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ABSTRACT 

Iron sulphides are part of many ore deposits affecting flotation separation of non-ferrous base metals from 
them. Open-circuit potential (OCP), potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) 
measurements were carried out with pyrite and pyrrhotite electrodes to investigate their reactivity under various flotation 
conditions, which involved the use of TETA, SMBS and their combination. TETA was found to adsorb on the electrode 
surfaces causing a significant increase in charge transfer resistance of the product formed, which was most significant at 
OCP. This effect is much less with SMBS, indicating its greater surface reactivity compared to TETA. The combined 
use of these reagents decreases charge transfer resistance to a greater degree than that experienced with their individual 
uses. Addition of Cu2+ as a potential activator to this system nearly eliminates the action of TETA on the electrode 
surface, which can be attributed to sequestration/chelate formation in liquid phase. The relative effects of these reagents 
on pyrrhotite electrode is similar to that of pyrite. The main difference between the pyrite and pyrrhotite electrodes is 
that the observed charge transfer resistance on the pyrrhotite surface with each reagent case is significantly lower by 3 
to 4 folds. This is compatible with its anodic nature and ease of oxidation since the OCP value of pyrrhotite is lower than 
that of pyrite. Results are discussed in relation to flotation/depression behavior of these iron sulphide minerals in mineral 
separation processes. 
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INTRODUCTION 
 

The minerals industry is known to consume a large quantity of water. Froth flotation is one of the 
main concentration processes accounting for a significant portion of the total water requirements. In an 
attempt to increase sustainability, mining industries are seeking for solutions to reduce reliance on fresh 
water resources, traditionally maximizing recycling water from tailings sites. More recently, seawater is 
targeted as an additional source in countries with ease of access to sea. Seawater is especially important in 
arid countries, which cannot rely on precipitation as a water source. Thus far, much of the seawater related 
flotation has been investigated in relation to beneficiation of coal fines (Yoon, 1982) with limited work on 
sulfide minerals (Moreno et al., 2011). In South American countries, e.g., Chile, not only mining is 
geographically located in the northern areas where water is scarce, but mining activities are increasing as 
part of economic developments. This means that water demand will increase. Share of seawater use in Chile 
is expected to grow to 40% by 2025 (Cerda, 2015). Mineral flotation in seawaters can be challenging due to 
hydrolysis, pH buffering as well as corrosion issues related to presence of the ions such as Na+, Mg+2, CO3

-2 

/HCO3-, Cl- at relatively high concentrations (Castro, 2012). 
 

Pyrite and pyrrhotite are present in a variety of ore deposits including the porphyry copper sulfide 
ores, which are being subjected to seawater flotation. Since these are often considered as gangue minerals, 
they need to be depressed efficiently to produce valuable concentrates. Use of SO2 and/or diethylenetriamine 
(DETA) or reagents of similar functionality such as sodium metabisulfite (SMBS) and triethylenetetramine 
(TETA) have been documented to be effective for such objectives (Yoon et al., 1995; Kelebek et al., 1995; 
Kelebek & Tukel, 1999; Chander & Khan, 2000; Chimbganda et al., 2013; Agorhom et al., 2014). Gorain 
(2010) patented a flotation procedure for separating copper minerals from pyrite using air-SMBS treatment 
in waters with a range of buffering capacities and/or salinities.  The process involves using an alkaline pH 
that is controlled by the addition of lime, aerating the ore slurry and the addition of SMBS. Gorain et al., 
2016 reported that the air-SMBS procedure is capable of producing copper concentrates without a need for 
lime or cyanide depression of pyrite. Uribel et al., (2016)  reported the effect of SMBS on the amyl xanthate 
flotation of copper activated pyrite in seawater.  They determined that in the presence of copper ions in 
seawater, SMBS was able to depress copper activated pyrite at neutral or slightly acidic pH. In previous 
studies involving separation of pyrrhotite from complex Ni-Cu sulfide ores (Kelebek et al., 1995; Kelebek 
& Tukel, 1999), combined use of SMBS and DETA (/TETA) was consistently found to be more efficient for 
pyrrhotite rejection, producing a synergistic effect. Considering that SO2/SMBS is the reactive component 
of this combination and high level of salt concentration, the oxidation – reduction rates of these sulfide 
minerals are expected to change since sulfide minerals have an electrochemical basis. The main objective of 
this work is to investigate the effects a simulated seawater have on sulfide ores in flotation conditions with 
open circuit potentials and electrical impedance spectroscopy. 
 

EXPERIMENTAL 
 

Electrodes for pyrite (from Ward’s Scientific) and nickeliferous pyrrhotite (from Sudbury, ON) 
were prepared by cutting them into cubic shapes and a copper wire was then attached to the back of each 
mineral using a conductive silver epoxy.  The mineral was then moulded in epoxy leaving a single side was 
exposed to the atmosphere.  Before each experiment, the electrodes were wet ground with silicon carbide 
papers 400, 500 and then 1200 and rinsed repeatedly under jetting action of deionized water.  The electrodes 
were then immediately placed in the electrochemical cell. 
 

The experiments were conducted in Kingston ON tap water, ¼ strength simulated seawater, ½ 
strength simulated seawater and full strength simulated seawater.  The simulated seawater was prepared by 
thoroughly mixing Kingston Ontario, Canada tap water with the salts listed in Table 1.  All the salts used 
were reagent grade and the suppliers are listed in Table 1.  The salts were mixed in a bucket with an impeller 
at a rate of 150 rpm for 2 hours to ensure all species were dissolved.  The ½ and ¼ strength simulated 
seawaters were prepared by weighing out ½ and ¼ of the full salt weights listed and dissolving in the same 
volume of water. 



Table 1. Simulated seawater composition 

Salt Concentration (g/L) Supplier 
K2SO4 0.87 Fischer Scientific 
Na2SO4 3.27 Fischer Scientific 
NaCl 24.53 Fischer Scientific 
MgCl2 6H2O 25.8 VWR International 
CaCl2 3.86 VWR International 

 
SMBS (Fischer Scientific, reagent grade) and TETA (Huntsman Chemicals Ltd., reagent grade) 

were added to some of the systems in concentrations of 0.29 g/L and 19.5 mL/L of 0.1 % solution 
(mass/volume), respectively. 
 

In some of the solutions with the pyrite electrode, 20 ppm of CuSO4·5H2O (copper sulfate from 
Fischer Scientific, reagent grade) was added to the solutions and in some of the solutions with the pyrrhotite 
electrode, 20 ppm of NiSO4·6H2O (nickel sulfate from Fischer Scientific, reagent grade) was added to the 
solutions. 
 

All electrochemical tests were carried out with an Autolab PGSTAT302N in a corrosion cell at 
25°C.  A fresh 100 mL solution was used for all electrochemical tests.  The electrochemical tests were 
conducted with a three electrode system: the working electrode was a mineral electrode (pyrite or pyrrhotite), 
the inert counter electrode was a graphite rod and the reference electrode was a glass-body Ag/AgCl electrode 
filled with 3 M KCl electrolyte solution (210 mV vs. SHE at 25°C).  All potential reported in this paper are 
vs. SHE. 
 

Open circuit potential (OCP) measurements were performed before each electrical impedance 
spectroscopy (EIS) test.  The OCP values were monitored until the potential stabilized with a change less 
than 5 mV in 10 minutes. 
 

All EIS tests were conducted after OCP was reached in the frequency range of 10-2 to 105 Hz with 
a peak-to-peak amplitude of 5 mV.  Equivalent circuits were fit to all the EIS data (Nyquist and Bode plots) 
iteratively by first considering the theoretical aspects of the reactions and then empirically fitting the data to 
an equivalent circuit.  The software Nova 2.1 by Metrohm was used to perform a nonlinear least-squares 
fitting procedure to all EIS data.  All the models were constrained with measured solution resistances and 
initial charge transfer resistance estimates based on semi circles from the Nyquist plots inserted into Nova 2. 
1.  All other values were permitted to float; however, in some instances, some of components that were fit 
with unrealistic values were iteratively constrained until a fit was obtained. 
 

RESULTS AND DISCUSSION 
 

Open Circuit Potential 
 

The open circuit potentials were recorded during our recent electrochemical measurements on pyrite 
and pyrrhotite electrodes.  In general, a higher open circuit potential, OCP, is indicative of the mineral being 
less reactive (more cathodic).  As the salt concentration in the solution increased the OCP decreased in the 
presence of increasing chloride concentrations.  This indicates higher reactivity, i.e., increased dissolution 
rates of ferric species formed from oxidation with complexation to chloride ions.  Previous research (Cheng 
and Iwasaki, 1992) investigated the effect of oxygen, air and nitrogen on open circuit potentials and it was 
determined that the open circuit potential values were greater in the presence of oxygen-rich solutions due 
to the oxidizing nature of oxygen.  It is known that the presence of chloride in solution results in less oxygen 
available and with increasing chloride concentrations, the dissolved oxygen concentration decreases (Clegg 
and Brimblecombe, 1990).  Decreasing the concentration of oxygen lowers the oxidation rate of ferrous ions 
and consequently, the equilibrium concentration of ferric species in solution would be lowered leading to 



formation of less ferric hydroxide. Hence, the electrode surface would be covered with this passivation 
product at a lower rate, resulting in sulfide mineral oxidation occurring at a higher rate.  Figure 1 presents 
the open circuit potentials for pyrite and pyrrhotite at natural pH (i.e., 7.0-6.5) and at pH 9.3. 
 
a)       b) 

 

Figure 1. Open circuit potentials for pyrite and pyrrhotite at a) natural pH and b) pH 9.3 as function of salt 
concentration (indicated in reference to Table 1). 

 
In can be noted from the vertical axis in Figure 1 that the values of OCP is lower at higher pH of 

9.3 compared to natural pH. It is known that chloride-rich media accelerates the reactivity of metal sulphides 
in hydrometallurgical processes through a variety of mechanisms including the morphology of passivation 
products and their enhanced dissolution (Majima et al., 1985; Dutrizac, 1992). Antonijevic et al., (2005) 
studied effects of acids on pyrite electrode with complexing (PO4

-3 and Cl-) and non-complexing anions 
(ClO4-). Complexation of iron species decreases the activity of uncomplexed ferric species as an oxidant, 
and according to the Nernst equation this results in a decrease of electrode potential. The formation of 
chloride complexes results in the balance of electrode surface metal ions being disturbed and to reach this 
balance again, further mineral oxidation needs to occur. In the case of pyrite, this results in the generation of 
more ferrous species in solution and thus making the open circuit potential lower. Similar results have been 
observed in electrode behaviour of galena in the presence of chloride ions (Cisneros-Gonzalez et al., 2000). 
 

Another contributing factor for the reduction of the open circuit potential with increasing 
concentration of the chloride ions is attributable to capability of chloride ions to penetrate through the 
electrical triple layer at the interface. Chloride ions have high mobility and can reach the electrode surface.  
When chloride ions reach the electrode surface, their adsorption density at the mineral surface is expected to 
prevent the formation of oxide and hydroxide films that reduce the amount of dissolution and prevent the 
surface from being passivated (Moslemi et al., 2011). 
 

At the buffered, elevated pH levels, the open circuit potentials of each of the minerals was lower.  
This may result from the hydrolysis of cations such as Mg+2 and Ca+2 which are present in seawater and any 
iron hydroxide formation on the electrode surfaces may slow the oxidation reactions. 
 

Electrochemical Impedance Spectroscopy 
 

Electrical impedance measurements were carried out with pyrite and pyrrhotite systems to compare 
their electrode behaviour in tap water and simulated seawater under a variety of reagent conditions in relation 
to flotation.  This section examines the growth and properties of thin layers formed on the surfaces of pyrite 
and pyrrhotite.  Equivalent electrical circuits were proposed to theoretically define the electrical double layer 
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properties developed in the presence of reagents.  The equivalent circuits are presented in Figure 2.  In Figure 
2 a) and b) where Rs represents the solution resistance and other ohmic resistances due to the oxidation 
products; R1 and R2 represent the accumulation of surface products attributable to the mineral oxidation 
reactions where R1 represents the pore resistance of the film and R2 represents the charge transfer resistances; 
C1 represents the double layer capacitance at the electrode solution interface; and, Q1 represents the 
capacitance of the sulfur-rich film (or iron-deficient surface considered as the initial oxidation product).  The 
symbol Q represents the constant phase element and it can be used to fit a system better than an ideal 
capacitor, C, if the surface is rough, contains impurities or the bulk conductivity of the oxide film changes 
with distance through the film.  The constant phase element contains a factor, n, that indicates the surface 
roughness and generally varies from around 0.4 to 1 with n = 1 indicating ideal capacitance.  In Figure 2 b), 
two circuits are in series, the circuit from Figure 2 a) and a space charge layer circuit where R3 represents 
the space charge layer in a semiconductor.  This is an insulating region where the charge carriers, iron for 
these minerals, have been diffused away; and, Q2 represents the constant phase element for the space charge 
layer. Equivalent electrical circuit models with similar features have been employed by others (e.g., 
Velasquez et al., 2005; Ekmekci et al., 2010a; Zhang, 2015). The two circuits considered for simulated 
seawater system in Figure 2 a) and for the tap water system in Figure 2 b) were fit so that the chi-square 
value was minimized and thus the proposed equivalent circuits were judged to be suitable for the EIS spectra.   

 

Figure 2. Equivalent electrical circuits models used for pyrite and pyrrhotite electrodes in a) simulated 
seawater and b) tap water 

 

Figure 3 presents the charge transfer resistances for pyrite and pyrrhotite tap water (TW) and 
simulated seawater (SSW) at OCP and OCP +150 mV. For the systems with no reagents, the charge transfer 
resistances were lower for each mineral in the simulated seawater solutions than in the tap water solutions at 
OCP. The difference is much greater for pyrrhotite than pyrite. The charge transfer resistances were lower 
at OCP than at OCP+150mV.  Lower charge transfer resistances indicate the formation of a thinner non-
conductive layer of iron hydroxides and oxides on the mineral surfaces.  Higher resistances indicate that the 
system may have been under electrochemical control and lower resistances indicate the system may have 
been under diffusion control (Bard & Faulkner, 2001).  This means that at OCP, the SSW systems were 
under diffusion control while the TW systems were under electrochemical control and at OCP +150 mV, 
most of the systems were under electrochemical control.  The charge transfer resistances increased at OCP 
+150 mV since the non-conductive layer thickness increased to indicate fewer surface reactions.  Velasquez 
et al., (1998) noted similar observations in EIS spectra.  These trends can be attributed to both the migration 
of Fe3+ ions and S atoms to yield Fe2O3 and the formation of elemental sulfur on the electrode surface to 
create a non-homogenous film on the electrode surface.  These results are compatible with results reported 
by Chander (1991), who noted the coexistence of sulfur patches and ferric hydroxy/oxide species on pyrite. 
At OCP, the oxidation product on the pyrrhotite electrodes in the absence of reagents in TW is more resistant 
to charge transfer than that of the pyrite electrode. However, the order is reversed at higher potential 
(OCP+150mV) in SSW.  In three out of five cases, the resistances were lower in SSW at both potentials, 
which can be attributed to complexation of iron species by chloride ions from the electrode surface. In the 
presence of SMBS, the product resistance developed in SSW were consistently higher for both electrodes, 
with the pyrite case being significantly larger suggesting formation of a stable passivation layer. One striking 
feature of the results reported in Figure 3 is the case with TETA which has the largest charge transfer 
resistance and this may be related to surface chelation of metal sites at the electrodes. This means that 
polyamine structures such as TETA or DETA can act like a corrosion inhibitor. 



 
a) 

 
b) 

 
Figure 3. Charge transfer resistances for a) pyrite and b) pyrrhotite in tap water and simulated seawater 

 
This was a point made earlier (Kelebek, 1996) and supported by recent results from Cai et al., (2005) and 
Liu et al., (2013), who demonstrated potential passivation of pyrrhotite and pyrite against oxidation by these 
reagents. It appears that ferrous sites on the electrode surfaces form stable coordination bonds with DETA 
and TETA; however, there is also a possibility of some copper sites at the surface, since both electrodes had 
some copper as impurities (0.1-0.2%).  This effect is greater for pyrite as the refractory mineral. The 
resistance decreases due to oxidation (OCP+150mv) and salt concentrations in SSW, which is plausible. 
Oxidation promotes the formation of ferric species which do not coordinate with TETA and thus decreasing 
its surface concentration. Also, ferric species will be removed from the surface to some extent by 
complexation with chloride ions. 
 

The effect of the combined use of SMBS and TETA in simulated seawater and tap water was 
investigated on pyrite and pyrrhotite. The charge transfer resistances are lowest under the influence of the 
combined action of these regents, with or without activating metal ions as part of the same system. Previous 
studies on bench-scale flotation with ores from Sudbury and Labrador (Kelebek et al., 1995; Kelebek and 
Tukel, 1999; Tukel and Kelebek, 2017) indicated that combined use of these reagents resulted in a synergistic 
effect in selective flotation of pentlandite and pyrrhotite.  Current results support this synergistic effect from 
an electrochemical point of view.  If the charge transfer resistances of SMBS and TETA obtained 
individually are added together and compared with that obtained under their joint action, then it can be seen 
that their joint use induces a drastic reduction in the resistance for both minerals. The charge transfer 
resistance in the case of this joint action is as small as the one observed on the bare electrode surface at the 
very beginning when it was freshly cleaned to start impedance measurements. Thus, it can be said that the 
SMBS/TETA combination is capable of an effective cleaning of ferric oxide/hydroxide passivating products 
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on the surface. However, the relative effect of SMBS at OCP in TW seems to have been preserved to some 
extent. At higher potentials, SMBS and TETA species do not seem to be re-adsorbing onto the electrode 
surfaces significantly, which is coupled with complexation phenomenon by chloride ions in SSW. 
 

The combination of SMBS, TETA and either copper sulfate for pyrite or nickel sulfate for pyrrhotite 
was investigated in simulated seawater and tap water.  Copper sulfate and nickel sulfate were used, since 
pyrite and pyrrhotite are commonly associated with minerals bearing those metals, respectively.  Copper and 
nickel ions can act as flotation activators for these minerals. When copper sulfate and nickel sulfate were 
added to the respective solutions the charge transfer resistances decreased relative to the tests with no 
reagents and the tests with SMBS and TETA in the solution. In an impedance study of Cu+2 and xanthate 
adsorption on a pyrrhotite specimen from Canada (Ekmekci et al., 2010b) indicated a decrease in resistance 
of their adsorption and charge transfer resistance at the electrode surface. The electrochemical activity 
observed was attributed to the reduction of Cu+2 to Cu+ and formation of dixanthogen from xanthate. In the 
present system, the electrode reactions may be more complicated due to the presence of SO3

-2 ions, the 
sequestration of Cu+2 via TETA into complexes in the liquid phase and the chloride ion effect. In general, 
the cases involving Cu+2 and Ni+2 were similar and the SSW case produced a lower charge transfer resistance 
at the electrode surface in the cases of both pyrite and pyrrhotite, compared to TW case. 
 

The synergistic effects of the combination of SMBS and TETA were investigated with EIS by 
halving the concentrations of SMBS and TETA.  The charge transfer resistances for pyrite and pyrrhotite are 
presented in Figure 4.  The charge transfer resistances with half SMBS and TETA concentrations were only 
slightly higher than the charge transfer resistances at the full concentration of SMBS and TETA.  This is 
additional support for the synergistic effect of this combination.  Additionally, Liu et al., (2013) conducted 
electrochemical tests with TETA on pyrite at different concentrations of TETA.  The resistances and the 
Tafel diffusion currents marginally increased as the TETA concentration increased.  Chen et al., (2006) 
added 1%, 2% and 5% TETA to solution and the mineral oxidation was marginally affected by increasing 
TETA concentration. In the present system, the charge transfer resistance at increased oxidation indicates a 
relative increase in SSW when SMBS/TETA concentration is halved in the case of both pyrite and pyrrhotite. 
This suggests that destabilisation and cleaning action of passive coating by SMBS/TETA at half 
concentration leaves behind a greater amount of residue that is not as easily complexable with chloride ions 
as SMBS/TETA at full dosage. Additional support for the synergistic effect of SMBS/TETA is the contact 
angle data obtained by Mendiratta (2000), who determined that the individual additions of SO2 and DETA 
resulted in much higher contact angles on pyrrhotite than the combination of SO2 and DETA (with similar 
functionality of SMBS/TETA). 

 
a)      b) 

  
Figure 4. Charge transfer resistances for a) pyrite and b) pyrrhotite with SMBS TETA at full concentration 

and half concentration 
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CONCLUSIONS 
 

Electrochemical studies on pyrite and pyrrhotite electrodes were completed in both tap water and 
different concentrations of simulated seawater with SMBS and TETA.  Open circuit potential, cyclic 
voltammetry and electrohemical impedance spectroscopy tests were conducted on the minerals and as the 
concentration of simulated seawater increased, the open circuit potentials decreased indicating that there is 
a higher dissolution rate with more chloride. 

 
Electrochemical impedance spectra were collected for each in the minerals in the different solutions 

at OCP and at OCP +150 mV and equivalent circuits were fit to the electrochemical impedance spectra.  The 
charge transfer resistances were generally higher for tap water than simulated seawater, indicating more 
reactions in simulated seawaters. The addition of SMBS to the solutions resulted the charge transfer 
resistances increasing at OCP and decreasing at OCP +150 mV.  This is indicative of SMBS aiding the 
formation of a non-conductive layer on the mineral surface at OCP composed of iron hydroxides, sulfates 
and calcium hydroxide.  The addition of TETA to the solutions resulted in the charge transfer increasing 
significantly since TETA slowed down the rate of oxidation reactions acting as a corrosion inhibitor.  TETA 
can efficiently coat pyrite and pyrrhotite to slow down oxidation.  The combination of SMBS and TETA 
resulted in lower charge transfer resistances and this is indicative of there being greater electrochemical 
activity.  To confirm the synergistic nature of SMBS and TETA on pyrite and pyrrhotite, electrical impedance 
spectra were conducted on the minerals with half concentrations of SMBS and TETA.  The resulting charge 
transfer resistances were largely similar. 
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