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Abstract 10 

In the present work, key parameters in copper bioleaching from chalcopyrite have been 11 

investigated at long term operation. In detail, the type of mixed microbial consortium 12 

(origin and adaptation); the composition of two mineral media (the growth medium and 13 

the modified 9K medium); its buffer capacity by the buffers HCl/KCl and 14 

Na2HPO4/KH2PO4; and the influence of different ore grades in relation with the potential 15 

alkalinity associated have been investigated. For the first time, a mixed microbial 16 

consortium, obtained from a gas-phase biotrickling filter treating high loads of H2S, was 17 

employed revealing significant copper extraction by biological leaching. Results reveal 18 

that a single adaptation step of this biomass improved both kinetics and process 19 

efficiency, nearly doubling the amount of copper obtained compared with the non-20 

adapted consortium. Nevertheless, the growth medium also influences the efficiency of 21 

the bioleaching process, enhancing copper extraction at higher sulphate concentration. 22 

The ore containing the metal is also a determining factor, obtaining same copper 23 

extraction for biotic and abiotic in one case, and enhancing up to 50 times from the abiotic 24 

in the other. Thus, this becomes a relevant limitation for the applicability of bioleaching 25 

for some ores, mainly due to the composition of the matrix. 26 
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Introduction 1 

Chalcopyrite (CuFeS2) is the most abundant copper ore; it is estimated that 80% of 2 

worldwide  copper reserves are formed by low-grade chalcopyrite deposits [1]. However, 3 

this mineral source is especially recalcitrant and copper extraction by hydrometallurgical 4 

processes is complex and expensive, especially from low-grade ores [2]. 5 

Bioleaching is an economically and environmentally friendly alternative method for 6 

physicochemical extraction of metals. It consists of the release of metals from minerals 7 

using microorganism activity. Bioleaching has been principally employed to extract 8 

metals such as copper, nickel, cobalt and zinc, among others [3]. Usually, efforts have 9 

been placed on low-grade ores because biological leaching is more profitable than 10 

chemical leaching with these type of ores [4, 5]. 11 

In bioleaching, bacteria catalyses the oxidation of metal sulphides and two different 12 

mechanisms of bacterial action have been suggested: direct and indirect. The direct 13 

mechanism involves the attack and oxidation of the mineral surface by enzymatic 14 

reactions carried out by microorganisms. In this process, metal sulphides can be directly 15 

oxidized to soluble metals according to (Eq. 1) [6]:  16 

𝑀𝑆 + 2 𝑂2  →   𝑀2+ +  𝑆𝑂4
2−   (1) 17 

This mechanism is related to extracellular polymeric substances (EPS), which mediate 18 

the attachment of the cells to the ore surface [7]. The production of EPS depends on the 19 

strain and their culture conditions [8].    20 

In the indirect mechanism, sulphide minerals are oxidized by ferric ions and the role of 21 

bacteria is to regenerate the oxidizing agent Fe(III). The different mineralogical 22 

characteristics cause two different dissolution pathways: via thiosulphate or polysulphide 23 

[9–11]. In particular, Zhao et al. [9] have described the mechanism of chalcopyrite 24 

mineral decomposition according to (Eqs. 2-3):  25 
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𝐶𝑢𝐹𝑒𝑆2 + 4 𝐹𝑒3+   →   𝐶𝑢2+ + 5 𝐹𝑒2+ + 2 𝑆  (2) 1 

4 𝐹𝑒2+ +  𝑂2 + 4 𝐻+  →   4 𝐹𝑒3+ + 2 𝐻2𝑂   (3) 2 

Despite these two possible mechanisms, there is not a universally accepted theory about 3 

chalcopyrite bioleaching. For this reason, the mechanism of metal leaching is still under 4 

discussion, particularly the explanation of the direct mechanism [12–15]. Moreover, 5 

according to Zhao et al. [9], a non-oxidative dissolution of chalcopyrite occurs under acid 6 

conditions (Eq. 4):  7 

𝐶𝑢𝐹𝑒𝑆2 + 4 𝐻+ + 02   →   𝐹𝑒2+ +  𝐶𝑢2+ + 2 𝑆0  + 2 𝐻2𝑂 (4) 8 

Microorganisms involved in bioleaching have an important role in the process. In this 9 

sense, it is well known that the use of pure cultures of Acidithiobacillus ferrooxidans or 10 

Acidithiobacillus thiooxidans in bioleaching results in high extraction yields of copper 11 

from minerals such as chalcopyrite [16]. However, mixed consortiums, containing these 12 

types of microorganisms can also be used for this purpose with several advantages such 13 

as the capacity to be adapted to the process in a short time and, thus, they are an economic 14 

alternative with greater potential for widespread use. [17–20]. In addition, it has been 15 

reported that the mixed consortia can be more efficient than pure culture since can be 16 

adapted easily to the process [21].   17 

The most common mineral medium used in bioleaching, namely 9K, was described for 18 

the first time by Silverman and Lundgren [22]. Afterwards, some authors slightly 19 

modified its composition in respect of the amount of iron concentration and the addition 20 

of different salts. [18, 23–25]. These changes in the mineral medium composition could 21 

affected copper recovery, although there are no specific studies focusing on this 22 

bioleaching aspect.   23 

pH also plays a critical role in bioleaching processes. Rohwerder et al. [12] concluded 24 

that the bioleaching process only could take place at pH around 2 in order to avoid a 25 
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significant abiotic oxidation of ferrous iron. However, Wang et al. [16] affirmed that 1 

below pH 2, a considerable inhibition of the microorganisms occurs. For this reason, 2 

many authors agree that a maintained value of pH 2 along the whole bioleaching process 3 

leads to better metal recoveries [26–28]. Nevertheless, the matrix of the ore used or the 4 

mineral medium itself can change the alkalinity of the solution in which the bioleaching 5 

takes place. In order to maintain acidic conditions, many authors add sulphuric acid to the 6 

medium along the experiment [17, 29–32]. Another way to maintain a constant pH value 7 

could be the use of appropriate buffer solutions in order to avoid the continuous acid 8 

addition. However, to the best of our knowledge, the use of buffer solutions to maintain 9 

acidic conditions in bioleaching processes is not described in the literature. 10 

Accordingly, the main objective of the present work is to evaluate the effectiveness of 11 

copper bioleaching under different conditions using a mixed microbial consortium 12 

obtained from a gas-phase biotrickling filter operated at neutral pH and treating high loads 13 

of H2S. Both biotic and abiotic experiments were carried out in parallel under the same 14 

conditions in order to discriminate between chemical and biological processes, while the 15 

influence of two different mineral media on the process were also tested. In all cases, the 16 

influence of the buffer capacity of the mineral medium in contact with the mineral ore 17 

was analysed in terms of metal recovery. 18 

 19 

Materials and methods 20 

Mineral samples 21 

The mineral used in this work was a chalcopyrite ore from the ‘La Negra’ mine 22 

(Querétaro, Mexico). Hereinafter, it will be called high-grade chalcopyrite. The mineral 23 

sample was analysed by atomic absorption spectrometry (AAS) after acid digestion. For 24 

this purpose, 0.15 g of ore (particle size below 63 μm) was digested with 10 mL of 25 
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HNO3:HCl (3:1) at 150 ºC for 15 minutes in a microwave apparatus (Microwave System, 1 

Millestone, Italy). The digestate was analysed with an atomic absorption spectrometer 2 

(Solar S2, Thermo Scientific, United States). The whole procedure was repeated 5 times 3 

to assess its repeatability. Copper concentration in mineral ore was 26.4% and the 4 

coefficient of variation was lower than 1.5%. 5 

X-ray diffraction analysis was performed with a Panalytical X’Pert PRO MPD X-ray 6 

diffractometer. Semi-quantitative mineral phase analysis of the sample determined by the 7 

Rietveld method showed chalcopyrite at 68.0% (meaning a total copper concentration of 8 

23.5%), calcite 12%, sphalerite ferrous 5.0%, pyrite 5.0%, troilite 4.0%, pyrrhotite 3.0% 9 

and quartz 3.0%. 10 

The particle size used in the bioleaching experiments was between 2 and 3 mm, following 11 

the recommendations of  Dorado et al. [19]. To obtain this size, the mineral was ground 12 

with a hammer mill (Serie 24, Humboldt Wedag Española SA, Spain) and sieved to the 13 

desired diameter range. 14 

A second ore from the Misky deposit (Arquipa, Perú) was used to investigate the effect 15 

of the mineral range on the bioleaching process. The chemical analysis showed 0.62% of 16 

Cu (low-grade ore from now on). The mineral composition was quartz 98.0%, 17 

chalcopyrite 1.2% (meaning a total copper concentration of 0.42%) and malachite 0.5%, 18 

with minor content of other sulphide minerals.  19 

 20 

Microorganisms  21 

A mixed microbial consortium obtained from a lab-scale gas-phase biotrickling filter 22 

operated at neutral pH and treating high loads of H2S was used in this study. In particular, 23 

a sample of biomass was extracted from a lab-scale aerobic desulphurizing BTF, a 24 

diagram of which can be found in Fortuny et al. [33]. Three pieces of packing material 25 

with biofilm attached were collected and washed in 500 mL of mineral medium. 26 
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Afterwards, the mineral medium with the suspended biomass was used to inoculate a 1 

sterilized reactor (2.8 L), which was operated as a continuous stirred tank reactor. This 2 

biomass was then cultured in an Erlenmeyer flask at 30ºC and 200 rpm before being used 3 

as an inoculum in bioleaching experiments. This consortium was previously characterized 4 

by Maestre et al. [34] by cloning and sequencing 16S rRNA fragments, identifying 5 

Thiothrix spp, Sulfurimonas denitrificans, Halothiobacillus neapolitanus, Thiobacillus 6 

denitrificans and Thiomonas intermedia as the most abundant species. In this work, the 7 

consortium was used with and without previous adaptation. To adapt the culture, an initial 8 

sample of the mixed microbial consortium was inoculated in a 500 mL Erlenmeyer flask 9 

containing 100 mL of mineral medium and 10 g of chalcopyrite powder within 2-3 mm 10 

particle diameter. This flask was kept at 30 ºC and 120 rpm using orbital shaking for 25 11 

days.   12 

 13 

Mineral media 14 

Two different mineral media were tested in this study. Medium 1 was used in the lab-15 

scale gas-phase biotrickling filter from which the consortium was obtained. The non-16 

adjusted pH of these medium was 7. Medium 2 was a modified 9K medium.  Unlike 9K, 17 

the most widely employed literature-based medium for copper bioleaching studies, this 18 

medium did not contain iron (II). The pH was adjusted with sulphuric acid to pH 2. The 19 

composition of two media are described in Table 1.  20 

Regarding the buffering agent influence study, buffer solutions (HCl/KCl (0.10 M/0.09 21 

M) or Na2HPO4/KH2PO4 (0.065 M/0.025 M) were prepared before the salts of the mineral 22 

medium were added; pH was finally adjusted with HCl or H3PO4 to pH 2. 23 

 24 

Bioleaching experiments 25 
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Bioleaching experiments were performed in 500 mL Erlenmeyer flasks containing 100 1 

mL of mineral medium, 10 g of chalcopyrite ore (between 2 and 3 mm diameter) and 100 2 

mL of inoculum (8.75·106 cell/mL). Abiotic experiments were carried out at the same 3 

conditions without inoculum. The flasks were kept at 30 ºC and shaken at 120 rpm. The 4 

bioleaching experiments performed in this study are summarized in Table 2. 5 

 6 

Analytical methods 7 

Copper ions concentration in the Erlenmeyer was analyzed with an atomic absorption 8 

spectrometer (Solar S2, Thermo Scientific, United States) after filtration of the 9 

suspension through a 0.45 μm membrane filter. For pH measurements, a Crison basic 25 10 

pH-meter was used. Samples were taken every 3 or 4 days, and the experiments were 11 

carried out between 15 and 80 days depending on the parameter studied. Concentration 12 

monitoring was performed during a total period of 170 days. The repeatability in the 13 

analysis was determined by replicates showing values between 0.1 and 5%. 14 

 15 

Results and discussion 16 

Influence of the mineral medium on copper recovery  17 

The bioleaching process was studied using two different mineral media (medium 1 and 18 

medium 2) with the high-grade chalcopyrite sample. Values of copper recovery and pH 19 

along time are plotted in Fig. 1. Results reveal that copper release was detected after 30 20 

days of experimentation in the two biotic samples, being negligible in samples without 21 

inoculum. However, there is a great difference between the amount of copper extracted 22 

using medium 2 (200 mg Cu/L) and medium 1 (less than 25 mg Cu/L). This means that 23 

despite medium 1 being ideal for the growth of the consortium in the biofilter, where it 24 

was obtained for bioleaching, medium 2 was more suitable. In particular, the main 25 
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difference between the composition of medium 1 and medium 2 was the amount of 1 

sulphate ions (0.078 g/L of SO4
2- and 6.055 g/L, respectively).  2 

It is also worth noticing that, although medium 2 was adjusted to pH 2 at the start of the 3 

process, the pH increased up to 6 after 24 hours of contact with the ore in all biotic and 4 

abiotic experiments. This means that those differences observed in copper extraction 5 

between medium 1 and 2, could not be attributed to the initial pH of mineral media, but 6 

to the medium composition itself. This alkalisation has also been described by Rodríguez 7 

et al. [35], who attributed it to the protonic attack onto chalcopyrite (see Eq. 4). However, 8 

this is not probably the cause of basification since it takes place very quickly during the 9 

first five days, long before the copper release began, in both, biotic and abiotic samples. 10 

pH alkalisation may be also attributed to the dissolution of basic salts originally contained 11 

in the ore matrix such as calcite. According to McGeouch et al. [36], calcite can be 12 

dissolved by the action of protons, resulting in alkalisation of the mineral medium (Eqs. 13 

5-6). 14 

𝐶𝑎𝐶𝑂3 +  𝐻+   ↔   𝐶𝑎2+ +  𝐻𝐶𝑂3
−    (5) 15 

𝐻𝐶𝑂3
− +  𝐻+  ↔   𝐻2𝐶𝑂3  →  𝐶𝑂2 +  𝐻2𝑂   (6) 16 

Conversely, it can also be observed that protons concentration slightly increased after 30 17 

days in biotic samples. This acidification could be associated to the oxidation of sulphide 18 

by the sulphur-oxidizing microorganisms in mixed microbial consortium [9, 37]. 19 

Regarding abiotic samples, pH values kept quite constant, corroborating that acidification 20 

observed in biotic samples was due to microorganism activity. Although pH values 21 

decreased in both biotic samples, copper bioleaching was far higher in medium 2 than in 22 

medium 1, which confirms that this behaviour is related to the composition of the 23 

medium. As commented above, medium 2 contained 75 times more sulphate ion 24 

concentration than medium 1. According to Tuovinen and Kelly [38], sulphate is required 25 
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by some microorganisms as a source of sulphur for biosynthesis, but also for several other 1 

enzymatic functions. Thus, it seems that sulphate is a key parameter in microorganism 2 

development and is probably the main reason for the differences in the recoveries of 3 

copper obtained from the different media. 4 

To ensure a proper operation over the entire bioleaching process, suspended biomass and 5 

acidic conditions had to be maintained. However, originally, in the biotrickling filter from 6 

which the biomass was obtained (see section 2.3.), the biomass was attached on a packed 7 

support and under neutral pH. These differences between biotrickling and bioleaching 8 

conditions can result in a poor efficiency of bioleaching process. Therefore, a study with 9 

a previously adapted biomass was carried out (section Microorganisms.). The evolution 10 

of pH and copper concentration in the bioleaching media from the adapted and the non-11 

adapted cultures are shown in Fig. 2.  12 

As can be observed, the adapted culture improved both kinetics and efficiency of copper 13 

extraction with respect to the non-adapted one. Regarding kinetics, with the non-adapted 14 

biomass, copper bioleaching was observed after 25 days, whereas with the adapted 15 

biomass it began after 10 days (halving the start-up). On the other hand, when the adapted 16 

culture was used, the bioleaching effectiveness increased achieving a copper 17 

concentration of 450 mg/L compared with 250 mg/L obtained with the non-adapted one. 18 

Nevertheless, it is noteworthy that the kinetic of copper recovery was different. The non-19 

adapted culture began to recover copper after 30 days with a leaching rate of 11.66 20 

mg/(L·day) whereas the adapted culture began before, but in this case, two velocities were 21 

observed. During the first 30 days, the copper leaching rate was 3.63 mg/(L·day), whereas 22 

from this time until 55 days the leaching rate was three times higher, achieving a rate of 23 

12.13 mg/(L·day). Regarding pH, this parameter increased at the beginning of the 24 

experiment in both, adapted and non-adapted microorganisms. However, during the first 25 
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30 days, there is a greater pH decline in the case of the adapted microorganisms, which 1 

indicates higher activity of the sulphur-oxidizing microorganism since the protons 2 

concentration in the medium increases by the sulphur oxidation (Eq. 7) [39]. 3 

𝑆 + 𝐻2𝑂 + 1.5 𝑂2 →  𝐻2𝑆𝑂4      (7) 4 

Furthermore, as can be seen in Fig. 2, after 60 days of experimentation, depletion on 5 

copper concentration occurred in all biotic samples. It can also be observed that this 6 

decrease in copper concentration coincided with an increase in pH values. This suggests 7 

that reduction of copper concentration could be likely due to copper ion precipitation 8 

through the formation of poor soluble species, resulting in copper(II) hydroxide (Eq. 8). 9 

Nevertheless, this reaction occurred at pH 8, so this cannot be the reason of copper 10 

depletion. 11 

  𝐶𝑢2+ +  2 𝑂𝐻− →  𝐶𝑢(𝑂𝐻)2      (8) 12 

This behaviour has not been described before in chalcopyrite bioleaching studies found 13 

in the literature. Many bioleaching studies in batch conditions have been performed 14 

during less than 60 days [40–45] and, to the best of our knowledge, studies that 15 

experimented beyond this time span are scarce in the literature.  Long-term chalcopyrite 16 

bioleaching studies [16, 18, 46–48] have not described a reduction in copper 17 

concentration. However, the conditions under which the experiments were performed in 18 

these studies differ from those of the present (e.g. the pH was maintained at very acidic 19 

values along all the duration of the experiments). When the decrease of copper 20 

concentration was detected, a concomitant formation of an orange-brown precipitate was 21 

observed. It is thought that the precipitate could be jarosite. It is well known that in the 22 

chalcopyrite bioleaching process, the formation of iron precipitates such as jarosite is pH 23 

dependent, being the formation of jarosite favored at higher pH [49]. In this sense, the pH 24 

values observed just before the copper depletion were over pH 2, which means that 25 
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jarosite could be formed at these conditions and, according to Zhou et al. [27], jarosite 1 

formation could lock some of the extracted copper (Eq. 9). 2 

3 𝐹𝑒3+ + 𝑀+ + 2 𝐻𝑆𝑂4
− + 6 𝐻2𝑂 →  𝑀𝐹𝑒3(𝑆𝑂4)(𝑂𝐻)6 + 8 𝐻+ (9) 3 

 4 

Buffering the bioleaching mineral media 5 

Most of the microorganisms used in metals recovery by bioleaching grow at very acidic 6 

pH (below 2.5) [12]. However, the optimum pH value for bioleaching processes depends 7 

on the type of microorganisms [50]. Furthermore, the gangue components of the ore can 8 

also affect the medium pH and thus, have some influence on the efficiency in the 9 

bioleaching processes.  In the present study, initial pH was adjusted to pH 2 due to results 10 

obtained in a previous study that worked with the same consortium [19]. Nevertheless, 11 

this value increased quickly during the first stage of the bioleaching experiments (Fig. 2). 12 

It is associated with the consumption of protons due to the solubilisation of the ore 13 

components. This alkalisation has been observed in numerous studies and generally, the 14 

maintenance of pH along the bioleaching process is accomplished by periodic addition of 15 

sulphuric acid [18, 44, 48, 51, 52]. 16 

In order to avoid the constant addition of acid, which raises the cost, makes the recovery 17 

process less sustainable, and is not being always technically possible, two different buffer 18 

solutions HCl/KCl (chloride buffer) and Na2HPO4/H3PO4 (phosphate buffer) were tested 19 

during chemical leaching of low-grade chalcopyrite. Both buffer solutions are usually 20 

used in biological and chemical processes to keep pH at values of 2. Evolution of pH over 21 

time in buffered media is shown in Fig. 3. Results reveal that while the phosphate buffer 22 

kept well the pH around 2, chloride buffer was not able to maintain the pH of the media 23 

at pH 2 when the ore was present in the bioleaching media. Although the phosphate buffer 24 

maintained the pH, the formation of a precipitate was observed which could be due to the 25 

reaction between phosphate anions and metallic cations present in the mineral medium, 26 
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such as iron and calcium. This can seriously affect the bioleaching process because of the 1 

decrease in concentration of essentials ions which are necessary for the biological process 2 

performance.  3 

 4 

Effect of the ore on bioleaching process 5 

Bioleaching processes can be applied to copper ores of different grades and composition 6 

[6, 28]. This fact might influence the process because some components contained in the 7 

ore would be able to react with the mineral medium. For this reason, in the present study 8 

two different copper ores, which have different percentage of copper, were investigated. 9 

Experiments were performed with medium 2, which presented higher recovery as 10 

described in section Mineral media. 11 

Copper concentration and pH evolution over time are shown in Fig. 4. Results reveal that 12 

copper extraction occurred from both ores. As can be seen, after 18 days, the amount of 13 

copper extracted was higher from high-grade chalcopyrite (47 mg/L) than from low-grade 14 

chalcopyrite (10 mg/L). Moreover, the recovery of copper in the biotic experiment with 15 

the high-grade chalcopyrite (47 mg/L) is nearly 50 times higher than in the abiotic control 16 

(1 mg/L). On the contrary, it is noteworthy that the amount of copper extracted from low-17 

grade chalcopyrite was the same in biotic and abiotic samples. This suggests that copper 18 

obtained from the low-grade ore was leached chemically without the intervention of 19 

microorganisms. The inactivity of the biomass in this case could be caused by some 20 

components present in the ore matrix capable of inhibiting the metabolism of the 21 

microorganisms. Thus, it confirms that the ore composition is important and not all copper 22 

ore minerals are suitable for bioleaching. On the contrary, there was a noticeable 23 

difference between biotic and abiotic samples from the high-grade chalcopyrite. The 24 

copper obtained from biotic sample was over 40 times greater than the copper obtained 25 

from the abiotic experiment. 26 
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In terms of copper extraction, the amount of copper obtained with the high-grade 1 

chalcopyrite represented an extraction of 2% in weight. These results are in agreement 2 

with those obtained by Dong et al. [53], who obtained between 2-10% of copper from 3 

two samples of chalcopyrite with similar composition of the ore used in the present work 4 

(24% Cu, 27% Fe and 30% S) during the same experimental time. 5 

Copper concentration obtained with the high-grade chalcopyrite was 5 times greater than 6 

that obtained with the low-grade chalcopyrite. However, in terms of copper recovery, 7 

14% of copper from the low-grade ore was obtained whereas only 2% was obtained from 8 

the high-grade sample. These results might be related to the high quartz content in the 9 

low-grade chalcopyrite (98%). Dong et al. [53] demonstrated that copper bioleaching 10 

from chalcopyrite was improved by the addition of quartz in the bioleaching medium. 11 

According to these authors, the presence of fine particles of quartz could reduce the 12 

formation of a passivating jarosite layer on the ore that negatively affects copper 13 

extraction.  14 

It is also noteworthy to point out that pH values follow a similar behaviour in all cases. 15 

After the first 24 hours, the pH increased substantially and then, the values were almost 16 

constant until the end of the experiment. The initial alkalisation was more pronounced in 17 

the high-grade chalcopyrite sample probably due to the matrix composition of the ore, 18 

since one component of the matrix is the calcite, which could produce alkalization as was 19 

remarked in section 3.1. 20 

 21 

Conclusions 22 

This study demonstrated that a microbial consortium obtained from a lab-scale gas-phase 23 

biotrickling filter (BTF) was efficient for copper bioleaching from chalcopyrite. The 24 

amount of copper obtained was doubled with a previous adaptation of the culture. 25 

Efficiency of the process was positively influenced by the content of sulphate in 26 
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bioleaching medium. After 60 days of operation, depletion of copper concentration 1 

occurred simultaneously with an increase in pH, both in biotic and abiotic tests, which 2 

was related to copper ions precipitation through the formation of low soluble species that 3 

could lock some of the extracted copper. The use of buffer solutions (HCl/KCl and 4 

Na2HPO4/KH2PO4) to maintain the pH at low values did not improve the process, 5 

precipitating species needed for bioleaching process. The type of ore also affects the 6 

efficiency; in particular, the copper extracted in biotic test for high-grade chalcopyrite 7 

was nearly 50 times greater than in abiotic, whereas no differences were detected in low-8 

grade chalcopyrite. Matrix composition of the ore was responsible of inhibiting the 9 

activity of the microorganisms being a relevant limitation for the applicability of 10 

bioleaching for some ores with copper.  11 
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