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Abstract

The analysis of the variables, bacterial population, and oxidation-reduction poten-
tial (ORP) during the bioleaching of sulfide ores by a bacterial strain of Acidithiobacillus 
ferrooxidans, isolated from acid mine effluent, aims at the solubilization of copper 
and the liberation of the gold present in an ore containing more than 80% sulfides. It 
was studied at different pulp densities (1, 2, and 6% - W/V) and with a 9 k medium at 
different ferrous sulfate concentrations (0, 3, 6, 9, 12, and 15 g/L), keeping temperature 
and pH constant. The tests were carried out in three consecutive stages, starting with 
inoculum, whose cell content was 7.05x107 Cell/mL, then the strain with the highest 
population obtained in the previous stage was used, observing the variation in the peri-
ods of adaptation and growth. During the bioleaching of sulfide ores, in the first stage, 
the maximum bacterial population achieved was 4.75x107 Cell/mL in 24 days with 6 g/L 
ferrous sulfate, in the second stage, the maximum population was 6.30x107 Cell/mL 
without the addition of ferrous sulfate, and in the third stage, the bacterial population 
became 4.51x107 Cell/mL. The exponential characteristic growth of the population 
started at approximately 13, 8, and 3 days, respectively in each stage.

Keywords: bacterial population, bioleaching, sulfide minerals, Acidithiobacillus 
ferrooxidans, redox potential

1. Introduction

The redox potential of a mineral solution or ore pulp is a measure of electron 
activity that can be influenced by the presence of pyrite in its natural status, con-
sidered electrochemically passive, a favorable condition for the galvanic effect with 
other sulfide compounds to be enhanced and the formation of elemental sulfur to be 
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achieved [1]. Therefore, several works are carried out to identify the variables and 
parameters that allow the liberation of metallic and nonmetallic ions that are present 
in a mineral.

Specifically, the identification of the oxidation-reduction potential (ORP), which 
is a critical factor in the development of the inoculum and in the evolution of the 
oxidation of inorganic compounds, is determined with a platinum reference electrode 
and a hydrogen electrode connected to a potentiometer. It is quantified in volts, which 
represent the energy released by all components of the system in a fraction of time 
when a number of electrons move from one phase to another: namely, between the 
bioleaching substrate and the platinum electrode.

The biological oxidation of sulfide to elemental sulfur, sulfate anion, and other 
sulfur compounds and the reduction of oxygen in water are the main redox changes 
that occur in this process. The measured redox value of the medium in which a 
process takes place will be the result of the set of chemical reactions occurring in it.

Likewise, the thermodynamic relationship of the oxidation-reduction potential 
(ORP) represented by the potential (Eh) of the solution is known as the Nernst equa-
tion, nevertheless, in practice, the ORP value is determined mostly by ionic compounds 
with high current exchange density, in other words, the ability they have to exchange 
electrons on the surface of the platinum electrode; In this sense, several researchers 
have found that there are compounds that have a great aptitude to exchange their 
valence electrons on the platinum surface, such is the case of hydrogen sulfide, for 
which there is a linear relationship between the ORP measurement and the logarithm 
of the concentration of hydrogen sulfide in natural environments [2]. The process of 
dissolution of chalcopyrite with sulfur-oxidizing microorganisms and iron oxidizers 
depends mainly on the redox potential. Chalcopyrite was preferentially oxidized to 
polysulfide when the redox potential is approximately less than 350 mV with reference 
to Ag/AgCl electrode and at higher potential approximately between 350 and 480 mV, 
chalcopyrite was mainly transformed to Cu2S, intermediate species, resulting in high 
dissolution rate and when the redox potential is higher than that of 480 mV, chalcopy-
rite was mostly oxidized to polysulfides, causing passivation of chalcopyrite [3].

The usefulness of ORP data may be questionable because the measuring probe is 
directly in contact with the sinus of the extracellular environment, which is totally 
different from the intracellular environment. A disadvantage of ORP is its strong 
dependence on pH. In this regard, decreases in potential of up to 33 mV have been 
reported with a one-unit increase in pH [4]. However, real-time potential monitoring 
offers many advantages [5].

It is known that in culture media, microorganisms show very different sensitivities 
to the oxidation-reduction potential. Therefore, it is believed that the redox potential 
is a very particular and important factor in each of the environments where the 
substrate probably determines the presence of a variety of microorganisms and their 
metabolic evolution [6].

By means of bioaugmentation processes under conventional bioleaching condi-
tions, the growth of diverse bacteria was achieved, which contributed to improve 
copper dissolution, achieving the extraction of 90.2% after 24 days. In the final stage, 
the formation of a passivating layer of jarosite decreases the copper release rate; 
resulting that, the increase of iron-oxidizing cells negatively influencing the leaching 
of chalcopyrite [7].

It should be noted that sulfide minerals often coexist with several mineral 
species, which act synergistically during the leaching process, allowing the dissolu-
tion of certain elements. In the case of leaching of chalcopyrite and silver-bearing 
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bornite [8], by thermophilic culture (50°C), 94.6% copper was extracted, quite 
superior to the results of separate leaching of chalcopyrite and bornite, silver was 
released to the solution, forming Ag2S on the surface of chalcopyrite. In recent 
studies of bioprocesses, bioleaching is considered a process with multiple advantages 
such as low cost, environmental friendliness, simplicity of requirements, and suit-
ability for the treatment of low-grade ores. In the analysis of commercial processes, 
the evolution of the problem is identified as the lack of definition of the parameters 
due to the synergic effect of microorganisms, the role of extracellular polymeric 
substances, the passivation phenomenon, the galvanic interaction between minerals, 
the mode of application, and the environment [9].

2. Background of bioprocesses

In recent years, the development of microbiological processes for the extraction of 
metals from ore bodies has generated much interest and the approach to biotechno-
logical processes such as biooxidation, which are already applied in many parts of the 
world. These are the fundamental reasons for research and for providing incentives 
for new discoveries and are also likely to become the cause of the development of the 
mining and metallurgical sector [10, 11]. Bioleaching is a clean technology for pro-
cessing complex and low-grade ores because of reduced energy and water consump-
tion and low CO2 and SO2, emissions compared to pyrometallurgical processes [12].

In the bioleaching of copper sulfide ores using At. ferrooxidans and subsequent 
characterization of the residues by scanning electron microscopy (SEM) and X-ray 
diffraction (XRD), it has been identified that dissolution occurs in the following 
preferential order: bornite, pyritic chalcopyrite, covellite, and porphyry chalcopyrite; 
the latter as a surface layer can hinder the dissolution of other compounds and thus, 
the extraction of copper [13, 14]. Polysulfides, elemental sulfur, and insoluble sulfates 
are the main constituents that determine the redox potential [15].

It can be asserted that electron donor sources are abundant and diverse in nature 
and can be of anthropogenic, geological, biological, and inorganic materials. An 
important source of inorganic compounds is volcanic activity as reduced sulfur 
compounds and others. All compounds derived from the mining and agricultural 
industries, products from the burning of hydrocarbons, and other industrial activi-
ties release reduced sulfur compounds into the environment, which donate or receive 
electrons and thus energy through chemolithoautotrophic sulfoxidizing bacteria [16].

During the last three decades, the application of bioleaching for the treatment of 
sulfide ores has reached its industrialization, the sequential use of biooxidation —
bioleaching—electrowinning, for the extraction of copper, uranium, gold, and zinc, 
providing satisfaction in the mining sector. In addition, in recent years, its application 
is being sought for the extraction of copper from refractory ores [17]. In the dis-
solution of chalcopyrite promoted with ferric ions, Hiroyoshi et al. [18] presented a 
two-stage dissolution model: first, the reduction of chalcopyrite to Cu2S by ferrous 
ions in the presence of cupric ions. Second, the oxidation of Cu2S to cupric ions and 
elemental sulfur. Reactions achieved at solution potentials below the predicted critical 
potential as a function of ferrous, ferric, and cupric ion concentrations.

In studies by Nazari et al. [19], it was observed that a ferric precipitate in the form 
of jarosite was produced at 50 g/L ferrous sulfate at an initial pH of 2.2 and a tempera-
ture of 32°C. The effects of ferric iron precipitation on other ions are important for 
At. ferrooxidans bacteria in the aqueous phase, that is, sulfate, phosphate, magnesium, 
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and potassium ions. The results showed relatively similar patterns for potassium and 
ferric ions, and this could be explained by the coprecipitation of these ions as con-
stituents of jarosite, increased at higher pH.

The copper extraction yield from thermophilic bioleaching of chalcopyrite 
depends on temperature, pH, and oxidation-reduction potential (ORP), as well as 
the activity of the thermophile used [20]. The copper extraction yields obtained with 
thermophilic microorganisms at different pH and temperature conditions, and with 
different initial amounts of Fe3+, generate high biomass concentrations at an ORP 
close to a critical value (450 mV, with reference to the Ag0/AgCl electrode) and high 
copper extraction, attenuating at higher ORP values and causing Fe3+ precipitation 
as jarosite [21]. However, the dissolution of chalcopyrite might not be hindered even 
though large amounts of jarosite are produced and the free jarosite would be easily 
detached from the ore surface [22, 23].

Through tests with different electrochemical circuits [24] for the dissolution of 
chalcopyrite, it was identified that the increase in potential caused the formation of a 
CuS layer, hindering the dissolution speed of the electrode. The formation of CuS is 
concomitant with the formation of Fe2(SO4)3 and the latter can act as a precursor to 
jarosite nucleation at potentials around 750 mV (referring to the Hg°/Hg2SO4 elec-
trode). Concluding with the modeling of the experimental results. Also, Zhao et al. 
[20], through thermodynamic calculations and electrochemical measurements, estab-
lished the conditions to determine the optimum potential in the leaching of chalco-
pyrite, having as main variables the temperature and the concentrations of Cu2+ and 
Fe2+, managing to establish a model to predict the potential range, becoming inhibited 
due to the formation of jarosite, requiring the periodic addition of Cu2+ and Fe2+ 
ions to improve the bioleaching of chalcopyrite. In this line, Yang et al. [23], during 
the electrochemical oxidation of a chalcopyrite electrode at potentials between 550 
and 630 Mv (having as reference an Ag/AgCl electrode), finds an anodic dissolution 
region with S2

2− and covellite species and two very close passive regions coated with 
a thin sulfur-rich layer, which could be responsible for the passivation, concluding 
that chalcopyrite can passivate in the potential range of 748–828 mV with respect to 
the standard hydrogen electrospray (SHE). On the other hand, at an applied potential 
of 415 to 750 mV, a thin film of copper and iron sulfide was produced, exhibiting 
passivation properties and, at 1070 mV, the film formed dissolved and the rate of 
chalcopyrite dissolution was enhanced; when the potential continued to increase, 
CuS was formed and hindered chalcopyrite dissolution; finally, at 1400 mV, jarosite 
was formed, which hindered chalcopyrite dissolution [24]. Subsequently, to inves-
tigate the roles of dissolved oxygen (O2), Fe3+ and Fe2+ and their interactions during 
the leaching of chalcopyrite in a basic culture medium at atmospheric pressure and 
45°C, it was shown that Fe3+ significantly promoted the dissolution of chalcopyrite in 
the initial stage, then in the final stage it caused the passivation by the formation of 
jarosite due to the oxidation of Fe3+, it was also tested adding oxygen, which caused an 
appropriate potential range between 380 and 480 mV (with respect to the Ag/AgCl 
electrode), eliminating the passivation species caused by polysulfides and favoring 
the formation of jarosite [25].

The hindrance or delay in the dissolution of minerals by bacterial action is due to 
the formation of a surface layer, a phenomenon known as passivation, which is the 
subject of debate. In leaching tests, in the presence and absence of mixed culture, it 
was found that the presence of jarosite and elemental sulfur in an abiotic experiment 
does not hinder copper dissolution and the dissolution curves do not represent signs 
of postdissolution but indicated hindered dissolution. In bioleaching and abiotic tests 
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with chalcopyrite samples, it was identified that the common phases on the surface of 
the leached samples during different periods of time were elemental sulfur and iron 
oxyhydroxides, which were identified by XPS spectrometer as jarosite, being the cause 
of the difficulty in dissolution [26]. The kinetics of chalcopyrite dissolution is fast 
when the solution potential is lower than 648 mV (SHE), and it cannot be effectively 
leached when the solution potential is higher than 698 mV due to the production of 
polysulfides, elemental sulfur, and jarosite on the surface, reaching surface passivation; 
it is not possible to oxidize with Fe3+, but it can be oxidized by stronger oxidants [8].

3. Experimental procedure

In leaching with At. ferrooxidans, the conditions at which various works have been 
carried out by several researchers, including Wang et al. [17], identify that at the 
temperature of 30 ± 1°C and pH of 2.0 achieve concentrations of 2.24x107 Cell/mL 
and recovery of 45% copper after 75 days of leaching. Liu et al. [22], during the bio-
leaching of chalcopyrite at different times, identifies the presence of various species 
such as bornite, chalcocite, covellite, and their respective redox potentials and, finally, 
after 30 days of processing, identifies as iron species approximately 26% chalcopyrite, 
10.2% bornite, and 74% jarosite.

Seeking to contribute to the knowledge of the mechanisms of bioleaching 
of sulfur minerals, in this study, the experimental design, implementation, and 
execution of the tests were carried out in the Laboratory of Biometallurgy of the 
School of Metallurgical Engineering of the Universidad Nacional Mayor de San 
Marcos (UNMSM) with the participation of teachers and students of the faculties 
of Chemistry and Chemical Engineering and Biological Sciences. Potential (Ev) 
measurements and bacterial population determinations were carried out at different 
concentrations of 9 k substrate and mineral substrate, maintaining constant pH, 
temperature, and agitation speed. The test medium consisted of sulfide mineral, 
100 mL of 9 k solution, 10 ml of inoculum, pH of 1.8, average ambient temperature 
of 22°C, and constant agitation of 150 rpm. The analyses to determine the extrac-
tion of Cu and other elements were carried out by Atomic Absorption and Induced 
Plasma Spectrometry, in the laboratory of the School of Metallurgical Engineering 
and by third-party service, respectively. The bacterial population count was carried 
out at the Environmental Microbiology and Biotechnology laboratory of the School of 
Biological Sciences, UNMSM.

3.1 Mineral substrate as metabolic medium

An important factor of the ore under investigation is its nature; with the presence 
of diverse sulfides, being of interest the copper sulfides. The sulfide ore was milled at 
94% -200 Mesh to facilitate its oxidation and the supply of nutrients required by the 
inoculated microorganism.

The mineralogical composition of the sulfide ore that forms part of the substrate 
in the bioleaching was identified, containing mainly: iron, sulfur, copper, gold, and 
silver. As well as high content of gangue with sulfide compounds that will increase the 
pH in the leach liquor, with the consequent inhibition and suppression of microbial 
activity [27]. The degree of leaching to be achieved will depend on the type of surface 
of the mineral substrate, as a decrease in particle size means an increase in specific 
surface area so that dissolution or oxidation yields can be obtained without any 
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alteration of the total particle mass. A particle size of approximately 42 μm is consid-
ered optimal [28]. Additionally, the provision of a 9 k culture broth modified in its 
ferrous sulfate content favors the reactivity of the medium [29].

3.2 Isolation in solid and liquid media 9 k

First, colony morphology, cell morphology, ferrous ion oxidation, and tetrathionate 
oxidation were considered in the presumptive identification of the isolated bacteria. 
The colonies are then poured into solid medium (Petri plates) and allowed to gel by 
cooling. In total, 0.1 ml of bacterial strain from liquid culture was added. It is placed 
in an incubator at 28°C for periods of 5 to 10 days. The evaluation of growth was by 
direct observation from the fifth day based on the methodology of Hallberg et al. 
[30]. Reddish brown colonies were obtained due to the formation of ferric iron. The 
identified colony is reseeded in fresh liquid medium, thus achieving the enrichment 
of the strain and obtaining the intrinsic characteristics of At. ferrooxidans. Iron is used 
in both isolates because it is an essential micronutrient for bacteria and because of its 
oxidative and reductive properties, it acts as an electron transporter and as a cofactor 
for many enzymes. Subsequently, the pure strain was sent to the UNMSM Molecular 
Biology laboratory for identification and final characterization using the polymerase 
chain reaction (PCR) technique.

The Wizard Genomic DNA Purification Kit (Promega) protocol was used for chro-
mosomal DNA extraction. We then proceeded to design the universal primers that 
amplify the 16S ribosomal RNA coding gene. DNA sequencing used the dye termina-
tion method and the Applied Biosystems 3730 system from Macrogen USA was used. 
And finally, molecular identification was carried out by comparing the 16S rRNA 
gene sequences (16S rDNA) of the native strains with those available in the databases 
using the program BlastN version 2.0. The 16S rRNA sequences were obtained from 
GenBank/EMBL/DDBJ databases, according to the percentage of similarity, the 
RecB1a isolate was identified as At. ferrooxidans in 98% [31].

3.3 Bacterial adaptation in the presence of metallic sulfides

Adaptation tests are carried out by several researchers seeking to obtain a bacterium 
or bacterial consortium capable of growing in media consisting of mineral sulfides 
and sulfides refractory to conventional mineral extraction processes. We cite some 
studies carried out on the adaptation in minerals with the presence of arsenic and 
silver sulfides, being these compounds inhibitors to bacterial development. The tests 
consisted of adapting the bacterial strain to different media with different amounts of 
ferrous sulfate and pyritic sulfide mineral [32].

Once the 9 k medium was identified, modifying its iron content and at a favorable 
pH, adaptation was sought in the presence of minerals containing about 70% sulfides 
of various mineral species such as chalcopyrite, pyrrhotite, arsenopyrite, and others. 
The evolution or progress of the adaptation phase is determined by the variation of 
the redox potential [33], determining that above 500 mV a marked bacterial growth 
occurs, then inhibition, and finally the decrease of the population; possibly, by the 
saturation of the medium and/or by nutrient depletion.

The objective of this adaptation stage in the application of a bioprocess such as 
bioleaching is to obtain a bacterial microorganisms capable of growing in sulfur media, 
without the addition of iron sulfate; in other words, to make the microorganisms feed 
themselves with the iron contained in the material subjected to the bioleaching process, 
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this would help us to later carry out oxidation tests on refractory minerals containing 
high contents of pyrite, arsenopyrite and also, with arsenic and silver contents.

The isolated and identified bacterium (At. ferrooxidans) is subjected to media with 
mineral of approximately 80% sulfides, 10% arsenic, and 20% silicates, taking dif-
ferent amounts of mineral (1, 2, 3, and 4 g) and at different particle sizes. The basic 
conditions of the adaptation were: room temperature at an average of 20°C, pH 1.8, 
and shaker agitation at 150 rpm [34].

3.3.1 Adaptation to different quantities of ore

Four assays were carried out, with 1, 2, 3, and 4 grams of mineral pulverized 
at −200 mesh. In 250 mL Erlenmeyer flasks, 100 mL of 9 k medium and 10 mL of 
solution with At. ferrooxidans (pure culture) were added. The population and redox 
potential increased over time. The increase in potential occurs after a short latency 
period of approximately 10 to 12 hours. See Figure 1.

3.3.2 Adaptation to different ore particle sizes

Tests were also carried out with 100 ml of 9 k medium modified in its ferrous 
sulfate content and 10 mL of bacterial strain. Tests were carried out with the ore 
pulverized at −200 mesh and fractioned in three sizes: −200 + 325, −325 + 400, 
and − 400 mesh, taking 5 grams of each of the ore fractions. The ferrous sulfate 
content was limited to 11 g/L. The test with the mineral whose fraction corresponds to 
sizes smaller than 37 microns (−400 M) was of particular note. See Figure 2.

3.3.3 Prolonged adaptation

The test is carried out with the mineral pulverized at 80% - 400 mesh in 9 k liquid 
medium with 5.5 g/L of ferrous sulfate and 7.5 grams of the mineral. The adaptation 

Figure 1. 
Increase of the redox potential as a function of time. A greater increase in potential is achieved in the test with less 
mineral, consequently, less friction and less dissolution of its components, and less damage to the bacteria.
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is carried out for 380 hours, observing the increase of the potential with periods of 
inhibition. See Figure 3.

4. Bioleaching tests

The first tests performed corresponded to the chemical analysis of identification 
by elements, the results of which were subjected to theoretical analysis based on 
bibliographic information in order to define the operating parameters, as was done for 
the bioleaching tests of copper sulfide ores [28].

It is known that in bioleaching tests over a prolonged period of 60 days, the bacte-
rial population is maintained around 550–590 mV [35]. Also, the evolution of the 

Figure 3. 
Redox potential vs. adaptation time. The increase of the redox potential over a prolonged period represents the 
adaptation of the bacteria, the growth of its population, and consequently, the oxidation of the mineral.

Figure 2. 
Oxidation potential changes as a function of time with particle size fractions. A latency period of approximately 
40 hours is observed in the smallest size fraction, followed by an exponential increase in redox potential.
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bacterial population shows increases in a certain period of time, for example, between 
6 and 21 days of processing, the average bacterial population was 1.70x108 Cell/mL 
and 8.00x107 Cell/mL in the bioleaching of ore whose granulometries corresponded 
to −200 and − 325 Tyler mesh, respectively [33].

Bioleaching is performed in three consecutive stages with 1.0, 6.0, and 2.0% 
(W/V) of sulfide ore, the second and third stages using the best inoculum from the 
previous stage and under the conditions detailed in Figure 4.

A 9 k solution with different concentrations of ferrous sulfate is provided as 
nutrient substrate. During the tests, measurements of oxidation-reduction potential 
(ORP) and pH are taken; in addition, periodic sampling is carried out to determine 
the metals present, such as copper, iron, arsenic, and zinc.

4.1 First stage of bioleaching

The bioleaching solution had as main nutrient substrate medium 9 k at differ-
ent concentrations of FeSO4.7H2O between 0.0 to 15.0 g/L. For the assays, 500 mL 
Erlenmeyer flasks were used, where 3 g of mineral (1% W/V), 30 mL of bacterial 
strain of 7.05x107 Cell/mL, and 300 mL of 9 k solution containing: 3.0, 6.0, and 
9.0 g/L of FeSO4.7H2O were added. The pH was regulated to 1.8 by adding sulfuric 
acid solution. The process was carried out in an agitation platform (Orbit Shaker) 
at 150 rpm. According to research, the dose of ferrous ions for the bioleaching of 
sulfides such as pyrite and chalcopyrite differs depending on the characteristics of the 
mineral that contains them [36].

Figure 4. 
Stage bioleaching design with 1, 2, and 6% solids.



Bioremediation for Global Environmental Conservation

10

The maximum copper recovery obtained in this stage was 72.64%, with 6.0 g/L 
of FeSO4.7H2O and the minimum recovery was 38.96% with 15.0 g/L of FeSO4.7H2O. 
Approximately 20 days after the start of the process, it is observed that the copper 
dissolution is drastically reduced. See Figure 5.

4.1.1 Effect on bacterial population growth

Bacterial growth was identified as a function of the ferrous sulfate content 
 provided, with an accelerated increase observed between approximately the 12th 
and 24th day, followed by a break, indicating the end of the bacterial popula-
tion growth stage. The maximum population density reached was at 24 days with 
4.75x107 Cell/mL with 6.0 g/L of FeSO4.7H2O reaching 67% of the inoculum, as 
shown in Figure 6.

The methodology used in bioleaching processes takes into account the adaptation 
stage, which is progressive for A. ferrooxidans bacteria in the presence of nutrient ions 
(Arias et al., 2015), where the reproduction of microorganisms is achieved; in parallel, 
the metal compounds in solution are increased [33, 37].

4.1.2 pH variation

The tests are started at pH 1.8 and at different concentrations of FeSO4.7H2O. 
During the first stage period, which lasts 19 days, the variation is observed and 
regulated. The pH varies from a minimum of 1.5 to a maximum of 2.2, on average 1.9. 
Finally, the trend is downward, probably due to the appearance of H+ and the forma-
tion of sulfuric acid, which can be seen in Figure 7.

Figure 5. 
Bioleaching in pulp containing 1% solids.
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4.1.3 Measurement of oxidation: reduction potential

Figure 8 shows the ORP values for each test performed; in the first 6 days, the test 
containing no ferrous sulfate increases from 360 mV to 585 mV on approximately 

Figure 6. 
Variation of the bacterial population during the first stage of bioleaching.

Figure 7. 
pH variation during the first stage of bioleaching.
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the tenth day. On the other hand, the sample containing 15.0 g/L of FeSO4.7H2O 
achieves its increase after 10 days from the start of the test to approximately 560 mV. 
Subsequently, all samples are maintained at around 575 mV.

4.2 Second stage of bioleaching

Tests were performed in 500 mL Erlemeyer flasks, adding 18.0 g of mineral 
(6% W/V), 30 mL of bacterial strain (10% V/V), and 300 mL of 9 k Medium with 
0.0, 2.0, 4.0, and 6.0 g/L of FeSO4.7H2O. The pH is regulated to 1.9 with sulfuric acid 
solution, the process was continued on a stirring platform at 150 rpm. Bacterial strain 
from the first stage is used. After 22 days of leaching, 89.38% copper extraction is 
achieved in a medium without the addition of ferrous sulfate. See Figure 9.

4.2.1 Effect on bacterial growth

Observed from the inoculation with the highest population strain obtained in the 
previous stage, whose concentration was 4.75x107 Cell/mL.

It is observed that the adaptive and exponential phases show the same trend in all 
tests. The exponential growth phase occurs approximately between the 8th and 12th 
day, achieving a maximum bacterial population of 6.30x107 Cell/mL in the test with-
out the addition of FeSO4.7H2O, higher than the concentration of the initial inoculum 
compared to the concentration of the first stage. See Figure 10.

4.2.2 pH variation

The pH of the solution increases during the first 7 days, possibly due to the 
increase in pulp density, being controlled with sulfuric acid solution until it recovers 

Figure 8. 
Measurement of oxidation-reduction potential (ORP). First stage of the bioleaching process.
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its initial value. As time goes by, the decrease is observed, being necessary for its 
recovery to the initial value of 1.8. See Figure 11.

4.2.3 Measurement of oxidation: Reduction potential

Figure 12 shows the behavior of the oxidation-reduction potential of all the tests. 
Achieving a maximum of 613.2 mV with the lowest amount of FeSO4.7H2O. It is also 
observed that they reach 600 mV approximately on the 8th day of leaching.

Figure 9. 
Bioleaching in pulp containing 6% solids.

Figure 10. 
Variation of the bacterial population during the second stage of sulfide ore bioleaching.
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4.3 Third stage of bioleaching

The use of Medium 9 k solution as leaching substrate is continued, varying the 
concentrations of FeSO4 7H2O. For the assays we continue using 500 mL Erlenmeyer 
flasks, add 6.0 g of sulfide mineral (2% W/V), 30 mL of bacterial strain (10% V/V), 
and 300 mL of 9 k substrate containing 0.0, 3.0, 9.0 and 15.0 g/L of FeSO4.7H2O. 

Figure 11. 
pH variation during the second stage of bioleaching.

Figure 12. 
Measurement of oxidation-reduction potential (ORP). Second stage of the bioleaching process.
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The pH is regulated with sulfuric acid solution. The process was continued on 
a stirring platform at 150 rpm. The inoculum is obtained from the previous stage. 
Controls of pH, oxidation-reduction potential, and bacterial population are 
carried out.

After 25 days of leaching, an extraction of 85.6% copper was achieved in the test 
without the addition of ferrous sulfate. See Figure 13.

4.3.1 Effect on bacterial growth

In the tests, they were inoculated with the strain with the highest bacterial popula-
tion resulting in the effluents of the second stage, whose bacterial population was 
6.30x107 Cell/mL. Exponential growth is achieved approximately after the second day 
of experimentation. In contrast to the first stage, the reduction was achieved in 8 days 
and compared to the second stage, in 5 days. Exponential growth ends after approxi-
mately 10 days. Higher growth (4.51x107 Cell/mL) is achieved in the test lacking the 
ferrous salt. It is concluded that bacterial adaptation and growth with the provision of 
mineral as a nutrient-supplying medium is a chemolithotrophic characteristic of the 
bacterium Acidithiobacillus ferrooxidans. See Figure 14.

4.3.2 pH variation

Increases and decreases in pH were observed during the first three days. The 
solution with 15 g/L of FeSO4.7H2O reaches a pH of 2.08 and is corrected with sulfuric 
acid solution, then an increase in acidity is observed, reaching a pH of 1.3, possibly 

Figure 13. 
Bioleaching in pulp containing 2% solids.
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caused by the solubilization of the acid components of the mineral. In the following 
17 days approximately, the variation is lower and is controlled with sulfuric acid solu-
tion, seeking to maintain around 1.8, then a marked decrease is observed (Figure 15).

4.3.3 Measurement of oxidation: Reduction potential

As can be seen in Figure 16, on the third day values close to the maximum are 
obtained, remaining almost constant during the rest of the test period. In contrast to 
the first stage where growth occurs between days 7 to 15 approximately, and in the 
second stage growth occurs between days 4 to 8 approximately. In this stage, the aver-
age maximum values oscillate around 585 mV for each of the tests.

5. Results

The level of adaptation to the new conditions is proportional to the amount 
of reseeding carried out and to the conditions of the substrates to which they are 
subjected with the possibility of making modifications. In the adaptation stage, the 
highest population growth of the bacteria isolated from the recovered mining unit is 
determined by the iron sulfate content in the substrate and the strict control of pH. 
These values were 22.2 g/L and 1.8, respectively.

Jarosite formation can occur at different potentials. The study by 
Ghahremaninezhad et al. [24], in several electrochemical circuits, identifies the 
formation of CuS at potentials around 750 mV and at 1400 mV the formation of 
jarosite, consequently, the hindering of the process. Yang et al. [23], in dissolution of 
a chalcopyrite electrode at potentials between 748 and 828 mV identified electrode 
passivation. In the present study, copper dissolution occurs throughout the test period 
and at the potentials revealed at each of the stages.

Figure 14. 
Growth of the bacterial population. Third stage of experimental processing.
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In the first stage of bioleaching, population growth is achieved approximately in 
the period from the 12th to the 24th day, followed by a break and with a tendency to 
remain constant during the duration of the stage. The highest bacterial population 
was 4.75x107 Cell/mL after 24 days with 6.0 g/L of FeSO4.7H2O substrate and reaching 
only 67% of the initial inoculum. While the oxidation-reduction potential shows a 
varied behavior during the growth period. In the first 6 days, the sample without the 
ferrous salt increases from 360 mV to 585 mV on about the 10th day. The sample of 
15 g/L of FeSO4.7H2O has a delayed increase but reaches a maximum of 560 mV. The 
remaining samples, on average, reach 575 mV.

Figure 15. 
pH variation during the third stage of bioleaching.

Figure 16. 
Measurement of oxidation-reduction potential (ORP). Third stage of the bioleaching process.
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In the second stage, the inoculated strain had a concentration of 4.75x107 Cell/mL, 
the adaptation and growth phases were observed to have the same growth trend in all 
tests; the exponential phase began on the eighth day, reaching a maximum of 6.30x107 
Cell/mL with 0.0 g/L of FeSO4.7H2O. The bacterial concentration is 42% higher in 
relation to the inoculum. The maximum value of oxidation-reduction potential is 
613.2 mV. In the test, with 2 g/L of FeSO4 7H2O, it is observed that it exceeds 600 mV.

In the third stage, the beginning of exponential bacterial growth occurs on the 
third day after the start of bioleaching, 9 days shorter than in the first stage and 
5 days shorter than in the second stage. The exponential growth ends after approxi-
mately 10 days. At this stage, it is observed that, in the absence of the ferrous salt, 
the concentration of 4.51x107 Cell/mL is achieved with a certain similarity to other 
concentrations of the iron salt. Meanwhile, ORP values have a remarkable evolution 
during the first 3 days and then tend to remain constant throughout the test period 
with an average value of 585 mV, 15 mV lower than in the second stage and 10 mV 
higher compared to the first stage.

Compared to the ORP increase, in the first stage, it occurs between days 6 to 10 
approximately, in the second stage it occurs between days 4 to 8 and in the third stage 
it occurs in the first 3 days; with redox potential increases between 420 and 560 mV 
approximately. Contrasted with the results of the instrumental analysis carried out 
to determine the presence of chalcopyrite, disulfides, and polysulfides on the surface 
of the mineral causing the passivation and hindering the dissolution of the mineral, 
several redox potential ranges are identified. Thus, chalcopyrite is predominantly 
oxidized to polysulfide when the redox potential is below 350 mV and a low dissolu-
tion rate occurred when the redox potential is in the range of 350–480 mV, chalcopy-
rite was mainly transformed into Cu2S intermediate species instead of polysulfide, 
increasing the dissolution rate, and when the redox potential is above 480 mV, 
chalcopyrite was directly oxidized to polysulfide, which causes passivation of chal-
copyrite [3]. Also mentioned is the dissolution of iron from the chalcopyrite surface 
in the 475 to 700 mV potential range, leaving a slowly dissolving S2

2− and Sn
2−, layer 

above 700 mV [38].
The measurement of the potential (Ev) is the dissolution of the electron giver and 

electron acceptor at varying substrate concentrations at pH 1.8 and at 22°C, show-
ing increasingly positive values due to the increasing tendency to accept electrons 
with the consequent formation of sulfates. In this regard, Vilcáez et al. [21] mention 
that optimal temperatures for thermophile growth did not always mean high copper 
extraction yields, suggesting that with a high pH (pH 2.0), the bioleaching of chalco-
pyrite is more efficient, concluding that the bioleaching of chalcopyrite is controlled 
by ORP rather than by pH or temperature.

6. Conclusions and recommendations

The acid drainage of the mine workings studied (Huancavelica – Peru) is acidic, 
with a pH in the range of 3.0 to 4.5 pH, with a significant amount of metals in solution 
and abundant microorganisms such as the bacterium At. ferroooxidans.

Bacterial species are satisfactorily adapted to different media containing varying 
amounts of iron as sulfides and oxides, coming from highly mineralized quarries 
(presence of iron, copper, lead, zinc, sulfur, silica, gold, silver, and others). However, 
the qualitative and quantitative determination of the bacterial strain is still under 
investigation and will depend on the constitution of the mineral substrate provided.
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The redox potential as a determinant of the growth and metabolism of the culture 
indicates its capacity to accept or donate electrons, that is, the oxidizing or reducing 
characteristics of the components of the medium or substrate, determined in part 
by the oxygen concentration. These oxidizing characteristics are those required by 
bacteria of the genus thiobacillus, favoring their growth and the development of an 
oxidative metabolism.

Also, the redox potential indicates the metabolic activities of living microorgan-
isms and can be used to specify the environment in which microorganisms are able to 
generate energy and synthesize their enzymes or generate new cells without resorting 
to molecular oxygen.

Undoubtedly, the mineralogical composition of the mineral, as well as the struc-
ture of the species, together with the temperature, pH, and physical conditions of the 
mineral, will determine the bacterial growth, the redox potential, and the degree of 
dissolution and extraction of the elements of interest during the leaching process with 
sulfur and iron oxidizing microorganisms.

In the bioprocesses applied to sulfur minerals, the simple and compound ions, 
together with the bacterial consortium, transfer the electrons coming from the oxida-
tion of inorganic matter to the available electron acceptors of a more oxidizing nature, 
allowing to obtain the greatest margin of energy gain for the oxidation of the mineral 
substrate present, from which the carbon and energy necessary for its evolution are 
provided, being a mechanism typical of chemo lithotrophic organisms.

The oxide reduction potential offers many advantages in real-time monitoring. 
The variation in the dissolution of mineral sulfides can be attributed mainly to two 
factors, 1. the type of measuring electrode and 2. the composition of the mineral 
substrate, the dissolution of some of its components will determine the change in pH 
and consequently the increase or decrease of the potential.

The different oxidation statuses of sulfur (−2, 2, 2, 4, and 6) provide a redox 
potential and a great variety of enzymes that can oxidize different inorganic sulfur 
compounds; for this reason, it is advisable to identify them, as well as the metabolic 
routes, allowing to optimize the conditions of the sulfur oxidation reactions and to 
improve the bacterial catalytic activity.

During bioleaching, after a period of time, the oxidation rate and/or the dissolu-
tion of the valuable elements present in the ore show a decrease or even interrup-
tion caused by the passivation of the ore surface, as well as by the saturation of the 
medium with ionic compounds. Therefore, it is recommended to purify or change the 
enriched solution.
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