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Abstract: To overcome the scarcity and resource limitations of Ti metal, deoxidation of Ti scrap was
conducted through electrolytic refining and chemical reaction with MgCl2 molten salt electrolysis.
The oxygen concentration in Ti scraps was decreased by the electrochemical and chemical reactions
generated by the applied voltages. The optimized conditions for the process were derived by
controlling the conditions and parameters by decreasing the thermodynamic activity of the reactants.
The correlation between the deoxidation efficiency and the behavior of the voltage and current was
confirmed by setting the conditions of the electrolysis process in various voltage ranges. In addition,
the correlation between the presence of impurities and the measured oxygen concentration was
evaluated. The surface element analysis result indicated that the salt that was not removed contained
a certain amount of oxygen. Thus, the removal efficiencies of impurities and particles by deriving
various post-treatment process conditions were analyzed. The results confirmed that the most stable
and efficient current was formed at a specific higher voltage. Moreover, the best deoxidation result
was 2425 ppm, which was 50% lower than that of the initial Ti scrap.

Keywords: titanium; deoxidation; electrolytic refining; recycling; rare-earth

1. Introduction

Commercially available Ti metals used in the manufacturing of products have high
purity [1,2]. Among Ti metals, TiCl4 is usually collected by refining raw materials such as
rutile and ilmenite and converted to high-purity titanium, called Ti sponge, using the Kroll
process [3–6]. However, as the outer shell of the reaction chamber is used, TiCl4 can be
contaminated by iron and alloy elements, generating off-grade Ti sponge with high oxygen
and iron contents [7,8].

Referring to the Ti-O phase diagram, Ti reacts strongly with oxygen at 1473 K in air
and with pure oxygen at 883 K to form Ti dioxide [9]. In water and air atmospheres at
room temperature, the reaction is less intense because a passive oxide coating is formed,
which protects the bulk metal from further oxidation [10]. Oxygen from the internal
structure of Ti scrap is considered a factor that can cause defects. Many studies have
already analyzed various grades of Ti samples using nano-compression tests and examined
the resulting impact using advanced transmission electron microscopy techniques and
quantum mechanical predictions of defect structures [11–13]. The results indicated the
presence of interactions between oxygen and dislocations, which are crystalline defects. In
addition, oxygen atoms hindered the formation of corkscrew-shaped dislocations found
in Ti. Therefore, synthetically, as the oxygen solubility in Ti increases, the Ti becomes
more difficult to bend and susceptible to cracking, which hinders the manufacturing of
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Ti-based products. To overcome this issue, various studies have focused on the removal
of oxygen dissolved in Ti [14–16]. The two most common processes used for Ti refining
and deoxidation are called Ono–Suzuki (OS) and Fray–Farthing–Chen (FFC) Cambridge
processes. The OS process is one of the representative process methods for smelting
titanium metal. This method produces Ca as a reducing agent from CaO by applying
electrolysis and injecting powdery TiO2 into a molten salt containing metallic calcium
to produce titanium powder by thermal reduction [17]. In general, oxides are difficult
to dissolve in chloride liquid, but CaO is unique, as it is dissolved by about 20 mol% in
molten CaCl2 [18]. Electrolysis and reduction of TiO2 can also be performed in a separate
cell. The FFC Cambridge process (Fray–Farthing–Chen) is a direct electrolysis method
using TiO2 as a raw material. It utilizes the abilities of TiO2 to become a semiconductor
at high temperature and to dissolve large amounts of CaO that form from CaCl2 [19,20].
TiO2 sintered in a CaCl2 salt bath is used as a cathode with carbon as an anode to reduce
TiO2 and proceed with deoxidation to electrolytically collect titanium with low oxygen
concentration. Electrons flowing to the cathode extract oxygen as ions, which react with
the carbon anode and are released as gas molecules. On the other hand, in the FFC method,
extra effort and cost are required to sinter the cathode, and there is also a problem with
the material of the reaction vessel, since the produced titanium is sintered due to a slow
reaction over a long time. Both processes are process methods developed for Ti smelting.
However, these processes have various problems. First, in the case of the FCC process,
additional time and cost are incurred for precise plastic processing of the anode, and
titanium is exposed to a long reaction, which causes a problem in cleaning the molten
salt [21]. In addition, in the case of the OS process, strictly speaking, it has a mechanism
closer to the calcium thermal reduction method than electrolysis. In addition, it is difficult
to separate Ti powder produced from a large amount of molten salt containing a reducing
agent. In comparison with this, in the case of molten salt electrolytic deoxidation, which
consists of a smelting target as an electrode and proceeds with a difference in reactivity
with the oxygen of the reducing agent, there is a wide range of process costs depending on
the type of reducing agent, and it has the advantage of being usable for a long period [22].
Ca has a higher oxygen capacity than the Mg-reducing agent. It has been reported that
only approximately 0.006 wt% of oxygen dissolves in Ti at 1000 ◦C, and the deoxidation
limit in Ti in equilibrium with Ca-CaO is approximately 0.05 wt%. However, the cost
of Ca is higher compared to Mg, and complete removal of the reaction product CaO is
difficult [23,24]. In addition, calcium metal has chemical characteristics that cause it to
explode when reacting excessively with moisture in the air. Most of the smelting processes
are carried out in a high-vacuum argon or hydrogen atmosphere, but a difficult part is
controlling the calcium metal reduced by a separate process, such as a target metal recovery
and washing process [25–28]. Thus, an efficient Ti electrolytic deoxidation process using
MgCl2 electrolyte was attempted, and the optimal efficiency was derived through various
process conditions and variable control.

Theoretically, MgCl2 has a weaker deoxidation effect than CaCl2; thus, its deoxidation
effect was maximized by increasing the reactivity of O and Mg dissolved in Ti by adding
Mg metal, which is related to the MgO activity. The deoxidation process using MgCl2
molten salt is closely related to the activity of the MgO product produced by the chemical
reaction of Mg and O, as follows [29]:

O(Ti) + Mg( f lux) = MgO, (1)

∆G0 = −RT ln
f [O][Mass O%Ti]

PO2

, (2)

[Mass % O] =

(
α MgO
α Mg

)(
1

f[O}

)
exp

(
∆G◦

RT

)
, (3)
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where O is the oxygen dissolved in Ti, R is the gas constant, T is the temperature, PO2 is
the partial pressure of oxygen, f (O) is the Henrian activity coefficient of oxygen dissolved
in Ti, and α-Mg and α-MgO are the activity coefficients of Mg and MgO, respectively.
As shown in Equations (1)–(3), the mass percentage of oxygen dissolved in Ti metals
decreases with the activity coefficient of MgO. Regarding the relationship between the
activity of the reactant and oxygen, Okabe et al. proposed an Ellingham diagram of the
oxygen concentration in Ti depending on the level of MgO activity [30,31]. Considering
this diagram, when the activity of the MgO reaction product is reduced to 10−3, the oxygen
concentration that Ti can contain is reduced because of a high Gibbs free energy value of up
to several tens of parts per million. Therefore, the deoxidation efficiency can be increased
by decreasing MgO activity. It is very difficult to create an environment with MgO as low
as that reported in the literature. However, if the degree of electrochemical decomposition
of continuously generated MgO is increased by inducing a smooth reaction between Mg
and O, the deoxidation efficiency can be increased by lowering the MgO activity to a certain
level. Thus, in this study, the deoxidation efficacy was experimentally verified by removing
the O from Ti while reducing the MgO formed by the electrode reaction, and the conditions
for the optimum removal efficiency of the molten salt after the process were derived.

2. Materials and Methods
2.1. Experimental Preparation

High-purity Ar gas was inserted into a glove box containing a lift furnace, as shown in
Figure 1. Process materials were selected by considering the thermodynamic simulations
from FactSage software to avoid unnecessary reactions of molten salt and materials on the
equipment. A total of 4.5 kg of MgCl2 (99.9%, Kojundo Chemical Laboratory Co., Sakado,
Japan) was placed in a crucible made of Ti, and the temperature was increased to 900 ◦C
and maintained until the MgCl2 was completely melted. Ti wire (
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6 mm × 200 mm) were used as working, counter,
and reference electrodes, respectively, which are non-reactive with the electrolyte and have
chemical and electrochemical stability using thermodynamic software. To proceed with
the deoxidation process, certain ranges of different voltages were applied to the cathode
electrode, which was set up with target brittle Ti scraps that were tied to the Ti wire. After
deoxidation treatment, the Ti scrap was washed with 1 M citric acid, 0.5–8 M HCl solution,
and 12 M H2SO4 diluted solution to remove the MgO and residual chlorides by stirring
on a magnetic stirrer at 150 rpm for 30 min, and the washed Ti scrap was then dried in a
vacuum atmosphere.

2.2. Characterization

Field-emission scanning electron microscopy (FE-SEM) and energy-dispersive X-ray
spectroscopy (EDS) analyses were conducted to confirm the morphology and surface
components of the scraps. To identify the observed impurities and specific surface states, X-
ray diffraction analysis (XRD) and X-ray photoelectron spectroscopy (XPS) were conducted.
To measure the oxygen content of titanium scrap for each process step, oxygen, nitrogen,
and hydrogen contents were measured by using NOH 2000 (ELTRA Co., Haan, Germany)
equipment. For the electrochemical analysis, cyclic voltammetry (CV) was performed
before the voltage was applied to observe the electrochemical behavior of the electrolyte
and added elements. Furthermore, to confirm the current formation during the deoxidation
process, constant voltage analysis by chronoamperometry (CA) was performed.
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Figure 1. Schematic diagram of device structure for electrolytic deoxidation process.

3. Results and Discussion
3.1. Cyclic Voltammetry Results

The Ti deoxidation reaction occurs by the following mechanism. Oxygen present in the
titanium scrap cathode reacts with Mg ions in MgCl2 molten salt flux to form MgO, thereby
removing oxygen from Ti. At this time, since a voltage is applied, the formed MgO that
cannot be remelted due to limited MgO dissolution with molten MgCl2 flux is decomposed
into Mg and oxygen ions by electrolysis. The divided Mg can participate in the deoxidation
reaction again. Therefore, before applying a voltage to initiate the deoxidation process, CV
analysis was performed to measure the appropriate cell potential between the electrodes
and to confirm the behavior of electrolyte ions. CV analysis was conducted at a voltage
range of 1.5 V to −0.5 V at 1103 K with a set of four scan rate ranges, as shown in Figure 2.
As shown in Figure 2, some intensities indicate redox reactions of Mg, MgO, O, and Cl−.
In the range of −0.5 to 0.0 V, in the CV curves marked numbers 1 and 2, various intensities
indicate the reduction of the added Mg compounds, and in the range of −0.5 to 0.0 V, the
CV curve marked number 1 suggests the formation of current by Mg ion reduction. In
addition, according to the reference, the time point at which Mg is decomposed occurs in
the −0.25 section, where the peak falls dramatically. As the voltage increases to −0.5 V, in
this part, it can be seen that the Mg ions generated by dissolution in the MgCl2 salt flux
are decomposed by excessive voltage, and the oxidation peaks occur at 0.0 V for Mg+ ions
and at 0.5 V for oxygen, as shown by the curves marked numbers 3 and 4. As the chloride
is decomposed from 1.5 V, as confirmed in the curve marked number 5, the optimized
voltage potential can be considered to be in the range of −1.0 to 1.5 V. Despite the voltage
potential obtained from the CV analysis, the theoretical conditions for applying voltages
were considered over ranges of measured potential due to attempts to form high currents.
Because the Mg ions are reduced by the applied voltages at the cathode electrode, higher
currents were expected to result in more efficient deoxidation. The resulting O species,
present mainly as O2

− dissolved in molten MgCl2, reacted at the C anode to form COx gas,
which was removed from the molten salt system.
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3.2. Chronoamperometry and Cell Potential

The behavioral changes in current and voltage between the Ti scrap cathode and C
rod anode were analyzed by CA under potentiostat conditions, and the results are shown
in Figure 3a–f. By applying −2 V and −3 V, different currents were formed compared to
that when applying −0.2 V, and the results were in agreement with the voltage potential
measured in the CV analysis. In the sample of the −0.2 V condition (Figure 3a,d), the
currents measured were in the range of 200–500 mA, and the cell potential was 1.4 V
during the deoxidation process. The potential of the counter electrode changed while the
potential of the other electrode remained constant, and the current formation changed
in proportion to the changing potential. As the process continued, peaks consistently
appeared, indicating that the deoxidation process continuously occurred. The formation
of a direct current to the MgCl2 flux is affected by several parameters, such as resistance
from the electrode structure, specific resistance value according to electrolyte composition,
and unidentified impurities in flux. The most significant parameter was the magnitude of
the applied voltage. It is well known that, according to Ohm’s law, voltage is determined
by current and resistance, and therefore, current is largely formed by large voltage and
low resistance. As mentioned, the principle of directly removing oxygen in this process
is based on the formation of oxides by chemical reactions between reduced Mg ions and
oxygen inside Ti. Subsequently, the formed MgO was partially remelted to Mg2+ ions at
a concentration of 2.9 mol %. In this part, to maximize the MgO redissolution process
and prevent excessive vaporization of MgCl2, the process was performed at a temperature
higher than the MgCl2 melting point. The MgO that did not redissolve was decomposed
into Mg and O2− by electrolysis, and the formed Mg and Mg ions participated in the
deoxidation process. The ionized oxygen atoms reacted with the carbon rod of the anode,
after which they evaporated into the gas component of COx and were finally removed.
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Therefore, the electrochemical reaction between the additives and the process materials
usually occurs more efficiently when the density and degree of the current formed during
the electrochemically equivalent process are higher. Therefore, a higher current may form
when a high voltage is applied because the applied voltage is the only directly controllable
variable among the various variables mentioned. However, if the applied voltage exceeds
the voltage limit that can be accommodated by the structured electrode device, the process
may not proceed, as shown in Figure 3f. Therefore, by finding an appropriate voltage range
in various process voltage ranges according to the current formation law, it was confirmed
that the high current formation efficiency observed in the deoxidation process was obtained
under a relatively high-voltage condition. Figure 3b,e show the shape of the current formed
when a voltage of −2 V was applied to the cathode. For a total process time of 3 h, a current
of approximately −1600 mA was initially formed, and the current value increased over
time. In addition, it was confirmed that a current of −2500 mA continuously formed after
approximately 80 min. Thus, the current formed was higher than that formed for a voltage
of −0.2 V, and an average current of 2.34 A formed after approximately 3 h. In addition,
the voltage of the relatively formed anode of the cathode to which the voltage was applied
during the process was measured to be 2.81–2.69 V, and the total cell potential under this
condition was measured to be a maximum of 4.81 V. Figure 3c,f, show the behavior of the
formed current when a higher voltage of −3 V was applied to the cathode. As the process
progressed, the current continuously formed and increased; the voltage application was
interrupted at 85 min, after reaching the limit value. The range of the formed current was
also confirmed to be lower than those for the conditions of −0.2 V and −2 V, and voltage
cut-off due to overvoltage occurred. Thus, it can be concluded that this condition exceeded
the voltage range that could be accommodated by the configured deoxidation electrode
device. Therefore, it can be said that the optimum voltage condition for the electrolytic
deoxidation process is within 1.5–2.0 V, considering the potential of 1.5 V measured in the
CV analysis and the current behavior results confirmed in the CA analysis. The behavior
of the current formation according to the applied voltage range was confirmed, and the
resulting deoxidation process efficiency was confirmed through a component analysis of
the Ti scrap.
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3.3. Deoxidation Efficiency

The Ti scrap before the deoxidation process contained an average concentration of
5580 ppm of oxygen, 1982 ppm of nitrogen, and 14,200 ppm of carbon.

In the deoxidation process conducted by applying a voltage of −0.2 V, a maximum
oxygen reduction efficiency of 2726 ppm was observed, but most of the other oxygen
measurements were higher than that, so the final average oxygen content was measured to
be 4298 ppm, which is approximately 22.9% lower compared to the initial concentration, as
shown in Table 1. Furthermore, after repeating the process several times, the average result
was over 4500 ppm under this voltage condition. Compared with the CA analysis based on
this result, in the case of the highest deoxidation efficiency, for example, at −2 V, the anode
voltage changed significantly over a certain period, and the resulting current formation
changed significantly compared to other conditions. Therefore, it was confirmed that the
deoxidation efficiency was maximized when the current was high, whereas the deoxidation
efficiency was low when the change in current was negligible or when the current was
low. Therefore, in the case of Ti scrap deoxidation conducted under the −2 V condition, an
average of 2674 ppm of oxygen was measured, which indicates the removal of nearly 51%
of oxygen compared to the initial concentration. In addition, in the case of Ti scrap with an
applied voltage of −3 V, the average was 2782 ppm, which is 50% lower than the initial
concentration. The Ti scrap under the −3 V condition showed lower current efficiency
than that under the −2 V condition during the process, but the deoxidation efficiency
was similar. In addition, the deoxidation efficiency was satisfactory, although a lower
current was formed compared to that when a low voltage was applied. This is considered
to be because the current continuously increased over time despite the occurrence of a
low-current shape due to overvoltage.

Table 1. Component analysis of Ti scrap after being subjected to deoxidation under various conditions.

Internal Ti Scrap External Ti Scrap

Cell Potential (V) Oxygen (ppm) Nitrogen (ppm) Carbon (ppm) Oxygen (ppm) Nitrogen (ppm) Carbon (ppm)

1.4
(−0.2 V applied)

5010 89 226 7845 115 -
2726 84 - 3852 86 89
5160 40 - 4459 89 -

Average 4298 71 226 5385 96 89

Decrease rate (%) 22.9 96.4 98 3.4 95 99.3

4.81
(−2 V applied)

3015 290 75.8 7375 880 1523
1941 468 - 4674 733 543
3067 396 103.2 3622 473 1125

Average 2674 384.7 89.5 4223 695.3 1063.6

Decrease rate (%) 51.0 80.6 99.3 24.3 65.0 92.5

3.8
(−3 V applied)

1875 695 - 6055 1270 142.8
3418 530 19.4 6231 961 54.6
3055 1210 - 4939 644 559.5

Average 2782 811 19.4 4740 958 252.3
Decrease rate (%) 50.1 59.1 99.9 15.0 51.7 98.2

3.4. Removal Process of Residual Salts

All Ti scraps were subjected to a separate pulverization operation after the deoxidation
process to separate the scrap existing inside and outside the green compact, as shown in
Figure 4. Then, component analysis was performed.

The internal Ti scrap showed a higher deoxidation efficiency than the external Ti scrap.
This result could be due to various factors. When the Ti scrap is separated from the molten
salt electrolyte after the deoxidation process, a negligible amount can be instantaneously
oxidized by oxygen in the equipment. Furthermore, the MgO formed by reaction with
oxygen and impurities, such as iron and aluminum, in the scrap manufacturing process
may be dissolved and remain in the solid solution, which was confirmed by EDS surface
mapping analysis, as shown in Figure 5. More precisely, it was confirmed that many
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unidentified impurity particles and salts existed on the surface, and more impurities were
present in the case of the external Ti scrap. In the analysis using EDS mapping and spectral
points, it was confirmed that the impurity particles containing Mg, O, Fe, and Cl also
contained a significant amount of oxygen.
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Figure 5. Surface analysis result of external Ti scrap using FE-SEM and EDS mapping analysis.

Therefore, for more detailed analysis, X-ray photoelectron spectroscopy and X-ray
diffraction analysis were performed. Figure 6a shows the full surface XPS spectra of the Ti
scrap that proceeded with the conventional process, and spectra of the designated elements
states are observed in Figure 6b–d. A high level of oxygen content was confirmed in the
sample because titanium naturally forms a thin oxide layer on the surface as a passivation
film to prevent oxidation [32].



Metals 2021, 11, 1981 9 of 14

Metals 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

Ti scrap that proceeded with the conventional process, and spectra of the designated ele-

ments states are observed in Figure 6b–d. A high level of oxygen content was confirmed 

in the sample because titanium naturally forms a thin oxide layer on the surface as a pas-

sivation film to prevent oxidation [32]. 

 

Figure 6. XPS results of Ti scrap with deoxidation and conventional washing: full spectrum (a) and designated elements 

(b–d). 

Thus, in the spectral results of the Ti element, the Ti2p (3/2) point exhibits a binding 

energy of about 458.8 eV, showing the characteristic of titanium oxide rather than pure Ti. 

XRD analysis was performed for more detailed and clearer identification, and the results 

confirmed that this Ti scrap had a clear titanium phase rather than titanium oxide, as 

shown in Figure 7. This is considered to be the result of the XPS characteristics due to the 

formation of the aforementioned titanium film and the penetration of relatively thin elec-

trons compared with XRD analysis [33]. Subsequently, it was confirmed by the results in 

Figure 6c that this sample contained a small amount of MgO, as expected from the EDS 

analysis. The binding energy of Mg1s was confirmed to be Mg oxide (1304.5 eV) rather 

than Mg metal (1303 eV) [34], which indicates that the impurity particles, which were ob-

served to contain both O and Mg elements in EDS mapping analysis, are more likely to be 

MgO. 

Figure 6. XPS results of Ti scrap with deoxidation and conventional washing: full spectrum (a) and
designated elements (b–d).

Thus, in the spectral results of the Ti element, the Ti2p (3/2) point exhibits a binding
energy of about 458.8 eV, showing the characteristic of titanium oxide rather than pure Ti.
XRD analysis was performed for more detailed and clearer identification, and the results
confirmed that this Ti scrap had a clear titanium phase rather than titanium oxide, as
shown in Figure 7. This is considered to be the result of the XPS characteristics due to
the formation of the aforementioned titanium film and the penetration of relatively thin
electrons compared with XRD analysis [33]. Subsequently, it was confirmed by the results
in Figure 6c that this sample contained a small amount of MgO, as expected from the EDS
analysis. The binding energy of Mg1s was confirmed to be Mg oxide (1304.5 eV) rather than
Mg metal (1303 eV) [34], which indicates that the impurity particles, which were observed
to contain both O and Mg elements in EDS mapping analysis, are more likely to be MgO.
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Therefore, in the remaining MgO, if the impurity element and the formed reaction
products such as MgCl2 and MgO are removed through a subsequent leaching process, the
dissolved oxygen will be removed as well. There are many related studies in the literature
on the leaching process operation for the removal of MgO and MgCl2 [35–38]. The most
representative solution is an acidic solution such as HCl, H2SO4, and HNO3, as it does not
react with the Ti metal while reacting with Mg-based compounds and other impurities
according to the following equations:

MgO + 2HCl = MgCl2 + H2O, (4)

MgO + H2SO4 = MgSO4 + H2O, (5)

MgO + 2HNO3 = Mg(NO3)2 + H2O, (6)

MgO + CH3COOH = Mg(CH3OO)2 + H2O. (7)

Therefore, we attempted to confirm the impurity removal efficiency using the four
types of solvents mentioned above by performing FE-SEM analysis, and the results are
shown in Figure 8.

In the removal of the generated MgO and other impurities, it is well known that
increasing the temperature during the reaction process further increases the efficiency.
However, because the oxygen solubility of Ti metal also changes with temperature, the
processes were conducted at 25 ◦C. The remainder of the Ti scrap that proceeded with
other solutions had cleaner surface results compared to that of the citric acid sample.
Among them, H2SO4 exhibited the most impressive removal efficiency for both internal
and external Ti scrap, reaching a Ti atomic concentration of 96.25%, whereas the other
samples reached 71.25–86.00% in general. The results of this improved cleaning process are
also shown in the XPS results. By comparing Figure 9 with Figure 6, the disappearance of
the binding energy peaks that represented MgO and Cl indicates that an efficient cleaning
process was carried out with the H2SO4 solution.
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Figure 8. Subsequent treatment results from various solutions to remove impurities remaining on
the Ti surface.
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Figure 9. XPS analysis of Ti scrap by proceeding with H2SO4 solution of full spectrum (a), magnesium
(b), and chlorine (c).

The relationship between the final oxygen concentration and the observed impurities
was investigated by analyzing and comparing the oxygen and nitrogen concentrations.
The oxygen content obtained using NO/C analysis is shown in Table 2 for the various
solution conditions used.

Table 2. Ti scrap component analysis after being subjected to deoxidation with various leaching solutions.

Internal Ti Scrap External Ti Scrap

Leaching Solution Oxygen (ppm) Nitrogen (ppm) Carbon (ppm) Oxygen (ppm) Nitrogen (ppm) Carbon (ppm)

HCl
5586 412 12.8 7055 558 14.5
3418 631 99.1 6697 213 -
2995 755 15 4989 345 -

Average 3999 579 42.3 6247.3 372 14.5

Decrease rate (%) 28.3 70.8 99.7 - 81.2 99.9

H2SO4

2175 150 - 3123 1052 20.9
2645 753 - 4259 498 48.2
2455 443 6.9 4108 897 10.0

Average 2425 448.67 6.9 3830 815.7 26.4

Decrease rate (%) 56.5 77.3 99.9 31.4 58.9 99.8

HNO3

6311 666 10.1 4989.1 199 -
4954 575 88.5 5143.3 429 -
6005 770 - 5799 795 58.0

Average 5756.7 670.3 32.9 5310.5 474.3 58.0
Decrease rate (%) - 66.2 99.8 4.8 76.1 99.6
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Overall, it was confirmed that the oxygen content in the H2SO4 condition, which
showed the highest removal efficiency in the surface analysis after the impurity removal
process, was the lowest. As another feature, the measured oxygen content range showed a
high error range in the previous samples; nevertheless, a homogeneous oxygen content
result with a low error range was derived for a sample with high impurity removal. As
shown in Figure 10, the final Ti scrap that underwent deoxidation and leaching processes
is cleaner and has a metallic color compared to the previous one. Despite the results of
the impurity removal process, the scrap of the part existing outside the compressed Ti
scrap still showed lower deoxidation efficiency than that of the internal scrap. This result
indicates that the impurity particles contained a certain amount of oxygen; however, the
difference in the deoxidation efficiency of the external and internal scraps was not the main
reason. Therefore, a small amount of oxygen in the Ar atmosphere or oxygen dissolved
in Ti could have had an effect during the removal from the molten salt immediately after
the process [39]. As a result, it is presumed that the outer part of the Ti scrap, which was
more exposed to high temperature and external atmosphere, absorbed and reacted with
the residual oxygen again.
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Figure 10. (a) Ti scrap before the electrolytic deoxidation process; (b) external and (c) internal Ti
scraps after the process.

4. Conclusions

Using the MgCl2 molten salt electrolysis deoxidation process, the concentration of
oxygen in Ti scrap, which was initially as high as 5000 ppm, decreased by 50%. During
the process, CV analysis was performed to observe the chemical behavior of electrolytes
and elements under the set conditions, and CA analysis was performed simultaneously
with voltage application to investigate the correlation of current formation according
to the applied voltage range. In addition, the presence of impurities was confirmed by
conducting surface and component analysis immediately after the deoxidation process, and
the relationship between the efficiency and oxygen content according to the removal process
with different types of solutions was confirmed. As a result, as the voltage was strongly
applied, the formed current increased, and the deoxidation efficiency was increased by the
strong electrochemical reaction generated. Moreover, the oxygen content was determined
to be constant and low in the efficient impurity removal process using H2SO4 solution.
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