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Abstract
We investigated the influence of dissolved calcium fluoride, 
CaF2(aq), on the electrochemical dissolution of pyrite and the 
corresponding environmental effects on acid mine drainage 
(AMD). The experimental results showed that CaF2(aq) 
promotes pyrite electrochemical dissolution. When the CaF2(aq) 
concentration increased from 0 to 10 mg L–1 up to saturation, the 
promoting efficiency was 15.80 and 57.25%, respectively. The 
reason for this phenomenon is that F- and Fe2+ form FeF2, and at 
a higher scan potential, F- and Fe3+ form the ion complex FeF6

3-

. The mechanisms include: (i) the decreasing charge transfer 
resistance at the double layer due to the iron fluorine complex 
formation; and (ii) the decreasing passivation resistance at the 
cover layer due to the strong penetration of F-	 ions through it 
into the double layer. Although the hydrolysis reaction of F- in 
solution could increase the pH value of mine drainage, the AMD 
was significantly aggravated because CaF2(aq) promoted the 
pyrite electrochemical dissolution.
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Pyrite is one of the most abundant sulfide minerals in 
the Earth’s crust (Peters and Majima, 1968), and it is asso-
ciated with coal and metal ore deposits. The oxidation 

of pyrite can form extremely acidic drainages (as low as pH 2). 
These acidic drainages are enriched with Fe, Mn, Al, SO4, and 
occasionally heavy metals, such as Pb, Hg, Cd or As, and can 
contaminate streams, rivers and lakes, threatening the biota and 
the ecological balance (Evangelou and Zhang, 1995). Therefore, 
studies on pyrite oxidation and its environmental impacts have 
continuously increased in recent decades. The electrochemical 
characteristics and oxidation mechanisms of pyrite under biotic 
(e.g., Acidithiobacillus thiooxidans and Acidithiobacillus ferro-
oxidans) and abiotic conditions have been widely investigated 
using different techniques, including potentiodynamic polar-
ization measurements (Yang and Jiang, 1991; Giannetti et al., 
2006), cyclic voltammetry (Palencia et al., 1991; Giannetti et 
al., 2001; Constantin et al., 2014), electrochemical impedance 
spectroscopy (EIS) (Cabral and Ignatiadis, 2001; Lehner et al., 
2008), steady state photocurrent (Chen et al., 1991; Constantin 
and Chirita, 2013), and surface techniques, such as scanning 
photoelectron microscopy (Chandra and Gerson, 2011), X-ray 
photoelectron spectroscopy (Giannetti et al., 2001; Bryson and 
Crundwell, 2014), grazing incidence X-ray diffraction (Marco 
et al., 2006), Fourier transform infrared spectroscopy (Kelsall 
et al., 1999; Chernyshova, 2004), and Rutherford backscatter-
ing spectrometry (Pratesi and Cipriani, 2000). The pyrite oxi-
dation processes are complex, involve chemical, biological, and 
electrochemical reactions, and vary with environmental condi-
tions. There is no single-rate formula that describes the kinetics 
of pyrite oxidation for all cases (Evangelou and Zhang, 1995). 
Generally, the progress of acid mine drainage (AMD) can be 
described by the following equations (Singer and Stumm, 1970; 
Weber et al., 2004):
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Abbreviations: AMD, acid mine drainage; CPEp, constant phase element; 
Ecorr, corrosion potential; EIS, electrochemical impedance spectroscopy; EEC, 
electrochemical equivalent circuit; icorr, corrosion current density; OCP, open circuit 
potential; Rp, polarization resistance.
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Core Ideas

•	 Results showed CaF2 could effectively promote pyrite electro-
chemical dissolution.
•	 F– and Fe2+ form FeF2, and at a higher scan potential, F– and Fe3+ 
form the complex FeF6

3–. 
•	 Iron fluorine complex formation decreases charge transfer re-
sistance at the double layer.
•	 Strong penetration of F–into the double layer decreases the re-
sistance at the cover layer.
•	 AMD was significantly aggravated because CaF2 promoted the 
pyrite dissolution.
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Geologists have investigated the oxidation of natural pyrite 
based on stable isotope geochemistry and geomicrobiology. 
In natural environments, the elucidation of pyrite oxidation 
energetics and kinetics requires integration of available hydro-
geochemical, isotopic, and microbiological data (Taylor et al., 
1984). To better understand the reaction pathways of pyrite oxi-
dation, Balci et al. (2007) conducted a series of pyrite oxidation 
experiments that involved biogeochemically controlling the d18O 
and d34S values of the generated sulfate in AMD and in other 
natural environments. Their results suggested that Fe(III)(aq) 
was the primary oxidant of pyrite at pH < 3, and water was the 
primary oxygen source for sulfate.

Many studies have contributed to the creation of an inventory 
of AMD precipitates to better understand the sources of AMD 
distribution. Galán et al. (2003) studied the profiles of Fe, Mn, and 
potentially toxic trace elements (As, Cd, Cr, Cu, Ni, Pb, and Zn) 
in sediments historically contaminated with AMD and suggested 
that Fe oxy-hydroxides play a dominate role in the metal accumu-
lation. Sarmiento et al. (2007) investigated arsenic speciation in 
AMD from the Iberian Pyrite Belt and suggested that As(III) was 
eliminated through adsorption onto Fe precipitates after being 
photooxidized to As(V). España et al. (2005) found that the 
characteristics of AMD solutions varied with hydro-geochemical, 
mineralogical and environmental factors. Many other studies have 
investigated AMD based on geochemistry and stable sulfur and 
oxygen isotopes (Migaszewski et al., 2008; Gammons et al., 2010).

The pH of AMD is a key factor in the prevention of mining 
pollution. The removal of heavy metals from AMD depends on 
the wastewater pH (Sheoran and Sheoran, 2006). Ferric iron is 
effectively removed at a pH up to 3.5 with sufficient retention 
for subsequent precipitation of iron hydroxides (Mueller et al., 
2003). Aluminum is precipitated as aluminum hydroxides at pH 
5 (Hedin et al., 1994). Manganese can only be removed when 
the pH is close to 8 (Stumm and Morgan, 1981). The absorption 
capacity of heavy metals onto sediments or soils is dramatically 
weakened in acidic environments (Wang et al., 2012). Therefore, 
the acidity of AMD resulting from pyrite electrochemical dis-
solution is concerning.

Fluorite and pyrite are often found in fluorite–quartz–pyrite 
and sulfide mineralization (Ixer et al., 1996; Zhai et al., 2014). 
Fluoride ions enter groundwater through the weathering of 
rocks that are rich in fluoride. CaF2 originating from igneous and 
sedimentary rocks (Chang et al., 1998) has caused health prob-
lems in people from more than 25 nations (Brindha and Elango, 
2011). During mining production, fluoride ions can inhibit 
bacterial growth and iron bio-oxidation that affects the bio-
hydrometallurgical processes of minerals (Veloso et al., 2012). 
Therefore, research on the effects of fluorite on pyrite electro-
chemical dissolution is required.

To date, few quantitative data have been reported on the influ-
ence of F- on the electrochemical dissolution of pyrite. In this 
study, we used polarization curves and environmental impedance 
spectroscopy (EIS) to investigate the electrochemical dissolution 
of pyrite in a sulfuric acid solution with varying concentrations 
of calcium fluoride to reveal the oxidation mechanism of pyrite 
under the influence of F-. In addition, the dynamic changes in 
the solution pH of pyrite pulp were measured under varying 
concentrations of calcium fluoride to understand the effect of 
calcium fluoride on AMD.

Materials and Methods
Electrode Preparation

Pyrite samples were purchased from Ward’s Natural Science. 
Inductively coupled plasma optical emission spectrometry (Varian 
Vista-Pro ICP-OES) was used for elemental analysis of the pyrite 
samples. The impurity level present in the sample was less than 
4.0% g g–1 (Table 1). The pyrite electrode was prepared by cutting 
the pyrite sample into approximately a cubic shape with working 
areas of 0.30 cm2, and these cubic samples had no visible imper-
fections. After cleaning them in detergent, 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, leav-
ing only one face of the electrode exposed to the solution. Before 
each test, the mineral electrode was polished with carbide paper 
(1200 grit count) to obtain a fresh surface, degreased using alco-
hol, rinsed with deionized water and dried in a stream of air.

Electrochemical Measurements
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 platinum 
auxiliary electrode, a pyrite working electrode, and a saturated 
calomel reference electrode. All other potentials in this study 
are quoted relative to the saturated calomel reference electrode 
(0.242 V vs. standard hydrogen electrode), unless otherwise 
stated. To minimize the resistance of solution between the work-
ing electrode and the reference electrode, the reference electrode 
was connected to a Luggin capillary.

The electrolyte was adjusted to pH 2.0 with H2SO4, and four 
treatments of calcium fluoride were added: 0, 10.0, 50.0 mg L–1, 
and saturation. We calculated that the saturated concentration of 
calcium fluoride in a pH 2 solution was approximately 96.9 mg 
L–1, as the equilibrium constants of HF and CaF2 are 6.76 × 10-4 
(Ryzhenko, 1965) and 3.08 ± 0.08 × 10-11 (Garand and Mucci, 
2004), respectively. When the electrolyte contained CaF2, CaF2 
is dissolved and the ions exist as Ca2+ and F-, which is stated as 
CaF2(aq). Electrolyte (25 mL) was used in each test. The work-
ing, auxiliary, and reference electrodes were situated in the same 
location to ensure a uniform spatial relationship. The experi-
ments were conducted at 25 ± 1°C by a water bath.

Polarization curves were obtained by changing the elec-
trode potential automatically from -250 to +250 mV (vs. open 

Table 1. Chemical composition of the pyrite sample.

Cu Fe S Ca Zn Pb SiO2

% g g–1 0.18 45.0 51.0 0.05 0.20 0.47 3.10
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circuit potential, OCP) at a scan rate of 10 mV s-1. The corro-
sion potential (Ecorr), the corrosion current density (icorr), and 
the Tafel slopes of the anode (ba) and cathode (bc) were derived 
from the polarization curves based on the extrapolation methods 
(Bard and Faulkner, 2001). Furthermore, the polarization resis-
tance values, Rp, were calculated from the Stern–Geary equation 
(Stern and Geary, 1957) in which

a c
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which is used as the inhibition efficiency in materials science 
(Solmaz et al., 2008; Wang et al., 2011). The EIS tests were 
performed at the OCP and over a frequency range of 0.001 to 
10,000 Hz and amplitude of 10 mV, and ZSimpWin 3.20 soft-
ware (Yeum, 2004) was then used to fit the impedance data. To 
ensure reproducibility, identical experiments were repeated at 
least three times to ensure that the reported results were repro-
ducible (i.e., the random errors of all three identical experimental 
results were within tolerance), and all of the reported results in 
this study were averaged.

Before the polarization curves and EIS tests, the OCP tests 
were performed. During the OCP test, the electrode poten-
tial increased for 5 min and then reached a quasi-steady state, 
defined 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 at the quasi-steady state was not within ±5 mV of 
the first test, then the OCP test was terminated, and a new test 
was performed until the same OCP as the first test was obtained 
when stabilized for approximately 400 s.

Effect of Calcium Fluoride on Pyrite Pulp pH
Three Erlenmeyer flasks filled with 200 mL of deionized 

water were used for these experiments. The acidity of the deion-
ized water was adjusted to pH 4.0 using H2SO4 to prompt cal-
cium fluoride dissolution to obtain a 10 mg L–1 calcium fluoride 
solution and to prompt pyrite corrosion by the acidic solution 
through the following steps. Different quantities (0, 2, and 10 
mg) of calcium fluoride were added to the flasks to yield the 0, 
10 mg L–1 and saturated calcium fluoride solutions, respectively. 
We calculated that the saturated concentration of CaF2(aq) in a 
pH 4 solution was approximately 16.7 mg L–1. Finally, two grams 
of pyrite (<74 mm diam.) was added to each solution. The pulp 
pH was measured after 1, 2, 3, 5, 8, 13, 15, 18, 21, 24, 27, 29, 34, 
38, 42, 44, 47, 50, 54, 58, and 60 d, respectively. All experiments 
were conducted at 25 ± 1°C by a water bath.

Results and Discussion
Polarization Curves

Polarization curves investigate the electrochemical corrosion 
rate and electrochemical corrosion susceptibility by measuring 

the corresponding current densities in different electrode poten-
tials. In the present study, we used polarization curves as the 
fundamental method for corrosion analysis and phenomenon 
elucidation of the electrode (Tachibana et al., 2009).

By increasing the CaF2(aq) concentration from 0 to 10 mg L–1, 
the icorr of the pyrite electrode increased from 0.386 to 0.447 mA 
cm-2, and the Ecorr increased from 234.1 to 239.7 mV. These values 
further increased to 0.607 mA cm-2 and 244.6 mV, respectively, 
when CaF2(aq) reached saturation (Fig. 1, Table 2). Constantin 
and Chirita (2013), Ouyang et al. (2015) and Wang et al. (2010) 
reported corrosion current values of 1.78, 1.801, and 0.876 mA 
cm-2, respectively, under similar experimental conditions. The 
icorr value which used electrolytes lacking CaF2(aq) in the present 
study (0.386 mA cm-2) was smaller than in the abovementioned 
studies due to different concentrations of H+, the chemical 
compositions of the mineral samples, the amounts of available 
oxygen in solution, and the scan rates (Table 3).

When the electrolyte contained CaF2(aq), CaF2(aq) pro-
moted the pyrite electrochemical interaction. The promoting 
efficiency (h) was 15.80% when the CaF2(aq) concentration 
increased from 0 to 10 mg L–1, and it increased to 57.25% when 
CaF2(aq) increased from 0 mg L–1 to saturation. CaF2(aq) pro-
motes pyrite electrochemical interaction by decreasing the pyrite 
polarization resistance Rp. Specifically, Rp decreased from 91.9 to 
78.7 W cm2 with increasing concentrations of CaF2(aq) from 0 to 
10 mg L–1, and it further decreased to 57.3 W cm2 when CaF2(aq) 
was saturated.

The Tafel slopes of the polarization curves with respect to 
anodes and cathodes in our study were obtained by the Tafel 
extrapolation method in the high-polarization area (~420–450 
and ~100–120 mV, respectively; Lefebvre, 2002). This method 
provides information relevant to reaction mechanisms depend-
ing on the reaction conditions. In the anodic curves, the Tafel 
slopes of the anode (ba) decreased at higher concentrations 
of CaF2(aq) in the electrolyte, indicating that the anode pro-
cesses were stimulated in the Tafel area. There are two probable 
causes for this phenomenon. First, the pyrite corrosion potential 
becomes more positive as the CaF2(aq) concentration increases, 
and the higher corrosion potential could promote dissolution 
of the pyrite anode as shown in Reaction [7] (Lowson, 1982; 

Fig. 1. Potentiodynamic curves of the pyrite electrode under different 
CaF2(aq) concentrations: (1, black line) 0 mg L–1, (2, red line) 10.0 mg 
L–1, (3, blue line) 50.0 mg L–1, and (4, green line) saturated. 
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Alloway and Ayres, 1997). However, the dominant cause involves 
the FeF2 formation from F- and Fe2+ as shown in Reaction [8]. 
It is worth to note that during the fast anodic scan process, Fe2+ 
ions produced and its local high concentration on pyrite elec-
trode surface was enough for the formation of FeF2 due to its 
sparingly solubility (25°C, solubility product constant is 2.36 ´ 
10-6, solubility is 0.4962 g 100 g–1 in pH 2 solution; Greenwood 
and Earnshaw, 1997). The formation of FeF2 solids reduces the 
concentration of aqueous Fe2+ promoting pyrite dissolution. 
Obviously, FeF2 was unstable, and it dissolved during the anodic 
scan process. As the anodic scan potential increased, ferrous ions 
would be further oxidized to ferric ions as shown in Reaction [9] 
(Stumm and Lee, 1961; Hiskey and Schlitt, 1982; Chander and 
Briceno, 1987). Fluoride and ferric ions would then form FeF6

3- 
ion complexes (Kf = 1015.04) as shown in Reaction [10] (Hocking 
et al., 2010), resulting in the decreasing Fe3+ concentration in the 
electrolyte, which further stimulated pyrite oxidation.

2+ 2 +
2 2 4FeS 8H O Fe 2SO 16H 14e- -+ ® + + +  [7]

2+
2Fe 2F FeF-+ ®  [8]

2+ 3+Fe Fe e-® +  [9]

3+ 3
6Fe 6F FeF- -+ ®  [10]

In contrast to the anode, the Tafel slopes of the cathode (bc) 
increased with the increasing CaF2(aq) concentration in the elec-
trolyte, suggesting that the cathodic processes were inhibited. In 
this study, the cathodic reaction, Reaction [11], consisted of 
oxygen reduction. Therefore, the reason for this phenomenon is 
related to the amount of oxygen present in solution. Moslemi et 
al. (2011) reported that the presence of chloride and sulfate ions 
in solution reduced the amount of available oxygen in solution, 
and Geng and Duan (2010) provided a detailed theoretical expla-
nation and mathematical derivation of the above oxygen solubil-
ity phenomenon, which revealed that the solubility of oxygen in 
brine system decreased with increasing salt concentration. When 
CaF2 was added to the electrolyte, the presence of fluoride and 
calcium ions in solution reduced the amount of available oxygen 

in solution. Oxygen is a strong oxidant, and its decrease in con-
centration would consequently inhibit the cathodic reaction.

+
2 2O 4H 4e 2H O-+ + ®  [11]

Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) provides 

information on the mineral’s interface structure and surface 
redox reactions by applying a periodic, low-amplitude, alternat-
ing current signal at different frequencies to the target. In the 
present study, we used EIS to study the characteristics of the 
electrodes and electrochemical reactions (Orazem and Tribollet, 
2008).

The Nyquist plots were composed of a distorted capacitive 
loop (coming from two capacitive loops, Fig. 2). The first, 
obtained at high frequencies, is attributed to the charge trans-
fer resistance (Rt) corresponding to the resistance between 
pyrite and the outer Helmholtz plane. The second, obtained 
at low frequencies, was slightly distorted, which is related to 
the combination of pseudo-capacitance impedance (due to 
the passive layer) and a resistance Rp. Deviation from an ideal 
semicircle is generally attributed to frequency dispersion 
and inhomogeneities in the passive layer surface. The related 
electrochemical equivalent circuit (EEC) used to model the 
pyrite/electrolyte interface is shown in Fig. 3. Constantin and 
Chirita (2013) and Ouyang et al. (2015) used this model to 
explain the oxidative dissolution of pyrite in acidic media, and 
Pang et al. (1990) provided a detailed theoretical explanation 
of this EEC model. Because the equivalent circuits represent 
an approach to describe the electrochemical processes that 
occur at the electrode and/or electrolyte interface, any model 
derived from them is only tentative (Macdonald, 1985). For 
this reason, different EECs were used to fit the EIS data, and 
only the results that best fit our proposed model are shown 
(Table 4).

As the CaF2(aq) concentration increased, the Cdl value 
increased, while the Rt value decreased. The increasing Cdl 
values were attributed to the increases in the local dielectric 
constant due to the fluorinated complex formation and reduc-
tion at the electrode/solution interface. A higher Cdl and lower 

Table 2. Electrochemical parameters† of FeS2.

CaF2 concentration Ecorr ba bc icorr Rp h‡
mg L–1 --------------------------------------------------------------------- mV --------------------------------------------------------------------- mA cm–2 W cm2 %
0 234.1 235.9 125.0 0.386 91.9
10 239.7 203.6 134.3 0.447 78.7 15.80
50 241.2 199.6 135.8 0.541 65.0 40.16
saturated 244.6 192.2 137.1 0.607 57.3 57.25

† Ecorr, corrosion potential; ba, Tafel slope of the anode; bc, Tafel slope of the cathode; icorr, corrosion current density; Rp, polarization resistance. 

‡ h = (icorr – i0
corr)/ i0

corr ×100

Table 3. Experimental conditions of different authors.

Reference Electrolyte Scan rate Chemical composition of pyrite

mV s-1 %Fe:%S
This work 25°C, ultrapure water, pH 2 (used H2SO4 to adjust) 10 45:51
Constantin and Chirita (2013) 25°C, distilled water with saturated oxygen, pH 2.5 (used HCl to adjust) 1 46.57:53.23
Ouyang et al. (2015) 25°C, 0.1 M Na2SO4, pH 2 (used H2SO4 to adjust) 1 46.46:53.1
Wang et al. (2010) 25°C, 0.1 M KNO3, pH 2.5 (used KOH + HNO3 to adjust) 0.15 45.09:54.91
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Rt indicate that charges diffuse more easily through the elec-
tric double layers, that is, the electrochemical dissolution of 
the pyrite electrode required less energy. These results are in 
agreement with those from the polarization study. In addition, 
the capacitance parameter (CPEp) increased, and the film resis-
tance Rp decreased as the concentration of CaF2(aq) increased. 
The value of CPEp characterizes the extent of ions that could 
diffuse through and accumulate on the passive film, and the Rp 
value reveals the extent of the passive film that could inhibit 
mineral dissolution. Larger CPEp and lower Rp values indicate 
that the passive film had a lower capability to inhibit mineral 
dissolution because F- ions could penetrate the passive film 
due to their small ionic radius. The smaller exponent n values 
suggest that the degree of passive film inhomogeneity increased 
with increasing CaF2(aq) concentration.

Effect of Calcium Fluoride on Pyrite Pulp pH
During the first 3 d, pyrite pulp without added CaF2 decreased 

slightly in pH (Fig. 4). This phenomenon reflects the electro-
chemical dissolution of pyrite, FeS2 + 7/2O2 + H2O ® Fe2+ + 
2SO4

2- + 2H+ (Reaction [1]), which includes two half-reactions, 
the anodic reaction FeS2 + 8H2O ® Fe2+ + 2SO4

2- + 16H+ + 
14e- (Reaction [7]) and the cathodic reaction O2 + 4H+ + 4e- 
= 2H2O (Reaction [11]). The anodic oxidation products were 
sulfate and sulfite ions and sulfur; however, a common view is 
that sulfur, or iron-deficient sulfur-rich surfaces, or sulfite act as 
an intermediate, and the terminal products are only sulfate ions 
(McKay, 1957; Hall et al., 1985; Luther, 1987). When electro-
lyte contained CaF2(aq), F- ions promoted pyrite electrochemi-
cal interaction and resulted in more H+. But on the other hand, 
F- can hydrolyze in solution, that is, F- + H2O = HF + OH-, 
leading to a pH greater than 4 (pH initial value). That is why we 
observed a temporary (0–3 d) increase in pH above 4.0 before 
the pH drop commenced on approximately Day 4 (Fig. 4). The 
AMD mechanism resulting from the electrochemical dissolu-
tion of pyrite with and without CaF2(aq) is shown in Fig. 5.

From Day 4 to 8, the pH in all of the pulp samples dramati-
cally decreased. Over this period, Fe2+ ions were oxidized to 
Fe3+ ions, and the hydrolysis of Fe3+ increased the amount of H+ 
ions. Meanwhile, as a strong oxidant, Fe3+ ions also promoted 
the oxidation of pyrite, thus further increasing H+ ions in solu-
tion. Because F- could stimulate pyrite electrochemical interac-
tions resulting in increased H+ ions in solution, the pyrite pulp 

Fig. 2. Nyquist plots of the pyrite electrode at open circuit potential under different CaF2(aq) concentrations: (A) 0 mg L–1, (B) 10.0 mg L–1, (C) 50.0 
mg L–1, and (D) saturated. Z’/Z” denotes the real/imaginary parts of the impedance, respectively.

Fig. 3. Equivalent circuit for the pyrite electrode/electrolyte at open 
circuit potential. Rs indicates electrolyte and other ohmic resistance, 
Rt indicates charge transfer resistance, Rp indicates film resistance, Cdl 
indicates double layer capacitance, CPEp represents constant phase 
element.

Table 4. Model parameters† for equivalent circuit of Fig. 3.

CaF2 Cdl Rt CPEp, Y0 n Rp

mg L-1 F cm-2 Wcm2 S cm-2 s-n Wcm2

0 1.010 × 10-3 4.269 × 104 1.738 × 10-4 0.8801 4.846 × 104

10 1.199 × 10-3 4.025 × 104 1.796 × 10-4 0.8797 4.825 × 104

50 1.310 × 10-3 3.926 × 104 1.947 × 10-4 0.8787 4.446 × 104

saturated 1.732 × 10-3 3.247 × 104 2.088 × 10-4 0.8740 3.515 × 104

† Cdl, double layer capacitance; Rt, charge transfer resistance; CPEp, constant phase element; n, a dimensionless number revealing the degree of surface 
inhomogeneity; Rp, film resistance (Ozcan et al., 2008).
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pH decreased more dramatically with increases in the CaF2(aq) 
concentration.

Between Day 8 and 20, the pyrite pulp pH decreased 
smoothly, that is, the pH curve flattened due to the occurrence 
of a cover layer (sulfur or iron-deficient sulfur-rich surface). The 
cover layer can effectively protect the pyrite surface from most 
ions and inhibit the electrochemical reaction. Therefore, the 
decrease in pH due to the promotion of the electrochemical dis-
solution of pyrite by F- became less effective, and the increase in 
pH due to the hydrolysis reaction of F- in solution became more 
effective, which increased the pulp pH as the CaF2(aq) concen-
tration increased during Days 12 to 20.

Between Day 21 and 60 of the reaction, the pyrite pulp pH 
decreased quickly. The intermediate cover layer transformed into 
sulfite or sulfate ions during this period stimulates pyrite elec-
trochemical dissolution. The tendency of the pyrite pulp pH to 
decrease was due to the stimulation by the F- ions promoting the 
electrochemical dissolution of pyrite. From Day 38 through 60, 
the pyrite pulp pH in the 10 mg L–1 concentration sample was 
lower than that without F-.

Conclusions
Based on the established electrochemical parameters and the 

dynamic pH changes of pyrite in a sulfuric acid solution with 
different concentrations of CaF2(aq), the following conclu-
sions could be derived. (i) The polarization curve revealed that 
the presence of CaF2(aq) prompted the electrochemical disso-
lution of pyrite. When the CaF2(aq) concentration increased 
from 0 to 10 mg L–1 or was saturated, the corrosion current 
density of the pyrite electrode increased from 0.386 to 0.447 

or 0.607 mA cm-2, respectively. Their corresponding promoting 
efficiencies were 15.80 and 57.25%, respectively. This phenom-
enon results from the formation of FeF2 from F- and Fe2+, while 
at a higher scan potential, F- and Fe3+ form FeF6

3- complex 
ions. (ii) Electrochemical impedance spectroscopy revealed the 
mechanism by which CaF2(aq) stimulated the electrochemi-
cal dissolution of pyrite. First, the charge transfer resistance of 
the double layer decreased due to the formation of fluorinated 
iron complexes. Second, the passivation resistance of the cover 
layer decreased due to the strong penetration of F- ions through 
it into the double layer. (iii) Initially, hydrolysis of F- slightly 
increased the pH of the mine drainage. However, the AMD was 
dramatically affected by the electrochemical dissolution of pyrite 
due to CaF2(aq). When pyrite is associated with high concen-
trations of CaF2(aq), increased caution should be practiced and 
more attention should be focused on the environmental impacts. 
These current results are based on a laboratory study while the 
acidity of AMD may be affected by multiply factors in the field. 
Therefore, in the next step, field monitoring and investigating 
on the pyrite tailing associated with fluorite mineralization is 
of interest and concern. Practicable measures to inhibit the over 
acidification of pyrite mine drainage in the presents of CaF2(aq) 
should be studied.
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