (ii) extracting REEs by electrochemical
electrolysis.

Abbasalizadeh et al. [71] used AICl; as a chlorinating
agent. NdCl; and DyCl; were produced by chlorination reac-
tions in which Nd and Dy in the magnet scrap were effect-
ively dissolved into the molten salt phase. In addition, FeCl,
and BaCl, were dissolved in the molten salts. Therefore, the
formed molten chlorides were electrolyzed to deposit Nd and
Dy at the cathode by using LiCI-NaCIl-KCl mixture. This
process effectively prevents the dissolution of Fe and B im-
purities and improves the purity of the product by changing
the chlorinating agents to selectively dissolve metal ions.
This method was further developed by Hua et al. [72]. The
melt chlorination treatment was carried out in a dry argon at-
mosphere using MgCl,—KCl after pulverizing the NdFeB
waste magnet into granules, as shown in Fig. 2. The overall
extraction efficiency for REEs exceeds 90% under optimum
operating conditions. By contrast, Fe and B remain in the sol-
id residue. The obtained REECI; in the molten MgCL—KCl

NdFeB scrap

vasls

Scrap granules

1

Electrolysis

— 23%

RE-Mg alloy

; — ]
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Flow sheet of the recovery of rare-earth elements (REEs) from NdFeB scrap using molten chlorides [72]. Reprinted with

permission from Z.S. Hua, J. Wang, L. Wang, Z. Zhao, X.L. Li, Y.P. Xiao, and Y.X. Yang, Selective extraction of rare earth ele-
ments from NdFeB scrap by molten chlorides, ACS Sustainable Chem. Eng., 2(2014), No. 11, p. 2536. Copyright 2014 American

Chemical Society.
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could be processed with molten salt electrolysis for the pro-
duction of Mg—Nd alloy, realizing the efficient and selective
recovery of REEs from NdFeB magnet scrap.

In addition to chlorides, AlF, ZnF,, and FeF; can also be
added to fluoride salts as fluorinating agents to extract REEs.
REEs in the NdFeB magnet scrap are more easily dissolved
in fluorides than in chlorides because of the unique physico-
chemical properties of fluorides [73—74]. The REEs in the
magnets were replaced by Al, Zn, and Fe in AlF;, ZnF,, and
FeF;, respectively. The formed rare-earth fluorides could
subsequently be treated by the electrolysis in the same react-
or for REEs to be deposited as metal and alloy products.

Although these auxiliaries contribute to separate REEs
from other elements, the reduction potentials of Mg, Al, Zn,
and Fe in the auxiliaries are higher than those of rare-earth
ions, resulting in the formation of the corresponding rare-
earth alloys. This method raises some questions, and further
separation of rare-earth alloys is necessary to produce metal-
lic rare-earth products, making the process cumbersome.

Another way is to directly use REPM scrap as the anode
without converting to halides. The REEs in the REPM elec-
trode are selectively oxidized and dissolved in the molten
salts as rare-carth ions. The electrodeposition of REEs was
successfully carried out on the cathode. This method effect-
ively avoids the problem of REEs forming alloys with impur-
ities. Rare-earth metals have higher reactivity than iron group
metals and precious metals. The thermodynamic calculation
confirms the feasibility of selectively dissolving rare-earth
metals from NdFeB magnet scrap [75]. Martinez et al. [76]
recovered rare-earth metals from REPM scrap by using
LiCI-KCI and NaCI-KCl molten salt systems. The LiCl-
based melts have a larger electrochemical window than the
NaCl-based electrolytes. The presence of molten salts causes
a noticeable difference in the reduction potential between
lithium and neodymium. Thus, molten salts are more suit-
able as an electrolyte.

This method is efficient and environmentally friendly
while eliminating oxidation or halogenation processes;
however, Li-free Nd metals are difficult to deposit because of
the under potential deposition of lithium. The co-deposition
of Li could be avoided by increasing the activity of REEs
ions in the electrolyte and changing the electrode materials
while improving product purity and electrolytic efficiency
[77-78]. Konishi et al. [79-80] proposed a method to in-
crease the activity of electrolyte ions and recover rare-earth
metals in magnet scrap by using alloy membranes as cath-
odes. The electrolytic potentials of Dy and Nd were investig-
ated in a molten LiCl-KCIl-DyCl;—NdCl; system. The rare-
earth ions are reduced on the anolyte side of the alloy dia-
phragm. The rare-earth metals in the alloy diffuse onto the
cathode surface of the alloy diaphragm and dissolve into the
catholyte as rare-earth ions by anodic oxidation. High-purity
rare-earth metals are formed on the cathode through the elec-

trodeposition of rare-earth ions; however, the REEs in the
outer layer are selectively dissolved, whereas the REEs in the
inner layer remain. Kamimoto ef al. [81-82]also en-
countered the same problem during the experiment. They
performed potentiostatic electrolysis in the potential range of
—1.8 to —0.8 V by using a molten eutectic mixture of
LiCI-KCl. The total REE content of the electrodeposit on the
liquid—zinc cathode is more than 99.2wt%. The REEs first
leach from the boundary phase during dissolution because the
leaching rate of REEs is slower in the main phase than in the
boundary phase.

Fe oxidation occurs in the scrap owing to the relatively
slower diffusion rate of REEs from the interior wastes into
the outmost surfaces. As a result, the oxidized Fe products
and the REEs deep into the interior wastes cannot reach the
surface for the reaction. Some anode channels possibly form
at the REPM electrode through oxidation to facilitate the dif-
fusion of REEs. These channels can provide continuous
transmission paths between the electrolyte and the REEs in-
side the electrode, thereby promoting the diffusion of REEs
onto the surface of the REPM electrode. In addition, the tem-
perature of magnet scrap electrolysis in LiCI-KCI molten salt
is higher than the eutectic temperature, resulting in the volat-
ilization of the salt.

These problems can be solved by changing the molten salt
system and making some anode channels. Yang et al. [83] re-
covered neodymium and praseodymium from an REPM
scrap through electrolysis in the LiF—CaF, system, which
does not release anode gas. Nd and Pr are selectively oxid-
ized from the REPM scrap and transformed into rare-earth
ions. The separated ions are directly prepared as rare-carth
metals by electrolytic deposition, whereas the porous Fe,B
alloy and Fe are left at the bottom of the crucible. The pores
and channels are formed by the oxidation of REEs in Nd—Pr
and Nd,Fe ;B alloys through controlled current. This micro-
structure provides continuous transport access of the electro-
lyte to the inside of the REPM electrode, facilitating the oxid-
ation of REEs inside the REPM scrap.

3.2. Nuclear waste

The post-processing of spent nuclear fuel first involves the
separation of spent oxide fuel from the zirconium cladding
hulls and consists of four steps: cutting, decladding, voloxid-
ation, and exhaust gas treatment to maximize the separation
of spent fuel from the spent cladding hulls. Then, the metal-
lic elements in the waste are recovered by molten salt elec-
trolysis.

3.2.1. Spent nuclear fuel

Owing to the consumption of fissile nuclides, the forma-
tion of heavy nuclides, and radioactive fission products, re-
activity changes in nuclear fuel and uranium content de-
creases during the reaction, producing nuclear wastes that
cannot be used in nuclear reactions. This type of nuclear
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wastes is referred as spent nuclear fuel. Spent nuclear fuel
contains a large amount of radioactive elements, such as
uranium-238, thorium-232, plutonium-239, uranium-235,
uranium-233, and transuranic elements, which are harmful to
the environment and human health. Appropriate counter-
measures must be taken to avoid their serious impact. As
early as the 1980s, the pilot-scale electric refiner (Mk-IV ER)
was used in the development and research of electrorefining
technology for spent fuel by the Argonne National Laborat-
ory in molten LiCI-KCl/liquid cadmium systems. Uranium
elements were separated from the fission products to reduce
radioactive waste emissions. Afterward, the United States
launched an engineering research and development of mol-
ten salt electrolytic extraction to recover plutonium and
minor actinides [84—85].

The electrolysis of the spent fuel usually involves two
main recovery steps. First, the alkaline metals and alkaline
earth metals in the spent fuel are dissolved into molten salts
by molten salt electrolytic reduction, and the actinides and
fission products are separated by molten salt electrolytic re-
fining.

Spent fuel is used as the cathode and molten Li,O—LiCl as
the electrolyte in electrolytic reduction. Actinide metal ox-
ides are reduced to metallic elements and deposited on the
cathode during electrolysis following Egs. (1) and (2):

Cathode reaction : M0, +2ye” — xM + yO?~ (salts). (1)

Oxygen ions (O°") generated at the cathode are oxidized to
0, through O*" diffusion to the anode:

Anode reaction : 20 (salts) — O, (g) +4e". 2)

The dissolution of O* ions exuding out to the surface
from the inside of the oxide fuel into the molten salts is diffi-
cult and obviously affects the reduction rate and current effi-
ciency during electrolysis. Consequently, Li,O is added to the
molten LiCl to accelerate the electrochemical reaction. By
contrast, Li,O is separated by electrolysis, depositing metal-
lic lithium on the cathode. The metallic lithium can penetrate
into the cathode for reducing oxides to metals, simultan-
eously oxidizing Li to Li,O again, realizing the self-circula-
tion of Li,0O [86].

Achieving high current efficiency of electrolytic fuel is
impossible because of the large and dense nature of the ori-
ginal spent oxide fuel. Therefore, the uranium in the spent
fuel is proposed to convert to U;Og powders after oxidation at
~773 K for improving the current efficiency. Hur et al. [87]
studied a new method of treating U;Og in the spent nuclear
fuel by using an SUS conductor and porous magnesium ox-
ide film as the cathode in Li,O-LiCl molten salt. In addition,
U,05 powders were used for simulation test to clarify the re-
action mechanism and verify the feasibility of the method.
The conversion rate of U;O0q to U metal exceeds 99% after
constant current electrolysis, proving that the electrochemic-
al reduction technology is suitable for the treatment of spent
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oxide nuclear fuel. In addition, uranium metals are success-
fully deposited in LiCI-Li,O molten salt [88]. This cathode
assembly successfully achieves a scale-up experiment of re-
ducing U;O4 to metallic uranium by molten salt electrolysis
in LiCl-Li,O molten salt. Within the potential range of —2.47
to —3.46 V, the conversion rate of U;Og to metallic uranium
exceeds 99% in a 20-kg U;Og4 batch cell [89].

Although the obtained uranium metals were successfully
reduced by U;Og through electrochemical reduction, the ap-
plication of this process is still limited by the cumbersome
preparation of U;Os, excessively thick cathode basket, and
decreased Li,O concentration in the electrolyte after electro-
lysis.

Subsequently, many researchers converted uranium ele-
ments in the spent fuel into porous UO, particles for electro-
chemical reduction. Compared with U;Og, porous UO,
particles are easier to handle because of the bulk structure and
less loss of Li,O in molten salts. Sakamura and Omori [90]
fabricated UO, with a porosity in the range of 30%—-38% by
sintering U;Og powders and performed electrolysis in
LiCI-Li,0 electrolyte at 923 K for 10 h. Experimental res-
ults showed that metal uranium could be produced from UO,,
achieving electrolytic reduction step with a degree of effi-
ciency exceeding 62%. The reduced product was then loaded
into the anode basket, and the electrorefining step proceeded
in the LiCI-KCI-UCl, electrolyte at 773 K. The anode cur-
rent efficiency can reach 88%, and dendritic refined uranium
metals are deposited on the stainless steel cathode.

The experimental observation proved that simulating the
porous structure of spent fuel particles accelerates electro-
chemical reduction. However, the low porosity of the pre-
pared UO, decreases the electrolysis efficiency. Choi
et al. [91] found that the electrochemical electrolysis pro-
ceeds at —0.49 V in LiCl-Li,0 medium at 923 K by using the
prepared porous simulated spent fuel particles (porosity of
70.7%) as the anode. Fig. 3 shows the experimental setup for
the electrochemical reduction.

Analysis results showed that the reduction extent of UO, is
>99%. A large amount of rare-earth oxides are reduced to the
corresponding metals in the range of 46%—78% because of
the porous structure of the particles. The experiments demon-
strated that the highly porous structure of spent fuel particles
is conducive to accelerating electrochemical reduction. Choi
et al. [92] also experimentally investigated the effect of the
cathode/anode surface area ratio on the electrochemical re-
duction of uranium oxide in the Li,O-LiCl electrolyte, indic-
ating that a low cathode/anode surface area ratio increases the
current density. A 17-kilogram uranium oxide electrolysis
cell was set up to reduce uranium oxide to metallic uranium
at a cathode/anode surface area ratio of 2.6.

A new problem may arise from the disposal of radioactive
molten salt wastes after the electrochemical reduction pro-
cess. Lithium has been recovered from molten salt waste
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Fig.3. Schematic of the electrochemical reduction of SIM-
FUEL particles [91]. Reprinted from Chem. Eng. J., 207-208,
E.Y. Choi, J.W. Lee, J.J. Park, J.M. Hur, J.K. Kim, K.Y. Jung,
and S.M. Jeong, Electrochemical reduction behavior of a highly
porous SIMFUEL particle in a LiCl molten salt, 514, Copy-
right 2012, with permission from Elsevier.

consisting of LiCl, Li,0O, Cs,0, and SrO [93] by conducting
electrolytic reduction experiments in a single compartment
electrochemical reactor with a mono-polar connection. The
cesium and strontium oxides in the mixed salts could be con-
verted to chlorides by controlled LiCl concentration and ap-
plied potential. In addition, Li,O preferentially reduces to
metallic lithium in the potential range of 2.55-3.55 V.

For the sake of separating actinides and fission products,
at first, the obtained pure uranium metals are separated from
the fission products. Next, transuranic elements and fission
products are separated for plutonium, uranium, and minor ac-
tinides. The principle of electrorefining is to separate the
various metallic elements based on the differences in the
thermodynamic and electrochemical properties of the in-
volved elements in molten salts. The chopped scrap metal
fuel is placed into the anode basket, or the reduced metal ob-
tained at the cathode after electrolytic reduction is used as the
anode. The rare-earth fission elements are replaced with the
pre-dissolved UCl;, and the generated chlorides are dis-
solved in the LiCI-KClI eutectic salts. Uranium is dissolved
from the anode into the molten salts and eventually depos-
ited on the cathode during electrolysis. As a result, insoluble
zirconium and other rare-earth metals remain in the anode
basket, while 99.7% of actinides in the spent anode fuel are
dissolved in the molten salts. Most of the dissolved uranium
is deposited on the solid cathode, forming a dendritic struc-
ture. The minor actinides and uranium elements are elec-
trodeposited on liquid metal cathodes (liquid Cd or Bi) [94].

However, liquid cathodes suffer in terms of low separa-
tion coefficients of transuranium and other metallic elements,
posing difficulty in separating cadmium from the products
and volatility of liquid cadmium under high temperatures.
Solid cathodes are expected to overcome the disadvantages
of liquid cadmium cathodes. Kinoshita et al. [95] studied the
electrodeposition of uranium and transuranium elements on
solid cathodes and compared the effects of liquid and solid
cathodes on extraction. Kwon et al. [96] investigated the
electrochemical separation of actinides in LiCI-KCI eutectic
salts by using a perforated ceramic container tied with a mo-
lybdenum rod as solid cathode. The anode potential de-
creases with increasing anode surface area. The separation of
uranium and cerium is achieved after electrolysis.

However, dendritic deposits are produced when using sol-
id metal electrodes, making the products difficult to separate
from the solidified salt after electrolysis because of entrain-
ing the molten salt medium. In addition, the current effi-
ciency of the molten salt is lower than that of the liquid elec-
trode. The deposits on the solid cathode are easy to fall into
the molten salt from the electrode. Thus, most of the process
still retains the liquid cathode.

3.2.2. Spent cladding hulls

At present, the fuel rods of the pressurized water reactor
type nuclear power plant and the surrounding cladding hulls
are designed with Zr-4 alloy as the main raw material. The
corrosion of Zr-4 alloy can be easily accelerated in the high-
temperature and high-radiation reaction environment. This
process requires regular disassembly and replacement. Spent
cladding hulls should contain ~98% of Zr and other metal
elements (Sn, Fe, and Cr) and a large number of radioactive
elements and trace amounts of spent fuel after a long-term re-
action. Reasonable means of recycling spent cladding hulls
not only benefit the secondary recycling of resources but also
are an irreplaceable tool for environmental protection.

The most representative recovery method is molten salt
electrolysis, recovering high-purity Zr from the spent clad-
ding hulls by applying an appropriate potential/current [97].
The reactions occurring at anode and cathode are as follows.

Anode reaction : Zr — Zr'"" +ne” 3)

Cathode reaction : Zr"" +ne” — Zr )

Using various electrolyte components, many investigators
studied the effects of molten salts containing ZrCl, or ZrF, on
the electrolysis efficiency and Zr metal electrodeposition.
Lee et al. [98] explored the recovery of Zr from spent Zr-4
cladding hulls in LiCI-KCI-ZrCl, molten salt at 500°C. Un-
der the same experimental conditions, the identical experi-
ment was conducted with the spent Zr-4 cladding hulls as the
anode to verify the effectiveness of Zr electrolysis. Quantitat-
ive analysis revealed that the purity of the recovered Zr de-
posits is 99.44wt%.

However, the reaction rate is relatively slower compared
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with chlorination, making large-scale spent cladding hulls
difficult to dispose. Oxidation reactions also occur in the
cladding hulls during actual electrolysis, resulting in the coat-
ing of the surface of cladding hulls with non-conductive Zr
oxides. The obtained oxides significantly inhibit the reduc-
tion/oxidation of Zr. For specimens with thin oxide layers,
further research showed that Zr oxides could be effectively
dissolved by pretreatment and adjustment of the anode po-
tential, temperature, and sufficient reaction time. Surface and
cross-sectional analyses of the cladding confirmed that the
electrochemical dissolution of the Zr oxide film is not uni-
form under a short period of time; however, Zr oxide film
disappears after a long period of electrochemical dissolution
at a low temperature. The simple dipping of LiCl-KCl-ZrCl,
molten salts changes the surface composition from a high-
valent oxidation state to a low-valent oxidation state, form-
ing Zr suboxides such as Zr,0; and ZrO. For the thick oxide
layer covered with more than 10 pm, the effect of molten salt
pretreatment is not obvious and an electrical contact through
cutting edges is necessary to promote Zr dissolution
[99-101].

LiF is added to improve the electrolysis efficiency and sta-
bilize the valence change of Zr in the molten salt, thereby
avoiding disproportionation. Fujita et al. [102] verified the
feasibility of the recovered actual spent Zr cladding hulls
through two-stage electrorefining in the LiCI-KCI-LiF sys-
tem. The content of radioactive elements decreases after elec-
trolysis, and the purity of the recovered Zr deposits is
99.9wt%. The redox potentials of radioactive elements Co-
60, Sb-125, Nb-95, and Mo-93 in the actual spent cladding
hulls are higher than the positive charge of Zr. Thus, the ra-
dioactive elements are deposited on the bottom of the anode
basket by applying different anode voltages in the
LiCI-KCI-LiF system. The radioactivity of the purified Zr
sample is significantly reduced. The Zr ions in the molten
salts are recovered at the cathode by applying a cathode
voltage after removing radioactive impurities, enabling a new
decontamination process for a spent zircaloy [103]. The addi-
tion of fluorides enhances the formation of stable complexes,
eliminating the multi-step reduction process and improving
current efficiency. By contrast, all fluoride-based salts en-
able the formation of a dendritic Zr deposit and enhance the
crystallinity of Zr. As far as the suitability of the process for
treating waste is concerned, the fluoride-chloride molten salt
system has advantages over the all chloride-based or all flu-
oride-based molten salt system.

For Zr deposition, chlorides have been widely used be-
cause of their lower operating temperatures and less corros-
ive nature than fluoride-based salts. However, the powder-
type product characteristics of Zr in most chloride-based
molten salts decrease the recovery efficiency because of easy
oxidation. In fluoride molten salt, the formation of dendritic
Zr deposits may be caused by the single-step reduction of
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Zr*" [104]. Nevertheless, processes using fluoride salt re-
quire several challenges for the waste treatment because of its
high melting point and strong corrosivity. This technology is
currently in the developing stage and should be explored in
the near future for the application of all-fluoride salts.
3.2.3. Other radioactive waste

The high-level radioactive waste liquid from nuclear
power plants is mainly processed using evaporation and
chemical precipitation and can be treated through molten salt
electrolysis to obtain clean products, thereby minimizing
damage to the environment and bringing economic benefits.
Separation methods for transuranium elements from high-
level radioactive liquid waste had been studied [105]. Ini-
tially, oxalic acid is added to the high-level radioactive waste
liquid to precipitate transuranium elements, lanthanides, and
alkaline earth metals for removing soluble alkali metals and
precious metals. The precipitation method can recover 99.9%
of transuranium elements from the liquid waste and then con-
vert oxalates to chlorides. The transuranium elements are de-
posited on the cathode by molten salt electrolysis after these
chlorides dissolve in KCI-LiCl salt. Compared with the tra-
ditional methods, this partitioning process has lower usage
amount of corrosive gas and less energy consumption,
achieving good separation of transuranium elements from li-
quid waste.

3.3. Metal/alloy waste

Aluminum slags are the byproducts of aluminum smelt-
ing or remelting. Each year aluminum output of the alumin-
um plant is 1 t, which consequently leads to 10 kg of slags.
Worldwide, approximately 250000 t of slags containing
75wt% Al are generated every year with high development
value. Therefore, the extraction of aluminum from slags fa-
cilitates the green and effective applications of secondary re-
sources and will be potentially beneficial for the aluminum
industry in the long run. The current thermal reduction for
aluminum slags is relatively efficient and energy saving;
however, further purification treatment is required for low-
purity products. Molten salt electrolysis can produce pure
products with comparatively low energy consumption [106].
Ueda et al. [107-108] conducted the flotation of aluminum
alloy oxides and electrolysis of metallic aluminum in two
molten salt systems, AlF;—NaF-BaCl, and NaCl-NaF-—
BaCl,. At first, 83% of the aluminum alloy is recovered by
the flotation from A356.0 casting alloy slags in the molten
salt bath because of the difference in density between the alu-
minum alloys and the oxides. Thereafter, another 4% of
metallic aluminum is recovered from the molten salts after
flotation by electrolysis.

The aluminum slags contain a large amount of AIN. Thus,
a significant amount of work is required to recover Al from
aluminum slags with 30wt% AIN. Consequently, Yan [109]
investigated the recovery of aluminum in aluminum dross
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(containing metallic Al, Al,Os, and AIN) by combining calci-
um thermal reduction and molten salt electrolysis in
Ca—CaCl, molten salt. Four simulated systems, including
pure Al,Os, pure AIN, Al,O5/AIN mixture, and Al,O:/AIN/Al
mixture, were used to simulate the reduction of aluminum
slags to understand the reduction behavior. The studies
showed that AL,O; is chemically reduced by Ca to form Al-
rich Al-Ca alloys. The Al in the Al,O; is easily recovered
from the Al drosses, while AIN cannot be reduced. The re-
duction of AIN could be enhanced by adding AL,O; to AIN.
In addition, the direct electrochemical reduction of the AIN in
the drosses is limited to three phase boundaries among the
AIN, the electrolyte, and the current collector. The presence
of Al powders in the Al,Os/AIN mixture also effectively fa-
cilitates the direct electrochemical reduction of AlLO; and
AIN. During electrolytic reduction, aluminum can be re-
covered from slags containing Al,O;; however, directly ex-
tracting aluminum from AIN slags is difficult. Therefore, the
AIN in the aluminum slag could be indirectly converted into
Al O; to extract Al

Zr scrap mainly includes industrial wastes generated in the
manufacture of corrosion-resistant mechanical, steel, and
other alloy products; unqualified Zr sponges produced in the
Kroll process; and slags produced in the metallurgical pro-
cess. The major methods of recycling Zr from Zr scrap in-
clude combined chlorination, chemical separation, and Kroll
process. However, several difficulties still persist because of
low recovery rate and high cost with the conversion rate
between 25% and 40% from sponge zirconium to zirconium
alloy. The noticeable advantage is that high-purity Zr or even
nuclear-grade Zr metal can be directly obtained from Zr scrap
by molten salt electrolysis [110]. The scrap is converted into
dendritic zirconium crystals in NaCl-K,ZrFs or NaCl-NaF-
ZrCl, during molten salt electrolysis. The obtained products
meet reactor-grade specifications with high purity than the
traditional process. In addition, electrolysis is more econom-
ical and environmental friendly than the chlorination-Kroll
reduction of Zr scrap.

However, the Zr deposits generated in the simple electro-
chemical recovery are powders easily exposing metal sur-
faces to oxidation because of the increase in the surface area
during the reaction. At the same time, the low current effi-
ciency from the disproportionation reaction of Zr results in
low product purity and unstable reaction. Accordingly, the
morphology and purity of Zr deposits in fluoride electrolytes
could be controlled by varying current densities. The aim of
addition of ZrF, is to effectively curb the disproportionation
reactions between Zr and ZrF,, leading to a stable Zr*'/Zr re-
duction process in the fluoride electrolytes. The advantage of
this simple method is that the high-purity nuclear-grade
dense Zr deposits are directly recovered from Zr scrap [111].

Park et al. [112] carried out the fluoride salt of LiF-KF—
ZrF, by using multiple electrodes for large-scale production

and improving throughput Zr electrorefinery development to
improve the cell efficiency and suppress the disproportiona-
tion reaction. Experimental results showed that the amount of
applied current increases because of decreasing cell resist-
ance with increasing number of cathodes, thereby improving
the current efficiency compared with a single electrode. Un-
der optimum conditions, the recovery rate of pure Zr reaches
99.92% with impurity content lower than that using the con-
ventional anodes (97.8%). Electrorefining consumes approx-
imately 7.15 kW-h-kg™', less than 39.7% compared with the
Kroll process. The cell efficiency and metal recovery rate are
significantly improved, providing an important experimental
basis for scale-up electrorefining Zr scrap using multiple
cathodes.

Disposal of titanium blast furnace slags from alloy steel-
making is confronted with the problems of difficult metal ex-
traction, long cycle time of the reaction process, and com-
plicated procedure. Toxic metals such as chromium and va-
nadium in the slags also leach out simultaneously. At present,
blast furnace slags are mainly piled up in the slag yard, caus-
ing great pollution on the surrounding environment. There-
fore, finding a more reasonable and effective way of utilizing
the slags is urgently required.

Zou et al. [113—115] first proposed to prepare titanium-sil-
icon alloys, including TisSis, TisSiy/TiC, and TisSiy/Ti;SiC,,
through molten salt electrolysis from titanium-containing
blast furnace slags. TisSi; was synthesized in molten CaCl,
electrolyte with pre-fired titanium-containing blast furnace
slag/Ti0,/Si0, (Ti : Si = 5:3) as a cathode. The optimal elec-
trolysis conditions, ultimate product morphology, and phase
composition were studied. Experimental results indicated that
TisSi; alloy is the product of electrolytic reduction and effect-
ively removes impurities, such as calcium, magnesium, and
aluminum, from the titanium blast furnace slags. Fig. 4 illus-
trates the schematic of the electrolytic cell and the experi-
mental setup of the process.

Nevertheless, graphite-based anode electroreduction for
preparing alloy suffers in terms of low reaction rate, low effi-
ciency, and carbon contamination. Therefore, pressed porous
mixture pellets were proposed as the cathode and a solid ox-
ide oxygen-ion-conducting membrane as the anode. TiSi,
TiSi/TiC, and TiSi/TiSiC had been electrochemically syn-
thesized from the Ti-bearing blast furnace slag/TiO, and/or C
mixture precursors in molten CaCl, [116]. The electrical re-
duction of titanium blast furnace slag/TiO, and C mixture
precursors includes the initial decomposition of
Ca(Mg,Al)(Si,Al),Og, the reduction of Ti/Si-containing inter-
mediate phases, the removal of impurity elements, and the
formation of TisSi;, TiC, and Ti;SiC,. This inventive method
has great potential to be used for the direct and facile prepar-
ation of titanium alloys and titanium-based composite mater-
ials. In particular, the SOM-based anode increases reaction
speed and effectively avoids carbon contamination com-
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Fig. 4. Schematic of (a) the electrolytic cell and (b) the SOM process; the insets between (a) and (b) are the photos of the cathode
and the anode [115]. Reprinted from Electrochim. Acta, 56, X.L. Zou, X.G. Lu, Z.F. Zhou, C.H. Li, and W.Z. Ding, Direct selective
extraction of titanium silicide Ti5Si3 from multicomponent Ti-bearing compounds in molten salt by an electrochemical process, 24,

Copyright 2011, with permission from Elsevier.

pared with the consumable graphite-based anode electrore-
duction.

3.4. Cemented carbide scrap

Cemented carbide scrap melts at a much higher temperat-
ure, making its recycling more difficult than other metal
wastes owing to its high strength, hardness, and density.
Therefore, the recycling methods of cemented carbide scrap
are discussed separately.

The main component of cemented carbide is tungsten
carbide (WC) with a hardness close to that of diamond. These
WC phases are combined with tough binder metals (most
commonly cobalt, nickel, and molybdenum) to form cemen-
ted carbides by powder metallurgy for specific industrial ap-
plications. Cemented carbide, typically containing 74%—-91%
tungsten, is superior to that of tungsten ores (7wt%—60wt%
tungsten). Therefore, the recovery of tungsten from cemen-
ted carbide scrap is worthy considering owing to its consider-
ably higher tungsten content compared with primary ores. As
the concept of sustainable development gains ever-increas-
ing importance in the future, efficient and economical recov-
ery and re-use of the finite resources of tungsten can be
achieved from cemented carbide scrap [117-120].

At present, the recycling methods of cemented carbide
scrap are mainly divided into two categories. One is select-
ively extracting cobalt retaining the structure of WC through
acid leaching, zinc melting, and high-temperature treatment.
The performance of the generated products is generally
worse than the raw ore because of the lack of atomic regener-
ation. In another embodiment, complete smelting destroys
the structure of the alloy. However, further development has
so far been constrained by long recovery time and high cost.
Molten salt electrolysis has been proven simple, environ-
mentally friendly, and low investment with a bright applica-
tion prospect. Several studies used molten salt electrolysis to

extract tungsten from various tungsten-bearing compounds,
such as tungsten oxide, tungsten chloride, tungsten sulfide,
and tungstate. However, few studies focused on recovering
tungsten from cemented carbide scrap [121-124].

Xi et al. [125] first presented a new technology of electro-
chemical extraction of tungsten and cobalt from cemented
carbide scrap by molten salt electrolysis. WC and NaCl-KCl
salt were used as the consumable anode and the electrolyte,
respectively. Fig. 5 illustrates the molten salt electrolysis of
cemented carbide scrap. The optimum process conditions
were obtained by analyzing the composition, particle size,
and morphology of the cathode products. Different electro-
chemical methods were developed to explore the redox beha-
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Fig. 5. Schematic of the molten salt electrolysis of cemented
carbide scrap [126]. Reprinted from Int. J. Refiract. Met. H., 54,
G.H. Si, X.L. Xi, Z.R. Nie, L.W. Zhang, and L.W. Ma, Prepar-
ation and characterization of tungsten nanopowders from WC
scrap in molten salts, 422, Copyright 2016, with permission
from Elsevier.
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vior of tungsten ions derived from the anode, the nucleation
mode of tungsten deposition at the cathode, the number of
electron transferred during the reaction, the electrochemical
reaction resistance, and the electrochemical reversibility. The
feasibility of the electrolysis of WC in CaCl,-NaCl,
LiCI-KCl, and other chloride molten salt systems was also
investigated.

The anodic dissolution of WC in molten salt can follow
two pathways. (i) Tungsten in WC exists in the molten salt
medium as ions and is deposited on the cathode through an
electrochemical method. (i) WC is continuously broken into
particles in the molten salt during electrolysis to form ions
through chlorination and finally electrodeposited on the cath-
ode. Comparison of the anode WC phase before and after
electrolysis indicated that the anode phase does not show any
apparent variation and pure WC phases are observed. There-
fore, WC is not chlorinated by molten salt in WC electrolysis.
As the electrochemical dissolution proceeds, the part of the
electrode in contact with the molten salt always remains as
WC phase although the WC surface is being continuously re-
generated. Cyclic voltammetry tests were carried out on the
molten salt before and after electrolysis to determine whether
or not tungsten ions are dissolved in the molten salt. Experi-
mental results revealed that the tungsten in the WC is dis-
solved in the molten salt as ions, as confirmed by the corres-
ponding redox peaks after electrolysis. The absence of redox
peaks proves that no electrochemical reaction occurs before
electrolysis. The experiments ruled out the possibility that
WC was broken into particles and fell into the molten salt
during electrolysis.

Although the electrolysis of WC in the chloride molten
salt system shows some promising results, some problems re-
main. First, the anode dissolution amount and dissolution rate
increase significantly with increasing temperature, consider-
ing that the reaction of WC is exothermic and the Gibbs free
energy of the reaction decreases with increasing temperature
during electrolysis. Although high temperature accelerates
the electrochemical reaction and the dissolution of WC, high
volatility of molten chloride salt still poses some problems. In
addition, electrolysis processing demands considerable en-
ergy input to maintain a high electrolysis temperature.
Second, the lack of discharge ions in the molten salt results in
difficult polarization reaction and low current efficiency in
the early stage of electrolysis. Third, the anode products not

only contain tungsten ions but also elemental carbon, as ob-
served in blanketing the surrounding anode on the molten salt
surface with layers of fine black powder after cooling. In
long-term electrolysis, the generated carbon is excessively
accumulated. Carbon spreads in the area nearby the cathode
and directly affects the purity of the tungsten powders, even
causing a short circuit in the electrolytic cell.

To achieve rapid dissolution of cemented carbide and se-
lective preparation of pure metals, our group [126—135] im-
proved the extraction efficiency of tungsten by changing the
molten salt systems and adding active substances. The char-
acteristics of fluoride molten salt systems include low energy
consumption, higher electrolysis temperature than chloride
molten salt, and low volatility. Consequently, the effects of
electrolysis time, temperature, current density, and other con-
ditions for the dissolution of WC were studied in a NaF-KF
all-fluoride molten salt system. The dissolution process and
mechanism of WC were proposed on the basis of optimum
process parameters. Results showed that NaF—KF has a relat-
ively wide electrochemical window than NaCI-KCl. Tung-
sten ions might form fluoro-tungsten complex ions in fluor-
ide molten salts to facilitate the deposition of tungsten ions at
the cathode. Fluoride molten salts have the advantages of low
volatility and wide temperature range, and thus can further
increase the reaction temperature and accelerate the chemical
reaction.

The active particles can be discharged at the cathode and
anode by adding a certain amount of active substances to the
molten salts. The suitable active substances acting as a carri-
er of tungsten ions can improve the dissolution rate of the an-
ode and the current efficiency because the addition of sodi-
um tungstate and tungsten oxide would reduce the charge
transfer resistance in the electrolysis systems. Among them,
sodium tungstate is added to the chloride molten salt system,
and it can provide tungsten ions with similar properties to the
WC dissolved ions as an active substance, thereby improv-
ing the dissolution rate of WC and current efficiency. Con-
versely, the tungstate ions formed by the ionization of sodi-
um tungstate generate oxygen at the anode during electrolys-
is. The generated oxygen can react with residual carbon to
produce gaseous carbon oxides for eliminating the impact of
carbon on cathode products and improving the purity of
tungsten products. Studies on the electrolysis of WC in dif-
ferent molten salts are summarized in Table 3.

Table 3. Electrolysis of WC in different molten salts

Temperature /

Melt Anode reaction Cathode reaction Overall reaction Reduction pathway K
NaCl-KCl WC — W +C + 6e” W +6e —W WC—-W+C WS SWH oW 1023
NaCl-KCl- 3WC+Na,WO,— 641 o — 3WC+Na,W0O,—4W+3CO+ o

WO'+6 W W %%
Na,WO, 4WS+3CO+Na,0+24e T Na,0O - 1023
NaCl-KCI-WO; 3WC+WO;—4WS+3C0+24e W +6e »W 3IWC+W0O;—4W+3CO W oW 1023
NaF-KF WC—2e »W>'+C W¥+2e W WC—W+C W W 1073
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Cemented carbide is a composite material comprising WC
embedded in different contents of Co binder. Therefore, the
effect of cobalt on the recovery of tungsten from cemented
carbide scrap should not be overlooked. WC—6wt%, 10wt%,
and 15wt% Co cemented carbide scraps were used as the an-
ode to prepare tungsten and cobalt powders in NaCl-KClI and
NaF-KF molten salt systems, respectively. The change rules
of anodic dissolution and products were obtained by electro-
chemical analysis and testing. A novel process for the select-
ive recovery of tungsten and cobalt elements by the dual-
electrode method and the stepwise electrolytic method was
proposed based on the optimal reaction conditions, with
WC—Co as the anode and two stainless steel rods as the cath-
ode. The proposed process generates the product with high
purity, excellent performance, and simple composition, thus
realizing high-value recycling of cemented carbide scrap.
Physical quantities such as electric field distribution, materi-
al concentration change, and electrode dissolution state can-
not be directly observed by experiments because of limited
experimental conditions. Consequently, simulation and ana-
lysis of the molten salt electrolysis process of cemented
carbide were carried out on the basis of the experimental
data. The expected data were obtained, and the number of ex-
periments decreased by simulating the reaction process and
results.

The invented molten salt electrolysis method can signific-
antly shorten the recycling process of cemented carbide
scrap. The simple and environment-friendly operation pro-
cess successfully realizes the regeneration of different metal
components in the cemented carbide scrap. The recovery of
cemented carbide scrap should be expedited for industrializ-
ation in the near future. In the meantime, systematic investig-
ation should be conducted to improve the current efficiency,
material source, efficient separation, and regeneration of
various valuable metal elements in the cemented carbide
scrap. Such investigation would enrich and comprehensively
describe the correlation analysis on electrolysis in the recyc-
ling process design of secondary resources.

4. Conclusions and prospects

Molten salts exhibit the advantages of high heat capacity,
excellent thermal stability, and low vapor pressure and have
been widely applied in various industrial sectors, such as
nuclear energy, fuel cells, and metallurgical industries. The
water-free and oxygen-free molten salt electrolysis condi-
tions also provide an excellent working environment for met-
al processing. Therefore, further extension and development
of this method for the recovery of metallic elements in sec-
ondary resources are of great significance from the econom-
ical and environmental perspectives. Even though the sus-
tainable development of molten salt electrolysis faces several
challenges in terms of electrolytes, electrodes, and electrolyt-

Int. J. Miner. Metall. Mater., Vol. 27, No. 12, Dec. 2020

ic cells, it may provide considerable opportunities in the near
future. The major conclusions and prospects of this study are
as follows.

(1) Alkali metals and alkaline earth-metal halide salts have
been commonly used as molten salt electrolytes because of
their high decomposition potentials, providing a relatively
small overpotential generated by cathodic polarization dur-
ing cathodic deposition. At present, chlorides, fluorides, and
chloride—fluoride mixtures are widely used in molten salt
electrolysis. A wide range of electrodes and container materi-
als can be used to fulfill the demand of the low operating
temperature for molten chloride salts. As to disadvantages,
the high volatility of halide molten salts, especially chlorides,
causes fuming and loss of electrolyte. In addition, chlorides
possess certain hygroscopic characteristics, react with mois-
ture, or even decompose with water. The simple heating pro-
cess cannot remove the water of hydration from the metal
chlorides, complicating the electrolytic reaction. Fluoride
molten salts are less reactive toward moisture and can dis-
solve oxides directly, thereby eliminating fluorination. They
also have a wider operating temperature range but greater
corrosion rate than chlorides. Reliable reference electrodes
should be investigated for fluoride molten salts because the
accuracy and reliability of data obtained with uncertain elec-
trodes or quasi-reference electrodes are difficult to ensure.
Another disadvantage is the relatively low solubility of solid
fluorides in aqueous solution, which complicates the dispos-
al of waste solidified fluorides after electrolysis.

Fluorides and chlorides have different degrees of corros-
ivity and volatility in a high-temperature working environ-
ment, necessitating the use of expensive fire-resistant and
corrosion-resistant materials to seal the container and mak-
ing the overall process relatively difficult. During electrolys-
is, constant thermal energy must be provided to maintain the
molten state for a long time because of the high melting point
of molten salts. In addition, inert atmospheres are required
during electrolysis to ensure a water/oxygen-free environ-
ment. These factors increase the operating cost of the process.
Many hygroscopic salts used as solutes and solvents must be
purified to remove the water for large-scale industrial pro-
duction. Purification is often a prolonged process, which ne-
cessitates considerable peripheral handling facilities and in-
creases the operating cost of industrial production.

In-depth studies should focus on the thermal and chemical
corrosion properties of molten salts, the basic theory of ther-
modynamics and kinetics, and the electrochemical reaction
mechanism in secondary resource electrolysis. On the basis
of existing research, molten salts should be explored further
to fit for high-purity and high-performance electrolytic me-
tallurgy. A new low-melting molten salt system applicable to
energy-saving and environmental-friendly metal electrode-
position is required. Therefore, it is of great significance for
improving the efficiency and stability of the electrolytic sys-
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tems and solving the problems of high-energy consumptions,
excessive emissions, and high costs of large-scale industrial
production. Research and development of directly using par-
tially dehydrated halides or non-dehydrated halides as elec-
trolytic raw materials is also an important area for investiga-
tion.

(2) The choice of electrodes for molten salt electrolysis
mainly depends on the chemical reactivity of the electrode to
the electrolyte and the manufacturing cost of the electrode.
The cathodes of the electrolytic cell are currently mainly di-
vided into two categories: solid metal and liquid metal elec-
trodes. When the metals are deposited on the solid metal
electrode, the dendritic deposits entrained with molten salts
are generated during the cathode reaction, complicating the
separation of the dendritic metal products and the solidified
salts. Therefore, subsequent treatment is inevitable for the re-
moval of salts after electrolysis.

The liquid metal electrode effectively solves this problem
and the products can be directly extracted from the liquid
electrode through siphoning. However, in the cadmium li-
quid electrode, for example, the separation factor of uranium
element is lower than those of other metals, and some target
metals are difficult to separate from the electrode. The re-
quirement of high temperatures and restricted environment is
a disadvantage that needs to overcome. In the case of cadmi-
um, considerable problems are associated with its volatiliza-
tion and electrode failure.

To some degree, the development of molten salts is lim-
ited because they are inorganic materials with high-temperat-
ure resistance. Whether it is a cathode or an anode, ensuring
certain corrosion resistance and high-temperature resistance
is necessary. Stable current efficiency, the reactivity of target
product with the electrode, and avoiding the production of
greenhouse gases should be assured. Therefore, the develop-
ment of suitable electrode materials is also a major challenge.

(3) The products of molten salt electrolysis are of higher
purity. The process is more environmentally friendly and
clean with the traditional process, whereas the output of unit
volume and productivity is far below the theoretical value.
The decline is mainly due to large anode—cathode distances
compared with the traditional reactors, increasing diffusion
distance, poor mass transfer, excessive voltage drops, and en-
ergy losses. The mass transfer in the anode cell can be en-
hanced by arranging two electrodes, reducing the
anode—cathode distances, and stirring the liquid metal with a
ceramic impeller. Moreover, the anode current density can be
reduced to balance the diffusion melt in the metal cell. There-
fore, effective ways of achieving high-value utilization of en-
ergy are through the development of new high-efficiency
electrolysis equipment, the reasonable optimization of elec-
trolysis structures and parameters, and the exploration of en-
ergy-saving, clean, and automated electrolysis equipment.

(4) Research on the treatment of wastes generated from

molten salts is still in its infancy, and their engineering ap-
plication requires considerable work. In addition, a large
amount of waste residues is generated irrespective of the
molten salt electrolysis technology or refining technology,
requiring waste treatment prior to safe disposal. Recycling
and utilizing wastes is an excellent way of decreasing the in-
put of fresh molten salts. It can also take advantage of the so-
lidification of molten salts for certain components in the
wastes to recover high-economic value elements. However,
few studies focused on the treatment of waste molten salt, re-
quiring further exploration.

In conclusion, the current sustainable research and devel-
opment of molten salt electrolysis should concentrate on the
existing process operations and the design of electrolytic
cells, such as electrodes, electrolytes, and cell materials, to
ultimately reduce energy consumption, production costs, and
greenhouse gas emissions. The personnel in the metal pro-
duction industry should focus on technology and equipment
improvements to avoid the high investment costs and high re-
form risks. The metal industries would be reluctant to make
major changes. Even so, technological adjustments and mode
changes are still required for the development of molten salt
electrolysis and the realization of sustainable metallurgical
processes. The comprehensive utilization of secondary re-
sources must be strengthened under the current global re-
source shortage and increased production costs. A high-effi-
ciency molten salt electrolysis technology must be de-
veloped with short and continuous process, low cost, and en-
vironmental protection. As matters stand, the technology of
molten salt electrolytic treatment from secondary resources is
still at the laboratory stage, and considerable efforts must be
exerted before its application in engineering. The electro-
lytes, electrodes, and reactors have a great room for improve-
ment in the near future.
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