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Abstract We investigated the influence of pH, Pb2+,
and temperature on the electrochemical dissolution of
galena. The experimental results showed the following:
(1) Acidic or alkaline conditions stimulate galena elec-
trochemical dissolution. The galena electrode corrosion
current density (jcorr) increased from 0.072 to 0.143 μA·
cm−2 as the pH decreased from 6.0 to 2.0 (promotion
efficiency of 98.61 %) and from 0.066 to 0.132 μA·
cm−2 as the pH increased from 8.0 to 12.0 (promotion
efficiency of 100 %). (2) Pb(NO3)2 promotes galena
electrochemical dissolution at low concentrations
(<0.10 mol·L−1) and inhibits it at high concentrations
(>0.10 mol·L−1) because Pb2+ has two different func-
tions during galena electrochemical dissolution. (3)
Higher temperatures are favorable for galena electro-
chemical dissolution. The galena jcorr increased from
0.143 to 0.226 μA·cm−2 as the temperature increased
from 25 to 55 °C. These experimental results are of
direct significance for the control of environmental pol-
lution during galena weathering and mining activities.
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Introduction

The mineral galena (PbS) is an important sulfide lead mineral
and is one of the most intensively studied sulfide minerals [1]
because it is the main source of lead. Galena can be easily
oxidized under human exploitation or in endemic geochemi-
cal processes, releasing Pb and other accompanying heavy
metal ions (such as Zn, As, and Cd), resulting in heavy metal
and acid drainage pollution. Due to the development of min-
ing and metallurgical industries and due to increasing aware-
ness of the requirement for environmental protection, environ-
mental issues stemming from galena mining and processing
activities are attracting increasing attention.

In nature, galena is primarily found in lead-zinc mines and
coal. Lar et al. [2] found that in New Zurak, central Nigeria,
the release of Pb and other potentially harmful elements (U,
Cd, Se, Zn, and As) from galena mining activities has signif-
icantly contributed to the enrichment of these elements in the
surrounding environment, including natural water bodies,
allowing these elements to enter the human body through
the food chain. During coal mining, processing, and utiliza-
tion, Pb (which primarily associates with galena) is partially
emitted into the atmosphere and partially partitioned into solid
residues [3]. The accumulation of Pb in the human body can
lead to a range of health problems and an increase in the risk of
cancer [4]. More seriously, the various sources of pollution
will remain for a very long time, even after all mining activ-
ities have ceased [5]. Luo et al. [6] used Pb isotopes to inves-
tigate the pollution of Pb in vegetable fields near a Pb-Znmine
that has been exploited for over 50 years without a tailing
reservoir. The results showed that the vegetable fields were
seriously polluted byAs, Cd, and Pb. Specifically, Pbminerals
were the major pollution sources, and aerosols were the main
carrier of mining pollution. Some concentrations in the sam-
ples were above the regulatory levels and were not suitable for
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agricultural areas. Many countries are suffering from environ-
mental issues related to oxidized galena, and the main sources
are abandoned sulfide mines or flotation tailings. In Tunisia, in
the Jebel Hallouf-Sidi Bouaouane district, more than 500 mil-
lion tons of galena (and associated sphalerite, pyrite, and mar-
casite) flotation tailings have been eroded by wind and run-
ning waters, leading to high mobilities of heavy metals (Pb,
Zn, and Cd) to flood areas, exceeding environmental norms,
especially in the case of soils on the eastern side of Jebel
Hallouf Mountain [7]. In France, the Deule River fluvial en-
vironment has experienced severe degradation over the past
several years. Boughriet et al. [8] revealed that a former
smelting plant (Metaleurop) was responsible for the Deule
River’s environmental issue. Because Metaleurop smelter
yielded lots of sulfide/organic fraction to the Deule River,
the resulting Deule River sediment primarily consists of gale-
na (PbS), wurtzite (ZnS), and pyrite (FeS2). In Broken Hill,
Australia, Kristensen et al. [9] investigated an unusual source
of environmental lead contamination, finding the emission
and deposition of lead and zinc concentrates along train lines
into and out of Australia’s oldest silver-lead-zinc mine. They
found that a significant amount of ore was lost to the adjoining
environment, resulting in elevated concentrations of lead
(695 mg·kg−1) and zinc (2230 mg·kg−1) in the soil immediate-
ly adjacent to the train lines. In fact, the reason for this issue is
that the lead-zinc ore particles from uncovered wagons during
the local mining operations contaminated hundreds of kilome-
ters of the train lines.

As shown in the above examples, the reason for the envi-
ronmental issues coming from galena is galena weathering.
Lara et al. [10] studied the weathering mechanisms of galena
in simulated calcareous soil and its environmental implica-
tions. They found that galena weathering leads to the forma-
tion of lead phases (e.g., PbSO4, PbCO3) with a higher bioac-
cessibility than galena, which increases the lead mobility and
change its specific chemical hazard. At the initial oxidation
stage, an anglesite-like phase formed, leading to the partial
mineral passivation. However, the anglesite-like phase was
unstable and then transformed into a cerussite-like phase. It
is undeniable that the weathering process of galena in nature is
an electrochemical process [11]. Mikhlin et al. [12] studied the
electrochemical dissolution of galena and proposed that the
predominant donor-like defects in the disordered reaction
layers inhibit PbS oxidation and promote metallic lead depo-
sition in the course of potential cycling. Fornasiero et al. [13]
studied the oxidation of galena and proposed that the zeta
potential changes occurring during the surface oxidation
may be due to the colloidal particles that formed by the
readsorption of Pb2+. Galena weathering is often seen in acidic
conditions in nature; hence, many studies of galena electro-
chemical dissolution are conducted in acidic conditions. The
anodic dissolution process in an acid system is typically
expressed as follows [14]: PbS→Pb2++S0+2e−, and O2 was

reduction on the cathode reaction: O2+4H
++4e−=2H2O. Paul

et al. [15] and Nicol et al. [16] conducted detailed studies of
the anodic electrochemical dissolution and cathodic reduction
of galena. They proposed a mechanism involving a sulfur
intermediate (represented as S−) for the above-proposed anod-
ic dissolution and noted that the morphology of the anodically
produced sulfur affects the active-passive behavior of galena.
The rate of the cathodic reduction is strongly dependent on the
amount of sulfur present and its history. To date, many reports
have identified intermediate sulfur species, their surface char-
acteristics, and their semiconducting properties at different
positive potentials using chronoamperometry [17], cyclic
voltammetry [18–20], and electrochemical impedance spec-
troscopy (EIS) [21]. Various surface techniques have also
been used, such as Raman spectroscopy [22], scanning tunnel-
ing microscopy (STM) [23], X-ray photoelectron spectrosco-
py (XPS) [24], in situ Fourier transform infrared (FTIR) spec-
troscopy [25], and synchrotron radiation excited photoelec-
tron spectroscopy (SR-XPS) [26].

Temperature, pH, and Pb2+ (an important source of accu-
mulated Pb2+ from galena weathering) are the primary factors
affecting the weathering process of galena. To our knowledge,
no quantitative data have been reported on the influence of
pH, temperature, and Pb2+ on the weathering process of gale-
na (electrochemical dissolution). Therefore, the goal of this
study is to examine the electrochemical response of a large
sample of galena under different pH values, temperatures, and
Pb2+ concentrations and to obtain quantitative electrochemical
dissolution parameters to understand the extent to which the
above factors influence the galena weathering process. These
experimental results are of direct significance for the control
of environmental pollution during galena weathering and min-
ing activities.

Experimental

Electrode preparation

High-quality natural galena was obtained from the Huize Pb-
Zn deposit of Yunnan Province, China. X-ray powder diffrac-
tion analysis confirmed that the ore sample was composed of
PbS and ZnS, and electronmicroprobe analysis confirmed that
the Pb, S, and Zn contents (wt.%) were 86.53, 13.39, and
0.0064 %, respectively. The galena electrode was prepared
by cutting the galena sample into approximately cubic pieces
with working areas of 0.25 cm2, avoiding visible imperfec-
tions as much as possible. After cleaning the pieces in deter-
gent, ethanol, and ultrapure water, the specimens were placed
on an epoxy resin, and each was connected to a copper wire
using silver paint on its back face, exposing only one face of
the electrode to the solution. Prior to each test, the mineral
electrode was polished with 1200# carbide paper to obtain a
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fresh surface, degreased using alcohol, rinsed with deionized
water, and dried in a stream of air.

Electrochemical measurements

Electrochemical measurements were performed using a
computer-controlled electrochemical measurement sys-
tem on a conventional three-electrode electrolytic cell
with platinum as an auxiliary electrode and the galena
electrode as the working electrode (WE). A saturated
calomel electrode (SCE) was used as a reference elec-
trode for all of the electrochemical tests. All potentials
quoted in this study are relative to the SCE (242 mV
vs. standard hydrogen electrode) unless otherwise noted.
The reference electrode was connected to a Luggin cap-
illary to minimize the IR drop. The electrolytes were
prepared from deionized water by adding different quan-
tities of Pb(NO3)2 and H+ (adjusted with HNO3 and
NaOH). The working, auxiliary and reference electrodes
were placed in the same location to ensure a uniform
spatial relationship.

Polarization curves were obtained by scanning the
electrode potential from −250 to +250 mV (vs. open
current potential, OCP) at a scan rate of 10 mV·s−1.
EIS tests were performed at OCP and in the frequency
range of 0.001∼10,000 Hz with a peak-to-peak ampli-
tude of 10 mV, and then, ZSimpWin 3.20 (2004) soft-
ware was used to fit the impedance data. To ensure
reproducibility, at least three identical experiments were
conducted to ensure that the reported results were repro-
ducible (i.e., the random errors of all three identical
experimental results were within tolerance), and the re-
sults reported in this study are the averages of these
repetitions.

Prior to obtaining the polarization curves and conducting
EIS, OCP tests were performed. During the OCP tests, the
electrode potential increased for 5 min and then reached a
quasi-steady state, defined here as a change of less than
2 mV per 300 s. The electrode was then stabilized for 400 s,
and this potential was recorded as the OC potential. During the
second and third replicates, if the potential was not within
±5 mVof the value from the first test at the quasi-steady state,
then the OCP test was terminated, and a new test was per-
formed until the OC potential from the first test was obtained
when stabilized for 400 s.

Results and discussion

Influence of pH

As is well known, the long-term weathering of galena results
in acid mine drainage; thus, galena weathering typically

occurs under acidic conditions. In some instances, galena
can also occur under neutral to slightly alkaline conditions
[27] and even under fully alkaline conditions, for example,
in some landfill leachate [28] or ash-covered tailings [29].
Thus, in this study, pH values from 2.0 to 12.0 were selected
to study the influence of pH on galena electrochemical
dissolution.

Figure 1a shows the polarization curves for the gale-
na electrode in nitric acid (pH 2.0, 4.0, and 6.0) or
sodium hydroxide (pH 8.0, 10.0, and 12.0) solutions at
a scan rate of 10 mV·s−1. It is clear that with increasing
pH, the polarization curves for the corrosion potential
shift to the negative direction.

The corrosion potential (Ecorr), corrosion current density
(jcorr), and Tafel slopes of the anode (ba) and cathode (bc) were
derived from the polarization curves based on the extrapola-
tion methods outlined in the literature [30]. Furthermore, the
polarization resistance values, Rp, were calculated from the
Stern-Geary equation: Rp=babc/[2.3 jcorr(ba+bc)] [31]. The
calculated polarization values are listed in Table 1.

When the electrolyte contained acid, the jcorr of the
pyrite electrode increased from 0.072 to 0.143 μA·cm−2

as the pH decreased from 6.0 to 2.0, indicating that
higher acidity accelerates galena corrosion, and the pro-
motion efficiency (η) was 98.61 %. In this study, η is
defined as η=(jcorr–jcorr

0 )/jcorr
0 , which is used as the inhi-

bition efficiency in materials science [32, 33]. Here, jcorr
0

and jcorr are the corrosion current density before and
after the pH change, respectively. This study suggests
that the drive power comes from the galena electrode
polarization resistance reduction, which decreased from
750.8 to 268.7 Ω·cm2. This phenomenon is explained as
follows. When the electrolyte contained acid, galena
acted as the anode and was oxidized (reaction (1)). S0

is produced and can be absorbed on the galena elec-
trode surface, and S0 dissolution is favored by stronger
acidity. At the cathode, O2 was reduced as reaction (2);
higher acidity is clearly beneficial for this reaction as
well. Thus, the anodic and cathodic Tafel slopes
decrease.

When the electrolyte contained alkali, as in the case of
acid, the galena electrode jcorr increased from 0.066 to
0.132 μA·cm−2 as the alkalinity increased from pH 8 to
12. In this case, the promotion efficiency (η) was 100 %.
In contrast to the case of increasing acidity, the decrease in
the galena polarization resistance with increasing alkalinity
was due to the decrease in the galena anodic Tafel slope,
despite the concurrent increase in the cathodic Tafel slope.
This galena electrode behavior is explained as follows.
When the electrolyte contained alkali, O2 was reduced via
reaction (3) on the cathode. The presence of more OH− ions
is unfavorable for reaction (3), increasing the cathodic Tafel
slope. However, the presence of more OH− ions is favorable
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for galena anodic oxidation, according to reactions (4) and
(5), decreasing the anodic Tafel slope.

Anode:

PbS→Pb2þ þ S0 þ 2e− ð1Þ
Cathode:

O2 þ 4Hþ þ 4e− ¼ 2H2O acidic conditionsð Þ ð2Þ
O2 þ H2Oþ 2e− ¼ HO−

2 þ OH− alkaline conditionsð Þ ð3Þ

Pb2þ þ 2OH− ¼ Pb OHð Þ2 ð4Þ

Pb OHð Þ2 þ 2NaOH ¼ Na2 Pb OHð Þ4
� � ð5Þ

EIS has been widely applied to the study of the character-
istics of electrodes and electrochemical reactions [34]. In this
section, EIS studies were used to confirm the above-obtained
polarization curves and to clarify the mechanism of the elec-
trochemical oxidation of galena.

Figure 2b, c presents the Nyquist plots for galena under
nitric acid (pH 2.0, 4.0, and 6.0) and sodium hydroxide
(pH 8.0, 10.0, and 12.0) solutions. The Nyquist plots are

composed of two capacitive loops. The loop at high frequen-
cies is attributed to the charge transfer resistance Rt, which
may correspond to the resistance between the galena and the
outer Helmholtz plane. The lower-frequency capacitive loop,
which is slightly distorted, is related to the combination of a
pseudo-capacitance impedance (due to the passive layer) and
a resistance Rf. The deviation from an ideal semicircle is at-
tributed to the frequency dispersion and the inhomogeneities
of the passive layer surface. The related electrochemical

Fig. 1 Potentiodynamic curves of the galena electrode under different pH values (a); concentrations of Pb(NO3)2 (b, c); and temperatures (d)

Table 1 Electrochemical parameters of PbS under different pH values

pH Ecorr (mV) jcorr (μA·cm
−2) bc (mV) ba (mV) Rp (Ω·cm

2)

2.0 −143.60 0.143 144.71 228.14 268.7

4.0 −169.14 0.112 170.56 297.67 422.8

6.0 −210.82 0.072 193.67 347.32 750.8

8.0 −227.87 0.066 160.05 260.37 654.5

10.0 −258.32 0.088 166.83 205.42 454.9

12.0 −321.53 0.132 181.11 125.74 243.5

Ecorr corrosion potential, jcorr corrosion current density, ba Tafel slopes of
the anode, bc Tafel slopes of the cathode, Rp polarization resistance values
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equivalent circuit (EEC) used to model the galena/electrolyte
interface is shown in Fig. 2a in which Rs is the ohmic resis-
tance of solution, Rt is the charge transfer resistance, Rf is the
passive film resistance, and CPEt and CPEf represent the con-
stant phase element used to replace the charge transfer capac-
itance at the double layer (Ct) and the passive film capacitance
(Cf), respectively. Constantin and Chirita [35], as well as
Ouyang et al. [36], used this model to explain the oxidative
dissolution of pyrite in acidic media, and Pang et al. [37]
provided a detailed theoretical explanation of this EECmodel.
Because the equivalent circuits provide a means of describing
the electrochemical processes that occur at the electrode/
electrolyte interface, any models derived from these circuits
are only tentative [38]. Therefore, different EECs were used to
fit the EIS data, and the results are shown in Tables 2, 6, and 6.

These tables show that the proposedmodel in Fig. 2a provided
the best fit among the EECs considered.

The impedance parameters obtained by fitting the EIS data
to the equivalent circuit are listed in Table 2. For the galena
double layer in acidic (alkaline) electrolyte, increasing the
acidity (alkalinity) led to a decrease in all the Rt values and
an increasing trend for the double-layer capacitance CPEt, Y0.
The decrease in the Rt values indicates that ions can be easily
transported through the double-charge layer, and the increase
in CPEt, Y0 can be attributed to the increase in the local di-
electric constant of the electrical double layer. The high ca-
pacitance and low resistance of the double layer indicate that
increasing the acidity or alkalinity enhances galena electro-
chemical oxidation, as reflected in the polarization curve re-
sults, namely, higher acidity/alkalinity accelerates galena

Fig. 2 Equivalent circuit for the galena electrode/electrolyte at OCP (a). Nyquist plots of the galena electrode under different pH values (b, c).
Concentrations of Pb(NO3)2 (d, e). Temperatures at OCP (f)
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electrochemical corrosion. For the galena passive film, when
the electrolyte was acidic, increasing the acidity decreased Rf
and increased CPEf, Y0. The high capacitance and low resis-
tance of the films on the specimens indicate the relatively low
robustness of the passive film. Meanwhile, when the electro-
lyte was alkaline, increasing the alkalinity increased CPEf, Y0,
but Rf followed a different trend, initially increasing and then
decreasing. This difference in behavior is a result of the poorly
soluble Pb(OH)2 changing into soluble Na2[Pb(OH)4] at
higher alkalinity. In this study, this transition occurred as the
pH increased from 10.0 to 12.0. All of these results are in good
agreement with the polarization results.

Influence of Pb2+

An electrochemical interaction is an oxidation-reduction reac-
tion; thus, the characteristics of the electrolyte ions have an
important influence on the electrochemical dissolution. In
general, oxidizing ions (such as Fe3+) in an electrolyte prompt
electrochemical interactions. Pb2+ ions also act as oxidizing
ions. Most ions of this type present in nature come from ga-
lena oxidation and constitute one of the polluting ions in mine
areas. According to Eqs. (1) and (4), Pb2+ is both an oxidizing
ion and one of the product ions. Thus, it should have distinc-
tive effects on galena electrochemical dissolution. Therefore,
in this study, different concentrations of Pb2+ were selected to
investigate its influence on galena electrochemical
dissolution.

Figure 1b, c presents the polarization curves for the galena
electrode under different Pb(NO3)2 concentrations at a scan
rate of 10 mV·s−1. The galena polarization parameters found
by extrapolation are shown in Table 3.

When Pb(NO3)2 was present in the range of 0 to 0.10 mol·
L−1, the galena electrode jcorr increased with the Pb(NO3)2
concentration. When the electrolyte contained a very small
amount of Pb(NO3)2 (0.0010 mol·L−1), jcorr increased from
0.143 to 0.182 μA·cm−2, with a promotion efficiency (η) of
27.27%. This value continued to increase, reaching 0.324μA·
cm−2 for a Pb(NO3)2 concentration of 0.10 mol·L−1, at which
point the promotion efficiency (η) was 126.57 %. This occurs

because the galena polarization resistance decreases at higher
concentrations of Pb(NO3)2; specifically, Rf decreased from
268.7 to 127.3 Ω·cm2 for these concentrations. At the anode,
galena was oxidized according to reaction (1), and Pb2+ was
released. The released Pb2+ (including that from the added
Pb(NO3)2) is further reduced to Pb (reaction (6)). It is impor-
tant to note that Pb2+ ions have two functions: facilitating Pb2+

reduction (reaction (6)) and inhibiting galena oxidation (reac-
tion (1)). Considering these two functions together, as the
concentration of Pb2+ ions increased from 0 mol·L−1 to a rel-
atively low value, the reduction of Pb2+ was dominant. Thus,
higher concentrations of Pb2+ are favorable for the reduction
of Pb2+, therefore, encouraging the anodic oxidization of ga-
lena. This oxidization corresponds to a decrease in the galena
anodic Tafel slope. At the cathode, the dissolution of O2 was
suppressed, according to reaction (2), and Pb2+ is also reduced
according to reaction (6) when the electrolyte contains
Pb(NO3)2. It is worth noting that the O2 reduction is dominant
when the concentration of Pb(NO3)2 is very low (in this study,
0∼0.10 mol·L−1). Furthermore, the amount of available oxy-
gen in solution will decrease as the amount of added Pb(NO3)2
increases. Regarding this oxygen solubility phenomenon,
Moslemi et al. [39] reported that the presence of chloride
and sulfate ions causes a reduction in the amount of available
oxygen in solution, and Geng and Duan [40] provided a de-
tailed theoretical explanation and mathematical derivation of
this phenomenon. Oxygen is a strong oxidant and hence a
decrease in the amount of chloride and sulfate ions present
would inhibit the oxygen reduction, leading to an increase in
the galena cathodic Tafel slope:

Pb2þ þ 2e−→Pb E ¼ −0:1262 V ð6Þ

As the data in Table 3 show, when the electrolyte Pb(NO3)2
is present in concentrations above 0.10 mol·L−1, the galena
polarization resistance increases from 127.3 to 391.8 Ω·cm2

with the increase in electrolyte concentration of Pb(NO3)2
from 0.10 to 0.40 mol·L−1. A lower polarization resistance
led to a higher corrosion current density, and the correspond-
ing values were 0.324 and 0.059 μA·cm−2, respectively. The
above results reveal that higher concentrations of Pb(NO3)2

Table 2 Model parameters for
different pH values for the
equivalent circuit shown in
Fig. 2a

pH CPEt, Y0 (S·cm
−2·s−n) n Rt (Ω·cm

2) CPEf, Y0 (S·cm
−2·s−n) n Rf (Ω·cm

2)

2.0 4.276×10−5 0.8085 7.182×104 4.354×10−4 0.9622 1.103×105

4.0 3.782×10−5 0.8019 7.326×104 2.001×10−4 0.8772 2.661×105

6.0 2.757×10−5 0.8029 2.344×105 1.102×10−4 0.8403 5.782×105

8.0 3.736×10−5 0.7918 2.219×105 2.007×10−4 1 2.953×105

10.0 3.854×10−5 0.7779 1.266×105 3.620×10−4 0.7775 4.129×105

12.0 5.319×10−5 0.7897 8.027×104 8.239×10−4 0.9491 6.295×104

CPEt, Y0 constant phase element used to replace the charge transfer capacitance at double-layer capacitance, CPEf

constant phase element used to replace the charge transfer capacitance at passive film capacitance, n
dimensionless number, Rt the charge transfer resistance, Rf passive film resistance
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inhibit galena electrochemical dissolution, and the inhibition
efficiency (η) was 58.74 % when Pb(NO3)2 increased from 0
to 0.40 mol·L−1.

This behavior can be explained as follows. The reduction
of Pb2+ ions to Pb will dominate because of their high con-
centration at the cathode, decreasing the cathode Tafel slope.
However, the high concentration of Pb2+ ions also dramatical-
ly inhibits anodic oxidation.

To better understand the mechanism of galena electro-
chemical dissolution under different Pb2+ concentrations,
EIS experiments were conducted. Figure 2d, e presents the
Nyquist plots for galena under different concentrations of
Pb(NO3)2. All the Nyquist plots are composed of two capac-
itive loops: one corresponding to the resistance between the
galena and the outer Helmholtz plane and one related to the
combination of a pseudo-capacitance impedance (due to the
passive layer). The EEC shown in Fig. 2a was used to model
the galena/electrolyte interface, and the physical significance
of the different model elements was clarified in BInfluence of
pH^ section. The impedance parameters obtained by fitting
the EIS data to the equivalent circuit are listed in Table 6.

When the Pb(NO3)2 concentration is in the range of 0 to
0.10 mol·L−1, for the galena double layer, increasing the con-
centration of Pb(NO3)2 decreased the galena Rt values and
increased the double-layer capacitance CPEt, Y0 values. The

high capacitance and low resistance of the double layer indi-
cate that increasing the Pb(NO3)2 concentration prompted ga-
lena electrochemical oxidation, which is in agreement with the
polarization curve results. For the galena passive film, increas-
ing Pb(NO3)2 increases Rf and decreases CPEf, Y0. The low
capacitance and high resistance of the films on the specimens
indicate the relative robustness of the passive film, confirming
more S0 film rose.

When Pb(NO3)2 is present in the electrolyte at levels above
0.10 mol·L−1, increasing Pb(NO3)2 decreases Rt. It appears
that increasing Pb(NO3)2 is favorable for galena electrochem-
ical dissolution. However, it should be mentioned that CPEt,
Y0 exhibited a different trend in which it decreased as
Pb(NO3)2 increased. A decrease in the Rt and CPEt, Y0 values
would indicate that the transfer charges had a lower transfer
resistance at the double layer, but the real transfer charges did
not increase with increasing Pb(NO3)2. This behavior results
from the thicker passive film present on the galena surface,
which is apparent from increase in the Rf values as Pb(NO3)2
increased over this concentration range.

Influence of environmental temperature

During the galena formation and deposition processes that
occur in nature, the geological conditions often have different

Table 3 Electrochemical
parameters of PbS under different
concentrations of Pb(NO3)2

Concentration (mol·L−1) Ecorr (mV) jcorr (μA·cm
−2) bc (mV) ba (mV) Rp (Ω·cm

2)

0 −143.60 0.143 144.71 228.14 268.7

0.001 −58.43 0.182 170.30 187.34 213.1

0.010 −16.32 0.225 224.55 158.56 179.6

0.100 3.03 0.324 320.01 134.78 127.3

0.200 1.89 0.086 107.80 109.40 274.7

0.300 −3.18 0.082 102.03 112.34 283.5

0.400 −7.12 0.059 98.47 115.54 391.8

Ecorr corrosion potential, jcorr corrosion current density, ba Tafel slopes of the anode, bc Tafel slopes of the cathode,
Rp polarization resistance values

Table 4 Model parameters for
different concentrations of
Pb(NO3)2 for the equivalent
circuit shown in Fig. 2a

Concentration
(mol·L−1)

CPEt, Y0
(S·cm−2·s−n)

n Rt (Ω·cm
2) CPEf, Y0

(S·cm−2·s−n)
n Rf (Ω·cm

2)

0 4.276×10−5 0.7969 7.182×104 4.345×10−4 0.9622 1.103×105

0.001 7.103×10−5 0.8211 6.842×104 4.023×10−4 1 1.720×105

0.010 1.160×10−4 0.8196 3.024×104 3.760×10−5 1 2.010×105

0.100 1.302×10−4 0.8342 7.183×103 3.242×10−5 1 2.342×105

0.200 1.016×10−4 0.8298 4.546×103 4.542×10−5 1 2.380×105

0.300 7.230×10−5 0.8082 4.457×103 6.104×10−5 0.7854 2.697×105

0.400 6.695×10−5 0.8260 3.820×103 7.869×10−5 0.7748 2.842×105

CPEt, Y0 constant phase element used to replace the charge transfer capacitance at double-layer capacitance, CPEf

constant phase element used to replace the charge transfer capacitance at passive film capacitance,
n dimensionless number, Rt the charge transfer resistance, Rf passive film resistance
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temperatures. Temperature can affect the thermodynamics and
kinetics of an interaction and is undoubtedly an important
electrochemical factor. Considering typical geological envi-
ronments, four different temperatures, 25, 35, 45, and 55 °C,
were selected to investigate the influence of temperature on
galena electrochemical dissolution.

Figure 1d shows the polarization curves for the galena
electrode under different temperatures at a scan rate of
10 mV·s−1. The galena polarization parameters found by ex-
trapolation are shown in Table 5. Table 5 shows that the po-
larization resistance decreased from 268.7 to 127.1 Ω·cm2 as
the temperature increased from 25 to 55 °C. Specifically, the
lower polarization resistance intensified the galena electro-
chemical corrosion and resulted in an increase in corrosion
current density from 0.143 to 0.226 μA·cm−2. The promotion
efficiency (η) was 58.04 %. Chirita et al. [41] reported a sim-
ilar finding, namely, that higher temperature accelerates elec-
trochemical dissolution, while investigating pyrite electro-
chemical oxidization at different temperatures. This behavior
is explained by the fact that increasing temperature causes a
conversion of internal energy into electrochemical energy, de-
creasing all the anodic and cathodic polarization resistances.
This explanation is consistent with the anodic and cathodic
Tafel slope results.

EIS experiments were conducted to study the effect of tem-
perature on galena electrochemical behavior, and the Nyquist
plots for galena at different temperatures are shown in Fig. 2f.
The same EEC shown in Fig. 2a was used tomodel the galena/
electrolyte interface, and the impedance parameters obtained
by fitting the EIS data to the equivalent circuit are listed in

Table 6. The results show that the double-layer charge transfer
resistance decreased and the capacitance increased as the tem-
perature increased, suggesting that charge transfer was facili-
tated at the double layer. For the galena passive film, increas-
ing the temperature led to a smaller Rf value and a larger CPEf,
Y0 value. The larger capacitance and smaller resistance of the
films on the specimens indicate the relative weakness of the
passive film, which was confirmed by the reduced develop-
ment of S0 film. All of these results agree with the polarization
curve results.

Implications for environmental pollution
and treatment at mines

(1) In nature, galena is often surrounded by acidic conditions
and is occasionally surrounded by alkaline conditions
during long-term weathering. The above experimental
results indicate that when galena is exposed to acidic or
alkaline conditions, its electrochemical corrosion will be
stimulated, which will result in more severe environmen-
tal problems. Therefore, it is critical for mine area envi-
ronmental treatment to occur before the mine drainage
reaches areas that are acidic or alkaline, especially before
acid mine drainage (AMD) (pH<2.0) formation.

(2) Pb2+ ions are often observed in galena mine area fluids,
and their presence is unfavorable for galena mine area
environmental remediation because even a very small
amount of Pb2+ (0.0010 mol·L−1) will strongly stimulate
galena electrochemical dissolution. However, when the

Table 5 Electrochemical
parameters of PbS under different
temperatures

Temperature (°C) Ecorr (mV) jcorr (μA·cm
−2) bc (mV) ba (mV) Rp (Ω·cm

2)

25 −143.60 0.143 144.71 228.14 268.7

35 −147.23 0.170 129.42 207.27 203.3

45 −149.72 0.210 113.42 201.97 150.4

55 −166.26 0.226 96.55 208.47 127.1

Ecorr corrosion potential, jcorr corrosion current density, ba Tafel slopes of the anode, bc Tafel slopes of the cathode,
Rp polarization resistance values

Table 6 Model parameters for
different temperatures for the
equivalent circuit shown in
Fig. 2a

Temperature
(°C)

CPEt, Y0
(S·cm−2·s−n)

n Rt (Ω·cm
2) CPEf, Y0

(S·cm−2·s−n)
n Rf (Ω·cm

2)

25 4.276×10−5 0.8085 7.182×104 4.354×10−4 0.9622 1.103×105

35 5.771×10−5 0.8013 7.035×104 5.554×10−4 0.9464 6.259×104

45 6.347×10−5 0.8009 2.186×104 5.988×10−4 0.6597 3.302×104

55 6.644×10−5 0.7955 3.689×103 7.288×10−4 0.5236 1.077×104

CPEt, Y0 constant phase element used to replace the charge transfer capacitance at double-layer capacitance, CPEf

constant phase element used to replace the charge transfer capacitance at passive film capacitance,
n dimensionless number, Rt the charge transfer resistance, Rf passive film resistance
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Pb2+ concentration reaches a relatively large value (in
this study, near 0.10 mol·L−1), galena corrosion will be
inhibited, which suggests that the Pb2+ ion accumulation
rate will be slow.

(3) Temperature is an important factor affecting galena elec-
trochemical dissolution, serving to accelerate it. In dif-
ferent galena mine areas, temperature differences occur
due to differences in regions and seasons. This may
cause differences in the observed pollution levels.

These findings provide information and a scientific basis,
as well as new paths, for controlling pollution in mining areas
caused by galena.

Conclusions

Based on the established electrochemical parameters of gale-
na, the following conclusions could be derived:

(1) Higher acidities or alkalinities stimulate galena electro-
chemical dissolution. Specifically, galena electrode jcorr
increased from 0.072 to 0.143 μA·cm−2 when the pH
decreased from 6 to 2, at a promotion efficiency of
98.61 %, and from 0.066 μA·cm−2 to 0.132 μA·cm−2

when the pH increased from 8 to 12, at a promotion
efficiency of 100 %. These phenomena result from the
presence of a large quantity of H+ or OH− acting to de-
crease the charge transfer resistance in the double layer
and decreasing the passive resistance at the electrode
surface, although the interaction mechanism was differ-
ent in the cathode.

(2) Pb(NO3)2 promotes galena electrochemical dissolution
when its concentration is relatively low (<0.10 mol·
L−1) and inhibits dissolution at high concentrations
(>0.10mol·L−1) because Pb2+ has two different functions
during galena electrochemical dissolution: it acts as an
oxidant to stimulate cathodic interaction and as an oxi-
dation product that inhibits galena oxidation.

(3) Higher temperatures reduce polarization resistance and
decrease charge transform resistance and passive resis-
tance, therefore accelerating galena electrochemical dis-
solution. The galena corrosion current density increased
from 0.143 to 0.226 μA·cm−2 when the temperature in-
creased from 25 to 55 °C. This behavior is caused by the
increasing temperature, which causes a conversion of the
internal energy into electrochemical energy.
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