Kragujevac J. Sc40 (2018) 57-70 UDC 543.554.08:549.322.21+.324.31

PYRITE/PYRRHOTITE MINERAL BASED ELECTROCHEMICAL
SENSOR FOR REDOX DETERMINATION IN AQUEOUS MEDIA

Zorka Stani¢!*, Radmila DZudovié¢!, Branislav Vukanovié?, Ljiljana Jaksi ¢3

tUniversity of Kragujevac, Department of ChemisEsiculty of Science, R. Domanévi2,
P.O. Box 60, 34000 Kragujevac, Serbia
?Hygh Polytechnical School, Koséteva 35, 37000 KruSevac, Serbia
SFaculty of Mining and Geology, University of Belgea Djusina 7, 11000 Belgrade, Serbia
*Corresponding author; E-mails: zorkas@kg.ac.rszamkla.stanic@pmf.kg.ac.rs

(Received June 22, 2017; Accepted September 8) 2017

ABSTRACT. The characterization, construction and performacttgracteristics of a
novel sensor have been carried out. With this mepan accurate characterization of the
mineral has been performed using scanning eleatmmmoscopy (SEM/EDX), X-ray
spectrometer and potentiometry. The elemental ceitipp of the sample has been
obtained by X-ray microanalysis. The main compounfdhe mineral are a pyrite and a
pyrrhotite. The potentiometric analysis has allovimdestigating some properties of the
pyrite/pyrrhotite mineral as a potential sensor material. This tepinihas also been
useful to investigate possibility of using this mial as indicator electrode for redox
determination in aqueous solution. The sensor basepyrite/pyrrhotite mineral as an
electroactive material, displays a stable, reprideicand linear response for iron(lll)
over concentration range of 4010* mol/L with non-Nernstian slope of 38.7 + 0.6 mV
per decade. The response time was 10 s. The pagessor was applied to determine
cobalt(ll) and the results were compared with tbéta platinum electrode. The
determination of 2 mg of cobalt(ll) shows an averagcovery of 100.9%. The relative
standard deviation of this method was 0.5%.

Keywords: pyrite/pyrrhotite mineral, sensor, potentiometadwox determination.

INTRODUCTION

The compounds of iron sulphide, named pyrrhoti® (&), are often associated with
pyrite (FeS) in sulphidic ores. The transformation of pyritean inert atmosphere proceeds
through a multi-step sequential process (pyritehmtite/troilite/iron), depending on the
temperature in the systemd@LMIN and BARTON, 1964; FERRERand S3\NCHEZ, 1991; HERAS
et al, 1996; lamBERT et al, 1998; MENG and Lu, 1999; MENG et al, 2002; MENG et al,
2003). The equilibrium composition of the primamyrihotite formed by the decomposition of
the pyrite is non-stoichiometric and is determitgdthe temperature. The transformation of
the primary pyrrhotite to troilite proceeds gradwaPyrrhotite with sulfur content between
the primary pyrrhotite and troilite can exist aabé phases under certain conditions. The
thermal decomposition of pyrite to pyrrhotite seamdgollow the unreacted core model and
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may be controlled by zero-order surface reacticas @lm/product layer diffusion, or a
combination of these mechanisms, depending on e¢hetion conditions. In an oxygen-
containing atmosphere, pyrite can be oxidized tyer after its decompaosition to pyrrhotite
(the two-step process)qdGENSENand MOYLE, 1982; BRINK et al, 1996; McLENNAN et al.,
2000). This is determined by the relative ratesvben oxygen diffusion to the pyrite core and
the thermal decomposition of the pyrite, and it etefs on the actual conditions, such as
temperature, oxygen concentration and particle. siz¢he two-step process, the kinetics of
the thermal decomposition of pyrite in an inert @sphere is expected to be applicable for the
first step— the thermal decomposition of the pyrite. The sdcstep— the oxidation of the
pyrrhotite, may proceed with pyrrhotite in a satida molten state, depending on the particle
temperature. Iron oxides (mainly hematite,®% and magnetite, @) are the main final
products of the oxidation of pyrite. The formatioh iron oxides is determined by the
temperature and the oxygen concentration at thetiogafront. Hematite usually forms at
lower temperatures and at higher oxygen conceotrsti whereas magnetite at higher
temperatures and/or at lowers oxygen concentrations

Several papers describing electrochemical studiesngle samples of iron sulfides
have been published, but there have been only aelesirochemical studies concerning
mineral mixtures (X and ENCH 1996; AHANG et al, 1997). The understanding of the
influence of each mineral in a sulfide ore is intpat to the development of a process suitable
to the variety of multi-mineral sulfide ores foumdnature. Considerable research has been
carried out on the oxidation of pyrite alone usagvide range of methods. Many of these
studies concern to metallurgical processing becamsmncement of pyrite oxidation may
improve the recovery of metals from sulfide oresthis regard, pyrite was mostly studied by
electrochemical techniques EVER, 1979; FAMILTON and WbobDs 1981; lowsoNn 1982;
ALBERGH et al, 1990; YN et al, 1999; AMEIDA and GANNETTI, 2002;). Pyrrhotite is a
major species among iron sulfides in nature, betehare only a few studies concerning its
electrochemical behavior @wmiLToNn and Wbobs 1981; MkHLIN, 2000). Hamilton and
Woods (FmiLToN and Woobs 1981), in a more detailed work, investigated plyerhotite
dissolution at pH 4.6, 9.2 and 13.0, employing icyebltammetry. There are also a few
numbers of surfaces analytical investigations aftmtite reported (BCKLEY and WOODS
1985; HNES et al, 1992; RATT et al, 1994; MIKHLIN et al, 2000). Many of these
investigations were related to the nature of treetiens occurring at the interface between
pyrrhotite and air or water during weathering.

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

The aim of the present work is to show an innaea#ipproach of the electroanalytical
investigation of pyrite/pyrrhotite mineral. The ety of the applied mineral based on
pyrite/pyrrhotite is related to its examination rfrgpotentiometric point of view as a new
sensor material. The analytical applicability of tllectrode was examined by measuring the
cobalt(ll) content in aqueous solution and the lteshow that this pyrite/pyrrhotite indicator
electrode is very promising. Briefly, this studyuisdertaken in order to add understanding to
the mechanism and electrochemical properties ofhdmedmade pyrite/pyrrhotite electrode
with a view to its application for redox determiioatin aqueous media.
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MATERIALS AND METHODS

Reagents

All the chemicals used in the present study weranalytical grade from Merck or
Fluka. Deionized distilled water was used throughba experiments. Solution of a cobalt(ll)
was prepared by weighing out a definite amount obatt(ll) chloride dihydrate and
dissolving it in hydrochloric acid (around pH 1.Zhe concentration of the solution of the
cobalt(ll) was controlled by titration with standa®.05 M EDTA using visual end-point
detection or potentiometric end-point detectionrbgans of a Pt—SCE couple. Solution of
iron(lll), 0.05 M, was standardized against potasidichromate. 1,10 phenanthroline (phen)
solution, 0.25 M, was prepared by dissolving thagent in hydrochloric acid (around pH
1.4). The supporting electrolyte was 0.05 M tettglaammonium perchlorate, BNCIO4. All
measurements were performed at room temperatunebrt20 and 28C. The experiments
were carried out with a sample of natural pyritefpgtite crystal from the Stari Trg mine
(Kosovska Mitrovica, Serbia).

Apparatus and electrodes

Scanning electron microscopy (SEM) images wereainbtd using an INCA
microscope (JEOL JSM-6610LV): X-Max detector, SATMndow, WD 17 mm. The surface
of polished natural mineral pyrite/pyrrhotite walsartacterized. The SEM images of the
sample was digitalized under the following conditio voltage, 15 kV; spot size, 50 nm;
magnification, 20,000 x. The photographs corresptmda magnification of 110 x. The
backscattered electron signal was used for thestigagion of specimen surface in the SEM.

The apparatus used to follow the changes in thenpat at the pyrite/pyrrhotite
electrode over time and for end-point detectiorhwitpyrite/pyrrhotite electrode—SCE couple
was described in an earlier paperASiC et al,, 2012). The potential changes during titration
were followed with a Digital 870 pH meter (Dresdehfie same apparatus with an additional
temperature-controlled cell was used to follow thenges in the potential at the employed
electrode as a function of the concentration oflIFe¢ns.

The pyrite/pyrrhotite indicator electrodeas prepared in the following manner: a
piece of the previously analized mineral pyritefpgtite by SEM (0.5 x 0.5 x 0.3 cm) was
used as the sensor material. The electrode hadrhade by polishing the pyrite/pyrrhotite
crystal with diamond paste, and the best polisihee was used as the working surface of the
electrode. A narrow glass tube was fixed with glu¢he other side of the electrode and then
filled with mercury. One end of a copper wire wasriersed in the mercury, and this device
was mounted into a wider glass tubé € 1 cm), which was then cemented with a cold
sealing mass based on methyl methacrylate. Afisrmtiass had solidified, the electrode was
rinsed with distilled water and alcohol and driadhir, after which it was ready for use. When
the electrode was not used, it was kept in a dagepprotected from dust. Before the next use,
the electrode was kept in the investigated solfenthalf an hour. However, when the
electrode was being used frequently (after apprateig 10 h), it was necessary to rub the
pyrite/pyrrhotite crystal with aluminum oxide, watlte electrode, and continue with use. The
responses of the pyrite/pyrrhotite indicator eledér were compared with those of a
conventional platinum electrode. The referencetelde was a SCE (type 401, Radiometer).
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Procedures

The newly constructed pyrite/pyrrhotite indicatoleatrode was calibrated by
immersion in conjunction with the reference eled&ron a 50 mL beaker containing water.
The ionic strength of the solution was maintainedhw0.05 M tetrabutylammonium
perchlorate. Then, 1.0 mL aliquot of Fe(lll) iondwion of different concentration ranging
from 10° to 10'mol/L M was added with continuous stirring. The etal was recorded
after stabilization to £+ 0.2 mV in a temperaturevrolled cell (25 + 0.1°C) and the e.m.f.
was plotted as function of log [Fe(lll)]. The remod graph was used for calculation the
slope.

The change in the potential of the electrode owee tvas followed in 0.05 M Fe(lll)
ions solution. This indicator electrode was coupldtth a SCE as the reference electrode.

The following titration procedure was used: someate volumes (25.00 mL) of
cobalt(ll) solution and phen solution were placedhe volumetric flask (250 mL). The pH of
solution was adjusted to about 1.4 by adding hydaric acid. The solution was than diluted
to the mark with distilled water. A 20.00 mL aliquof this solution was taken into the
titration vessel. The indicator electrode, pyritefpotite or a platinum electrode, and a SCE
as the reference electrode were immersed in theti@oland connected to a pH-meter.
Potentiometric titration was then carried out byliidn of 0.10 mL aliquots of a standard
Fe(lll) solution. The titration end-point was deténed classically from the second derivative
of the titration curve. All measurements were eafrout under a nitrogen atmosphere at room
temperature. The electrochemical cell used form@emeasurements was:

reference electrodeest solutior 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 danspows the presence of iron and
sulphur. In order to characterize the mineral whinttiudes these elements in its composition,
a thoroughly exploration of the sample by SEM/EDsvearried out. A phase darker than the
mineral easily distinguishable by SEM was obser{ieidure 1). X-ray microanalysis of a
small area of these particles by SEM/EDX allowed fttentification of the following
elements: iron and sulphur. The corresponding gngugctrum is shown in Figure 2.

The chemical composition of the particles (seeufég. 1b and 1c), provided by
semiquantitative analysis, were found to be sigaiftly similar to those obtained
theoretically by the calculation from the elemeritamula of the pyrite/pyrrhotite (Table 1).
The selected particles indicate that pyrrhotiteeaped in conjunction with pyrite on the
surface of the natural mineral.
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Figure 1. Backscattered electron composition (BEE@yges of the pyrite/pyrrhotite surface
after smoothingg, b, 9.
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Figure 2. Spectrum of the pyrrhotite (1) and pytp

Table 1. Semiquantitative elemental compositiothefselected particles frobn Figure 1b andl)
Figure 1c, obtained by X-ray microanalysis.

1)
Element 1- pyrrhotite 2- pyrite 3- pyrite
(weight %) (weight %) (weight %)
S K 42.5¢ 56.2¢ 56.51]
Fe K 55.1( 43.7¢ 43.4¢
Totals 100.0( 100.0( 100.0(
1))
Element 1- pyrrhotite  2- pyrite 3- pyrite 4- pyrite  5- pyrrhotite
(weight %)  (weight %) (weight %) (weight %) (weight %)
S K 42.4( 56.22 55.8:2 56.61 42.2¢
Fe K 57.6( 43.7¢ 44.1¢ 43.3¢ 57.7¢
Totals 100.0( 100.0( 100.0( 100.0( 100.0(
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Oxidation of pyrite/pyrrhotite mineral, oxidation products and sensing mechanism
of theindicator pyrite/pyrrhotite electrode

The pyrite dissolution can occur as a direct axicha The main oxidant agent is
oxygen dissolved in water. Ferric ions can actaalgzers. The reactions taking place are
(MosEset al., 1987):

FeS+7/2Q+ HO- F&€+2SO+2 H (1)
Fe* +1/40,+ H' - Fé" +12H,0 )

If reaction (2) occurs under acidic conditions,gngicant quantity of Fe(lll) will remain in
solution:

FeS +14F& +8H O- 15F& + 2SO + 16 H )

The cathodic reaction involves an aqueous spebiats accepts electrons from an
Fe(ll) site on the mineral surface. This reactioansfer electrons from the surface of the
pyrite to the agueous oxidant species, usuallyo©OFe(lll). At an anodic site, the oxygen
atom of a water molecule interacts with a sulfanato create a sulfate species. This releases
an electron into the solid and hydrogen ions tatsmh. The final step in the sulfur oxidation
process appears to depend upon the pH. Aqueous putfducts almost 100% sulfate in low-
pH solutions:

e L .
120,72l 26 == 1,0 S+ 4H,0—> SO,2 + 8H* + 7¢"
the surface of Fe’™+ e —>Fe

the pyrite

The pyrrhotite reactions and products are diffitalidentify. Thomast al (THOMAS
et al, 2001) add to the oxidative mechanism of pyrteot non-oxidative dissolving process.
The first element to intervene during the oxidatprecess is the dissolved Out, as in the
case of pyrite, oxidative force is also provided Fs(lll) ions, which are then reduced to
Fe(ll) (THOmAS et al, 1998; HOMAS et al, 2000; 'THOMAS et al, 2001). In this respect, the
presence of Fe(lll) can maintain a cyclic reactidrere it acts as an oxidant{EILE et al,
2004), according to the reaction represented below:

Fe, S+ nF&+4 HO. (I- x hFé+ SO+8 + (4)

In the non-oxidative process, there is a consumptib protons with formation oH,S.

CHIRITA et al (2008) also consider that while Re@issolves only in the presence of an
oxidant, FeS does so with or without those in oideand non-oxidative processes.

Considering the whole previous discussion, theemqiadl of the pyrite/pyrrhotite
electrode can be defined by an equation:

[Fe'

E = Econst+ n |Og |:Fe2+:| (5)




64
wheren is a slope (mV per decade).

Characteristics of the indicator pyrite/pyrrhotiéectrode

In order to employ an ion selective electrode asresor in quantitative measurements,
a stable potential, a relatively short response tiamd a long life-time must be ensured.

Potential of the pyrite/pyrrhotite indicator eleotte The stationary potential of the
electrode was measured by direct potentiometry5a02a °C in a freshly prepared 0.05 M
solution of Fe(lll). All measurements were perfotmm the presence of a background
electrolyte of constant ionic strength (0.05 M abtrtylammonium perchlorate). A stable
potential was acquired for approximately 30 s (Feg3)).
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Figure 3. Plot of the pyrite/pyrrhotite electrodwgntialversustime.

Slope of the potential response of the electrdde potential of the pyrite/pyrrhotite
electrode was determined using a series of Fe(ll§ temperature-controlled cell (25 £ 0.1
°C). The ionic strength of the solution was mamgdi with 0.05 M tetrabutylammonium
perchlorate. The response characteristic of thetrelde is shown in Figure 4. A linear
relationship between the signal and concentrati@s wbtained. The potential increased
linearly with the concentration of Fe(lll) over thenge from 16 to 10 mol/L. The slope of
calibration line obtained for Fe(lll) solutions38.7 £ 0.6 mV per decade. Additionally, the
potential of the pyrite/pyrrhotite indicator elemdle was very stable with respect to time
(Figure 3). Taking these results into accountait ®e concluded that this sensor could be
successfully applied for redox determination.
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Figure 4.Plot of the pyrite/pyrrhotite electrode potentiatsus-log ¢ (concentration) iron(lll).

Response time of the electrodéne response time of the pyrite/pyrrhotite elmaer
was determined by recording the time elapsed bedostable potential value was attained
after the pyrite/pyrrhotite electrode and the refee electrode (SCE) were immersed in
calibration solutions from low to high concentratoof Fe(lll) solutions (10— 10 mol/L).
The response time for the electrode was 10 s.

Repeatability In order to establish the efficiency of the psfityrrhotite electrode in
potentiometric titrations, the titration of Co(l)ith Fe(lll) was taken as a model, and the end
point was monitored using this electrode (a Figigenot shown). For six successive
determination of 1.86 mg Co(ll) the relative stamddeviation (RSD) was 0.52% (Table 2).
Moreover, our investigation showed that the pypyerhotite indicator electrode can be used
without any time limit and without considerable eligence in the relative standard deviation.

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

Co Phen Found Standard
Electrode (mol/L) - deviation
(mg) (%) %)
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 bigimg the
potential values of the calibration solution, F@(land plotting the calibration curves for a
period of two years. The slope of the electrodeaieed constant. Nevertheless, if the
electrode had been used frequently and for a long, tit was necessary to rub the crystal
pyrite/pyrrhotite with aluminum oxide, wash theatede and continue with use.



66

Based on the obtained results it can be assumédhibayrite/pyrrhotite electrode
would probably be a good sensor for the detectioth® 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 westdd by its use as indicator electrode
for the potentiometric titration of cobalt(ll) wiihon(lIl). However, direct oxidation of Co(ll)
by Fe(lll) is quite decidedly unfavorable and daes occur. It is well known that complexing
agents modify the redox potential of a redox systewolving metal ions. In general, this
phenomenon has a potential capacity for the dewstop of various redox reactions in the
presence of a suitable complexing agent. Becauseroplexation with 1,10 phenanthroline,
the formal reduction potential of the cobalt spsdie greatly diminished, while that of the
iron species is appreciably increased; consequetttly oxidation of Co(ll) by Fe(lll)
becomes highly favorable (WrRA and RiBIL, 1959;VYDRA and RiBIL, 1960). The enhanced
oxidation strength of iron(lll) salts in the presenof 1,10 phenanthroline was utilized for
determination of cobalt(ll).

When phen forms complex with cobalt(ll) and Cq(lthe conditional redox potential
of the Co(lll)/Co(ll) system can be written as:

E' = E° +0.059 logceren 0.059l0g %" (6)
aCo(III )(phen) Cq Il

wherea refers to the side-reaction coefficient takingpimiccount the complex formation of
Co(lll) and Co(ll) with phenC.,,, and C_,,, are the total concentrations of Co(lll) and

Co(ll), respectively. In the presence of phen, twnditional redox potential of the
Co(lln/Co(ll) system is sufficiently lower than dke of the Fe(lll)/Fe(ll) system.
Accordingly, the oxidation reaction of Co(ll) to @ib) by Fe(lll) is favored in the presence
of phen.

In this work, the determination of Co(ll) was pmrhed in presence of optimal
concentration of phen, 0.02 mol/L, at pH 1.4, ugygte/pyrrhotite indicator electrode.

The change of the electrode potential for the pipitrrhotite electrode is ranged from
400 to 900 mV (Figure 5). The titration curve isrsyetrical with a very well defined
potential jump indicating the high sensitivity dfet electrode. The potential during the
titration and at the equivalence point were rapieyablished (within a few minutes). The
potential jumps at TEP obtained by using pyritefipgtite electrode are similar to those
obtained with platinum electrode and sufficientlyge to allow the precise determination of
this compound under the conditions employed usingymte/pyrrhotite electrode. In the
titration of 0.001 M cobalt(ll) with iron(lll) in pesence of phen, the jumps at TEP were 160
mV/0.1 mL and 150 mV/0.1 mL for the pyrite/pyrritetiand platinum electrodes,
respectively.
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Figure 5.The effect of (1) pyrite/pyrrhotite and (2) platmundicator electrode on the shape of the
end-point inflexion in the potentiometric titratioh cobalt(ll) with iron(lll) in presence of phen.

The potentiometric titration of cobalt(Il) with in¢lll) was carried out at pH 1.4, in the
presence of 1,10-phenanthroline, using pyrite/ptitd indicator electrode. It was found that
the average recovery was unsatisfactory in theepies of different concentrations of phen.
The effect of the concentration of phen was exadhiaé concentrations from 0.006 to
0.020 mol/L. The results are shown in Figure 6.sEattory results were obtained in the
presence of phen at concentrations higher thanrdd/1..
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Figure 6. The effect of phen concentration on ayeracovery using pyrite/pyrrhotite indicator
electrode.

The results obtained in the determination of dgbbplusing a pyrite/pyrrhotite
indicator electrode (Table 2) deviated on averdgeut+0.5% from those obtained with a
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platinum electrode. This standard deviation ishe acceptable range, indicating that the
electrode can be efficiently used in redox deteatioms.

The effect of diverse ions on the titration of @Omol/L Co(ll) with Fe(lll) in the
presence of 0.02 mol/L phen, using a pyrite/pyitdonhdicator electrode, was also examined.
The following ions have no influence: Na(l), K(Mg(ll), Ca(ll), CI, NOs (0.1 mol/L);
Al(T), Mn(l), Ni(l1), Zn(11), Pb(ll) (0.001 mol/L). Ce(lV) caused a positive interference in
the titration of Co(ll), because Ce(IV) oxidized(Feto Fe(lll). On the contrary, V(V) and
Fe(lll) caused negative interferences in thistitrg because cobalt(ll) was oxidized by these
ions.

CONCLUSION

The study by scanning electron microscopy and Xmagroanalysis allows deducing
that the investigated mineral was essentially nadeyrite and pyrrhotite. The performance
and detection mechanism of this mineral, used aslentroactive material for a new sensor,
have been studied and discussed. The sensor g @adiquickly prepared using inexpensive
and nontoxic material.

As verified in this paper, a pyrite/pyrrhotite miakcould be used as a sensor material
of the indicator electrode for redox determinatudrcobalt(ll) by iron(lll) in agueous media.
Furthermore, the sensor could be applied for detextion other ions, which opens lots of
possibilities for the development of practical nedgensor. Thanks to the robustness and
chemical inertness of the mineral it is possibledalso applied in non-aqueous environment.
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