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Abstract 

The present study was aimed to test an electrochemical sensing approach for the 

detection of an active chemolithotrophic metabolism (and therefore the presence of 

chemolithotrophic microorganisms) by using the corrosion of pyrite by 

Acidithiobacillus ferrooxidans as a model. Different electrochemical techniques were 

combined with adhesion studies and scanning electron microscopy (SEM). The 

experiments were performed in presence or absence of A. ferrooxidans and without or 

with ferrous iron in the culture medium (0 and 0.5 gL
-1

, respectively). Electrochemical 

parameters were in agreement with voltammetric studies and SEM showing that it is 

possible to distinguish between an abiotically-induced corrosion process (AIC) and a 

microbiologically-induced corrosion process (MIC). The results show that our approach 

not only allows the detection of chemolithotrophic activity of A. ferrooxidans but also 

can characterize the corrosion process. This may have different kind of applications, 

from those related to biomining to life searching missions in other planetary bodies. 

 

Keywords: Acidithiobacillus ferrooxidans, microbiologically-induced corrosion, 

biomining, pyrite mineral, in-situ life detection. 
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1. Introduction 

 

Microorganisms have developed different metabolic strategies, along evolutionary 

timescales on Earth, to obtain energy from different substrates. Metabolic pathways 

coevolved with environmental physicochemical conditions defining the energy and 

matter sources available and therefore, the diversity at metabolic level. This includes 

extreme environments with low availability of organic carbon to sustain metabolisms 

[1]. An example of a metabolism, present in prokaryotes both from the Bacteria and the 

Archaea domains that evolved together with some of these environments is the 

chemolithotrophic one. This type of metabolism is based on the oxidation of inorganic 

compounds such as hydrogen, ammonia, nitrite, sulfide, elemental sulfur, hydrogen and 

iron and use carbon dioxide as carbon source.   

 

Particularly, iron is the most abundant element (by weight) that can be found on Earth 

and the second most abundant metal [2]. Iron can be found in natural environments as 

part of minerals, as oxides (goethite, magnetite, hematite) and sulfides (pyrite, 

chalcopyrite, arsenopyrite), and in acidic environments (pH < 2), in soluble form by 

natural or artificial leaching processes (acid mine drainage). Additionally, iron is also 

present in high proportions in other planets as Mars. Some of the previously mentioned 

pyrite minerals as hematite and pyrite were also identified in the Martian soil [3]. 

 

Taking advantage of the high amounts of iron on Earth, acidophilic 

chemolithoautotrophs as Acidithiobacillus ferrooxidans, use the oxidation of ferrous 

iron to obtain energy and in some cases also sulfur ore [4-6]. In terms of its oxygen 

requirements, A. ferrooxidans has been described as an aerobic microorganism even 

though some studies reported reduction of iron in anaerobic conditions [7,8]. 

 

The Tinto River (Huelva, southwestern Spain) that is part of the Iberian Pyritic Belt, is 

one of the typical acidic environments where chemolitotrophic microorganisms as A. 

ferrooxidans can be found. Due to its characteristics, the Tinto River is also considered 

a Martian analog. These environments are characterized by corrosion processes that 

arise when minerals interact with corrosive agents as oxygen and ferric iron in acidic 

conditions.  

 

Several studies have shown that sulfide minerals as pyrite (FeS2) can undergo chemical 

corrosion in aqueous solutions by exposure to dissolved oxygen, where pyrite is 

oxidized and ferrous iron is released (Eq. 1). Dissolved oxygen can also oxidize ferrous 

iron to produce ferric iron (E q. 2) that can also oxidize pyrite releasing more ferrous 

iron (Eq. 4) [9]. Then, a propagation cycle is generated [10]. 

 

FeS2 + 3.5O2 + H2O→ Fe2++ 2SO42- + 2H+   (1) 

 

Fe2+ + 0.25 O2 + H+ → Fe3+ + 0.5H2O   (2) 

 

Fe2+  
𝑀𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑠
→             Fe3+ + 1 e

-
  (3) 

 

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16H+ (4) 

 

Corrosion and electrochemical oxidation of pyrite by A. ferrooxidans was previously 

identified [11]. Formerly, other authors demonstrated that iron oxidizing 
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microorganisms can act as catalyzers increasing the iron oxidation rate shown in Eq. 

(3), and as consequence the corrosion rate [10,12]. Therefore, mineral corrosion can 

also be induced by microorganisms as A. ferrooxidans. This corrosion process is widely 

known as microbiologically-induced corrosion (MIC) [13]. On the contrary, when 

ferrous iron is oxidized only by oxygen it is possible to define an abiotically induced 

corrosion (AIC). In general, in presence of microorganisms both MIC and AIC are 

contributing to the mineral corrosion process, and in absence of microorganisms only 

AIC is contributing to the mineral corrosion process. 

 

Moreover, it was shown that some of these acidophilic chemolithoautotrophs are 

capable to form biofilms on sulfide minerals as pyrite (FeS2), chalcopyrite (CuFeS2), 

galena (PbS), and sphalerite (ZnS), among others. Two different mechanisms have been 

described to coexist in the interaction between acidophilic chemolithoautotrophs and 

metal sulfide minerals as pyrite [6]: i) An indirect mechanism, where the cells oxidize 

soluble ferrous iron to ferric iron, which chemically degrades pyrite [14]. ii) A 

mechanism by contact, where the microorganisms are attached to the surface of the 

mineral and they start to produce extracellular polymeric substances (EPS) to form a 

biofilm. These EPS create a microenvironment where iron is accumulated in high 

concentrations (e.g., more than 53 g L
-1

 of iron in the EPS) [15], therefore the attack 

acquires a localized form on the surface of the mineral that are seen as etch pits, 

commonly known as pitting.  

 

Corrosion processes involve both chemical and electrochemical phenomena and sulfide 

minerals, as pyrite, that are conductors or semiconductors and can be studied by using 

electrochemical techniques [16,17]. Therefore, an electrochemical sensing of mineral 

corrosion can be performed using these techniques, having advantages over kinetic 

methods as they allow a better understanding of the mechanisms behind the process of 

mineral dissolution [18]. 

 

Several electrochemical approaches have been employed to analyze MIC including, 

among others, cyclic voltammetry and electrochemical impedance spectroscopy. 

Particularly, chemolithotrophs as Acidithiobacillus ferrooxidans and Leptospirillum 

ferrooxidans have been studied in the biocorrosion of stainless steel and minerals found 

in nature. These studies have shown that several factors can influence the corrosion 

process, as pH (evaluated from 1.0 to 4.0) and ferric iron concentrations (evaluated from 

1.0 a 12.5 g L
-1

), and have shown that the microorganisms in the presence of ferric iron 

and a low pH can increase the corrosion process [17].  

 

The goal of this paper is to demonstrate that it is possible not only to measure, but to 

distinguish an abiotically-induced corrosion (AIC) process from a microbiologically-

induced corrosion (MIC) process and therefore, to detect the presence or absence of a 

chemolithoautotrophic metabolism in a sample. Moreover, previous studies only 

analyzed the MIC processes in the presence of ferrous iron. In this work we performed 

experiments both in the presence and absence of ferrous iron to analyze how this can 

influence both AIC and MIC. 

 

We employed an integrated approach using electrochemical sensing for the detection 

and identification of the corrosion process based on several electrochemical techniques. 

As a complementary analysis, cell adhesion studies and scanning electron microscopy 

were also performed. We used the strict acidophilic chemolithoautotrophic bacteria A. 
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ferrooxidans as model. This microorganism has been extensively studied in different 

contexts, classically as part of biomining processes. Interestingly, this microorganism 

also showed to be capable of grow under Mars-like geochemical conditions and also is 

commonly present in environmental analogs of Mars as The Tinto River. This has 

opened a particular and interesting new field of study for this microorganism in 

astrobiology [19]. The methodology we present in this paper may have different future 

applications for the detection of chemolithotrophic activity in terrestrial or even 

extraterrestrial environmental samples. 
 

2. Material and methods  
 

2.1. Microorganisms and culture medium 

Acidithiobacillus ferrooxidans (strain DSMZ 11477) was employed for the experiments. 

Cells were grown under agitation at 150 rpm and 30°C in a modified 9K culture 

medium with the following composition (g L
-1

): NH4H2PO4, 3.0; MgSO4·7H2O, 0.15; 

KCl, 0.15 and FeSO4·7H2O, 44.0, and adjusted to pH 1.8 [20]. 

 

To study the influence of Fe
2+

 in the corrosion of pyrite and therefore in the detection of 

chemolithotrophic metabolism, the experiments were performed in a medium 

containing different Fe
2+

 concentrations (of the previously described 9K culture 

medium) containing 0.5 gL
-1

 of Fe
2+

 (0.5K medium) or without Fe
2+

 (0K medium). 

2.2. Corrosion cell architecture and electrodes 

Pyrite was obtained from Navajun (Spain). Mineral identity and composition were then 

verified by X-ray diffraction patterns (XRD Rigaku 22002, ϴ=0.02, 10 to 90°, using 

Cu-Kα radiation) and scanning electron microscopy (SEM, Philips XL30) coupled with 

an energy dispersive Si(Li) detector (EDAX DX4). Previous to XRD analysis, the 

samples were pulverized in an agate mortar. This analysis has shown that pyrite (FeS2) 

had a purity of 61.82% and additionally contained nacrite (Al2Si2O5(OH)4) (38.18%) 

(silicate) as impurity. Nacrite does not have electrochemical activity. 

 

Eighteen pyrite electrodes were assembled and used as working electrodes (WE) and 

were built from the same pyrite crystal to assure a chemical and mineralogical 

homogeneous composition. Massive pyrite was bound to a brass screw using conductive 

silver epoxy and subsequently included in epoxy resin (Dystaltec EP System, Buenos 

Aires, Argentina) in proportions 100:30 resin (DisCat 750) and hardener (DICURE 360) 

using a 5 mL syringe as a cast. Curing was carried out at 80°C in an oven for 48 h. After 

removal from the cast, the pyrite side was polished using papers of different grain 

followed by alumina (up to 0.3 microns), until it acquired a mirror-like appearance. No 

bubbles or cracks were observed in the WE around the pyrite under a stereomicroscope 

(Fig.1). 

 

Here Fig.1 

 

 

Given that natural pyrite mineral pieces were used to make the electrodes; they were not 

identical. Thus, prior to the experiments, we proceeded to normalize the values of the 

electrochemical area, by using the cyclic voltammetry (CV) technique, with a scan rate 

of  25 mV s
-1

 and using as electrolyte 0K medium without shaking (pH=1.8). Then, the 
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voltammetric charge (Q), definided by ∫ I
E2

E1
(E)dE, was obtained by integration of 

positive sweep in cyclic voltammograms. By using the equation reported by Hanlu et al. 

the overall capacitance (C) was calculated [21]. This was obtained for each electrode 

(Eq. 5) [21]. 

 

C=
1/(𝐸2−𝐸1) ∫ 𝐼

𝐸2
𝐸1

(𝐸)𝑑𝐸

𝑣
 (5) 

 

Here, I (A) is the instantaneous current in cyclic voltammograms, v (V s
−1

) is the 

scanning rate and E1, E2 are the switching potentials in CV [21]. Then, a normalization 

factor value was obtained by considering the lowest C value obtained with respect to the 

rest of the electrodes. This normalization value was multiplied by the corrosion current 

and then the corrosion current density (jcorr) was obtained.  

 

Reference electrodes (RE) of Ag/AgCl/KClsat were made using a previously chlorinated 

3 mm diameter Ag wire that was inserted in a micropipette tip (1 mL). The tip was 

filled with a KCl saturated solution, and the wide end closed with Parafilm (Bemis, Inc.) 

to minimize the evaporation of the solution. A porous plug was used to minimize 

leakage. A Luggin capillary was used to improve the quality of our data, by diminishing 

the effect of ohmic loss. The glass capillary was heat molded with a “J” shape, filled 

with 2% agar (3 M in KCl); the “J” part was in close contact with the WE (about 1 

mm), and the other side in contact with the RE. All potentials obtained in this work 

were referred to this RE. The stability and potential of the reference electrodes 

Ag/AgCl/KClsat (0.199 V vs NHE) were calibrated by using a standard commercial 

saturated calomel electrode (SCE) (0.24 V vs NHE) (Hanna Instruments, USA) before 

use. For the calibration we compared the SCE with the reference electrodes 

Ag/AgCl/KClsat. The difference between them was of 0.04 V. A graphite bar (Alfa 

Aesar, 99.999% purity) was used as a counter-electrode (CE).  

 

The corrosion cells were made by using polypropylene flasks (100 mL), filled with 50 

mL of culture medium, with a composition according to each the experiment.  Four 

holes were bored in the lids, three of them used to insert the electrodes (WE, RE, and 

CE), and the last for sample removal. 

 

2.3. Experimental groups  

Three different experimental groups were considered: i) A. ferrooxidans culture (ca. 10
6 

cell mL
-1

), ii) A. ferrooxidans sterilized culture (containing dead cells, cellular debris 

and organic molecules, as a control of some possible effects on the electrodes of those 

substances) and iii) Culture medium (sterilized culture medium devoid of cells, as an 

abiotic control).  

 

The first two groups were obtained by using 5 mL of A. ferrooxidans culture at 

exponential phase (ca. 10
7 

cell mL
-1

) that was centrifuged (10,000 rpm, 1 min) and 

resuspended in 5 mL of 0K medium (the procedure was repeated 3 times), in order to 

eliminate ferric iron and other substances. Then, it was resuspended in 45 mL of 0.5K 

or 0K medium (according to the experiment). Sterilized cultures obtained following the 

same procedure but using a sterilized culture of A. ferrooxidans (20 min, 125°C).  

Sterilized culture medium was 0K or 0.5K medium (according to the experiment). The 
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final working volume for all experiments was 50 mL. The experiments were done in 

triplicate. 

 

2.4. Bacterial adhesion quantification 

The adhesion of A. ferrooxidans to the pyrite electrodes was quantified as this step 

represents the first stage of the biofilm formation [22]. The quantification of the 

attached cells was performed according to previous studies [22-24]. To this end, 45 mL 

culture medium (0K or 0.5K) were placed inside the corrosion cells containing the 

pyrite electrodes. After 24 h, once electrochemical equilibrium was reached, 5 mL of A. 

ferrooxidans culture (ca. 10
7 

cell mL
-1

) was inoculated inside the corrosion cells [25]. 

The experiments were performed inside a shaker at 30°C and 100 rpm. Following 1h of 

incubation, bacterial adhesion was quantified by taking aliquots of 100 µL and counting 

planktonic cells of A. ferrooxidans using a Neubauer chamber. The amount of bacterial 

cells that were attached to the mineral was obtained by considering the initial number of 

cells minus the number of planktonic cells.   

 

2.5. Cell growth quantification and pH measurements 

Cell growth was quantified in A. ferrooxidans cultures along the experiments. The 

quantification was done by taking small aliquots (100 µL) of the culture in the corrosion 

cells. Cell counting was done in a Neubauer chamber.  

 

The pH was not regulated during the experiments and it was monitored for all the 

experimental groups along time. The initial measured pH value was 1.8.   

 

2.6. Electrochemical analyses of corrosion activity 

Different electrochemical techniques were used in order to study corrosion parameters 

and used to evaluate the possibility to distinguish an abiotically-induced corrosion 

(AIC) process from a microbiological-induced corrosion (MIC) for A. ferrooxidans 

cultures, sterilized cultures or culture medium that were placed inside the corrosion 

cells. The measurements were performed along the experiment during 42 days, at 30°C 

and 100 rpm, both for experiments in 0K and 0.5K medium. The initial measured pH 

value was 1.8 and it was not regulated during the experiments.  

 

The oxidation-reduction potential (ORP) was used to study the oxidation state of the 

system being influenced by the concentration of oxidizing and reducing compounds, pH 

and temperature [26]. The ORP was measured using a commercial ORP electrode 

(Oakton
TM

 Instruments, IL, USA).  

 

Linear sweep voltammetry (LSV) and open circuit potential (OCP) were the techniques 

chosen to evaluate AIC and MIC processes on pyrite. The measurements were done 

using a potentiostat TEQ-03 (Ing. Sobral, La Plata, Argentina) or a Gamry-300 (Gamry 

Instruments, PA, USA). To choose the potential window for LSV experiments, the OCP 

was measured for each pyrite electrode at the beginning of each measurement. LSV 

experiments extended 250 mV to the anodic and cathodic direction from the determined 

OCP [27]. LSV scan speed was 0.4 mV s
-1

. 

 

To estimate the evolution AIC and MIC processes on pyrite electrodes, several 

corrosion parameters, as corrosion potential (Ecorr), corrosion current density (jcorr), and 

polarization resistance (Rp) were obtained from polarization curves (Log j vs. E). The 

intersection of two tangent lines (Tafel slopes) both for cathodic and anodic sides, in a 
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potential window of ± 100 mV from the equilibrium potential (E
0
), are equivalent to jcorr 

y Ecorr [28]. The polarization resistance was obtained from the following equation (Eq. 

6): 

 

𝑅𝑝 =
𝑏𝑎𝑏𝑐

2.3.𝑗𝑐𝑜𝑟𝑟(𝑏𝑎 + 𝑏𝑐 )
 (6) 

Where Rp is the polarization resistance, ba and bc are the cathodic and anodic slopes and 

jcorr is the corrosion current density [27, 29-30]. 

 

For comparative purposes, the corrosion rate was calculated for each system, applying 

the Faraday equation [31]. The displacements in jcorr and Ecorr represents the kinetic 

behavior of MIC and AIC of pyrite. To estimate the differences in jcorr along the 

experiments and between experimental groups, we considered the jcorr rate according to 

Eq. (7): 

 

𝑗𝑐𝑜𝑟𝑟𝑟𝑎𝑡𝑒 =  
∆𝑗𝑐𝑜𝑟𝑟

∆𝑡
=  

(𝑗𝑐𝑜𝑟𝑟)𝑓𝑖𝑛𝑎𝑙−(𝑗𝑐𝑜𝑟𝑟)𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑡𝑓𝑖𝑛𝑎𝑙− 𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (7) 

 

Where, (jcorr)initial y (jcorr)final are the values for jcorr at the beginning and end of the 

experiment, respectively (mA) and tfinal, tinicial are the values for time, in days, at the 

beginning and the end of the experiment. Therefore, this jcorr value is the product of a 

cumulative rate along the experiment. 

 

Cyclic voltammetry (CV) was used to study the possible presence of biofilms on the 

pyrite electrode, seen as interface changes between the mineral and electrolyte. Several 

CVs were performed at 25 mV s
-1

, in a potential window from -600 to 800 mV. This 

was done at the beginning and at the end of the experiments (days 0 and 42). Data 

obtained were processed applying the first derivative of the CVs. The coefficient of 

voltammetric charge (Qc) was determined from the initial and final voltammetric charge 

(Qf/Qi). 

 

2.7. Statistical analysis  

A two-way ANOVA with a Tukey test (F<0.05) was performed to quantify the 

differences in the comparison of means values between the experiments or the 

experimental groups. 

 

2.8. Scanning Electron Microscopy  

Once the experiments finished, the electrodes were dismounted and placed in a 

desiccation chamber. The electrodes were analyzed using a Scanning Electron 

Microscope (SEM) (Carl Zeiss SUPRA 40). The electrodes were analyzed with a 

magnification of 10,000X. The samples were not metalized to analyze the possible 

presence of pitting as a product of corrosion activity on the mineral by A. ferrooxidans. 

 

3. Results and discussion  

 

3.1 Bacterial attachment quantification  

At the beginning of the experiments the influence of ferrous iron on A. ferrooxidans 

attachment to the pyrite electrodes was characterized for A. ferrooxidans culture 

(condition i). The results have shown attachment values of 11.2% (equivalent to 1.18 x 

10
6
 ± 1.01 x 10

5 
cells mL

-1
) and 31.2% (equivalent to 3.16 x 10

6
 ± 5.12 x 10

5 
cells mL

-1
) 
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for experiments performed in 0K and 0.5K medium, respectively (Fig. 2). Therefore, 

our results support the idea that the presence of ferrous iron in the culture medium may 

increase the attachment of A. ferrooxidans to pyrite. 

 

Bacterial attachment has shown to be the first step related to the biofilm formation [32]. 

There are several factors that can influence the attachment of microorganisms to the 

mineral, mainly related to physicochemical and biological phenomena between the 

bacteria and the mineral. Among these phenomena are attraction by charge [33], 

chemotaxis [34] and other mechanisms induced by proteins of the bacterial cell 

membrane that interact directly with the mineral [35]. 

 

Our results are in agreement with previous studies showing that ferrous iron may 

increase chemotaxis and therefore, the adhesion of microorganisms to the mineral [34]. 

These results are relevant given that previous studies have identified that a greater 

attachment of the bacterial cells may increase the formation of biofilm, increasing the 

efficiency of the corrosion process in the mineral [36]. 

 

Our bacterial attachment values are lower than those reported in previous studies that 

have shown bacterial attachment of 80-90% [22,32,37]. This may be due to the 

architecture and geometric area of the electrodes in our experiments that is much bigger 

than the particles of mineral used in these previous studies (in general with pyrite grain 

sizes of 50-100 µm). Small particle sizes may help to an augmented interaction between 

the bacterial cells and the mineral, obtaining, therefore, a higher bacterial attachment. 

 

Here Fig. 2 

 

3.2. Bacterial growth quantification and pH measurements 

Bacterial growth was quantified for A. ferrooxidans cultures both for experiments in 0K 

and 0.5K medium for A. ferrooxidans culture (condition i).Bacterial counts of 

planktonic cells performed along the experiments showed no significant changes along 

time both for 0K medium (8.78 x 10
6
 ± 5.01 x 10

5 
cells mL

-1
) and 0.5K medium (6.56 x 

10
6
 ± 3.12 x 10

5 
cells mL

-1
). This could be due to the low duplication rate of A. 

ferrooxidans in comparison with other bacteria and to the culture medium conditions 

(absence or very low concentration of ferrous iron) [38]. The pH values were measured 

for all experimental groups and showed an increase from 1.8 ± 0.1 to 2.2 ± 0.3 both for 

experiments in 0K and 0.5K medium.  

 

Therefore, as bacterial population did not show any significant increase along the 

experiment both for 0K and 0.5K medium, our results were not influenced by an 

increase in the number of microorganisms. 

 

3.3. Electrochemical analyses of corrosion activity 

In order to study the oxidation state of the system for all the experimental groups, the 

ORP values were measured over time both for the experiments performed in 0K and 

0.5K medium.  

 

The results have shown very slight variations of ORP values over time for all 

experimental groups in experiments performed in 0K medium, A. ferrooxidans culture 

shown an ORP along time from 312 ± 16.1 mV. For sterilized culture and culture 

medium the ORP was from 319 ± 21.3 and 315 ± 14.4 mV, respectively (Fig.S1B, 
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supplementary material). In contrast, the ORP values in experiments performed in 0.5K 

medium, have shown variations over time. Particularly, A. ferrooxidans culture has 

shown an increase in the ORP along time from 402 ± 9.2 to 576 ± 15.1 mV. For 

sterilized culture and culture medium the increase in the ORP was from 404±21.8 to 

481 ± 7.53 mV and from 416 ± 4.8 to 467 ± 12.1 mV, respectively (Fig. S1 B, 

supplementary material). The differences obtained for both experiments may be 

explained by the presence or absence of ferrous iron in aqueous solution for 0.5K and 

0K medium, respectively.  

 

Previous studies using massive pyrite in culture medium with very low iron 

concentrations (0.01 g mL
-1

 FeSO4.7H2O), have shown the formation of non-

stoichiometric compounds of low conductivity (Fe1−xS2(x)) at potentials near the open 

circuit potential, given by the Eq. (8) [39]: 

 

FeS2(x) ↔ Fe1−xS2(x) + xFe(l)
2+ + (2x)e− (8) 

 

These compounds may be also present in our experiments when 0K medium is 

employed, therefore explaining the low ORP values obtained in these conditions. 

Additionally, other studies documented similar ORP values in absence of ferrous [40]. 

 

The ORP values obtained for our experiments 0.5K medium may be related to the 

presence of ferric iron in aqueous solution. Moreover, the increase in ORP values for A. 

ferrooxidans cultures in 0.5K medium, may be due mainly to bacterial oxidation of 

soluble ferrous iron by A. ferrooxidans (Eq. 3) and also by the oxidation of pyrite by 

abiotic chemical mechanisms that were shown previously in Eq. (1), (2), and (4) 

(section 1) [41,42]. Additionally, our results related to bacterial attachment (section 3.1) 

have shown that ferrous iron increases the bacterial attachment to pyrite. This may favor 

the biofilm formation, thus increasing the oxidation of pyrite. 

 

In contrast, sterilized cultures and culture medium samples in 0.5K medium have shown 

lower ORP values than those obtained for A. ferrooxidans culture, due to the absence of 

microbial oxidation and only due to abiotic mechanisms [42,43]. 

 

The corrosion activity on the pyrite electrodes was analyzed through polarization curves 

(Fig. 3). The corrosion density current (jcorr), polarization resistance (Rp) and corrosion 

potential (Ecorr) values were obtained and a comparison was done for the values at the 

beginning and at the end of the experiments performed in 0K and 0.5K medium (Table 

1). 

 

The comparison between polarization curves at the beginning and at the end of the 

experiments, for A. ferrooxidans cultures in 0K medium, have shown an increase in jcorr 

and a decrease in Rp (Fig. 3 A).  The jcorr values for the same group have shown an 

increase from (mean ± SD) 0.59 ± 0.11 to 6.02 ± 2.03 µA and the Rp values have shown 

a decrease from 330.64 ± 98.12 to 41.75 ± 11.19 Ω. These results may be explained by 

the presence of an active microbiologically-induced corrosion (MIC) process. 

 

On the contrary, jcorr y Rp values for sterilized cultures and culture medium were similar 

throughout the experiments (Fig. 3 B, C). The jcorr values for both sterilized cultures and 

culture medium have shown a very slight increase from (mean ± SD) 0.67 ± 0.06 to 

0.91 ± 0.04 µA, and 1.01 ± 0.09 to 1.10 ± 0.01 µA respectively. The Rp values for the 
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same experimental groups have shown a slight decrease of (mean ± SD) 158.38 ± 36.33 

to 224.09 ± 51.02 Ω, and 219.36 ± 98.12 to 216.01 ± 74.31 Ω, respectively (Table 1). 

These results may be explained by an inactive corrosion process in the absence of 

microorganisms. 

 

Moreover, the comparison between both groups for jcorr values have shown significant 

differences between A. ferrooxidans cultures and sterilized cultures and culture medium 

(F<0.05). The comparison between A. ferrooxidans cultures and culture medium have 

shown non-significant differences (F>0.05). The same comparison for Rp values have 

shown significant differences between all groups (F<0.05). The Ecorr values for 

experiments in 0K medium have shown a positive displacement for all groups (Fig. 3 A, 

B, C) (Table 1). No significant differences were observed in the comparison between 

experimental groups (F>0.05). 

 

The comparison between polarization curves at the beginning and at the end of the 

experiments for A. ferrooxidans cultures in 0.5K medium, have shown a high increase 

in jcorr and a high decrease in Rp (Fig. 3 A). The jcorr values for A. ferrooxidans cultures 

have shown an increase from (mean ± SD) 0.64 ± 0.09 to 24.51 ± 4.73 µA and the Rp 

values have shown a decrease from (mean ± SD) 197.58 ± 51.17 to 7.17 ± 4.25 Ω. 

 

These results may be explained by an increase in the Eq. (3) (section 1), given both by 

the presence of microorganisms (increasing a MIC related process) and by the presence 

of ferrous iron in the culture medium (increasing an AIC related process) that is 

oxidized to ferric iron by oxygen. This may also explain why these values are higher 

than those obtained for 0K medium experiments where MIC is the main process.  

 

On the contrary, sterilized cultures have shown a slight increase in jcorr values from 

(mean ± SD) 3.28 ± 0.05 to 4.56 ± 2.19 µA and a slight decrease in Rp values from 

(mean ± SD) 462.82 ± 96.23 to 400.85 ± 101.24 Ω. Meanwhile, culture medium has 

shown an increase in jcorr values from (mean ± SD) 0.93 ± 0.12 to 4.61 ± 2.13 µA and a 

decrease in Rp values from (mean ± SD) 145.54 ± 31.13 to 60.11 ± 21.11 Ω, that was 

greater than those obtained for sterilized cultures (Fig. 3 B, C). These results may be 

related to the absence of MIC and the differences observed between the latter groups to 

a passivation process in the sterilized cultures, due to the presence of cellular debris 

[44]. 

 

Moreover, the comparison between groups for jcorr values have shown significant 

differences between A. ferrooxidans culture and sterilized cultures and culture medium 

(F<0.05). The comparison between A. ferrooxidans culture and culture medium have 

shown non-significant differences (F>0.05). The same comparison for Rp values have 

shown significant differences between A. ferrooxidans cultures and sterilized cultures 

(F<0.05). However, the comparison between A. ferrooxidans cultures and culture 

medium have shown non-significant differences (F>0.05). The comparison between 

sterilized culture and culture medium have shown significant differences (F>0.05).  

 

The Ecorr values for experiments in 0.5K medium in general have shown a positive 

displacement (Fig. 3 A, B, C) (Table 1). The comparison between groups have shown 

significant differences between A. ferrooxidans cultures and sterilized groups (F<0.05), 

however the rest of the comparisons have shown non-significant differences (F>0.05).  
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Our results are in agreement with previous studies that have shown that the 

displacement of Ecorr is related to the compositional changes of the medium. For 0K 

medium, there is a minimum positive displacement for all groups that is due to Eq. (8), 

described in the manuscript. Here, the oxidizing agent (ferrous iron) solubilized from 

the mineral, increases the Ecorr and predispose the pyrite to a corrosive process. For 0.5K 

medium, this displacement is higher, due to a higher concentration of the oxidizing 

agent (the ferrous iron solubilized from the mineral plus the ferrous iron present on the 

medium). Previous studies have characterized these phenomena and they have 

linearized the response of Ecorr as function of the concentration of oxidizing agent [45]. 
 

Meanwhile the changes in the jcorr may be related to an increase of the reactive area and 

to a deposition of electroactive compounds in the corrosion process, where a decrease in 

the Rp values is observed [46]. 

 

Here Fig. 3 

 

Here Table 1 

 

Thereafter, we studied the jcorr rates for different experimental groups in 0K and 0.5K 

medium (Fig. 4). A. ferrooxidans culture, sterilized cultures and culture medium in 

experiments with 0K medium have shown jcorr rates of (mean ± SD) 0.09 ± 0.04, 0.0023 

± 0.0012 and 0.003 ± 0.002, respectively. The comparisons between the mean values of 

jcorr rates of A. ferrooxidans cultures and both sterilized cultures and culture medium 

have shown significant differences (F<0.05). These significant differences and the high 

mean values of jcorr rates for A. ferrooxidans cultures in comparison with the other 

groups can be attributed to MIC, due to the presence of an active metabolism of A. 

ferrooxidans, in the aforementioned condition. On the contrary, the comparison between 

the mean values of jcorr rates of sterilized culture and culture medium have shown no 

significant differences (F>0.05). The absence of significant differences between these 

groups and their low mean values of jcorr rates may be attributable to chemical corrosion 

processes (abiotic) due to the interaction between culture medium and the mineral.  

 

A. ferrooxidans culture, sterilized cultures and culture medium in experiments with 

0.5K medium have shown jcorr rates of (mean ± SD) 0.54 ± 0.09, 0.012 ± 0.006 and 

0.093 ± 0.009, respectively. The comparison between mean values of jcorr rates of A. 

ferrooxidans cultures and both sterilized cultures and culture medium have shown 

significant differences. As was described for the experiments in 0K medium, these 

significant differences and the high mean values of jcorr rates of A. ferrooxidans cultures 

in comparison with the other groups can be attributed to MIC, due to the presence of an 

active metabolism of A. ferrooxidans, in A. ferrooxidans culture. The comparison 

between mean values of jcorr rates of sterilized culture and culture medium have also 

shown significant differences (F<0.05). The low mean values of jcorr rates obtained for 

sterilized cultures and the significant differences seen for this comparison are probably 

due to chemical corrosion induced by ferric iron present in the culture medium and 

passivation of the pyrite in sterilized cultures. A possible explanation may be attributed 

to the fact that organic debris of bacteria present in sterilized cultures together with 

ferric iron may form a film layer and it may be deposited on the surface of the pyrite 

electrode. Previous experimental studies where the presence of EPS was simulated 

without the presence of bacteria have shown that EPS on the surface of mineral reduce 

oxygen transfer and passivate pyrite [44]. In our case we may have a similar effect due 
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to cellular debris deposited on the surface of the pyrite electrodes. 

 

Additionally, we made a comparison between mean values of jcorr rates of A. 

ferrooxidans cultures from experiments performed both in 0 and 0.5K medium 

conditions. This comparison has shown significant differences (F<0.05). The high mean 

values of jcorr rates obtained for 0.5K medium can be attributed to biological oxidation 

of ferrous iron by MIC, chemical oxidation of ferrous iron and by the chemical catalytic 

effect of ferric iron, all in combination. The comparison between mean values of jcorr 

rates of sterilized cultures from experiments performed both in 0 and 0.5K medium 

conditions have shown no significant differences (F>0.05). In this case it may be due to 

the presence of compounds on the surface of the pyrite electrode that can induce 

passivation, and therefore chemical corrosion prevented, even in the presence of ferric 

iron in 0.5K medium. The same comparison was done for culture medium that have 

shown significant differences (F<0.05). These differences are attributable to chemical 

corrosion in the presence or absence of ferric and ferrous iron. 

 

It was possible to estimate the difference between AIC and MIC from the jcorr rate 

values obtained for A. ferrooxidansculture (MIC + AIC) and jcorr rate obtained for 

culture medium (AIC).  For 0K medium there is a relation MIC:AIC of 30:1. For 0.5K 

the relation was 5.48:1. This relation is lower for 0.5K medium, given that the Eq. (4) is 

increased by the contribution of ferric iron coming from the ferrous iron in the medium 

(Fig. 4, insert). 

 

Here Fig. 4 

 

The electrochemical corrosion rate of pyrite was also calculated from Faraday’s 

equation. Moreover, the Faraday equation was previously employed in different studies 

to evaluate, under the electrochemical point of view, the corrosion rate of different 

mineral electrodes [31,47,48]. This computes the kinetics of the cathodic and anodic 

reactions or the oxidation-reduction. The results have shown, both for 0K and 0.5K 

medium, that the rates are very different between A. ferrooxidans cultures, sterilized 

cultures and culture medium (Fig. 5).  

 

Our results for experiments in 0K medium have shown that for A. ferrooxidans culture, 

the increase in the corrosion rate is continuous (Fig 5A) meanwhile for sterilized culture 

and culture medium there is no increase in the corrosion rate (Fig. 5B and 5C, 

respectively). For A. ferrooxidans cultures the highest corrosion rate mean value was 

(4.89 ± 2.01).10
-7 

mol. s
-1

, and for sterilized cultures and culture medium the mean 

values were (6.98 ± 3.1).10
-8 

mol. s
-1

, (1.32 ± 0.24).10
-7 

mol. s
-1

, respectively. The 

increase in the corrosion rate values is due to MIC of A. ferrooxidans, as was shown in 

other systems [49,50]. In this case, as ferrous iron is not present in the culture medium, 

ferrous iron can be available to the bacterium on the surface of pyrite through the 

interaction between the pyrite electrode and the culture medium, as was described by 

the Eq. (8) and then, ferrous iron can be oxidized by the bacterium by the Eq. (3). The 

increase in the corrosion rates may be due to the existence of an iron oxidation-

reduction propagation cycle between Eq. (8) and (3), that leads to the accumulation of 

ferric iron over time.  

 

Our results for 0.5K medium have shown that for A. ferrooxidans culture, the increase 

in the corrosion rate is continuous (Fig. 5D) meanwhile, for sterilized culture and 
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culture medium there is no increase in the corrosion rate (Fig. 5E and 5F, respectively). 

For A. ferrooxidanscultures the highest corrosion rate mean value was (24.7 ± 8.2).10
-7 

mol. s
-1 

and for sterilized cultures and culture medium the mean values were (4.35 ± 

0.98).10
-7 

mol. s
-1 

(3.26 ± 1.61).10
-7 

mol. s
-1

, respectively.  The very high corrosion rate 

values obtained for A. ferrooxidans cultures are due to MIC of A. ferrooxidans 

described by Eq. (3) but also to AIC processes, as described in the Eq. (1), (2) and (4). 

Here, there is also an iron oxidation-reduction propagation cycle that is increased by the 

presence of ferrous iron in the culture medium. In fact, a comparison made between the 

oxidation rate of ferrous iron under sterile conditions (abiotic conditions) and the 

oxidation rate of ferrous iron after inoculation with microorganisms as A. ferrooxidans 

have demonstrated that iron oxidizing microorganisms can increase the iron oxidation 

rate by a factor larger than 10
6 
[10,12]. 

 

For sterilized culture and culture medium, the increase of the corrosion rate is 

negligible. In this case, our results may be explained by Eq. (1), (2) and (4). However, 

given the absence of bacteria in these groups the oxidation of ferrous iron in Eq. (2) is 

only abiotic and mediated by oxygen, at lower rates, hence limiting Eq. (1) and (4). 
 

Therefore, the jcorr values in A. ferrooxidans culture are the consequence of the addition 

of both AIC and MIC processes. To estimate the jcorr related only to the MIC process, it 

is possible to calculate the difference of jcorr obtained for A. ferrooxidans culture 

(MIC+AIC) and culture medium (AIC). The difference between this two jcorr values 

corresponds only to jcorr of the MIC process. These values were 4.3 ± 1.9 and 15.2 ± 3.2 

µA for 0K y 0.5K medium, respectively. 

 

The difference between replicates for A. ferrooxidans cultures may be due to the 

electrode area. Even though the electrode area was normalized in our calculations, the 

bacterial attack to the mineral is dissimilar for each case, resulting in a different reactive 

area. This may be related to the pitting over the pyrite electrodes at the end of the 

experiments, as will be shown in section 3.4. 

 

Moreover, the comparison between of corrosion rates values for A. ferrooxidans 

cultures and sterilized culture have shown significant differences. However, non-

significant differences were seen for the comparison between A. ferrooxidans culture 

and culture medium and for sterilized culture and culture medium. 

 

Here Fig. 5 

 

3.4. Cyclic voltammetric study 

To study the interface changes in the pyrite electrode, cyclic voltammetries (CVs) for 

experiments performed in 0K and 0.5K medium were evaluated at the beginning and the 

end of the experiment and the coefficient of voltammetric charge (Qc) was estimated 

(Fig. 6). 

 

For 0K medium experiments, A. ferrooxidans cultures have shown a Qc mean value of 

5.48 ± 1.21. Sterilized cultures and culture medium have shown Qc mean values of 1.46 

± 0.17 and 1.42 ± 0.43, respectively. The Qc values for non-sterilized cultures were five 

times higher than those for sterilized cultures and culture medium. This may be due the 

formation of electroactive compounds by the catalytic activity of the bacterium on the 

pyrite electrode surface. 
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The comparison between the Qc values for A. ferrooxidans cultures and the other groups 

have shown significant differences (F<0.05). However, the comparison between 

sterilized culture and culture medium have shown non-significant differences (F>0.05).  

 

For 0.5K medium experiments, A. ferrooxidans cultures have shown a Qc mean value of 

8.73 ± 2.31. Sterilized cultures and culture medium have shown a mean value of 1.45 ± 

0.25 and 1.42 ± 0.51, respectively. The Qc values for A. ferrooxidans cultures were five 

times higher than those for sterilized cultures and culture medium. This high Qc values 

may be explained by the same mechanisms for 0K medium but also by other additional 

mechanisms that coexist due to the presence of ferrous iron in the culture medium, that 

may alter the interface of the pyrite electrode. Previous studies using A. ferrooxidans 

have also shown similar results [51]. 

 

The comparison between the Qc values for A. ferrooxidans cultures and the other groups 

have shown significant differences (F<0.05). However, the comparison between 

sterilized culture and culture medium have shown non-significant differences (F>0.05).  

 

In general, all these results are well correlated with those obtained by the corrosion rates 

obtained previously. The changes in the Qc values are related to changes in the electrode 

area by the formation of electroactive and/or passive compounds [52]. 

 

Additionally, the presence of faradaic current peaks was analyzed in CVs. For 0K 

medium experiments, faradaic current peaks were not observed (Fig. 6 A, B, C). 

Nevertheless, when applying the first derivative of the CVs, an anodic current peak at 

+458mV were observed for A. ferrooxidans cultures (Fig.S2 supplementary material). 

 

For 0.5K medium, several current peaks were observed for sterilized culture and culture 

medium (Fig. 6 D, E, F). A. ferrooxidans cultures have shown a current peak when 

applying the first derivative, resulting in an increase of the anodic current peak at 

+458mV with respect to 0K medium. Several additional anodic peaks were also 

identified at -261,-185, -88 and +17 mV and cathodic peaks at +458, +17, -217 and -

488mV (Fig. S2). These current peaks are related to the oxidation and reduction during 

the dissolution of pyrite [39]. 

 

Interestingly, the coincidence of anodic and cathodic current peaks at +458 and +17 mV 

indicates the presence of adsorbed compounds over the pyrite electrode. This may be 

due to the presence of biofilms or the electroactive compounds on the surface of the 

mineral. Previous studies have described the presence of a complex between membrane 

proteins of A. ferrooxidans (rusticyanin and cytochrome c4) and the electrode. These 

faradaic current peaks are described with potentials of +350 mV (reduction) and +460 

mV (oxidation) [53-55]. Carbajosa et al., describes a peak at 45 mV that may be related 

with the metabolic capabilities of the microorganisms, specifically of the cytochrome c 

that is associated with iron oxidation [53]. The current peaks obtained in our 

experiments are very similar to those obtained in previous studies and may be, 

therefore, the evidence of the interaction between the bacteria and the pyrite.  

 

Sterilized cultures have shown an irreversible current peak identified at +450 mV (peak 

c) (Figure 6E). This may be related to the formation of compounds as iron hydroxide 

complexes, [56] that can induce passivation as shown in Eq. (11). 
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Culture medium have shown four anodic current irreversible peaks, at 70 mV (peak a), 

Eq. (9), 165 mV (peak b), Eq. (10) and 450 mV (peak c), Eq. (11) and a cathodic peak 

at -108 mV (peak d) (Figure 6F). These current peaks were previously reported by other 

authors and may be related to pyrite oxidation [57] Eq. (12). 

 

S0 + 2H+ + 2e− → H2S (9) 

 

FeS2 → Fe
2+ + 2S0 + 2e− (10) 

 

Fe2+ + 3H2O → Fe(OH)3 + 3H
+ + e− (11) 

 

FeS2 + 2H
+ + 2e− → FeS + H2S (12) 

  

The presence of these irreversible current peaks, corresponding to different chemical 

reactions suggests that in abiotic processes, iron hydroxides and S
0 

are formed on the 

surface of the pyrite electrode.  

 

Here Fig. 6 

 

3.5. Scanning Electron Microscopy (SEM) 

As bacterial adhesion quantification showed an increased attachment of the cells to the 

surface of the pyrite electrode for 0.5K medium (section 3.1), a mechanism of corrosion 

may be favored in this medium. Therefore, to confirm these observations, we analyzed 

bacterial attachment to the pyrite electrodes through SEM after the completion of the 

experiments. SEM images of the surface of pyrite electrodes were taken before and after 

the experiments in 0.5K medium for A. ferrooxidans culture, sterilized culture and 

culture medium (10, 000X).  

 

SEM studies of the surface of the pyrite electrodes before the beginning of the 

experiments areshown in Fig. 7. The structure of the mineral can be seen in the absence 

of corrosion (Fig. 7A). The mineral surface of the electrode after the experiments in A. 

ferrooxidans cultures is shown in Fig. 7B. Signals of weathering as product of corrosion 

activity can be seen in the form of extremely localized corrosion areas as etch pits or 

pitting. This may be explained by the corrosion induced by A. ferrooxidans where a 

contact mechanism is involved through the presence of EPS produced by the bacterium 

biofilm on the pyrite surface. It is supposed that the EPS creates a microenvironment 

where the concentration of iron and sulfur are increased, therefore producing these 

localized areas of corrosion. A scheme of this mechanism is shown in Fig. 8. Several 

studies support the idea that A. ferrooxidans cells could be attached to the surface of the 

mineral and form pitting [58,59]. Fig.8B shows a magnification of this pyrite electrode 

where the etch pits of the bacteria can be seen deduced from their size (A. ferrooxidans 

is a bacillus with a size around 1.5 x 0.5 µm). This is in agreement with the results of 

the electrochemical experiments that have shown an increase in the reactive area of the 

electrode as was observed by the increase in jcorr and the decrease in Rp and then also 

corroborated by the voltammetric studies (Section 3.3 and 3.4)  

 

In comparison, the surface of the mineral exposed both to sterilized culture (Figure 7C) 

and culture medium (Figure 7D) shows a slight corrosion with some crystals as product 

of chemical corrosion processes. Previous works have shown that compounds other than 
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jarosite and elemental sulfur, as ferric phosphate (FePO4(s)) may precipitate on the 

surface of pyrite when ferric iron is present in culture medium [39]. 

 

Here Fig. 7 

 

Here Fig. 8 

 

4. Conclusions 

In this study we demonstrated that the electrochemical approach employed may 

distinguish a microbiologically-induced corrosion (MIC) process from an abiotically-

induced corrosion (AIC) process. 

 

However, the presence of ferrous iron in the culture medium influences both AIC and 

MIC and the corrosion effects are enhanced when iron is present.  

 

Bacterial growth did not show any increase along the experiment both for 0K and 0.5K 

medium, therefore our results were not influenced by an increase in the number of 

microorganisms. However, bacterial attachment was favored when iron was present in 

experiments performed in 0.5K medium. 

 

Moreover, the increase in ORP was observed only when iron was present in the culture 

medium, and in particular for non-sterilized cultures due to microbial oxidizing activity 

of A. ferrooxidans. 

 

The electrochemical parameters jcorr and Rp, have shown to increase and decrease 

respectively, when MIC process is present. Statistical analysis has shown that it is 

possible to use them to discriminate an AIC from a MIC. However, for Rp values in 

0.5K medium experiments, non-sterilized cultures have shown non-significant 

differences when compared with culture medium. This means that in this case, AIC 

process cannot be clearly distinguished form MIC process. Therefore, jcorr seems to be a 

better parameter to unequivocally distinguish both processes. 

 

Even though Ecorr values can provide some information of the corrosion process, this 

parameter have shown to be not useful to discriminate AIC from MIC. 

 

When dynamical electrochemical parameters as jcorr rate and corrosion rate where 

evaluated, it was shown that the values are higher when MIC is present. 

 

The voltammograms have shown an increase in the Qc values, indicating an increase in 

the electrode area and the presence of an electroactive biofilm. This was evidenced 

when obtaining the first derivative of the voltammogram and then confirmed by SEM 

images, showing the presence of edge pitches due to MIC.  

 

Meanwhile in abiotic conditions faradic current peaks where observed, due to the 

presence of compounds that can induce passivation as elemental sulfur and iron 

hydroxides. Statistical analysis of the Qc values has shown that this is also an 

appropriate electrochemical parameter to discriminate AIC from MIC.  

 

In conclusion, our study provides a set of electrochemical parameters that can be used 

as an electrochemical approach, not only to detect the sulfur iron oxidizing process 
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performed by microorganisms but to characterize the corrosion process itself, having 

additional applications in the evaluation of biomining processes, as the study of mineral 

corrosion (pyrite or other sulphide minerals) by iron oxidizing microorganisms (e.g.: 

Leptospirillum ferrooxidans, Leptospirillum ferriphillum, among others) or sulfur 

oxidizing microorganisms (Ej. Acidithiobacillus thiooxidans, Sulfolobus sp, among 

others). 

 

Supplementary data 

E-supplementary data of this work can be found in online version of the paper. 
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Table Caption 

Table 1. Corrosion parameters of pyrite for 0K and 0.5K medium, obtained from 

polarization curves at the beginning and the end of the experiments for:  A. ferrooxidans 

culture, sterilized culture and culture medium. 

 

Figure Captions 

Figure 1. Detail of the pyrite electrodes used for this study (A) and schematic 

representation of their configuration (B).  

 

Figure 2. Percentage of attachment of A. ferrooxidans on pyrite for 0K and 0.5K 

medium. The number of cells corresponding to the percentage is also indicated as cells 

mL
-1

. 

 

Figure 3. Potentiodynamic polarization curves applying LSV (ʋ=0.4 mV s
-1

) for 

experiments performed in 0K (black) and 0.5K (gray) medium. Solid and dashed lines 

correspond to the measurements at the beginning and end of the experiment 

respectively. A. ferrooxidans culture (A), sterilized culture (B) y culture medium (C) are 

shown in the plots. One single replicate is shown.  

 

Figure 4. jcorr rate mean values for experiments performed in 0K (white) and 0.5K 

(black) for A. ferrooxidans culture, sterilized culture and culture medium. The error bars 

represent the standard deviation. The insert shows the jcorr rate mean values 

corresponding to AIC (vertical lines) and MIC (horizontal lines). 

 

Figure 5. Behavior of the corrosion rate obtained from Faraday´s equation for 

experiments performed in 0K (A, B, C) and 0.5K (D, E, F) medium. A. 

ferrooxidansculture (A, D), sterilized culture (B, E), and culture medium (C, F). 

Different replicates are shown. 

 

Figure 6.CVs for 0K and 0.5K medium experiments.A. ferrooxidans culture (A, D), 

sterilized culture (B, E) and culture medium (C, F) are shown at the beginning (gray 

line) and the end of experiments (black line). Current peaks are indicated (a,b,c,d). One 

single replicate is shown. 

 

Figure 7.SEM images of the pyrite surfaces for experiments performed in 0.5K medium 

for control (A), A. ferrooxidans culture (B), sterilized culture (C) and culture medium 

(D). The arrows show the etch pits produced by the bacteria. Scale bar 5 µm. 

 

Figure 8. Scheme of MIC process induced by A. ferrooxidans showing a mechanism by 

contact generating the etch pits showed in the SEM image (arrows) obtained for A. 

ferroxidans cultures. Scale bar 2 µm. 
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Table 1. Corrosion parameters of pyrite for 0K and 0.5K medium, obtained from 

polarization curves at the beginning and the end of the experiments for:  A. ferrooxidans 

culture, sterilized culture and culture medium. 

 

Me
dia 

t 
(d) 

A. ferrooxidans culture Sterilized culture Culture medium 

Ecorr 
(mV) 

jcorr 

(μA) 
Rp (Ω) 

Ecorr 
(mV) 

jcorr 

(μA) 
Rp (Ω) 

Ecorr 
(mV) 

jcorr 

(μA) 
Rp (Ω) 

0K 
0 

30.1 ± 
0.02 

0.6 ± 
0.1 

330.6 ± 
98.1 

27.01 ± 
0.01 

0.7 ± 
0.1 

158.4 ± 
36.3 

26.1 ± 
0.02 

1.01 ± 
0.1 

219.4 ± 
98.1 

42 
65.4 ± 
31.2 

6.0 ± 
2.1 

41.8 ± 
11.2 

44.2 ± 
21.1 

0.9 ± 
0.04 

224.1 ± 
51.0 

44.1 ± 
32.1 

1.1 ± 
0.01 

216.1 ± 
74.3 

0.5
K 

0 
100.4 ± 

43.0 
0.64 ± 

0.1 
197.6 ± 

51.2 
112.2 ± 

44.2 
3.3 ± 
0.1 

462.8 ± 
96.2 

121.2 ± 
53.1 

0.9 ± 
0.1 

145.5 ± 
31.1 

12 
420.7 ± 

70.2 
24.5 ± 

4.7 
7.2 ± 
4.3 

219.3 ± 
100.1 

4.6 ± 
2.2 

400.9 ± 
101.2 

251.2 ± 
100.1 

4.6 ± 
2.1 

60.1 ± 
21.1 
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Highlights 

 

 

-Approach aimed to distinguish microbiologically from abiotically-induced corrosion. 

 

-Several electrochemical corrosion parameters can be used 

 

-Allows to detect chemolitotrophic metabolism 

 

-Applications in biomining and for in- situ life detection 
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