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Abstract: Exploitation of seafloor massive sulfide deposits exposes galena and other metal sulfides to
weathering factors. Galena weathering process leads to release of toxic metals into the water column.
Although galena weathering has an impact on the environment, the mechanisms and kinetics of
galena oxidation under seawater conditions are rarely studied. In this work, several electrochemical
experimental methods were combined to examine the kinetics of galena weathering in NaCl solution
to simulate the effects of Cl− in seawater, and the effects of sodium chloride concentration and pH on
it were studied. The results show that galena weathering can lead to mineral surface passivation.
More chloride ions can accelerate the dissolution of galena. Higher acidity and alkalinity promote the
dissolution of galena in NaCl solution. Galena will release Pb2+ at a rate of 2.849 × 10−2 g m−2 d−1

in the near neutral NaCl mediums, and the amount increases to 5.705 × 10−2 g m−2 d−1 at pH 1.0
and even up to 7.569 × 10−1 g m−2 d−1 at pH 13.0. The results of polarization curves are consistent
with the impedance spectrum data. Based on the dissolution kinetics of galena, the environmental
significance of galena weathering is proposed.
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1. Introduction

Galena (PbS) is one of the most common metallic sulfide minerals, and widely exists in terrestrial
deposits and seafloor massive sulfide (SMS) deposits [1]. The oxidative dissolution of galena plays an
important role in environmental and geochemical processes. Under the influence of mining activities
or specific geochemical processes, the oxidation and dissolution of galena will be accompanied by the
release of lead and other toxic heavy metal ions (such as zinc and cadmium), which threatens human
health and affects the ecosystems [2,3]. The principal secondary minerals formed by the oxidation of
galena are anglesite (PbSO4) and cerussite (PbCO3) [4,5]. They have higher solubility and biological
accessibility than galena, which promotes the migration of lead and increases its toxicity [5]. Therefore,
studying the dissolution behavior of galena in different solutions is conducive to understanding the
migration and transformation of lead in the environment, and can provide theoretical guidance for the
pollution treatment caused by galena oxidation.

It is well known that galena weathering is an electrochemical reaction in nature [6]. Therefore,
electrochemical techniques are often used to study the electrochemical behavior of galena, for instance
open circuit potential (OCP) [7], polarization curves [7–12], cyclic voltammetry (CV) [5–8,11,13–16],
electrochemical impedance spectra (EIS) [9,10,12,16,17], and chronoamperometry (CA) [5,6,15].
Besides, the surface products generated on galena from its dissolution have been investigated
using many surface analysis methods, such as scanning electron microscopy (SEM) [5–7,18], Raman
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spectroscopy [5,7,12,19], X-ray photoelectron spectroscopy (XPS) [5,20–22], Fourier transformation
infrared (FTIR) spectroscopy [5,12,23–25]. Initially, focused researches on the oxidation behavior
of galena were mainly applied in the mining industry. The electrochemical behavior of galena is
an important factor in the process of leaching and flotation. There have been many studies in this
area [16,18,26–28]. Recently, great interests have focused on the oxidation behavior of galena in terms
of environmental impacts. Many researchers have investigated the weathering of galena under various
simulated natural geological environments. Liu et al. assessed the effect of humic acids (HA) during
galena weathering [12]. Lara et al. discussed galena weathering under simulated calcareous soil
conditions [5]. Zheng et al. studied galena weathering behaviors under simulated acid rain [7].

However, these researches did not consider the physical and chemical conditions encountered
in a seafloor context. Although SMS mining is still in the exploration and prospecting stage, the
exploitation of the Western Pacific SMS deposits may occur in the next few years [29]. Deep sea mining
processes have the potential to expose fresh sulfide minerals with a high surface area to corrosive
seawater, resulting in additional oxidative dissolution [1]. According to our current knowledge, the
oxidation and dissolution process of seafloor sulfide minerals in seawater conditions during natural
weathering and artificial mining is not clear. Therefore, it is necessary to investigate the weathering
process of submarine sulfide deposits, including how this process affects their economic value and the
geochemical characteristics of the subsequent oxidation products.

Considering the above reasons, in this work the electrochemical dissolution of galena in sodium
chloride solutions was studied to simulate the weathering of galena in a seawater context. The Cl−

and Na+ ions are used to simulate the most abundant species in the seawater involved in sulfide
mineral mining activities. During the mining process, local seawater may be diluted or concentrated to
varying degrees. Moreover, NaCl is also the most common substance in geological fluids, is mostly
present in the mine water, and the dissolution of galena also may occur in this case [30]. In addition,
mining activities and acid mine drainage from the oxidation of other sulfide minerals can cause
galena to be exposed to varying pH values. In present, complex sulfide ore processing remains very
challenging, because the activation and dissolution of unwanted sulfide minerals can complicate the
selective flotation of complex sulfides [31]. The study of the dissolution behavior of galena in alkaline
conditions of pH up to 13.0 is of guiding significance for the flotation of complex sulfide ore due to the
flotation of sulfide ores is typically done between pH 10 and 11. Electrochemical techniques including
OCP, potentiodynamic polarization (PDP) and EIS were used to investigate galena weathering under
different concentrations of NaCl and different pH values. The objective of this study is therefore
to (1) reveal the galena electrochemical behaviors in the presences of NaCl and (2) quantitatively
determine how NaCl concentration and pH affect galena weathering.

2. Materials and Methods

Electrochemical measurements were performed using a traditional three-electrodes system.
All the three electrodes were placed in a three-necked flask at ambient temperature. A platinum foil
electrode was used as the auxiliary electrode (REX 213-01). A saturated calomel electrode (SCE) was
used as the reference electrode. All the potentials in this research are relative to SCE, except when
specifically mentioned. A self-made solid galena electrode acted as the working electrode. The chemical
composition (wt.%) of the galena used in this work is: 86.33Pb, 13.61S. The bulk elemental analysis for
Pb and S comes from Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, ARCOS
II, SPECTRO, Kleve, Germany) and Carbon and Sulfur Analyzer (CS-206, BAOYING TECHNOLOGY,
Shanghai, China), respectively. The preparation methods of the working electrode are as follows: a
high purity dense galena block was ground into a cylinder with a diameter of 6 mm, then one side was
connected to the copper wire with conductive adhesive, and at last encapsulated with epoxy resin,
leaving one side of the sample as working surface in contact with solution. Before the experiment, the
samples were gradually polished to 1500 mesh with silicon carbide sandpaper, and then rinsed with
pure water after being ultrasonically cleaned with alcohol and acetone, and finally air-dried naturally
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for standby. In this work, 0.60 M NaCl solution was chosen as the electrolyte to simulate the effects
of Cl− in seawater, because the content of sodium chloride in seawater is about 3.5% (wt.), which is
equivalent to 0.60 M in molar mass. All solutions were prepared with analytical grade reagents and
ultrapure water, and the initial pH value of solution was adjusted with hydrochloric and sodium
hydroxide. The pH value of sodium chloride solutions with different concentrations is 6.7.

All the electrochemical tests were performed on a Princeton electrochemical workstation (PAR-2263)
connected to a computer. During the experiment, the change of OCP was firstly monitored, and the
subsequent PDP curves, and EIS were measured after the OCP value stabilized. EIS was performed
with a sinusoidal excitation signal with an amplitude of 10 mV to sweep from 100k Hz to 10m Hz
and eight points per decade. The PDP curves were scanned from −0.25 V vs. OCP to 1.60 V, and
the scanning rate is 1 mV/s. In order to obtain good reproducibility, each group of experiments was
repeated at least three times.

3. Results and Discussion

3.1. OCP Study

3.1.1. Effect of NaCl Concentration

The OCP reflects the electrochemical state between the galena electrode and electrolyte solution
interface. Monitoring changes in OCP is to evaluate whether the electrode/solution system has reached
a quasi-steady state [32]. The evolution of OCP of galena with time in NaCl solutions of different
concentrations (range from 0.01 to 0.60 M) is shown in Figure 1. The potential-time curves show
that the potential increases with time initially followed by a gradual stabilization. All the potentials
stabilize within a period of half an hour immersion in solutions. This may be due to the formation and
development of a passive layer on the galena electrodes surface.
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of NaCl solutions at pH 6.7 (a), and (b) the relationship between Ef and concentration.

In addition, it is observed in Figure 1b that the final OCP (Ef) value is concentration dependent.
As the concentration of sodium chloride solution increases, the Ef value shifts to the negative direction,
typically decreasing from −31.1 mV at 0.01 M to −75.3 mV at 0.60 M. It is worth noting that, in
sodium chloride solutions, the final OCP values decrease exponentially with increasing concentration.
Through software fitting, it is found that the final OCP value and the solution concentration (C) satisfy
the following equation:

Ef = A − BlgC (1)
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where, A and B are fitting constants, C is the concentration of sodium chloride solutions, Ef is the final
OCP value. The larger the concentration of sodium chloride, the more aggressive the Cl− ions to be
adsorbed on the galena electrode surface, which will greatly reduce the Ef value, because the protection
of the corrosion product film is reduced [33]. The results show that the deterioration of passive film
increases with the increase in NaCl concentration. In other words, galena is more susceptible to
corrosion at higher NaCl concentrations. In this way, more Pb2+ ions are released into the solution
system. According to the Nernst equation, changes in ion concentration in the solution will affect the
electrode potential, and the increasing Pb2+ will definitely reduce the electrode potential of galena.
Therefore, the Ef shifts to the negative direction as the concentration of NaCl solution increases. This is
consistent with the relationship between Ef and C presented in Equation (1).

However, the same phenomenon has been observed in other sulfide minerals. When sodium
chloride solution is used as electrolyte, the OCP of pyrite and pyrrhotite will be reduced [34].
They attribute the decrease of OCP to the increase in electrochemical activity of minerals and the
acceleration of oxidation-reduction process of minerals due to the presence of chloride ions.

3.1.2. Effect of pH

The evolution of OCP of galena with time in 0.60 M NaCl solutions of different pH values
(range from 1.0 to 13.0) are shown in Figure 2. Obviously, the pH value of sodium chloride solution
has an important influence on the electrochemical reaction of galena. It can be found that the OCP
can reach a quasi-stable state quickly in both acidic and alkaline solutions. This indicates that galena
has undergone certain highly intense electrochemical reactions at these pH values. Comparing the
time-varying curves of open-circuit potentials at five different pH values, the potentials measured at
alkaline conditions are lower than the potentials at acidic conditions, with the highest potential at
pH = 1.0 and the lowest potential when pH = 13.0.
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In addition, it is observed in Figure 2b that the final OCP (Ef) value is closely dependent on
pH value. Figure 2b illustrates that there is an inverse relation between pH and potential and with
increasing in pH (passing from acidic to alkaline conditions); the Ef value shifts to the negative direction.
In acidic solutions, the acidity increases when pH decreases, the Ef increases from −49.8 mV at pH = 3.0
to −20.4 mV at pH = 1.0. While in alkaline solutions, the alkalinity increases when pH increases, the
Ef decreases from −136.2 mV at pH = 11.0 to −334.5 mV at pH = 13.0. It seems that the increase in
pH value causes the increase in the electrochemical activity of galena. However, the OCP is a mixed
potential, which is affected by both the anode reactions and cathode reactions. In general, the cathode
reaction may be concerned with hydrogen evolution or oxygen reduction [35]. Based on the general
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Nernst equation, the equilibrium electrode potential of oxygen reduction is higher than the equilibrium
electrode potential of hydrogen evolution, and the two potential values decrease with the increase
in pH value [36]. The cathode reaction for galena in no-deaerated solutions is dominated by oxygen
reduction, and the related electrode potential of the reaction decreases with the increase in pH value.
Moreover, the anodic reaction in the corrosion process of galena is attributed to the oxidation of S
element in PbS. Based on the thermodynamic analysis of the Pb-S-H2O system [14,37], the equilibrium
electrode potential of S oxidation degrades with the increase in pH value. Therefore, the anode reaction
also results in the decrease of Ef value. In conclusion, when the redox atmosphere of the solution does
not change significantly, the final OCP of galena will decrease with increasing pH value.

3.2. PDP Study

The OCP method can conveniently measure and judge the corrosion probability and tendency of
materials or minerals, but it cannot estimate the corrosion rate and corrosion situation. The accurate
judgement method is based on the dynamic data. In this section, the corrosion kinetics of galena in
sodium chloride solutions was studied by using PDP technique.

3.2.1. Effect of NaCl Concentration

The PDP curves of galena in different concentrations of sodium chloride solutions are shown
in Figure 3. It is observed that the four polarization curves in Figure 3 show similar change profiles,
indicating the same electrochemical corrosion mechanism. The anode branch of polarization curves
consists of three sections, as approximately divided by the dotted lines. The first part refers to the
active dissolution region. Beyond the corrosion potential, the current density increases rapidly with
the positive-going sweep of potential. The second part refers to the transition dissolution zone. As the
positive shift of the potential, the current density drops sharply, this seems to be more pronounced
at higher concentrations, such as the 0.20 M and 0.60 M curve. In this part, the surface state of the
mineral changes abruptly, and a protective film begins to be formed. The surface product is most
likely elemental sulfur (Reaction (2)). The sulfur (S0) is unstable and oxidation will continue with the
formation of thiosulfate and sulfate according to Reactions (3) and (4) [11,38]. The last part refers to the
passivation dissolution region. The current density is basically independent of the scanning potential.
The electrode surface may form a stable barrier layer. It should be emphasized here that these reactions
that occur in the above three regions are only preliminary speculations. According to the research
work of Urbano et al. [39], the surface characterization (e.g., SEM-EDX, FTIR, or XPS) of the working
electrodes polarized in those three regions will be helpful for deduction. Because current work pays
more attention to kinetics research, there is not much discussion about surface characterization here.

PbS → Pb2++S0+2e− (2)

2S0+3H2O → S2O2−
3 +6H++4e− (3)

S2O2−
3 +5H2O → 2SO2−

4 +10H++8e− (4)

For the mineral electrodes tested, the corrosion parameters including the corrosion potential
(Ecorr), the corrosion current density (icorr), the cathode and anode Tafel slopes (βc and βa), as a function
of sodium chloride solution concentration are listed in Table 1. Corrosion parameters such as Ecorr and
icorr were obtained by Tafel linear extrapolation. In order to ensure that the polarization curve fitting is
in the strong polarization region, the straight-line region beyond 50 mV above and below the corrosion
potential is selected as the fitting section in this study.
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Table 1. The corrosion parameters obtained from the PDP measurements for the galena electrode in
NaCl solutions of different concentrations.

C (M) Ecorr (mV) icorr (A/cm2) βa (mV/dec) βc (mV/dec)

0.01 −79.03 2.13 × 10−8 177.85 167.11
0.05 −102.12 2.41 × 10−8 155.55 142.89
0.20 −115.16 2.88 × 10−8 153.83 138.28
0.60 −132.02 3.06 × 10−8 138.59 125.52

It is found that there is a lower corrosion potential Ecorr in the solution with higher NaCl
concentration, it declines from −79.03 mV in 0.01 M to −132.02 mV in 0.60 M. This indicates that the
presence of more chloride ions increases the surface activity of galena electrode, thus galena is more
susceptible to corrosion. The corrosion potential value is slightly lower than the final OCP at the same
concentration, because the polarization curve starts from a relatively negative reduction potential.
Ecorr shifts towards negative direction, which is consistent with the decrease of Ef with the increasing
concentration. The reason for this change is the same as Ef, which will not be explained in detail here.

However, the corrosion current density icorr increases with the increase in concentration. It rises
from 2.13 × 10−8 A/cm2 in 0.01 M to 3.06 × 10−8 A/cm2 in 0.60 M, which indicates that galena has a
higher corrosion rate at high concentrations, that is, the presence of more aggressive chloride ions can
accelerate the electrochemical dissolution of galena. The anode and cathode Tafel slopes βa and βc

are also affected by the concentration changes. When the concentration of NaCl solution increases
from 0.01 M to 0.60 M, βa decreases from 177.85 mV/dec to 138.59 mV/dec, indicating that the increase
in chloride ions is beneficial to the anode reaction. The passive film on the surface of galena is
deteriorated, and its protective property is reduced, thereby accelerating the anodic oxidation of galena.
Meanwhile, when the concentration of NaCl solution increases from 0.01 M to 0.60 M, βc decreases
from 167.11 mV/dec to 125.52 mV/dec, indicating that the increasing NaCl is also beneficial to the
cathode reaction. The conductivity of the electrolyte will undoubtedly increase due to the presence of
more Na+ and Cl− in the solution. The stronger solution conductivity will prolong the path of reaction
current, which will lead to the charge generated by anodic oxidation reaction on the galena electrode
surface being consumed by the redox reaction far away from the surface of galena [40]. Namely,
increasing conductivity leads to an increase in the region that can support oxygen reduction, and thus
leads to an increase in the oxygen reduction current, eventually resulting in an increase in the cathodic
reaction rate.
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3.2.2. Effect of pH

The PDP curves of galena in 0.60 M NaCl solutions of different pH values (range from 1.0 to 13.0)
are shown in Figure 4. In acidic solutions, the polarization curves present a similar profile, indicating
the same electrochemical reaction mechanism. However, in alkaline solutions, the polarization curves
obviously move towards the lower right, showing an increasing current density and a decreasing
potential, which suggests that the corrosion of galena is intensified under higher alkalinity.Minerals 2020, 10, x FOR PEER REVIEW 7 of 14 
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The corrosion parameters including the corrosion potential (Ecorr), the corrosion current density
(icorr), the anode and cathode Tafel slopes, βa and βc, as a function of pH value of NaCl solution are
listed in Table 2. The corrosion potential value is slightly lower than the final OCP at the same pH,
because the polarization curve starts from a relatively negative reduction potential. It is found that
there is a lower corrosion potential Ecorr in the NaCl solution with higher pH. Ecorr shifts towards
negative direction, which is consistent with the decrease of Ef with the increasing pH value. In acidic
solutions, the acidity increases when pH decreases, the Ecorr increases from −106.83 mV at pH = 3.0 to
−70.94 mV at pH = 1.0. While in alkaline solutions, the alkalinity increases when pH increases, the
Ecorr decreases from −174.17 mV at pH = 11.0 to −349.73 mV at pH = 13.0. The reason for this change
is the same as Ef, which will not be mentioned repeatedly here.

Table 2. The corrosion parameters obtained from the PDP measurements for the galena electrode in
NaCl solutions of different pH values.

pH Ecorr (mV) icorr (A/cm2) βa (mV/dec) βc (mV/dec)

1.0 −70.94 6.15 × 10−8 105.08 119.57
3.0 −106.83 4.95 × 10−8 118.22 121.25
6.7 −132.02 3.06 × 10−8 138.59 125.52

11.0 −174.17 5.21 × 10−8 120.95 126.58
13.0 −349.73 8.16 × 10−7 111.88 - 1

1 The absence of βc in pH = 13.0.

When galena is in acidic NaCl solutions, the icorr increases from 3.06 × 10−8 A/cm2 to
6.15 × 10−8 A/cm2 with decreasing pH from 6.7 to 1.0, showing that higher acidity in favor of galena
dissolution. This means that higher acidity accelerates the rate of corrosion reaction of galena.
The reasons for this phenomenon are listed as below. Under acidic conditions, in the anode galena is
oxidized according to Reaction (2), S0 is generated and absorbed onto the surface of galena electrode.
Oxygen is reduced at the cathode according to Reaction (5). Higher acidity is beneficial to S0 dissolution
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and O2 reduction. Therefore, the higher acidity leads to the decrease in the Tafel slope of anode and
cathode, as shown in Table 2.

O2+4H++4e− → 2H2O (5)

O2 +2H2O + 4e− → 4OH− (6)

Pb2++2OH− → Pb(OH)2 ↓ (7)

Pb(OH)2+2NaOH = Na2[Pb(OH)4] (8)

When galena is in alkaline NaCl solutions, the icorr increases from 5.21 × 10−8 A/cm2 to
8.16 × 10−7 A/cm2 with an increasing pH from 11.0 to 13.0, showing that higher alkalinity is also in
favor of galena dissolution. This means that higher alkalinity accelerates the rate of corrosion reaction
of galena. Unlike in acidic solutions, the anode Tafel slope decreases while the cathode Tafel slope
increases in alkaline solution. In alkaline conditions, oxygen reduction at the cathode is represented
by Reaction (6). When the basicity is enhanced, that is, an increase in the OH− concentration is not
conducive to the Reaction (6), the larger the cathode Tafel slope will become. The absence of βc

in pH = 13.0 is attributed to no significant linear region in the cathode branch of the polarization
curve. For potentials further from Ecorr the shape of each branch eventually becomes an accurate
representation of the kinetics of the anodic and cathodic corrosion reactions. When the overpotential is
greater than about 50 mV both branches are under activation control and exhibit linearity in accord
with the Tafel relationship. However, in this work the solution is stationary and when the pH is
higher, the presence of more OH− hinders the Reaction (6), the diffusion of oxygen will be slow, and
concentration polarization can act to shorten the cathodic linear Tafel region. In the extreme case,
linearity may disappear altogether, with the cathodic reduction reaction under combined activation
and diffusion control. However, higher OH− concentration is in favor of the anodic oxidation reaction
process via Reactions (7) and (8), which results in a decreasing βa value. Liu and Jin et al. also obtained
similar results when galena was in an alkaline medium [9,12].

3.3. EIS Study

3.3.1. Effect of NaCl Concentration

EIS can provide more information about the structure of the electrode/solution interface and
electrode process kinetics. Figure 5 shows the experimental EIS of galena in different concentrations of
NaCl. In four different concentrations of the tested solution, both the Nyquist and Bode plots have
a similar profile, indicating that galena has the same corrosion mechanism in the tested solutions.
In Bode plots, the phase angles show a broad peak from low to medium high frequency regions, and are
accompanied by a large maximum phase angle, approaching 80◦. It suggests that a passive layer may
form under these situations. In the measured frequency range, higher modulus values are obtained at
lower concentrations. As presented in Nyquist plots, they appear as a depressed semi-circular arc in
the impedance complex plane, and the radius decreases as the concentration of the solution increases.
The behavior for this deviation from an ideal semicircle is attributed to the frequency dispersion
and the inhomogeneities of the passive layer surface [35]. Considering these effects, when using the
equivalent circuit method to analysis the experimental EIS data, a constant phase element (CPE) is
usually introduced into the proposed equivalent circuit to replace the idea capacitor to represent the
non-ideal behavior of the capacitive element [41].
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The equivalent circuit model, as shown in Figure 6, is employed to analyse the experimental
EIS data. The fitting results are also present in Figure 5, which shows a good fit. Zheng et al. used
this model to simulate the pyrite oxidation under simulated acid rain weathering conditions [42].
In this model, Rs is the solution resistance between the galena electrode and auxiliary electrode, Rf

corresponds to the passive film resistance and Qf is the CPE used to describe the capacitance behavior
of the passive layer, Rct is the charge transfer resistance, Qdl is used to represent capacitive behavior of
the electrical double layer.
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The fitted impedance parameters are presented in Table 3. A very small chi square (χ2) value
with an order of magnitude of 10−4 indicates that the fitting results are reliable [43]. When the sodium
chloride content in the electrolyte increases from 0.01 M to 0.60 M, the Rs correspondingly changes
from 88.48 Ω cm2 to 3.36 Ω cm2. The decrease in the Rs values is due to the increase in the conductivity
of the electrolyte as the solution concentration increases, for the electrolyte contains only sodium
chloride. The corrosion rate of galena can be characterized by the charge transfer resistance Rct in a
sense, and also the lower Rct the higher the corrosion rate. As NaCl solutions concentration increases
from 0.01 M to 0.60 M, Rct exhibits a downward tendency and the Rct value ranges from 9.109 × 104 Ω
cm2 to 4.361 × 104 Ω cm2. The decrease of Rct values suggests that the electron/charge can be easily
transferred at the electrode/solution interface, and the increase in Cdl can be attributed to the increase
in the local dielectric constant of the double layer [12]. The characteristics of low resistance and large
capacitance for the double layer suggest that the electrochemical oxidation of galena will be enhanced
by increasing the concentration of NaCl solution, which is consistent with the results of the polarization
curve studies, that is, higher concentrations can accelerate the electrochemical corrosion of galena.
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Table 3. Fitted impedance parameters for galena in NaCl solutions with different concentrations.

C
(M)

Rs
(Ω cm2)

Y0, dl × 105 n Cdl × 105 Rct × 10−4 Y0,f × 105 n Cf × 105 Rf × 10−5 χ2
× 104

(S sn cm−2) (F cm−2) (Ω cm2) (S sn cm−2) (F cm−2) (Ω cm2)

0.01 88.48 4.514 0.8269 6.069 9.109 3.691 0.8216 6.959 5.026 2.92
0.05 25.37 5.411 0.8225 7.435 8.059 4.274 0.7957 9.054 4.354 2.82
0.20 7.53 6.026 0.8109 8.006 5.612 4.614 0.8032 9.193 3.613 3.56
0.60 3.36 6.490 0.7988 8.434 4.361 6.839 0.8668 10.490 2.369 1.81

For the corrosion products layer formed on the surface of galena electrodes, increasing the
concentration results in a decrease in Rf and an increase in Cf. In this work, the Cf and Cdl are
determined based on the Brug’s formula [44]. The higher Cf values suggest the smaller thickness of
the passive film formed on galena electrode surface. The CPE parameter n values are all less than
1, indicating the inhomogeneity of the passivation film. Since Rf corresponds to the resistance of
the passive film, the Rf values lower also means that the thickness of film is reduced and the barrier
properties are deteriorated. In summary, the changes of Rf and Rct are attributed to the presence of
aggressive anion Cl− with a very small ion radius. The presence of more Cl− has two functions, one is
to promote the electrochemical reaction, and the other is to deteriorate the passive layer covering the
surface of galena.

3.3.2. Effect of pH

Figure 7 shows the EIS (a) Nyquist and (b) Bode plots for galena in 0.60 M NaCl solution as a
function of pH value. It is observed that the Nyquist plots presented flattened semi-circles in NaCl
solutions of different pH values. The radius of the semi-circular arc becomes larger as the pH increases
in the acidic solution, while the radius of the arc decreases when the pH increases in the alkaline
solution. It is preliminarily judged in this work whether stronger acidity or stronger alkalinity is
beneficial to the corrosion reaction of galena. In Figure 7b, the phase angle observed at pH 13.0 shows
a different aspect compared to those measured at other pH values. It shows a peak at mid to high
frequencies and a shoulder peak at a lower frequency at pH 13.0, thus, two time constants can be clearly
observed. While at other pH values, only one broad peak can be observed in the entire frequency range.
This is because there are two overlapping time constants coupled together in these plots. In addition,
it is likely that in Figure 7a, the Nyquist plot at pH 13.0 also showed a different profile from those
at other pH values. This is also due to the coupling effect of time constant, which is shown as a
widened capacitive reactance arc on the Nyquist plot at other pH values. The equivalent circuit shown
in Figure 6 is also used to simulate the EIS data of galena in 0.60 M NaCl with different pH values.
The fitted results are also presented in Figure 7, and the fitted parameters are listed in Table 4.
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Table 4. Fitted impedance parameters for galena in NaCl solutions with different pH values.

pH Rs Y0, dl × 105 n Cdl × 105 Rct × 10−4 Y0, f × 105 n Cf × 105 Rf × 10−5 χ2
× 104

(Ω cm2) (S sn cm−2) (F cm−2) (Ω cm2) (S sn cm−2) (F cm−2) (Ω cm2)

1.0 2.28 7.538 0.8138 9.047 2.945 11.02 0.7904 19.080 0.719 4.54
3.0 3.21 7.038 0.8120 8.794 3.719 8.035 0.7799 16.680 1.656 3.05
6.7 3.36 6.490 0.7988 8.434 4.361 6.839 0.8668 10.490 2.369 1.81

11.0 3.17 6.825 0.8084 8.573 3.834 7.932 0.8283 13.710 1.767 3.29
13.0 2.25 13.080 0.7629 11.940 0.569 15.18 0.7849 22.760 0.289 5.75

When galena is in acidic NaCl solutions, the Rct decreases from 4.361 × 104 Ω cm2 to
2.945 × 104 Ω cm2 and pH decreases from 6.7 to 1.0; when galena is in the electrolyte of alkaline
condition, the Rct decreases from 3.834 × 104 Ω cm2 to 0.569 × 104 Ω cm2 while pH increases from 11.0
to 13.0. This means that higher acidity (alkalinity) accelerates the rate of corrosion reaction of galena,
because the charge transfer is facilitated at the double layer. This is evidenced by the increasing Cdl

when galena is exposed to higher acidity and alkalinity. It is consistent with the experimental results of
polarization curve. On the other hand, for the passive layer formed on galena surface, increasing the
acidity (alkalinity) results in a decrease in the Rf values and an increasing tendency towards the Cf.
This indicates that the deterioration of passive film generated by galena dissolution will be aggravated
in higher acidic and alkaline sodium chloride solutions.

3.4. Environmental Risk Assessment

Mining activities in SMS deposits can cause local seawater to be diluted or concentrated to varying
degrees, and the pH of peripheral seawater also will be affected and changed. In these cases, the
electrochemical corrosion kinetics of galena in seawater context is undoubtedly influenced by NaCl
concentration and pH value. In order to assess the potential impact of SMS mining, particularly on
the release of heavy metal ion Pb2+, so that appropriate management strategies can be designed and
implemented, the rate of galena weathering is calculated based on the following equation [45]:

R = icorrEwK (9)

where R refers to dissolution rate, g m−2 d−1, K is a constant and K = 8.953 × 10−3 g cm2 µA−1 m−2 d−1 [45],
Ew = W/n, is considered dimensionless in calculation, W is atomic weight of the element, and n is the
valence of the element, icorr is corrosion current density, µA/cm2. In the 0.60 M NaCl solution with
pH = 6.7, the icorr is 3.06 × 10−8 A/cm2 for galena, suggesting the Pb2+ release rate is 2.849 × 10−2 g
m−2 d−1, that is, when the area of galena is 1 m2, it will release 10.399 g Pb2+ to the surrounding region
in one year. When the solution pH decreases to 1.0, the icorr is 5.07 × 10−8 A/cm2, the released Pb2+

increases to 20.823 g per year. Significantly, in alkaline conditions of pH = 13.0, up to 276.269 g Pb2+

are released. Therefore, adjusting the pH of the galena mining environment can reduce the impact of
lead ion pollution. Acero et al. studied the dissolution rate of galena in HCl solutions with pH 1–3
using flow-through experiments, and the rate for lead was about 10−10 mol m−2 s−1 [22]. While in this
work the obtained rate is in the order of 10−9 mol m−2 s−1, the differences may be due to different
experimental conditions. This difference may be attributed to solution state, galena sample preparation,
and duration. In this work, the solid galena samples are immersed in static solutions. While, their
flow-through experiments used powder galena mineral samples. However, the main cause of the
difference must be the shorter duration (less than 5 h) of the experiments in this work compared with
the longer experimental (1200–1800 h) runs in the flow-through experiments.

4. Conclusions

In this work, the weathering behavior of galena was studied in NaCl solution to simulate the effects
of Cl− in seawater context. The kinetics of galena oxidation was studied by in situ electrochemical
methods. The galena weathering process undergoes an activation-passivation transition in the sodium



Minerals 2020, 10, 416 12 of 14

chloride solutions, and forms a passive film on the galena surface. The OCP results indicate that
the presence of chloride ions increases the electrochemical activity of the galena surface. As the
concentration of sodium chloride increases, the corrosion current density increases, and the dissolution
of galena is accelerated, which is mainly due to the promotion of the electrochemical reaction and
the deterioration of the passivation film on its surface. Higher acidity or alkalinity stimulates galena
electrochemical dissolution. Concretely, the corrosion current density increases from 3.06 × 10−8 to
6.15 × 10−8 A/cm2 when the pH decreases from 6.7 to 1.0, and from 5.21 × 10−8 to 8.16 × 10−7 A/cm2

when the pH increases from 11.0 to 13.0. These phenomena are attributed to the existence of a large
amount of H+ or OH−, which decreases the charge transfer resistance of the double layer and reduces
the passive film resistance at the electrode surface, although the interaction mechanism in the cathode
is different.
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