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Abstract 

There is a significant interest in studying pyrite oxidation in terms of refractory gold ore 

processing and acid mine drainage (AMD) treatment. However, the mechanism of pyrite 

oxidation has not been well understood yet. Most of the kinetics studies of pyrite oxidation 

focus on the corrosion process of pyrite, neglecting the kinetics of Fe3+/Fe2+ redox reaction 

on the surface of pyrite. In this work, based on the mixed potential theory, the 

chronoamperometry and cyclic voltammetry methods were used to isolate the Fe3+/Fe2+ 

reaction from other interfering reactions to study pyrite oxidation kinetics.  

As part of the kinetics study, the effects of the pyrite origin, the Fe3+ and Fe2+ ions 

concentrations, and the operating temperature on the Fe3+/Fe2+ reaction on the pyrite surface 

were investigated. The exchange current densities of the Fe3+/Fe2+ redox reaction in this study 

had the same magnitude of 10-5 Acm-2 for all the experiments; increasing iron concentration 

by an order of magnitude or the test temperature from 22 to 65 °C did not have significant 

effects on the Fe3+/Fe2+ couple redox reaction exchange current density nor on the value of 

the cathodic transfer coefficients of the reaction. Nevertheless, the anodic transfer coefficients 

had increased substantially with increasing the total Fe concentration and the test temperature. 

The activation energy for Fe2+ oxidation and Fe3+ reduction on the pyrite surfaces were 

calculated to be 102.0 and 32.7 kJ mol-1, respectively.  

In order to study about the effect of Ag on the pyrite electrodissolution process kinetics, 

Ag-doped pyrite was fabricated by hydrothermal method. The electrochemical dissolution 

kinetics of the Ag-doped pyrite were studied in different sulfuric acid electrolytes, with or 

without the addition of Fe and Cu cations. The experimental results showed a reduced pyrite 
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electrochemical reactivity with increasing the Ag content of the Ag-doped pyrites. However, 

the anodic dissolution of the Ag-doped pyrite electrode showed a substantial increase in the 

Cu and Fe-containing sulfuric acid solution.  
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1. Introduction 

Pyrite (FeS2) is mostly considered as a gangue mineral which frequently coexists with valuable 

minerals and metals, such as gold, copper and nickel. Its separation from valuable minerals can be 

a costly process (Chandra & Gerson, 2010). In refractory gold ores, the fine gold particles are 

locked inside the pyrite structure. The oxidative leaching of pyrite is a hydrometallurgical method 

to destroy the structure of pyrite and expose the fine gold particles to the cyanide solution in the 

downstream cyanidation circuit. Pyrite oxidative leaching can be achieved through using both 

oxygen and Fe3+ ion (McKibben & Barnes, 1986). In fact, pyrite oxidation by oxygen and Fe3+ is 

a significant source of acid mine drainage (AMD), which adversely causes serious environmental 

problems (Evangelou, 1995). 

The pyrite oxidation mechanism is accomplished in three consecutive steps: (1) pyrite oxidation 

by oxygen and Fe2+ ion formation (Eq. 1-1); (2) Fe2+oxidation by oxygen and Fe3+ ion formation 

(Eq. 1-2); (3) pyrite oxidation by Fe3+ ions (Eq. 1-3). Hence, both oxygen and Fe3+ participate in 

the atmospheric pyrite oxidation process in nature (Moses & Herman, 1991). In other words, a 

cycle is established in which Fe2+ ion is oxidized to Fe3+ ion by oxygen, and the generated Fe3+ ion 

is subsequently reduced by pyrite; thereby forming additional Fe2+ ion and H+ (Evangelou & Zhang, 

1995). Singer and Stumm (1970) reported that the oxidation of Fe2+ to Fe3+ ion was the rate-

controlling step in the propagation cycle of pyrite oxidation (Singer & Stumm, 1970). 

2FeS2 + 2H2O + 7O2 → 2Fe2++ 4SO4
2-

+ 4H+ (1-1) 

4Fe2++ O2 + 4H+ → 4Fe3++ 2H2O (1-2) 



 

 

  

 

2 

FeS2 + 8H2O +14Fe3+ → 15Fe2++ 2SO4
2- 

+ 16H+ (1-3) 

Fe3+ and dissolved oxygen have been generally recognized as the most important oxidants for 

pyrite oxidation. Previous work about the mechanism of pyrite oxidation using spectroscopic 18O 

tracer showed that Fe3+ is a dominant oxidant, while O2 is an initial oxidant which oxidizes pyrite 

through a different pathway compared to Fe3+ ion (Reedy, Beattie, & Lowson, 1991). It has been 

shown that the pyrite oxidation kinetics correlate with the concentration of dissolved oxygen (DO) 

and Fe3+ (Williamson & Rimstidt, 1994). The overall reaction rates were two orders of magnitude 

higher in the presence of Fe3+ compared with that of a Fe3+ free oxygen saturated solutions. It 

appears that Fe3+ is more aggressive and effective oxidant than O2 for pyrite oxidation. However, 

in a pyrite oxidation process, DO is required to retain Fe3+ ion concentration in the solution via 

both formation (Eq. 1) and oxidation (Eq. 2) of the Fe2+ ions. Fe3+ and Fe2+ ions essentially exhibit 

important roles in increasing the pyrite oxidation rate through maintaining a relatively high 

oxidation-reduction potential (ORP) in the oxidative leaching solution. The standard equilibrium 

potential (E0) for Fe3+/Fe2+ couple is 0.771 V vs. SHE (standard hydrogen electrode) which is 

higher than the pyrite oxidation potential. As it is illustrated in the Pourbaix diagram of pyrite, the 

pyrite oxidation in acidic solution (pH < 2) would occur when the oxidation potential is higher 

than 0.3 V vs. SHE (Sato, 1992). A comprehensive kinetic study of Fe3+/Fe2+ redox reaction on 

pyrite surface is of great importance to control both mechanisms and rates of the pyrite oxidation.  

 Natural pyrite samples often contain variety of impurity elements such as As, Pb, Sb, Bi, Cu, 

Co, Ni, Ag, and Au. Among all these impurities, As, Ni, Co are usually considered closely 

connected with the semiconductor properties of pyrite and their effects have been systematically 

studied (S. Lehner & Savage, 2008)(Yongchao Liu & Wang, 2015). However, the effect of 
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impurity silver on the semiconducting properties of pyrite and the electrodissolution of pyrite has 

not been studied before. Silver is often present in the natural pyrite ranging from < 1 ppm to 900 

ppm (Griffin, Ashley, Ryan, Sie, & Suter, 1991)(Huston, Sie, Suter, Cooke, & Both, 1995). 

Although the effect of trace silver on the pyrite oxidation process is almost neglected in the 

literature, silver ion has been intensively studied as a catalyst for chalcopyrite oxdiation (M. Wang, 

Zhang, Deng, & Wang, 2004). The leaching rate of chalcopyrite can be accelerated by addition of 

trace silver ion in the chalcopyrite leach solution (N Hiroyoshi, Masatoshi, Miki, Tsunekawa, & 

Hirajima, 2002). Another interesting effect of silver is linked to the galvanic interaction between 

silver-bearing pyrite and chalcopyrite, where it was shown that the catalytic effect of pyrite on 

chalocpyrite leaching is higher when the silver content of the pyrite is high (Nazari, Dixon, & 

Dreisinger, 2012).   

In this thesis, the electrochemical behaviour of Fe3+/Fe2+ on the surface of pyrite mineral is 

explored by using variety of electrochemical methods such as chronoamperometry and cyclic 

voltammetry. By subtracting the current density of pyrite oxidation in an Fe-free acidic solution 

from that in an Fe-containing solution the Fe3+/Fe2+ kinetics were isolated and studied. Important 

kinetic parameters including equilibrium potential, exchange current density, and charge transfer 

coefficients of the Fe couple reactions, as well as the activation energy of the reaction, were 

measured and calculated. The effect of the pyrite origin, the Fe3+ and Fe2+ ion concentration and 

the reaction temperature on the electron transfer kinetics of the Fe3+/Fe2+ reaction was probed. 

In order to study the role of Ag in pyrite lattice on the electrochemical properties of pyrite and 

the pyrite dissolution kinetics in acid solution, in the second part of the research, pure pyrite and 

Ag-doped pyrite were first synthesized by a simple hydrothermal method. Pyrite and Ag-doped 



 

 

  

 

4 

pyrite with different content dissolution kinetics were analyzed by different electrochemical 

measurements. The effect of Ag content on the kinetics of Ag-doped and Ag-free pyrites oxidation 

in the sulfuric acid, Fe- and/or Cu-containing sulfuric acid were studied respectively. The copper 

cation catalysis of pyrite oxidation process in the Fe-containing solutions was investigated. A 

general method aims to provide a methodology for studying of the effect of single-impurity 

elements on the oxidative dissolution of sulfides was provided. 

In Chapter 2, literature review pertaining to this research is provided. Chapter 3 describes in 

detail the experimental procedures for not only the electrochemical and analytical methods but 

also the hydrothermal synthesis of pyrite. Chapter 4 explains how to substrate the Fe3+/Fe2+ redox 

reaction on an anodic active electrode avoiding the interference from electrode oxidation itself, in 

this case a pyrite electrode. The effect of pyrite origins and Fe concentration on ferric-ferrous redox 

reaction kinetics is also covered in this chapter. In Chapter 5, the effect of temperature on ferric-

ferrous redox reaction on pyrite is discussed and the activation energy of both ferric reduction and 

ferrous oxidation reactions are calculated. Chapter 6 describes a simple hydrothermal method to 

synthesize pyrite and the purification of the other product of elemental sulfur. Chapter 7 contains 

two topics, which investigates the effect of silver on the pyrite oxidation dissolution rate and the 

synergistic effect of Cu and Fe on pyrite and Ag-containing pyrite dissolution in acid solution. 

Finally, Chapter 8 summarizes the conclusions and provides suggestions for future work in this 

area. Chapter 9 is the reference part. 
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2. Literature review 

2.1 Chemical and crystal structure of pyrite 

Pyrite is composed of a Fe2+ cation and a S2
2- anion with the ideal mole ratio of S: Fe being 2:1. 

Literature showing deviations from the stoichiometric ratio between Fe and S for pyrite have been 

intensively reported. Doyle and Mirza measured the ratios of S/Fe in 12 pyrite samples using 

EPMA (Electron probe micro-analyzer) and determined the ratios were in between 1.983 and 2.015 

(Doyle & Mirza, 1996). One of the reasons for the non-ideal molar proportions of Fe and S can be 

attributed to the minor amounts of trance elements, such as Co, Ni, and As, which are commonly 

found in the natural pyrite samples. The inhomogeneous distribution of the impurities brings in 

site specific electronic variations and has significant implications for the leaching and flotation 

behavior of pyrite from different geolocations (Craig, Vokes, & Solberg, 1998)(Qiu, Xiao, Hu, 

Qin, & Wang, 2004).  

 FeS2 has two major polymorphic forms in nature, pyrite and marcasite. Pyrite has a cubic 

structure, metallic luster, and a yellow-gold color that has earned it the nickname "fool's gold." 

Marcasite tends to be lighter in color and has an unstable orthorhombic crystal structure. However, 

the crystal structure of both pyrite and marcasite are the same. As shown in Figure 2-1, pyrite has 

a similar crystallographic structure to NaCl structure, while the Na+ was replace by Fe(Ⅱ), and the 

Cl- position is located in the center of S-S bond (Chandra & Gerson, 2010). For a single sulfur 

atom, six sulfur atoms are in octahedral coordination and each sulfur atom is tetrahedrally 

coordinated to one sulfur and three iron atoms (Tossell, Vaughan, & Burdett, 1981). Despite this, 

the pyrite structure is still very dense: approximately 5.02 g/cm3 (Hurlbut & Klein, 1977). Natural 
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pyrite is found as a single morphology or in a varied combination of these structures. These 

variations were attributed to deviations from ideal stoichiometry.  

 

Figure 2-1 Crystal structure of FeS2 (Ramsdell, 1925) 

2.2 Variation in the compostional and semiconductor properties of pyrite 

2.2.1 Semiconducting properties of natural pyrite 

It is well known that pyrite is a semiconducting mineral with a band gap of 0.95 eV (Limpinsel 

et al., 2014). Apart from the merit of suitable band gap, high absorption efficient (α > 105 cm-1), 

sufficient minority carrier diffusion length, and low toxicity make pyrite a promising material for 

the absorber layer on solar cells (Yu, Cai, Jin, & Yan, 2013). Pyrite in nature can exhibit both n- 

or p-type semiconducting properties, even for a single specimen of pyrite, depending on the 

regions or zones (Favorov, Krasnikov, & Sychugov, 1974). The n-type and p-type semiconducting 

properties are likely due to the deviation of stoichiometry or impurities in the solid solution of 

pyrite. 
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Deviations from stoichiometry in FeS2 has been believed to be related to the semiconductivity 

of pyrite. It was suggested pyrite exhibits n-type semiconducting properties with a sulfur deficit in 

its composition (S. W. Lehner, Savage, & Ayers, 2006) . This is due to the excess iron atoms 

functioning as electron donors. On the other hand, the excess of sulphur corresponds to p-type 

semiconducting properties. However, there is no simple relationship between the S/Fe ratio of 

pyrite and its semiconductivity. The surface defects, nonstoichiometric and trace impurities within 

a given semiconducting material are all likely to contribute to the net semiconducting properties 

of the pyrite (Abraitis, Pattrick, & Vaughan, 2004). 

Another parameter effective in the n-type or p- type properties of a pyrite sample might be the 

effect of impurities within the pyrite lattice. Different impurities may function as either electron 

acceptor or electron donator showing p-type or n-type semiconducting properties. The net n- or p-

type behaviour of a given sample reflects the dominance of electron or hole conduction, 

respectively. The impurities in pyrite, depending on their quantities, can be classified as minor 

elements and trace elements. The minor elements, including Ag, As, Au, Co, Cu, Ni, Sb, Sn, and 

Zn are easily quantifiable within the pyrite lattice, e.g. a few percent. The trace elements, however, 

are only present in quantities < 1 wt %.  The minor and trace elements usually are brought in pyrite 

by lattice substitution or inclusion. For example, when Fe2+ is substituted by Co2+ or Ni2+ and 

sulfur by Se or Te, stoichiometric substitution happens. Even though the stoichiometric variability 

is small for pyrite (Abraitis et al., 2004), it still can be expected that the nonstoichiometric 

substitution will result in the change of electrical properties of pyrite.  

2.2.2 Impurities in pyrite 
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Huston comprehensively analysed the components of a massive pyrite deposits in Australia, 

which contains Cu, Zn, Pb, Ba, Bi, Ag, Sb, As, Tl, Au, Mo, Co, Ni, Se and Te (Huston et al., 1995).  

Huston classified all the impurities based on the way they enter into the pyrite lattice: (1) group of 

elements that can substitute the Fe and S in the lattice of pyrite (Co, Ni and Se); (2) elements 

brought to pyrite lattice via nonstoichiometric substitution, such as As, Au and Mo; (3) elements 

entering pyrite lattice by inclusion, including Cu, Zn and Ag. According to this detailed report, the 

ranges of the minor and trace elements’ concentration are given in Figure 2-2. 

 

Figure 2-2 Concentration range in ppm of common minor and trace elements in pyrite (Huston et 

al., 1995) 
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Even though a variety of minor or trace elements could enter to the lattice of pyrite as mentioned 

above, As, Co, Ni and Ag are normally considered as important elements with respect to the 

semiconducting properties of pyrite (Abraitis et al., 2004).  

Arsenic has been commonly found in pyrite and As contents in excess of 8 wt.% have been 

reported in nature pyrite (Griffin et al., 1991). It has been suggested that As is incorporated into 

the pyrite structure via a nonstoichiometric substitution mechanism in which As substitutes for S 

in the disulphide group, resulting in the formation of the AsS3- dianions within the lattice. The 

AsS3- groups can easily bring in p-type defects, which is able to effectively trap electrons. Thus, 

As-containing pyrite regularly presents p-type semiconductor properties with high electrical 

conductivity. Pridmore and Shuey further demonstrated that As acts as an important electron 

acceptor in pyrite and contributes to the p-type properties (Pridmore & Shuey, 1976). Favorov et 

al. conducted a series of electrochemical tests on many natural pyrite samples associated with 

arsenopyrite. The experiment results demonstrated that all these pyrite samples containing As are 

p-type semiconductor (Favorov et al., 1974).  

Co and Ni also are important impurity elements commonly presenting in natural pyrite and have 

major effect on pyrite’s semiconductor properties. The substitution of Co and Ni to Fe in natural 

pyrite have been commonly found, and the reason could be explained as the similar ionic radii of 

Co2+ and Ni2+ to Fe2+. The concentration of Co and Ni in pyrite can be ranged from 26 ppm to 2.2 

wt. % in the case of Co and 106 ppm to 0.2 wt. % for Ni. In addition, the CoS2 and NiS2 have the 

same chemical structure as pyrite (David J Vaughan, 1978). Pyrites high in cobalt and nickel have 

been found to behave like n-type semiconductors (Savage, Stefan, & Lehner, 2008a).  
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Besides the semiconductor properties, it is likely that the impurity within pyrite has also 

correlated with the chemical activity of the pyrite samples. The reactivity of pyrite with trace 

element variability has been investigated by several researchers (Savage, Stefan, & Lehner, 

2008b)(Shao-Horn & Horn, 2001). However, the results failed to illustrated the clear relationship 

between chemical reactivity and the impurities. As it is known, pyrite has the highest rest potential 

than most of the sulfide minerals. From the perspective of dissolution kinetics, pyrite is among the 

least reactive sulfide minerals. If the impurity within pyrite could change the rest potential in a 

wide range, the effect of impurity could have a specific impact on the pyrite dissolution behavior. 

Vasil’yeva et al. have measured the rest potential of a significant number of pyrite samples from 

different geolocations with a widely different minor or trace elements contents (Vasil’yeva, 

Gorbatov, Kruglova, & Shcherbak, 1990). The results showed that the rest potential of all the 

electrode were close to 0.65 V vs. SHE. It is possible that the rest potential of pyrite is relatively 

unchanged even though the impurity content changes.  

Ag is another important impurity element within natural pyrite, which may have important 

consequences on both the semiconducting properties and the dissolution behavior of pyrite. 

However, few reports have been concentrated on the effect of Ag on the electrical and 

electrochemical properties of pyrite. As shown in Figure 2-2, the Ag content in pyrite is in the 

range between 8 and 900 ppm. Cabri et al. (1985) reported the Ag was present in the form of solid 

solution with a higher concentration range from 0.04 to 0.12 wt.% (Cabri et al., 1985). In this 

research, for the first time, the dissolution of Ag containing pyrite in acid solution will be discussed. 
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2.3 General pyrite oxidation study 

2.3.1 Pyrite oxidation mechanism 

Pyrite oxidation contributes to the major sources of AMD and is of significant importance in 

the geochemical cycle of Fe and S in nature.  

 

Figure 2-3 Schematic graph of pyrite oxidation in nature 

Figure 2-3 summarizes the three reactions involved in pyrite oxidation. As shown in Figure 2-3, the 

Fe3+/Fe2+ oxidation-reduction reaction functions as a bridge for pyrite oxidation. It is clear from Figure 2-

3 that the Fe3+/Fe2+ redox reaction plays an important role in pyrite oxidation and its kinetics is worth to 

be investigated and better understood. 

The oxidation of pyrite can be simply seen as the chemical process of the fracture of S-S and 

S-Fe bonds and formation of new bonds.  Nesbitt et al. suggested the S-S bond is broken at first, 

since S-S bond is weaker than Fe-S bond in pyrite (Nesbitt, Bancroft, Pratt, & Scaini, 1998). 

Related studies including analysis of the species formed during the oxidation, as well as the 

oxidative leaching kinetics, have always been interesting to researchers. Numerous mechanisms 

of pyrite oxidation in acid solution have been proposed, yet still remains its uncertainty.  
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Most of the previous studies treated pyrite oxidation as either a chemical process with molecular 

adsorption/desorption on pyrite surface or an electrochemical process with electron transfer 

occurring on the pyrite surface. A more reasonable state is that the complete oxidation of pyrite is 

a multistep reaction, containing both homogenous and heterogeneous process (Bonnissel-

Gissinger, Alnot, Ehrhardt, & Behra, 1998). Additionally, chemical reaction, corrosion reaction 

and photosynthesis may all contribute to the complex reaction of pyrite oxidation. In this case, the 

rate-limiting step can be either of the process, depending on the leaching conditions such as, pH, 

Eh, oxidants and their concentrations, and even the type of pyrite sample, the rate-controlling step 

may change from an electrochemical step to a chemical step and vice-versa. 

The other challenge to understand the mechanism of pyrite oxidation originates from the 

aqueous S chemistry due to the analytical challenges. Descostes et al. used X-ray photoelectron 

spectroscopy (XPS) to determine the surface species during the pyrite oxidation (Descostes, 

Vitorge, & Beaucaire, 2004). The results suggested that S undergoes a series of intermediate stages, 

including sulfites, thiosulfates and sulfates and the final products were sulfate and S0. Long and 

Dixon studied the pyrite pressure oxidation in sulfuric acid solution with Cu2+ being catalyst, and 

O2 being oxidant (Long & Dixon, 2004). Fe3+ and S were found in the initial oxidation process of 

pyrite, and no S2O3
2- and SnO6

2- were detected. Synchrotron-radiation-excited photoelectron 

spectroscopy has also been applied to monitor the sulfur states on the pyrite surface when using 

O2 to oxidize pyrite (Schaufuß et al., 1998). A significant spectra intensity increase was found 

between 163 and 168 eV on pyrite surface after oxidation, which can be attributed to the 

polysulfides and intermediate oxysulfur species such as sulfite SO3
2-, S2O3

2- and a new stable S-

OH species. The results also suggested S2-, S2
2- and sulfur atoms in bulk pyrite composes three 

surface sites with different oxidation rates.  
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2.3.2 Pyrite oxidation kinetics 

Fe3+ and O2 are the major oxidants reacted with pyrite in the leaching process. Garrels and 

Thompson studied the pyrite oxidation kinetics using acidic iron sulfate solutions (Garrels & 

Thompson, 1960). They measured the rate of Fe3+ ion reduction to determine the rate of pyrite 

oxidation. The results revealed that the pyrites mineral samples obtained from different mine 

locations were oxidized at markedly different rates, in spite of their similar oxidation mechanism. 

It was concluded that the rate of pyrite oxidation was chiefly a function of the solution ORP and 

was independent of the total iron concentration. Williamson and Rimstidt (1994) explored the 

pyrite oxidation rate by means of both Fe3+ ions and DO, and determined the pyrite oxidation rate 

law as a function of Fe3+ and DO concentration (Williamson & Rimstidt, 1994). The rate law for 

the pyrite oxidation reaction with DO over the pH range of 2-10 is given in Equation 4 (Williamson 

& Rimstidt, 1994): 

r =10
-8.19(±0.1) mDO

0.5(±0.04)

m
H+

0.11(±0.01)
 (2-1) 

where r is the rate of pyrite oxidation in the units of m-2 s-1. The DO concentration was found 

to have lesser effect on the rate of reaction of pyrite with Fe3+ ion in the pH range of 0.5–3 

(Williamson & Rimstidt, 1994): 

r =10
-6.07(±0.57)

m
Fe3+

0.93(±0.07)

m
Fe2+

0.40(±0.06)
 (2-2) 

Paschka Dzombak concluded that the dissolution rate of pyrite is related to the concentration 

of Fe3+ and O2 concentration. With increase of Fe3+ and O2 concentration, the dissolution rate 

increases, but decreases with increasing Fe2+ and H+ concentration (Paschka & Dzombak, 2004).  



 

 

  

 

14 

2.4 Electrochemcial study of pyrite oxidation  

As mentioned above, there have been numerous studies concerning the kinetics and mechanism 

of oxidative pyrite dissolution by DO and ferric. In earlier kinetic studies of pyrite oxidation, 

researchers have tried to measure the ferric and DO reduction rates to calculate the pyrite 

electrodissolution rate. Reaction rates available from previous studies suggest that the kinetics of 

pyrite oxidation strongly correlates with Eh (Fe3+/Fe2+ ratio and/or DO concentration), which is 

consistent with an electrochemical reaction mechanism. Recent research work tends to explain the 

kinetics of dissolution of pyrite using electrochemical techniques (Holmes & Crundwell, 2000). 

The kinetics of oxidation and reduction half reaction were studied independently by 

electrochemical techniques such as voltammetry. Mixed potential theory was used to develop an 

electrochemical model to quantify the rate of the overall reaction. Since the net oxidation and 

reduction reaction on the surface of pyrite is zero, the kinetics of both half reaction and overall 

dissolution reaction were related. The conclusions were made that the electrochemical reactions 

occurring on the surface of the mineral are the rate-controlling step in the pyrite dissolution; the 

two half-reactions are governed by charge transfer process in the region of potential in which pyrite 

dissolves. The mixed potential model is in accordance with the rate of pyrite oxidation by both 

Fe3+ ions and oxygen reported in the literature (R. Liu et al., 2009). 

2.4.1 Mixed potential theory 

Mixed potential theory or model plays an important role in the sulfide mineral leaching or 

flotation study. The mixed potential is defined as a total reaction involving two spontaneous 

processes as two half reactions, anodic reaction and cathodic reaction (D J Vaughan & Pattrick, 

1995). In the case of pyrite, the dissolution process contains the anodic reaction of pyrite and the 
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cathodic reaction of Fe3+, dissolved oxygen (DO) or other oxidants (Paul R Holmes & Crundwell, 

2000). The two half-reactions proceed simultaneously on the surface of pyrite, and both anodic 

and cathodic processes are equal since no net electron can be produced during the whole reaction.   

The mixed potential for pyrite dissolution is determined by the individual rate of anodic and 

cathodic reaction on pyrite surface. When Fe3+ is the oxidant for pyrite oxidation, the relationship 

between mixed potential and dissolution rate of individual half reactions can be written as: 

E𝑚 =  
𝑅𝑇

𝐹
ln(

𝑘𝐹𝑒3+[𝐹𝑒3+]

𝑘𝐹𝑒𝑆2
[𝐻+]−0.5 + 𝑘𝐹𝑒2+[𝐹𝑒2+]

) (2-3) 

where 𝑘𝐹𝑒𝑆2
 represents the anodic reaction rate constant, 𝑘𝐹𝑒2+  is the cathodic oxidation 

reaction rate constant, and 𝑘𝐹𝑒3+  is the cathodic reduction reaction rate constant. Assuming 

𝑘𝐹𝑒𝑆2
[𝐻+]−0.5 is much smaller than 𝑘𝐹𝑒2+[𝐹𝑒2+], the mixed potential becomes independent of pH 

and dependant on ferric and ferrous concentrations, approaching the value of the redox potential 

of the solution. However, it is worth noting that mixed potential describes the kinetic quantity, 

while redox potential is a thermodynamic concept. The redox potential is given in Equation 2-4 

by Nernst equation  

𝐸𝑟𝑒𝑑𝑜𝑥 = 𝐸𝑟𝑒𝑑𝑜𝑥
0 −  

𝑅𝑇

𝐹
ln(

𝑎(𝐹𝑒3+)

𝑎(𝐹𝑒2+)
) (2-4) 

where 𝑎(𝐹𝑒3+) and 𝑎(𝐹𝑒2+) are the reactivity of Fe3+ and Fe2+ respectively. It can be seen 

from the equation that the mixed potential is independent from the total Fe concentration but only 

depends on the Fe3+ to Fe2+ ratio. When DO and Fe3+ are both present in the solution, the modified 

mixed potential can be written as: 
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𝐸𝑚 =
𝑅𝑇

𝐹
ln(

𝑘[𝐹𝑒3+] + 𝑘𝑂2
[𝑂2][𝐻+]0.14

𝑘𝐹𝑒𝑆2
[𝐻+]−0.5 + 𝑘𝐹𝑒2+[𝐹𝑒2+]

) (2-5) 

where 𝑘𝑂2
 represents the rate constant of the cathodic reduction. According to Equation 2-3, 2-

4 and 2-5, the pyrite dissolution rate is mainly governed by mixed potential, regardless of the 

oxidant type. Based on the mixed potential theory, Bouffard et al. developed a leaching model to 

analyze the leaching kinetics of pyrite by Fe3+ in acid solution in the temperature range of 45 to 75 

ºC (Bouffard, Rivera-Vasquez, & Dixon, 2006). Different Fe3+/Fe2+ ratio was used and the redox 

potential (Eh) was controlled during the tests. It was found the dissolution of pyrite was highly 

dependent on the reaction temperature and almost independent from solution potential. The results 

also suggested pyrite oxidation and ferric reduction happened simultaneously on the surface of 

pyrite and the electron transfer is confined by mixed potential with zero net electron generation.  

 In summary, the pyrite oxidation rate can be defined by mixed potential theory and the current 

density can be used to directly describe the kinetics of the reaction. But, it should be pointed out 

that other than the mixed potential theory, the surface layers also plays a significant role in the 

pyrite oxidation rate.  

2.4.2 Electrochemical oxidation mechanism  

The electrochemistry of pyrite has been extensively studied since knowing the mechanism of 

pyrite oxidation benefits its many applications, such as flotation, leaching and a material for 

photoelectrochemical and photovoltaic solar cells. A variety of electrochemical techniques, such 

as linear sweep voltammetry, cyclic voltammetry together with surface analysis such XPS and 

Raman spectroscopy have been used to study the kinetics and mechanism of pyrite oxidation.  It 

is generally accepted that sulfur and/or a metal-deficient sulfide is formed in lower overpotentials 

and sulfate as main product in high overpotential. However, there are many unclear points in the 
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established mechanism of pyrite oxidation. The oxidation path, initial oxidized site or elements, 

the process for generation of Fe2+ and the number of total transferred electrons still needed to be 

clarified.   

Ahlberg studied the pyrite oxidation process in acid perchlorate solution using potentiodynamic 

sweep, cyclic voltammetry and rotating ring-disk technique (Ahlberg, 1997). The results showed 

pyrite dissolution was kinetically controlled and the polarization behavior was similar to metal. At 

a higher overpotential, the electron transfer number increases to 15 from 3 when overpotential is 

lower. Hydrogen peroxidation was found during the reaction and the formation of hydrogen 

peroxidation was diminished as pH decreased. Moreover, Ahlberg faced a difficulty to detect 

soluble Fe2+ via the rotating ring-disk data.  

Kelsall et al. used in-situ Fourier transform infrared spectroscopy (FTIR), ex-situ X-ray 

photoelectron spectroscopy (XPS) and ion chromatography (IC) to study the mechanism of pyrite 

oxidation in 1 M HCl solution (Kelsall, Yin, Vaughan, England, & Brandon, 1999). An 

electrochemical model was developed to generalize the pyrite oxidation in acid solution.  The 

entire oxidation process could be divided into two phases: an electrochemical reversible 

adsorption/desorption process at lower overpotential and a partially irreversible oxidation process 

at higher overpotential. The process is illustrated schematically in Figure 2-4a and Figure 2-4b.   
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Figure 2-4 Schematic diagram for (a) adsorption process on pyrite surface when pyrite 

immersed; (b) adsorption process on pyrite surface with a applied potential on pyrite  in 1 M HCl 

(Kelsall et al., 1999) 

Figure 2-4a shows the initial process of pyrite oxidation process in acid solution. When pyrite 

sample is immersed in the acid solution, the H+ ions first adsorb onto the S2
2- Lewis base site, 

followed by the O atom of water approaching Fe2+ Lewis acid site. When an anodic potential is 

applied on pyrite surface, as shown in Figure 2-4b, under the influence of the electron cloud, the 

positive end of an S2
2- dipole will be exposed to the electrolyte. Then the former adsorbed H+ will 

be detached from the disulfide sites, and the O atom of water will move towards the disulfide sites 

and be absorbed: 

Fe–S–S···H+ = Fe–S–S + H+ (2-6) 

Fe–S–S + H2O = Fe–S–S···OH2 (2-7) 

As the reaction proceeds, the Fe-S bond begins to cleave. With an increment of the polarization 

voltage, an electron from the π* antibonding orbital of S2
2- will be attracted by the outer electrical 

field. Under the combined work of π orbital of the water molecule and π* antibonding orbital of 
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S2
2-, a new bond will be generated and an H+ will be released. Figure 2-5 and Eq. 2-8 show the 

entire process.     

Fe–S–S···OH2 – e– = Fe–S–SOH + H+ (2-8) 

 

Figure 2-5 Schematic diagram for the electron transfer process with a sufficient positive 

electrode potential electrode potential (Kelsall et al., 1999). 

The above process can proceed until no further water molecules be able to target on the sulfur 

atom in an electron transfer process:  

Fe–S–SOH + H2O – e– = Fe–S–S(OH)2 + H+ (2-9) 

Fe–S–S(OH)2 + H2O – e– = Fe–S–S(OH)3 + H+ (2-10) 

Fe–S–S(OH)3  – e– = Fe–S–SO(OH)2 + H+ (2-11) 

Fe–S–SO(OH)2 – e– = Fe–S–SO2(OH) + H+ (2-12) 

Fe–S–SO2(OH)  – e– = Fe–S–SO3 + H+ (2-13) 
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After a series of interactions, it becomes more difficult to achieve electron transfer from water 

molecules to sulfur atom on pyrite. Therefore, the S-S bond begins to break and the following 

reaction occurs: 

Fe−S−SO3 = Fe2+ + S2O3
2− (2-14) 

S2O3
2- is unstable in acidic solution, and will transform to S and H2SO3: 

S2O3
2− +2 H+ = S + H2SO3 (2-15) 

And eventually, as the reaction proceeds, Fe2+, S, H2SO3 will be oxidized to:  

Fe2+ − e− = Fe3+ (2-16) 

S + 4H2O − 6e− = HSO4
− +7H+ (2-17) 

H2SO3 + H2O −2e− = HSO4
− +3H+ (2-18) 

After Fe3+ appearing in the solution, pyrite, sulfur, and thiosulfate all can be oxidized by Fe3+: 

14 Fe3+ + FeS2 + 8 H2O = 15 Fe2+ + 2 HSO4
− +14 H+ (2-19) 

6 Fe3+ + S + 4 H2O = 6 Fe2+ + HSO4
− +7 H+ (2-20) 

8 Fe3+ + S2O3
2−+ 5 H2O = 8 Fe2+ +2 HSO4

− +8 H+ (2-21) 

However, it should be noted that when thiosulfate ions are oxidized to sulfuric acid ions, 

unstable intermediates, such as S2O4
2−, S2O5

2− and S2O6
2−, may form during the oxidation process. 

Also, the oxidation of S to sulfate can only happen at a very high positive electrode potential, 

which is very difficult. According to the electrochemical oxidation mechanism proposed above, 

the final products of pyrite oxidation are Fe3+/Fe2+; S8/S2O3
2−/HSO4

−, and their relative amounts 

depend on the relative rates of Reactions from Equation 2-6 to Equation 2-21. The rate constants 

of Reactions (2-6) to (2-14) and (2-16) to (2-18) are electrode potential dependent, whereas the 

rate constants of Reactions (2-15) and (2-19) to (2-21) are electrode potential independent.  
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2.5 The passive film of pyrite in acid solutions 

The electrochemical behavior of the pyrite dissolution in acid solution generally can be 

interpreted, like other sulfide minerals, by three dominant regions: active, passive and transpassive 

regions (Warren, Wadsworth, & El-Raghy, 1982)(J. Li & Wadsworth, 1993). As shown in Figure 

2-6, in the active region (region I), oxidation of pyrite in acidic solutions has a steep slope for the 

curve of the polarization current density vs. applied potential. The region Ⅱ is passive region, 

where the current density slowly increases in a wide range of potential, showing passivation 

behavior. Previous researchers believed a layer was formed in this potential range, blocking further 

reactions on the surface, and it is the reason that the polarization current density is nearly 

independent from applied potential, as can be seen from Figure 2-6 (Ahlberg & Broo, 1997).  

Majority of investigations about pyrite oxidation in acidic solutions describe the passive region as 

between 730 – 880 mV versus SHE, where an iron-free sulfide layer formed on pyrite surface, 

causing by selective iron(Ⅲ) dissolution (Zhu, Li, & Wadsworth, 1994)(Constantin & Chiriţă, 

2013). Followed by passive region, it is the transpassive region at higher potential, where 

aggressive oxidation of pyrite occurs. In this particular range, the sulfur rich layer generated in the 

passive region will be rapidly dissolved and oxidized to SO4
2– (Olvera, Quiroz, Dixon, & Asselin, 

2014). 
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Figure 2-6 Dependence of current density on potential in hydrochloric acid solutions (I: 

active, Ⅱ: passive and Ⅲ: transpassive region) (Antonijević et al., 2005a) 

The interests about the passivation behavior of pyrite or other sulfide minerals has attracted 

more of the researchers’ attention recently. It is important for not only revealing mechanism of 

sulfide mineral dissolution, but also for the optimization of the mineral processing process, 

hydrometallurgy process and acid mine drainage (AMD) management. For example, the collector-

less flotation of pyrite has been proved to connect with hydrophobicity of the intermediate products 

produced from a slightly oxidized pyrite, and the intermediate products are believed to be the major 

compositions of passive film (Guler, Sahbudak, Akdemir, & Cetinkaya, 2014).  As for the AMD 

control, the most effective treatment is to promote the generation of the pyrite passive film 

(Johnson & Hallberg, 2005).  

From the hydrometallurgical perspectives, the passive film on the pyrite surface, whether sulfur, 

polysulfides and metal-deficient sulfides, have been commonly observed and described as the 

possible compositions of the passive layer during the sulfide mineral oxidation process. The 
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formation of the passive film on pyrite were first discussed when researchers found that pyrite 

slowly dissolve in an acid solution with a lower potential than at higher potentials, (Meyer, 1979). 

Later, Peters proposed that the generation of elemental sulfur coats the pyrite surface and causes a 

slow dissolution kinetics of pyrite and chalcopyrite (Peters, 1984). Since monoclinic sulfur has a 

higher molar volume than disulfide, the oxidation of pyrite to sulfur would result in the surface 

passivation. In addition to elemental sulfur, polysulfides have also been implicated as the causes 

of passivation of sulfide minerals. Hackl et al. have studied the leaching process of chalcopyrite in 

a sulfuric acid solution in the temperature range of 110 – 220 ºC and have demonstrated that a thin 

(< 1 um) copper rich layers forms on its surface during leaching process; the layer is believed to 

be CuSn, n > 2, and the slow chalcopyrite leaching kinetics is thought to be the result of this 

polysulfides layer (Hackl, Dreisinger, Peters, & King, 1995). Liu studied the electrochemical 

behavior of pyrite electrode oxidation by Fe3+ in sulfuric acid solution (Yun Liu et al., 2011a). The 

results showed a two-step reaction mechanism for pyrite oxidation at the interface of pyrite 

electrode and electrolyte. The results suggested that the passivation occurs in the first-step reaction 

and a higher concentration of Fe3+ prompts the faster reaction of pyrite including the formation of 

passive film on pyrite. The EIS data fitted by equivalent circuit confirmed the presence of 

passivation layer.  Despite all the above studies, the passivation mechanism and the nature of the 

passive film have not been fully explained.  

Recent research about the role of polysulfide in the passivation of pyrite suggested polysulfides 

do not cause passivation (P. R. Holmes & Crundwell, 2013). Holmes provided another explanation 

which is the pyrite oxidation is not passivated but is simply slow in the “passive” region at lower 

applied potential. In this potential range, the oxidant needs sufficient potential to interact with 

electrons in boding orbitals.  
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In summary, sulfur, polysulfide or metal-deficient sulfides have been described as the possible 

composition of passive layer during the sulfide mineral oxidation process. Different theories about 

the formation and nature of the passive film have been the subject of many publications. The 

composition of passive film is still under debate. 

2.6 Objective 

The main research objectives of this thesis are 

 To investigate the kinetics of ferric-ferrous redox reaction on pyrite. The ferrous oxidation 

on pyrite is of significance relating to Fe and S cycling and pyrite dissolution, which hasn’t 

attracted enough attention, especially from the perspective of electrochemistry. In order to study 

the ferrous oxidation reaction individually, the pyrite oxidation, which also contributes to the total 

electron transfer during the polarization process, should be excluded. Here, it is desired to build a 

procedure using electrochemical techniques to study the kinetics of redox reactions on an active 

or active-passive electrode’ surfaces. It is hoped that the techniques, which is introduced in this 

thesis, can also be applied in other fields, such as battery and fuel cell research.  

 To synthesize pyrite and doping Ag in the lattice of pyrite. Hydrothermal methods will be 

adopted to synthesize pyrite due to its low temperature and simple operation. The focuses of this 

research are to produce pure phase of pyrite, avoiding the formation of marcasite and provide a 

safer method for the purification of pyrite as the final product.   

 To study the effect of Ag within pyrite on pyrite oxidation in acid solutions. The kinetics 

of pyrite and different amount of Ag-doped pyrite will be investigated and compared. The potential 

changes introduced from Ag, including electrical properties, semiconducting properties will be 

studied. Fe and Cu-Fe containing sulfuric acid solution will be used to study the oxidation behavior 
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of pyrite and Ag-doped pyrite, since the Ag in pyrite may interact with the metal ions in the acid 

solution.  
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3. Experimental 

3.1. Pyrite minerals from different geolocations 

The electrochemical tests were conducted on the working electrodes fabricated with two high 

quality natural pyrite samples purchased from China and Spain. The quantitative phase analysis of 

the pyrite ore was determined using the Rietveld method and X-ray powder diffraction. Pyrite from 

China contained a small amount of quartz, while pyrite from Spain was relatively pure pyrite.  

Table 3-1 Elemental analysis of the pyrite samples from different geolocations 

Sample Ag ppm As% Au ppm Ca% Co% Cr% Fe% K% 

Pyrite (China) 124.0 <0.001 1.2 0.05 0.001 0.001 45.75 0.012 

Pyrite (Spain) <5.0 <0.001 1.0 0.19 0.003 0.047 45.78 0.016 

 

Sample Mg% Mn% Na% Ni% P% Pb% S% Ti% Zn% 

Pyrite (China) 0.007 0.008 0.13 0.002 0.002 0.012 52.59 0.001 0.022 

Pyrite (Spain) 0.045 0.033 0.02 0.045 0.016 0.008 53.60 0.006 0.003 

 

The chemical analysis of the pyrite samples given in Table 3-1 were determined by inductively 

coupled plasma optical emission spectrometry (ICP-OES). The analysis indicated a S:Fe atomic 

ratio of 2.04 and 2.05 for Spanish and Chinese pyrite, respectively. Chemical analysis showed 

some variations in the contents of minor and trace elements, such as Ag, As, Co, Mg, Na and Zn 

for the pyrites, since they were originated from the two different locations. The differences in the 

concentration of the trace elements (more specifically silver) might have an impact on the 

electrochemical process (Savage et al., 2008b). Pyrite is a semiconductor and natural pyrites are 
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either n- or p-type semiconductor electrodes. Pyrites consisting of high amount of arsenic behave 

as a p-type semiconductor, while n-type pyrites are typically poor in arsenic and exhibit high 

conductivities (Abraitis et al., 2004). Both pyrite samples used in this study were n-type containing 

very low amounts of As. 

3.2. Pyrite electrodes preparation 

The working electrode was made by cutting a larger piece of the pyrite minerals to a cubic 

shape with an area of 2 cm2 exposed to the solution. Copper wires were attached and fixed on the 

back of the minerals using silver loaded epoxy resin (Mg Chemicals). Afterwards, the electrode 

was covered by epoxy resin (LECO), leaving only one side uncovered to be exposed to the 

solution. For each test, the electrode was checked by an optical microscope to ensure that no 

crevice corrosion was detectable on its surface and the boundaries between the mineral and the 

epoxy resin. Prior to each test, the exposed surface of the pyrite electrode was polished using 

carbide papers numbered form 300 to 1200. The electrode was then washed, and rinsed using 

deionized water and then air-dried. 

3.3 Pyrite and Ag-doped pyrite hydrothermal synthesis and purification 

3.3.1 Pyrite synthesis 

In Chapter 6, experiments were designed aiming to produce pure pyrite and study the effect of 

reaction temperature, application of different sulfur and iron sources, and the reaction time on the 

electrical properties of the pyrite fabricated. The starting chemicals for the fabrication of the pyrite 

samples were iron sulfate heptahydrate (FeSO4·7H2O, Anachemica), sodium thiosulfate 
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pentahydrate (Na2S2O3·5H2O, Fisher Scientific), and deionized (DI) water. All the chemicals were 

analytical grade and used without further purification. The reactor is a 2 L stainless steel autoclave 

equipped with a full featured controller. The autoclave was purchased from Parr Instrument 

Company. The 2 L reactor was equipped with a glass liner and the controller offered to control the 

temperature and stirring speed and monitor a redundant temperature and pressure. Based on the 

previous research of pyrite synthesis by hydrothermal methods, the ratio of Fe and S sources can 

be an important parameter on the composition of the final pyrite product (E’Jazi & Aghaziarati, 

2012). Literature had suggested that controlling the mole ratio of FeSO4/Na2S2O3 at 1:4 will result 

in the formation of finals products of pyrite and elemental sulfur, with no marcasite produced. 

Thus, the effect of mole ratio of FeSO4 and Na2S2O3 was first investigated. The S source/Fe sources 

ratio used in the synthesis are 1, 2 and 4, at 180 °C, reacting for 4 h, mixing rate being 350 rpm. 

To study the effect of temperature on pyrite synthesis, experiments were conducted at 180 °C or 

200 and the other conditions were set as: the ratio of Na2S2O3/ FeSO4 being 4, the reaction time 

being 24 hours, and the stirring speed being 350 rpm. At last, different reaction times, 1, 2, and 4 

h, were used to study the effect of reaction time on the synthesis of pyrite.  After the reaction was 

completed, the pH of the product solutions had decreased to 0.4, and the solid products after 

cooling down to room temperature were filtered and washed by DI water 3 times. 

 

3.3.2 Pyrite purification 

        In order to obtain pure pyrite from the final synthetic products, which contain significant 

amount of elemental sulfur, a toluene-thermal method targeting the dissolution of elemental sulfur 

was developed. In a typical process, the dried synthetic products were grounded and transferred to 

a beaker containing 100 mL toluene. Then the toluene solution was heated to reach the boiling 
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temperature (110 ºC). After heating for 5 minutes, vacuum filtration was performed. The black 

powder left on the filter paper was collected washed by ethanol and DI water for several times and 

dried in oven overnight. As regards to the residue solvent, the elemental sulfur precipitated from 

the cooled toluene. After another filtration process, elemental sulfur can be obtained and the 

toluene solution can be recycled. 

3.3.3 Ag-doped pyrite synthesis 

Pyrite and Ag-doped pyrite were synthesized through a hydrothermal method performed in a 2 

L autoclave with a glass liner at 180 °C. The reaction time was set as 4 h. FeSO4 and Na2S2O3 

were used as Fe and S sources and dissolved in 800 mL DI water. The mole ratio of FeSO4 and 

Na2S2O3 was 1:4 constantly. Certain amounts of 0.1 M AgNO3 solution were added in the reaction 

solution during the pyrite synthesis process to incorporate silver to the pyrite structure. The pH of 

the solutions were measured to be about 4.5. After the reaction completion the synthetic pyrite 

products were cooled to the room temperature, washed with DI water and dried in vacuum oven 

at 60 °C. The final products were identified by X-ray powder diffraction (XRD) as pyrite and 

elemental sulfur. The elemental sulfur was removed from the pyrite by placing the pyrite in a hot 

toluene bath at 110 °C. The solubility of sulfur in toluene increases by temperature. After sulfur 

removal (i.e. purification process), the products were washed and dried in vacuum drying oven 

overnight. 

3.4 Ag-doped pyrite-carbon paste electrode fabrication 

After grinding the synthetic pyrite it was sieved through a 400-mesh sieve, and the products < 

400 mesh were used to prepare pyrite electrodes for the electrochemical studies. The concentration 
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of Ag in the Ag-doped pyrite was determined by AAS. Four different batches of Ag-doped pyrite 

samples with 138, 300, 690, and 3820 ppm silver were prepared and used in this study. The 

working electrodes were prepared by mixing the pyrite or the Ag-doped pyrite with graphite 

powder and paraffin oil with a mass ratio of 3:1:1, respectively, until a homogenous paste was 

formed. The paste was then compacted in an electrode especially designed for carbon-paste 

electrodes with one side of it attached to a platinum rod and the other side exposed to the 

electrochemical test solution. The exposure area of the paste was 0.2 cm2, and the depth of the 

electrode was about 0.4 cm. Figure 3-1 shows the structure of the special electrode made to hold 

the carbon paste pyrite electrodes. Before each electrochemical measurement, the cavity on the 

electrode was filled with fresh pyrite carbon paste and then it was polished using silicon carbide 

papers (4000). 

 

Figure 3-1 Schematic representation of the pyrite-carbon paste electrode 
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3.5 Characterization measurements 

The hydrothermal products of pyrite under different experiment conditions were analyzed by 

X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), thermal gravimetric 

analysis (TGA), scanning electron microscope (SEM) and transmission electron microscope 

(TEM) techniques. The XRD analysis was conducted by an Xpert Pro Philips powder 

diffractometer. The XPS method was then applied to determine the species in the synthetic 

products using a VG ESCALAB-3MKll XPS system with a Al Kα source, 300 W (15 kV, 20 mA). 

The binding energy calibration was based on C 1s at 284.4 eV. The TEM combined with energy-

dispersive X-ray emission spectroscopy (EDX) was also used for the characterization of synthetic 

samples after purification. The high-resolution TEM image and EDS were obtain on an aberration-

corrected FEI Titan scanning transmission electron microscope operated at an accelerating voltage 

of 200 kV in TEM mode. The qualitative phase analysis of Ag-doped pyrite were done by XRD, 

XPS and TEM. Transmission electron microscopy (TEM) combined with energy-dispersive X-ray 

emission spectroscopy (EDX) was used to characterize the crystals of the synthetic samples and 

mapping the element distribution.  

3.6 Electrochemical test solutions preparation  

The electrolyte used in the electrochemical experiments was a 0.5 M sulfuric acid solution (pH 

of 0.3) (Fisher Scientific, 95 to 98%) diluted with deionized (DI) water. Predetermined amounts 

of FeSO4 7H2O and Fe2(SO4)3 5H2O (Fisher Scientific) were mixed with the 0.5 M H2SO4 solution 

at the desired concentration. The concentration of Fe3+ ions used in Chapter 4 were 0.02 M, 0.1 M 

and 0.2 M. While in Chapter 5, only 0.02 M of Fe3+ Fe solution was used. 
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The electrochemical analysis was implemented in a three-electrode cell as shown in Figure 3-

2. The pyrite electrodes were the working electrodes; a graphite rod was used as an inert counter 

electrode. A glass-body Ag/AgCl reference electrode (Metrohm Ag) filled with 4 M KCl in the 

experiments in Chapter 4, while a 3 M KCl electrolyte saturated with AgCl (0.210V vs. SHE at 

25°C) was used as a reference electrode in Chapter 5. All potentials reported in this paper are vs. 

SHE. Correction of the measured potential to SHE at 25 °C for elevated temperatures was adjusted 

by the following equations (Bard, Parsons, & Jordan, 1985): 

Et = Eobs + E0(T) (3-1) 

E0(t) = 0.23695 − 7.8654 × 10−4T − 3.4205 × 

10−6T2 − 5.869 × 10−9T3 

(3-2) 

where Et is the potential of the working electrode vs. SHE at 25 °C under the operating 

temperature; Eobs is the observed potential of the working electrode versus the reference electrode, 

and E0(t) is the standard potential of the reference electrode as a function of temperature, where T 

is temperature in °C.  

 

Figure 3-2 Three-electrode electrochemical cell 
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Electrochemical experiments were performed using a PGSTAT 101 potentiostat (Metrohm) 

controlled by Nova software (Version 1.1). The experiments were conducted at a different 

temperature under atmospheric pressure.  

3.7 Electrochemical experiments: Fe3+/Fe2+ redox reaction on pyrite surface 

A series of steps were executed in order to conduct a chronoamperometry test. After the OCP 

of pyrite in 200 mL of sulfuric acid reached a stabilized value, a constant anodic or cathodic 

potential was applied to the electrode. The electrode was polarized for more than 30 min until a 

stable polarization current density was reached. Afterwards, 80 mL of the prepared Fe-containing 

sulfuric acid solution (0.02 M Fe3+, 0.005 M Fe2+, 0.5 M H2SO4) was added into the original 

electrolyte, while the potential was applied. The current density of the process was continuously 

registered for a minimum of 30 min after the Fe salts addition.  The process was stopped when the 

steady state current density was obtained. 

To investigate the Fe3+/Fe2+ reaction kinetics using cyclic voltammetry, the scan potential range 

was determined. In order to reduce the effect of the mass transport limit on the reaction rate 

measurement and to obtain Tafel lines for the redox reaction, the potential range selected was ± 

0.2 V vs OCP of pyrite in Fe ions acid solution, i.e. 0.57 – 0.87 V. The CV tests were performed 

separately in Fe-free sulfuric acid solution and Fe-containing sulfuric acid solution, using the same 

scan rate. Each chronoamperometry or cyclic voltammetry experiment was precedent to an open 

circuit potential (OCP) measurement. The OCP measurement was conducted until the electrode 

reached a stable potential with potential changes less than ±5 mV in 10 min.  
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3.8 Electrochemical measurements: Ag-dope pyrite oxidation  

The electrochemical tests were performed in a glass three-electrode electrochemical cell. The 

pyrite carbon paste electrode was the used as the working electrode, a graphite rod was the counter 

electrode, and the reference electrode was an Ag/AgCl electrode filled with 3M KCl solution. All 

the electrode potential values reported in this research are in reference to Ag/AgCl reference 

electrode. The electrolytes of the study were prepared with 0.5 M sulfuric acid solution. Then, 

certain amounts of FeSO4, Fe2(SO4)3 and CuSO4 were added to make Fe and Cu-Fe containing 

sulfuric acid solution. The Fe solution in this study is a 0.5 M H2SO4 solution containing 5.6 mM 

Fe3+, 1.4 mM Fe2+, and Cu-Fe solution has 5.6 mM Fe3+, 1.4 mM Fe2+,7 mM Cu2+ in 0.5 M H2SO4 

solution. The electrochemical techniques employed were linear sweep voltammetry (LSV), cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and chronoamperometry (CA). 

Before the experiments, the electrodes were allowed to rest at the open circuit potential (OCP) and 

all the electrochemical tests only started after the OCP had reached a stable value with less than 

±5 mV change within 2 min. The initial 2 h of the OCP vs. time was registered. Cyclic voltammetry 

tests were operated at a voltage range of ‒0.4 to 0.8 V starting from OCP value with a positive 

scan first. The scan rate in the tests was selected to be 50 mV/s, particularly because this scan rate 

produced the most stable results. Four cycles were performed, and the date from the second cycle 

were extracted to plot the CV curves, because the shapes and peak intensities representing the 

redox reactions on the electrode surface become similar after the first scan. The LSV tests were 

conducted to determine the dissolution kinetics of the synthetic pyrite in the acidic solutions (i.e. 

sulfuric acid solution, Fe-containing sulfuric acid solution, an Cu- and Fe-containing sulfuric acid 

solution. The applied potential started at -0.1 V vs OCP to +0.1 V vs. OCP at 1 mV/s. The CA 

tests were carried out in Fe-containing and Cu- and Fe-containing acid solutions on Ag-free pyrite 
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and a pyrite electrode with 690 ppm doped Ag. After the OCP was stabilized, the working electrode 

was polarized at an increased potential of 10 mV from OCP every 30 min until a maximum applied 

potential of 0.72 V was reached. Finally, the EIS tests were conducted at 0.64V in Cu- and Fe-

containing acid solution with an amplitude of 10 mV and scanning frequency from 100 kHz to 10 

Hz. 
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4. Fe3+/Fe2+ reduction-oxidation mechanism and kinetics studies 

on pyrite surfaces 

4.1 Introduction 

As mentioned in the literature review section, the chemical composition of the pyrite oxidation 

products are still under dispute and only a little agreement has been reached in this area. 

Furthermore, the previous studies have not adequately elucidated the kinetics of pyrite oxidation 

and the electrochemical reactions taking place on the surface of pyrite. An important aspect of the 

pyrite oxidation kinetics is the Fe3+/Fe2+ couple reaction kinetics on the pyrite surfaces shown in 

Equation 6. 

Fe3++ e- → Fe2+ (6) 

Previous studies put emphasis on the kinetics of Fe3+ reduction and pyrite oxidation. Very few 

studies have addressed the Fe2+ oxidation reaction on the pyrite surface, which has been proven to 

be the rate-limiting step in the overall pyrite oxidation process (Garrels & Thompson, 1960). 

Fe3+/Fe2+ oxidation-reduction reactions are electrochemical reactions and their kinetics can be 

commonly studied via the electrochemical methods. Typically in the electrochemical studies, a 

potential is applied (a constant potential or a carried potential) and the registered current density 

represents the number of electrons transferred in the oxidation process, where each mole of the 

electrons transferred is generated by the oxidation of one mole of Fe2+. The process to study the 

Fe3+/Fe2+ couples kinetics on the surfaces of noble metals, e.g. gold and platinum, and active-

passive metals, e.g. stainless steels and titanium, is straightforward and has been addressed in the 

literature. In the case of noble metals and active-passive metals and alloys, the interfering 

electrochemical reactions, such as metal oxidation or reduction, do not exist or the currents 
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generated through those side reactions are negligible. Thus, the current registered in the 

potentiostat can be considered to be originated from a Fe3+/Fe2+ redox reaction only.   

The kinetics of the Fe3+/Fe2+ redox reaction has not been explicitly studied on pyrite minerals. 

The measurement of the Fe3+/Fe2+ reaction kinetic values on pyrite surfaces via electrochemical 

methods is much more challenging than that on the surface of the noble metals, particularly due to 

the presence of other interfering reactions. The most important interfering reactions in the case of 

pyrite are pyrite oxidation and/or reduction reactions. The equilibrium potential of Fe3+/Fe2+ 

couple under standard conditions is E0 = 0.771 V vs. SHE, which falls approximately in the 

potential range that pyrite (and many other sulfide minerals) would be oxidized. Therefore, the 

overall registered current density in an electrochemical potentiostat instrument can originated 

from: (1) The Fe3+/Fe2+ couple reactions on the pyrite electrode; (2) Oxidation or reduction 

reactions of pyrite; (3) Oxidation or reduction reactions of the impurity minerals typically occurred 

with the pyrite mineral; (4) Redox reactions of other species present in the solution. Due to the 

above challenges, there is a lack of research for Fe3+/Fe2+ redox reactions on the pyrite mineral 

electrodes. Ghahremaninezhad et al. (2012) have proposed a method to explore the kinetics of 

Fe3+/Fe2+ couple on the surface of a passivated chalcopyrite mineral ( a. Ghahremaninezhad, 

Dixon, & Asselin, 2012). 

In this chapter, the kinetics of Fe3+/Fe2+ couple on the pyrite surface in an acidic sulfate media 

are discussed. Important kinetics parameters including exchange current density, charge transfer 

coefficients and rest potential of Fe3+/Fe2+ on the surface of pyrite were measured or calculated for 

the first time. 
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4.2 Results and Discussion 

4.2.1 Cyclic Voltammetry Test 

The effect of Fe3+ and Fe2+ ions addition to the pyrite oxidation solution was evaluated by cyclic 

voltammetry tests. Figure 4-1a shows a cyclic voltammetry test on the pyrite electrode in 100 mL 

of 0.5 M sulfuric acid solution at 22 °C. Figure 4-1b was plotted in the same conditions as those 

of Figure 4-1a; however, 0.057 M of Fe3+ and 0.014 M of Fe2+ ions were added to 140 mL of 0.5 

M sulfuric acid solution. After reaching a stable open circuit potential (OCP), the potential was 

applied in a positive scanning direction, from OCP, which are 640 and 694 mV for the Fe3+/Fe2+ 

free and Fe3+/Fe2+ containing solutions respectively, to a given positive vertex potential of 1000 

mV. The scan direction was reversed at 1000 mV. Subsequently the potential was scanned to the 

negative vertex potential of -100 mV, followed by a further positive scan back to the OCP. The 

scan rate for the test was set at 20 mV s-1 (Gu, Sun, Hu, Li, & Qiu, 2012).  

 

Figure 4-1 Cyclic voltametric i-E curves for the pyrite electrode (a. Cyclic voltammetric i-E 

curve  in 100 mL 0.5 M H2SO4 at 22 °C on pyrite electrode. Scan rate = 20 mV S-1; b.Cyclic 

voltammetric i-E curve for 0.057 M Fe3+, 0.014 M Fe2+ in 140 mL 0.5M H2SO4 at 22 °C on 

pyrite electrode. Scan rate = 20 mV s-1 
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As shown in Figure 4-1, the i-E behaviors are dramatically different in solutions with and 

without the addition of Fe3+/Fe2+ couple. In general, the current densities for Fe3+/Fe2+ containing 

solution are much higher than those of pure 0.5 M H2SO4 solution. By moving to the anodic area 

through increasing the potential of the electrode, the background anodic current in the acidic 

electrolyte progressively increases, which represents the oxidation of pyrite. At around 700 mV, 

when the oxidation process occurred on both electrode of Figure 4-1a and Figure 4-1b, the 

registered current densities were 315 and 375 µA cm-2, respectively. An assumption could be made 

that up to 80% of the oxidation current density on pyrite is originated from pyrite oxidation. The 

other situation would be the case at which the reduction of Fe3+ falls into the oxidation region of 

pyrite, when the applied potential is around 600 mV. The registered current density of pyrite 

oxidation at this point is about 130 µA cm-2, whereas the current density with Fe3+/Fe2+ ions is less 

than -500 µA cm-2. The oxidation of pyrite can still overlap with the reduction of Fe3+ in a clear 

extent. As for the reduction of pyrite, the reductive reactions are likely to correlate with oxygen 

reduction to water which has less effect on the study of Fe3+ reduction behavior when the applied 

potential is greater than 400 mV.  

4.2.2 Anodic-polarization experiments 

As highlighted in the previous section, one of the challenges in studying the Fe3+/Fe2+ redox 

reaction on the pyrite electrodes is that the measured current on pyrite surfaces represents both the 

currents generated from Fe3+/Fe2+ redox reaction and that of the pyrite surface oxidation. 

Therefore, to study the Fe3+/Fe2+ redox reactions kinetics on the pyrite surfaces, it is substantial to 

isolate the Fe3+/Fe2+ reactions from the pyrite oxidation reaction and other side-reactions.  
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To eliminate the pyrite oxidation reaction currents and the oxygen reduction reaction currents 

on the surface of the electrode, the electrode was polarized at a constant potential until steady state 

was achieved; at steady state the current density (whether it is anodic or cathodic) represents the 

pyrite oxidation or reduction reaction, oxygen and/or water reduction reactions but not Fe3+/Fe2+ 

reactions yet, assuming the amount of iron dissolved from the electrode into the solution is 

insignificant and negligible. After reaching steady state current density during potentiostatic 

polarization, an acidic solution containing pre-determined Fe3+ and Fe2+ sulfates was added to the 

solution. The composition of the solution added to the electrolyte was pre-calculated so the sulfuric 

acid concentration of the final electrolyte remains constant, but the Fe3+ and Fe2+ concentrates are 

set at desirable concentrations and ratios. Addition of the Fe3+/Fe2+ ions into the solution changes 

the current density of the potentiostatic polarization, reaching a secondary steady state. The 

difference between the two steady state current densities, i.e. one before the Fe3+/Fe2+ solution 

addition and one after its addition, represents the current originated from Fe3+/Fe2+ reactions on 

the pyrite surfaces. Thus the current difference was used to describe the isolated Fe3+/Fe2+ 

oxidation-reduction kinetics on pyrite surfaces. Figure 4-2 illustrates a typical polarization process 

of pyrite at 0.76 V, in 0.5 M H2SO4 solution for 7000 seconds, and then the jump in the current 

due to the addition of iron salts to the electrolyte. After the addition of the acidic iron salt solution 

the concentration of sulfuric acid was still the same as 0.5 M, and the Fe3+ and Fe2+ concentrations 

were 0.029 M and 0.007 M, respectively. As shown in Figure 4-2, the addition of Fe3+/Fe2+ has 

increased the overall current density from 5 to about 53 µA cm-2. 
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Figure 4-2 Registered current densities before and after the addition of Fe3+/ Fe2+ couple ions 

at 0.76 V 

The same procedure as that of the above paragraph was followed for several potentials, in order 

to collect the Fe3+/Fe2+ couple reactions kinetics over a large potential window on the pyrite sample 

surfaces. During the polarization experiments, the setting potentials were applied on the pyrite 

electrode for no less than 2 h, depending how fast the steady state current was reached. Figures. 4-

3a and b show the potentiostatic current density behavior of the pyrite electrodes oxidation and 

reduction in 0.5 M H2SO4 solution at different applied potentials of 0.63, 0.66, 0.68, 0.76, 0.84, 

and 0.92 V. The current densities in the anodic region in Figure 4-3a indicate a sharp decrease 

after a few minutes and become stable within 2h, while in the cathodic regions as shown in Figure 

4-3b, the current densities show a sudden uprising and then become stable. Formation of a metal-

deficient sulfide passive film on the surface of pyrite has been shown to be the reason for the sharp 

decrease in the current prior to reaching the steady-state dissolution current density at low 

overpotentials (Ahlberg, 1997). After addition of Fe3+/Fe2+-containing solution the current density 

of the test showed a quick change, either positive or negative jump depending on the applied 

potential on the electrode; if the applied potential is above the equilibrium potential for Fe3+/Fe2+ 
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redox reaction then the jump would be positive towards Fe2+ oxidation to Fe3+, and if the applied 

potential is lower than the Fe3+/Fe2+ redox reaction equilibrium potential, then the jump in the 

current value would be negative, representing Fe3+ reduction to Fe2+. 

 

Figure 4-3 Chronoamperometry response of pyrite polarization from 0.63 V- 0.92 V in 

0.5 M H2SO4 at 22 °C (a. Anodic polarization from 0.76 V-0.92 V; b. Cathodic Polarization 

from 0.63 V- 0.68 V) 

It is worth mentioning that in the Fe3+/Fe2+ free solutions (i.e. before addition of the iron salt 

solution), the pyrite oxidation current densities were in the order of 10-6 to 10-5A cm-2, which was 

significantly lower than the current densities obtained after the addition of Fe3+ ion in the anodic 

region. For the cathodic polarization, the current density with the applied potential of 0.63-0.68 V 

is at a magnitude of 10-6 A cm2. With the Fe3+/Fe2+ ions addition to the solution, the registered 

current densities are commonly in the range of 10-5 to 10-3 A cm-2. These results demonstrate that 

the kinetics of Fe3+/Fe2+ redox reaction on pyrite surface is much faster than the pyrite oxidation 

reaction. 

It is noted that the i-t behavior of the electrode is different if the applied potential is greater than 

0.92 V, as presented in Figure 4-4. At this potential or higher potentials the current density 
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consistently increases to a peak after only a few minutes due to the decomposition of the surface 

metal-deficient sulfide passivated layers and then the dissolution current density decreases; 

however, the magnitude of the current density during the test is very high, which reflects the fact 

that no passive layer exists on the electrode surface at potentials above 0.92 V. This high potential 

region is usually not achievable in typical atmospheric hydrometallurgical leaching and oxidation 

conditions, thus the electrochemical behavior of pyrite and Fe3+/Fe2+ redox kinetics at these high 

potentials are not in the scope of the present research. 

 

Figure 4-4 Chronoamperometry response (1.1 V) of pyrite polarization in 0.5 M H2SO4 at 22 

°C 

4.2.3 Tafel curves for Fe3+/Fe2+ redox reaction on surface of pyrite 

Tafel analysis usually serves as a powerful tool in analyzing and quantifying the 

electrochemical kinetics of the iron couple redox reaction on different electrodes (Lee, Hong, & 

Kjeang, 2012). Generally the electrochemical kinetics of the Fe3+/Fe2+ oxidation-reduction 

reaction can be described using the Butler-Volmer equation:  

       i0 = k
Fe2+[Fe2+] exp (

αaFE

RT
) - k

Fe3+[Fe3+] exp (
-αcFE

RT
) 

(4-1) 
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where i0 is the exchange current density, [Fe3+] is the concentration of Fe3+, [Fe2+] presents the 

concentration of Fe2+, k
Fe3+  is the reduction rate constant, k

Fe2+  represents the oxidation rate 

constant, αa is the anodic transfer coefficient, αc is the cathodic transfer coefficient and αc+ αc = 1 

for single-step reactions such as Fe3+/Fe2+ redox reactions. To simplify the Butler-Volmer 

equation, the Tafel equation would be obtained under the slightly high over-potential region. With 

a slight over-potential, two straight lines with the slopes of 
αanη

RT
 and -

αcnη

RT
 were obtained. The 

simplified Butler-Volmer equation can be written for both anodic (iox) and cathodic (ired) regions 

as: 

log 𝑖𝑜𝑥 = log i0 + 
αanFη

2.3RT
 

(4-2) 

log 𝑖𝑟𝑒𝑑 = log i0 - 
αcnFη

2.3RT
 

(4-3) 

An assumption was made in order to obtain a reasonable Tafel diagram: the mass transport 

limitation was neglected, as it was assumed that the distribution of reactants were uniform and 

additionally the solution was well-stirred. In other words, the diffusion of Fe3+/Fe2+ to the surface 

of the electrode, and the diffusion of the reaction products away from the surface of the electrode 

are much faster than the reaction rates thus the process is reaction controlled, i.e. charge transfer 

controlled, but not mass controlled. On the other hand, once a relatively high over-potential was 

reached the kinetics of Fe3+/Fe2+ redox reaction can change from charge transfer controlled to 

diffusion-controlled processes. In order to ensure the rationality of this assumption, the limiting 

current density for Fe3+/Fe2+ in the electrolyte was calculated. An estimate of the diffusion limited 

current density can be calculated via the following Equation 4-4: 

                    id = nFkc = nF
D

δ
c 

(4-4) 
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where the magnitude of D is 5×10-6 cm-2 s-1 and δ is 5×10-3 cm (Makrides, 1964a); then the 

diffusion-limited current density at Fe3+ concentration of 0.057 M would be 5×10-3 A cm-2. The 

calculated diffusion-limited current densities for Fe2+ or Fe3+ is at least two orders of magnitude 

greater than the current densities after iron salts addition in all experiments. Thus the above 

assumption is justifiable and rational. 

The difference between the measured current densities before and after the addition of Fe3+/Fe2+ 

ions (Δi) and applied potential are plotted in Figs. 4-5 and 4-6. Standard Tafel curves were then 

obtained for the redox reactions of Fe3+ and Fe2+ on the pyrite electrodes surfaces. The observation 

of the two straight lines in each figure rules out the possibility of diffusion process as a main 

process (i.e. if diffusion current is present then the anodic and cathodic lines of Figs. 4-5 and 4-6 

will deviate from straight lines). The results demonstrate that in the potential regions of the current 

study, the Fe3+/Fe2+ oxidation-reduction reactions are under electron transfer control on pyrite 

surfaces.  

From the Tafel curves and equation, the equilibrium potential of Fe3+/Fe2+ on the pyrite 

electrode in acid sulfate medium has been determined. The other kinetics parameters calculated 

through this study are the exchange current density (i0), apparent anodic coefficient (αa) and 

apparent cathodic coefficient (αc). The calculated kinetic parameters were used to quantify the 

Fe3+/Fe2+ oxidation-reduction process on the surface of pyrite minerals. 

2.3.4 The effect of pyrite origins  

Pyrite samples originated from different geographical locations show different electrical 

properties, particularly due to the slight differences in their lattice structures and the impurities and 

trace elements. Thus, depending on the geological conditions in which pyrite is formed, pyrite can 

exhibit either n-type or p-type semiconductor properties (Gupta, Ravindra, & Srivastava, 1980). 
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The n-type or p-type characteristic of minerals have apparent correlation with their electrochemical 

behavior (Biegler, 1976), as p-type semiconducting minerals usually leach faster under oxidation 

conditions than n-type semiconducting minerals, and n-type semiconductors react faster under 

reducing conditions, than p-type semiconducting minerals. The mechanism of Fe3+/Fe2+ redox 

reaction was studied using two types of pyrite acquired from different geological regions (Spain 

and China).   

Tafel regions and kinetic parameters of pyrite from China and Spain are shown in Figure 4-5a and 

b. From Figure 4-5 the equilibrium potential of Fe3+/Fe2+ redox couple in sulfuric acid solutions 

with Fe3+ to Fe2+ molar ratio of 4 to 1 (0.057 M Fe3+, 0.014 M Fe2+) at 22 °C on the Chinese and 

Spanish pyrite electrodes were calculated to be 0.68 and 0.67 V, respectively. 

 

Figure 4-5 Tafel curves of Fe3+/ Fe2+  on pyrite surface from different origins (a. Pyrite from 

China, 0.057 M Fe3+, 0.014 M Fe2+  in 0.5 M H2SO4 at 22 °C; b. Pyrite from Spain, 0.057 M 

Fe3+, 0.014 M Fe2+, in 0.5 M H2SO4 at 22 °C) 

The equilibrium potential of Fe3+/Fe2+ on pyrite surface in the acidic solution is an important 

parameter to elucidate the electrochemical mechanism and kinetics of pyrite dissolution. The 
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overall reaction of pyrite dissolution can be written in terms of a half reaction for both pyrite 

oxidation and Fe3+ reduction on the pyrite surface. These half-reactions are: 

                  FeS2+8 H2O →Fe2++2 SO4
2-

+16 H++14 e- (4-5) 

                   14 Fe
3+

+14 e-→14 Fe2+ (4-6) 

The thermodynamic driving force for the overall pyrite oxidation reaction is the potential 

difference between the equilibrium potential of Fe3+/Fe2+ redox couple and the anodic equilibrium 

potential of pyrite oxidation ( Holmes & Crundwell, 2000). The equilibrium potential of Fe3+/Fe2+ 

couple in a sulfuric solution can be calculated by using Nernst equation:  

E = E0 + 0.059 log
aFe3+

aFe2+
 (4-7) 

 In the above equation,  E0 is the standard electrode potential of the Fe3+/Fe2+ couple (770 mV 

at 25 °C) (Bard, Inzelt, & Scholz, 2008); aFe3+and aFe2+ are the corresponding chemical activities 

of Fe3+ and Fe2+ ions. Meanwhile, the complexation of Fe3+ and Fe2+ ions in H2SO4 solution must 

be taken into consideration. By using the data bases from PHREEQC (Version 3) (Parkhurst & 

Appelo, 2013), the activity values of Fe3+ and Fe2+ along with Fe aqueous speciation in 0.5 M 

H2SO4 solution can be calculated. The speciation data for a 0.057 M Fe3+ and 0.014 M Fe2+ 

containing sulfuric acid solution at 22 °C are presented in Table 4-1.  
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Table 4-1 Fe3+ and Fe2+ speciation and activities calculation using PHREEQ (0.057 M Fe3+, 

0.014 M Fe2+  in 0.5 M H2SO4 at 22 °C) Percent speciation is calculated based on either total 

Fe3+ or Fe2+ iron 

Species 

Fe(II) Fe(III) 

FeHSO4
+ Fe2+ FeSO4 FeHSO4

2+ FeSO4
+ Fe(SO4)2

- Fe3+ 

Activity 

(×10-3) 
5.38 1.43 1.87 12.50 10.70 1.73 0.13 

Mole (%) 47.6 41.8 10.6 66.3 27.0 3.8 2.8 

 

Calculations show that the predominant Fe2+ species are FeHSO4
+ and Fe2+, which comprise at 

47.6% and 41.8% of total Fe2+ respectively. The concentration of other Fe2+ species only account 

for about 10%. Speciation of Fe3+ ions is more complicated. The predominant species for Fe3+ is 

FeHSO4
2+ (66.3% at 22 °C), followed by FeSO4

+ (27%). About 2.8% of Fe3+ is present as free Fe3+ 

ions. This model suggests Fe3+ is much more prone to speciation than Fe2+, thus the free Fe3+ 

concentration will have greater decrease than that of free Fe2+ (Casas, Crisóstomo, & Cifuentes, 

2005). Hence, the real Fe3+/Fe2+ concentration ratio in solution is much lower than 4. This 

thermodynamic model of Fe3+/Fe2+ in sulfate solution shows that the real Fe3+/Fe2+ concentration 

ratio in the solution is in the order of 10-2 when the nominal Fe3+/Fe2+ concentration ratio is 4. On 

the other hand, the significantly lower value of the real ratio results in a larger negative value for 

log (αFe3+/αFe2+).  

By application of the activity values obtained from this model, the equilibrium potential of the 

Fe3+/Fe2+ couple in the test solution is calculated to be 0.71 V, which is close to the experimental 
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value of 0.68V. The deviation of experimental value E compared to the calculated value can be 

justified based on the following considerations: (1) An appreciable liquid junction potential drop 

between the solution and the reference electrode during the experimental measurements; (2) 

Adsorption of the sulfate ions and other anions occurs on the pyrite electrodes, which can change 

the charges of the reacting species (e.g. Fe2+ ion will adsorb sulfate anion and become charge-free 

species) and influence the double layer structure (Zdeněk Samec & Weber, 1977). It is also worth 

noticing that the equilibrium potential of Fe3+/Fe2+ in fact represents the redox potential of the 

electrolyte in our study. Some researchers have equated the mixed potential and redox potential, 

which is incorrect (May, Ralph, & Hansford, 1997). In fact, the redox potential is a thermodynamic 

parameter which is measured using Nernst equation, whereas the mixed potential has an 

incorporated kinetic factor in it and is determined from Butler-Volmer equation (Bard & Faulkner, 

1980). 

The difference between the measured equilibrium potential and standard equilibrium potential 

of Fe3+/Fe2+ has been studied and related to the anion adsorption effect on the noble metal electrode 

in previous studies (Bochmann & Vielstich, 1988). The measured value only agrees well with the 

thermodynamics calculation when no complex forms in the electrolyte (such as the case where 

perchloric acid is used as electrolyte). Moreover, the anion that can adsorb on the electrode surface 

has been proved to have catalytic effect and consequently increase the oxidation reaction rate. It 

is found that the rate constant of Fe3+/Fe2+ reaction on Pt and Au rotating disk electrodes is strongly 

affected by adsorption of trace of anions, such as chloride, bromide and sulphate in HClO4 (Weber, 

Samec, & Mareček, 1978b). By comparison of the rate constant, k, for the Fe3+/Fe2+ redox reaction 

in 0.5 M HClO4 with the value in 0.5 M H2SO4, it is found that the reaction is much faster in H2SO4 

than in HClO4. In fact, the addition of only 3×10-5 M H2SO4 to 0.5 M HClO4 can lead to a 
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considerable increase in the rate constant from 10-5 cm s-1 to 1.3×10-4 cm s-1. The rate constant of 

the reaction increases exponentially with the coverage of the electrode by anions. Researchers have 

tried to explain the mechanism of the catalytic effect of anions in accelerating the electrode 

reaction of Fe3+/Fe2+ system (Zdenĕk Samec, 1999). One of the possible explanations is the 

presence of a bridge mechanism. It could be assumed that the SO4
2- complex with iron cations 

which facilitates the electron transfer in an inner sphere path (Hung, 1987).  

In addition to the equilibrium potential, the exchange current density values of the Fe3+/Fe2+ 

couple reaction, io, on the two pyrite samples can be extracted from Figs. 4-5 and 4-6. The 

exchange current density in fact is the intersection of the two straight Tafel lines. The calculated 

io for the Fe3+/Fe2+ reaction on the pyrite sample from China and pyrite sample from Spain are 

3.86×10-5 A cm-2 and 5.87×10-5 A cm-2, respectively. The corresponding values on noble metals, 

such as Pt, is about 10-2 A cm-2, which is much larger than io on pyrite. However, the io value 

calculated in this study is fairly close to the values calculated for superficially oxidized Fe, Ni, and 

Fe-Cr alloy electrodes, which are presented in Table 4-2. Clearly this is due to the fact that a 

superficially oxidized metal or alloy has an extremely thin metal oxide film on the surface with a 

relatively similar crystal structure and bonding structure to that of pyrite surface, whereas the 

surface of noble metals is free of oxides and the bond between the metallic atoms is metallic bond 

which is different from the bond structure of the oxides and sulfides.  
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Table 4-2 Comparison of i0, αa, αc for Fe3+/Fe2+ couple on pyrite, chalcopyrite, metal, alloy 

electrodes in H2SO4 

Electrode 

Exchange 

current density 

(A cm-2) 

Anodic 

transfer 

coefficient 

Cathodic 

transfer 

coefficient 

H2SO4 Reference 

Pt ~10-2 0.58 0.42 0.5 M (Weber et al., 1978b) 

Ni ~10-5 0.5 0.4 1 M (Makrides, 1964a) 

CuFeS2 10-6 0.37 0.5 0.5 M ( A. Ghahreman et al., 

2012) 

Fe-Cr 10-6 0.35 0.4 1 M 
(Makrides, 1964b) 

 

Ghahremaninezhad et al. (2012) have shown that the Fe3+/Fe2+ exchange current density on a 

passivated chalcopyrite electrode is about 10-6 A cm-2. This value is smaller than the calculated 

value in our study, which shows that the Fe3+/Fe2+ redox reaction has faster kinetics on the pyrite 

surfaces than that on the chalcopyrite surfaces. The fact that the Fe3+/Fe2+ redox reaction is faster 

on pyrite than chalcopyrite is an interesting finding. It has been shown that the presence of the 

pyrite mineral in a chalcopyrite concentrate can increase the chalcopyrite dissolution kinetics in a 

Fe3+ sulfate leaching process. This has been claimed to be due to the galvanic interaction of pyrite 

and chalcopyrite (Olvera et al., 2014). A galvanic interaction between two minerals occurs when 

a physical contact forms between the two minerals, and electrons transfer from the mineral with 

smaller rest potential (anode, in this case it is chalcopyrite) to the mineral with greater rest potential 

material (cathode, in this case it is pyrite) (Y. Li, Kawashima, Li, Chandra, & Gerson, 2013). In 

the presence of pyrite, a galvanic cell forms between pyrite and chalcopyrite in which cathodic 

half-cell reaction occurs on the pyrite surface owing to the greater rest potential of pyrite (660 mV 

SHE) than that of chalcopyrite (560 mV SHE). The slow chalcopyrite dissolution rate in the 
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absence of pyrite has been proposed to be due to a slow cathodic half-cell reaction on the 

chalcopyrite surface (Olvera et al., 2014). Based on the Fe3+/Fe2+ kinetics comparison on pyrite 

(about 10-5 A cm-2; this study) and chalcopyrite (10-6 A cm-2; Ghahremaninezhad et al. (2012)), it 

appears that Fe3+ reduction or Fe2+ oxidation is faster on pyrite surfaces. Thus during a galvanic 

interaction between a chalcopyrite and a pyrite mineral particles, Fe3+ reduction on the pyrite 

surface and in return chalcopyrite oxidation is the favorable process. The generated Fe2+ ions 

during this process will oxidize back to Fe3+ on the pyrite surface. The addition of more pyrite to 

the leaching reactor is expected to provide more pyrite surfaces for the Fe3+ reduction reaction and 

improve the overall chalcopyrite leaching reaction kinetics. This agrees well with the results in 

literature (Dixon, Mayne, & Baxter, 2007).  

The anodic and cathodic transfer coefficients of the two pyrite electrodes are presented in Table 

4-3. The cathodic transfer coefficients of the two pyrite electrodes under different conditions and 

solution compositions show only slight changes, ranging from 0.41 to 0.49 at all the experiment. 

However, the changes in the anodic transfer coefficient with changing the solution composition or 

the mineral place of origin is significant, for the lowest value being 0.23 and the highest being 

0.45. 
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Table 4-3 Kinetic parameters of Fe3+/ Fe2+ redox reaction on pyrite surface from under 

different origins and different Fe3+/ Fe2+ concentrations 

Pyrite 

origin 

Fe3+ 

(mol L-1) 
E° (V) io (A cm-2) αa αc 

Standard rate constant  

(cm s-1) 

China 0.2 0.68 3.86×10-5 0.23 0.49 6.92×10-5 

Spain 

0.2 0.68 5.87×10-5 0.45 0.47 2.57×10-4 

0.1 0.67 2.55×10-5 0.43 0.45 1.68×10-4 

0.02 0.68 2.3×10-5 0.24 0.41 1.25×10-4 

 

The results presented in Table 4-3 show that the values of the anodic charge transfer coefficients 

are significantly different for the two different electrodes even under similar test conditions, and 

the sum of the anodic and cathodic transfer coefficients for both electrode is less than 1.  

This demonstrates that the electrochemical redox reaction for Fe3+/Fe2+ couple on pyrite mineral 

depends on the sources of the minerals, and most likely the composition of the minerals. As shown 

in Figures 4-5 and 4-6 and Table 4-3, the two Tafel lines are clearly asymmetrical, and the cathodic 

polarization transfer coefficients are greater than those of the anodic polarization sides. This 

indicates that the reduction process of Fe3+ to Fe2+ is faster than the oxidation reaction of Fe2+ to 

Fe3+. The rapid reduction process of Fe3+ to Fe2+ shows a typical n-type semiconductor property. 

Pyrites obtained from the different geological locations can be either n-type or p-type 

semiconductors, depending on the composition and concentration of their trace impurities. 

Generally, the semiconductor type of a mineral depends on the vacancies created by both the 

stoichiometric composition and impurity (Tao, Richardson, Luttrell, & Yoon, 2003). If 
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semiconductor acts as an acceptor then it is known to be a p-type semiconductor and vice versa. 

Both selected pyrites of this study are n-type semiconductors.  

 

Figure 4-6 Tafel curves of Fe3+/Fe2+ on pyrite surface for different total Fe concentrations (a. 

Pyrite from Spain, 0.029 M Fe3+, 0.007 M Fe2+, in 0.5 M H2SO4 at 22 °C; b. Pyrite from Spain, 

0.0057 M Fe3+, 0.0014 M Fe2+, in 0.5 M H2SO4 at 22 °C) 

 The calculated values of the apparent anodic transfer coefficients for the pyrite samples of 

this study are less than what is expected from the oxidation of Fe2+, which likely is attributed to 

the semiconducting characteristics of the pyrite electrodes. Gerischer (1990) was the first to 

propose the fundamental concept of electrochemistry about semiconductors when studied the 

electron exchange between the oxide covering a metal and a redox couple in the solution 

(Gerischer, 1990). It was found that the electron exchange process between the redox couple and 

the surface oxide film caused an appreciable drop in the total potential of the semiconductor 

electrode. Apparently semiconductor electrodes behave differently in many respects with pure 

metal electrodes. In the case of pyrite oxidation, this means that the surface films on pyrite will 

impede the electron transfer from the Fe2+ ion towards the surface of pyrite electrode, thus the 

measured anodic transfer coefficient can be less than 0.5. 
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4.2.4 The effect of Fe3+/Fe2+ ion concentration 

It was observed that the rate of the oxidative leaching of pyrite in the acidic Fe3+ solutions is 

independent of the total iron content, especially when the iron concentration is higher than 0.05 M 

(Zheng, Allen, & Bautista, 1986). In order to investigate the effect of total iron concentration on 

Fe3+/Fe2+ redox kinetics, different iron concentrations with same molar ratio of Fe3+/Fe2+ ions were 

used and the redox reaction kinetics parameters were measured. Three Tafel regions of Fe3+/Fe2+ 

couples reaction on the pyrite surfaces with 0.057, 0.029, 0.0057 M Fe3+ and Fe3+:Fe2+ mole ratio 

of 4:1 in 0.5 M sulfuric acid solution at room temperature are illustrated in Figs. 4-5 to 4-6. The 

kinetics parameters of this study are presented in Table 4-3. The equilibrium potential of the 

Fe3+/Fe2+ couple for the three concentrations experimented in this study were the same value as 

that of the test on the pyrite electrodes with different origins, i.e. about 0.68V. This result proves 

that at a constant Fe3+/Fe2+ mole ratios the redox potential is independent of the total Fe 

concentration in the solution. The results of a thermodynamics analysis on the H2SO4-Fe2(SO4)3-

FeSO4-H2O system have confirmed that the iron species distribution in the solution depends on 

the total iron concentration (Yue, Zhao, Olvera, & Asselin, 2014). By using the PHREEQC model 

for calculation again, the almost same mole and activity ratio of Fe3+/Fe2+ were obtained under the 

experiment conditions. The result of this study confirms the consistency of the species distribution 

when increasing the amount of the total iron with same Fe3+/Fe2+ mole ratio at a wide range. In 

other words, when increasing the total amount of Fe with same nominal Fe3+/Fe2+ mole ratio, the 

activity ratio of Fe3+/Fe2+ remains constant. It is also noteworthy that the measured redox potentials 

are independent of the concentration of Fe3+ in the range of 0.0057 to 0.0570 M, and Fe2+ in the 

range of 0.0014 to 0.0140 M, respectively. Additionally, observation of a similar equilibrium 

potential for solutions with the same Fe3+/Fe2+ mole ratio but different total iron concentrations 
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suggests that the Fe3+/Fe2+ couple reaction on the pyrite surface is a one electron transfer reaction. 

Even though the other Fe2+ and Fe3+ species, such as FeSO4, FeSO4
+, FeHSO4

+ and FeHSO4
2+, 

may contribute to the electron transfer reaction (Zdeněk Samec & Weber, 1977), the same 

equilibrium potential suggests that the proportion of all the species remains constant when 

increasing the total amount of iron ions with same Fe3+/Fe2+ mole ratio. When considering the 

speciation of the Fe2+ and Fe3+ ions in a sulfuric acid solution, the Nernst equation can be written 

as: 

Er(VSHE) = En
0 + 0.059 log

αox

αred

 
(4-8) 

where En
0 is the redox potential of the individual redox systems for each complex species, αox 

and αred represent the activities of all the oxidized and reduced species, respectively.  

The exchange current densities with different concentration of Fe3+ and Fe2+ ions have the same 

magnitudes of 10-5 A cm-2. With increases of the concentration of Fe3+ and Fe2+ at the mole ratio 

of 4, the io value slightly increases from 2.3×10-5 to 5.87×10-5 A cm-2. Basically the change in the 

value of the exchange current is negligible with changing the total number of moles of iron in the 

solution. This finding agrees well with the results of other studies which suggest that the total iron 

concentration has minimum effect of on the pyrite leaching rate (May et al., 1997). The rate-

controlling mechanism is probably related to the electron transfer rate or adsorption of Fe3+ and 

Fe2+ ions on the pyrite surface. 

Standard rate constant, ko, was calculated to further interpret the kinetics of the Fe3+/Fe2+ redox 

couple as shown in Table 4-3. At equilibrium, the relationship between exchange current density, 

io, and ko is obtained as: 

i0 = FAk0CO
αaCR

αc (4-9) 
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where F is the Faraday constant, CO and CR are the initial concentration of Fe3+ and Fe2+, 

respectively. The apparent standard rate constants are of about 10-4 cm s-1 (presented in Table 4-

3), however the value for the sample originated from China is about 3 times lower than those for 

the sample originated from Spain. The kinetics disparity is more likely related to the varied 

contents of the minor elements in pyrite. Recently it was shown that the addition of silver can 

enhance the chalcopyrite leaching in the Fe3+ sulfate solutions by rapidly forming Ag2S as an 

intermediate(Munoz, Dreisinger, Cooper, & Young, 2008): 

CuFeS2 + 4 Ag+ → 2 Ag2S + Cu2+ + Fe2+ (4-10) 

The Ag2S is then oxidized by Fe3+ in the solution: 

Ag2S + 2 Fe3+ →  2 Ag+ + S0 + 2 Fe2+ (4-11) 

It was found that a porous and non-passivated elemental sulfur layer was formed, thereby 

increasing the rate of chalcopyrite leaching. On the other hand, silver sulfide provides an 

alternative cathodic sites where the rapid electron transfer occurs compared to the passivated layer 

surface (Parker, Paul, & Power, 1981). However, the pyrite with larger amount of Ag in this 

experiment showed a lower charge transfer rate for both Fe3+ and Fe2+. This may be due to the 

different mechanisms of silver ions reaction with pyrite and chalcopyrite. A study by Ryde and 

Melbourne showed that the major product for silver ions reacting with pyrite is element silver 

instead of Ag2S (Buckley, Wouterlood, & Woods, 1989): 

FeS2 + 2 Ag+ → Fe2+ + 2 S0 + 2 Ag0 (4-12) 

And the elemental silver subsequently would be oxidized by Fe3+: 
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Fe3+ + Ag0 → Fe2+ + Ag+ (4-13) 

Thus pyrite surface is not significantly affected by silver ions due to (1) relatively slow rate of 

reaction 4-12, (2) slow re-dissolution of silver via reaction 4-13 (Munoz et al., 2008). This research 

agrees well with our results. Consequently, the silver in pyrite probably does not have  an 

enhancing effect on the oxidation of pyrite in Fe3+ sulfate solution (Hiskey, Phule, & Pritzker, 

1987).    

The charge transfer coefficients of both anodic and cathodic reactions were calculated in this 

study. It was found that by changing the total moles of iron in the solution the cathodic transfer 

coefficients have had only slight changes. The cathodic transfer coefficient, ac, ranged from 0.41 

to 0.47 as the Fe3+ concentration increased from 0.0057 to 0.0570 M. The relationship between 

cathodic current density and cathodic transfer coefficients, ɑc, presented by Eq. 4-3, suggests that 

the average rate of Fe3+ reduction is independent of the total Fe or Fe3+ concentrations in the 

solution. This result of the present study seems to agree well with the results of the pyrite leaching 

tests. It has been shown that increasing the total iron concentration in the leaching solution does 

not affect the pyrite oxidation rates in Fe3+ sulfate solutions (Garrels & Thompson, 1960). Despite 

the cathodic transfer coefficients, it was observed that the anodic transfer coefficients are 

extremely dependent on the origin of the pyrite samples, as its values changes from 0.24 to 0.45 

with Fe3+ concentration being 0.0057 to 0.057 M with the same Fe3+/Fe2+ mole ratio. The unusually 

low anodic transfer coefficient, especially the value for the sample from China (Table 4), suggested 

that the oxidation reaction on pyrite surface was blocked, which is a typical of n-type 

semiconductor property. This result, which was obtained from electrochemical tests, is in 

agreement with the results of the leaching studies which have shown the Fe2+ oxidation process is 
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the rate limiting step during pyrite oxidation. By increasing the total Fe3+ and Fe2+ concentrations, 

the anodic transfer coefficients has increased. This could mean that the free energy barriers for 

Fe2+ oxidation was lowered when more Fe3+ and Fe2+ ions were present at the pyrite electrode-

electrolyte interface. 

 

4.3 Conclusions 

Fe3+/Fe2+ couple reaction is an important reaction during the pyrite oxidation process. Fe2+ 

oxidation by dissolved oxygen is shown to be the rate-limiting step in the pyrite oxidation process. 

However, the quantitative kinetics parameters of Fe3+/Fe2+ redox couple during the pyrite 

oxidation process have been rarely studied independently. This is partially due to the complex 

nature of the redox reaction mechanism, along with the fact that in some potential ranges the Fe2+ 

oxidation reaction occurs on the pyrite surface co-currently with pyrite oxidation. 

The mechanism and kinetics of the Fe3+/Fe2+ couple on the pyrite surface in 0.5 M sulfuric acid 

was systematically studied by using chronoamperometry measurement at room temperature and 

atmospheric pressure. To avoid the overlap of pyrite oxidation current on the Fe2+ oxidation of 

current, the current differences before and after the addition of Fe salts at a constant polarized 

potential was registered to describe only the Fe3+, Fe2+ behaviors on the pyrite surface.    

The effect of the pyrite origin and the total amount of Fe with same Fe3+/Fe2+ ratio on the 

electron transfer kinetics of Fe3+/Fe2+ reaction was discussed. For all the conditions, Tafel curves 

were obtained on both Fe2+ oxidation and Fe3+ reduction regions. The measured equilibrium 

potential determined by the intersection of the two Tafel lines in this study is a constant value of 

about 0.68V, which means the redox potential of Fe3+/Fe2+ is independent with the concentration 
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of Fe3+ and total amount of Fe, but only related to the mole ratio of Fe3+/Fe2+. The exchange current 

densities of the Fe3+/Fe2+ redox reaction in this study have a same magnitude of 10-5 A cm-2, which 

is lower than the values reported for Fe3+/Fe2+ redox reaction on gold and platinum electrodes, but 

one order higher than that of the reaction on a chalcopyrite electrode. The cathodic transfer 

coefficients were in the range of 0.41 to 0.47, depending on the origin of the pyrite and total Fe 

concentration in solution. However, the cathodic transfer coefficients are substantially less than 

what is expected, ranging from 0.24 to 0.45, leading to a sum of αa + αc < 1, which is a typical 

property of n-type semiconductor electrodes. It provides plausible evidence that the rate limiting 

step in pyrite oxidation is Fe2+ oxidation to Fe3+ from the perspective of electrochemistry. The 

Fe3+/Fe2+ redox reactions on the pyrite electrodes with different origins present a common catalytic 

mechanism, in spite of the different reaction rates. The effect of the Fe concentration on the kinetics 

of Fe3+/Fe2+ electron transfer reaction indicates that increasing total amount of Fe or Fe3+ has no 

evident effect on accelerating the leaching rate. 
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5. The effect of temperature on the kinetics of the ferric-ferrous 

redox couple on pyrite 

5.1 Introduction   

Most electrochemical research on pyrite oxidation considers the pyrite oxidation as a solely an 

electrochemical corrosion process, a combination of sulfide oxidation to elemental sulfur, sulfate 

or other oxidized forms of sulfur, and ferric and DO reduction. Unfortunately, researchers have 

given minimum or no attention to the kinetics of ferric/ferrous redox reaction on the surface of 

pyrite, despite the fact that this electrochemical couple reaction is shown to play an important role 

on the oxidative dissolution of pyrite.  The ferrous oxidation half-cell reaction on pyrite surface is 

the rate-limiting step for oxidative pyrite dissolution process (Garrels & Thompson, 1960). 

Although it was shown that Fe2+ oxidation by DO is very slow, except when subjected to high 

pressures and temperatures as in the autoclave processes, recent findings have shown that pyrite 

in an Fe2+ containing solution can significantly boost the Fe2+ oxidation reaction owing to its 

catalytic effect on the reaction. And yet the kinetics of Fe2+ oxidation was studied not in an 

electrochemical method (Littlejohn, 2008). 

The iron ions reduction-oxidation reactions kinetics on pyrite surfaces was studied by the 

authors very recently (L. Li, Polanco, & Ghahreman, 2016). However the studies before that 

mostly had focused on the kinetics of couple reactions on noble electrodes such as platinum, and 

few superficially oxidized metals such as titanium (Hung, 1987; Makrides, 1964b; Zdenĕk Samec, 

1999; Weber et al., 1978b). The challenge with the ferric/ferrous reaction kinetics measurements 

on the surface of sulfide minerals are explained elsewhere. 
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In this chapter, two electrochemical techniques are applied to shed light to the electrochemistry 

of Fe3+/Fe2+ on the pyrite surface. Important kinetic parameters including equilibrium potential, 

exchange current density, and charge transfer coefficients of the iron couple reactions as well as 

the activation energy of the reaction were measured and calculated on the surface of a bulk pyrite 

mineral electrode. To better understand the chemistry of Fe3+/Fe2+ during the atmospheric 

oxidation process of pyrite, the effect of temperature was explored. It is believed that the analysis 

of the Fe3+/Fe2+ reaction at elevated temperatures would generate valuable kinetic information for 

industrial practice. Atmospheric oxidation of pyrite at elevated temperatures has become a research 

hotspots due to low capital costs, in comparison to other oxidation methods (Dixon, Mayne, & 

Baxter, 2008). There have been numerous studies about pyrite oxidation at high temperature, 

however, most of the research conducted also investigated high pressures as experienced in 

autoclaves (Papangelakis & Demopoulos, 1991).  

5.1.1 Proposed electrochemical measurement  

The experimental design for measurement of the Fe3+/Fe2+ redox reaction kinetics aims to 

isolate only the Fe3+/Fe2+ redox potential-current behavior as mentioned above. From mixed 

potential theory, the pyrite polarization process can be seen as two half-reactions. These half-

reactions may include anodic oxidation of pyrite and the Fe2+ ion, and cathodic reduction of 

oxidants, i.e. the Fe3+ ion and/or DO. Figure 5-1 shows the mixed potential of pyrite in pure sulfuric 

acid and in an Fe-containing sulfuric acid solution. The shaded region produced by overlapping 

the two polarization processes in different electrolytes represents the potential-current behavior 

difference which is caused by the introduction of Fe3+/Fe2+ couples. The two potentials on the Y-
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axis are the rest potentials of pyrite in the two electrolytes, where the current flowing to and from 

the surface of pyrite is zero.  

 

Figure 5-1 Mixed potential theory applied for pyrite oxidation in Fe-free and Fe-containing 

sulfuric acid solution 

When pyrite polarization occurs in a sulfuric acid solution, the net current changes from zero 

to a positive or negative charge. The eventual steady state current at an applied potential equals 

the sum of the total current from pyrite oxidation and DO reduction; meanwhile in an Fe-

containing solution, the polarization current at the same applied potential is overlapped by pyrite 

oxidation, DO reduction as in sulfuric acid solution and the newly introduced Fe3+/Fe2+ redox 

reaction. Thus, the current difference for pyrite polarization in sulfuric acid compared to an Fe-

containing sulfuric acid solution at the same applied potential represents the total number of 

electron transferred between ferrous and ferric, which could be used to illustrate the kinetics of 

Fe3+/Fe2+ redox reactions on the surface of pyrite.  
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Based on the proposed principle, chronoamperometry and cyclic voltammetry were found to be 

suitable methods to measure the current difference of pyrite in two different electrolytes and hence 

develop the Fe3+/Fe2+ reaction kinetics.  

5.2 Results and discussion 

5.2.1 Open circuit potential (OCP) study 

Open circuit potential measurements are commonly used to ensure reproducibility of the 

results; for all the tests, the experiments were only begun after the OCP reached ± 5 mV from 

typical OCP values. It is worth mentioning that the OCP value of a pyrite electrode is also related 

to its dissolution rate; in a solution with fixed oxidation reduction potential (ORP), the electrode 

with a lower OCP will dissolve faster than the electrode with a higher OCP.   

 

Figure 5-2 Open circuit potential (OCP) of pyrite electrode in 0.5 M H2SO4 

under different temperature vs. time 

The pyrite OCP change vs time in 0.5 M sulfuric acid at 22 to 65 °C is shown in Figure 5-2.  

The OCP values generally become stable after 30 min. As can be seen, all four curves show a 

notable potential increase in the first 5 min, which indicates a formation of passive layer when 
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immersed in the acidic solution (Antonijević et al., 2005b). It can also be seen that the open circuit 

potential of pyrite decreases from 0.64 V at 22 °C to 0.58 V at 65 °C. This decrease in OCP values 

demonstrates that pyrite is more prone to dissolution in the sulfuric acid solution at higher 

temperatures. In addition, the OCP of pyrite in sulfuric acid at 50 and 65 °C have reached 

equilibrium within 4 min while lower temperatures of 22 and 35 °C require twice the amount of 

time, i.e. 8 min.  This behaviour possibly suggests that higher temperatures promote the formation 

of the passive layer on the surface of pyrite. It was also found that the OCP of pyrite in H2SO4 at 

difference temperatures reach steady state via different paths. When the temperature was below 50 

°C, the potential of the electrode increased dramatically at first and only increased slightly with 

time after 7 min to a steady current. When the temperature was above 50 °C, the OCP increased 

at first similarly, however the current decreased with time to a steady value. The increasing regime 

of the OCP at the second stage of lower temperature tests could be ascribed to the continued slow 

growth of a passive layer on the surface of pyrite. On the contrary, during the second stage of high 

temperatures, the OCP decreased slightly which could be explained as partially broke down of the 

passive layer at higher temperature due to the continuous oxidation of passive film over time.  

The temperature effect on pyrite OCP in an Fe-containing H2SO4 solution has also been studied. 

The OCP of pyrite in an Fe-containing acid solution over 30 min were given in Figure 5-3. Unlike 

the trend in pure H2SO4, the steady OCP value in an Fe-containing acid solution increases slightly 

with the increasing temperature, from 0.70 V at 22 °C to 0.72 V at 65°C. More notably, the OCP 

continues to increase after 30 min. The increasing OCP can be explained by the increasing redox 

potential of the Fe3+/Fe2+ couple, which is determined by the speciation of the H2SO4–Fe2(SO4)3–

FeSO4–H2O system at different temperatures (Yue et al., 2014). 
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Figure 5-3 Open circuit potential (OCP) of pyrite electrode in Fe-containing sulfuric acid 

solution (0.0057 M Fe3+, 0.0014 M Fe2+) under different temperature vs. time 

5.2.2 Tafel plots obtained by chronoamperometry  

     Chronoamperometry is a fundamental method to study couple electrochemical reactions and 

the technique can measure very small current changes accurately since it is a controlled-potential 

technique (Bard & Faulkner, 1980). In this first part of the paper, chronoamperometry is used to 

study the Fe3+/Fe2+ redox reaction kinetics. Afterwards, cyclic voltammetry is also used to obtain 

the same kinetic information. The results from the two techniques will be compared. 

     Tafel behavior analysis is a powerful technique used to describe the rate of electron transfer 

controlled reactions, especially for single electron transfer reactions such as the Fe3+/Fe2+ redox 

reaction. The process for calculation and development of the Tafel lines for ferric/ferrous redox 

reactions on pyrite surface by chronoamperometry method is explained in above chapter.  

Figure 5-4 illustrates the pyrite potentiostatic polarization at 0.8 V, in the acidic solution for 

150 min.  The sudden increase in the current density is due to the addition of the Fe-containing 
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solution. As shown in this graph, the addition of ferric and ferrous have increased the current 

density of the electrochemical reactions from 12 to roughly 105 μA cm-2. 

 

Figure 5-4 Potentiostatic polarization of pyrite at 0.8 V, presenting the effect of iron addition 

to the test solution at 110 min 

By repeating the same procedure for different applied potentials, the current density difference 

for before and after addition of the Fe-containing solution was determined. The current density 

differences and the corresponding applied potentials were plotted as Tafel curves for the 

temperature range of 22 to 65 °C as shown in Figure 5-5. The Tafel curves were obtained for all 

temperatures.  The Tafel curves of Figure 5-5 are highly linear that one would simply conclude 

that the diffusion of species can not be the controlling step in the process (in the Tafel region). In 

fact the graphs of Figure 5-5 show that in the potential range of 0.57 and 0.87 V, the ferric/ferrous 

reaction is controlled by electron transfer process. 
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Figure 5-5 Tafel region for ferric-ferrous redox reaction on the surface of pyrite at different 

temperatures (a. 22 °C; b. 35 °C; c. 50 °C; d. 65 °C) 

     From the Tafel curves, the equilibrium potential of Fe3+/Fe2+, E°, and the exchange current 

density,  i𝑜, on the pyrite electrode for each test condition can be determined. With the aid of the 

anodic and cathodic Tafel equations: 

log 𝑖𝑜𝑥 = log i0 + 
αanFη

2.3RT
 (5-1) 

log 𝑖𝑟𝑒𝑑 = log i0 - 
αcnFη

2.3RT
 (5-2) 

The cathodic coefficient, αc, anodic coefficient, αa, were calculated and presented in Table 2. 



 

 

  

 

69 

As shown in Table 5-1, the exchange current density of the electrode shows a slight increase 

from 2.3 x 10-5 to 4.0 x 10-5 A cm-2, with increasing the temperature from 22 to 65 °C. Equilibrium 

potential, on the other hand, was increased from 0.68 to 0.74 V by increasing the temperature from 

22 to 65 °C. The same increase in temperature resulted in a more dramatic increase in the anodic 

transfer coefficient than in the cathodic transfer coefficient. The anodic transfer coefficient 

increased 63%, from 0.24 to 0.39, while the cathodic transfer coefficient increased only 20%, from 

0.41 to 0.49. The constant of cathodic and temperature dependence of anodic charge transfer 

coefficient have also be reported in previous research about the copper electrodeposition reaction 

and ferrous to ferric ion oxidation (Cifuentes & Simpson, 2005). Future work will be conduct to 

reveal the real cause of the increasing anodic coefficient with increasing temperature.   

Table 5-1 Kinetics parameters of Fe3+/Fe2+ redox reaction under different temperature by the 

chronoamperometric method (0.02M Fe3+, 0.005 M Fe2+, and 0.5 M H2SO4) 

 

T (°C) 
io 

(10-5  A cm-2) 

Anodic transfer 

coefficient 

Cathodic transfer 

Coefficient 
E° (V) 

22 2.3 0.24 0.41 0.68 

35 2.6 0.33 0.48 0.70 

50 3.6 0.36 0.49 0.73 

65 4.0 0.39 0.49 0.74 

 

It should be noted that the sum of the anodic and cathodic charge transfer coefficients are all 

less than 1, which is the theoretical value for a single electron reaction on bare-metal electrode 

with the condition that the uptake and release of the electron occurs simultaneously (Guidelli et 
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al., 2014). The less than 1 value obtained for the sum of the anodic and cathodic charge transfer 

coefficients in this study can be explained as the charge transfer process of Fe3+/Fe2+ redox reaction 

in sulfuric acid solution also includes several chemical steps such as an extensive complexation of 

the species in the solution, as well as charge transfer on the mineral surface. Since the reaction 

process is substantially different in the test conditions of the present study than that of the 

theoretical value, thus it is not unexpected to have value less than 1 for the sum of the anodic and 

cathodic charge transfer coefficients. In addition, charge transfer coefficients less than 0.5 on a 

semiconductor electrode surfaces have been reported before (Kuhn & Randle, 1985).  

The increasing anodic transfer coefficients and nearly constant cathodic coefficients by 

increasing the temperature suggest that the charge transfer coefficients in this study are dependent 

on the temperature (Yue & Asselin, 2014). The increasing anodic transfer coefficient is likely due 

to the nature of the activated complex in the solution. In addition, the semiconducting property of 

the sulfur-rich surface layer on pyrite likely has changed by temperature, which in return can 

change the n-type semiconducting property of the pyrite electrode.  

5.2.2.1 Equilibrium potential of Fe3+/Fe2+ 

    Nernst equation was used to calculate the equilibrium potential of ferric/ferrous couple in the 

present study. Nernst equation can be written as follow:  

E = E0 + 0.059 log
aFe3+

aFe2+
 (5-3) 

where in the equation  Eo is the standard electrode potential (770 mV at 25 °C) (Bard et al., 

2008), and aFe2+and aFe3+  are the corresponding activities of ferrous and ferric, respectively. 

There is a significant discrepancy between the theoretical equilibrium potential of the solutions 

based and those calculated values from the experimental values of this study, if one uses the 
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nominal concentration ratio of the Fe3+/Fe2+ couple directly in the Nernst equation, i.e Eq. 8. For 

instance, at 22 °C, the calculated equilibrium potential is 0.8 V, assuming a molar ratio of 4 for 

moles of ferric to moles of ferrous, to represent the activity ratio of Fe3+/Fe2+ in the solution. For 

this temperature, the experimental value determined via the Tafel curve is only 0.68 V. The 

deviation comes from the following reasons: (1) the CV graphs of the electrode in the solutions 

with and without the Fe ions, and the electrochemical impedances spectroscopy measurements, 

both presented in the following sections, have confirmed that special surface reactions, such as 

adsorption of solution species, proton and electron tunneling, or changes in the symmetry of the 

potential energy barrier are occurring on the electrode surface. Thus, the potential measured in the 

experiments is in fact a mixed potential that is influenced by those special reaction at the pyrite 

surface. (2) the high degree of ferric and ferrous cations complexation in sulfuric acid solution 

occurs which should be considered in the activity calculations for ferric and ferrous. The mole 

percentage of major ferric and ferrous species in the test solution of the present study were 

calculated by PHREEQC software (Version 3) (Parkhurst & Appelo, 2013), as presented in Figure 

5-6. The reaction activity for all the Fe2+ and Fe3+ ions species are listed in Table 5-2.  
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Table 5-2 Fe2+ and Fe3+ speciation activities calculation using PHREEQ (0.02M Fe3+, 0.005 

M Fe2+, and 0.5 M H2SO4) 

Species 

Fe(II) Fe(III) 

T °C 

FeHSO4
+ Fe2+ FeSO4 FeHSO4

2+ FeSO4
+ Fe(SO4)2

- Fe3+ 

Activity 

( 10-3) 

5.38 1.43 1.87 12.50 10.70 1.73 0.13 22 

0.56 0.13 0.16 1.28 0.94 0.13 0.01 35 

0.56 0.13 0.17 1.29 0.96 0.16 0.01 50 

0.77 0.60 1.03 4.57 1.18 0.07 0.17 65 

 

 

Figure 5-6 Mole percentage of the major Fe2+ and Fe3+ species 

According to the calculation shown in Figure 5-6, about 40% of Fe2+ ions exist as Fe2+, which 

herein is referred as free Fe2+ ions, and about 50% of Fe2+ ions are in the form of FeHSO4
+. The 

predominant ferric species are FeHSO4
2+ and FeSO4

+, which combined account for more than 90% 
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of total Fe3+. Only about 3% of ferric is free-ferric, i.e. Fe3+, while the rest of the ferric ions are 

highly speciated with sulfate or bisulfate anions. Thus, the ratio of ferric to ferrous moles that 

should be used in Eq. 5-3 is significantly less than the nominal mole ratio. It is worth emphasizing 

that ferric species in a sulfate solution are more stable than ferrous species, thus ferric is expected 

to speciate to higher degrees than ferrous. By applying the values calculated via PHREEQC 

software, the actual free-ferric to free-ferrous molar ratio of the test solution is about 10-2, and this 

is the value that one should apply in the Nernst equation to calculate the equilibrium potential of 

the iron couple. To compare the real mole ratios and activity ratios, it can be also noticed that the 

activity ratio of Fe3+/Fe2+ increased by a factor of 3 as the temperature increased from 22 to 65 °C, 

meanwhile the mole ratio of the Fe3+/Fe2+ barely changed from roughly 0.07 for all temperatures. 

Clearly one would need to use the activities of the real Fe3+/Fe2+ ions in the Nernst equation rather 

than the mole ratio, in order to achieve an accurate equilibrium potential calculation. 

    As can be seen, the equilibrium potential of Fe3+/Fe2+ increases with rising temperature, from 

0.68 V at 22 °C to 0.74 V at 65 °C, which is caused by the increasing activity ratio with 

temperature. According to the Gibbs-Helmholtz equation at constant pressure (Koning & Indekeu, 

2018): 

∆G =  −n E F (5-4) 

{
𝜕∆𝐺

𝜕∆𝑇
}

𝑝
=  − ∆𝑆 (5-5) 

Thus,                         ∆Q = T ∆S = n F T {
𝜕∆𝐸

𝜕∆𝑇
}𝑝 (5-6) 
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Where ΔG is the change of Gibbs free energy, n is the number of electron, ΔS is the reaction 

entropy change, F is the Faraday constant, Q is the reaction heat, {
𝜕∆𝐸

𝜕∆𝑇
}

𝑝
is negative in this test, 

which indicates an exothermic process for this electrochemical reaction.  

5.2.2.2 Exchange current density of Fe3+/Fe2+ 

Exchange current density is a measure of an electron transfer process rate. Such rates provide 

insight into the structure and bonding in the analyte and the electrode (Sawyer, Sobkowiak, & 

Roberts, 1995). The determined io for the Fe3+/Fe2+ reaction on pyrite increases from 2.3×10-5 A 

cm-2 at 22 °C to 4.0×10-5 A cm-2 at 65 °C, which means the electron transfer rate increases about 

by a factor of two over the temperature range. That is to say that increasing temperature increases 

the rate of the Fe3+/Fe2+ redox reaction. A similar test for ferric-ferrous redox kinetics on a noble 

metal such a platinum would result in a current density of about 10-2 A cm-2 (Weber, Samec, & 

Mareček, 1978a). This significant difference in the exchange current densities of iron couple on 

pyrite vs platinum is due to the nature of the pyrite, which is a semiconductor mineral, as well as 

the superficially oxidized layer of a passivating film on the pyrite surface. The surface of noble 

metals is free of oxidized passive films and clearly metals are much better conductors than 

semiconductor pyrite. The exchange current density value of pyrite is interestingly about 10 times 

larger than that of chalcopyrite, 10-6 A cm-2 ( a. Ghahremaninezhad et al., 2012). This observation 

agrees well with the conclusion made by Eghbalnia and Dixon that there is a galvanic interactions 

between chalcopyrite and pyrite during oxidative chalcopyrite leaching process (Eghbalnia & 

Dixon, 2013). 
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5.2.2.3 Charge transfer coefficient of Fe3+/Fe2+ 

The two asymmetric Tafel lines were observed for all plots of Figure 6 under four different 

temperatures. It is interesting to note that the sum of the anodic and cathodic transfer coefficients 

for all four cases is less than 1. Often the n-type semiconductors are expected to show a sum of the 

anodic and cathodic transfer coefficients of less than 1. The anodic transfer coefficient increases 

from 0.23 to 0.39, when the temperature rises from 22 to 65 °C, which suggests that the higher 

temperatures weakens the n-type properties of the pyrite surface and results in a higher anodic 

transfer coefficient. On the contrary, all the cathodic transfer coefficients are close to 0.5 for 

temperatures between 35 and 65 °C, which suggested that a passive layer has no or negligible 

inhibition effect for ferric reduction in the above temperature range. In summary, the increasing 

anodic coefficient indicates that increasing temperature is favorable for ferrous oxidation.  

5.2.2.4 Activation energy and rate constant calculation 

  To further understand the relationship between temperature and redox reaction kinetics, the 

activation energy is commonly used to describe the temperature dependence of the reaction. The 

effect of temperature on pyrite oxidation kinetics by ferric and dissolved oxygen in an acid solution 

has been investigated by many researchers. Although research suggested that the pyrite oxidation 

rate is strongly dependent on temperature, the simple relationship of temperature dependence 

based on the Arrhenius equation is impossible to cast out. Previous studies have suggested that the 

activation energy value depends on the variable processes chosen, which consist of proton, sulfate, 

and total iron production rate. The variation can be as much as 40 kJ mol-1, which also means the 

oxidation mechanism of sulfur and iron components during  pyrite oxidation are largely 
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independent of each other (Schoonen, Elsetinow, Borda, & Strongin, 2000). In this study, the 

activation energy for ferric and ferrous couple on the pyrite surface was explored according to the 

Arrhenius equation, respectively: 

𝑘𝑠 = A𝑒−
𝐸𝑎
𝑅𝑇 (5-7) 

where ks is the rate constant, T is the absolute temperature in K, A is the pre-exponential factor, 

Ea is the activation energy for the reaction and R is the universal gas constant. In order to obtain 

the value of Ea, the rate constant must first be calculated.  

The rate constant of the ferric and ferrous reduction-oxidation reaction can be calculated 

according to the Bulter-Volmer equation. The relationship between exchange current density, io, 

and ks is illustrated for both oxidation and reduction reactions as (PARAMGURU & RAY, 1996): 

i0 = ZF𝑘𝑠𝐶𝐹𝑒2+  exp(-
𝑎𝛼𝑛𝐹𝐸0

𝑅𝑇
) (5-8) 

i0 = ZF𝑘𝑠𝐶𝐹𝑒3+  exp(-
𝑎𝑐𝑛𝐹𝐸0

𝑅𝑇
) (5-9) 

According to the Arrhenius equation, when the rate constant follows Arrhenius behavior, the 

plot of ln ks versus 1/T will be linear. Accordingly, the natural logarithm of ks as a function of the 

inverse of absolute temperature for this study was plotted in Figure 8.  

    Figure 5-7 indicates that the rate constant is temperature dependent, which is expected from 

the Arrhenius equation. Then, the activation energy for Fe3+ reduction and Fe2+ oxidation were 

calculated. The fit for these two reactions are given respectively: 

Fe2+ ion oxidation reaction on the surface of pyrite: 

ln 𝑘𝑠 =  −10202 
1

𝑇(𝑘)
+ 25.8 (5-10) 

The correlation coefficient was 0.9554. 

https://en.wikipedia.org/wiki/Rate_constant
https://en.wikipedia.org/wiki/Pre-exponential_factor
https://en.wikipedia.org/wiki/Activation_energy
https://en.wikipedia.org/wiki/Universal_gas_constant
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Fe3+ ion reduction reaction on the surface of pyrite: 

ln 𝑘𝑠 =  −3271 
1

𝑇(𝑘)
+ 7.75 (5-11) 

The correlation coefficient was 0.9813. 

 

 

Figure 5-7 Logarithm of the calculated rate constants (ks) of a. Fe2+ ion oxidation; b. Fe3+ ion 

reduction vs. reciprocal of temperature between 22 to 65 °C 

The activation energy for Fe2+ ion oxidation and Fe3+ ion reduction were determined to be 

102.02 and 32.71 kJ mol-1. The activation energy for Fe2+ ion oxidation is 3 times larger than that 

of Fe3+ ion reduction. The large difference confirms again that the Fe2+ ion oxidation on the surface 

of pyrite must overcome a greater potential. As mentioned above, ferrous oxidation is believed to 

be the rate-controlling process for pyrite oxidation (Moses, Kirk Nordstrom, Herman, & Mills, 

1987). The correlation between temperature and rate constant based on the electrochemical 

investigation once again proves this point.  

5.2.3 Fe3+/Fe2+ kinetics study by cyclic voltammetry  
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The Tafel regions developed by the chronoamperometry measurements provide an effective 

and accurate way to study the Fe3+/Fe2+ redox couple reaction on the surface of sulfide minerals. 

This method, however, is relatively a time-consuming method as the tests required to collect the 

potential and current density values for each data point of the Tafel curves will take several hours 

to complete. Another drawback of the process comes from the fact that between each test the 

surface of the electrode is refreshed by polishing, and this likely will change the exact composition 

of the exposed surface in different tests. This is particularly true if one studies natural mineral 

samples, such as the case of this study, as the natural minerals are not homogeneous in structure 

and composition. To overcome this inconsistency, the authors have used the OCP measurements 

as a standard test; experiments were only conducted if the steady state OCP values were within ± 

5 mV. Another technique is introduced in this study to overcome the above to challenges. This 

technique applies cyclic voltammetry to measure the kinetics values of Fe3+/Fe2+ redox couple 

reaction on sulfide minerals. 

The cyclic voltammetry (CV) technique has none of the above-mentioned drawbacks. The CV 

technique is an efficient electrochemical measurement method and it provides fundamental 

information of the electrochemical reaction in a few minutes. Furthermore, it can provide 

numerous data points of applied potential and polarization current.  

Applying the same principle which was used in the chronoamperometry study, the potential and 

the “current density difference” were plotted after running two CV tests; one CV test in the Fe-

free sulfuric acid solution, and another test in the Fe-containing sulfuric acid solution. With the 

same scan rate, pH, and potential range, the only variable factor is the Fe ions. Omitting the 

negligible difference of the resistance of the two-different electrolyte solutions, the subtraction of 

the CV in Fe-free solution from the CV in Fe-containing solution is believed to represented the 
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Fe3+/Fe2+ redox reaction on the surface of pyrite. Figure 5-8 shows a typical cyclic voltammetry 

subtraction process for pyrite oxidation in sulfuric acid and Fe-containing sulfuric acid solutions. 

The current density differences and applied potential range are used to generate a new cyclic 

voltammetry graph, which was used to calculate the Fe3+/Fe2+ redox reaction kinetics.  

 

Figure 5-8 Cyclic voltammetry graph of pyrite oxidation in sulfuric acid and Fe-containing 

sulfuric acid solution 

To compare with the chronoamperometric method, the effect of temperature on the Fe3+/Fe2+ 

redox reaction on the surface of pyrite was also verified by the cyclic voltammetric method. Figure 

5-9a shows the CV graphs of the pyrite electrode polarized in 200 mL of a 0.5 M sulfuric acid 

solution in the temperature range of 22 to 65 °C. These CV tests were all initiated from OCP and 

scanned to an vertex potential of 0.87 V and back to a minimal potential of 0.57 V in a positive 

direction. The scan rate used was 5 mV s-1. Figure 5-9b shows the pyrite oxidation in 200 mL of a 

0.5 M sulfuric acid solution mixed with 80 mL of a 0.02 M Fe3+, 0.005 M Fe2+, 0.5 M sulfuric acid 

solution in the temperature range of 22 to 65 °C. The scan direction and scan rate were the same.  
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Figure 5-9 Cyclic voltammetry graph of pyrite for different temperatures (a. Sulfuric acid 

solution, b. Fe-containing sulfuric acid) 

From the two CV graphs, above, the subtraction was performed as shown in Figure 5-10. With 

the aid of code compiled in MatLab software, from the CV graphs generated, all the Tafel regions 

were developed for the various temperatures.  Table 5-3 lists the kinetic parameters determined 

from this method. In comparison to the parameters from the chronoamperometry method, the 

equilibrium potential, exchange current density and charge coefficients follow the same trend with 

increasing temperature. The difference between the two measurements is minimal, besides that the 

exchange current densities from CV tests are one order smaller than that of chronoamperometry 

tests. This can be explained by the effect of scan rate, since the cyclic voltammetry technique is a 

transient electrochemical measurement, while chronoamperometry is a steady state measurement. 

During the cyclic voltammetry scan, the Fe ions speciation distribution is constantly changing. As 

a result the thickness of the diffusion layer close to the surface of pyrite during the whole process 

is changing (Yue et al., 2014). Nonetheless, the CV method presented in this study is believed to 
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be efficient and fast on collecting the critical kinetics data of the Fe3+/Fe2+ reaction on the pyrite 

surfaces, and should be applicable to other minerals and electrodes as well.   

 

 

Figure 5-10 Cyclic voltammetry graph of pyrite oxidation in sulfuric acid 

and Fe-containing sulfuric acid solution at different temperature (a.22 °C; b. 35 °C; c. 50 °C; 

d. 65 °C) 
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Table 5-3 Kinetics parameters of Fe3+/Fe2+ redox reaction determined by cyclic voltammetry 

(0.02 M Fe3+, 0.005 M Fe2+, and 0.5 M H2SO4) 

T °C E° (V) io (10-6 A cm-2) Anodic Coefficient Cathodic Coefficient 

22 0.69 6.69 0.33 0.46 

35 0.70 5.73 0.31 0.49 

50 0.74 7.01 0.38 0.46 

65 0.73 21.80 0.37 0.46 

 

5.2.4 Electrochemical impedance spectroscopy (EIS) analysis   

Electrochemical impedance spectroscopy (EIS) was applied to study the Fe3+/Fe2+ redox 

reaction on the surface of pyrite. There are number of studies which use EIS to investigate the 

mechanism and kinetics of pyrite oxidation. However, most of the pyrite EIS studies have not 

taken full consideration of the semiconducting nature of pyrite, and most have neglected the 

concurrent Fe2+ oxidation reaction during the pyrite oxidation. In addition, the EIS analysis of the 

temperature effect on Fe3+/Fe2+ redox have only been studied for bare-metal electrode surfaces, 

such as Pt and Au electrode (Zdenĕk Samec, 1999).  

5.2.4.1 Potential dependence of EIS results 

    In order to simulate and fit the anodic processes occurring on the pyrite surface in the 

presence and absence of Fe3+/Fe2+ couple, the EIS measurements were taken at OCP, 0.76 V and 

0.84 V in Fe-free and Fe-containing sulfuric acid solutions. The circuit modeling process was an 

iterative process for empirical fitting of the EIS data with Nova 2.02 software, in combination with 
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the circuit elements chosen based on the theoretical considerations. The model was constrained 

with the measured solution resistance (Rs) and the extrapolated values for charge transfer 

resistance (Rct) on the Z’ (Ω) axis. The other circuit elements were allowed to float during the 

modeling process. Figure 5-11 and Figure 5-12 show the Nyquist plots of the measured and fitted 

data at different potential obtained by equivalent circuits. The value of the elements in the 

equivalent circuit of Figure 5-11 and Figure 5-12 are shown in Tables 5-4 and Table 5-5, 

respectively. 

 

 

Figure 5-11 Measured and calculated Nyquist plots for the pyrite electrode in Fe-free solution 

(a. 0.64 V (OCP); b. 0.76 V; c. 0.84 V). Inset of Figure 12.b shows the magnified Nyquist plots 

at 0.76 V 
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Figure 5-12 Measured and calculated Nyquist plots for the pyrite electrode in Fe-containing 

solution (a. 0.72 V(OCP); b. 0.76 V; c. 0.84V). Inset of Figure 13.b shows the magnified Nyquist 

plots at 0.76 V 

Table 5-4 Model parameters for equivalent circuit of pyrite oxidation at OCP of 0.64 V, 0.76 

V and 0.84 V in Fe-free solution 

Potential 

(V) 

Rsol 

(Ω cm2) 

Rp 

(Ω cm2) 

Csl 

(μF) 

Q Y0 

(Ω s-n) 
n 

Rct 

(kΩ cm2) 

W Y0 

(Ω 10-3) 
χ2 

0.64 20.5   1.8  10-4 0.84 35.0  0.08 

0.76 21.8 25 4 1.7  10-4 0.64 4.2 0.47 0.06 

0.84 20.5 3 116 0.8  10-4 0.85 12.6  0.05 
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Table 5-5 Model parameters for equivalent circuit of pyrite oxidation at OCP of 0.72 V, 0.76 

V and 0.84 Vin Fe-containing solution 

Potential 

(V) 

Rsol 

(Ω cm2) 

Rp 

(Ω cm2) 

Csl 

(μF) 

Q Y0 

(Ω s-n) 
n 

Rct 

(kΩ cm2) 

W Y0 

(Ω 10-3) 
χ2 

0.72 15.6 314 314 3.5  10-4 0.73 2.2 6.39 0.08 

0.76 17.5 271 233 1.9  10-4 0.74 1.8 2.14 0.06 

0.84 16.2 22 272 1.6  10-4 0.77 3.3 1.32 0.05 

 For the pyrite oxidation in 0.5 M H2SO4 at the OCP, i.e. 0.64 V, the acquired impedance spectra 

demonstrated a flattened semicircle in the experimental frequency range. In the fitting circuit 

model of Rs(QRct), as shown in Figure 5-11a, Rs represents the resistance of the solution; Rct, the 

charge transfer resistance, which simulates the electrochemical process on the interface of 

electrode/electrolyte. When the potential increase to 0.76 V in 0.5 M H2SO4, the Nyquist plot 

becomes more complex. It shows two Faradic processes, which are displayed by two incomplete 

semicircles in the high and intermediate frequency region, followed by a straight line which is 

characterized by a Warburg impedance. The circuit used to fit the data is Rs(CslRp)(Q(WRct)), 

Figure 5-12b. In this circuit, Csl is the capacitance of the sulfur-rich layer, Rp is the resistance of 

this layer, W is the Warburg impedance. At 0.84 V, the Nyquist curve does not show a typical 

characteristic of Warburg impedance, and the equivalent circuit is Rs(CslRp)(QRct). 

As shown in Tables 5-4, the charge transfer resistances are 35 kΩ at 0.64 V, 4.2 kΩ at 0.76 V 

and 13.6 kΩ at 0.84 V. The substantially different resistant values of the three charge transfer 

resistors indicate that different Faradic processes are occurring. The results can be explained by 

the two-step oxidation reaction model as (Lin & Say, 1999):  
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First step FeS2  →   Fe2+ + 2S0 + 2e (5-12) 

Second step S0 + 4H2O →   SO4
2− + 8H+ + 6e (5-13) 

In the first step, a thin layer on pyrite oxidizes to form a sulfur-rich layer. The exact composition 

of the layer is still under dispute in the literature, however it is believed to consist of elemental 

sulfur and/or polysulfides. The largest charge transfer reaction at 0.64 V likely corresponds to the 

first step of the oxidation process.  

The Rct drops from 35.0 to 4.2 kΩ cm2 by increasing the potential of the electrode from 0.64 to 

0.76 V in the 0.5 H2SO4 solution, which is about 8 times decrease in the resistance. This likely is 

due to the higher applied overpotential in the process, or alternatively a gradual change in the main 

process on the surface of the electrode from reaction (17) to reaction (18) or a combination of both. 

It is also worth noting there is an obvious diffusion process, characterized by a Warburg impedance 

at this potential, which might be associated with diffusion of diffusion of pyrite oxidation reaction 

products away from the electrode. 

At 0.84 V, the Rct value is 12.6 kΩ. The overall polarization enters into the “transpassive 

region”, where the sulfur rich layer dissolves and further oxidizes to SO4
2-. It has been reported 

that the sulfur film on pyrite is extremely thin, in nm scale, and the thickness of the film is a 

function of the applied potential (Lin & Say, 1999). Earlier literature about the Raman spectra 

study of the pyrite oxidation also suggested that the pyrite oxidation reaction produces less sulfur 

or polysulfides above 0.8 V (Zhu, 1993). It is likely that the charge transfer at 0.84 V is mostly 

related to the second-step of pyrite oxidation in Eq 18. The results agree well with the 

chronoamperometry study on pyrite oxidation (L. Li et al., 2016). The current increase at this 

applied potential can be explained by the further oxidation of sulfur film to sulfate or thiosulfate, 
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as well as faster pyrite oxidation (You, Yu, Lu, & Dang, 2013). The resistance of the sulfur layer, 

Rp, also decreases from 25 to 3 Ω cm2 by increasing the potential from 0.7 to 0.84 V, respectively, 

which again confirms the transpassive oxidation of pyrite.  

The Q in here corresponded to a Helmholtz double-layer capacitance on the surface layer. In 

the case of pyrite electrode, the surface is highly heterogeneous for fresh and reacted electrodes, 

and the double layer capacitance usually exhibits unideal behavior rather than a pure capacitance 

(S. Lehner, Ciobanu, Savage, & Cliffel, 2008b). Thus, a CPE was introduced into the circuit to 

compensate for the heterogeneity and roughness of the surface. A CPE can be presented as: 

𝑌𝐶𝑃𝐸 = Y0 (jω)𝑛 (5-14) 

where YCPE is the admittance of the capacitor, Y0 is a factor of proportionality given in Table 

5-4 and 5-5, which is the reciprocal of Q; j = (-1)1/2; ω is the frequency in rad s-1, and n is the 

measure of non-ideality ranging between 0 < n < 1. Comparison of the exponent n between the 

two potentials indicates that Q behaves more as a capacitance (n > 0.5). On the other hand, the Y0 

decrease from 1.76×10-4 to 0.8×10-4 Ω s-n, which means the capacitance of the double layer 

increases with the increase of the applied potential.  

For the pyrite oxidation in Fe-containing 0.5 M H2SO4 solution, EIS tests were also conducted 

at OCP value of 0.72 V, 0.76 V and 0.84 V. The circuit used to fit the data at these three applied 

potentials is Rs(CslRp)(Q(WRct)). All the elements have the same meaning as discussion above. 

The Nyquist plots describe similar process as pyrite oxidation at 0.72 V in 0.5 M H2SO4.  

The Rp decreases from 314 to 22 Ω by increasing the potential from OCP to 0.84 V, which 

suggests the dissolution of surface layer at higher potential. Likewise, the capacitance of the 

passive layer, Csl, increases with the applied potential as Y0 value decreases in the Table 5-5.  On 
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the other hand, the Rct in Fe-containing solution is much less than that of pyrite oxidation in H2SO4, 

ranging from 1.76 to 3.3 kΩ, with minimum dependence on the potential change. This relates to 

the fact that the charge transfer is chiefly connected to the ferrous oxidation rather than pyrite 

oxidation, and it has a faster kinetics than pyrite oxidation. A decreasing admittance of Warburg 

impedance with increasing anodic potential indicates that the charge transfer reaction is under 

diffusion control.   

5.2.4.2 Effect of temperature on Fe3+/Fe2+ redox reaction study by EIS 

In this part, the temperature effect on anodic reaction including pyrite oxidation and Fe2+ ion 

oxidation surface of pyrite was first studied with the assistance of EIS method. Figures 5-13 (a, b) 

show the measured and fitted Nyquist plots for pyrite at 0.76 V in an Fe-free and an Fe-containing 

sulfuric acid solutions, in the temperature range of 22 to 65 ºC. The compositions of the two 

electrolytic solutions utilized are the same as the above sections.  The EIS studies in the previous 

section suggested a similar electrochemical process to be occurring at this potential, i.e. 0.76 V. 

Thus the circuits used to fit the measured data were same again, i.e. Rs(CslRp)(Q(WRct)). Table 5-

6 and Table 5-7 give kinetics parameters of Rs, Csl, Rp, Rct, Q and W in the two different reaction 

mediums. All the parameters used here have the same meaning as was explained in the previous 

section.  The values of the calculated χ2 values in two tables indicates a good fit between the 

experimental data and the equivalent circuit model. 
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Figure 5-13 Measured and calculated Nyquist plots for the pyrite electrode at 0.76 V in (a. Fe-

free and b. Fe-containing) solution. Inset of Figure 13 (a, b) show the magnified Nyquist plots at 

65 ºC 

Table 5-6 Model parameters for equivalent circuit of pyrite oxidation in an Fe-free solution 

T  

(°C) 

Rsol  

(Ω cm2) 

Rp  

(Ω cm2) 

Csl  

(μF) 

Q  

(Ω s-n) 
n 

Rct  

(Ω cm2) 

W  

(Ω 10-3) 
χ2 

22 21.8 25 4.1 1.7×10-4 0.6 4200 0.47 0.08 

35 26.5 26 9.4 1.4×10-4 0.74 2390 0.86 0.06 

50 26.5 19 8.7 2.0×10-4 0.70 2000 1.79 0.05 

65 21.3 5 9.4 2.4×10-4 0.68 1490 2.82 0.03 
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Table 5-7 Model parameters for equivalent circuit of pyrite oxidation in an Fe-containing 

solution 

T  

(°C) 

Rsol  

(Ω cm2) 

Rp  

(Ω cm2) 

Csl  

(μF) 

Q  

(Ω s-n) 
n 

Rct  

(Ω cm2) 

W  

(Ω 10-3) 
χ2 

22 17.5 271 233 1.9×10-4 0.74 1760 2.14 0.06 

35 15.6 120 675 2.4×10-4 0.71 1200 2.96 0.04 

50 15.0 110 618 2.3×10-4 0.64 500 2.63 0.03 

65 16.5 90 266 3.7×10-4 0.58 511 4.54 0.07 

     

To summarize, at 0.76 V, the circuit for pyrite oxidation in an Fe-free or Fe-containing solution 

is constituted by resistance of the solution (Rsol) in series with a Rp-Csl inner circuit system used 

to simulate the electrochemical process between the surface layer and the bulk pyrite. And an outer 

circuit Q-Rct-W pair, which could be attribute to the electrochemical processes between the 

electrode/electrolyte surface and bulk solution.  

In the inner circuit, Rp is the resistance of the surface layer generated by the initial polarization 

of pyrite. From the two tables above, the resistance of this layer decreases with temperature in both 

electrolytes. In Fe-free solution, the value of Rp decreases from 25 Ω at 22 °C to 5 Ω at 65 °C, 

whereas the Rp value in Fe-containing solution decreases from 271 to 90 Ω in the same temperature 

range.  However, the resistance of the sulfur-rich layer, Rp, is much higher in Fe-containing 

solution than that in the Fe-free solution. A reasonable explanation is that the Fe ions promotes the 

formation of the sulfur-rich layer at same applied potential. The capacitance, Csl, illustrated a same 

effect of temperature on the generation and decomposition of the passive layer.  The outer circuit 

(Q-Rct-W) is defined by a parallel of a combination of charge transfer resistance, Rct; Warburg 

impedance, W and a double layer capacitance, Q, which depends on the frequency, is used to 
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quantify the and the surface roughness. Temperature has an obvious effect on Rct in both Fe-free 

and Fe-containing solution, as the Rct value decreases with increasing temperature in both medium. 

However, in an Fe-free solution, the resistance of charge transfer starts from 4200 Ω at 22 °C and 

decreases to 1490 Ω at 65 °C, and the Rct in an Fe-containing solution changes from 1760 to 511 

Ω with the increasing of the temperature. This disparity in two electrolyte is due to different 

predominant reactions occurring on the interface of the electrode/electrolyte, the main reaction in 

iron-free solution is pyrite oxidation, while in iron-containing solution the main reaction is iron 

redox reaction, which has much higher reaction rate than that of pyrite oxidation.  

On the other hand, the effect of temperature on the capacitance of the double layer is less 

obvious. The value of Y0 slightly increases with temperature. This shows that the passive film is 

relatively stable over the chosen temperature range and that the Fe ions in the solution have little 

effect on the electrochemical properties of the passive layer.      

In previous research, the Warburg impedance has been found in many studies to be associated 

with diffusion of Fe3+ ions or oxygen to the interface of bulk pyrite (Eghbalnia, 2012b). Warburg 

resistance (W) was also proposed to describe a solid state diffusion process (Bard & Faulkner, 

1980). Most of the time, the electrochemical study of pyrite oxidation is only considered as a 

corrosion process. The diffusion of Fe2+ ions onto pyrite surface has not been considered and 

studied. Moreover, most of the studies have determined the diffusion coefficient using the Levich’s 

equation around a  rotating disk electrode (Zdenĕk Samec, 1999). There are almost no studies in 

the literature which have determined the diffusion coefficient of certain ions on bulk mineral 

electrode by EIS method. The Warburg impedance is given by: 

Z𝑊 =  
𝜎

𝜔1/2
−  𝑗

𝜎

𝜔1/2
 

(5-15) 
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And 𝜎, the Warburg coefficient, is given by: 

σ =  
𝑅𝑇

√2𝐷𝐴𝑛2𝐹2
 (

1

𝑀𝑂
+  

1

𝑀𝑅
) (5-16) 

where A is the electrode area, D is the diffusion coefficient for the species in solution, n is the 

number of electrons involved and MO and MR is the bulk concentration of reactant and product, 

respectively. 

As the equations above, the Warburg impedance depends upon the frequency of the potential 

perturbation. When the diffusion layer has an infinite thickness, the reaction is controlled by the 

diffusion of Fe ions or oxygen alone and the above equation can be reduced to (Gil, Galicia, & 

Gonzalez, 1996): 

σ =   
𝑅𝑇

√2𝐴𝐹2𝐷1/2𝐶
 

(5-17) 

 where C is the concentration of Fe2+ ion, when the w equals to 1 rad/s, the σ has the relationship 

with Y0: 

σ =  
1

√2𝑌0

  
(5-18) 

Combining the equation 22 and 23, the diffusion coefficient for Fe2+ ion on pyrite surface in 

0.5 M H2SO4 can be calculated. Figure 5-14 gives the diffusion coefficients of Fe2+ ion at different 

temperature. 
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Figure 5-14 Calculated diffusion coefficients for Fe2+ ion oxidation on pyrite surface as a 

function of temperature 

As presented in Figure 5-14, the Fe2+ ion diffusion coefficient is 1.9×10-6 cm2 s-1 at 22 °C and 

increases to 7.1×10-6 cm2 s-1 by increasing the temperature to 65 °C. Previous studies have reported 

1.1×10-6 cm2 S-1 in sulfuric acid solution (Gil et al., 1996), 5.7×10-6 cm2 s-1 in 0.1 M chloride 

solution (Hawthorne, Wainright, & Savinell, 2014), and 8×10-7 cm2 s-1 in in 0.5 M perchloric acid 

solution at room temperature (Zdenĕk Samec, 1999). However, these values were obtained on 

bare-metal electrode, such as Pt and Cu electrode ore glass carbon electrode. The diffusion 

coefficient in this study is slightly higher than that on bare-metal electrode, even though the 

diffusion coefficient should be independent of the electrode material (Moraw, Fatih, Wilkinson, 

Innovation, & Mall, 2007). This could be explained by the following reasons: (1) the irregular and 

non-homogeneous surface of the pyrite in fact provides a large real surface area than a flat and 

smooth metal surface, which can change the diffusion coefficient; and (2) the speciation of 

Fe3+/Fe2+ changes the concentrations of free Fe3+/Fe2+ which should be taken into consideration. 

It is reported that the diffusion coefficient of Fe3+ increases with decreasing the mole ratio of 
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Fe3+/Fe2+ (Gil et al., 1996). The ratio in most previous studies has been 1:1, whereas the mole ratio 

in this study is 4:1. Moreover, on the passivated pyrite electrode at 0.76 V, the diffusion of Fe3+ or 

oxygen may have effect on the calculated diffusion coefficient, or the kinetics of Fe3+/Fe2+ couple 

redox reaction in fact is material dependent, which indicates an inner-sphere nature of charge 

transfer may involve and results in an interaction of Fe ions with surface group on the pyrite surface 

(Moraw et al., 2007). The mechanism of pyrite oxidation in Fe containing environment will be 

further studied in followed up research.  

5.3 Conclusion 

     The Fe3+/Fe2+ oxidation-reduction reaction on pyrite functions as a bridge for pyrite 

oxidation in nature. However, most electrochemical research regards the pyrite oxidation in terms 

of a corrosion process, constituting of pyrite oxidation and Fe3+ ion reduction or DO reduction. 

The Fe3+/Fe2+ redox reaction has not attracted a considerable research attention, likely due to its 

complex nature on pyrite surface.  

Based on mixed potential theory, chronoamperometry and cyclic voltammetry techniques were 

introduced to analyze the ferric-ferrous redox reactions kinetics on pyrite. The process can likely 

be applied to study the redox reactions on the surface of different sulfide minerals. These methods 

successfully isolated the interference of pyrite oxidation and oxygen reduction from the Fe3+/Fe2+ 

redox couple reaction. The principle of these measurements is to polarize the pyrite electrode in 

an Fe-free and an Fe-containing sulfuric acid solution and register the applied potential and current 

density for each electrolyte solution. Then the current density difference and applied potential are 

plotted as Tafel curves. From the Tafel behavior, kinetic parameters including equilibrium 

potential, exchange current density and the charge transfer coefficients were calculated. The effect 
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of temperature on the Fe3+/Fe2+ redox reaction was investigated by both chronoamperometry and 

cyclic voltammetry methods. It was shown that an increase of temperature increases the exchange 

current densities of the Fe3+/Fe2+ couple from 2.3×10-5 A cm-2 at 22 °C to 4.0×10-5 A cm-2 at 65 

°C. It was shown that increasing the temperature is more effective on ferrous oxidation reaction 

than ferric reduction reaction. The activation energy for both the Fe2+ oxidation and Fe3+ reduction 

reaction were calculated to be 102.2 kJ mol-1 and 32.71 kJ mol-1, respectively, as the rate constant 

and temperature follows Arrhenius behavior. The larger activation energy for Fe2+ oxidation 

reaction was assigned to the fact that Fe2+ ion oxidation requires more energy to overcome the 

potential barrier. Cyclic voltammetry measurements were also applied to extract the Fe3+/Fe2+ 

redox reaction kinetics parameters, and compare those with the parameters obtained from the 

chronoamperometry tests. It was shown that the cyclic voltammetry method provides an alternative 

way to measure the kinetics of couple reaction on the active electrode with more efficiency.  

Electrochemical impedance spectroscopy technique was also used to study the Fe3+/Fe2+ redox 

reactions. The EIS measurements at OCP, 0.76 V and 0.84 V in Fe-free and Fe-containing solution 

suggests a two-step pyrite oxidation process. The EIS study about temperature effect shows that 

the predominant reaction in an Fe-free solution is pyrite oxidation, which has a large Rct value, 

starting from 4200 Ω at 22 °C and decreasing to 1490 Ω at 65 °C. Meanwhile the Rct values in an 

Fe-containing solution reduces from 1760 to 511 Ω, as the Fe3+/Fe2+ redox reaction was the 

predominant reaction. The diffusion of Fe2+ ion was also calculated by the Warburg component of 

the EIS circuits. The Fe2+ ion diffusion coefficient was calculated to be 1.9×10-6 cm2 s-1 at 22 °C 

and increased to 7.1×10-6 cm2 s-1 by increasing the temperature to 65 °C. 
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6. Hydrothermal synthesis of pyrite and Ag-dope pyrite 

6.1 Introduction 

The variations in the amount of the trace and minor elements in the pyrite lattice structure results 

in the change of conductivity and surface states (Yongchao Liu & Wang, 2015) (S. Lehner, 

Ciobanu, Savage, & Cliffel, 2008a). Moreover, the semiconductor properties of pyrite are shown 

to be related to the composition of the pyrite (Rimstidt & Vaughan, 2003), which also affects the 

kinetics of pyrite dissolution. Among all the impurity and minor elements, silver stands out for its 

catalytic effect on dissolution of chalcopyrite, which have attracted attention in recent 

hydrometallurgical research (M. Wang et al., 2004) (J. Wang et al., 2017). Thus, it is important to 

know the role of Ag on the pyrite oxidation. To this end, this chapter of the thesis pertains to the 

fabrication of silver doped pyrite.  

FeS2 synthesis have been intensively studied in material science, due to the potential pyrite 

application in the semiconductors as well as other applications (Yongchao Liu & Wang, 2015). It 

is also a promising mineral for photo-electrochemical and photovoltaic cells, because of its high 

light absorption efficiency and non-toxicity (Yu et al., 2013). Variety of chemical methods have 

been reported to produce pyrite, meanwhile controlling the morphology, shape, and size, including 

electrodeposition (X. Wang et al., 2013), chemical bath deposition (Yu et al., 2013), chemical 

vapor deposition, thermal sulfurization (X. Liu, Ho, Wong, Kwok, & Liu, 2016) etc.  Among all 

these methods, hydrothermal synthesis has the advantage of low temperature, easier control of the 

pyrite shape and simple facility. Since the morphology is not the research emphasis in this study, 

a simple and economic method was provided to produce larger amount of pyrite. In this particular 
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thesis, the synthesis of pyrite uses FeSO4 as Fe source and Na2S2O3 as S source, no precursor and 

organic solvent were added. In the next chapter, the silver doped pyrite was also synthesized with 

the same method under the optimal condition from this chapter.  

Most of the hydrothermal methods to produce pyrite have the final products containing not only 

pyrite, but also elemental sulfur. To remove the sulfur powder, a few solvents have been tried to 

dissolve the elemental sulfur, such as carbon disulfide, carbon tetrachloride, and quinolone. 

Among all the organic solvent, CS2 have been widely used in metal sulfide purification, since it is 

by far the most efficient sulfur solvent, exhibiting a sulfur solubility of 35.5 g in 100 g solvent at 

25 °C (Greenwood & Earnshaw, 2012). However, CS2 has a high neurotoxicity (Boros et al., 2010). 

Figure 6-1 shows the solubility of elemental sulfur in some of the organic solutions, including 

toluene, p-xylene, Chlorobenzene, Cyclohexane (Ren, Shui, Peng, Liu, & Hu, 2011). Among all 

the tested solvents, sulfur had the highest solubility in toluene solution as shown in Figure 6-1. 

Also it is worth noting that the solubility of sulfur increased with increasing temperature in all the 

four organic solvents. Through the analysis above, toluene was determined to have the potential 

to replace the use of CS2 in the sulfide mineral preparation according to its much less toxicity and 

high sulfur solubility. In our purification test, 11.56 g of S can be dissolved in 100 g toluene at 

80 °C.  
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Figure 6-1 Solubility of sulfur in (□) toluene, (Δ) p-xylene, (▿) chlorobenzene, (◊) cyclohexane 

as a function of temperature (Ren, Shui, Peng, Liu, & Hu, 2011) 

6.2 Results and discussion  

6.2.1 The effect of temperature on the synthesis of pyrite  

Temperature and reaction time can be very important parameters in the fabrication process of 

pyrite. Previous reports on the hydrothermal synthesis of pyrite had reported an ideal temperature 

between 180 to 240 °C for pyrite synthesis. In this particular study, the synthesis of pyrite was 

conducted at 180 °C and 200 °C respectively. In order to see the probable drastic effect of 

temperature on the synthesis, the reaction time was set to 24 h. Figures 6-2 (a, b) show the pyrite 

products without purification at these two temperatures.  
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Figure 6-2 Hydrothermal synthesis of pyrite at (a) 180 ºC (sheet or powder) and (b) 200 ºC 

(bulk) for 4h 

From above graphs, it is obvious that the temperature of the process is a parameter. At 180 °C, 

in Figure 6-2a, some of synthetics products were sheet-like solid or powder; while for products 

reacted at 200 °C, in Figure 6-2b, the products exhibited serious aggregation and became large 

pieces. It was also found that the surface of the pyrite pieces have lots of pits which could be due 

to the evaporation of elemental sulfur on the surface of products at high temperature and high 

pressure.  

Considering the purification of the sulfur powder and the repeatability of the electrochemical 

tests during the follow-up works, the pyrite obtained at 180 °C was chosen in the follow-up study. 

The generation of bulk mineral which was barely studied in previous research works is of particular 

interest in metallurgy and environmental engineering fields and will be studied in the near future.  

6.2.2 The effect of Fe/S ratios on the pyrite synthesis 

Besides the Fe and S source, the mole ratio of Fe/S can be significant for the synthesis of 

pyrite. Previous research also found the final products might be different using different mole ratio 
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between Fe sources and S sources, especially the undesirable product of marcasite. Figure 6-3 

shows the diffraction pattern of the synthetic products with the mole ratio of Fe/S being 1:1, 1:2, 

and 1:4. As demonstrated in Figure 6-3, when the mole ratio of Fe/S is 1:1, significant amount of 

marcasite can be found in the final products. On the other hand, no obvious peaks of element sulfur 

were detected in the XRD patterns of the synthetic pyrite sample with the Fe/S mole ratio of 1:1. 

When the mole ratio of Fe/S was set at 1:2, the peaks of the marcasite retrieved and some peaks 

attributed to elemental sulfur were found in the pattern of the synthetic products. When the Fe/S 

ratio became 1:4, the XRD results showed no peaks of marcasite, but pyrite as the main phase was 

associated with elemental sulfur.  
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Figure 6-3 X-ray diffraction patterns of synthetic pyrite with Fe/S ratio being 1:1, 1:2 and 1:4 at 

180 ºC reacting for 4 h 

   To conclude, the synthesis of marcasite can be avoided by adjusting the dosage of Na2S2O3 to 

twice or more than that of FeSO4, leaving just elemental sulfur as impurity; also with increasing 

of sodium thiosulfate, the amount of S impurity will also increase in the final product.  
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6.2.3 The effect of reaction time on the pyrite synthesis  

In this part the research mainly focused on the properties of the synthetic pyrites which were 

fabricated at 180 º C with different reaction times of 1, 2 and 4h. All other synthesis experimental 

conditions were the same as the above section. The weight of the purified pyrite and sulfur 

collected from the cooled toluene were weighted and are shown in Table 6-1.  

Table 6-1 Weight of total products, pure pyrite and elemental sulfur 

Reaction 

time (h) 

Total weight 

(g) 

Pyrite 

weight (g) 

S weight 

(g) 

Mole ratio 

(S:FeS2) 

1 20.2 10.1 10.1 3.75 

2 19.8 10.3 9.5 3.46 

4 20.9 11.8 9.1 2.98 

It was found that the weight of the pyrite fabricated was very close to the weight of the elemental 

sulfur produced, and the mole ratio of the elemental sulfur vs. pyrite had decreased from 3.75 with 

reaction time of 1 h to 2.98 with reaction time of 4 h. The decreasing ratio suggested that the 

synthetic reaction favors the formation of pyrite with long reaction times. Assuming that the 

stoichiometric ratio of the reaction products is 3 for S/FeS2, the equation of this process can be 

written as: 

𝐹𝑒𝑆𝑂4 + 4 𝑁𝑎2𝑆2𝑂3 → 𝐹𝑒𝑆2 + 4 𝑁𝑎2𝑆𝑂4 + 3 S (6-1) 

6.2.4 XRD analysis 

Figures 6-4 (a, b) show the XRD phase detection of pristine synthetic pyrite and pyrite powder 

after purification. The patterns of pyrite crystal structure (JCPDS no. 42-1340), elemental sulfur 
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(JCPDS no. 08-0247) are given in Figure 6-4a, as well as the pattern of primary synthetic pyrite 

without purification, reacting at 180 ºC for 4 h. The peaks of the unpurified pyrite agrees well with 

the pyrite and elemental sulfur peaks. There were no other impurities found, especially no 

diffraction peaks corresponding to marcasite. Marcasite, was repeatedly reported as a by-product 

in the synthesis of pyrite by hydrothermal methods, and other methods such as toluene-thermal, 

chemical vapor deposition and sulfurization (Qian et al., 1999) (Khalid et al., 2015) (X. Liu et al., 

2016). It has always been a challenge to synthesize pure phase of pyrite without the generation of 

marcasite, especially in the preparation of pyrite photovoltaic material, the orthorhombic 

metastable marcasite introduces various optoelectronic properties. Figure 6-4b shows the XRD 

pattern of purified pyrite samples synthesized for 1, 2 and 4h. The diffraction peaks of the pyrite 

were corresponding to the FeS2 crystal structure (JCPDS no. 42-1340). No obvious impurity peaks 

were detected. 

 

Figure 6-4 X-ray diffraction patterns of pristine synthetic pyrite and purified pyrite 

samples reacting for 1, 2 and 4h 
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6.2.5 Particle size analysis 

The reaction time is crucial for the physical characteristics of the pyrite fabricated, such as its 

particle size, morphology, conductivity and etc. The particle size of the ground pyrite powder 

samples were analyzed by laser particle size analyzer. Figure 6-5 shows the particle size 

distribution of the pyrite samples under different reaction time. The figure shows that the average 

particle size increases with the reaction time of the synthetic pyrite. The average particles sizes are 

32, 60, 108 µm for pyrite fabricated in 1, 2 and 4 h, respectively. 

 

Figure 6-5 Particle size distribution of pyrite synthesized at different hours 

6.2.6 TGA study 

        Thermo Gravimetric Analysis (TGA) was also used to investigate the thermal stability of 

the produced pyrite. Results are presented in Figure 6-6. Comparing to the natural pyrite, the 

synthetic pyrite samples have shown improvement in their thermal properties. After heating up to 

800 °C, the natural pyrite has lost 23% of its weight, while the synthetic pyrite had lost about 25% 

of weight. The produced pyrite samples began to dramatically decompose at about 630 °C, which 
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also proves that the specimens did not contain any appreciable amount of impurities.  As for the 

natural pyrite, it continuously decomposed starting from 200 °C. The decomposition of pyrite 

heated in an inert atmosphere can be described as: 

𝐹𝑒𝑆2 = 𝐹𝑒𝑆 + 𝑆 (6-2) 

It was also noticed that the pyrite synthesized in 2 and 4 h processes had a higher thermal 

resistance that that produced in 1 h reaction time. In other words, increasing the reaction time also 

increases the thermal stability of the synthetic pyrite. The exact temperature at which the 

decomposition occurs greatly lies on the purity and microstructure of pyrite (X. Wang et al., 2013).  

 

Figure 6-6 The thermogravimetric (TG) curves of synthetic pyrite 

6.2.7 SEM study 

The particles structure and morphology for pyrite produced by different reaction time were 

investigated through SEM and TEM methods.  
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Figure 6-7 SEM images of (a) pyrite synthesis for 1h and (b) pyrite synthesis for 4h 

Figures 6-7 (a, b) provided the SEM images of as-preapared pyrite sample at 180 ºC for 1 h and 

4 h, repectively.  The high magnification SEM image in Figure 6-7s of pyrite synthesized for 1 h 

shows very clear spheric shape and the initial pahse of aggregation of particle can be observed. 

The particles size observed from the image are between 2-10 µm. Figure 6-7b shows the synthetic 

pyrite reacting for 4 h which have irregular shaped due to high intensitive aggregation with 

inreasing reaction time.  

6.2.8 Conductivity Measurement 

In order to study the effect of temperature on the electrical properties of synthetic pyrite a 

devices was designed and assembled similar to that found in a recent study for the conductivity 

determination of iridium catalyst powder (Karimi & Peppley, 2017), to measure the conductivity 

of the synthetic pyrite; an schematic of the device is presented in Figure 6-8.  
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Figure 6-8 The experimental device used to measure conductivity of pyrite and Ag-doped 

pyrite (Karimi & Peppley, 2017). 

    The core component of the equipment is a 30 mm diameter acrylic cylinder with a centrally 

bored hole of 3 mm diameter. The synthetic pyrite powder (0.1 g) was ground and placed in 

between a pair of brass pistons located in the acrylic cylinder. Nitrogen gas was pumped to 

compress the mineral powder in order to provide good electrical contact between the particles. 

However, an excessive pressure was avoided because it may crush or break the particles. The 

electrical conductivity was directly measure by a multi-meter connected to the upper and lower 

pistons. After the measurement of the thickness of the powder, the powder conductivity was 

calculated by: 

σ =
𝑙

𝑅𝑝
× (

1

𝐴
) (6-3) 
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where σ is the electrical conductivity (S/cm), Rp is obtained from the multimeter as the electrical 

resistance (Ω) of the compressed powder, l is the length of the compressed powder minerals, and 

A is the surface area (cm2) of the compressed mineral column.  

  The measured electrical resistivity of the powder depends on the applied pressure. The 

conductivity of the 4 h-synthetic pyrite was measured at different pressures and the results are 

depicted in Figure 6-9. As can be seen, the conductivity increases with the increased applied 

pressure at first and then becomes stable after about 45 psi. Based on the observation between the 

applied pressure and the conductivity, a pressure of 45 psi was selected for the measurement of 

conductivity for the good contact and avoiding crushing of particles under higher pressure.  

 

Figure 6-9 Conductivity (S/cm) of 0.1 g 4h synthetic pyrite vs. applied pressure 

The conductivities of the synthetic pyrite under different reaction times are listed in Table 2. It 

was observed that the conductivity of synthetic pyrite significantly increases with the reaction time, 

from 3.9 S/cm for 1 h synthetic pyrite to 136.7 S/cm for 4 h synthetic pyrite, which may relate to 

the vastly different particle size. It is know that pyrite is a semiconductor with low conductivity, 

which may result in poor electrical contact between the active particles and the conductive agent 



 

 

  

 

108 

and low electrochemical reaction rate during cycling. By increasing the reaction time, the 

conductivity of synthetic pyrite obviously improved. It has been reported that the conductivity 

varies widely for pyrite in nature, ranging from 0.02 to 562 S/cm (Abraitis et al., 2004). The 

conductivity of p-type pyrites is generally much lower than that of n-type samples, the mean 

conductivities being 0.5 and 56 S/cm for p-types and n-types, respectively. 

Table 6-2 Conductivity of synthetic pyrite samples produced by different reaction time 

Pyrite reaction time 1h 2h 4h 

Conductivity (S/cm) 3.9 12.7 136.7 

 

6.2.9 Electrochemical study  

      The electrochemcial dissolution process has also been studied for the hydrothermal 

synthetic pyrite under different reaction times. Tafel analysis and Mott-Schottky measurements 

were carried out on specially made pyrite-carbon paste electrode as working electrode in 0.5 M 

sulfuric acid solution. The Tafel analysis results showing the relationship between the logrithum 

of the current density and the applied potential are given in Figure 6-10. Important kinetic 

constants, such as i0  (exchange current density), E0 (equlibrium potential ), anodic transfer 

coefficient αa and cathodic transfer coefficient αc were calculated based on the Bulter-Volmer 

equation. All the kinetics parameters are presented in Table 6-3. 
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Figure 6-10 Tafel plots for the synthetic pyrite dissolution in 0.5 M sulfuric acid at  

22 ºC, scan rate = 20mV s-1 

    Table 6-3 Tafel parameters of syntheic pyrite dissolution in sulfuric acid solution  

Pyrite synthetic time 
i0 

(10-6  A cm-2) 

E0 

(V) 
αa αc 

1 h 9.12 0.40 0.17 0.78 

2 h 5.62 0.42 0.33 0.59 

4 h 1.58 0.44 0.44 0.51 

 

As shown in Figure 6-10 and Table 6-3, the exchange current density decreases from 9.12 × 10-

6 A cm-2 for 1 h synthetic pyrite to 1.58 × 10-6 A cm-2  to 4 h synthetic pyrite. The higher i0 of 

pyrite synthesized in a shorter time suggests a higher electrochemical activity. The dissolution 

process of pyrite can be a non-uniform oxidation process which happens faster at the defects and 

imperfections sites (Chandra & Gerson, 2010). Combining the SEM results, since pyrite 

synthesized in 1 h have good crystallinity and no serious agglomeration was obeserved, it is 
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expected that the 1 h synthetic pyrite has a higher dissolution rate. Also, pyrite produced for 1 h 

might have more defects and imperfection sites due to a larger actual surface area. On the other 

hand, the pyrite produced for 4 h have a smaller actual surface area leading to a fewer defects and 

imperfection sites due to high level of aggolemeration.  

On the contrary, the equilibrum potential of pyrite dissolution in sulfuric acid solution increases 

with synthetic time for pyrite, from 0.40 V for 1 h synthetic pyrite to 0.44 V for 4 h synthetic pyrite. 

When a stronger oxidants, such as Fe3+ is present in the electrolyte, the pyrite with a smaller 

equilibrium potential would show higher tendancy to dissolve since the reaction driving force is 

the potential difference between an oxidant and the pyrite (Rimstidt & Vaughan, 2003). Comparing 

the charge transfer coefficients, which also depicts the slope of the polarization curves as can be 

seen from the Figure 6-10, the cathodic polarization curve slopes becomes steeper for pyrite with 

a higher synthetic time; this also can be seen by the decreasing cathodic charge transfer coefficients, 

from 0.78 to 0.51. Conversely, the anodic charge transfer coefficient increases from 0.17 for 1h 

synthetic pyrite to 0.44 for 4 h synthetic pryite. The sums of the anodic and cathodic charge transfer 

coefficients are all close to 1, which suggested a single electron transfer reaction on the surface of 

pyrite electrode. The smaller anodic charge transfer coefficients than cathodic transfer coefficients 

indicates n-type semiconductor properties.  

To better analyze the semiconductor properties of the synthetic pyrite, Mott-schottky analysis 

was used to study the change of capacitances on the electrochemical interface (Munirathinam, 

Narayanan, & Neelakantan, 2016). In this study, the frequency was set at 1 kHz, the potential range 

was chosen between 0.3 to 0.9 V. As shown in Figure 6-11, the Mott-Schottky curves all have two 

distinct linear regions before 0.58 V and after 0.65 V. The similar phenomena have been reported 
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for some n-type semiconductor with depletion region (Rafsanjani-Abbasi & Davoodi, 2016). The 

positive slope range before 0.58 V could be explained as the pseudo-passive behavior of pyrite in 

sulfuric acid soluiton. Comparing to the high C-2 value of pyrite reacting for 4 h,  it is obvious the 

passive film semiconducting properties have changed, and subsequently the electrochemical 

dissolution mechanism has changed too.  
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Figure 6-11 Mott-Schottky polots for synthertic pyrite in 0.5 M H2SO4 

6.3 Conclusion 

In order to study the effect of purity on pyrite dissolution from the perspective of metallurgy, 

pure pyrite and sinlge element doped pyrite samples were fabricated. In this chapter, a large bulck 

pyrite sample was synthesized by a simple hydrothemeral method. The temperature, reaction time, 

and the usage of iron and sulfur salts have been proven to be very important parameters to produce 

pyrite. A mole ratio of 1:4 for FeSO4·7H2O and Na2S2O3 was found as a proper ratio to produce 

pyrite. At this ratio, the phase of the final products were determined to be pyrite and elemental 

sulfur by XRD analysis, and no Marcasite was present.  
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A superior method for the purification of pyrite from the sulfur by-product was developed; the 

process applies toluene which is much less toxic that the widely used CS2 for elemental sulfur 

removal from the synthetic sulfide minerals. From the XRD results, all the sulfur contained in 

about 20 g of products can be fully dissolved and seperated from the pyrite when 200 mL of toluene 

solution was used at near boiling temperature.   

The synthetic pyrite has a thin layer shape producing at 180 ºC and exhibits as a bulk shape at 

200 ºC reacting for 24 h. The reaction time is crucial for the physical properties, electrical and 

electrochemcial properties of synthetic pyrite. By increasing the reaction time, the conductivity 

and the electrochemcial reactivity of the pyrite decreases, while the particle size of the pyrite 

increases. All the synthetic pyrite have n-type semiconducting properties. 
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7. The synergistic effect of Cu2+–Fe2+–Fe3+ acidic system on the 

oxidation kinetics of Ag-doped pyrite 

7.1 Introduction 

      Pyrite is usually considered as an undesired sulfide mineral associated with other valuable 

minerals, and it significantly contributes to acid rock drainage. The pyrite oxidative dissolution 

have been intensively studied under a wide range of conditions (Papangelakis & Demopoulos, 

1991) (Olvera et al., 2014). However, the fact that the dissolution of pyrite is highly dependent on 

its geographical location presents an obstacle to the natural pyrite oxidation mechanism studies 

(Chandra & Gerson, 2010). This difference was initially connected to the stoichiometric ratios of 

Fe and S, since the ideal stoichiometric ratio of 1:2 rarely occurs for a natural pyrite (Tao et al., 

2003). Follow-up studies tried to establish a connection between the semiconductor properties of 

pyrite with its oxidation behavior, however no systematic differences were found between the 

pyrite oxidation kinetics and its semiconducting characteristics, i.e. p-type and n-type pyrites 

(Biegler & Swift, 1979). Later, the researchers shifted their focus towards the effect of impurities 

and defects in pyrite, believing that the trace impurities likely change the stoichiometric ratio of 

Fe and S through lattice substitution and lead to significant variation of the pyrite electrical and 

semiconducting properties. A natural pyrite sample often contains several impurity elements such 

as As, Pb, Sb, Bi, Cu, Co, Ni, Ag, and Au. Among all these impurities, As, Ni, Co are usually 

considered closely connected with the semiconductor properties of pyrite and have been 

systematically studied (S. Lehner & Savage, 2008) (Yongchao Liu & Wang, 2015). Lehner et al. 

found that the impurity atoms in the pyrite crystal could introduce defect states at the surface of 
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the pyrite mineral particles and mediate the charge transfer process at the interface (S. Lehner et 

al., 2008a). A kinetics study comparing the oxidation behavior of a natural pyrite with the As, Co 

and Ni doped pyrite in sulfuric acid solution had reported that the As, Co and Ni impurities increase 

the oxidation rate of pyrite, and the As-doped pyrite had shown the highest electrochemical activity 

(Yu et al., 2013) (Yaoyin Li, Xiao, & Huang, 2017). The high electrochemical activity for As-

doped pyrite was connected to the p-type behavior of pyrite, while the Co and Ni doped pyrite 

samples showed n-type semiconducting properties (Yu et al., 2013),(Yaoyin Li et al., 2017). 

However, the effect of silver on the semiconducting properties of pyrite and the 

electrodissolution of pyrite has not been studied before. Silver often is present in the natural pyrite 

in varies ranging from < 1 ppm to 900 ppm (Griffin et al., 1991),(Huston et al., 1995). Unlike Co, 

Ni or As traces which usually substitute Fe or S in the pyrite lattice, Ag can occur as minor element 

in the pyrite lattice or can be present within discreet mineral inclusions (Abraitis et al., 2004). 

Although the effect of trace silver on the pyrite oxidation process is almost neglected in the 

literature, silver ion has been intensively studied as a catlyst for chalcopyrite oxdiation (M. Wang 

et al., 2004). The leaching rate of chalcopyrite can be accelerated by addition of trace silver ion in 

the chalcopyrite leach solution (N Hiroyoshi et al., 2002). Another interesting effect of silver is 

linked to the galvanic interaction between silver-doped pyrite and chalcopyrite, where it was 

shown that the catalytic effect of pyrite on chalocpyrite leaching is higher whne the silver content 

of the pyrite is high (Nazari et al., 2012). All the pyrite sample pretreated by soaking in silver 

containing solution became good catalysts for chalcopyrite leaching. It was concluded by Nazari 

et al.  (Nazari et al., 2012) that the catalytic quality of FeS2 is related to its silver content rather 

than the geological location of pyrite (Eghbalnia, 2012a). The catalytic action was also found for 

silver-bearing solid waste, such as zinc leaching residue, on chalcopyrite leaching (J. Wang et al., 
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2017). Ghahremaninezhad provided a model to explain mechanism of the silver ion catalysis of 

chalcopyrite (CuFeS2) dissolution. As demonstrated in Figure 7-1, he assumed Ag2S first formed 

when silver cations adsorb on to the electrode surface. Then a sulfur vacancy and holes in the 

passive film are created by the formed Ag2S. Both the sulfur vacancy and the pair of holes 

facilitated the dissolution kinetics of chalcopyrite.  

 

Figure 7-1 Schematic demonstration of Ag catalytic mechanism: (a) Ag+ adsorption, (b) Ag2S 

formation on the chalcopyrite passive film, and (c) diffusion of silver atom and sulfur vacancy 

into the passive film (A. Ghahremaninezhad, Radzinski, Gheorghiu, Dixon, & Asselin, 2015) 

Nontheless, the catalysis mechansim of Ag-containing pyrite has never been studied. It could 

be the negligible Ag+ released or Ag from pyrite which promotes the chalcopyrite oxidation, or 

the pyrite with higher silver content provide a better catalytic surface for ferrous oxidation to ferric, 

leading to a faster oxidation of chalcopyrite by the ferric (Eghbalnia & Dixon, 2013). Nonetheless, 
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recent research has shown that pyrite with a higer amount of silver (124 ppm) had a lower charge 

transfer rate for the both ferric reduction and ferrous oxidation reactions than that a pyrite with no 

or lower silver content (< 5 ppm) (L. Li et al., 2016). Therefore, the actual role of silver in the 

pyrite dissolution and the catalytic effect of the silver-bearing pyrite on chalcopyrite leaching 

needs to be further studied. In order to learn the effect of a single element on the electric and 

electrochemical properties of pyrite, pyrite and single element doped pyrite had to be synthesized 

first. Then the dissolution kinetics between the Ag-free pyrite and Ag-doped pyrite can be 

compared.  

In this research, Ag-free pyrite and Ag-doped pyrite were synthesized by the hydrothermal 

method. Different amounts of silver were added to the pyrite samples, and the real content of silver 

in the samples was measured by atomic absorption spectroscopy (AAS). The kinetics of Ag-doped 

and Ag-free pyrites oxidation in the sulfuric acid, Fe- and/or Cu-containing sulfuric acid were 

studied respectively. The pyrite oxidation in Fe-containing solution has been intensively studied, 

since Fe3+ is the major oxidant for pyrite dissolution, and Fe2+ oxidation was reported to be the 

rate limiting step for the pyrite oxidation reaction. Copper cation effect on oxidation of pyrite is 

interesting as it is very often present in the acid mine drainage solutions or in the sulfide leaching 

solution. 

7.2 Results and discussion 

7.2.1 Synthetic pyrite characterization: XRD, XPS, and SEM-EDX measurements 

The purified, i.e. sulfur free, synthetic pyrite and Ag-doped pyrite were analyzed by XRD and 

the graphs are displayed in Figure 7-2. Compared to the standard diffraction patterns of pyrite 
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(PDF42-1340), the diffraction peaks of the Ag-doped pyrite are highly consistent with the standard 

pyrite and synthetic pyrite. Only the tiny diffraction peaks found at 30 º and 45.5 º were not 

matched to the pyrite patterns, which are likely contribute to the oxide on the pyrite surface, such 

as hematite (Samad et al., 2015a).  On the other hand, the species of silver were not detected 

because of the low concentration of Ag in the pyrite samples.  
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Figure 7-2 XRD of purified pyrite and Ag-doped pyrite 

XPS analysis was carried out to determine the chemical composition of the pyrite samples. The 

XPS survey spectrum demonstrated the existence of Fe, S, O and Ag (Figure 3.a). In Figure 7-3.b 

and Figure 7-3.c, the peaks of S 2p at 162.5 eV is attributed to the metal-S bonds in pyrite (Wei et 

al., 2017), which is originated from disulfides in FeS2. The peak at 169.6 eV is related to the sulfate, 

which is likely generated by the oxidation of the pyrite surface during the air exposure (Samad et 

al., 2015b). Additionally, a small shoulder at 165.0 eV might be attributed to the polysulfides on 

the surface of iron pyrite formed by the sulfur vacancies (Andersson, Ogasawara, Nordlund, 

Brown Jr, & Nilsson, 2014). Figure 7-3d and Figure 7-3e shows the Fe 2p spectrum of pyrite and 
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3820 ppm Ag-doped pyrite, respectively. The peaks located at 707.1 and 709.4 eV relate to pyrite 

and ferrous sulfate, respectively. Another peak at 711.5 eV refers to the ferric oxide, which was 

the product of ferrous oxidation on the pyrite surface (Tu et al., 2017).  Figure 3f shows the Ag 3d 

spectrum of 3820 ppm Ag-doped pyrite. The peaks at 368.0 eV for Ag 3d5/2 detected could be 

both Ag0 or silver sulfides, since the two compounds are indistinguishable in XPS based solely on 

the binding energy values of the Ag 3d peak (Zhang et al., 2011). 
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Figure 7-3 XPS spectra of FeS2 and Ag-doped FeS2 (a: Survey spectrum, b: S 2p spectra of 

FeS2, c: S 2p spectra of 3820 ppm Ag-doped FeS2; d: Fe 2p spectra of FeS2; e: Fe 2p spectra of 

3820 ppm Ag-doped FeS2; f: Ag 3d spectra of Ag-doped FeS2) 
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7.2.2 TEM and EDX results 

      The TEM images of the synthetic pyrite and Ag-doped pyrite nanoparticles are shown in 

Figure 7-4 (a, b). The image of nanoparticles of Ag-free pyrite show typical agglomerates of 

different size particles with a larger size distribution dominate. In the case of the Ag-doped pyrite 

particles, the nucleation and particle growth pattern are clearer to observe in Figure 7-4b. The 

particles with sharp edges show a particle distribution between 50-150 nm. The TEM elemental 

mapping of the Ag-doped pyrite with 3820 ppm Ag (Figure 4c) clearly shows a homogeneous 

distribution of Fe, S and Ag elements in the selected area. After then, the lattice fringes of the Ag-

free pyrite and Ag-doped pyrite with 3820 ppm Ag were imaged by HRTEM. The interplanar 

spacing of the Ag-free pyrite and Ag-doped pyrite are all determined to be 0.271nm from Figure 

7-4d and Figure 7-4e, corresponding to the (200) planes of FeS2 (JCPDS: 42-1340). Moreover, it 

was observed some lattice distortion on the planes of Ag-doped pyrite, which also suggested that 

Ag ions were successfully introduced onto the host lattices of FeS2 (Figure 7-4e).  
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Figure 7-4 TEM graph of (a) Ag-free pyrite, (b) Ag-doped pyrite with 3820 ppm Ag, (c) TEM 

mapping of Ag-doped pyrite with 3820 ppm Ag, (e) HRTEM image of Ag-free pyrite and (f) 

HRTEM image of Ag-doped pyrite with 3820 ppm Ag 
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To make a reasonable assumption, the Ag-doped pyrite has more likely a structure close to 

AgFeS2, and could be written as AgxFe1-xS2. A plausible reaction model is provided AgFeS2 

(Sciacca, Yalcin, & Garnett, 2015) to describe the generation of Ag-doped pyrite, which can be 

written as: 

S2O3
2− + H2O → H2S + SO4

2− (7-1) 

The silver ion can then react with H2S and form Ag2S: 

2Ag+ + H2S → Ag2S + 2H+ (7-2) 

The generated Ag2S might continue to reacted with Fe2+ and H2S, and the possible reaction to 

form  AgFeS2 is shown in Eq. 7-3 (Sciacca et al., 2015).  

Ag2S + 2Fe2+ + 3H2S → 2AgFeS2 + 4H+ + H2 (7-3) 

It has been reported that AgFeS2 has a great crystal structure similarity to that of CuFeS2 (Boon, 

2010).  Eq. 7-3 suggests that the oxidation states of Ag and S do not change in the reaction and are 

consistent with those of CuFeS2. The crystal structures of CuFeS2 and AgFeS2 are shown in Figure 

7-5. 

 
Figure 7-5 Crystal structures of CuFeS2 and AgFeS2 (“Crystal Data : Physical Properties : 

Chemistry” 2005) 
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7.2.3 Electrochemcial test results and discussion  

In this section the kinetics of the synthetic pyrite and Ag-doped pyrite dissolution were studied 

by different elctrochemical techniques. It is well known that the dissolved oxygen and ferric ions 

are the most important oxidants for pyrite oxidation (Chandra & Gerson, 2010). The anodic 

oxidation of pyrite and Ag-doped pyrite were conducted in (1) sulfuric acid and (2) ferric-ferrous 

contaning sulfuric acid solutions. Then the kinetics of the pyrite and Ag-doped pyrite dissolution 

in the two electrolytes were compared. In addition to the above two solutions, the Ag-doped pyrite 

oxidative dissolution was also studied in (3) Fe and Cu-containing sulfuric acid solutions. It has 

been reported that the addition of copper into the Fe-containing sulfuric acid solution can catalyze 

the oxidation reaction of chalcopyrite (Naoki Hiroyoshi, Kuroiwa, Miki, Tsunekawa, & Hirajima, 

2004). Nonetheless, the synergistic effect of cupric and ferrous ions that have been found in 

chalcopyrite dissolution and have not been reported for pyrite.  

7.2.3.1 OCP determinatio of Ag-doped pyrite 

Figure 7-6 (a, b) shows the OCP of pyrite and Ag-doped pyrite in the sulfuric acid solution and 

Fe-containing acid solution. The shapes of the OCP vs. time lines are very different in the two 

mediums. In each solution system the addition of silver in the pyrite has increased the OCP, and 

the OCP values eventually have reached a steady state value in about 2 h. Both the pyrite samples 

have the same trend in the sulfuric acid solution where their OCP decreases in the first 100 s to a 

minimum value and then increases with time until it finally stabilized after 3000 s. The initial drop 

of the OCP values can been explained by the dissolution of the surface Fe oxide or FeSO4 into the 

electrolyte, where the dissolved ferrous then likely reduces the OCP for the initial 100 seconds 

(Yun Liu et al., 2011b). Afterwards the pyrite surface continues to oxidize and co-currently a 
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passive layer forms on the surface which retards the pyrite oxidation kinetics (Herbert, 

Krishnamoorthy, Ma, Van Vliet, & Yildiz, 2014).  

 

Figure 7-6 Open circuit potential (OCP) of pyrite and Ag-doped pyrite electrodes in (a) 0.5 M 

H2SO4 and (b) Fe-containing 0.5 M H2SO4 solution vs. time 

The stable OCP value for Ag-free pyrite in the sulfuric acid solution is 0.485 V, while the value 

for the Ag-doped pyrite has a very close value of about 0.488 V. Nonetheless all the steady state 

OCP values are in a small range of 0.495 to 0.500 V. The sudden drop of OCP is not detectable in 

the OCP curves of Figure 7-6b, likely because the ferrous generated from the dissolution of the 

pyrite surface oxides and sulfates could change the distribution of the Fe ions in the vicinity of the 

electrode only very slightly (the electrolyte already has high ferrous and ferric concentration and 

very small amount of ferrous cannot meaningfully change the iron speciation).  

7.2.3.2 Cyclic Voltametry results 

CV measurements were initially performed in a sulfuric acid solution within a potential of -0.4 

to 0.8 V to study the possible differences between the oxidation-reduction processes of pyrite and 
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Ag-doped pyrite electrodes. The results of the second CV tests are plotted in Figure 7-7, which 

agrees well with the CV results presented in the literature (Chiriţă, Popa, Duinea, & Schlegel, 

2014). The slight differences in the characteristics of the peak positions and peak current height 

between this work and the works presented in the literature are perhaps because of the changes in 

the composition and surface roughness of the pyrite electrodes in the different studies, as well as 

differences in the electrolyte composition.  
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Figure 7-7 Cyclic voltammograms of Ag-free pyrite and Ag-doped pyrite in 0.5 mol/L H2SO4 

solution 

Biegler and Swift have assigned the anodic peak at about 0.43 V to the formation of an 

elemental sulfur or polysulfide passive layer on the pyrite surface (Biegler & Swift, 1979): 
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𝐹𝑒𝑆2  → 𝐹𝑒2+  + 2𝑆0 + 2𝑒 (7-4) 

The passive layer in the present paper refers to a certain intermediate oxidation products which 

may contain S and polysulfide or Fe-deficient sulfide such as S8, Fe1-xS2 and FeSn which have been 

suggested in many literature (Mycroft, Bancroft, McIntyre, Lorimer, & Hill, 1990),(Mu, Li, & 

Peng, 2017). As the anodic potential increases, the passivating layer and pyrite continuously 

oxidize to form sulfates (Muñoz et al., 1998): 

𝑆0 + 4𝐻2𝑂 → 𝑆𝑂4
2− + 8𝐻+ + 6𝑒 (7-5) 

An obvious observation from Figure 7-7 is that the oxidation current density peaks decrease by 

doping more silver into the pyrite. Figure 7-7 clearly shows that the higher Ag concentration in 

pyrite electrode reduces the current density of the electrodes at around 0.8 V, suggesting that the 

Ag has hindering effect on the trans-passive oxidation of pyrite at potentials > 0.8 V.   

The cathodic reaction peak at about 0.43 V is believed to be the reducing reaction of ferric ion 

on the pyrite surface (P R Holmes & Crundwell, 2000). The cathodic peak at -0.2 V, which usually 

is not seen during the pyrite experiments in basic solutions (Qin et al., 2015), is likely related to 

the sulfur or polysulfide reduction to sulfides such as H2S (Qin et al., 2015). A decreasing current 

density tendency with increasing amount of Ag within pyrite was also found for the reduction of 

S or polysulfide.  

7.2.3.3 Tafel Analysis of pyrite and Ag-doped pyrite 

Tafel analysis serves as a powerful tool to help undestanding the kinetics of the electrochemical 

reactions. The exchange current dentsity determined from the Tafel curves describes the reaction 

rate, while the Tafel slope provides information associated with the rate-limiting reaction steps 
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(Shinagawa, Garcia-Esparza, & Takanabe, 2015). Figure 7-8a and b present the logarithm of 

current density vs. applied potential of the electrodes in the Fe-free and Fe-containing sulfuric acid 

solutions. The potential sweep in the experiments had started from -0.1 V vs. OCP  to +0.1 V vs. 

OCP and the scan rate was 1 mV/s.  
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Figure 7-8 Polarization curves of Ag-free pyrite and Ag-doped pyrite in (a) 0.5 mol/L H2SO4, 

and (b) Fe-containing 0.5 mol/L H2SO4 solution at 22 ºC, scan rate = 1 mV s-1 

The mixed potential and current density were developed by performing the fitting of the results 

on the Butler-Volmer equation, which is given by (Bard & Faulkner, 1980): 

i = i0 (e
2.303

E−E0

ba − e
2.303

E−E0

bc ) (7-6) 

where i0 is the exchange current density, E0 is the equlibrum potential, ba and bc are the anodic 

and cathodic Tafel slope, respectively, in V/decade units. They were used to calculate αa and αc, 

which are anodic and cathodic transfer coefficients, respectively. The parameters obtained from 

the Tafel analysis are shown in Table 7-1. 
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Table 7-1 Kinetics parameters by Tafel analysis for pyrite and Ag-doped pyrite in Fe-free and 

Fe-containing 0.5 mol/L H2SO4 solution 

Ag content of pyrite 
i0  

(10-6  A cm-2) 

E0  

(V) 
αa αc Solution 

Ag-free  
4.3 0.43 0.36 0.63 Fe-free 

11.7 0.48 0.36 0.62 with Fe 

138 ppm  
4.0 0.45 0.28 0.73 Fe-free 

9.6 0.48 0.29 0.73 with Fe 

300 ppm  
2.9 0.45 0.30 0.58 Fe-free 

9.6 0.47 0.30 0.68 with Fe 

690 ppm  
3.1 0.45 0.31 0.62 Fe-free 

9.3 0.47 0.37 0.62 with Fe 

3820 ppm  
1.0 0.45 0.24 0.74 Fe-free 

9.0 0.47 0.25 0.74 with Fe 

  

In Table 7-1, the comparison of the exchange current density values in Fe-free sulfuric acid 

solution shows that pyrite oxidation rate is about 1.2 × 10-5 A/cm2, while the Ag-doped pyrite 

oxidation rate is in the order of 10-6 A/cm2. In addition, increasing the Ag content of pyrite from 

138 to 3820 ppm has reduced the i0 from 9.3 × 10-6 A/cm2 to 2.3 × 10-6 A/cm2, respectively. Past 

reseach on the pyrite oxidation process in acidic environments have shown that the rate of natural 

pyrite oxidation is in the order  of 10-6 A/cm2 (Antonijević et al., 2005a),(Chiriţă et al., 2014), 

which is lower than the Ag-free pyrite, but is very close to that of the Ag-doped pyrite, especially 

those with higher silver content. 



 

 

  

 

129 

The kinetics parameters of the pyrite and Ag-doped pyrite electrodes in the Fe-containing 

solution is also presented in Table 1. The comparison of the i0 values of the Fe-containing and Fe-

free solutions show that the dissolution rate of pyrite in the Fe-free solution, i.e. 9.8 × 10-6 A/cm2, 

is only slightly lower than that of the Fe-containing solution. Similarly the i0  values also decreased 

by increasing the silver content of the pyrite electrodes in the Fe-containing sulfuric acid solutions. 

By increasing the Ag content of the Ag-doped pyrite electrode from 138 to 3820 ppm the i0 values 

had slightly reduced from 9.8 × 10-6 A/cm2 to 9.0 × 10-6 A/cm2, respectively. These results agree 

very well with the study by Li et al. showing that pyrite with higher silver content has lower 

electrodissolution kinetics rate (L. Li et al., 2016). It should be noted that in general the oxidation 

rate of Ag-doped pyrite is faster than that of the Ag-free pyrite in the Fe-containing sulfuric acid 

solutions. The equliburiun potential for pyrite in Fe-containing solution is 0.48 V, which is slightly 

higher than that of the electrode in the Fe-free solution, 0.45 V. The E0 of Ag-doped pyrite in Fe-

containing solution is in the range of 0.47 to 0.48 V.  

The anodic and cathodic charge transfer coefficients of Ag-free pyrite and Ag-doped pyrite in 

both electrolytes, listed in Table 1, together with their sums were plotted as shown in Figure 7-9. 

It is noticed that the sums of anodic and cathodic charge transfer coefficients of the both Ag-free 

pyrite and Ag-doped pyrite electrodes in the Fe-free and the Fe-containing sulfuric acid solutions 

are close to 1, which suggests that the pyrite oxidation process is a single rate-determing step 

reaction controlled by the charge transfer process (Guidelli et al., 2014).  On the other hand, all 

the anodic transfer coefficient values are < 0.4 and are much lower than those of the cathodic 

transfer coefficients, which are all > 0.6. The unusual charge transfer coeffcient values suggests 

that the Ag-free and Ag-doped pyrite are n-type semiconductors (Kuhn & Randle, 1985), and the 

oxidation reaction is impeded on the surface of the synthetic pyrite. It can also be observed that 
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the αa is higher for Ag-free pyrite than for Ag-doped pyrite in both eletrolytes, and αa is higher in 

Fe-containing solution than in Fe-free solution for Ag-doped pyrite. The lower anodic coefficients 

of the Ag-doped pyrite vs. the Ag-free pyrite indicates a more unfavorable oxidation process on 

its surface, including pyrite oxidation and ferrous ions oxidation. On the contrary, the αc is lower 

for the Ag-free pyrite than the Ag-doped pyrite, and it is higher in the Fe-free solution than the Fe-

containing solution.   
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Figure 7-9 Charge transfer coefficients of Ag-free pyrite and Ag-doped pyrite dissolution in 

Fe-free and Fe-containing 0.5 mol/L H2SO4 solution 

To summarize the kinetics study part of this paper, the Ag-doped pyrite has a slower oxidation 

rate than the Ag-free pyrite, although the oxidation kinetics of both the pyrite electrode with or 

without silver are basically the same. Increasing the Ag content of the pyrite decreases the 

oxidation rate of pyrite in the Fe-free sulfuric acid solution, while the rate is relatively independent 

of the pyrite silver content in the Fe-containing sulfuric acid solutions.  
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7.2.4 The synergistic effect of Cu2+-Fe3+-Fe2+ on pyrite oxidation 

The determination of pyrite dissolution rate in Fe and Cu-containing sulfuric acid solution was 

carried out by the same procedure above. The potential scan was started from -0.1 V vs. OCP to 

0.1 V vs. OCP at a scan rate of 1 mV/s. Figure 7-10 shows the logarithm of current density vs. 

applied potential of the pyrite and the Ag-doped pyrite electrodes in the Fe and Cu-containing 

sulfuric acid solutions. The kinetics parameters obtained from Figure 7-10 are shown in Table 7-

2. 
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Figure 7-10 Dissolution process of pyrite and Ag-doped pyrite in Cu-Fe containing 0.5 mol/L 

H2SO4 at 22 ºC, scan rate = 1 mV s-1 

      From Table 7-2, the oxidation rates (i0) of both the pyrite and Ag-doped pyrite electrodes in 

the Fe and Cu-containing sulfuric acid solution is significantly higher than those in the Fe-free and 

the Fe-containing sulfuric acid solutions (shown in Table 7-1). The difference is even more 

noticeable for the Ag-doped pyrite electrode, where the magnitude of the i0 increases from 10-6 to 

10-5 A/cm2. For example, the i0 of the pyrite electrode with 138 ppm Ag has increased from 9.6 × 
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10-6 A/cm2 in the Fe-containing solution to 2.3 × 10-5 in the Fe and Cu-containing solution. By 

increasing the Ag content of the pyrite electrodes from 138 ppm to 3820 ppm the i0 has increased 

from 2.3 × 10-5  to 7.2 × 10-5 A/cm2, respectively. Clearly the addition of Cu2+ into Fe-containing 

sulfuric acid solution has a drastic effect on the oxidation kinetics of the Ag-doped pyrite 

electrodes. A reasonable justification for this can be the potential interaction of the silver in the 

Ag-doped pyrite with the Cu2+ in the solution. The synergistic effect of Cu and Fe ions on the 

chalcopyrite oxidation was observed by other researchers (Naoki Hiroyoshi et al., 2004). The 

Hiroyoshi reaction model assumes the formation of a product layer which is not a passivation layer 

and can easily transfer both ions and electrons; it is believed that the layer can only form on a 

chalcopyrite surface if cupric and ferrous ions coexist in the leach solution. The layer was belived 

to be Cu2S where its further oxidation under the acid conditions produces Cu2-𝑥S and Cu2+, but not 

elemental sulfur. The mechanism proposed by Hyroyoshi can be written as following (Naoki 

Hiroyoshi et al., 2004): 

CuFeS2 + 3Cu2+ + 3Fe2+ = 2Cu2S + 4 Fe3+ (7-7) 

Cu2S = xCu2+ + Cu2−xS + 2xe− (7-8) 

The first step of the process (Eq. 7) is a reduction reaction where chalcopyrite is reduced by ferrous. 

Also it should be noted that the ferric produced by Eq. 7-7 should in fact induce an oxidative 

condition in the process, which appears contradictory with the reducing environment of reaction 

7-7. The Fe3+ produced in Eq. 7-7 then oxidizes Cu2S by Eq. 7-8.  
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Table 7-2 Kinetics parameters by Tafel analysis for pyrite and Ag-doped pyrite in Cu-Fe 

containing sulfuric acid solution 

Ag content of pyrite  
i0  

(10-6  A cm-2) 

E0  

(V) 
αa αc 

Ag-free  22.2 0.48 0.30 0.67 

138 ppm  23.3 0.49 0.26 0.70 

300 ppm  40.2 0.47 0.26 0.67 

690 ppm  56.3 0.49 0.19 0.84 

3820 ppm  72.1 0.48 0.19 0.92 

 

Although the mechanism explained above for the synergistic behavior of Cu and Fe introduced 

by Hiroyoshi et al., appears contradictory, it is plausible to assume the passive behavior of the 

sulfide minerals in acidic solutions is altered when Cu2+ is added to the Fe-containing sulfuric acid 

solutions. In addition, the charge transfer coefficient shown in Figure 7-11 describes a similar 

pattern for pyrite and Ag-doped pyrite oxidation in Fe-free and Fe-containing solution. The sums 

of anodic and cathodic transfer coefficient are nearly 1. The unusual smaller value of anodic 

transfer coefficient then cathodic transfer coefficient shows the features of n-type semiconductor. 

With increasing of Ag content in Ag-doped pyrite, the anodic transfer coefficient decreases. 
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Figure 7-11 Charge transfer coefficients of Ag-free pyrite and Ag-doped pyrite dissolution in Fe-

free and Fe-containing 0.5 mol/L H2SO4 solution 

To evaluate the effect of Cu2+ on the characteristics of the pyrite passive film, the 

chronoamperometry method was used and the passivation behavior of pyrite was monitored by 

registering the anodic current density vs. time. The measurements were conducted in Fe3+–Fe2+ 

containing and Cu2+–Fe3+–Fe2+ containing sulfuric acid solutions, respectively. The pyrite 

electrodes used in this part of the study were the Ag-free pyrite and the pyrite electrode with 690 

ppm Ag doped. The tests were performed in a wide anodic polarization potential range from OCP 

to 720 mV in a 0.5 M H2SO4 acid solution. The chronoamperometry tests were only started after 

the OCP of the electrodes had reached a stable value with variation less than 3 mV in 5 min. The 

polarization process started from OCP potential and increased 200 mV every 30 minutes up to 720 

mV. A higher potential than 720 mV changes the anodic polarization from electrochemical control 

to diffusion control (Li et al., 2016) and this is outside the scope of the present study, thus the high 

overpotential values were avoided. Figure 7-12 shows the comparison of polarization processes of 



 

 

  

 

135 

the two pyrite electrodes (Ag-free pyrite and pyrite with 690 ppm Ag) in the Fe-containing sulfuric 

acid solution and Fe and Cu-containing sulfuric acid solution.  
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Figure 7-12 Chronoamperometry curve of synthetic pyrite (a, b) and 690 ppm Ag-doped pyrite 

(c, d) in Fe and Fe and Cu-containing 0.5 mol/L H2SO4 solution, starting from their OCP 

potential and increasing the applied potential for 0.2 V every 30 minutes 

The comparison of Figure 7-12a and 12b shows that the introduction of Cu2+ has increased the 

polarization current density of the Ag-free pyrite electrode at 0.72 V from 60 µA/cm2 in the Fe-

containing sulfuric acid solution to 80 µA/cm2 in the Fe and Cu-containing sulfuric acid solution. 

In the case of the Ag-doped pyrite electrode, shown in Figs. 7-12c and 12d, the application of 0.72 
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V has produced a polarization current density of 75 µA/cm2 in the Fe-containing sulfuric acid 

solution and 140 µA/cm2 in the Fe and Cu-containing sulfuric acid solution after 30 min. For a 

more intuitive display of the synergistic effect when introducing Cu2+ into the Fe2+-Fe3+ acid 

system on pyrite oxidation, the comparison of the polarization behavior of Ag-free pyrite and Ag-

doped pyrite at each potentials after 30 min were plotted in Figure 7-13. By comparing the Figure 

7-13a and Figure 7-13b, it can be concluded that the Cu-Fe ions together function as catalysts for 

both the pyrite and Ag-doped pyrite electrodes oxidation. On the other hand, the polarization 

current density increases at a similar rate for Ag-free pyrite from Fe2+–Fe3+ to Cu2+–Fe2+–Fe3+ acid 

system, but the synergistic effect of Cu2+–Fe2+–Fe3+ on Ag-doped pyrite became more obvious 

with increasing polarization potential, especially started from 0.64 V. This likely to be the Ag in 

the pyrite further strengthens the catalytic reaction between the Cu-Fe ions and the Ag-doped 

pyrite electrode. 
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Figure 7-13 Comparison of polarization behavior for of (a) pyrite and (b) 690 ppm Ag-doped pyrite in Fe 

and Fe and Cu-containing 0.5 mol/L H2SO4 solution 

Careful evaluation of the curves of Figure 7-12 at each potential show that most of the current 

densities have not achieved a stable value even after 30 min mark, and all the polarization current 
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densities show a declining pattern by time. However, a difference can be noticed between Figure 

7-12b and Figure 7-12d where the polarization curves of the Ag-free pyrite has steeper declining 

slopes than the Ag-doped pyrite. The decreasing trend of the polarization current densities can be 

explained by the formation of a passive layer which hinders the further oxidation of pyrite. The 

less negative slope for the Ag-doped pyrite in both the Fe-containing and the Fe and Cu-containing 

sulfuric acid solutions is likely due to the change of passive film characteristics caused by the 

interaction of Ag in pyrite and Cu2+ in the solution. 

7.2.5 Electrochemical impedance spectroscopy (EIS) analysis  

The synergist effect of Cu and Fe ions on the oxidation of the Ag-free and the Ag-doped pyrite 

were confirmed in the above section. A reasonable assumption made from above section is that 

the passive behavior of pyrite surface can be changed when Cu2+ and Fe ions are coexistence in 

sulfuric acid solution. For the purpose of illustrating the surface structural properties of passive 

film on pyrite/solution interface with or without Cu2+ in Fe-containing sulfuric acid solution and 

the possible role of Ag on the acceleration of the synergistic effect for Ag-doped pyrite, the 

electrochemical impedance spectroscopy (EIS) was then carried out. In this paper, EIS 

measurement results was given at 0.64 V, of which has an obvious increase of polarization current 

density for Ag-dope pyrite from Fe-containing to Cu- and Fe-containing sulfuric acid solution, 

based on the results from the chronoamperometry tests in Figure 7-12. Figure 7-14 shows the 

measured and fitted Nyquist plots of Ag-free pyrite and Ag-doped pyrite at 0.64 V in Fe and Cu-

containing sulfuric acid solution.        
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Figure 7-14 Measured and calculated Nyquist plots for Ag-free pyrite and Ag-doped pyrite 

electrodesoxidized at 0.64 V in Fe and Cu-containing 0.5 mol/L H2SO4 solution 

The circuit used to fit the measured data was Rs(CpRp)(QRct), which is presented in Figure 7-14. 

Rs is the resistance of the solution; Rp refers to the resistance of passive layer, Cp is the capacitance 

of the passive layer; Rct is the resistance of the charge transfer reaction on the surface of the 

electrode, Q is introduced to character surface roughness, since the synthetic pyrite electrodes are 

not morphologically uniform (S. Lehner et al., 2008a). Its capacitance CQ can be is calculated as: 

𝐶𝑄 =  
(𝑌0𝑅𝑐𝑡)1/𝑛

𝑅𝑐𝑡
 

(7-9) 

where Y0 is the proportionality factor. n in Eq. 7-9 is a measure of non-ideality ranging between 0 

< n < 1. The value of the elements in the equivalent circuit of Figure 14 are shown in Table 7-3. 
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Table 7-3 Model parameters for equivalent circuit of pyrite and Ag-doped pyrite electrodes 

oxidized at 0.64 V in Fe and Cu-containing sulfuric acid solution 

Ag 

content 

of pyrite 

Rs (Ω cm2)a Rp (Ω cm2) 
Error 

(%) 
Cp (uF cm-2) 

Error 

(%) 
Rct (Ω cm2) 

Error 

(%) 

 

Ag-free 

 

8.8 358.0 17.1 84.7 8.3 8325 14.2 

 

138 ppm 

 

8.0 69.7 9.6 41.5 6.5 9325 7.2 

 

300 ppm 

 

6.8 20.1 7.5 7.8 2.9 8410 2.3 

 

690 ppm 

 

9.2 9.9 5.8 0.3 3.6 6670 3.3 

 

3820 ppm 

 

7.2 3.7 2.5 0.2 0.5 6395 2.6 

 

Ag content 

of pyrite 
Q Y0 (S cm-2 s-n) 

Error 

(%) 
n 

Error 

(%) 
χ2/10-3 

 

Ag-free 

 

36.3 9.3 0.76 1.8 2.5 

 

138 ppm 

 

36.5 3.7 0.76 0.8 0.8 

 

300 ppm 

 

39.6 5.7 0.76 0.3 0.4 

 

690 ppm 

 

38.6 6.1 0.80 0.3 0.9 

 

3820 ppm 

 

65.1 4.5 0.72 0.4 0.2 

a The resistance of solution is a fixed value with no error 
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The results of CQ are calculated to be 24.9 µF for Ag-free pyrite and 26.0, 28.0, 27.5, 46.2 µF 

for 138, 300, 690 and 3820 ppm Ag-doped pyrite respectively. As can be seen, the capacitances of 

Q are basically the same, except for 3820 ppm Ag-doped pyrite. It can be concluded that the 

roughness of the Ag-doped pyrite significantly changes when the Ag content is 3820 ppm, but less 

Ag content (<690 ppm) does not change the roughness of pyrite electrode.            

Among all other parameters, Rct, extrapolated value for charge transfer resistance (Rct) on the 

Z’ (Ω) axis, is of particular interest, particularly because it is connected to the electrochemical 

process on the interface of electrode/electrolyte. Its values and Rp values are plotted in Fig. 7-15. 

From Table 7-3 and Fig. 7-15, the Rct decreases with increasing the amount of Ag in the Ag-doped 

pyrite in the Fe and Cu-containing sulfuric acid solution. The 138 ppm Ag-doped pyrite has a 

charge transfer resistance of 9325 Ω, while the pyrite with 3820 ppm Ag doped shows a charge 

transfer resistance of only 6395 Ω, i.e. a 31% drop in the charge transfer resistance value. This fact 

confirms that the silver as an impurity in pyrite is involved in the pyrite oxidation reaction in the 

Cu and Fe-containing sulfuric acid solutions, and appears that it is catalyzing the interaction of 

Cu2+ and pyrite oxidation. As for Ag-free pyrite electrode, the Rct is 9880 Ω, which is higher than 

those of Ag-doped pyrite electrodes. On the other hand, the Rp for Ag-free electrode is 245.5 Ω, 

which is higher than all the Ag-doped pyrite electrodes. While for Ag-doped pyrite, the Rp has 

decreased from 69.7 Ω for 138 ppm Ag-doped pyrite to only 3.7 Ω for 3820 ppm Ag-doped pyrite, 

which suggest that either the composition of the pyrite passive film or the dissolution mechanism 

of pyrite is altered by the silver addition.   
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Figure 7-15 Charge transfer resistance (Rct) and passive film resistance (Rp) of Ag-free pyrite 

and Ag-doped pyrite oxidized at 0.64 V in Fe and Cu-containing sulfuric acid 0.5 mol/L H2SO4 

solution 

7.3 Conclusion 

Pyrite and Ag-doped pyrite were synthesized by hydrothermal method. The pyrite samples were 

doped with 138, 300, 690, and 3820 ppm Ag. The oxidation kinetics of the synthetic pyrite and 

Ag-doped pyrite were studied in sulfuric acid solution, Fe-containing, and finally Fe and Cu-

containing sulfuric acid solution by Tafel analysis, chronoamperometry, cyclic voltammetry and 

impedance spectroscopy methods. From the Tafel analysis of pyrite and Ag-doped pyrite 

dissolution in sulfuric acid and Fe-containing sulfuric acid solutions, it was found that the 

exchange current density is higher for pyrite than Ag-doped pyrite in the sulfuric acid solution, 

while the dissolution kinetics of pyrite and Ag-doped pyrite in Fe-containing sulfuric acid solution 

were nearly the same. With increasing Ag content of pyrite, the exchange current density in the 
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sulfuric acid solution had decreased from 4.3 × 10-6 A/cm2 for 138 ppm Ag-doped pyrite to 1.0 × 

10-6 A/cm2 for 3820 ppm Ag-doped pyrite. As for the pyrite oxidation in Fe and Cu-containing 

solution, the dissolution rate of the pyrite and the Ag-doped pyrite showed a significant increase 

for the exchange current densities, especially for the Ag-doped pyrite. For example, the i0 of 138 

ppm Ag-doped pyrite had increased from 9.6 × 10-6 A/cm2 in Fe solution to 2.33 × 10-5 in Fe-Cu 

solution.  

The synergistic effect of Cu-Fe ions on pyrite dissolution was further proved by the 

chronoamperometry measurements in a wide anodic polarization potential range. At 0.72 V, the 

polarization current densities after 30 min of polarization of the pyrite with 690 ppm Ag was 75 

µA/cm2 and 140 µA/cm2 in Fe-containing and Fe and Cu-containing sulfuric acid solutions, 

respectively. The EIS measurements of the pyrite and Ag-doped pyrite oxidation processes in the 

Fe and Cu-containing solution at 0.64 V showed a trend of decreasing charge transfer resistance 

by increasing the amount of silver within the pyrite, proving that silver as an impurity in pyrite 

might have interaction with Cu2+ in the solution and strengthen the catalytic effect of Cu and Fe 

ions on the pyrite oxidation process. 
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8. Conclusions and recommendations  

8.1 Conclusions 

Fe3+/Fe2+ couple reaction is an important reaction during the pyrite oxidation process. Fe2+ 

oxidation by dissolved oxygen is shown to be the rate-limiting step in the pyrite oxidation process. 

However, the quantitative kinetics parameters of Fe3+/Fe2+ redox couple during the pyrite 

oxidation process have been rarely studied independently. This is partially due to the complex 

nature of the redox reaction mechanism, along with the fact that in some potential ranges the Fe2+ 

oxidation reaction occurs on the pyrite surface concurrently with pyrite oxidation. 

Based on the mixed potential theory, chronoamperometry and cyclic voltammetry techniques 

were introduced to analyze the ferric-ferrous redox reactions kinetics on pyrite. These methods 

successfully isolated the interference of pyrite oxidation and oxygen reduction from the Fe3+/Fe2+ 

redox reaction. The principle of these measurements is to polarize the pyrite electrode in a Fe-free 

and a Fe-containing sulfuric acid solution and register the applied potential and current density for 

each electrolyte solution. Then the current density difference and applied potential were plotted as 

Tafel curves. From the Tafel behaviour, kinetic parameters including equilibrium potential, 

exchange current density and the charge transfer coefficients were calculated. The effect of pyrite 

origins, Fe3+/Fe2+ concentrations and temperature on the Fe3+/Fe2+ redox reaction was analyzed by 

the Tafel behaviour analysis.   

The effect of the pyrite origin and the total amount of Fe with same Fe3+/Fe2+ ratio on the 

electron transfer kinetics of Fe3+/Fe2+ reaction were first discussed. The measured equilibrium 

potentials determined by the intersections of the two Tafel lines in all the conditions is a constant 

value of about 0.68V at room temperature, which means the redox potential of Fe3+/Fe2+ is 
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independent with the concentration of Fe3+ and total amount of Fe, but only related to the mole 

ratio of Fe3+/Fe2+. The exchange current densities of the Fe3+/Fe2+ redox reaction in this study have 

the same magnitude of 10-5 A cm-2, which is lower than the values reported for Fe3+/Fe2+ redox 

reaction on gold and platinum electrodes, but one order higher than that of the reaction on a 

chalcopyrite electrode. The cathodic transfer coefficients were in the range of 0.41 to 0.47, 

depending on the origin of the pyrite and total Fe concentration in solution. However, the cathodic 

transfer coefficients are substantially less than the expected 0.24 to 0.45, leading to a sum of αa + 

αc < 1, which is a typical property of n-type semiconductor electrodes. It provides plausible 

evidence that the rate limiting step in pyrite oxidation is Fe2+ oxidation to Fe3+ from the perspective 

of electrochemistry. 

In the temperature measurements, it was shown that an increase of temperature increases the 

exchange current densities of the Fe3+/Fe2+ couple from 2.3×10-5 A cm-2 at 22 °C to 4.0×10-5 A 

cm-2 at 65 °C. The activation energy for both the Fe2+ oxidation and Fe3+ reduction reaction were 

calculated to be 102.2 kJ mol-1 and 32.71 kJ mol-1, respectively, as the rate constant and 

temperature follow Arrhenius behaviour. This result suggests that increasing the temperature is 

more effective on Fe2+ oxidation reaction than ferric reduction reaction. The larger activation 

energy for Fe2+ oxidation reaction was assigned to the fact that Fe2+ ion oxidation requires more 

energy to overcome the potential barrier.  

Electrochemical impedance spectroscopy (EIS) was also used to study the Fe3+/Fe2+ redox 

reactions. The EIS measurements at 0.76 V have indicated that the predominant reaction in an Fe-

free solution is pyrite oxidation, which has a large Rct value, starting from 11000 Ω at 22 °C and 

decreasing to 1070 Ω at 65 °C. Meanwhile the Rct values in an Fe-containing solution were all less 

than 10 Ω, as the Fe3+/Fe2+ redox reaction was the predominant reaction. The rate-limiting step for 
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pyrite polarization in a Fe-free acidic solution is the electrochemical dissolution of pyrite, while 

the rate determining step in a Fe-containing solution is the diffusion process within the passive 

layer and the transfer of electrons at the bulk pyrite/passive layer interface.  

A large scale of pyrite and Ag-doped pyrite were synthesized by a simple hydrothemeral 

method. Reaction temperature, reaction time, and the usage of Fe and S sources are testified to be 

crucial for the synthesis. A mole ratio 1:4 of FeSO4·7H2O and Na2S2O3 was found as a proper 

ratio for producing pyrite without the interference of marcasite. A superior method for purifying 

sulfur via thermal dissolution of sulfur in toluene solution was proven to be effective and safer 

than the common use of CS2. The reaction time is curucial for the physical properties, electrical 

and electrochemcial properties of synthetic pyrite. With increasing of the reaction time, the 

conductivity and the electrochemcial avtivity of the pyrite decreases, while the particle size of the 

pyrite increases. All the hydrothermal synthetic pyrite samples show n-type semiconducting 

properties.  

Pyrite and Ag-doped pyrite were synthesized by hydrothermal method at the same conditions. 

The pyrite samples were doped with 138, 300, 690, and 3820 ppm Ag. The oxidation kinetics of 

the synthetic pyrite and Ag-doped pyrite were studied in sulfuric acid solution, Fe-containing, and 

finally Fe and Cu-containing sulfuric acid solution by Tafel analysis, chronoamperometry, cyclic 

voltammetry and impedance spectroscopy methods. The results suggested exchange current 

density is higher for pyrite than Ag-doped pyrite in the sulfuric acid solution, while the dissolution 

kinetics of pyrite and Ag-doped pyrite in Fe-containing sulfuric acid solution were nearly the same. 

With increasing of the Ag content of pyrite, the exchange current density in the sulfuric acid 

solution had decreased from 4.3 × 10-6 A/cm2 for 138 ppm Ag-doped pyrite to 1.0 × 10-6 A/cm2 

for 3820 ppm Ag-doped pyrite.  
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The synergistic effect of Cu-Fe ions on pyrite dissolution was found when pyrite and Ag-dope 

pyrite oxidized in Fe and Cu-containing solution. For example, the Tafel analysis showed the i0 of 

138 ppm Ag-doped pyrite had increased from 9.6 × 10-6 A/cm2 in Fe solution to 2.33 × 10-5 in Fe-

Cu solution. The synergistic effect is more obvious from the chronoamperometry measurements 

in a wide anodic polarization potential range. At 0.72 V, the polarization current densities after 30 

min of polarization of the pyrite with 690 ppm Ag was 75 µA/cm2 and 140 µA/cm2 in Fe-

containing and Fe and Cu-containing sulfuric acid solutions, respectively. The EIS measurements 

of the pyrite and Ag-doped pyrite oxidation processes in the Fe and Cu-containing solution at 0.64 

V showed a trend of decreasing charge transfer resistance by increasing the amount of silver within 

the pyrite, proving that silver as an impurity in pyrite might have interaction with Cu2+ in the 

solution and strengthen the catalytic effect of Cu and Fe ions on the pyrite oxidation process. 
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8.2 Recommendations 

o Surface analysis is difficult for carbon paste electrode, especially for SEM or XPS analysis. It 

is proposed to do the surface analysis on homogeneously distributed single layer of pyrite 

powder on platinum electrode using ultrasonic water bath. By performing these surface 

analysis techniques, some questions related to this thesis can be answered, such as the species 

of the initial, intermediates and final products, especially the S speciation, in different 

polarization potential ranges, the evidence of the passivated layers and the change of this layer 

under different experimental conditions.  

o As mentioned in the main text, this thesis provides an effective method to study the effect of 

single element on the electrical properties and dissolution of sulfide mineral. In the field of 

sulfide mineral leaching, the impurities within natural minerals may have significant effect on 

the leaching kinetics. For example, the commonly presented Co, Ni, As, have the potential to 

change the dissolution behavior of sulfide minerals. However, relative studies have rarely 

been seen in previous publications. By studying the kinetics of synthetics mineral and single 

element doped mineral dissolution using variety of electrochemical methods, we will have a 

better understanding of the role of the impurity on sulfide mineral dissolution.  

o Silver ions have been proven to have catalytic effect on chalcopyrite oxidation in acid solution. 

However, the mechanism is still under debate. Future research can be focused on the galvanic 

interaction of Ag-pyrite/chalcopyrite to testify the function of Ag in pyrite. Comparative 

experiments for Ag-pyrite/chalcopyrite dissolution and pyrite/chalcopyrite in acid solution 

containing Ag ions can be conducted to further elucidate the role of Ag in the chalcopyrite 
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dissolution. Similar comparative tests can also be adopted in the study of the role of Ag in 

pyrite dissolution.  

o It is noted the semiconducting properties of pyrite or chalcopyrite are strongly dependent on 

the impurities of the minerals. The application of using pyrite or chalcopyrite as battery 

material has attracted heavy attentions due to the low cost, availability and favorable physical 

properties. Since chemical composition, physical characteristics, and structure features greatly 

involved in electrical and electrochemical properties of FeS2, further detailed work is required 

on controlling the conditions of hydrothermal synthesis process.    
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