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Abstract: Sulphur plays a fundamental role in the biological processes of chemolithotrophic mi-
croorganisms. Due to the redox characteristics of sulphur, microorganisms use it for metabolic
processes. Such is the case of the dissimilatory processes in the anaerobic respiration of reducing
microorganisms. The production of electrical energy from the metabolism of native microorganisms
using sulphur as substrate from inorganic mineral sources in the form of Galena (PbS) was achieved
using MR mineral medium with 15% (w/v) of PbS mineral concentrate. At 400 h of growth, the highest
voltage produced in an experimental unit under anaerobic conditions was 644 mV. The inoculum was
composed of microorganisms with spiral morphology, and at the final stages of energy production,
the only microorganism identified was Bacillus clausii. This microorganism has not been reported in
bioelectrochemical systems, but it has been reported to be present in corrosive environments and
reducing anoxic environments.

Keywords: bioelectrochemical systems; sulphur reduction; electroactive consortia

1. Introduction

Chemolithotrophic organisms utilize inorganic components for their metabolic func-
tions through oxidation processes, where elements such as sulphur and iron represent
essential components to conduct electron transfer processes and amino acid synthesis [1,2].
Chemolithotrophic microorganisms have essential functions in biogeochemical processes
occurring in nature. In the processes of assimilation and dissimilatory of sulphur com-
pounds, the assimilatory processes involve the biosynthesis of cellular compounds, and the
dissimilatory processes use sulphur compounds as electron acceptors or donors [3]. Some
reports indicate the use of inorganic sulphur substrates, such as tetrathionate, for energy
production by the oxidation of tetrathionate and the formation of sulfates [4,5] or thiosul-
fates in microorganisms such as Thiobacillus acidophilus [6] as well as other acidophiles [7],
where the metabolic mechanisms in the sulfoxidation of tetrathionate are the Sox enzyme
complex, and the enzymes sulphur dioxygenase and sulphur oxygenase reductase [8]. The
use of thiosulfate for its oxidation to sulfate can be carried out by an enzymatic route,
where the Sox enzyme complex converts thiosulfate to sulfate without intermediate com-
pounds, and through the metabolism of chemolithotrophic microorganisms that oxidize
thiosulfate to form tetrathionate where thiosulfate is an intermediary oxidation compound
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into sulfate [9]. In contrast, the processes involved in energy production are performed
at a low pH [10]. The SOX enzyme complex can perform sulfate reduction to H2S as a
dissimilatory process since the anion is transported from the extracellular environment
into the cytoplasm facilitated by sulfate permease, in which two protons are transported
for each disulfide anion. In the cytoplasm, the dissimilatory process is ATP-dependent
since it is an endergonic mechanism, by the formation of sulphur pyrophosphate and ATP,
forming adenosine 5′-phosphosulfate (APS) as an intermediate, catalyzed by the enzyme
APS reductase. This metabolism is performed in anaerobic respiration in conjunction with
menaquinone enzymes that transfer electrons, forming an electron transport complex [11].
Microorganisms such as Acidithiobacillus ferrooxidans, which is chemolithotrophic [12], use
ferric ions and sulphur as a source of energy under anaerobic conditions, carrying out the
process of cellular respiration through sulphur [13], where the activation of specific genes
and quorum sensing produces an increase in its electroactive capacity, which is related to
the ability to obtain energy by oxidizing solid ferrous substrates [14].

Microorganisms such as Desulfovibrio [15] use anaerobic respiration mechanisms where
sulphur acts as a final electron acceptor, and the electron exchange is conducted by the
quinol-cytochrome C oxidoreductase enzyme complex present in the cell membrane, where
the main product of reduced sulphur is H2S due to anaerobic respiration [16].

The chemical reaction (Equation (1)) describing the mechanism in the bioleaching of
sulfide ores described by Boon, Heijnen, and Hansford (1998) [17] shows the recovery of
lead from galena by the effect of ferrous ions in the 9K culture medium through an indirect
mechanism [18]:

MeS + 2Fe3+ → Me2+ + S + 2Fe2+ (1)

In energy generation processes, there are two mechanisms to transfer electrons from
the cell to an electron acceptor material or anode, which occur through direct and/or indi-
rect mechanisms. The direct mechanism is one of the most favourable in the transport of
electrons because it requires direct physical contact between the cell and the anode, where
direct contact can be achieved through nanotubes (pilis), cytochromes, or biofilm, and mi-
croorganisms such as Geobacter transfer electrons through pilis and cytochromes present in
the cell wall [19]. To achieve a more efficient electron transfer, the anode must be composed
of a biocompatible material, mainly carbon-based materials, such as graphite [20].

The most commonly used microorganisms in microbial fuel cells are cyanobacteria [21],
algae [22], and autotrophic bacteria [23]. Autotrophic bacteria possess metabolic pathways
that can support the production of electric current and the fixation of CO2 [24]. The
generation of energy in conventional bioelectrochemical systems from the oxidation of
organic compounds through the metabolism of some microorganisms by redox processes,
where metal ions have been found to promote this type of process [25].

Inorganic mineral substrates have been used in sedimentary or wetland-type microbial
fuel cell systems, such as the study presented by Ge et al. (2020), where the use of pyrite in
one of these systems obtained a maximum voltage of 176 mV, since the pyrite participates
in the oxidation of N and P compounds, attributed to the cycle Fe+2 Fe+3 [26]. Sulphate-
reducing microorganisms such as Desulfovibrio desulphuricans can transfer electrons through
nanotubes or pilis in their cell membrane when the substrate is not in a soluble state since
these microorganisms are naturally found in anaerobic sediments [27]. The application
of these types of microorganisms using insoluble mineral matrixes as substrates in bio-
electrochemical systems has not been thoroughly studied. The effect of inorganic mineral
substrates in bioelectrochemical systems indicates that their addition has positive effects on
the stability of the voltage produced in such systems applied in wastewater by decreasing
the resistance of the aqueous phase at the anode [28]. Previous studies have evaluated the
energetic prospective of oxidation processes of sulphide mineral compounds presented by
Ni et al. (2016) using acidophilic microorganisms with acid mine wastewater where they
obtained a maximum voltage of 107 mV [29].

The objective and main contribution of this exploratory study is to evaluate the
prospective voltage produced by a reductive process of a PbS sulphur-containing mineral
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matrix by chemoautotrophic microorganisms, for future application in bioelectrochemi-
cal systems.

2. Materials and Methods
2.1. Growing Medium

The selected growing medium was based on the MR medium [30], with some modifica-
tions to facilitate the isolation of chemolithotrophic, alkalophilic, halotolerant, and sulfate-
oxidizing microorganisms: (NH4)SO4 1 g/L, K2HPO4 0.08 g/L, CaCl·2H2O 0.375 g/L,
NaHCO 2 g/L, MgCl2 4.5 g/L, NaCl 8 g/L, MnO2 1.3 g/L, with an initial pH adjustment
at 10. It was then autoclaved at 121 ◦C and 15 psi for 15 min. Agarose at a concentration of
14 g/L was used as the solidifying medium.

2.2. Isolation

The microorganisms used in this research were isolated from tailings from the AUT-
LAN mining industry. Isolation was performed with an MR growth medium incubated at
30 ◦C with agitation at 160 rpm. In the first isolation phase, the sterile culture medium was
inoculated with 15% (w/v) of mine tailings. Cell growth analysis was performed by count-
ing in a Neubauer chamber. Later, serial dilutions were performed for the identification
of strains, and as colonies present on plates were identified, reseeding was performed by
plate extension for each of the colonies.

2.3. Microorganism Identification

After centrifugation at 14,000 rpm, inoculated MR medium was recovered in a 1.5 mL
Eppendorf microtube with the necessary growth until a visible pellet of cells was formed at
the bottom of the microtube.

Extraction of genomic DNA from the microorganisms present in the bacterial inoculum
was made using the Thermo Scientific geneJET genomic DNA purification kit, to later
visualize the presence of genomic DNA in a 1% agarose gel (95 V, 55 min).

From the extracted genomic DNA, the 16S ribosomal gene was amplified for identifi-
cation using universal primers: 27F(5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R(5′-
GGTTACCTTG TTACGACTT-3′) [31]. The amplification of the V3 region of the 16S ribo-
somal gene was performed using the reaction mixture for PCR of 25 µL DreamTaq Hot
Start Green PCR Master Mix (2X) Thermo Scientific(Waltham, MA, USA), 5 µL 27F, 5 µL
1492 R, 10 µL DNA genomic, and 5 µL nuclease-free water. Cycling parameters for PCR
were programmed with a preheating at 72 ◦C for 3 min, followed by 34 cycles at 95 ◦C for
30 s, 60 ◦C for 30 s, and 72 ◦C for 1 min and 30 s. After completion, the amplification was
confirmed by electrophoresis (95 V, 55 min) in agarose gel (1.5%). The obtained fragment of
interest identified on the agarose gel was removed from the gel with a scalpel, purified and
concentrated with a QIAquick kit QIAGEN (Venlo, The Netherlands), and sequenced for
further analysis.

2.4. Determination of Inorganic Mineral Sulphur Species

To determine and characterize the sulphur mineral species present in the solid fraction,
a Rigaku X-ray diffractometer miniflex model was used, with an X-ray tube CuKα λ 1.5418
A◦ 40 kV and 15 mA. The XRD analysis of the samples was performed from a scan of 5–90◦

in 2θ, performing Rietvel refinement with PDLX2 software version 2.8 and semiquantitative
analysis according to the Reference Intensity Ratio (RIR) method [32,33] where the intensity
for a compound α, is given by the ratio of the volume fraction of the compound (cα), for
the constant Kl, divided by the linear absorption coefficient of the sample µm according to
Equation (2).

Iα =
KlCα

µm
(2)
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The quantification of sulphates present in the liquid fraction was determined using
the 4500 turbidimetric method for the determination of SO4

−2 of the standard methods for
the examination of water and wastewater [34].

The production of inorganic sulphur compounds in the gaseous fraction quantified as
H2S(g) was determined by direct measurement with BIOGAS5000 equipment.

To identify the role played by PbS in the concentrate within the system, as well as to
identify the mechanisms of electrical energy generation, the concentrations of inorganic
sulphur species in the gaseous fraction (H2S), in the liquid fraction (SO4), and in the solid
fraction were determined.

2.5. Salt Bridge

The salt bridge solution [35,36] was made up of a solution of 35 g of KCl, diluted in
100 mL of phosphate buffer (pH 7) and agarose (10%) as a solidifying agent, sterilized in
an autoclave (15 min, 105 ◦C and 1 atm), then carefully poured into glass tubes of 25 mm
diameter and 200 mm length in a U shape for solidification.

2.6. Cathode

Shown in Figure 1, this consisted of a 500 mL Erlenmeyer flask with 250 mL of PBS
(pH 7) used to increase the conductivity of the cathode system. The gaseous fraction of the
cathode was at ambient conditions. The material selected as cathode is a graphite cylinder
of 2 mm diameter and 100 mm long with a surface area of 634.6 mm2 (without considering
the porosity of the material).
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2.7. Anode

Shaped as shown in Figure 1, it was developed according to a 22 experimental design
with replicates. The experimental units contained 15% (w/v) of mineral concentrate previ-
ously sterilized in dry heat [37]. The material selected as an anode (working electrode) was
a graphite cylinder of 2 mm in diameter and 100 mm long with a surface area of 634.6 mm2

(without considering the porosity of the material) for each of the experimental units.
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The experimental test flask acting as an anode was incubated at 30 ◦C and 160 rpm.
The experimental units were purged at each monitoring with a CO2 flow rate of 2 L/min
and were subsequently resealed.

2.8. Experimental Design

A 22 factorial experimental design (Table 1) was used with substrate [Grow medium
MR (MC) and MR + inorganic mineral (C)] and gas fraction [air (atm) and CO2 (AN)] as
categorical factors. Evaluated responses were voltage (mV), redox (mV), pH (-), cell density
(cell/mL), H2S (ppm), SO4

−2 (ppm), and PbS (%). Quadratic regressions were performed,
and an ANOVA (p < 0.05) was used for statistical analysis.

Table 1. Factorial experimental design for anode.

Factors Categorical Levels

Substrate Culture medium MR (MC) MR+ inorganic mineral (C)
Gas fraction Atmospheric (Atm) CO2 (AN)

2.9. Voltage Measurements

The measurements were performed by connecting the anode and cathode to a com-
mercial digital multimeter as illustrated in Figure 1, measuring every 24 h.

2.10. Anode Cell Density

With the use of scanning electron microscopy analyzed under a low vacuum at
10 KV [38] the cell density of microorganisms adhered to the graphite cylinder (anode) was
evaluated as biofilm formation. The cell density was obtained by performing topographical
image analysis with software Image J version 1.52p [39,40] identifying cells adhered to the
working electrode and adjusting the concentration according to the electrode area with
Kurt De Vos’s cell counter from the University of Sheffield, Academic Neurology. The cell
density of the planktonic cells was determined by counting in a Neubauer chamber.

3. Results and Discussion
3.1. Isolation and Identification

After the extraction of DNA from the bacterial inoculum, it was visualized in 1% of
agarose gel (Figure 2A) and the integrity of the DNA can be observed, as a band marked
above 10 Kb of the molecular marker with which the 16S ribosomal gene is amplified for
the identification of microorganisms. In Figure 2B, the PCR product showed a 1500 bp
fragment in column 1, which corresponds to the expected fragment size [41]. Fragments of
1500 bp were obtained from the PCR product and the sequences obtained were analyzed
with BLAST software version 2.15.0 to obtain the percentage of identity of the sequence
of interest.

The microorganism identified in the sequence obtained was Bacillus clausii with 96%
identity for the sequenced fragment. It has been found that some strains of Bacillus clausii
can grow in anaerobic conditions [42] and have been isolated from various environments,
usually found in soils, marine soils [43,44], and biofilms of corroding environments [45].
Although this was the only identified microorganism, the consortium was made up of
various types of microorganisms, determining that a highly reducing environment requires
protection for the consortium. This protection can occur in the formation of the biofilm that
hosts Bacillus clausii, and other species.

3.2. Characterization of Inorganic Mineral Substrate

The mineral concentrate was characterized by X-ray diffraction (XRD), where the
mineralogical composition was obtained according to the diffraction pattern and mineral
composition (Table 2).
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Table 2. Mineralogic composition.

Compound Formula Concentration (%)

Galena PbS 77
Sulphur species of lead PbS 14.5

Sulphur S 5
Others -- 19.5

The mineral concentrate contains 84.4% of lead sulfide (PbS) as galena corresponding
to the diffraction pattern where the main peaks showed angles of 30.11◦, 26◦, 43.1◦ in 2θ
(Figure 3) for cubic galena COD 9013403 and 15% of tetragonal chalcopyrite COD 9015636.
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Figure 3. X-ray diffraction pattern for mineral concentrate.

3.3. Cell Growth

To evaluate the microbiological growth in each of the anodic experimental units, plank-
tonic cell density measurements were made in the culture medium (Figure 4) by Neubauer
chamber counting and in the anodic material (graphite rod) by SEM for sessile cells.
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Figure 4. Planktonic cell density under experimental design conditions (AE: atmospheric conditions,
AN: CO2 purged, C: mineral concentrate, MC: culture medium).

The analysis showed that the highest planktonic cell density was found in the treat-
ments added with the mineral substrate, both in the culture medium and in the graphite
bars. An ANOVA (p < 0.05) was performed to evaluate the effect of substrate and gas frac-
tion on cell density, where the substrate was identified as the only factor with a significant
effect on cell density, in the quantification in liquid medium, as well as in the graphite
rod. Also, the addition of the mineral concentrate had a positive effect (p < 0.05) on the
increase of planktonic cell density compared to using the MR culture medium without
concentrate. This behaviour in the cell growth of the bacterial inoculum is attributed to the
natural characteristics of the microorganisms, since they are native to soils, they possess
characteristics to carry out their metabolic processes from inorganic mineral sources, where
minerals, offering surface and support, provide nutrients and favour the production of
biofilms, where component transfer interfaces are generated between the solid substrates
and the cells [46]. Microorganisms of the species Gammaproteobacteria have been reported
to grow using iron-containing solid substrates promoting the oxidation of ferrous ions
using a direct mechanism [47], since the solid minerals play a role as terminal electron
acceptors and donors in cellular respiration [46,48], which is linked to the increase in cell
density in the presence of inorganic mineral substrates. However, to attribute the increase
in cell density to the mineral substrate used, it is important to identify the role that it is
playing in the microbiological system.

3.4. Use of Inorganic Sulphur as a Substrate

For the obtained diffraction pattern, PbS was identified as the major component in
mineral species such as galena with 77% abundance (Table 2). Other sulphur species
identified were CuFeS2 (chalcopyrite), PbSO4, FeSO4, Pb(S2O3), and S (Figure 3).

In the experimental units added with mineral concentrate, the solid fractions were
analyzed by XRD, where the mobility of sulphur species is shown in Figure 5 for days 2,
10, 14, and 18 (D-2, D-10, D-14, and D-18) under aerobic and anaerobic conditions (purged
with CO2). The days selected for the evaluation of the solid fractions correspond to the
microbial growth stages identified in Figure 4. For the experiments with added mineral, it
was possible to identify that there was mobility for galena according to the XRD pattern
(Figure 3) and the determined intensity of the peak pattern, which according to Cullity and
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Stock (2014) [49] is proportional to the volume fraction of the compound in the samples for
the RIR method.
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(CO2 purged).

The variation in the intensity of the peak pattern identified for galena is attributed to
the change in concentration of the species as shown in Figure 5A,B, where the diffraction
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pattern was identified under anaerobic conditions corresponding to PbS with greater
intensity at time 10. This possibly occurred due to the decrease in the concentration of
components such as sulphur, where it was possible to identify the reduction in the intensity
of the peak pattern corresponding to the sulphur of D-17 concerning the diffraction pattern
of D-2. For aerobic conditions, the intensity of the peak pattern decreased for compounds
such as PbSO4 and S, at all times. However, the diffraction pattern identified for PbS
suffered an increase for D-10, which could be attributed to the use of other compounds
present in the mineral, which increases the proportion of PbS in the solid sample, which
could be evaluated according to the concentration (%) of the components present in the
sample (Figure 6).

Clean Technol. 2024, 6, FOR PEER REVIEW  10 
 

 

components such as sulphur, where it was possible to identify the reduction in the inten-
sity of the peak pattern corresponding to the sulphur of D-17 concerning the diffraction 
pattern of D-2. For aerobic conditions, the intensity of the peak pattern decreased for com-
pounds such as PbSO4 and S, at all times. However, the diffraction pattern identified for 
PbS suffered an increase for D-10, which could be attributed to the use of other com-
pounds present in the mineral, which increases the proportion of PbS in the solid sample, 
which could be evaluated according to the concentration (%) of the components present 
in the sample (Figure 6). 

 
Figure 6. Mineralogical analysis using DRX of the experimental units for days 2, 10, 14, and 18 (D-
2, D-10, D-14, D-18) in conditions AE: atmospheric conditions and AN: CO2. 

In addition, it was identified that the reduction of PbS concentration (Table 3) in the 
solid fraction is associated with the bioconversion of the mineral into other sulfide species, 
such as lead sulphates in the solid fraction, which increases the proportion present in the 
solid fraction, as well as the presence of soluble sulphates in the culture medium, which 
could be attributable to passive mechanisms [50]. Zhao et al. (2019) studied this mecha-
nism and found mesophilic chemolithotrophic microorganisms used in biohydrometal-
lurgy for the bioleaching of refractory sulphide compounds [50]. The highest H2S produc-
tion was 1150 ppm (Table 3) in the gaseous fraction under anaerobic conditions and with 
mineral substrate. This is strong evidence suggesting that sulphur bioconversion reactions 
by microbiological activity are occurring. Some of the main compounds that promote re-
dox reactions are sulphur compounds, such as PbS, which undergoes a decrease of 4.3% 
in weight for aerobic conditions, and 7% under anaerobic conditions. Such redox reactions 
occurred after the oxidation led to form sulphated compounds and, subsequently, the sul-
phur of these compounds became elemental sulphur and H2S, where it was identified that 
the production of H ions generates the acidification of the culture medium under anaero-
bic conditions with added PbS, in which greater acidification of the medium was achieved 
under aerobic conditions. For the experimental units containing only culture medium as 
substrate, it was identified that there was no variation in pH for aerobic conditions. How-
ever, under anaerobic conditions, there was a slight acidification of the medium, which 
probably was promoted by the addition of CO2, which in contact with the culture medium 
can form carbonic acid (H2CO3) [51]. In processes of reduction of sulphur compounds by 
the action of microorganisms, it has been reported that H2S is produced under anaerobic 

Figure 6. Mineralogical analysis using DRX of the experimental units for days 2, 10, 14, and 18 (D-2,
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In addition, it was identified that the reduction of PbS concentration (Table 3) in the
solid fraction is associated with the bioconversion of the mineral into other sulfide species,
such as lead sulphates in the solid fraction, which increases the proportion present in the
solid fraction, as well as the presence of soluble sulphates in the culture medium, which
could be attributable to passive mechanisms [50]. Zhao et al. (2019) studied this mechanism
and found mesophilic chemolithotrophic microorganisms used in biohydrometallurgy for
the bioleaching of refractory sulphide compounds [50]. The highest H2S production was
1150 ppm (Table 3) in the gaseous fraction under anaerobic conditions and with mineral
substrate. This is strong evidence suggesting that sulphur bioconversion reactions by
microbiological activity are occurring. Some of the main compounds that promote redox
reactions are sulphur compounds, such as PbS, which undergoes a decrease of 4.3% in
weight for aerobic conditions, and 7% under anaerobic conditions. Such redox reactions
occurred after the oxidation led to form sulphated compounds and, subsequently, the
sulphur of these compounds became elemental sulphur and H2S, where it was identified
that the production of H ions generates the acidification of the culture medium under
anaerobic conditions with added PbS, in which greater acidification of the medium was
achieved under aerobic conditions. For the experimental units containing only culture
medium as substrate, it was identified that there was no variation in pH for aerobic
conditions. However, under anaerobic conditions, there was a slight acidification of the
medium, which probably was promoted by the addition of CO2, which in contact with
the culture medium can form carbonic acid (H2CO3) [51]. In processes of reduction of
sulphur compounds by the action of microorganisms, it has been reported that H2S is



Clean Technol. 2024, 6 71

produced under anaerobic conditions, due to the reduction of oxidized sources of sulphur;
this process is related to the mechanism of anaerobic respiration in which H2S is produced
by the reduction of sulphates and thiosulphates in anaerobic respiration, since these act as
final electron acceptors [52]. Unlike sulphur-oxidizing microorganisms, which at pH of 9.5
and salinity of 20 g/L are reported to promote the conversion of sulphur compounds to
sulphate by bio-oxidation, using nitrate as the final electron acceptor [53].

Table 3. Inorganic sulphur compounds.

Condition Substrate
H2S

(ppm)
SO4−2

(ppm)
PbS (%) Voltage

(mV)Ti TF

AE C 479 32.22 ±1.71 86 81 586 ± 26.1
AE MC 35.15 10.90 ± 0.28 * * 438 ± 29.6
AN MC 171.5 10.00 ± 1.57 * * 383.5 ± 57.2
AN C 1150.0 1344.44 ± 116.27 88 80 647 ± 17.6

* No PbS was added to these experimental units.

3.5. Voltage Production

Output voltage in the experimental units (Figure 7) was monitored starting at 96 h,
where the exponential growth stage begins for the conspecific, and up to 500 h, where the
death phase is identified or where cell density decreases. At 96 h of growth, all experimental
units start at a voltage of 400 mV.
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Figure 7. Voltage production monitoring in the experimental units (AE: atmospheric conditions, AN:
CO2 purged, C: mineral concentrate PbS, M culture medium).

The controls without inoculum shown in Table 4 maintained constant voltages during
the 500 h monitoring, where the minimum voltage obtained was 27 mV for the experimental
unit with mineral and under anaerobic conditions. The experimental units without mineral
and under aerobic and anaerobic conditions maintained a voltage production of 40 mV.
The voltage produced by the controls was generated by the interaction between the salts in
the culture medium and the added mineral, with the salts and mineral compounds acting
as electrolytes.
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Table 4. Production of voltage, H2S, and sulfates in controls without inoculum.

Condition Substrate H2S
(ppm)

SO4−2

(ppm)
Voltage

(mV)

AE C 0 20 48.1
AE MC 0 10 42.3
AN MC 0 10 40.2
AN C 0 260 27

C: PbS added in these experimental units, MC: Culture medium, AE: aerobic conditions. AN: anaerobic conditions.

In the experimental units, different conditions were tested for voltage production with
the consortium, it was found that the voltage production was higher than that obtained in
the controls, where the obtained voltage of 400 mV demonstrates that the consortium is
composed of electroactive microorganisms, which interact with the substrate to produce
electrical energy. It was also found that under anaerobic and aerobic conditions with added
mineral produced a voltage of 644.68 mV and 574 mV, respectively, at a time of 400 h. These
values were higher than those found in the units without solid substrate, which produced a
maximum voltage of 474 mV and 403 mV for anaerobic and aerobic conditions, respectively.

The obtained results were higher compared to the results obtained by González-
Paz et al. (2022) [54], who used iron-reducing bacteria with a mineral medium, obtaining
the highest voltage (0.3 V) using a salt bridge. Huang et al. (2023) [55] evaluated the use of
a consortium of filamentous sulphate-reducing microorganisms from sediments, applied
in a sediment fuel cell with an inorganic substrate source, obtaining a maximum voltage
of 100 mV. However, compared to studies where sulphate-reducing microorganisms are
used, the voltage obtained is slightly lower, but within the range (Table 5), in the different
applications of bioelectrochemical systems we can identify that the voltage produced is
competitive with systems that apply conductive polymers and organic substrates which
are presented in Table 4 of the review of Kuznetsova et al. (2023) [56].

The increase in voltage production associated with the solid sulphite substrate source
is related to higher cell density in the growth kinetics. This is attributed to the interaction
between microorganisms and solid substrates, involving the use of cytochromes that act
as promoters of oxidation-reduction reactions in direct and indirect mechanisms since the
metabolites produced by the microorganisms and the mechanisms used in bioleaching
are the same involved in the transfer of extracellular electrons in electroactive microorgan-
isms [57,58].

The concentration of sessile cells attached by the biofilm onto the graphite electrode is
one of the main promoters of voltage production in the system. Evaluating the cell density
of these cells (Figure 8) allowed us to identify that the conditions of high concentration of
sessile cells on the electrode were the ones that produced the highest voltages in the systems
containing solid substrates with inoculated minerals. The increase in voltage production
provides positive information regarding the electroactivity of the cells that compose the
inoculum since these cells carry out redox reactions while interacting with the substrate,
due to oxidation processes executed in the first stages of the formation of sulphates, to later
perform reduction processes of oxidized sulphur compounds until reaching the production
of H2S.

The mechanisms employed by the consortium agree with the reported processes in
the literature (Table 5), indicating that obtaining a higher voltage in the units with a higher
presence of biofilm, shows that the electron transport is carried out by direct mechanisms
from the cells to the graphite electrode, possibly by the interaction of the proteins present in
the cell membrane, which since they tested positive in the oxidase test, it indicates that these
microorganisms have cytochromes type C, which can be detectable by this biochemical
test [59].
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Table 5. Comparison of energy production.

System Description Substrate Voltage
Produced (mV) Inoculum References

Batch PbS 664 Present Work

Batch + salt bridge Acetate + Fe+3 220–380 Iron-reducing
consortium

González-Paz et al.
(2022) [52]

Two chambered
laboratory scale

microbial fuel cell
Zeolite + MgSO4 750

Natural
sulphate-reducing

bacterium consortium

Angelov et al.
(2013) [60]

Cylindrical SMFCs Sulphate-rich
sediments 30–40 L. varians GY32 Huang et al.

(2023) [53]

4. Conclusions

The microorganisms that compose the bacterial inoculum possess electroactive prop-
erties by using as substrate an inorganic source of mineral sulphur composed of PbS as the
major compound. The microorganisms conduct the oxidation of sulphur, which is reduced
to the formation of H2S. The use of sulphur as the last electron acceptor in the process
promotes the production of up to 644 mV in anoxic conditions at 400 h, and the energy
production is attributed to the adhesion of bacteria on the graphite electrode, where the
transfer of electrons is carried out directly between the biofilm formed by the bacteria to the
electrode. The evaluated microorganisms showed a promising perspective for application
in bioelectrochemical systems using inorganic substrates, which have not been thoroughly
studied in the development of technologies for bioenergy production.
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