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Review Paper – Pregledni rad

Biotechnology has emerged as a promising alternative to existing minerals processing methods, offering potential 
advantages in terms of cost-effectiveness and environmental sustainability. One area where microorganisms have 
shown significant promise is in the leaching of metals from medium and low-grade sulphide minerals thanks to the 
metabolites they produce. Extensive research has been conducted on the utilization of microorganisms for mineral 
beneficiation, with a specific focus on Acidithiobacillus ferrooxidans. This paper provides a comprehensive review of 
the application of A. ferrooxidans in bio-oxidation and biohydrometallurgy, highlighting its potential to replace in-
organic reagents in the flotation of precious metals (PGMs) that are associated with sulphide ores.
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INTRODUCTION

The Bushveld Complex (BIC) located in South Africa 
and the Great Dyke in Zimbabwe are the only two distinct 
yet similar ultramafic layered intrusions that contain sig-
nificant deposits of platinum group metals (PGMs) [1]. 
The primary economic concentrations of PGMs are typi-
cally found in the Merensky Reef, Upper Group 2 (UG2), 
and Plat reef. These reefs are renowned sources of various 
PGMs, namely platinum (Pt), palladium (Pd), rhodium 
(Rd), ruthenium (Ru), osmium (Os), iridium (Ir), and gold 
(Au). While PGMs are traditionally extracted from ores, 
their high value has led to the recovery of these metals 
from industrial residues with diverse compositions and 
qualities. Consequently, the development of innovative 
technologies for the extraction, recovery, and separation of 
PGMs holds significant importance. PGMs are mostly as-
sociated with base metal sulphides (BMS), tellurides, arse-
nides, PGMs alloys with silicates as gangue minerals. 

Recently, there has been a noticeable decline in the 
availability of high-grade PGM ores, leading to the re-
duced economic viability and effectiveness of conven-
tional PGM recovery methods [2,3]. Consequently, 
there is growing interest in the application of biobenefi-
ciation techniques for PGMs, which offer the potential 
for improved economics, effectiveness, and environ-
mental sustainability. Biometallurgy and biobeneficia-
tion involve leveraging microorganisms and the com-
pounds they produce to extract and enhance the value of 
valuable minerals. The integration of biotechnology 
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into the mineral processing and metallurgical sector has 
witnessed a gradual increase over time. 

This systematic review aims to investigate and out-
line the efficacy of A. ferrooxidans and their potential 
application in the processing of PGMs. 

METHODOLOGY

A primary of a systematic review goal is to investi-
gate the body of information to answer a set of research 
questions. Given the revolutionary advances and ex-
panding improvements in the field of biomining, and 
with the depletion of high-grade ores, the employment 
of A. ferrooxidans in precious metals processes has got-
ten a lot of attention over the years. The potential appli-
cation of A. ferrooxidans reviewed in this paper is fore-
casted based on the PGMs minerals association. The re-
search questions driving this research were as follows:

1  How is Acidithiobacillus ferrooxidans applied 
in the hydrometallurgical processing of PGMs-
bearing sulphides?

2  How Acidithiobacillus ferrooxidans be applied 
in PGMs-bearing sulphides concentration pro-
cesses?

DISCUSSION

This section addresses the synthesized data from the 
existing literature which was done with the aim of ad-
dressing the research questions. 

The chart above shows the rate at which A. ferroox-
idans is applied in different metallurgical processes based 
on the reviewed articles. The use of these bacteria in hy-
drometallurgy was categorized into biooxidation and bi-
oleaching. Bio-oxidation was mainly used in gold pro-
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cessing and in some articles done prior flotation (also re-
ferred to as biomodification). Whereas bioleaching was 
done to preconcentrate PGMs by leaching the metals from 
PGM-bearing base metal sulphides. A. ferrooxidans was 
further applied in flotation where selective flotation was 
desired. The application of A. ferrooxidans in biohydro-
metallurgy and bioflotation is further discussed below.

Biohydrometallurgy utilizes the inherent oxidation 
capabilities of natural bacteria to dissolve metal sulphides, 
enabling the extraction and retrieval of precious and base 
metals from primary ores and concentrates [4,5]. In the 
context of PGMs, particularly gold processing, Acidith-
iobacillus ferrooxidans has been effectively employed 
for biooxidation, which can be seen as a process of lib-
erating gold prior to leaching [6-8]. Bacterial oxidation 
serves as an alternative to conventional methods like 
roasting or pressure oxidation, which often yield insuf-
ficient gold recovery through direct cyanidation. 
Through the biooxidation process, microorganisms like 
A. ferrooxidans are utilized to oxidize sulphide miner-
als, thereby freeing gold particles from the sulphide ma-
trix and making them more accessible for subsequent 
cyanidation [8,9].

At present, there are four common pre-treatment 
techniques employed in mineral processing: oxidative 
roasting, pressure oxidation, chemical oxidation, and 
biological oxidation. Among these techniques, biooxi-
dation pre-treatment has gained attention as a cost-ef-
fective and environmentally friendly method for ex-
tracting metals from various minerals, ores, and waste 
materials, while also minimizing environmental im-
pacts. Over the past decade, there has been a significant 
surge in interest in bioleaching technology due to the 
heightened stringency of environmental protection reg-
ulations. Consequently, the application of bio-hydro-
metallurgy, which involves the use of bioleaching for 
metal extraction, has experienced considerable growth.

The oxidation mechanisms can occur through direct 
or indirect mechanism . Direct mechanism involves 
physical contact between the bacteria and the sulphide 
minerals, e.g. pyrite (FeS2), pyrrhotite (FeS), arsenopy-
rite (FeAsS) and chalcopyrite (CuFeS2), which then re-
act with dissolved oxygen to convert sulphide-sulphur 
to sulfate or elemental sulphur [6,7].

Indirect mechanism involves oxidation-reduction cy-
cle of ferrous and ferric ions in mineral-solution interface 
during biooxidation process according to the following 

reaction [6,7]. The ferric ion generated by reaction (5) 
further plays a role in subsequent oxidation of metal (II) 
sulphide (MS) into its divalent ions and elemental sul-
phur according to the following reaction [6].

The application of A. ferrooxidans 
in Bioflotation

The choice of ore beneficiation method for PGMs de-
pends on the ore grade being processed. Previous benefi-
ciation routes have been designed for high-grade PGM 
ores and are not economically viable for treating low-grade 
ores. Current research efforts are focused on improving the 
recovery of PGMs from low-grade UG2 ores and second-
ary sources. The metallurgical field is actively working 
towards optimizing the mineral beneficiation process in an 
economically and environmentally friendly manner, with 
the aim of minimizing the environmental impact of by-
products and tailings [2-4]. Microorganisms offer a poten-
tial solution as their usage as reagents is recyclable, eco-
nomically feasible, and environmentally friendly.

Initially, A. ferrooxidans was investigated in bioflota-
tion studies as a safer alternative to cyanide for pyrite de-
pression during coal desulphurization. The attachment of 
the bacterium to the pyrite surface led to significant chem-
ical modifications, rendering the material hydrophilic. 
Subsequent investigations expanded to other base mineral 
sulphides, including chalcopyrite (CuFeS2), galena (PbS), 
pyrrhotite (Fe(1-x)S), and sphalerite (ZnS). It is worth noting 
that PGMs are typically associated with base metal sul-
phides, and their recovery during the concentration pro-
cess (flotation) is directly tied to the recovery of these base 
metal sulphides [1]. This paper discusses the application of 
A. ferrooxidans in flotation, specifically in relation to base 
metal sulphides, which serve as carriers for PGMs. 

Fe- sulphides

A. ferrooxidans is mainly applied in flotation where 
separation of pyrite from other base metal sulphides like 
chalcopyrite is desired. This is because of the (a) presence 
of aporusticyanin on the surface of the bacterial cell which 
causes A. ferrooxidans to preferentially adhere on pyrite 
over other sulphides, (b) the formation of hydrophilic ja-
rosite on the surface of pyrite [2], (c) the development of 
oxidized layers on pyrite surface because of protracted 
bacterial interaction, and (d) the rise in bacterial attach-
ment density on pyrite increases in A. ferrooxidans depres-
sant capacity [2]. The presence of aporusticyanin on the 
bacterial cells is ranked as one of the reasons A. ferroox-
idans can be used for pyrite depression replacing the use of 
sodium cyanide which is well known as one of the depres-
sants of sulphides. The efficiency of A. ferrooxidans is 
known to be at a pH of less than 2, because that is the fa-
vourable condition for its growth. However, for efficient 
separation, A. ferrooxidans depress pyrite under mildly 
alkaline conditions (which favours xanthate-copper sul-
phides interaction) because the production of EPS is not 
dependent on pH [2] meaning the bacteria does not lose its 

Figure 1  Application of A. ferrooxidans in PGMs processing 
as per the articles reviewed
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depressing ability even in alkaline conditions. The separa-
tion of copper sulphides and pyrite occurs at a pH ranging 
from 10-12 when lime is used, which brings about an ad-
vantage the bacteria has over conventional pyrite depres-
sants. A. ferrooxidans has similar impact on pyrrhotite [2], 
because of A. ferrooxidans’ preference for pyrrhotite, the 
mineral become hydrophilic, and this induced hydrophilic 
nature enhances depression of pyrrhotite. The high density 
of the hydrophilic cells produced after microbial attach-
ment mitigates the expected increase in floatability of pyr-
rhotite caused by the creation of S0 [2]. 

Cu-Fe-sulphides

A. ferrooxidans has high affinity for iron sulphide 
minerals as iron (II) and oxidized sulphur is their main 
source of energy. In a case where sulphides are bearing 
copper, Acidithiobacillus family preferably adheres 
slowly onto Cu-sulphides because copper ions are con-
sidered toxic to this bacteria group [2]. The biomodifi-
cation carried out by A. ferrooxidans culture combines 
the action of bacteria and ferric ions. In the case of Cu-
sulphides biomodification (partial oxidation) is an indi-
rect mechanism wherein the A. ferrooxidans do not ad-
here to the minerals surfaces meaning biomodification 
is imposed by Fe (III) ions produced after iron (II) oxi-
dation. This form of Cu-sulphides oxidation is by means 
of polysulphides which is a combination of microbially 
induced H+ and Fe (III) from the bacterium condition-
ing solution. Regardless of ever-existent controversies 
over the oxidation products of sulphide minerals, it is 
accepted that the formation of S0, in moderately oxidiz-
ing potentials, is the most obvious mechanism for ex-
plaining the increase in hydrophobicity of sulphides.

From the article [2],  it was discovered that A. ferroox-
idans may be good secondary collectors of chalcopyrite, 
depending on the solution pH conditions (acidic or alka-
line).  In acidic conditions, it was noticed that pyrite and 
chalcopyrite were collected, however, in alkaline condi-
tion chalcopyrite is collected, while for pyrite A. ferroox-
idans renders hydrophilic nature on the mineral, reducing 
its floatability.. According to the researcher [3], cells that 
had been pre-cultured on solid substrates like elemental 
sulphur were less effective at suppressing pyrite and chal-
copyrite than cells that had been grown on a medium with 
soluble ferrous iron. Preconditioned bacterial cells made 
the cell surface more hydrophobic, making them fewer ef-
fective depressants for the tested mineral sulphides when 
grown on a solid substrate like elemental sulphur [2].

CONCLUSIONS

Metallurgical industry is moving towards greener 
mineral processing and beneficiation routes and biotech-
nology is the solution that is applied to hydrometallurgy 
(leaching and oxidation) and mineral processing (flota-
tion). A. ferrooxidans is one of the microorganisms that 
continues to play a significant role in metallurgical indus-
try due to its ability to interacts with PGMs-bearing sul-

phides minerals. To fully adapt the use of A. ferrooxidans 
there is a need to understand the theory around the mech-
anism of A. ferrooxidans interaction with base metal sul-
phides in bioleaching and A. ferrooxidans interaction 
with base metal sulphides in flotation, and A. ferroox-
idans interaction with conventional reagents. The need to 
understand the interaction between A. ferrooxidans and 
the conventional reagents is to establish a model on the 
bacteria’s capacity in leaching and flotation which will 
provide a standard conditioning step that maximizes the 
activity of the bacteria while increasing the concentrate 
recovered either in leaching or in flotation.

ACKNOWLEDGMENTS

This research was supported by the department of 
metallurgy at the university of Johannesburg and fund-
ed by Siyanda Bakgatla Platinum Mine.

REFERENCES

[1] B. M. Thethwayo, “Extraction of Platinum Group Metals,” 
in Noble and Precious Metals - Properties, Nanoscale Ef-
fects and Applications, InTech, 2018. doi: 10.5772/inte-
chopen.73214.

[2] L. Chipise, S. Ndlovu, and A. Shemi, “Towards the biobe-
neficiation of PGMs: Reviewing the opportunities,” Mine-
rals, vol. 12, no. 1. MDPI, Jan. 01, 2022. doi: 10.3390/
min12010057.

[3] R. Dwyer, W. J. Bruckard, S. Rea, and R. J. Holmes, “Bio-
flotation and bioflocculation review: Microorganisms rele-
vant for mineral beneficiation,” Transactions of the Institu-
tions of Mining and Metallurgy, Section C: Mineral Proces-
sing and Extractive Metallurgy, vol. 121, no. 2. pp. 65-71, 
2012. doi: 10.1179/1743285512Y.0000000005.

[4] F. Moosakazemi, S. Ghassa, M. Jafari, and S. C. Chelgani, 
“Bioleaching for Recovery of Metals from Spent Batteri-
es–A Review,” Mineral Processing and Extractive Metal-
lurgy Review. Taylor and Francis Ltd., 2022. doi: 10.1080/
08827508.2022.2095376.

[5] S. Yin et al., “Copper bioleaching in China: Review and 
prospect,” Minerals, vol. 8, no. 2. MDPI AG, Feb. 01, 2018. 
doi: 10.3390/min8020032.

[6] H. Ciftci and A. Akcil, “Effect of biooxidation conditions on 
cyanide consumption and gold recovery from a refractory 
gold concentrate,” Hydrometallurgy, vol. 104, no. 2, pp. 
142-149, Sep. 2010, doi: 10.1016/j.hydromet.2010.05.010.

[7] M. Z. Mubarok, R. Winarko, S. K. Chaerun, I. N. Rizki, and 
Z. T. Ichlas, “Improving gold recovery from refractory gold 
ores through biooxidation using iron-sulfur-oxidizing/sulfur-
oxidizing mixotrophic bacteria,” Hydrometallurgy, vol. 168, 
pp. 69–75, Mar. 2017, doi: 10.1016/j.hydromet.2016.10.018.

[8] L. C. de Carvalho, S. R. da Silva, R. M. N. Giardini, 
L. F. C. de Souza, and V. A. Leão, “Bio-oxidation of refrac-
tory gold ores containing stibnite and gudmundite,” Envi-
ronmental Technology & Innovation, vol. 15. Aug. 2019, 
doi: 10.1016/j.eti.2019.100390.

[9] X. Zhang, Y. Li Feng, and H. Ran Li, “Enhancement of 
bio-oxidation of refractory arsenopyritic gold ore by 
adding pyrolusite in bioleaching system,” Transactions of 
Nonferrous Metals Society of China (English Edition), vol. 
26, no. 9, pp. 2479-2484, Sep. 2016, doi: 10.1016/S1003-
6326(16)64339-X.

Note: The responsible for English language is Nokubonga Given 
Zulu, Johannesburg.




