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In this study, the effect of oxide ion on the equilibrium between titanium ions and metallic titanium
was investigated in NaCl-KCl equimolar molten salt. The soluble species containing Ti>* and 0%~ was
not confirmed in the molten salt by absorption spectroscopy. The result of XRD for the solidified sample
containing Ti** and 0%~ implies that 0%~ reacts with Ti** and Cl- to form TiOCI(s). The concentration
quotient of the equilibrium between titanium ions (Ti%*, Ti>*) and metallic Ti, K., was revaluated at 740 °C

as follows:
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3Ti%" = 2Ti** +Ti,

K.=8.0x102mol L' =1.2 x 10" molkg~".

In addition, the solubility product of TiOCI(s) in NaCl-KCl equimolar molten salt, Ky, at 700 °C was

determined using the results of absorption spectra,

Kep =1.2 x 102 mol’ L2 = 5.1 x 107> mol® kg 2.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Electroplating of titanium on base metals in molten salts is
desired for some properties, such as improving corrosion resis-
tance, so that many researchersinvestigatedit[1-10]. However, the
practical process of titanium electroplating has not been attained
since the mechanism of the electrodeposition of titanium in molten
salts is too complicated to control the morphology of the deposits.
The complexity of the mechanism is caused by the oxidation states
of titanium ions [9]. Ti?*, Ti3* and Ti** can exist together in molten
salts. Thus, the understanding of the concentrations of each tita-
nium ion in equilibrium with metallic titanium is critical to consider
the mechanism. Several researchers investigated the concentra-
tion of titanium ions [11-14]. Mellgren and Opie pointed that the
concentrations of titanium ions in molten salt is controlled by the
following reaction [11]:

3Ti%" 2 2Ti* + Ti. (1)
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They confirmed that the predominant titanium ion is Ti2* but
there is a significant amount of Ti3* in SrCl,-NaCl molten salt
by chemical method, which contains the continuous two-step
processes consisting of the hydrogen evolution and the titration.
On the other hand, the concentration of Ti** is negligible. Other
researchers also investigated the concentration of titanium ions in
molten salts and obtained similar conclusion [12-14].

The concentration quotient of reaction (1) evaluated using the
results of the chemical analysis, K'Yt is expressed by the fol-
lowing equation:

2
- (2)

analytical
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analytical analytical
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TiZ* and Ti3*, respectively. Fig. 1 shows the relation between con-
centration quotient and the concentration of titanium ion in the
literatures [11-14]. Considering the Henry’s law, the concentration
quotient should be constant in the region where the concentra-
tions of titaniumions are low. However, the concentration quotient,
kanavtical qepends on the concentration of titanium ion as shown
in Fig. 1. The concentration quotient increases with decreasing the

where X are the cationic molar fraction of
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Fig. 1. Relation between the concentration quotient and the concentration of Ti%*
in the literatures [11-14].

concentration of Ti%*. Such a tendency indicates that there is an
underestimation of the concentration of Ti2* or an overestimation
of the concentration of Ti3*. This could be caused by some system-
atic errors or by the effect of some impurities in molten salt. In
previous paper, we reported that the systematic error in the chemi-
cal analysis was negligible [14]. Therefore, some impurities initially
contained in molten salt could affect equilibrium (1). A considerable
impurity is oxide ion, 0%~.

In this study, we thus determined the concentration of 0%~ in
NaClI-KCI molten salt. Then, it was investigated that the effect of
oxide ion on the equilibrium between titanium ions and metallic
titanium in NaCl-KCl equimolar molten salt by absorption spec-
troscopy. Finally, the concentration quotient of titanium ions and
metallic titanium was revaluated and discussed.

2. Concentration of oxide ion in NaCl-KCl equimolar
molten salt

The concentration of oxygen in the mixture of NaCl and KCl
was measured with nitrogen/oxygen combustion analyzer (EMGA-
923, Horiba Itd., Kyoto). Samples were prepared by five procedures.
Table 1 shows the procedures of the samples and the concentra-
tion of oxide ion in their samples. In this study, it is considered that
all amount of oxygen species exists as oxide ion, 02~ in molten
salt. It was confirmed that the concentration of 02~ remarkably
decreased by drying at 200°C in vacuo as shown in NK-b. The con-
centration of 02~ in NK-d is higher than that in NK-c. This implies
that the contamination of 0>~ comes from the oxide film on the
surface of stainless-steel. Actually, the color of the sample NK-d
was faint pink, while the color of the other samples was transpar-
ent or white. This suggests that NK-d contains something cation of
the elements consisting of stainless-steel by the dissolution of the
oxide film. Consequently, it is concluded that the concentration of
oxide ion in NaCl-KCI molten salt is about 800 and 1500 ppm in the
case using titanium container and using stainless-steel container,
respectively.

3. Reaction between Ti3* and 02~
3.1. Procedure
Fig. 2 shows the schematicillustration of the experimental appa-

ratus for absorbance measurement. The detail of the optical system
is described in the literature [15]. The electric furnace and the
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Fig. 2. Experimental apparatus for absorbance measurement of molten salt at high
temperature.

setup for the spectroscopic experiments are attached on the bot-
tom of the glove box, and the spectroscopic experiments were
conducted in the Ar filled glove box, where the concentration of
oxygen and water were maintained under 1 ppm. The weighted
sample of NaCIl-KCl equimolar mixture, NK-c, was inserted in the
optical quartz cell. Then, the sample was heated to melt at 700°C
in the electric furnace. After the intensity of the transmitted light
became stable, the spectroscopic measurement to the molten salt
was carried out. Then, TiCls, which is purified by distillation from
the mixture of TiCl;3 and AlCl; (76-78.5% as TiCl3, Alfa Aesar, cat.
#36729), was added into the molten salt and the intensity of the
transmitted light was measured. This procedure was repeated sev-
eral times for the measurement with various concentration of TiCls.
From the difference between the intensity of the transmitted light
passed through NaCl-KCl equimolar molten salt and that through
TiCl;-NaCl-KCl molten salt, the absorbance was calculated. Finally,
a pellet of 2 mol% Na;O-NaCl-KCI molten salt, which was pre-
pared using NK-b and Na, O synthesized from metallic sodium and
NaOH [16], was introduced to the molten salt as a source of 02—, and
the spectroscopic measurement on the molten salt was carried out
toinvestigate the soluble ion of Ti3* and O2~. After the spectroscopic
experiments, the molten salt was quenched into room tempera-
ture and analyzed by X-ray diffractmeter (X'Pert PRO, PANalytical,
Almelo).

3.2. Results

Fig. 3 shows the absorption spectra of the molten salts. The

nominal concentration of Ti>* in mol L~ is represented as C;‘_‘;Tml.
1

The spectra have an absorption peak at 786 nm whose absorbance

depends on c;gfpi“al. This peak attributes to the chloro complex
T

of trivalent titanium ion [17]. Fig. 4 shows the absorption spectra
of the molten salt before and after addition of 02~. No additional
peak attributing to the soluble species was confirmed, while the
absorbance at 786 nm decreased. This indicates that the concen-
tration of the chloro complex decreases. Additionally, there could
be no soluble species except for the chloro complex in the molten
salt. Fig. 5 shows the photographs of the TiCl3—NaCl-KCl molten
salts before and after addition of 02~. TiCl3-NaCl-KCl molten salt
was a clear green liquid. When 0%~ was introduced into the molten



H. Sekimoto et al. / Journal of Alloys and Compounds 509 (2011) 5477-5482 5479

Table 1
The equimolar mixtures of NaCl and KCL.

Concentration of 0%~

Sample # Procedure
ppm molL~!
NK-a Reagents of NaCl (GR, Nacalai tesque) and KCI (GR, Nacalai) were mixed. 1900 0.183
NK-b The mixed reagents were dried at 200°C in vacuo for more than 24 h. 790 0.076
NK-c The NK-b in cylindrical quartz tube was dried at 400°C in vacuo for 2 h, and then melted at 820 0.079
700 °C. After that, it was quenched into the air.
NK-d The NK-b was melted at 700 °C in closed stainless-steel container filled with Air, and then 1480 0.142
quenched into the water.
NK-e The NK-b was melted at 700 °C in closed titanium container filled with Ar, and then 760 0.073
quenched into the water.
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Fig. 3. Absorbance of TiCl3-NaCl-KCl molten salt.

salt, black particles formed as shown in Fig. 5(b). Therefore, it is con-
sidered that a part of the chloro complex transferred to the solid
compound by the introduction of 02~ Fig. 6 shows the result of XRD
analysis of the solidified sample of molten salt containing the black
precipitates. The result implies that the black particles was tita-
nium oxychloride, TiOCI(s). Thus, it is concluded that Ti3* reacted
with 02~ and CI- to form TiOCI(s) in molten salt.

4. Concentration quotient of titanium ions and metallic
titanium

In this section, the effect of 02~ on the concentration quotient
of the equilibrium between titanium ions and metallic titanium

-1
Wavenumber / cm

Fig. 4. Absorbance of TiCl;-NaCl-KCI molten salt before and after addition of oxide
ion.

is investigated. Haarberg et al. reported that sludge formed when
TiCl3 and metallic titanium foil were added into LiCl-KCl eutectic
molten salt [18]. They concluded that the sludge was metallic tita-
nium particle since it was insoluble to hydrogen chloride solution.
However, they did not consider the effect of oxide ion. Actually,
the significant concentration of 02~ was observed in molten salt as
shown in Section 2. The reaction of Ti3* and 02~ could also occur
in the existence with metallic titanium in molten salt. Therefore,
the sludge might be TiOCl(s), which was also insoluble in HCI aq.
Consequently, the equilibrium between titanium ions and metal-
lic titanium should be discussed in the existence with TiOCI(s).
The concentration quotient is revaluated because the concentra-
tion of Ti3* might be overestimated in the reported experiments

Fig. 5. Photographs of TiCl;-NaCl-KCI molten salt (a) before and (b) after addition of oxide ion.
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Fig. 6. XRD pattern of the solidified molten salt containing the black precipitates.

because Ti3* in molten salt and TiOCI(s) cannot be distinguished by
the chemical analysis.

4.1. Expressions on the concentration quotient and the solubility
product

The concentration quotient of reaction (1) in the existence of
TiOCI(s), K¢, is described as follows:

2
(c)
3 (3)
(ccl)
Ti%*

Ke =

where chl is the equilibrium concentration of the species, i. From
the result of absorption spectroscopy described in Section 3.2,
TiOCl(s) dissolves in NaCl-KCl equimolar molten salt as follows:

TiOCl(s) = Ti3* + 0% +Cl-. (4)
The equilibrium constant of reaction (4), Keq, is defined by the
following equation:

A3+ dp2- Ay

Keq = (5)

atioci,

where q; is the activity of the species, i. The activities of chloride
ion and TiOCl(s) are considered to be unity. The activity coefficients
of Ti3* and 02~ could be constant because the solubility of TiOCI(s)
might be small. Thus, the solubility product of reaction (4), Ksp, is
represented as follows:

1 1
Kep=C23, Coa - (6)

The relationships between the equilibrium concentration, Ceq]

and €% | and the concentration of titanium ions evaluated by the

i3+
chemlcal methods, C22V4! apd C;’gilyt'cal, are as follows:
1
analytical eql
C—l—i2+ =C T2+’ (7 )
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Fig. 7. Relation between the absorbance at 786 nm and the nominal concentration
of Ti3*. Exp. (a), (b) and (c) corresponds to each experimental batch.

The mass balance of oxide ion is represented by the following

equation:
- 1 1

o™ = Cg2" + Cridy» (9)
where Cinitial js the concentration of oxide ion initially contained
in molten salt. Considering Egs. (6), (8) and (9), the equilibrium
concentration of Ti3* in the existence with TiOCI(s) should satisfy
the following equation:

( Ceql ) N (Cglzlflal Tar;-ilyﬂca‘)cem Ksp = 0. (10)
Therefore, C;ql is calculated by Eg. (11) using C;gilymal el
and Ksp,
lytical initi Iytical |2
- (Cé)rlzlElal C;ir;iytlca )+ \/(Cglzlflal _ C_?ir;iytlca Y+ 4Ksp
C—ﬁ3+ = 2 ()

Thus, the calculation of evaluation of C

product of TiOCI(s).

Here, we consider the equilibrium expressed by reaction (4)
and determine Ksp. As we added TiOCl(s) into NaCl-KCl equimo-
lar molten salt, the molten salt contains initial oxide ion and oxide
ion by dissolution of TiOCI(s). The concentration of 0%~ is calculated
as follows from the mass balance of oxide ion,

needs the solubility

2 2 1
Cor- = ol +Col, (12)
where Cieq2 is the concentration of the species, i, in equilibrium
with TiOCI(s). Therefore, the solubility product is calculated by the
following equation:

+ Cpth. (13)

eq2 eq2
KSP T 3+ (C

4.2. Solubility product of TiOCI(s)

In this study, C® " was evaluated by in situ measurement using

absorption spectroscopy. First, the analytical standard curve was
evaluated for the quantitative analysis of the concentration of Ti3*.
In absorption spectra, consequently, the absorbance at 786 nm was
used. Fig. 7 shows the relationship between the absorbance and the
nominal concentration. The density of the TiCl;-NaCI-KCI molten
salt was approximated by that of NaCl-KCl equimolar molten salt.
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Fig. 8. The absorption spectrum obtained from the NaCl-KCI molten salt containing
TiOCI(s).

As shown in the figure, a liner relation was reproducibly obtained
in all experiments.

Next, the molten salt containing TiOCl(s) was investigated.
TiOCI(s) used in this study was synthesized in our laboratory
through the reaction of TiCl3 and Ti; O3. We confirmed that the sam-
ple consists of a single phase of TiOCI(s) by XRD. The molten salt
containing Ti?* and 02~ in equilibrium with TiOCI(s) was obtained
by the dissolution of TiOCl(s) into NaCl-KCl equimolar molten salt
at 700°C. The absorption spectrum was measured by the same pro-
cedure as described in Section 3.1, and Ce,‘i was evaluated using

the analytical standard curve established in this study.

Fig. 8 shows the absorption spectrum of the NaCl-KCl equimolar
molten salt containing TiOCI(s). The existence of the absorption
peak at 786 nm indicates that TiOCI(s) dissolved in the molten salt
to form Ti3*. The concentration of Ti3* in equilibrium with TiOCI(s)
was evaluated from the absorbance at 786 nm. Here, the absorbance
at around 500 nm is larger than that in Fig. 3. It is considered that
such an increase of the absorbance is caused by the scattering of the
light beam by small particles suspended in the molten salt. Thus,
the effect of scattering was evaluated by two manners as shown in
Fig. 8.

The concentrations of Ti3* in equilibrium with TiOCI(s) corrected
by the manners A and B were 0.012molL~! and 0.015molL"!,
respectively. The solubility product of TiOCI(s), Ksp, was calcu-
lated to be 1.2 x 1073 mol? L-2 using Eq. (13) from the median of
the concentrations of Ti>* and the concentration of 02~ in NK-c:
Cri =0.0135 and € — 0.0925.

4.3. Revaluation of concentration quotient

Fig. 9 shows the relation between the concentration quotient
revaluated using Ksp at 740 °C. Here, it is assumed that the solu-
bility product of TiOCl(s) is not different between at 700°C and
at 740°C. The initial concentration of 02~ in the experiment using
stainless-steel container and titanium container corresponds to the
values of NK-d and NK-e in Table 1, respectively. The revaluated
concentration quotient, K¢, seems to be constant in the range from
0.1 to 2.0molL-! using stainless-steel container, while it shows
relatively large dispersion using Ti container. Thus, the stainless-
steel container is suitable for the equilibrium experiments on
titanium ions and metallic titanium. The concentration quotient

5481
Nz / (nNaCI + nKCI)
0.00 0.02 0.04 0.06 0.08
10° —t 5 - — .
® Titanium container
10° | m Stainless-steel container |4
10 @ ]
?”Ejp 10°F me ° .
= [ ]
= 10" £ ’. | | Py -
FICHR S SR e ® o -
= [ )
0 107 E 5
x° °
10° F .
10™ £ ° 4
T=740°C
10'5 1 1 1 1
0.0 0.5 1.0 15 2.0

1 -1
C%%. /' mol L

Fig. 9. Revaluated concentration quotient considering the effect of 02~. n; is mol of
the species, i, in the unit volume of the molten salt.

is still scattered upwardly where C;?ZL < 0.1mol L™ even when
considering the effect of oxide. The reason is not clarified, but we
guess that something systematic errors, such as the oxidation of
titanium ions in sample during sample treatment, are not negligi-
ble because the total amount of titanium ions in sample might be
very small in the range. Therefore, it is concluded that titanium ions
co-existence with metallic titanium are also in equilibrium with
TiOCI(s). Fig. 9 shows that the value of the concentration quotient
is 8.0 x 10~2 mol L~ at 740°C. Here, it is convenient that the con-
centration of titanium ions is represented in molar fraction rather
than in molarity. Since the total amount of titanium ions in the
molten salt are much smaller than that of Na* and K*, the total mol
of cation in the molten salt could be approximated by that of Na*
and K*. We thus assumed that the density of the molten salt used
in this study was same as that of the NaCI-KCI equimolar molten
salt, which was 1.56 gcm~1! at 740°C [19]. The determined concen-
tration quotient of reaction (1) is re-calculated to be 1.9 in cationic
molar fraction at 740°C.

5. Conclusions

In this study, the effect of 02~ on the equilibrium between
titanium ions and metallic titanium was investigated by absorp-
tion spectroscopy. As the results, the following conclusions were
obtained.

1. The solubility product of TiOCI(s) in NaCl-KCl equimolar molten
salt was evaluated to be 1.2 x 10~3 mol2 L-2 at 700°C.

2. The concentration quotient of the equilibrium between titanium
ions and titanium was re-evaluated using the reported data. The
revaluated concentration quotient shows constant value in the
range from 0.01 to 2.0 mol L-!. When the unit of the concentra-
tions of titanium ions is mol L~1, the value of the concentration
quotient is 8.0 x 102 mol L~ at 740°C.
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