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Galena can be easily weathered under acid rain conditions and causes environmental issues. This process, in

nature, is an electrochemical process. In situ electrochemical technology and surface analysis technology

were combined to investigate this weathering process. The experimental results showed that galena

weathering under simulated acid rain (SAR) could cause an initial increase in Pb2+ ions and result in the

formation of a passive S0 film, and the terminal product was SO4
2�. Increased acidity stimulates galena

weathering, and the promotion efficiency was 2208% as the pH of the SAR decreased from 5.2 to 4.2.

The presence of pyrite is favourable for galena weathering, and the promotion efficiency was 150% when

contained 25% (wt%) pyrite. Galena will release 1.7 g per m2 per year Pb2+ to solution when the pH of

acid rain is 5.2, and the released Pb2+ will reach 95.7 g per m2 per year when the pH of acid rain is 4.2

plus the galvanic effect of pyrite.
Environmental signicance

In the manuscript, we present the results and conclusions from a study of galena weathering behaviors under simulated acid rain. Our study is one of the few
that combine in situ electrochemical technology with surface analyses to investigate galena weathering behaviors. By combining the two methods, it is possible
to identify how acid rain and associated mineral pyrite affect the galena weathering process. The results show galena will release 1.7 g per m2 per year Pb2+ to
solution when the pH of acid rain is 5.2, and the released Pb2+ will reach 95.7 g per m2 per year when the pH of acid rain is 4.2 plus the galvanic effect of pyrite. By
combining the two methods we can identify the weathering process of other electrically conductive minerals under natural conditions, which is valuable for the
quantitative evaluation of environmental pollution caused by the weathering process of other electrically conductive minerals.
1 Introduction

Galena (PbS) is one of the most common metal sulde minerals
and can be easily weathered (oxidized) during geochemical
processes or by human exploitation. These processes may
release Pb2+ and other heavy metal ions (such as Zn, As and Cd),
which results in heavy metal environmental issues. Lar et al.
noted that the release of Pb and other potentially harmful
elements from galena mining activities has signicantly
contributed to the enrichment of these elements in the
surrounding environment.1 The heavy metals Pb, Zn and Cd in
Jebel Ressas (NE Tunisia) soil are severe and exceed the envi-
ronmental norms, as large volumes of Pb–Zn otation tailings
are eroded by wind and running waters. During the past several
years, the Deûle River (France) uvial environment has experi-
enced severe degradation.2 Boughriet et al. indicated that the
Metaleurop smelting plant was the major culprit of the
igh-pressure Study of the Earth's Interior,

y of Sciences, Guiyang 550081, China.
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2018, 20, 822–832
degradation because the smelter inputs contain suldic ores in
the sulde/organic fraction, which results in galena (PbS),
wurtzite (ZnS) and pyrite (FeS2) in the Deule River sediment.3

Acid rain (acidic deposition) is caused by SO2 emissions
(principally from fossil-fuel power stations, metal smelters and
other stationary sources) and NOx (from mobile sources,
industrial sources and power plants) that form sulfuric and
nitric acid, respectively, in precipitation. In 1872, Smith con-
ducted detailed studies of acid rain and described many of its
potentially harmful effects.4 Over the past several decades,
many regions, including Europe, eastern North America,
Southeast Asia, and especially central and southern China, have
suffered from the effects of acidic deposition.5 As a major
international environmental issue, acid rain may have harmful
effects on ecosystems,6 soils and soil water,7 aquatic ecosys-
tems,8,9 materials,10 and even human health.11

Natural galena, which includes raw ore and lead/zinc mine
tailings that contain galena, is oen seen at the crust surface or
in the shallow crust and may thereby suffer from acid rain
weathering. For example, the three large, well-known Pb–Zn
deposit mines in China, Fankou (Guangdong Province), Jinding
and Dongchuan (Yunnan Province), all lie in serious acid rain
This journal is © The Royal Society of Chemistry 2018
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areas.12 Generally, acid rain will accelerate the rate of acidi-
cation and worsen environmental pollution by heavy metal
ions.13 Hence, many investigations have concentrated on the
impacts of acid rain on sulde ore (including galena) weath-
ering. Under natural conditions, acid rain and rain affect the
secondary sulde mineral assemblages and acid mine drainage.
Smuda et al. studied a sulde-rich (including galena, pyrite and
sphalerite) waste rock dump.14 The results showed that the
concentrations of Cu, Zn and Pb differed in the primary mineral
assemblage and secondary mineral enrichment. Rain events
cause the dissolution of most efflorescent salts, remove the
enrichment at the base and result in a washout of acidic solu-
tions rich in heavy metal ions. Moreover, rains affect the
geochemical sulde dynamics. Chavez et al. investigated several
metal sulde ore deposits in central Mexico and found that the
redox reactions locally produce a pH of approximately 2.0 in
leachates with high metal contents.15 Furthermore, the
geochemical dynamics of the suldes were controlled by
seasonal rains (from June to September), along with high
evaporation rates. These factors resulted in minor acid mine
drainage and metal leaching. Redox and dissolution–precipi-
tation reactions control the mobility of heavy metals in the
surrounding environment and pose a threat to the local pop-
ulation. Acid rain affects the mobility and speciation of metals
in lead/zinc tailing soil. Ding et al. used simulated acid rain
(SAR) to leach a typical lead/zinc tailing soil and revealed that
Zn was predominantly associated with the acid extractable and
residual fractions, Pb was predominantly associated with the
reducible fraction, and Cu was dominant in the reducible and
oxidizable fractions.16 Yuan and Liu used simulated acid rain
leaching to investigate a mine tailing (the main minerals were
galena and sphalerite). They revealed that the migration of
heavy metals in lead and zinc mine tailings would be greatly
enhanced under acid leaching conditions, Pb and Zn were
mainly present in the residual fraction, and a greater solid–
liquid ratio and lower acid rain pH contributed to higher
leaching concentrations of heavy metals.17

Galena is one of the metal sulde minerals that has semi-
conductor properties, and galena weathering is an electro-
chemical process in nature.18 Until recently, geologists were not
concerned about galena weathering from an electrochemical
corrosion viewpoint, especially considering the lack of quanti-
tative data in this eld. Therefore, in this study, the electro-
chemical corrosion of galena (including galena containing
pyrite to investigate galvanic effects) in simulated acid rain was
studied in Dongchuan. Dongchuan is a Pb–Zn mine area in
Yunnan Province, China that experiences serious acid rain
pollution. The primary objectives of this study were as follows:
(1) to understand the response of the galena weathering
mechanism to acid rain and (2) to investigate the effects of acid
rain on galena weathering.

2 Materials and methods
2.1 Mineral electrode preparation

Galena and pyrite samples were collected from the Dongchuan
Pb–Zn mine (Yunnan Province, China). Reected light
This journal is © The Royal Society of Chemistry 2018
microscopy and X-ray diffraction analysis indicated that the
samples existed in a pure, homogeneous phase. Electron
microprobe analysis conrmed that the concentrations of Fe
and S (wt%) in the pyrite sample were 46.89% and 52.96%,
respectively, and the contents of Pb, S and Zn (wt%) in the
galena sample were 86.53%, 13.39% and 0.0064%, respectively.
First, the large galena and pyrite samples were crushed to
smaller than 4 mm and then carefully selected by hand. Next,
the samples were rinsed with a 3% (v/v) acidic solution, washed
with deionized water and dried under vacuum in an attempt to
remove the surcial oxide phases formed during sample
handling. The resulting galena and pyrite samples were then
ground in an agate mortar and sieved to obtain sizes of <74 mm.

One objective of this work was to investigate how pyrite
affects the oxidation behaviour of galena; thus, it was critical to
prepare the working electrode with both galena and pyrite.
Sawyer and Roberts utilized a carbon paste electrode (CPE) and
found that it had both good selectivity and sensitivity and did
not require several conditioning steps before the analytical
measurements, and it was also suitable, versatile and rapid
enough for multicomponent determinations.19 In practice,
many researchers have used CPE–mineral electrodes and
revealed that CPEs are useful in both mineral kinetic and
thermodynamic oxidation studies of sulde.20,21 In this work,
galena and pyrite carbon paste electrodes were used as the
working electrodes, where 0.8 g of graphite (microcrystal grade,
APS 2–15 micron, metal basis 99.9995% l Fisher Scientic UK
Ltd, Alfa Aesar) and 1.2 g of an electroactive mineral, (1) PbS
1.2 g, (2) PbS 0.9 g + FeS2 0.3 g, and (3) FeS2 1.2 g, were mixed
together in an agate mortar, and then, 1.0 mL of silicone oil
(CAS 63148-52-7, Sigma-Aldrich Co. LLC) was added to obtain
a homogeneous paste. This paste was placed in a 3 cm long,
0.5 cm diameter polytetrauoroethylene syringe and pushed
out of the tube with a plunger to renew the surface aer each
experiment. The surface area was measured to be 0.0196 cm2.
Electrical contact was achieved with a platinum wire immersed
in the paste. Further details regarding these electrodes can be
found in Lazaro et al.22
2.2 Simulated acid rain

According to acid rain monitoring data from 2005 to 2011 in
China, the acid rain type was mainly sulfuric acid, and the
contribution of nitrate to the acidity of precipitation increased
year aer year. The annual average pH value was at the same
level as that in the USA, Japan and other East Asian countries.
However, the deposition ux of the major acidic ions was at
a higher level, especially in Dongchuan (Yunnan Province,
China), which is one of the areas with the most serious acid
rain.12 According to the monitoring data from the Dongchuan
Environmental Monitoring Station, the average pH of the rain
in Dongchuan ranged from 4.42 to 6.51 from 2006 to 2013, and
the average concentration (mol L�1) ratio of SO4

2� to NO3
� was

3.39 : 1.23 To simulate the acid rain characteristics in Dong-
chuan, China as per the above analysis, rst, a dilute solution
containing CaSO4, (NH4)2SO4, MgSO4, NaNO3, NH4Cl, NaCl and
KF with a molar ratio of 20 : 9 : 5 : 10 : 2 : 2 : 4 was prepared,
Environ. Sci.: Processes Impacts, 2018, 20, 822–832 | 823
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Table 1 Ion concentrations of simulated acid rain (mmol L�1)

pH Ca2+ Mg2+ NH4
+ K+ Na+ Cl� F� SO4

2� NO3
�

SAR1 5.2 40 10 40 8 24 8 8 70 21
SAR2 4.2 40 10 40 8 24 8 8 95 28
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and the molar ratio of SO4
2� : NO3

� was 3.39 : 1. Then, two
types of acid rain (pH 5.2 and 4.2) were prepared by adjusting
the pH of the solution with a solution containing H2SO4 and
HNO3 at amolar ratio of SO4

2� to NO3
� of 3.39 : 1. The details of

the ion compositions of the SAR are listed in Table 1.
2.3 Electrochemical studies

Electrochemical measurements were performed using
a computer-controlled electrochemical measurement system
(PARSTAT 2273, Princeton Applied Research) with a conven-
tional three-electrode electrolytic cell that included a plat-
inum auxiliary electrode, mineral carbon paste electrode
(working electrode) and a saturated calomel reference elec-
trode (SCE). All other potentials in this study are quoted
relative to the SCE (0.242 V vs. the standard hydrogen elec-
trode) unless stated otherwise. To minimize the resistance of
the solution between the working electrode and the reference
electrode, the reference electrode was connected to a Luggin
capillary.

A 25 mL SAR electrolyte solution at either pH 5.2 or pH 4.2
(refer to Section 2.2) was used in each test. The working,
auxiliary and reference electrodes were situated in the same
location to ensure a uniform spatial relationship. The experi-
ments were conducted in a water bath at 25 � 1 �C.

Cyclic voltammetry (CV) experiments were conducted at
a scan rate of 5 mV s�1. The sweeps were initiated in the
positive-going direction. The potential started from the open
circuit potential (OCP) to 0.9 V (Ela vs. SCE), then reverse
scanned to �0.9 V (Elc vs. SCE), and nally returned to the OCP
as the nal potential (Ef). Polarization curves were obtained by
automatically changing the electrode potential from �250 to
Fig. 1 Potential–time relationships of different mineral electrodes in pH
(3) CPE–pyrite.

824 | Environ. Sci.: Processes Impacts, 2018, 20, 822–832
+250 mV (vs. OCP) at a scan rate of 10 mV s�1. Identical
experiments were repeated at least three times to ensure that
the reported results were reproducible (i.e., the random errors
of the three identical experimental results were within the
tolerance limits), and all of the reported results in this study
were averaged.

Prior to the CV and polarization curve tests, OCP tests were
performed. During the OCP test, the electrode potential
increased for 10 min and then reached a quasi-steady state. The
steady-state is dened here as a change of less than 2 mV per
5 min. Then, the electrode was stabilized for 400 s, and the
potential was recorded as the OCP. During the second and third
identical experiments, if the potential was not within �5 mV
(compared with the rst test) at the quasi-steady state, then the
OCP test was terminated, and a new test was performed until an
OCP that was the same as the rst test was obtained when
stabilized for �400 s.
2.4 Surface analysis

All galena samples with/without pyrite, aer 2 weeks and 10
weeks of weathering under pH 4.2 or 5.2 SAR conditions, were
characterized via scanning electron microscopy (SEM) using an
X-ray spectrometer produced by EDAX, and a low/high vacuum
and digital scanning electron microscopy (JSM-6460LV) were
used for chemical analysis (SEM-EDS analysis). Furthermore, all
Raman spectra were recorded using a British Renishaw inVia
Reex type microscopic confocal laser Raman spectrometer
(laser wavelength l ¼ 514 nm, exposure time 10 s, and laser
power 50 mW). Under these conditions, no laser damage
occurred to the galena.
3 Results and discussion
3.1 Open circuit potential study

The open circuit potential (equilibrium potential or rest
potential) of a sulde mineral electrode is a mixed potential,
which consists of the cathodic reduction of dissolved oxygen
and the anodic oxidation of the mineral surface.24 Accordingly,
the electrochemical behaviour of the mineral surface can be
5.2 (a) and pH 4.2 (b) SARs. (1) CPE–galena, (2) CPE–galena–pyrite and

This journal is © The Royal Society of Chemistry 2018
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Table 2 The OCP of galena electrodes containing different mass
fractions of pyrite (wt%)

Electrode

OCP (vs. SCE, �5 mV)

pH 5.2 SAR pH 4.2 SAR

CPE–PbS �60.3 25.4
CPE–PbS–FeS2 (25%) 55.6 90.2
CPE–FeS2 200.5 250.8
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easily evaluated using OCP measurements. The OCP curves of
the mineral electrodes under different simulated acid rain
conditions are shown in Fig. 1.

Fig. 1(a) shows the OCP curves of the galena electrodes with
different mass fractions of pyrite in the pH 5.2 SAR solutions as
a function of time. Approximately 40 min aer initiation, the
potential of the galena electrode reached a quasi-steady state
(varied by less than 2 mV min�1), which indicates the sponta-
neous growth of a passive lm on the surface of the electrodes.
This time was taken as the preconditioned surface time.25 For
the galena electrode, the OCP was approximately �60.3 � 5 mV.
Fig. 2 Typical cyclic voltammogram profiles of CPE-without mineral(I) an
CPE–galena–pyrite. Ei ¼ EOC, Ela ¼ 0.9 V, Elc ¼�0.9 V, Ef ¼ EOC, v¼ 5 mV
image, respectively.

This journal is © The Royal Society of Chemistry 2018
The pyrite electrode had a similar potential–time prole, and
only the OCP value at 200.5 � 5 mV was different, which is
consistent with the fact that pyrite has a high rest potential.26

When the pyrite content of the galena electrode was 25% (wt%),
we observed a similar potential–time prole, and the OCP was
55.6� 5mV between the galena and the pyrite electrodes, which
agrees with the mixed potential theory.27

Fig. 1(b) shows the OCP curves of the galena electrodes with
different mass fractions of pyrite in the pH 4.2 SAR solutions as
a function of time. All three potential–time proles are similar to
those in the pH 5.2 SAR solutions, except that the quasi-steady
time is shorter, and the OCP is larger in the pH 4.2 SAR solu-
tions. Similar to that in the pH 5.2 SAR solutions, the OCP order
is galena < mixed < pyrite. Compared to the results in the pH 5.2
SAR solutions with the same electrode (galena, pyrite or mixed
electrode), the quasi-steady time decreased as the concentration
of H+ increased, which revealed that H+ conrmed a galena or
pyrite electrochemical interaction. Furthermore, the increase in
the OCP with the increase in the H+ concentration can be
explained by the cathodic reduction of dissolved oxygen as
mentioned above; that is, O2 + 4H+ + 4e� ¼ 2H2O. Clearly, the
higher H+ concentration promoted a cathodic reduction and
d CPE–mineral(II) in pH 5.2 SAR. (a) CPE–galena, (b) CPE–pyrite and (c)
S�1. Where (a0) and (c0) are re-scaled versions of (a) and (c) at the same

Environ. Sci.: Processes Impacts, 2018, 20, 822–832 | 825

https://doi.org/10.1039/c7em00599g


Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

5/
17

/2
01

9 
5:

09
:0

3 
A

M
. 

View Article Online
thus an increase in the OCP. The detailed OCP values of the
different mineral electrodes are listed in Table 2.
3.2 Cyclic voltammetry studies

Cyclic voltammetry has been widely used for sulde mineral
oxidation studies. In this work, cyclic voltammetry was applied
to a variety of redox processes and was used to determine the
presence of intermediates in redox reactions. The CPE voltam-
mograms containing PbS and/or FeS2 in the pH 5.2 SAR solu-
tions are shown in Fig. 2.

Fig. 2(a) shows the cyclic voltammogram obtained from the
CPE–galena with the sweep potential starting from the OCP.
During the potential positive-going scan, the oxidation rate
quickly increased, and the rst anodic maximum (A1) was
detected at a potential of �0.4 V vs. SCE, which is consistent
with the results (0.3–0.5 V) from Paul et al.20 In addition, the
peak corresponded to the anodic dissolution of galena.

A1: PbS / Pb2+ + S0 + 2e� (1)

A small peak, A2, was observed near 0.5 V. This peak was
tentatively attributed to the transformation of PbS into inter-
mediate S2O3

2� at a higher positive potential via the reaction
(2).28,29 Aer the potential was scanned to 0.9 V (Ela), a third
anodic peak (A3) emerged. Almeida and Giannetti suggested
that the peak may be associated with the intermediate S2O3

2�

being transformed into steady-state sulfate.30
Fig. 3 Typical cyclic voltammogram profiles of CPE–without mineral(I) a
(c) CPE–galena–pyrite. Ei ¼ EOC, Ela ¼ 0.9 V, Elc ¼ �0.9 V, Ef ¼ EOC, v ¼
same image, respectively.

826 | Environ. Sci.: Processes Impacts, 2018, 20, 822–832
A2: 2PbS + 3H2O / S2O3
2� + 2Pb2+ + 6H+ + 8e� (2)

A3: S2O3
2� + 5H2O / 2SO4

2� + 10H+ + 8e� (3)

In the reverse scan, only one cathodic current peak was
observed at a potential between �0.6 V and �0.8 V. The current
peak (C1) may correspond to the direct reduction of galena, as
indicated in reaction (4).31 In contrast, Sivenas and Foulkes also
reported that the peak corresponding to the reduction of Pb2+

did not appear due to the presence of SO4
2� (one is from reac-

tion (3), and another is from the SAR solution).32 The Pb2+ ions
were consumed in the form of insoluble PbSO4.

C1: PbS + 2H+ + 2e� / Pb0 + H2S (4)

As the sweep reversed and continued in the anodic direction,
an oxidation peak, A4, was observed from�0.45 to�0.35 V. This
peak corresponded to the oxidative dissolution of elemental Pb0

previously formed via reaction (4), which is in agreement with
the results of Sivenas and Foulkes.32

A4: Pb0 / Pb2+ + 2e� (5)

Fig. 2(b) shows the cyclic voltammogram obtained from the
CPE–pyrite with the sweep potential starting from the OCP. The
resulting curve is similar to those reported in the literature.30–33

During the potential positive-going scan, the oxidation rate
quickly increases, and the A1 anodic current peak is observed.
nd CPE–mineral(II) in pH 4.2 SARs. (a) CPE–galena, (b) CPE–pyrite and
5 mV S�1. Where (a0) and (c0) are re-scaled versions of (a) and (c) at the

This journal is © The Royal Society of Chemistry 2018
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Biegler and Swi revealed that this peak corresponds to the
oxidation of pyrite to ferric ions, sulfur and sulfate ions, as
shown in reaction (6).34

A1: FeS2 + (8 � 4x)H2O /

Fe3+ + xS0 + (2 � x)SO4
2� + (16 � 8x)H+ + (15 � 6x)e� (6)

In the reverse scan, reduction of the surface products formed
in the oxidation region occurs at peaks C1 (0.4 V) and C2 (�0.4
V), which correspond to the reduction of Fe3+ and S0, as shown
in reaction (7)35 and reaction (8),33–36 respectively. At a potential
that is more negative than peak C2, another peak (C3) occurs at
approximately �0.7 V, which is consistent with the results of
Almeida and Giannetti, and peak C3 can be attributed to the
reduction of pyrite, as indicated in reaction (9).37 In an acidic
environment, the FeS generated in reaction (9) was then dis-
solved in reaction (10).

C1: Fe3+ + e� / Fe2+ (7)

C2: S0 + 2H+ + 2e� / H2S (8)

C3: FeS2 + 2H+ + 2e� / FeS + H2S (9)

FeS + 2H+ ¼ Fe2+ +H2S (10)

When the potential sweep is reversed at �0.8 V, the current
swings positive at approximately 0.1–0.2 V, where the last
anodic peak (A2) is observed. This peak is attributed to the
Fig. 4 Potentiodynamic curves of the CPE–galena and CPE–galena–
pyrite electrodes in pH 5.2 and pH 4.2 SARs.

Table 3 Electrochemical parameters of the mineral electrodes at pH 5.

Electrode

Ecorr (mV) icorr (mA cm�

pH 5.2 pH 4.2 pH 5.2

CPE–PbS �77.2 �7.8 0.0052
CPE–PbS–FeS2 (25%) 0.6 48.1 0.013

This journal is © The Royal Society of Chemistry 2018
oxidation of H2S,31,32 where H2S is produced during the cathodic
sweep, as shown in reactions (8)–(10).

A2: H2S / S0 + 2H+ + 2e� (11)

Fig. 2(c) shows the cyclic voltammogram obtained from the
CPE–galena (75%, wt%)–pyrite with the sweep potential starting
from the OCP. This cyclic voltammogram prole is similar to
the galena voltammogram; however, the current density at the
same potential is larger. These results indicate that the mixed
and galena electrodes have the same oxidation and reduction
processes. The addition of pyrite did not change the oxidative or
reductive products of galena but increased the current density
during the oxidation process. The results revealed that the
presence of pyrite intensies galena corrosion because of
a galvanic effect between the galena and pyrite. Fig. 3 shows the
voltammograms of the CPE containing PbS and/or FeS2 in the
pH 4.2 SAR solution. Compared to the results obtained in the
pH 5.2 solution, the CPE–PbS and CPE–PbS–FeS2 electrodes
have similar voltammogram proles, which reveals that the
greater SAR acidity does not change their oxidation and
reduction processes. However, compared to the results ob-
tained in the pH 5.2 solution, the current densities of the CPE–
PbS and CPE–PbS–FeS2 electrodes at the same potential are
larger, revealing that the greater SAR acidity facilitates the
weathering of galena and galena with pyrite.
3.3 Polarization curve studies

The potentiodynamic curves of the CPE–galena and mixed
mineral electrodes under the pH 5.2 and pH 4.2 SAR conditions
are shown in Fig. 4. A comparison of the curves demonstrates
that the galena and mixed mineral electrodes had similar
potentiodynamic proles. In both cases, the electrolyte solution
at pH 5.2 is changed to 4.2, and the other electrode is galena
mixed with pyrite. The potentiodynamic curve clearly shied to
the right and became more positive in both the x and y
directions.

The Tafel extrapolation method was used to derive the
corrosion potential Ecorr and corrosion current density icorr.38 In
addition, the polarization resistance (Rp) was estimated
according to the Stern–Geary equation, Rp ¼ babc/[2.3icorr(ba +
bc)],39 and the polarization results are listed in Table 3.

By decreasing the pH value from 5.2 to 4.2, the Ecorr values of
the galena and mixed mineral electrodes increased from �77.2
to �7.8 mV and from 0.6 to 48.1 mV, respectively, and the icorr
values increased from 0.0052 to 0.12 mA cm�2 and 0.013 to 0.29
mA cm�2, respectively. These results show that the increase in
2 and pH 4.2

2) Rp (U cm2) v (g per m2 per year)

pH 4.2 pH 5.2 pH 4.2 pH 5.2 pH 4.2

0.12 6910.0 244.1 1.7 39.6
0.29 2219.3 92.3 4.3 95.7
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SAR acidity promoted the weathering of galena and galena–
pyrite mixed minerals. Furthermore, the promotion efficiencies
(h) for the galena andmixedmineral electrodes were 2208% and
Fig. 6 SEM images and the corresponding EDS spectra of galena after 10
(c) pH 5.2 coupled with pyrite powder and (d) pH 4.2 coupled with pyrit

This journal is © The Royal Society of Chemistry 2018
2131%, respectively. In this study, h is dened as h% ¼ (icorr �
icorr

0)/icorr
0 � 100, which is oen used as the inhibition effi-

ciency in materials science.40–42 The SAR composition consists
weeks of weathering in different SARs, where (a) pH 5.2, (b) pH 4.2, and
e powder.
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of several different non-oxidizing and non-reducing ions;
therefore, the dissolved O2 in the SAR is specied by the
cathodic reaction (12), and the anodic reaction is indicated by
A1 (reaction (1)). Clearly, an increase in H+ benets the cathodic
reaction, which results in decreases in the polarization resis-
tances of the galena and mixed electrodes from 6910.0 to 244.1
U cm2 and 2219.3 to 92.3 U cm2, respectively.

O2 + 4H+ + 4e� / 2H2O (12)

When the galena electrode contained pyrite, the Ecorr values
of the galena and mixed mineral electrodes increased from
�77.2 to 0.6 mV and �7.8 to 48.1 mV, respectively, and the icorr
values increased from 0.0052 to 0.013 mA cm�2 and 0.12 to 0.29
mA cm�2, respectively. The results show that the presence of
pyrite promoted galena weathering, and the promotion effi-
ciencies (h) for the galena and mixed mineral electrodes were
150% and 142%, respectively. This result is due to the galvanic
effect described as follows. When galena and pyrite are in
contact in a SAR medium, galvanic interactions occur, and
a charge transfer is facilitated. The galvanic interaction
changes the rates of the anodic and cathodic half-reactions
that occur at the surface of each mineral.27 As a result, the
polarization resistance of galena decreased from 6910.0 to
2219.3 U cm2 and from 244.1 to 92.3 U cm2 in the pH 5.2 and
pH 4.2 SAR solutions, respectively.
Fig. 7 Raman spectra of the massive galena electrodes after weathering
with pyrite powder and (d) pH 4.2 coupled with pyrite powder for: (1) a p
surfaces.

830 | Environ. Sci.: Processes Impacts, 2018, 20, 822–832
3.4 Surface analysis

Fig. 5 and 6 show the SEM images and EDS spectra, respectively, of
the weathered galena surfaces aer 2 weeks and 10 weeks. It is
clear from the images that the weathered surfaces of the samples
have corrosion holes. At both 2weeks and 10 weeks, the weathered
galena surfaces displayed lumpy or uffy masses at pH 5.2, and
this phenomenon was enhanced when the pH decreased to 4.2
without pyrite. When the galena contained pyrite (aer 2 weeks or
10 weeks), the weathered galena surfaces exhibited crystal parti-
cles, which were conrmed as PbSO4 by the EDS spectra.

Fig. 7 shows the Raman spectra of pristine and weathered
galena samples. No peaks were observed from the pristine
sample. Aer 2 weeks and 10 weeks, the weathered galena
samples exhibited similar Raman spectra under the same SAR
pH conditions; however, the intensity aer 10 weeks of weath-
ering was greater. In each Raman spectrum, broad Raman
peaks are shown at 437–438, 600 and 960–969 cm�1. These
peaks are characteristic of a structure that includes lead sulfate
species.43,44 When galena is coupled with pyrite, the Raman
spectra (Fig. 7(c) and (d)) show two new Raman peaks at 220 and
470 cm�1, which are usually assigned to elemental sulfur (S0).45

The emergence of S0 conrmed the initial galena weathering
process and revealed that the galvanic effect promotes galena
weathering, which results in a thicker S0 lm, and some of the
S0 does not have enough time to transform into SO4

2�.
in different SARs, where (a) pH 5.2, (b) pH 4.2, and (c) pH 5.2 coupled
ristine surface, (2) 2 weeks leached surfaces and (3) 10 weeks leached

This journal is © The Royal Society of Chemistry 2018
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Unfortunately, the S2O3
2� Raman peak was not evident because

S2O3
2� is an unstable intermediate product.

4 Environmental assessments

Depending on the corrosion current density icorr, we can get the
galena weathering rate according to the Faraday equation

r ¼ Micorr
nF

, where r is the weathering rate, g per m2 per year, icorr

is the corrosion current density, mA cm�2, M is the atomic
weight, g mol�1, n is the valence state, and F is the Faraday
constant, 96 487C mol�1. For example (Table 1), when the acid
rain pH value was 5.2, and galena icorr was 0.0052 mA cm�2 the
galena weathering rate was 1.7 g per m2 per year, that is, when
the galena area is 1 m2, it will release 1.7 g Pb2+ to solution in
a year, andmore Pb2+ ions would be released when the pH value
of acid rain decreased to 4.2, that is 39.6 g per m2 per year.
When containing pyrite, galena icorr would increase to 0.013 mA
cm�2 at the acid rain pH of 5.2, suggesting that 4.3 g Pb2+ would
be released in 1 year, and the released Pb2+ would reach 95.7 g
per m2 per year at the acid rain pH of 4.2. As above, if we know
the galena component, and know acid rain ion concentrations
and acidity, we can assess how many Pb2+ ions will be released
in a certain time. On this basis, we can quantitatively evaluate to
what extent acid rain affects soil Pb2+ pollution in a given eld
and in a certain time, if we know the content of galena in the
soil and know the acid rain ion concentrations and acidity.

5 Conclusions

Under acid rain conditions, galena can be easily weathered,
release Pb2+ and other heavy metal ions, causing environmental
issues. This process, in nature, is an electrochemical process. In
situ electrochemical technology and surface analysis technology
were combined to investigate the galena weathering process
under simulated acid rain conditions.

Cyclic voltammetry studies, SEM and Raman spectra analysis
revealed that galena weathering in SAR could cause an initial
increase in Pb2+ ions and result in the formation of a passive S0

lm. Then, at higher potentials, S0 may be transformed into
S2O3

2�, and the terminal product was SO4
2�. The presence of

pyrite did not change the galena corrosionmechanism, but it did
change the corrosion intensity through galvanic interactions.

Increased acidity stimulates galena weathering. The galena
corrosion current density (icorr) increased from 0.0052 to 0.12 mA
cm�2, and the promotion efficiency h was 2208% as the pH of
the SAR decreased from 5.2 to 4.2. In addition, the presence of
pyrite is favourable for galena weathering. When the electrode
contained 25% (wt%) pyrite, the galena icorr increased from
0.0052 to 0.013 mA cm�2, and h was 150%. Galena will release
1.7 g per m2 per year Pb2+ to solution when the pH of acid rain is
5.2, and the released Pb2+ will reach 95.7 g per m2 per year when
the pH of acid rain is 4.2 plus the galvanic effect of pyrite.
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