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ABSTRACT.  The characterization, construction and performance characteristics of a 
novel sensor have been carried out. With this purpose, an accurate characterization of the 
mineral has been performed using scanning electron microscopy (SEM/EDX), X-ray 
spectrometer and potentiometry. The elemental composition of the sample has been 
obtained by X-ray microanalysis. The main compounds of the mineral are a pyrite and a 
pyrrhotite. The potentiometric analysis has allowed investigating some properties of the 
pyrite/pyrrhotite mineral as a potential sensor material. This technique has also been 
useful to investigate possibility of using this mineral as indicator electrode for redox 
determination in aqueous solution. The sensor based on pyrite/pyrrhotite mineral as an 
electroactive material, displays a stable, reproducible and linear response for iron(III) 
over concentration range of 10-6−10-1 mol/L with non-Nernstian slope of 38.7 ± 0.6 mV 
per decade. The response time was 10 s. The proposed sensor was applied to determine 
cobalt(II) and the results were compared with that of a platinum electrode. The 
determination of 2 mg of cobalt(II) shows an average recovery of 100.9%. The relative 
standard deviation of this method was 0.5%. 
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INTRODUCTION 
 

The compounds of iron sulphide, named pyrrhotite (Fe1-xS), are often associated with 
pyrite (FeS2) in sulphidic ores. The transformation of pyrite in an inert atmosphere proceeds 
through a multi-step sequential process (pyrite/pyrrhotite/troilite/iron), depending on the 
temperature in the system (TOULMIN  and BARTON, 1964; FERRER and SANCHEZ, 1991; HERAS 
et al., 1996; LAMBERT et al., 1998; MENG and LIU, 1999; MENG et al., 2002; MENG et al., 
2003). The equilibrium composition of the primary pyrrhotite formed by the decomposition of 
the pyrite is non-stoichiometric and is determined by the temperature. The transformation of 
the primary pyrrhotite to troilite proceeds gradually. Pyrrhotite with sulfur content between 
the primary pyrrhotite and troilite can exist as stable phases under certain conditions. The 
thermal decomposition of pyrite to pyrrhotite seems to follow the unreacted core model and 
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may be controlled by zero-order surface reaction, gas film/product layer diffusion, or a 
combination of these mechanisms, depending on the reaction conditions. In an oxygen-
containing atmosphere, pyrite can be oxidized directly or after its decomposition to pyrrhotite 
(the two-step process) (JORGENSEN and MOYLE, 1982; BRINK et al., 1996; MCLENNAN et al., 
2000). This is determined by the relative rates between oxygen diffusion to the pyrite core and 
the thermal decomposition of the pyrite, and it depends on the actual conditions, such as 
temperature, oxygen concentration and particle size. In the two-step process, the kinetics of 
the thermal decomposition of pyrite in an inert atmosphere is expected to be applicable for the 
first step − the thermal decomposition of the pyrite. The second step − the oxidation of the 
pyrrhotite, may proceed with pyrrhotite in a solid or a molten state, depending on the particle 
temperature. Iron oxides (mainly hematite, Fe2O3, and magnetite, Fe3O4) are the main final 
products of the oxidation of pyrite. The formation of iron oxides is determined by the 
temperature and the oxygen concentration at the reaction front. Hematite usually forms at 
lower temperatures and at higher oxygen concentrations, whereas magnetite at higher 
temperatures and/or at lowers oxygen concentrations. 

 Several papers describing electrochemical studies of single samples of iron sulfides 
have been published, but there have been only a few electrochemical studies concerning 
mineral mixtures (XU and FINCH 1996; ZHANG et al., 1997). The understanding of the 
influence of each mineral in a sulfide ore is important to the development of a process suitable 
to the variety of multi-mineral sulfide ores found in nature. Considerable research has been 
carried out on the oxidation of pyrite alone using a wide range of methods. Many of these 
studies concern to metallurgical processing because enhancement of pyrite oxidation may 
improve the recovery of metals from sulfide ores. In this regard, pyrite was mostly studied by 
electrochemical techniques (MEYER, 1979; HAMILTON and WOODS, 1981; LOWSON, 1982; 
ALBERGH et al., 1990; YIN et al., 1999; ALMEIDA  and GIANNETTI, 2002;). Pyrrhotite is a 
major species among iron sulfides in nature, but there are only a few studies concerning its 
electrochemical behavior (HAMILTON and WOODS, 1981; MIKHLIN , 2000). Hamilton and 
Woods (HAMILTON and WOODS, 1981), in a more detailed work, investigated the pyrrhotite 
dissolution at pH 4.6, 9.2 and 13.0, employing cyclic voltammetry. There are also a few 
numbers of surfaces analytical investigations of pyrrhotite reported (BUCKLEY and WOODS, 
1985; JONES et al., 1992; PRATT et al., 1994; MIKHLIN  et al., 2000). Many of these 
investigations were related to the nature of the reactions occurring at the interface between 
pyrrhotite and air or water during weathering.  

 Although the oxidative reactions of pyrite and pyrrhotite alone have been studied in 
some details, the classical approach to study minerals using single specimens can lead to 
imprecise results. To assess the response of common sulfide minerals to oxidizing conditions, 
a methodology to immobilize mechanically solid particles on carbon surfaces (voltammetry of 
microparticles) was employed (ALMEIDA and GIANNETTI, 2003), as well as to define the 
influence of the pyrrhotite content in pyrite/pyrrhotite mixtures.  

 The aim of the present work is to show an innovative approach of the electroanalytical 
investigation of pyrite/pyrrhotite mineral. The novelty of the applied mineral based on 
pyrite/pyrrhotite is related to its examination from potentiometric point of view as a new 
sensor material. The analytical applicability of the electrode was examined by measuring the 
cobalt(II) content in aqueous solution and the results show that this pyrite/pyrrhotite indicator 
electrode is very promising. Briefly, this study is undertaken in order to add understanding to 
the mechanism and electrochemical properties of the handmade pyrite/pyrrhotite electrode 
with a view to its application for redox determination in aqueous media. 
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MATERIALS AND METHODS 

Reagents 
 

All the chemicals used in the present study were of analytical grade from Merck or 
Fluka. Deionized distilled water was used throughout the experiments. Solution of a cobalt(II) 
was prepared by weighing out a definite amount of cobalt(II) chloride dihydrate and 
dissolving it in hydrochloric acid (around pH 1.4). The concentration of the solution of the 
cobalt(II) was controlled by titration with standard 0.05 M EDTA using visual end-point 
detection or potentiometric end-point detection by means of a Pt–SCE couple. Solution of 
iron(III), 0.05 M, was standardized against potasium dichromate. 1,10 phenanthroline (phen) 
solution, 0.25 M, was prepared by dissolving the reagent in hydrochloric acid (around pH 
1.4). The supporting electrolyte was 0.05 M tetrabutylammonium perchlorate, Bu4NClO4. All 
measurements were performed at room temperature between 20 and 25 oC. The experiments 
were carried out with a sample of natural pyrite/pyrrhotite crystal from the Stari Trg mine 
(Kosovska Mitrovica, Serbia). 

 
Apparatus and electrodes 

 

 Scanning electron microscopy (SEM) images were obtained using an INCA 
microscope (JEOL JSM-6610LV): X-Max detector, SATW window, WD 17 mm. The surface 
of polished natural mineral pyrite/pyrrhotite was characterized. The SEM images of the 
sample was digitalized under the following conditions: voltage, 15 kV; spot size, 50 nm; 
magnification, 20,000 x. The photographs correspond to a magnification of 110 x. The 
backscattered electron signal was used for the investigation of specimen surface in the SEM.  

 The apparatus used to follow the changes in the potential at the pyrite/pyrrhotite 
electrode over time and for end-point detection with a pyrite/pyrrhotite electrode–SCE couple 
was described in an earlier paper (STANIĆ et al., 2012). The potential changes during titration 
were followed with a Digital 870 pH meter (Dresden). The same apparatus with an additional 
temperature-controlled cell was used to follow the changes in the potential at the employed 
electrode as a function of the concentration of Fe(III) ions. 

 The pyrite/pyrrhotite indicator electrode was prepared in the following manner: a 
piece of the previously analized mineral pyrite/pyrrhotite by SEM (0.5 × 0.5 × 0.3 cm) was 
used as the sensor material. The electrode had been made by polishing the pyrite/pyrrhotite 
crystal with diamond paste, and the best polished side was used as the working surface of the 
electrode. A narrow glass tube was fixed with glue to the other side of the electrode and then 
filled with mercury. One end of a copper wire was immersed in the mercury, and this device 
was mounted into a wider glass tube (∅ = 1 cm), which was then cemented with a cold 
sealing mass based on methyl methacrylate. After this mass had solidified, the electrode was 
rinsed with distilled water and alcohol and dried in air, after which it was ready for use. When 
the electrode was not used, it was kept in a dry place protected from dust. Before the next use, 
the electrode was kept in the investigated solvent for half an hour. However, when the 
electrode was being used frequently (after approximately 10 h), it was necessary to rub the 
pyrite/pyrrhotite crystal with aluminum oxide, wash the electrode, and continue with use. The 
responses of the pyrite/pyrrhotite indicator electrode were compared with those of a 
conventional platinum electrode. The reference electrode was a SCE (type 401, Radiometer). 
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Procedures 
 

 The newly constructed pyrite/pyrrhotite indicator electrode was calibrated by 
immersion in conjunction with the reference electrode in a 50 mL beaker containing water. 
The ionic strength of the solution was maintained with 0.05 M tetrabutylammonium 
perchlorate. Then, 1.0 mL aliquot of Fe(III) ions solution of different concentration ranging 
from 10-6 to 10-1mol/L M was added with continuous stirring. The potential was recorded 
after stabilization to ± 0.2 mV in a temperature-controlled cell (25 ± 0.1 oC) and the e.m.f. 
was plotted as function of log [Fe(III)]. The resulting graph was used for calculation the 
slope. 
 
 The change in the potential of the electrode over time was followed in 0.05 M Fe(III) 
ions solution. This indicator electrode was coupled with a SCE as the reference electrode. 

The following titration procedure was used: some certain volumes (25.00 mL) of 
cobalt(II) solution and phen solution were placed in the volumetric flask (250 mL). The pH of 
solution was adjusted to about 1.4 by adding hydrochloric acid. The solution was than diluted 
to the mark with distilled water. A 20.00 mL aliquot of this solution was taken into the 
titration vessel. The indicator electrode, pyrite/pyrrhotite or a platinum electrode, and a SCE 
as the reference electrode were immersed in the solution and connected to a pH-meter. 
Potentiometric titration was then carried out by addition of 0.10 mL aliquots of a standard 
Fe(III) solution. The titration end-point was determined classically from the second derivative 
of the titration curve. All measurements were carried out under a nitrogen atmosphere at room 
temperature. The electrochemical cell used for potential measurements was:  

reference electrodetest solutionindicator electrode. 
 
 

RESULTS AND DISCUSSION 
 

 Characterization of pyrite/pyrrhotite mineral by scanning electron microscopy 
and potentiometry 

 
 SEM/EDX analysis 
 

 The elemental analysis of the original natural sample shows the presence of iron and 
sulphur. In order to characterize the mineral which includes these elements in its composition, 
a thoroughly exploration of the sample by SEM/EDX was carried out. A phase darker than the 
mineral easily distinguishable by SEM was observed (Figure 1). X-ray microanalysis of a 
small area of these particles by SEM/EDX allowed the identification of the following 
elements: iron and sulphur. The corresponding energy spectrum is shown in Figure 2.  
 
 The chemical composition of the particles (see Figures. 1b and 1c), provided by 
semiquantitative analysis, were found to be significantly similar to those obtained 
theoretically by the calculation from the elemental formula of the pyrite/pyrrhotite (Table 1). 
The selected particles indicate that pyrrhotite appeared in conjunction with pyrite on the 
surface of the natural mineral. 
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Figure 1. Backscattered electron composition (BEC) images of the pyrite/pyrrhotite surface  
after smoothing (a, b, c). 
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Figure 2. Spectrum of the pyrrhotite (1) and pyrite (2). 
 

 
Table 1. Semiquantitative elemental composition of the selected particles from I)  Figure 1b and II)  

Figure 1c, obtained by X-ray microanalysis. 
 

I) 
Element 1- pyrrhotite 

(weight %) 
2- pyrite 

(weight %) 
3- pyrite 

(weight %) 
S K 42.59 56.24 56.51 
Fe K 55.10 43.76 43.49 
Totals 100.00 100.00 100.00 

 
II) 

Element 1- pyrrhotite  
(weight %) 

2- pyrite 
(weight %) 

3- pyrite 
(weight %) 

4- pyrite 
(weight %) 

5- pyrrhotite  
(weight %) 

S K 42.40 56.22 55.82 56.61 42.26 
Fe K 57.60 43.78 44.18 43.39 57.74 
Totals 100.00 100.00 100.00 100.00 100.00 

 



63 
 

 
 Oxidation of pyrite/pyrrhotite mineral, oxidation products and sensing mechanism 

of the indicator pyrite/pyrrhotite electrode 
 

 The pyrite dissolution can occur as a direct oxidation. The main oxidant agent is 
oxygen dissolved in water. Ferric ions can act as catalyzers. The reactions taking place are 
(MOSES et al., 1987): 
 

2 2
2 2 2 47 2 2 2FeS O H O Fe SO H+ − ++ + → + +      (1) 

2 3
2 21 4 1 2Fe O H Fe H O+ + ++ + → +       (2) 

 
If reaction (2) occurs under acidic conditions, a significant quantity of Fe(III) will remain in 
solution: 
 

3 2 2
2 2 414 8 15 2 16FeS Fe H O Fe SO H+ + − ++ + → + +      (3) 

 
 The cathodic reaction involves an aqueous species that accepts electrons from an 
Fe(II) site on the mineral surface. This reaction transfer electrons from the surface of the 
pyrite to the aqueous oxidant species, usually O2 or Fe(III). At an anodic site, the oxygen 
atom of a water molecule interacts with a sulfur atom to create a sulfate species. This releases 
an electron into the solid and hydrogen ions to solution. The final step in the sulfur oxidation 
process appears to depend upon the pH. Aqueous sulfur products almost 100% sulfate in low-
pH solutions: 
 

 
 
 The pyrrhotite reactions and products are difficult to identify. Thomas et al. (THOMAS 
et al., 2001) add to the oxidative mechanism of pyrrhotite, a non-oxidative dissolving process. 
The first element to intervene during the oxidative process is the dissolved O2 but, as in the 
case of pyrite, oxidative force is also provided by Fe(III) ions, which are then reduced to 
Fe(II) (THOMAS et al., 1998; THOMAS et al., 2000; THOMAS et al., 2001). In this respect, the 
presence of Fe(III) can maintain a cyclic reaction where it acts as an oxidant (BELZILE et al., 
2004), according to the reaction represented below: 
 

3 2 2
(1 ) 2 44 (1 ) 8xFe S nFe H O x n Fe SO H+ + − +

− + + → − + + +     (4) 

 
In the non-oxidative process, there is a consumption of protons with formation of 2H S . 

CHIRIŢĂ et al. (2008) also consider that while FeS2 dissolves only in the presence of an 
oxidant, FeS does so with or without those in oxidative and non-oxidative processes. 
 Considering the whole previous discussion, the potential of the pyrite/pyrrhotite 
electrode can be defined by an equation: 
 

3

2
     log  const

Fe
E E n

Fe

+

+

  = +
  

        (5) 
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where n is a slope (mV per decade). 
 

Characteristics of the indicator pyrite/pyrrhotite electrode 
 

In order to employ an ion selective electrode as a sensor in quantitative measurements, 
a stable potential, a relatively short response time, and a long life-time must be ensured. 
 Potential of the pyrite/pyrrhotite indicator electrode. The stationary potential of the 
electrode was measured by direct potentiometry at 25±0.1 ºC in a freshly prepared 0.05 M 
solution of Fe(III). All measurements were performed in the presence of a background 
electrolyte of constant ionic strength (0.05 M tetrabutylammonium perchlorate). A stable 
potential was acquired for approximately 30 s (Figure 3). 
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Figure 3. Plot of the pyrite/pyrrhotite electrode potential versus time. 
 
 

 Slope of the potential response of the electrode. The potential of the pyrite/pyrrhotite 
electrode was determined using a series of Fe(III) in a temperature-controlled cell (25 ± 0.1 
ºC). The ionic strength of the solution was maintained with 0.05 M tetrabutylammonium 
perchlorate. The response characteristic of the electrode is shown in Figure 4. A linear 
relationship between the signal and concentration was obtained. The potential increased 
linearly with the concentration of Fe(III) over the range from 10-6 to 10-1 mol/L. The slope of 
calibration line obtained for Fe(III) solutions is 38.7 ± 0.6 mV per decade. Additionally, the 
potential of the pyrite/pyrrhotite indicator electrode was very stable with respect to time 
(Figure 3). Taking these results into account, it can be concluded that this sensor could be 
successfully applied for redox determination. 
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Figure 4. Plot of the pyrite/pyrrhotite electrode potential versus -log c (concentration) iron(III). 
 
 
 Response time of the electrode. The response time of the pyrite/pyrrhotite electrode 
was determined by recording the time elapsed before a stable potential value was attained 
after the pyrite/pyrrhotite electrode and the reference electrode (SCE) were immersed in 
calibration solutions from low to high concentrations of Fe(III) solutions (10-6 − 10-1 mol/L). 
The response time for the electrode was 10 s. 

 Repeatability. In order to establish the efficiency of the pyrite/pyrrhotite electrode in 
potentiometric titrations, the titration of Co(II) with Fe(III) was taken as a model, and the end 
point was monitored using this electrode (a Figure is not shown). For six successive 
determination of 1.86 mg Co(II) the relative standard deviation (RSD) was 0.52% (Table 2). 
Moreover, our investigation showed that the pyrite/pyrrhotite indicator electrode can be used 
without any time limit and without considerable divergence in the relative standard deviation. 
 

Table 2. Potentiometric titration of cobalt(II) with iron(III) in presence of phen, at the pH 1.4, using 
pyrite/pyrrhotite and platinum indicator electrodes. 

 

Electrode 
Co 

(mg) 

Phen 
(mol/L) 

Found 
(%) 

Standard 
deviation 

(%) 
 

pyrite/pyrrhotite  
 

1.86 
 

0.02 
 

100.90 
 

±0.52 

platinum 1.86 0.02 101.61 ±0.36 
 

       *Number of determinations: 6 
 
 Long-term stability. The lifetime of the electrode was determined by raising the 
potential values of the calibration solution, Fe(III), and plotting the calibration curves for a 
period of two years. The slope of the electrode remained constant. Nevertheless, if the 
electrode had been used frequently and for a long time, it was necessary to rub the crystal 
pyrite/pyrrhotite with aluminum oxide, wash the electrode and continue with use. 
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 Based on the obtained results it can be assumed that the pyrite/pyrrhotite electrode 
would probably be a good sensor for the detection of the titration end-point (TEP) in redox 
reactions. 
 

Application to an end-point indication of the pyrite/pyrrhotite electrode 
 

 The practical utility of the proposed sensor was tested by its use as indicator electrode 
for the potentiometric titration of cobalt(II) with iron(III). However, direct oxidation of Co(II) 
by Fe(III) is quite decidedly unfavorable and does not occur. It is well known that complexing 
agents modify the redox potential of a redox system involving metal ions. In general, this 
phenomenon has a potential capacity for the development of various redox reactions in the 
presence of a suitable complexing agent. Because of complexation with 1,10 phenanthroline, 
the formal reduction potential of the cobalt species in greatly diminished, while that of the 
iron species is appreciably increased; consequently, the oxidation of Co(II) by Fe(III) 
becomes highly favorable (VYDRA and PŘIBIL , 1959; VYDRA and PŘIBIL , 1960). The enhanced 
oxidation strength of iron(III) salts in the presence of 1,10 phenanthroline was utilized for 
determination of cobalt(II). 

 When phen forms complex with cobalt(II) and Co(III), the conditional redox potential 
of the Co(III)/Co(II) system can be written as: 
 

( )( ) ( )0

( )( ) ( )

0.059log 0.059logCo II phen Co III

Co III phen Co II

C
E E

C

α
α

′ = + +      (6) 

 
where α refers to the side-reaction coefficient taking into account the complex formation of 
Co(III) and Co(II) with phen. ( )Co IIIC  and ( )Co IIC  are the total concentrations of Co(III) and 

Co(II), respectively. In the presence of phen, the conditional redox potential of the 
Co(III)/Co(II) system is sufficiently lower than those of the Fe(III)/Fe(II) system. 
Accordingly, the oxidation reaction of Co(II) to Co(III) by Fe(III) is favored in the presence 
of phen. 

 In this work, the determination of Co(II) was performed in presence of optimal 
concentration of phen, 0.02 mol/L, at pH 1.4, using pyrite/pyrrhotite indicator electrode. 

The change of the electrode potential for the pyrite/pyrrhotite electrode is ranged from 
400 to 900 mV (Figure 5). The titration curve is symmetrical with a very well defined 
potential jump indicating the high sensitivity of the electrode. The potential during the 
titration and at the equivalence point were rapidly established (within a few minutes). The 
potential jumps at TEP obtained by using pyrite/pyrrhotite electrode are similar to those 
obtained with platinum electrode and sufficiently large to allow the precise determination of 
this compound under the conditions employed using a pyrite/pyrrhotite electrode. In the 
titration of 0.001 M cobalt(II) with iron(III) in presence of phen, the jumps at TEP were 160 
mV/0.1 mL and 150 mV/0.1 mL for the pyrite/pyrrhotite and platinum electrodes, 
respectively. 
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Figure 5. The effect of (1) pyrite/pyrrhotite and (2) platinum indicator electrode on the shape of the 
end-point inflexion in the potentiometric titration of cobalt(II) with iron(III) in presence of phen. 

 
The potentiometric titration of cobalt(II) with iron(III) was carried out at pH 1.4, in the 

presence of 1,10-phenanthroline, using pyrite/pyrrhotite indicator electrode. It was found that 
the average recovery was unsatisfactory in the presence of different concentrations of phen. 
The effect of the concentration of phen was examined at concentrations from 0.006 to  
0.020 mol/L. The results are shown in Figure 6. Satisfactory results were obtained in the 
presence of phen at concentrations higher than 0.01 mol/L. 
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Figure 6. The effect of phen concentration on average recovery using pyrite/pyrrhotite indicator 
electrode. 

 
 The results obtained in the determination of cobalt(II) using a pyrite/pyrrhotite 
indicator electrode (Table 2) deviated on average about ±0.5% from those obtained with a 
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platinum electrode. This standard deviation is in the acceptable range, indicating that the 
electrode can be efficiently used in redox determinations.  

 The effect of diverse ions on the titration of 0.001 mol/L Co(II) with Fe(III) in the 
presence of 0.02 mol/L phen, using a pyrite/pyrrhotite indicator electrode, was also examined. 
The following ions have no influence: Na(I), K(I), Mg(II), Ca(II), Cl-, NO3

- (0.1 mol/L); 
Al(III), Mn(II), Ni(II), Zn(II), Pb(II) (0.001 mol/L). Ce(IV) caused a positive interference in 
the titration of Co(II), because Ce(IV) oxidized Fe(II) to Fe(III). On the contrary, V(V) and 
Fe(III) caused negative interferences in this titration, because cobalt(II) was oxidized by these 
ions. 

 
 

CONCLUSION 
 

The study by scanning electron microscopy and X-ray microanalysis allows deducing 
that the investigated mineral was essentially made of pyrite and pyrrhotite. The performance 
and detection mechanism of this mineral, used as an electroactive material for a new sensor, 
have been studied and discussed. The sensor is easily and quickly prepared using inexpensive 
and nontoxic material. 

As verified in this paper, a pyrite/pyrrhotite mineral could be used as a sensor material 
of the indicator electrode for redox determination of cobalt(II) by iron(III) in aqueous media. 
Furthermore, the sensor could be applied for determination other ions, which opens lots of 
possibilities for the development of practical redox sensor. Thanks to the robustness and 
chemical inertness of the mineral it is possible to be also applied in non-aqueous environment. 
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