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Abstract: The goal of the present work was to evaluate the possibility of improving the efficiency
of the stirred tank reactor biooxidation of sulfide gold-bearing concentrate by means of addition
of carbon sources required for the constructive metabolism of microorganisms. Biooxidation ex-
periments were performed on gold-bearing pyrite-arsenopyrite concentrate in continuous mode at
45 ◦C to determine the influence of additional carbon sources (carbon dioxide and molasses) on
sulfide mineral oxidation. The use of CO2 allowed increasing the efficiency of the biooxidation
and the extents of sulfide sulfur (Ss) oxidation and gold recovery were 79% and 84%, respectively.
Biooxidation in a control experiment (without additional carbon sources) and when using molasses
allowed achieving 39% and 66% oxidation of Ss as well as 73% and 81% of gold recovery. Analysis of
the microbial populations formed in biooxidation reactors using NGS methods demonstrated that
CO2 application led to an increase in the relative abundance of the genus Sulfobacillus. Thus, it was
determined that application of additional carbon source makes it possible to manage the biooxidation
process, affecting both sulfide mineral oxidation and microbial population composition.

Keywords: biohydrometallurgy; acidophilic microorganisms; pyrite-arsenopyrite gold-bearing
sulfide concentrates; carbon dioxide; molasses

1. Introduction

Biooxidation in stirred tank reactors (STR biooxidation) has been successfully used at
a commercial scale to extract gold and some non-ferrous metals (cobalt, nickel) from sulfide
concentrates [1–6]. Biooxidation of sulfide minerals (mainly pyrite and arsenopyrite),
which encapsulate fine gold particles, makes it possible to capture gold and enhance gold
recovery by further cyanidation [1–4,7–9]. Currently, STR biooxidation may account for up
to 5% of the global gold production [2]. The BIOX®, BacoxTM, and BIONORDTM processes
are examples of commercially used technologies based on STR biooxidation of sulfide
gold-bearing concentrates [7–9].

All commercially used STR biooxidation technologies are based on the same microbially-
mediated processes and use similar equipment design and operating conditions [3,4,7–9].

In general, STR biooxidation of sulfide concentrates is performed by aerobic acidophilic
iron- and sulfur-oxidizing microorganisms, which oxidize sulfide gold-bearing minerals
(arsenopyrite, pyrite, pyrrhotite) to obtain energy. In practice, these processes may be
carried out in stirred tank reactors connected in series under controlled conditions (oxygen
and mineral nutrition supply, pH, and temperature maintenance) that provide stable
biooxidation performance [3,4,7–9]. Industrial STR biooxidation processes are usually
carried out at temperatures of 40–45 ◦C as heat is generated during microbial sulfide mineral
biooxidation. Temperature of industrial scale reactor pulp is maintained using cooling
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system as over-heating may inhibit microbial activity [3,7]. In practice, STR biooxidation is
always performed by mixed populations of different acidophilic microorganisms [1–23]
(Table 1).

Table 1. Microbial populations formed in different STR biooxidation processes.

Composition Concentrate Composition
(Main Sulfide Minerals) t, ◦C Reference

Acidithiobacilluss caldus, Leptospirillum ferriphilum Pyrite and arsenopyrite 40 [10,11]
A. caldus, L. ferriphilum, Sulfobacillus sp., Ferroplasma sp. Pyrrhotite, chalcopyrite, sphalerite 45 [12]

A. caldus, Sulfobacillus thermosulfidooxidans,
“Sulfobacillus montserratensis” Pyrite, arsenopyrite, chalcopyrite 45 [13]

A. caldus, L. ferriphilum, F. acidiphilum, S. benefaciens Pyrite 42 [5]
A. caldus, L. ferriphilum, S. thermosulfidooxidans,

S. benefaciens Chalcopyrite 42 [14]

A. caldus, L. ferriphilum, S. thermosulfidooxidans, Chalcopyrite 42 [15]
A. caldus, L. ferriphilum, Sulfobacillus sp. TPY,

F. thermophilum Chalcopyrite 45 [16]

A. caldus, L. ferriphilum, Sulfobacillus sp., Ferroplasma sp.,
Acidiplasma sp. Pyrite and arsenopyrite 40–50 [17]

A. caldus, A. ferrooxidans, L. ferriphilum,
S. thermosulfidooxidans, F. acidiphilum Pyrite, arsenopyrite and pyrrhotite 35 [18]

A. caldus, Sulfobacillus sp., Acidiplasma sp. Pyrite and arsenopyrite 45 [19]
A. caldus, S. acidophilus, F. thermophilum Chalcopyrite 45 [20]

A. caldus, L. ferriphilum, S. thermosulfidooxidans,
S. benefaciens Chalcopyrite 42 [21]

A. thiooxidans, Acidiphilium multivorum, Acidiferrobacter
thiooxidans, L. ferriphilum, F. acidiphilum Pyrite, arsenopyrite and pyrrhotite 39–42 [22]

A. caldus, S. benefaciens, F. acidiphilum,
Cuniculiplasma divulgatum Pyrite, chalcopyrite, tennantite, sphalerite 40 [23]

The analysis of microbial populations formed both in industrial scale processes and
laboratory scale bioleach reactors modeling conditions of industrial processes has shown
a predominance of different thermotolerant and moderately thermophilic acidophilic mi-
croorganisms, which may be explained by the maintenance of elevated temperature. In
most cases, it was found that bacteria of the genera Leptospirillum and Sulfobacillus, mod-
erately thermophilic bacteria of the genus Acidithiobacillus (A. caldus), as well as archaea
of the family Ferroplasmaceae (genera Acidiplasma и Ferroplasma) were predominant mi-
croorganisms (Table 1). Thus, microbial populations of bioleach reactors usually include
microorganisms with different properties:

• microorganisms capable of oxidizing either ferrous iron (Fe2+) or reduced inorganic
sulfur compounds (RISC), as well as ones oxidizing both Fe2+ and RISC;

• microorganisms with different type of carbon nutrition including autotrophs, which
fix dissolved carbon dioxide using the energy obtained by the oxidation of ferrous
iron and RISC, and mixo- and heterotrophs, which require organic carbon sources for
stable growth, despite the fact that they also gain energy by the oxidation of inorganic
compounds [1,24,25].

In this regard, interactions between microorganisms involved in sulfide concentrate
biooxidation, which take place due to the differences in physiological properties, are
of interest as they make it possible to understand patterns of biooxidation processes
and manage their activity. One of the key factors, which may control activity of sulfide
mineral biooxidation in both the reactors and natural ecosystems and which are partially
determined by microbial interactions in the populations, is carbon supply of acidophilic
microorganisms [3,7,12,26,27].

It is known that autotrophic acidophiles, oxidizing ferrous iron and sulfur, produce
exometabolites, which are accumulated in the medium and in turn are consumed by
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mixo- and heterotrophs as an organic carbon source [28–31]. The activity of autotrophic
microorganisms in turn depends on the presence of dissolved CO2 in the medium, which
is supplied with air. Maintaining the concentration of dissolved CO2 in the medium is
important to reach the required rate of the biooxidation as has been shown by industrial
practice [3,6,7]. For example, BIOX® process developers recommend either to use the
concentrates, which contain at least 2% carbonate to provide sufficient CO2 to promote
growth of microorganisms, or to apply limestone or CO2 that should be added to the
primary reactors as a carbon source [7].

In our previous works, we studied the possibility to increase the rate of biooxida-
tion of different sulfide concentrates using additional carbon sources (CO2, yeast extract,
molasses) [19,32]. Both organic and inorganic carbon sources were shown to enhance
the biooxidation rate and affect the microbial population causing an increase in the total
number of microorganisms and changes in the composition of the populations. In the
same time, the biooxidation activity depended on the use of additional carbon sources
to a greater extent at higher temperatures. For example, experiments on biooxidation of
pyrite-arsenopyrite concentrate at 40 and 50 ◦C in batch mode using CO2 demonstrated
that at both temperatures the additional carbon dioxide supply affected the biooxidation
rate, while at 50 ◦C, this had a more significant effect than at 40 ◦C. Thus, additional carbon
supply may also be considered as a method to decrease the negative effect of bioleached
reactor pulp over-heating.

Therefore, the goal of the present work was to evaluate the possibility to increase the
efficiency of sulfide gold-bearing concentrate biooxidation in stirred tank reactors by means
of addition of carbon sources required for the constructive metabolism of microorganisms.
The results obtained in the present work were compared with those obtained at lower
temperature (45 and 40 ◦C, respectively) in our previous work [33] to evaluate the effect of
additional carbon nutrition on microbial population adaptation to temperature increase. In
contrast to our previous work [32], where the possibility of CO2 and molasses application
was studied in batch mode, in the present work, experiments were performed in continuous
mode that in turn allowed us to evaluate the effect of different carbon sources under
conditions similar to those used in industrial scale processes.

2. Materials and Methods
2.1. Concentrate

The composition of the concentrate is shown in Table 2. The main sulfide minerals of
the concentrate were pyrite (28.3%) and arsenopyrite (15.8%). In our previous work [33],
we studied biooxidation of similar concentrate obtained from the same ore, which differed
slightly in chemical composition from that used in the present article. The concentrate was
refractory, since gold recovery by direct cyanidation did not exceed 43%, while biooxidation
in continuous mode at 40 ◦C and residence time of 5 days made it possible to oxidize 79% of
sulfide sulfur and to increase the gold recovery by cyanidation up to 92.5–93.5% [33]. In the
present work, we have compared the results obtained with those shown in the work [33] as
both concentrates were produced from the same ore and therefore were very similar both
in chemical and mineral composition.

Table 2. Chemical composition of the concentrate.

Component Content, %

SiO2 36.7
Al2O3 15.9
CaO 2.9
Stot 18.3
Ss 18.3

Fetot 20.0
Astot 7.25

Au, g/t 62.35
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2.2. Experimental Setup and Biooxidaton

Concentrate biooxidation was carried out in continuous mode in 2.5 L reactors under
the following conditions: aeration—5 L/min, stirring rate—500 rpm, temperature—45 ◦C,
the pulp density (solid to liquid ratio, S:L)—1.5:10 (150 g of the concentrate per 1000 mL of
liquid medium), the residence time—6 days. Concentrate biooxidation was performed in
a single-stage reactor. Temperature in the reactors was maintained using ELMI TW-2.03
circulating water baths (Elmi, Riga, Latvia) and U-shaped titanium heat exchangers; the
stirring was performed using RW20 overhead stirrers (IKA, Staufen, Germany).

We used liquid mineral nutrient medium, which was previously used in sulfide
concentrate biooxidation experiments [32,33], containing the following components (g/L):
(NH4)2SO4—0.75, KCl—0.05, MgSO4 × 7H2O—0.125, K2HPO4—0.125, distilled water—
1.0 L. The pH was adjusted by adding either concentrated sulfuric acid or CaCO3 to the
medium.

The effect of additional carbon sources (carbon dioxide and molasses) on the biooxida-
tion was studied. A control experiment was performed without additional carbon sources
and CO2 supplied with air was the sole carbon source for microbial population of the reac-
tor. The control experiment was performed in two reactors in parallel. After completing the
control experiment, experiments with additional carbon sources were started in the same
reactors. CO2 was fed into the pulp of the first reactor (approximately 0.01 L/min that was
about five times greater than amount of carbon dioxide supplied with air in the control) and
molasses (final concentration in the pulp was of 0.02 % wt/vol by dry weight) was added to
the pulp of the second reactor. The molasses (KDF, Moscow, Russia) was used in the form of
20% (wt/vol by dry weight) solution, which was prepared using sterile autoclaved distilled
water and then sterilized using 0.22 µm membrane filter (Merck, Darmstadt, German y).
The solution was stored at 4 ◦C. The molasses contained about 90% carbohydrates (mainly
sucrose) and 35% carbon (by dry weight).

The amounts of supplied carbon dioxide and molasses were based on the results of
previous works. In the article [12], CO2 enriched air (0.2% CO2) was successfully used
in bioleaching experiments. In the present work, the amount of carbon dioxide supplied
in the reactor corresponded to that used in the works (i.e., 0.2% CO2 in air) [12,32]. In
our previous works, it was also demonstrated that 0.02% molasses in the medium was
appropriate for the cultivation several mixo- and heterotrophic iron-oxidizing strains [34]
as well as may be used to increase sulfide concentrate biooxidation extent [32].

2.3. Sampling and Analysis

To evaluate the activity of the biooxidation, the parameters of the liquid phase of the
pulp were analyzed. The pH and redox potential (Eh) were determined using pH-150MI
pH meter (Izmeritelnaya Tekhnika, Moscow, Russia), ferrous and ferric iron and arsenic
concentration were measured by trilonometric and iodometric titration, respectively [35,36].

The solid residues of biooxidation were separated from the liquid phase, dried, and
analyzed to determine the extent of sulfide sulfur oxidation. As biooxidation process was
performed in continuous mode, pulp samples to obtain solid residues were collected over
several days when steady state conditions were reached. Averaged sample of the solid
residue obtained in each experiment was used for the further analysis.

Determination of the content of iron, arsenic, and sulfur was carried out using phase
analysis methods [37].

2.4. Cyanidation Test

The oxidized concentrate was treated by cyanidation for gold extraction. Cyanidation
was performed under the following conditions: pulp density was 20% (w/v), sodium
cyanide concentration was 2.0 g/L, process duration was 48 h, pH was 10.5–11.0, stirring
rate was 250 rpm.
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2.5. Microbial Population Analysis

Microbial population formed during continuous biooxidation of sulfide concentrate
at 40 ◦C [33] was used in the present work. After experiments performed at 40 ◦C, the
temperature in the reactors was increased and microbial population was adapted to elevated
temperature (45 ◦C).

To evaluate the changes in the composition of microbial population under different
conditions (temperature, carbon sources), it was analyzed using metabarcoding of V3–V4
16S rRNA gene fragments. The samples of the biomass were collected in the previous
study (biooxidation at 40 ◦C) [33], at the end of the control experiment at 45 ◦C, as well as
at the end of the experiments at 45 ◦C with additional carbon sources. For the analysis,
pulp samples (50 mL) were collected from biooxidation reactors. To collect the biomass
from the pulp sample, the solid phase was first separated by centrifugation at 1000 rpm
(103 g) using an Allegra X-22 centrifuge (Beckman Coulter, Brea, CA, USA). Biomass
was precipitated from the supernatant by centrifugation at 9500 rpm (9299 g). Biomass
preparation, DNA isolation, library preparation based on the V3–V4 region of the 16S
rRNA gene, amplicon preparation, sequencing using MiSeq system (Illumina, San Diego,
CA, USA) were performed as described previously [22,38]. QIIME (version 1.9.1) software
and Silva132 database [39,40] were used for data processing to perform the taxon-based
assignment of operational taxonomic units (OTUs). In average, 10,000 fragments for each
sample were analyzed.

3. Results
3.1. Biooxidtion

Figure 1 shows changes of pH and Eh values, as well as of the iron ion concentrations
in the control experiments and after additional carbon supplementation. The curves
demonstrate that both carbon dioxide and molasses influenced these parameters, which
may be used for indirect evaluation of biooxidation activity. Average pH levels decreased
(Figure 1a), while Eh values increased (Figure 1b). Total iron ion concentrations began to
increase immediately after the start of additional carbon supplementation (Figure 1c). At
the same time, the ferrous iron concentration sharply decreased from several grams per liter
to the residual levels that indicated the increase in iron biooxidation activity (Figure 1d).

In Table 3, averaged values of the liquid phase parameters obtained in continuous
experiments under different conditions are shown. The comparison of the data obtained
in the present work (45 ◦C) with those from the previous work (40 ◦C) [33] demonstrated
that at 40 ◦C liquid phase parameters corresponded to higher biooxidation activity, while
the increase in the temperature up to 45 ◦C led to the increase in the pH and ferrous iron
concentration. The Eh value as well as ferric iron and arsenic concentrations decreased after
temperature increase. Despite at 40 ◦C no sulfuric acid addition was required to adjust the
pH level, average pH level was lower than that in the control experiment at 45 ◦C in which
sulfuric consumption was 90 kg/t of the concentrate. Additional carbon supplementation
led to the change of liquid phase parameters. No sulfuric acid addition was required to
maintain pH level, while average pH values were lower in both variants (with CO2 and
molasses addition).

It should be noted that CO2 supplementation affected the liquid phase parameters of
biooxidation pulp in a greater extent than molasses addition. Thus, the average pH level
was lower when using CO2 than that when using molasses. In comparison to the control,
average iron and arsenic concentrations were 2 and 1.1 times and 5.2 and 1.9 times higher
when using molasses and CO2, respectively.
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Table 3. Parameters of the liquid phase of the pulp at the end of the experiment (steady state
conditions).

Experiment
pH Eh, mV

Concentration, g/L H2SO4
Consumption, kg/tCarbon Source T, ◦C Fe3+ Fetotal As

Air (control) * 40 1.43 ± 0.02 799 ± 16 16.2 ± 0.8 16.2 ± 0.8 6.7 ± 0.2 0

Air (control) **
45

1.71 ± 0.1 656 ± 22 2.8 ± 0.7 3.9 ± 0.8 2.3 ± 0.2 90

Molasses ** 1.61 ± 0.04 735 ± 9 7.9 ± 0.7 8.0 ± 0.7 2.6 ± 0.05 0

CO2 ** 1.40 ± 0.05 788 ± 20 20.3 ± 1.1 20.4 ± 1.1 4.5 ± 0.3 0

* [33], ** This study.

Solid residue analysis, which allows evaluating results of biooxidation experiments
directly, corresponded to the analysis of liquid phase parameters. The highest sulfide sulfur
(Ss) oxidation extent was reached in the experiment with CO2 supplementation in which
liquid phase parameters also suggested the highest biooxidation activity (Table 4). In turn,
in control experiment at 45 ◦C, Ss oxidation extent was lower than that reached in the
experiment at 40 ◦C as well as in the experiments with CO2 and molasses.

Table 4. Results of biooxidation (mass yields and element content in the residues, sulfide sulfur
oxidation extent).

Experiment
Mass Yield, %

Content, %
Ss oxidation, %

Carbon Source T, ◦C Fe As Ss

Aeration (control) * 40 66.5 9.6 3.1 6.3 78.9

Aeration (control) **
45

77 17.4 5.2 14.2 39.1

Molasses ** 73 14.6 4.6 8.5 66.0

CO2 ** 60 10.6 3.1 6.4 79.0
* [33], ** This study.

Thus, solid residue analysis supported suggestion that both additional carbon sources
affected biooxidation and CO2 influenced sulfide sulfur oxidation to a greater extent in
comparison to molasses.

3.2. Cyanidation Tests

Cyanidation tests were used to evaluate the effect of additional carbon sources on
gold extraction that in turn made it possible to compare efficiency of different carbon
sources application as a method to increase the efficiency of sulfide concentrate treatment
using biooxidation. Gold extraction from biooxidation residues was higher than from the
concentrate (Figure 2). At the same time, it was shown that despite the difference between
sulfide sulfur oxidation extents in the experiments with CO2 and molasses (13%), difference
between gold extraction extents in these experiments was 3.5% (Figure 3).

3.3. Microbial Population Analysis

Analysis of the microbial population showed that changes in the conditions of the
biooxidation led to the change of the relative abundance of microbial genera in the popula-
tions (Figure 4). Composition of microbial population coincided to known properties of
microorganisms (Figure 4 and Table 5).



Minerals 2022, 12, 110 8 of 13

Minerals 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

3.2. Cyanidation Tests 
Cyanidation tests were used to evaluate the effect of additional carbon sources on 

gold extraction that in turn made it possible to compare efficiency of different carbon 
sources application as a method to increase the efficiency of sulfide concentrate treatment 
using biooxidation. Gold extraction from biooxidation residues was higher than from the 
concentrate (Figure 2). At the same time, it was shown that despite the difference between 
sulfide sulfur oxidation extents in the experiments with CO2 and molasses (13%), differ-
ence between gold extraction extents in these experiments was 3.5% (Figure 3). 

 
Figure 2. Gold recovery by cyanidation (%) from the concentrate as well as from the oxidation resi-
dues. 

 
Figure 3. The dependence of gold recovery by cyanidation (%) on Ss oxidation extent. 

Figure 2. Gold recovery by cyanidation (%) from the concentrate as well as from the oxidation
residues.

Minerals 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

3.2. Cyanidation Tests 
Cyanidation tests were used to evaluate the effect of additional carbon sources on 

gold extraction that in turn made it possible to compare efficiency of different carbon 
sources application as a method to increase the efficiency of sulfide concentrate treatment 
using biooxidation. Gold extraction from biooxidation residues was higher than from the 
concentrate (Figure 2). At the same time, it was shown that despite the difference between 
sulfide sulfur oxidation extents in the experiments with CO2 and molasses (13%), differ-
ence between gold extraction extents in these experiments was 3.5% (Figure 3). 

 
Figure 2. Gold recovery by cyanidation (%) from the concentrate as well as from the oxidation resi-
dues. 

 
Figure 3. The dependence of gold recovery by cyanidation (%) on Ss oxidation extent. Figure 3. The dependence of gold recovery by cyanidation (%) on Ss oxidation extent.



Minerals 2022, 12, 110 9 of 13

Minerals 2022, 12, x FOR PEER REVIEW 9 of 13 
 

 

3.3. Microbial Population Analysis 
Analysis of the microbial population showed that changes in the conditions of the 

biooxidation led to the change of the relative abundance of microbial genera in the popu-
lations (Figure 4). Composition of microbial population coincided to known properties of 
microorganisms (Figure 4 and Table 5). 

At 40 °C, bacteria of the genus Leptospirillum and Acidithiobacillus (closely related to 
A. caldus) were predominant. The increase in the temperature up to 45 °C, led to the dis-
appearance of Leptospirillum sequences, which may be explained by the fact that most 
known studied strains of the genus Leptospirillum are mesophilic microorganisms, and 
their growth rate at temperatures exceeding 45 °C is usually significantly lower than that 
at 40 °C [11]. 

At the same time, the relative abundance of the genus Acidithiobacillus was high in all 
experiments at 45 °C, since the strains of A. caldus are active at 45 °C. In control experi-
ments at 45 °C, sulfur-oxidizer A. caldus and moderately thermophilic archaea of the genus 
Acidiplasma were the most abundant, while archaea of the genus Ferroplasma and bacteria 
of the genus Sulfobacillus were also detected, but their relative abundance was compara-
tively low (Figure 4). Molasses addition led to the increase in the relative abundance of 
Acidiplasma and Sulfobacillus, which may be explained by the fact that representatives of 
these genera are able to consume organic compounds as carbon source (Table 5). Carbon 
dioxide supplementation led to the increase in the abundance of Sulfobacillus genus. Rep-
resentatives of this genus are able to consume both carbon dioxide and organic com-
pounds as carbon sources (Table 5). Therefore, application of both carbon sources resulted 
in the increase in Sulfobacillus relative abundance. At the same time, CO2 supplementation 
increased Sulfobacillus abundance to a greater extent in comparison to the use of molasses. 

 
Figure 4. Results of molecular biological analysis of microbial populations–genus relative abun-
dance (%). 

  

Figure 4. Results of molecular biological analysis of microbial populations–genus relative abun-
dance (%).

Table 5. Physiological properties of microorganisms dominating in microbial communities of reactors
for biooxidation of sulfide concentrates [1,19,25,40,41].

Microorganisms Electron Donor Temperature, ◦C
(Optimum/Upper Limit) Carbon Nutrition

Bacteria of the genus Leptospirillum Fe2+ 28–50/45–60 Autotroph
Acidithiobacillus caldus S0 45/52 Autotroph

Bacteria of the genus Sulfobacillus Fe2+, S0 38–55/55–60 Mixotroph
Archea of the genus Ferroplasma Fe2+ 35–42/45–51 Mixotrophs, heterotrophs
Archea of the genus Acidiplasma Fe2+, S0 45–54/60–65 Mixotrophs, heterotrophs

Archea of the genus Cuniculiplasma Organic compounds 37–40/45–48 Heterotrophs

At 40 ◦C, bacteria of the genus Leptospirillum and Acidithiobacillus (closely related
to A. caldus) were predominant. The increase in the temperature up to 45 ◦C, led to the
disappearance of Leptospirillum sequences, which may be explained by the fact that most
known studied strains of the genus Leptospirillum are mesophilic microorganisms, and their
growth rate at temperatures exceeding 45 ◦C is usually significantly lower than that at
40 ◦C [11].

At the same time, the relative abundance of the genus Acidithiobacillus was high in all
experiments at 45 ◦C, since the strains of A. caldus are active at 45 ◦C. In control experiments
at 45 ◦C, sulfur-oxidizer A. caldus and moderately thermophilic archaea of the genus
Acidiplasma were the most abundant, while archaea of the genus Ferroplasma and bacteria of
the genus Sulfobacillus were also detected, but their relative abundance was comparatively
low (Figure 4). Molasses addition led to the increase in the relative abundance of Acidiplasma
and Sulfobacillus, which may be explained by the fact that representatives of these genera
are able to consume organic compounds as carbon source (Table 5). Carbon dioxide
supplementation led to the increase in the abundance of Sulfobacillus genus. Representatives
of this genus are able to consume both carbon dioxide and organic compounds as carbon
sources (Table 5). Therefore, application of both carbon sources resulted in the increase
in Sulfobacillus relative abundance. At the same time, CO2 supplementation increased
Sulfobacillus abundance to a greater extent in comparison to the use of molasses.
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Thus, it was revealed that application of additional carbon sources affecting the
efficiency of the concentrate biooxidation also resulted in the change of microbial population
composition.

4. Discussion

The results of the present work demonstrated possible approaches to cope with the
negative effect of temperature rise on biooxidation of gold-bearing concentrate in laboratory
scale stirred tank reactors. It was shown that temperature increase from 40 ◦C [33] to 45 ◦C
led to the decrease in sulfide mineral biooxidation extent and gold recovery. Therefore, at
45 ◦C, experiments were performed to determine the possibility to increase the biooxidation
efficiency using additional carbon sources (carbon dioxide and molasses) and decrease the
inhibitory effect of the temperature rise.

It was shown that the use of both inorganic (carbon dioxide) and organic (molasses)
additional carbon sources allowed to decrease inhibition of biooxidation due to the tempera-
ture rise and increase both sulfide sulfur oxidation extent and gold recovery by cyanidation.
Therefore, the use of additional carbon nutrition may solve one of a relevant problem
of industrial scale biooxidation processes, inhibition of biooxidation activity due to the
overheating of bioleach reactor pulp.

The effects, which were revealed in the present work, may be explained by the in-
fluence of additional carbon sources on the composition of microbial population. The
temperature increase from 40 to 45 ◦C led to the elimination of one of predominating
microorganisms, the iron-oxidizer Leptospirillum, which plays a key role in iron and pyrite
biooxidation. The increase in the temperature led to the change of microbial population
composition and resulted in a predominance of mixo- and heterotrophic iron-oxidizing
microorganisms (Sulfobacillus and Acidiplasma). These microorganisms require additional
carbon sources (organic compounds and/or an atmosphere with enhanced CO2 concentra-
tion) for cultivation (Table 5) [1,19,25,41,42]. In the experiments with CO2 and molasses, the
relative abundances of Sulfobacillus and Acidiplasma increased, respectively. As the highest
mineral oxidation extent and significant increase in the relative abundance of Sulfobacillus
was observed in the experiment with CO2, it is suggested that additional carbon dioxide
was the carbon source providing a competitive advantage for the mixotrophic bacteria
Sulfobacillus, which in turn may play a key role in sulfide concentrate oxidation.

In our previous work, it was shown that Sulfobacillus representatives may be key
pyrite oxidizers [43], but their activity depends on the carbon nutrition in the form of yeast
extract added to the medium and/or exometabolites produced by autotrophic acidophiles
(A. caldus). At the same time, in our study on the effect of carbon dioxide and molasses on
the biooxidation of sulfide concentrate at 40 and 50 ◦C, we demonstrated that both CO2 and
molasses enhanced the activity of biooxidation and additional carbon sources affected the
biooxidation rate in a greater extent at higher temperature [32]. At 50 ◦C, supplementation
of carbon dioxide also led to an increase in abundance of Sulfobacillus.

Thus, summarizing the results of the present study and our previous work [32,43], we
can propose that CO2 supplementation leads to the prevalence of microorganisms playing
a key role in sulfide mineral oxidation in the populations of bioreactors and therefore to the
observed increase in biooxidation rate. As was shown, this may be critically important for
the stabilization of biooxidation activity when increasing in temperature, which may be
explained by the decrease in CO2 solubility with temperature increase, which in turn led to
the deficiency in dissolved CO2 at 45 ◦C in the absence of additional carbon sources.

It should also be noted that despite the fact CO2 made it possible to achieve a higher
biooxidation efficiency, gold recovery values were similar in the experiments with molasses
and carbon dioxide. Thus, it was shown that molasses application might provide compara-
ble results with carbon dioxide in terms of gold recovery. As molasses are often considered
as cheap food industry waste, their consumption in bioleaching processes may be relatively
low, and its supply does not require modification of aeration and stirring system in the
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reactors to perform effective mass transfer as in the case of carbon dioxide application,
molasses usage in some cases may have certain advantages.

In this regard, the results obtained provide strong evidence in support of the hypothe-
sis that additional carbon nutrition can significantly affect the biooxidation efficiency and
decrease the negative effect of temperature rises. Thus, based on the results of the present
work, further continuous laboratory and pilot tests may be designed to confirm the patterns
revealed in the present and previous experimental works.

5. Conclusions

The results of the present work suggest that application of carbon sources required for
the constructive metabolism of microorganisms may be used to manage the efficiency of
stirred tank reactor biooxidation of sulfide pyrite-arsenopyrite gold-bearing concentratea.
The influence of additional carbon sources (carbon dioxide and molasses) on the biooxida-
tion of sulfide sulfur was determined. Carbon dioxide supplementation allowed increasing
the efficiency of the biooxidation, while the extents of sulfide sulfur oxidation and gold
recovery were 79% and 84%, respectively. Biooxidation without additional carbon sources
and using molasses allowed achieving 39% and 66% of Ss oxidation as well as 73% and
81% of gold recovery. Analysis of the microbial populations of the biooxidation reactors
demonstrated that the use of CO2 led to an increase in the abundance of Sulfobacillus
bacteria in the microbial population.
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