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In vacuum salt industry, water in brine is evaporated in evaporators for harvest of salt crystals.
Considering the hash corrosion environment in brine, titanium and its alloy are widely used in the pipes
and evaporators. Here, we systematically evaluate the effects of kinds of factors including concentrations
of CO32− and S2− in the brine, pH value and flowing rate of the brine on the corrosion behaviors of pure
titanium (TA2) by electrochemical methods. The results show that with the increase of concentration of
CO32− or S2−, the corrosion resistance of TA2 decreases. The rise of flowing rate aggravates the corrosion
of TA2 in the brine. When the pH value of the brine is placed in the range of 7–8, TA2 presents the
better corrosion resistance performance. In addition, the orthogonal experiments demonstrate that CO32−
concentration and pH value of the brine exhibit relatively greater influence on the corrosion behavior of
TA2 than S2− concentration and flowing rate. To acquire the better corrosion resistance in the brine, the
lower concentration of CO32− and the suitable pH range should be guaranteed.
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1. INTRODUCTION
Vacuum salt is a high-purity salt made by using the vacuum evaporation process, by which either
fine-grained salt or rough-grained salt can be derived according to the requirement of the users. Its main
procedure is that evaporating water from brine solution for salt formation. However, the brine contains
various ions such as Na+, Cl−, S2−, Mg2+, Ca2+, and some CO32− (introduced for removal of some
impurities in the brine), which may corrode the evaporators and pipes [1-2]. Thus, titanium is utilized in
vacuum salt industry widely due to its excellent corrosion resistance [3-4].
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As far as corrosion is concerned, titanium and its alloys belong to oxide-passivated metals
including the stainless steels, as well as nickel, cobalt, and aluminum-based alloys. However, titanium
is a special member in this group as titanium can corrode either very quickly or extremely slowly,
depending on the environmental conditions. For example, titanium can endure many oxidizing acidic
media, such as chromic and nitric acids and diluted sulfuric acid because of the easy formation of a
highly protective oxide ﬁlm which possesses high chemical stability [5], whereas some kinds of halide
ions, especially the ﬂuoride ion, can seriously deteriorate the corrosion resistance of titanium even at a
low content [6].
The type and concentration of chemical ingredients, temperature, pressure, flow velocity, pH
value all the parameters of media can change the corrosion behavior of titanium. For instance, in oral
environment the titanium implants will be subjected to the conditions of varying pH values caused by
inflammatory or other processes, which may turn the medium acidic leading to the breakdown of oxide
layer formed on the metal surface and subsequent severe corrosion of implants [7-8]. Blackwood’s
research revealed that in the absence of CO2, Ti (grades 5) suffered crevice corrosion at temperature of
200 °C; however, crevice corrosion occur at as low as 80 °C in the presence of CO2 [9]. The dynamic or
static electrolyte also leads to different corrosion performances of Ti [10]. Various ions with different
concentrations in media also influence the corrosion performances of titanium [11]. Fluoride ions in
dilute H2SO4 solution have been demonstrated that can accelerate the corrosion of titanium via changing
the structure of the ﬁlm formed at OCP (open circuit potential) and destroying the protectiveness of the
ﬁlm [12]. Fluoride ions, chloride ions, hydroxyl ions were also proved their boosting Ti corrosion,
meanwhile relieved deterioration was observed when nitrate ions or sulfate ions was added in media [1315].
Considering the complex multi-ion system in brine, the corrosion resistance of titanium may be
changed according to the situation of the brine. VA Levin et al. have observed the multi-ion-coexisting
system of brine caused different degrees of titanium corrosion [16]. However, there is a lack of systemic
research on the influence of the parameters of brine on corrosion of titanium. So, here we evaluated the
corrosion behavior of commercial pure titanium (TA2) in brine under a set of parameters such as
different ion concentrations of CO32− and S2−, several pH values, flow velocity. Additionally, orthogonal
experiment was applied to find out the main factors of brine controlling the corrosion of titanium.

2. MATERIALS AND METHODS
Pure titanium sheets were acquired from commercial route. The brine solution was fetched from
a vacuum salt plant in Zigong, China, and its main chemical composition (g/L) is: Na+ 117.3, Ca2+ 1.69,
Mg2+ 0.082, SO42− 3.84, Cl− 176.3. Potassium chloride (KCl), sodium hydroxide (NaOH), sodium
carbonate (Na2CO3), potassium hydroxide (KOH), hydrogen chloride (HCl), sodium sulfide nonahydrate
(Na2S•9H2O), hydrogen fluoride (HF), nitric acid (HNO3), acetone, absolute ethyl alcohol, ethoxyline
resin, curing agent were purchased from Chengdu Cologne Chemical Co. Ltd. Distilled water was used
as required.
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Commercial pure titanium sheet (Φ10mm × 6mm) was embedded in epoxy resin with an exposed
area of 0.785 cm2. The exposed surface was polished through successive silicon carbide papers to 1000
grit. After that, the sample was washed with acetone and distilled water in sequence, and then dried in
cold air. The dried encapsulated titanium sheet acted as the working electrode and platinum wire as the
counter electrode, saturated calomel electrode (SCE) as the reference electrode. The brine solution was
employed as electrolyte. The corrosion behavior of the Ti sheets was evaluated on PARSTAT2273
electrochemical workstation by testing potentiodynamic curves and electrochemical impedance
spectroscopy (EIS). The scanning rate of anodic polarization of the Tafel curve was 5 mV/s; the scan
rate of weakly polarization region was 0.5 mV/s and the polarization range is −250–250 mV (vs. open
circuit potential). The polarization resistance (Rp) was determined from the slope of the current–
potential lines obtained. The EIS tests were performed at OCP using AC signals of amplitude 5 mV
peak-to-peak from 100 kHz to 0.01 Hz. Before measurements of the polarization curves and EIS, the
working electrode was immersed in the test solution at OCP for 30 min to attain a stable state. To identify
the effects of CO32−, S2−, pH value on the corrosion performances, a set of concentration values of CO32−
and S2− in the brine solution were achieved by adding Na2CO3 and Na2S·9H2O, respectively. The pH
values of the brine solution were adjusted using NaOH or HCl.

3. RESULTS AND DISCUSSION
3.1 Influence of CO32− on corrosion behavior of TA2
According to the polarization resistance (Rp) profile (Figure. 1a) and Tafel polarization curve
(Figure. 1b) of the titanium working electrode in the brine solution with concentrations of CO32− (0–3.5
g/L), the increase of the concentration of CO32− makes the corrosion potential lower and the corrosion
tendency higher. It also can be seen that all samples exhibit self-passivated characterization, translating
directly into the passive region from the Tafel region. Polarization resistance exhibits a rapid drop as the
concentration of CO32− increases from 0 to 1.5 g/L; however, the anodic current basically remains stable.
This indicates that although the small amount of CO32− weakened the corrosion-resistance capacity of
TA2 in the brine, CO32− can boost the formation of protective films on TA2 by reaction with Mg2+, Ca2+
to yield a layer of carbonate on TA2 surface [17]. As the concentration of CO32− increases from 1.5g/L
to 3.5g/L, the anodic current density increases, suggesting that excessive CO32− may exacerbate the
corrosion of TA2 in the brine solution. When the concentration of CO32− continuously increased, the
precipitation film depositing on the metal surface became loose and porous, which facilitates the
adsorption of Cl−, leading to the weakened corrosion resistance of the titanium sheet [18].
The Nyquist and Bode plots of TA2 in the brine with different concentrations of CO32− are shown
in Figure. 1c & d, respectively. The equivalent circuit diagram fitting the EIS results is illustrated in
Figure. 2, where Rs is the solution resistance between the working electrode and the reference electrode;
Rt is the charge transfer resistance; Rp is the film resistance of the passivation film on the TA2 surface.
A constant phase element Q is placed to represent the double layer capacitance and passivation film
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capacitance [19-20]. Zsimpwin software was used to fit the test data, and the CPE constant Y 0 after
fitting was converted into passivation film capacitance through formula (1) [21].
C  Y0 (n'' ) n 1
(1)
Where Y0 is the CPE constant; n'' is the frequency corresponding to the maximum of −z "; n is
the dispersion effect index. The fitting results are shown in Table 1.

Figure 1. (a) Polarization resistance and (b) Potentiodynamic polarization curves, (c) Nyquist plots and
(d) Bode plots for TA2 in the brine with different CO32- concentrations.

Figure 2. Equivalent circuit of TA2 in the brine with different CO32− concentrations.
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Table 1. Impedance fitting values of TA2 in the brine with different CO32− concentrations
CO32− (g/L)
0
0.5
1.0
1.5
2.5
3.5

Rs(Ω/cm2)
0.9606
0.8146
1.084
0.8744
0.9834
1.106

C(μF/cm2)
483.1
547.0
554.5
721.5
801.7
1754.9

n
0.66
0.66
0.66
0.61
0.59
0.54

Rp(Ω/cm2)
20030
14070
7769
5128
4129
3408

According to Figure. 1c & d, and Table 1, the increase of CO32− concentration in the brine leads
to the decrease of the capacitive reactance range and the dispersion coefficient. The rise of film
capacitance indicates that the sediments deposited on the electrode surface grew gradually with the
elevation of CO32− concentration. The sediments can boost the charge holding capacity by absorbing
water molecules, so formation of more sediments yielded the higher capacitance value [22].
When the surface of metal electrode is covered by passivation film in corrosive medium, the
evolution of the passivation film mainly experiences the following three steps [23]: The first step is the
process of metal ions leaving the lattice at the interface of metal/passivation film, which is not the control
step of the whole process. The second step is the process of mass transfer through moving of metal ions
in the passivation membrane from inside to outside. In the third step, a new passivation membrane or
some complexes form at the passivation membrane/solution interface; simultaneously, the top layer of
the passivation membrane and complexes on the surface may drop off into solution. The third process
can be interpreted by equivalent resistance Rp (Rp is polarization resistance in linear polarization range).
The bigger value of Rp means the better corrosion resistance of the material. The changes of Rp with the
increase of CO32− concentration in the brine (see Table 1) indicate that more CO32− can weaken the
resistance to uniform corrosion of TA2.
3.2 Influence of S2− on corrosion behavior of TA2
As shown in Figure 3a, when the concentration of S2- in the brine increases from 0 to 0.2 g/L,
the polarization resistance of TA2 drops significantly and then decreases slightly with the S2− of 0.4–1.6
g/L. The free corrosion potential of TA2 exhibits a rapid negative shift, followed by a slow positive shift
to a relatively stable value, and the anodic polarization current density increases with the addition of S2−
(Figure 3b), indicating that S2− in the brine abated the resistance to uniform corrosion of TA2. It also can
be seen that all samples present self-passivated characterization. The corrosion resistance of TA2 mainly
depends on the protective effect of the passivation film on the surface. The highly electronegative S 2−
adsorbed on the TA2 surface can prevent some beneficial substances (O2, OH−, etc.) for the formation
of metal passivation from approaching the metal surface, thus slowing down the growth rate of the
passivation film [24]. No breakdown potential is observed in the range of potential test, which indicates
that these passive films on the surface of TA2 are integral and protective.
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Figure 3. (a) Polarization resistance and (b) Potentiodynamic polarization curves, (c) Nyquist plots and
(d) Bode plots for TA2 in the brine with different S2− concentrations.

Figure 4. Equivalent circuit of TA2 in the brine with different S2− concentrations

Table 2. Impedance fitting parameters of TA2 in the brine with different S2− concentrations
S2− (g/L)
0
0.2
0.4
0.8
1.2
1.6

Rs(Ω/cm2)
0.8803
0.9117
0.8831
1.5231
1.2421
0.8281

C(μF/cm2)
588.8
747.5
947.9
1069.9
1269.2
1343.6

n
0.67
0.67
0.64
0.63
0.60
0.61

Rp(Ω/cm2)
24560
11710
13720
12070
8894
7612

According to Figure 3c, d and Table 2, the elevation of S2− concentration in the brine causes the
decrease of capacitive reactance range and the increase of film capacitance, while the dispersion
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coefficient first decreases and then basically stays unchanged with the rise of S 2− concentration. This
phenomenon indicates that S2− gradually accumulated on the electrode surface by adsorption process.
Excess S2− will accelerate the dissolution rate of passivation film and reduce the corrosion resistance of
TA2 in brine [25-26]. The polarization resistance data in Table 2 demonstrate the resistance to uniform
corrosion of TA2 decreases with the rise of S2− concentration in the brine.

3.3 Influence of pH value on corrosion behavior of TA2

Figure 5. (a) Polarization resistance and (b) Potentiodynamic polarization curves, (c) Nyquist plots and
(d) Bode plots for TA2 in the brine with different pH values.
pH value of solution can affect the corrosion behaviors of metals obviously. As shown in Figure
5a, in the acidic solution the polarization resistance of TA2 soars with the increase of pH value, and then
the polarization resistance decreases at pH = 8. In the range of pH value (6–9), the higher free corrosion
potential indicates the lower corrosion tendency, and the polarization curve decreases first and then
increases (Figure 5b). As pH < 7, the H+ concentration in the brine increased with the decline of pH,
leading to the dissolution of passivation film and subsequent decrease of the polarization resistance and
rise of the self-corrosion rate. When the pH value was bigger than 7, O2 depolarizing reaction occurred
on the cathode and metal oxidation reaction happened on the anode. Titanium ions can react with OH−
in the solution generating titanium oxide deposition on the metal surface, which can improve the
corrosion resistance of the metal at a certain extent. At the same time, the breakdown potential was
observed in the range of potential test at the pH value of 6–7. The corrosion breakdown potential is
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about ̵76 mV. As the pH value continued to rise (pH > 8), CO32− in the brine could be converted into
HCO3− partly, easily causing the inhomogeneity of the passivation film, making the corrosion potential
of the metal negatively shift [27-28], resulting in weakening the corrosion resistance.
The Nyquist and Bode plots of TA2 in the brine solutions with different pH values are shown in
Figure 5c ＆ d. The curves diffuse in the low-frequency region of the impedance spectrum of which
equivalent circuit diagram is illustrated in Figure 6. Accordingly, the relevant parameters were calculated
and listed in Table 3. These results show that the raised pH value can reduce the capacitive reactance
range; meanwhile the capacitance exhibits a change from decrease to increase. However, the diffusion
coefficient undergoes an opposite trend compared with the capacitance. The dispersion coefficient
always keeps the same trend as the pH changes. When the pH value of the solution is less than 7, the
erosion effect of Cl− is reinforced. As pH > 7, metal ions can combine with OH− in solution to form
oxide film or hydroxide oxide film (may be α, β-MOOH) [29], which can be deposited on the metal
surface, improving the corrosion resistance of TA2. In addition, the active dissolution of metal is smaller
in basic solution than in acidic one, and OH− can compete with Cl− for adsorption, which improves the
pitting resistance of metal [30]. However, when the pH is too high, the passivation film on the metal
surface may lose its stability, leading to the decline of the corrosion resistance of TA2 in the brine. Above
results indicate that both the ranges of pH < 7 and pH > 9 can boost the corrosion of TA2 in the brine.
So, it is crucial to choose an appropriate pH of the brine for relieving the corrosion of TA2.

Figure 6. Equivalent circuit of TA2 in the brine with different pH values.

Table 3. Impedance fitting parameters of TA2 in the brine with different pH values
pH
6
7
8
9

Rs(Ω/cm2)
0.6924
1.0470
0.8974
0.8666

C(μF/cm2)
1627.9
1151.6
993.9
1134.1

n
0.56
0.63
0.64
0.64

Rp(Ω/cm2)
2813
5392
6027
4903

W(Ω/cm2)
0.0029
0.0042
0.0019
0.0015

3.4 Influence of flow rate on corrosion behavior of TA2
In our previous research we have demonstrated the different corrosion behaviors of titanium in
electrolyte with or without flowing. In this work, we utilized the same equipment as mentioned in the
reference [10] to study the effects of different flow rates on the corrosion behaviors of TA2 in the brine
solutions at 30 °C. As shown in Figure. 7a and 7b, with the increase of flow rate, the free corrosion
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potential keeps stability.TA2 exhibits lower polarization resistance in the flowing brine than that in the
stationary brine, indicating the flowing of solution weaken the corrosion resistance of TA2. The
breakdown potential was observed in the brine without flowing. On the contrary in the flowing brine the
breakdown potential disappeared, but samples still exhibited self-passivated characterization as
translating directly into the passive region from the Tafel region.
The relatively lower flowing rate (<2 m/s) does not change the corrosion of TA2 obviously;
however, the polarization resistance declines sharply at the flowing rate bigger than 2 m/s (Figure 7a),
suggesting the higher flowing rate will accelerate the corrosion of TA2 in the brine. The Tafel curve
(Figure 7b) measured in the flowing brine is unstable and fluctuates greatly due to the flowing of the
brine, and all anodic polarization currents measured in the flowing bine are bigger than that in the
stationary one. The anodic reaction of TA2 in the brine is the oxidation reaction with oxygen, and the
oxygen molecules in the brine solution must diffuse through a retention layer on the metal surface to
touch with the metal [31]. When the flowing rate was more than 2 m/s, the higher flowing rate reduced
the thickness of the retention layer, facilitating the diffusion of oxygen molecules onto TA2, and then
boosting the interaction between oxygen and TA2 [32].

Figure 7. (a) Polarization resistance and (b) Potentiodynamic polarization curves, (c) Nyquist plots and
(d) Bode plots for TA2 at the different flow rates of the brine.
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Figure 8. Equivalent circuit of TA2 in the brine at different flow rates.

Table 4. Impedance fitting parameters of TA2 in the brine at different flow rates
flowing rate(m/s)
0
1
2
3

Rs(Ω/cm2)

C(μF/cm2)

0.8818
0.8426
0.8864
0.923

406.1
426.5
433.9
554.9

n
0.72
0.74
0.73
0.71

Rp(Ω/cm2)

12650
8688
8037
6856

As shown in Figure 7c, increasing the flow velocity of the brine causes decrease of the capacitive
reactance range while the capacitance and dispersion coefficient remain stable basically (according to
the data listed in Table 4). For each flow rate, there is only a single capacitive arc and the arc radius
declines with the elevation of flowing rate, indicating that the corrosion resistance of TA2 becomes
worse as rise of the flowing rate. When the flowing rate is below 3 m/s, the curvatures of the reactive
arcs exhibit no obvious changes suggesting that, at lower flowing rate, the changes of flowing rate did
not cause the significant fluctuation of the corrosion resistance. The Bode diagram (Figure 7d) shows
the impedance in the low frequency region reduces with the increase of the flow rate, and the impedance
in the high frequency region is almost the same at the different flow rates. According to R(QR), the high
frequency region reflects the capacitance reactance of the interface capacitance. The same impedance
value at the different flowing rates indicates the flowing rate of the brine did not influence the interface
capacitance of TA2 significantly. This may be owing to the flowing solution washing away the corrosion
products on the metal surface, so the metal surface maintained a good consistency [33]. The polarization
resistance data in Table 4 also illustrate that increasing of the flowing rate of the brine will weaken the
corrosion resistance of TA2.

3.5 orthogonal experiment results and analysis
According to the orthogonal test design level table of L16(45), the measured polarization
resistance is shown in Table 5.
The order of the influence on the polarization resistance by different factors is as follows: A > C
> B> D, which means that CO32− concentration has the greatest influence on the corrosion of TA2 in the
brine, and the flowing rate shows the least influence. The optimal parameter is A1B1C3D3, that is, 0
g/L of CO32−, 0.8 g/L of S2−, 8 of pH value and 2 m/s of flowing rate endows TA2 the best corrosion
resistance. Consequently, to make TA2 better corrosion resistance in brine, the lower concentration of
CO32− is essential, and the pH value should be controlled between 7 and 8. The other factors can be
adjusted according to the production requirements.
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Table 5. L16(45) orthogonal design table and processing results
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
K1
K2
K3
K4
R

A
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
106427
91063
41941
53159
64486

B
1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4
74180
49367
88752
80291
39385

C
1
2
3
4
2
1
4
3
3
4
1
2
4
3
2
1
49087
63398
86423
93682
44595

D
1
2
3
4
3
4
1
2
4
3
2
1
2
1
4
3
65211
86976
71100
69303
21765

Rp(Ω)
18198
31772
13002
11208
11200
9296
15418
13453
40594
30621
5316
12221
36435
19374
8205
16277

4. CONCLUSION
In the vacuum salt industry, titanium and its alloy have been used widely. The corrosion of
titanium in the brine should be considered carefully for the safety and stable running of the water
evaporation and salt formation. Herein the influences of multiple factors of the brine solution on the
corrosion of titanium sheet have been evaluated. The relevant results indicate that the rise of CO 32− or
S2− will weaken the resistance to uniform corrosion of TA2 in the brine; the pH value of about 8 can
make TA2 maintain good corrosion resistance. With the increase of the brine-flowing velocity, the
corrosion resistance of TA2 will decrease. The optimum combination of these factors for the best
corrosion resistance was achieved by the orthogonal experiment, and the results point that to make TA2
have better corrosion resistance in brine, the lower concentration of CO32− and the pH = 7–8 should be
guaranteed.
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