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Abstract When galvanic interactions between pyrite
and chalcopyrite occur in solution, pyrite, with the
higher rest potential, acts as a cathode and is protected
whereas chalcopyrite, with the lower rest potential,
acts as an anode and its oxidation is increased. In this
work a three-electrode system was used to investigate
the corrosion current density and mixed potential of a
galvanic cell comprising a pyrite cathode and a chal-
copyrite anode in a flowing system. The results showed
that with increasing concentration of ferric ion in the
solution, with increasing acidity, and with increasing
flow rate of the solution, the corrosion current density
increased and the mixed potential of the galvanic cell
became more positive. These experimental results are
of direct significance to the control of environmental
pollution in mining activity. By using the galvanic
model, mixed potential theory, and the Butler—Volmer
equation, the experimental results were explained
theoretically.
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Introduction

In nature, most metal sulfide minerals have the prop-
erties of a semiconductor. Because of the narrow en-
ergy band structure of sulfide minerals, dissolution of
the mineral can be regarded as the corrosion process of
a galvanic cell. The mineral, or the region, with the
highest rest potential will act as the cathode of the
galvanic cell and be protected whereas that with
the lowest rest potential will serve as anode, and its
rate of dissolution will be increased (Nicol 1975; Mehta
and Murr 1982; Natarajan and Iwasaki 1983; Woods
2000; Mahmood and Turner 1985; Palencia et al. 1991).

Pyrite and chalcopyrite, the most common and
exploitable sulfide minerals, usually occur together and
in contact with each other. In the past, research on the
galvanic interactions between pyrite and chalcopyrite
mainly focussed on hydrometallurgy. Majima and
Peter (1968) pointed out that galvanic effect might be
one of the most important electrochemical factors
governing the rate of dissolution of sulfide minerals in
hydrometallurgical systems. Mehta and Murr (1983)
experimentally studied the galvanic interactions
between a series of sulfide minerals, including the
pyrite—chalcopyrite couple. The experimental results
revealed that the galvanic interactions between pyrite
and chalcopyrite significantly affected leaching and
extraction of chalcopyrite from a mixed-ore slurry of
pyrite and chalcopyrite. The presence of pyrite in the
slurry led to a 2-15 times increase in the rate of dis-
solution of chalcopyrite. Ekmek¢i and Demirel (1997)
studied the effects of galvanic interactions between
pyrite and chalcopyrite during flotation without a
collector. They found that galvanic interactions
between pyrite and chalcopyrite significantly affected
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the flotation behaviour of the two minerals, i.e. flota-
tion of the pyrite was promoted whereas that of chal-
copyrite was hampered to some extent.

Galvanic interactions between pyrite and chalcopy-
rite also have a large effect on geochemical processes (Li
1995). Sikka et al. (1991) examined secondary copper
ore samples from the Malanjkhand porphyry copper
deposit of India and found that chalcopyrite was grad-
ually altered into sulfur-poor and Cu-rich secondary
sulfide minerals in the order: chalcopyrite (CuFeS;)-
bornite (CusFeS,)-idaite (CusFeS,)—covellite (CuS)-
yarrowite  (CugSg)-spionkopite  (CuszyS,g)—geerite
(Cuy.g0S)—anilite (Cuy 75S)—djurleite (Cuy 943S)—chalco-
cite (Cu,S). They pointed out that the alteration of
chalcopyrite is mainly the result of galvanic interactions.
Probable and possible stability relationships among
different phases are suggested in terms of Eh—Ph and
attendant galvanic reactions in oxygenated and car-
bonated waters percolating through the rock and ore
body. Several electrochemical equations are proposed
for the reactions and stability fields of the minerals have
been derived by use of available thermodynamic data.

With the development of the mining and metallur-
gical industries and with increased awareness of the
need for environmental protection, environmental is-
sues in mining and mineral processing activities are
currently attracting increasing attention. The high dis-
solved metal content of acidic mine drainage generated
from mining and mineral processing activities can pass
into surface and ground water and cause a variety of
environmental problems, for example water and soil
pollution, resulting in great damage to human health
and a devastating effect on terrestrial and aquatic
ecosystems (Zhang et al. 2004a, b; Liu et al. 2002).
More serious, the different sources of pollution will
remain for a very long time, even when all the activity
has ceased (Benvenuti et al. 1997). Oxidative dissolu-
tion of metal sulfides by the galvanic interaction
mechanism is an important factor leading to environ-
mental pollution in metal sulfide mine areas (Byerley
and Scharer 1992; Lin 1997; Dinelli and Tateo 2002;
Salomons 1995; Subrahmanyam and Forssberg 1993;
Cruz et al. 2001).

As far as we are aware, no data have yet been
reported on galvanic interactions between pyrite and
chalcopyrite in a flowing system. Previous reports have
shown:

1. in a metal sulfide mine, the mine drainage usually
contains Fe>* at different concentrations, and its
pH ranges from 2 to 4 (Elliott et al. 1998);

2. the pH ofacid rainwater is <5.6; and
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3. the flow rate of mountainous brooks is usually
greater than 0.3 m s (Merkblatt 2000).

In this work we investigated the galvanic interac-
tions between pyrite and chalcopyrite in solutions with
broader ranges of pH, Fe®" concentration, and flow
rate than mine drainage and acidic rainwater in an
attempt to:

— clarify the mechanism of the galvanic interactions
between pyrite and chalcopyrite in flowing solutions;

— determine the dependence of heavy metal pollution
on the features of the flowing media (pH, Fe’*
concentration, and flow rate); and, ultimately,

— provide the theoretical basis for environmental
protection and harness of metal sulfide mine areas.

Experimental methods

Pyrite and chalcopyrite used in the experiments were
collected from the Dongquan copper deposit of Yun-
nan Province, China, and their electron microprobe
analysis results are presented in Table 1.

The crude samples were first ground into 8 mm
diameter cylinders and a copper wire was soldered on
to one end surface of each cylinder. The cylinders were
the put into appropriately sized Teflon tubes, followed
by injection of epoxy resin for sealing and fixing. Me-
tallographic abrasive papers of grades 1*-5* were used
to polish the other end surface of each cylinder, i.e. the
working surface of the electrodes. Only the working
surface of the electrode was in contact with the solu-
tion during experiments. The polished electrodes were
all composed of pure pyrite or chalcopyrite, as ob-
served under a reflecting microscope. Before each use
of the electrodes, the working surfaces of the elec-
trodes were polished with metallographic paper, to
expose fresh surfaces, and then washed with acetone
and distilled water until the surfaces were sufficiently
clean.

A three-electrode system was adopted in the
experiments. An HP-34401A high-precision digital

Table 1 Chemical

. . Element CuFeS, FeS,
composition of pyrite
and chalcopyrite samples Cu 34.54 _
(%, wiw) Fe 3070 46.89
Ni - 0.0015
S 34.67 52.96
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Vessel

Fig. 1 Schematic drawing of the experimental arrangement

multimeter, connected to a computer, was used to
measure the corrosion current density and mixed
potential. A saturated calomel electrode was used as
the reference electrode. The experimental arrange-
ment is shown schematically in Fig. 1.

Results and discussion

To measure the effects of Fe>* concentration, solution
acidity, and solution flow rate on the galvanic interac-
tions, we performed a series of experiments. Detailed
experimental conditions are given in Table 2.

Figure 2 depicts the variation of corrosion current
density and mixed potential for different Fe*" con-
centrations. It is apparent that when the solution
contains Fe®* the corrosion current density of the
pyrite—chalcopyrite couple tends to increase substan-
tially; the greater the concentrations of Fe’*, the
higher the corrosion current density and the longer it
takes to reach equilibrium. The mixed potential be-
comes more positive with increasing concentrations
of Fe".

Figure 3 depicts the variation of corrosion current
density and mixed potential for simulated rainwater of
different pH. It is clearly apparent from Fig. 3 that the
lower the pH of the solution, i.e. the greater the acidity,

the greater the corrosion current density and the more
positive the mixed potential.

Figure 4 depicts the variation of corrosion current
density and mixed potential for simulated mine-dis-
charge water at different flow rates. It is apparent from
Fig. 4 that with increasing flow rate of the solution the
corrosion current density increases substantially and
the mixed potential becomes much more positive.

According to the previous reports (Dutrizac and
MacDonald 1973; Munoz et al 1979; Dutrizac 1981;
Hackl et al. 1995; Hiroyoshi et al. 2002; Lu et al.
2000a, b), when galvanic interactions between pyrite
and chalcopyrite occur under acidic conditions the
chalcopyrite acts as the anode and the oxidation
reaction occurs on its surface:

CuFeS; — Cu®" + Fe? +28° + 4e. (1)

whereas pyrite acts as the cathode and reduction
reactions occur on its surface:

O, +4H" + 4e — 2H,0 (2)

Fe’" +e — Fe’™. (3)
The overall galvanic reaction can be expressed as:

CuFeS, + O, +4H" — Cu** + Fe*™ + 28" + 2H,0
4)

CuFeS; + 4Fe*" — Cu®t + 5Fe?™ + 28°. (5)

During the galvanic interactions, electrons are lost
from CuFeS, and transferred from CuFeS, to FeS,,
and the oxidation reaction (Eq. 1) and the reduction
reactions (Egs. 2 and 3) above occur on the surfaces of
CuFeS, and FeS,, respectively. The mechanism of
pyrite—chalcopyrite galvanic interactions is shown in
Fig. 5.

But, because the solubility of O, is very low
(8-8.5 mg L") at room temperature and, therefore,

Table 2 Detailed

. .. Experimental Different Fe>* Different solution Different flow rates (Fig. 4)
experimental conditions . . s .
number concentrations acidity (Fig. 3)
(Fig. 2)

1 0.36 ms™', 0 mol L™ 0.36 ms™', pH 6.97  ngs =0.01molL™},
pH 3.78, 0.06 ms™!

2 0.36 ms™, 0.0001 mol L™ 036 ms™, pH 597  ngs- =0.01molL~",
pH 3.78, 0.24 ms™!

3 0.36 ms™, 0.001 mol L™ 036 ms™', pH 497  nps =0.0lmolL7},
pH 3.78, 0.36 ms™

4 0.36 ms ™', 0.01 mol L™ - -
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Fig. 2 Variation of corrosion
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the limiting current density of the cathode and the o 0 CuFes,
corrosion current density of the galvanic cell will be ~ a = ICuFeS; = ICuFes, |SXP—p 1l
very small (Hu 1991), the presence of Fe*" will domi- (1 — scures,)
. . . . . 2
nate the galvanic interactions, owing to its strong —CXp (— ~RT ’7c>:|
oxidizability and the effect of dissolved oxygen on CuFes (6)
galvanic corrosion can be neglected. The Butler—Vol- = l%uFeSZ [exp Ig Te 2 (Egq — Ee cuFes,)
mer equations for the reactions depicted by Egs. 1 and 1
3 are presented below (Hu 1991; Cao 1985): — exp (_ %%652) (Eq — Ee.CuFeSZ)>:|
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. H,0 BB B Ba
E,= e In + - F 3+ + Ee ,CuFeS
£ ﬁa + ﬁc lCuFeSz ﬁa + ﬁc e ¢ ﬁa + ﬁc ?
FeZ' (11)
Fe* Fe* and
Fig. 5 Schematic diagram of pyrite—chalcopyrite galvanic inter- . 0 Bal (Batbe) 1 Ba/ (BatBe)
actions lg = (lCuFeSQ) (lFe»” )
(12)

F (17(1 3+)F

o 37F
:lge” {exp l;gT (E, g+ — Eyg)

—exp(- 0 o -y )

where i, and i, are the current densities of the anode
and cathode, respectively; igs,pes, , /p 5 are the exchange
current densities of CuFeS, anode reaction and
Fe**/Fe** cathode reaction, respectively; E, is the
mixed potential (corrosion potential) of the galvanic
cell; Ee cuFes,; E, g3+ are the equilibrium potentials of
the anode and cathode, respectively; ocures, , %pe3+ are
the transfer coefficients of the anode and cathode;
respectively; R is the gas constant; F is the Faraday
constant; and T is the absolute temperature.

Because the corrosion galvanic interaction is a
spontaneous oxidation-reduction process, it follows
that £, < E, < E.. must be true. In our experiments,
the corrosion potential E, deviated far from the anode
equilibrium potential E. cyres, and the cathode equi-
librium potential E, .s+. Anode oxidation and cathode
reduction are, therefore, both of strong polarization
and the inverse processes of electrode reactions can be
neglected. Equations 6 and 7 can be simplified as:

OcuFes, F

ia - iCuFeSZ = i(éuFCSz eXp RT (Eg - E&CUFGSz) (8)

and

O(Feh F
RT

e = g+ = 10 o3+ EXP (Eeper — Eyg)- 9)

According to the mixed potential theory, at the
mixed potential E,, cathode current density i. and

anode current density i, are equal to the current den-
sity of the galvanic reaction .

iy = —ic = i. (10)

Substituting Egs. 8 and 9 into Eq. 10, we obtain the
equations:

% ex <Ee‘Fe3+ - Ee‘CuFeSZ>
U B rs

where i, = RT /ocures, F, f. = RT Jop s+ F.

Holmes and Crundwell (1995) pointed out that an
increase in the concentration of ferric ions results in an
increase in the electrode potentials and equilibrium
potentials of both cathode and anode; it will also
change the dynamics for both half-reactions and in-
crease the exchange current densities. Equation 11
indicates that an increase in the concentration of ferric
ions results in an increase in the mixed potential. This
theoretical result is highly consistent with the experi-
mental result shown in Fig. 2b.

The driving force of the galvanic reaction is the
difference between Ee rer+ and E¢ cufes,, 1.€. Ecpe—
E. cures,- From the paragraph above we know that
increases the concentration of ferric ions makes the
mixed potential more positive. The more positive po-
tential is of advantage to the reduction of Fe®>* more
than the oxidation of CuFeS,, thus making the driving
force Ere — Ec cures, become larger. From Eq. 11 we
can see that when the concentrations of Fe’* in the
solution are enhanced, the corrosion current density of
galvanic cells made of pyrite and chalcopyrite will
increase, consistent with the experimental results
shown in Fig. 2a.

Shown in Fig. 6 is the i—E variation curve for the
mixed potential model, at different Fe*" concentra-
tions, for the pyrite—chalcopyrite galvanic cell. The
results reveal the effect of the increase in Fe** con-

i(mA/cm?2)
w CuFeS, — Cu* +Fe** 428" +4e

Anode

ode

Catn

Fig. 6 i—F variation curve for the mixed potential model at
different Fe>* concentrations
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centrations on the mixed potential and corrosion
current density of the pyrite—chalcopyrite galvanic
cell. The dashed lines indicate the i—FE variation
curves for the corresponding anode and cathode
when the concentration of Fe* in the solution in-
creases.

In solutions without Fe** the galvanic reactions at
the anode and cathode are oxidation of chalcopyrite
(Eq. 1) and reduction of O, (Eq.2), respectively.
Similar to the discussion above, we can obtain:

BuBe | b Ba Ba
E, = In———+ E.o0, + > Ec CuFes
ET Bt B iupes, BatBo T Butpe T
(13)
and
B, B
. ) ik (0 \Faik Ec 0, — Ec cuFes
lg = (l%uFesz) (1002) eXp( c z[)) +2} uFe z>
a C
(14)

where ﬁa = RT/OCCuFeSZF7 Bc = RT/OCOZF.

Many studies (e.g. Abramov 1965; Abramov et al.
1975) have shown that the electrode potential of a
mineral in a solution depends on the intrinsic proper-
ties of the mineral, the acidity of the solution, and the
concentration of dissolved oxygen in the solution.
According to Rao and Finch (1988) and Majima
(1969):

1. if the acidity of the solution increases, the equi-
librium electrode potentials of both pyrite and
chalcopyrite will become more positive; and

2. increasing the concentration of H* in the solution
will lead to an increase in the exchange current
density of both cathode and anode, i.e., i%z and

l'O
CuFeS;*

From Eq. 13, therefore, we can see that the increase
in the concentration of H" in the solution will lead to
enhancement of the mixed potential of the pyrite—
chalcopyrite galvanic cell, in accordance with the
experimental results shown in Fig. 3b.

Moreover, as for the Fe3+—bearing solutions,
because the mixed potential of the galvanic cell be-
comes more positive, it has a greater effect on
reduction of O, than on oxidation of CuFeS,, thus
increasing the driving force E.o, — E. cures, Of the
pyrite—chalcopyrite galvanic cell in solutions without
Fe®*. According to Eq. 14, increasing the concentra-
tion of H* in solutions without Fe®>" can enhance the
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Fig. 7 i—E variation curves of the mixed potential model for
solutions of different acidity

corrosion current density of the pyrite—chalcopyrite
galvanic cell; this is consistent with the experimental
results shown in Fig. 3a.

According to the mixed potential theory, the i-FE
variation curves for the pyrite—chalcopyrite galvanic
cell in solutions of different acidity without Fe>* can be
established as shown in Fig. 7, with the dashed lines
indicating the i—E curves for the corresponding cath-
ode and anode electrodes. The curves in Fig. 7 also
show that variation of the mixed potential and the
corrosion current density of the galvanic cell with
solution acidity is the same as was obtained in our
experiments.

According to Zha et al. (2002), the current density
expression on the electrode surface is:

. nFD; c? -
i= it A
Vi 0;

(15)

where v;, D; and §; are, respectively, the reaction
coefficient, diffusion coefficient, and diffusion layer
thickness of ion i; ¢ and ¢} are the concentrations of
ion i in the bulk solution and on the electrode surface,
respectively, and n and F are the electron transfer
number and Faraday constant, respectively. Under
flowing aqueous solution conditions, the diffusion layer
thickness d; can be expressed as:

8 = Doy g (16)
where vy is the dynamic viscosity coefficient, y is the
distance from a particular point to the impact point yy,
and ug is the flow rate of solution.

From Egq. 16 it is apparent that the diffusion layer
thickness d; is in direct proportion to ug"?, and if the
flow rate of the solution is increased the diffusion layer
thickness 9; will become thinner. As a result, the
thinner the diffusion layer thickness ¢;, the larger the
corrosion current density is, in accordance with Eq. 15;
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this is consistent with the experimental results shown in
Fig. 4a. On the other hand, when the flow rate of the
solution increases, the products on the electrode sur-
face will be easily carried away; at the same time the
reactants will be brought more rapidly to the electrode
surface, leading to intensification of depolarization,
thus making the mixed potential more positive, also in
agreement with the experimental results shown in
Fig. 4b.

Environmental implications

The results of this study indicate:

1. Solution flow can increase the speed of galvanic
interactions. So, the higher the flow rates of mine-
discharge water and rain water, the higher the
amounts of heavy metals and acids produced in
unit time and, therefore, the more serious the
environmental pollution in the mining districts and
surrounding areas.

2. When pyrite is in contact with chalcopyrite in
solution, pyrite is protected and chalcopyrite is
preferentially dissolved. When this system occurs
in nature, therefore, the chemical components of
chalcopyrite will be released first and the pyrite
will be galvanically protected by adjacent chal-
copyrite until all the chalcopyrite has disap-
peared.

3. Because Fe’ in the flowing solution can increase
the speed of galvanic interactions, galvanic inter-
actions cannot be prevented merely by excluding
oxygen. When abandoned mines and ore tailings or
mining wastes contain a variety of sulfide minerals,
it seems unlikely that building in-situ sub-surface
hydrologic barriers in the mining field, as proposed
by Waring and Tayler (1999), will improve the
acidic waste water discharged or heavy metal
pollution.

By making use of the corrosion galvanic interactions
principle Shelp et al. (1995, 1996) studied how to use
electrochemical technology to ameliorate acid mine
drainage problems occurring at the Sherman Iron Ore
Mine of Temagami, Ontario, Canada. A series of lab-
oratory experiments were conducted using a block of
massive sulfide rock from the mine site as the cathode,
scrap iron, Al, and Zn as the sacrificial anodes, and
acidic leachate collected from the mine site as the
electrolyte. Their study showed it was possible to
generate sufficient voltage and current to increase the

pH of acid leachate, to maintain it at an environmen-
tally acceptable level of 5.6, and to significantly reduce
the redox potential, thus inhibiting oxidation of sulfide
minerals. Another advantage was that potentially toxic
elements, for example Al, Cd, Co, Cu, and Ni, and
other trace elements, could be scavenged from solution
by formation of a relatively stable Fe/Al sulfate pre-
cipitate. Study of corrosion galvanic interactions may
therefore provide clues and a scientific basis for con-
trolling mine pollution caused by metal sulfides.

Conclusions

1. When the solution contains Fe**, the corrosion
current density of galvanic interactions between
pyrite and chalcopyrite increases; the higher the
concentration of Fe’*, the greater the corrosion
current density and the more positive the mixed
potential. Effectively reducing the concentration of
Fe** and other strongly oxidizing species in flowing
solutions might be an important means of
improving the environment in metal sulfide mining
areas.

2. The greater the acidity of the solution, the higher
the corrosion current density and the more positive
the mixed potential of the galvanic cell. Therefore,
effectively reducing the concentration of H* in
flowing solutions might be another important
means of controlling environmental pollution in
metal sulfide mining areas.

3. For solutions with given concentrations of com-
ponents and acidity, the greater the flow rate of
the solutions the higher the corrosion current
density and the more positive the mixed poten-
tial of the galvanic cell. Flow of different surface
and underground water through pyrite and chal-
copyrite that are in contact can therefore in-
crease the speed of reactions of the galvanic cell
between pyrite and chalcopyrite, leading to more
serious deterioration of the environment in metal
sulfide mining areas.
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