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Abstract The influence of calcium fluoride on the electro-
chemical dissolution of chalcopyrite at pH 2 was investigated.
Experimental results show, when CaF2 concentration from 0
increased to 10 mg/L, chalcopyrite corrosion current density
from 0.316 μA cm−2 changed to 0.302 μA cm−2, the CaF2
inhibition efficiency is 4.43 % and up to 15.19 % when CaF2
is saturated; electrochemical impedance spectroscopy (EIS)
reveals that it is the increase of the charge transfer resistance at
the double layer lead to CaF2 restrain chalcopyrite corrosion;
and the cause come from copper fluorinated complex formed
and are absorbed on the electrode surface.
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Introduction

Chalcopyrite (CuFeS2) is one of the most abundant primary
copper ores and a mineral from which large quantities of
copper are extracted. Nicol [15] stated that the interest in the
electrochemistry of sulfide minerals is largely due to their
ability to dissolve in oxidizing solutions through an electro-
chemical mechanism. This mechanism is important to hydro-
metallurgical processes and in the surface activation of sulfide

minerals prior to flotation [10]. Therefore, many studies have
been dedicated to explaining the dissolution kinetics of chal-
copyrite in different media using various electrochemical
techniques [1, 18, 24, 27]. Traditionally, the mineral has been
treated by smelting technology. Due to the cost-energy effi-
ciencies and the SO2 pollution problem in the process of
smelting, a valuable research has been done to obtain a hy-
drometallurgical process as an alternative choice [7]. Acid
leaching is an effective hydrometallurgical process to extract
copper, and many researchers have paid their attention on
understanding the dissolution properties of chalcopyrite in
acid solution. Compared the dissolution of chalcopyrite in
water to in acid solution, Deng et al. [5] obtained the result
that the lower pH value makes it easier for chalcopyrite to
dissolve, and that no matter in water or in acid solution, after
long time dissolution, the surface of the chalcopyrite is
copper-rich, rough, and increasing lattice imperfections.
Some researchers identify the redox reaction products of
immobilized chalcopyrite within the potential range of
−0.7 to +0.8 V (vs. SCE) in hydrochloric acid solution
containing sodium chloride and/or copper (II) chloride by
cyclic voltammetry and chronopotentiometry measurements
[20].

In nature, fluorite and chalcopyrite are often seen in
fluorite-quartz-chalcopyrite mineralization [3, 28, 29]. Fluo-
rite can ionize F− and thus affects the chalcopyrite hydromet-
allurgy, especially bio-hydrometallurgical processes. Relevant
research has concentrated on fluoride as potentially toxic to
bio-hydrometallurgy microorganisms [6, 21, 22, 25] and on
the influence of fluoride incorporated into jarosite [9].

In this work, polarization curve and electrochemical im-
pedance spectrum (EIS) were used to investigate the electro-
chemical dissolution of chalcopyrite in a sulfuric acid solution
with varying concentrations of calcium fluoride, with an at-
tempt to discover the effects of calcium fluoride on the chal-
copyrite electrochemical dissolution.

Q. Liu : L. Wang :H. Li (*)
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang 550002, China
e-mail: liheping123@yahoo.com

L. Wang
University of Chinese Academy of Sciences, Beijing 100039, China

K. Zheng
Hunan Institute of Engineering, Xiangtan 411104, China

Ionics (2015) 21:749–753
DOI 10.1007/s11581-014-1215-z



Experimental

Electrode preparation

Chalcopyrite was obtained from Mt. Lyll, Australia; its
chemical composition is listed in Table 1. Chalcopyrite
electrode was prepared by cutting the chalcopyrite sam-
ple into approximately cubic shape with working areas
of 0.20 cm2 and, to the extent possible, no visible
imperfections. The specimen was placed on an epoxy
resin and was connected to a copper wire using silver
paint on the back face, leaving only one face of the
electrode exposed to the solution. Prior to each test, the
mineral electrode was polished with 1200# carbide paper
to obtain a 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 system
(PARSTAT 2273, Princeton Applied Research) in a conven-
tional three-electrode electrolytic cell with a platinum auxilia-
ry electrode (AE) and a chalcopyrite working electrode (WE).
A saturated calomel electrode (SCE) was used as a reference
electrode for all electrochemical tests; all other poten-
tials in this study are quoted with respect to the SCE
(0.242 V vs. SHE) if not otherwise stated. The reference
electrode was connected to a Luggin capillary to minimize
the IR drop. The electrolyte was H2SO4 (pH 2) with
varying concentrations of calcium fluoride: (1) 0 mg/L,
(2) 10.0 mg/L, (3) 50.0 mg/L, and (4) saturated. The work-
ing, auxiliary and reference electrodes were situated in
the same location to ensure a uniform spatial relation-
ship in each experiment. All experiments were conducted at
25±1 °C.

Polarization curve and EIS were utilized to study the chal-
copyrite electrode behavior. Polarization curves were obtained
by changing the electrode potential automatically from −250
to +250 mV (vs. OCP) at a scan rate of 10 mV s−1; the EIS
tests were performed at OCP and in the frequency range of
0.001~10,000 Hz with a peak-to-peak amplitude of 10 mV.
ZSimpWin 3.20 (2004) software was used to fit the imped-
ance data.

Results and discussion

Polarization curve study

As is well known, chalcopyrite belongs to semiconductor, so
depending on polarization curve study, we can figure out the
influences of calcium fluorides of different concentration on
the electrochemical dissolution of chalcopyrite. The polariza-
tion curve for the chalcopyrite electrode in sulfuric acid solu-
tion (pH 2) with different concentrations of calcium fluoride is
provided in Fig. 1.

The cathodic branch of polarization curves given rise to
parallel lines with increasing CaF2 concentration, while ca-
thodic corrosion current density decreased slowly, revealing
that the addition of CaF2 does not change the cathodic oxygen
redox mechanism and the decrease of O2 on cathodic surface
mainly through a charge transfer mechanism. The suppression
of cathodic process can be attributed to the decreasing of the
quantity of available oxygen as Moslemi et al. stated [14].

For the anodic part of polarization curves, when electrolyte
without CaF2, at the polarization initial stage, the anodic
corrosion current densities increase dramatically and the an-
odic is in the region of strong polarization, with the polariza-
tion potentials change positively, the anodic corrosion current
densities are still increased, but the increase rate changes very
slowly, especially at the potential region of ~50 to ~150 mV,
and then, higher positive potentials cause the anodic corrosion
current densities obviously increase again. When electrolyte
has CaF2, at the polarization initial stage, bigger concentra-
tions of CaF2 increase the anodic corrosion current densities,
when potential change more positively, this trend will inverse,
that is, more CaF2 resulting in smaller anodic corrosion cur-
rent densities.

The explanations for the abovementioned data are shown
in the following: the chalcopyrite electrochemical reactions at

Table 1 Chemical analysis of the chalcopyrite sample

Cu, % Fe, % S, % Ca, % Zn, % Pb, % Others, %

33.7 30.8 34.2 <0.01 <0.01 <0.10 1.3
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Fig. 1 Potentiodynamic curves of the chalcopyrite electrode. Conditions:
298 K, CCaF2 (1) 0; (2) 10.0; (3) 50.0 mg/L; and (4) saturated
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the anode and cathode are shown in Eqs. (1) and (2) as
reported by Koleini et al. [12] and Klauber [11]. Reaction
(1) shows chalcopyrite was oxidized to Cu2+, Fe2+, and S0 in
the sulfuric acid solution, with the anodic potential scan to
positive, more S0 formed and thus caused the anodic corrosion
current densities increase the rate change slowly. When elec-
trolyte has CaF2, F

−, and Cu2+ form fluorinated complex
(reactions 3–6) according to the report of Connick and Paul
[4], which prompting chalcopyrite anodic reaction, resulting
anodic corrosion current densities change bigger; however,
with potentials scan to positive, more fluorinated complex
were formed and adsorbed on the electrode surface,
restraining chalcopyrite electrochemical dissolution.

Anodic reaction:

CuFeS2 → Cu2þ þ Fe2þ þ 2S0 þ 4e− ð1Þ

Cathodic reaction:

O2 þ 4Hþ þ 4e− ¼ 2H2O ð2Þ

Complex reactions:

Cu2þ þ HF ¼ CuFþ þ Hþ ð3Þ

Cu2þ þ F− ¼ CuFþ ð4Þ

Cu2þ þ 2F− ¼ CuF2 ð5Þ

Cu2þ þ nF− ¼ CuFn
n−2ð Þ− n ¼ 3; 4; 6ð Þ ð6Þ

Table 2 collects the associated corrosion electrochemical
parameters of chalcopyrite, respectively, such as corrosion po-
tential (Ecorr), corrosion current density (icorr), Tafel slopes of
cathode (bc), and anode (ba) derived from polarization curves
by extrapolation, as well as the percentage inhibition efficiency

Table 2 Electrochemical param-
eters of CuFeS2 CaF2 (mg L−1) Ecorr (mV) icorr (μA cm−2) η (%) bc (mV) ba (mV)

0 2.2 0.316 133.4 525.2

10 1.6 0.302 4.43 131.2 513.1

50 −4.7 0.288 8.86 129.1 471.5

saturated −7.2 0.268 15.19 123.4 447.8
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Fig. 2 Nyquist plots of the chalcopyrite electrode at OCP. Conditions: 298 K, CCaF2 (1) 0; (2) 10.0; (3) 50.0 mg/L; and (4) saturated
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(η). Here, the η is defined by following equation, which is often
used in material science [23, 26]:

η% ¼ i 0corr − icorr
i0corr

� 100 ð8Þ

where icorr
0 and icorr are the corrosion current densities when

electrolyte is without and with CaF2, respectively. It is evident
that increasing concentration of CaF2 resulted in a decrease in
corrosion current densities and an increase in η%, suggesting
that the adsorption protective fluorinated complex CuFn

(n−2)−

(n=3, 4, 6) tends to be more complete and stable on electrode
surface. The presence of CaF2 resulted in a slight shift of
corrosion potential toward the negative direction and further
negative with increasing concentration of CaF2 through con-
trol of anodic reaction. Moreover, the values of the anodic and
cathodic Tafel slopes show no obvious changes with the
addition of CaF2, confirming that it impede by merely
blocking the reaction sites of electrode surface without affect-
ing the anodic and cathodic reaction mechanism. These results
are in good agreement with the conclusion that F− ions are
only complex with Cu2+ while not participating in electrode
reaction.

Electrochemical impedance spectroscopy study

Electrochemical impedance spectroscopy has been widely
applied to study the characteristics of electrodes and electro-
chemical reactions [16]. All EIS data were fitted to equivalent
electrochemical circuits (EEC) using a nonlinear method [2].
The equivalent circuits represent an approach to describing the
electrochemical processes that take place at the electrode/
electrolyte interface, and any models derived from these cir-
cuits are only speculative [13]. Therefore, different EECswere
used to fit the EIS data, and only those results with the best

fitting values capable of efficiently explaining the electrode/
electrolyte interface were reported.

Figure 2 presents the Nyquist plots for chalcopyrite in
different concentrations of CaF2. The Nyquist plots are com-
posed of two capacitive loops; the one at high frequencies is
attributed to the charge transfer resistance (Rt), which could
correspond to the resistance between the chalcopyrite and the
outer Helmholtz plane; the other slightly distorted capacitive
loop at low frequencies is related to the combination of a
pseudo-capacitance impedance (due to the passive layer) and
a resistance Rp. The deviation from an ideal semicircle is
generally attributed to the frequency dispersion as well as to
the inhomogeneities of the passive layer surface. The related
electrochemical equivalent circuit used to model the
chalcopyrite/electrolyte interface is shown in Fig. 3, where
Rs is the electrolyte and other ohmic resistance, Rt is the charge
transfer resistance, Rp is the film resistance, Cdl is the double
layer capacitance, CPEp represent constant phase element to
replace the passive film capacitance (Cp), and n shows the
phase shift which can be explained as the degree of surface
inhomogeneity [17].

The impedance parameters obtained by fitting the EIS data
to the equivalent circuit are listed in Table 3. Charge transfer
resistance Rt reveal that CaF2 inhibited chalcopyrite electro-
chemical reaction. It is apparent from Table 3 that by increas-
ing concentration of CaF2, the double-layer capacitance Cdl or
CPEdl, Y0 values tended to decrease, the Rt values increased.
This decrease in the Cdl or CPEdl, Y0 can be attributed to the
decrease in local dielectric constant and/or an increase in the
thickness of the electrical double layer, suggesting that fluori-
nated complex formed and adsorbed at the interface of elec-
trode/solution. The increases in the Rt value indicate that the
amount of fluorinated complex adsorbed on the electrode
surface and consequently become a barrier to hinder the mass
and charge transfer, resulting in an increase in the inhibition
efficiency. These results are in good agreement with those
from polarization results.

The passive film capacitance CPEp, Y0 values increased
and the Rp values decreased with increasing concentration of
CaF2. These results are attribute to F− ions penetrate the
passive film and reach the electrode surface, preventing or
postponing the neutralization of the surface, which is often
seen in halogen ions [19]. Two causes are attribute to F− ions’
penetrate process; firstly, F− ion has very small ionic radius
and therefore has strong penetration; secondly, as the oxidized

Fig. 3 Equivalent circuit for the chalcopyrite electrode/electrolyte at
OCP

Table 3 Model parameters for
equivalent circuit of Fig. 2 CaF2 (mg L−1) Cdl (F cm−2) Rt (Ω cm2) CPEp, Y0 (S cm−2 s−n) n Rp (Ω cm2)

0 1.320×10−3 3.510×104 1.189×10−4 0.7680 6.780×104

10 1.161×10−3 3.631×104 1.191×10−4 0.7604 6.663×104

50 1.046×10−3 5.559×104 1.245×10−4 0.7246 5.253×104

Saturated 8.747×10−4 5.944×104 1.289×10−4 0.7220 3.999×104
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product, most of the sulfur could be on the chalcopyrite.
However, the SEM indicates that the elemental sulfur exhibits
porous structure and it does not completely block the ion/
water transport/diffusion to or from the surface [8, 18]. The
exponent n values decreased, confirming that the degree of
passive surface inhomogeneity increased with increasing con-
centration of CaF2.

Conclusions

The presence of CaF2 raises to the reduction in the quantity of
available oxygen and the formation of the fluorinated complex
CuFn

(n−2)- (n=3, 4, 6), resulting in inhibit chalcopyrite elec-
trochemical dissolution. When electrolyte contained 10 mg/L
CaF2, the inhibition efficiency is 4.43 % and up to 15.19 %
when CaF2 is saturated and this phenomenon attribute to
fluorinated complex adsorbed on the electrode surface and
consequently become a barrier to hinder the mass and charge
transfer, though F− ions can penetrate the passive film.
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