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LEARN FROM NATURE:
Knowledge and research are necessary!
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(1) Understand the metabolism of iron and/or sulfur oxidizing 
acidophilic bacteria.

(2) Explain the implication of bacteria in the generation of 
Acid Mine Drainage. 

(3) Know and understand the experimental methodology prior 
to the use of acidophilic bacteria in the mining and 
metallurgical industries.

(4) Recognize the possible applications of such bacteria in 
copper metallurgy.

(5) Review the state of the art for the use of acidophilic 
bacteria in the mining industry: experiences in Chile, China 
and other countries.

(6) Know examples of recovery of metals from industrial 
waste through biotechnological techniques

OBJECTIVES OF THE MODULE
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THE IBERIAN PYRITIC BELT

Probably the largest massive
sulfide deposit in the world.
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MINES AND ACID RIVERS IN THE IPB
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4FeS2 + 15O2 + 14 H2O → 4Fe(OH)3 + 8SO4
2- + 16H+

Sánchez‐España et al., 2007; Johnson et al., 2012

pH < 4

Fe3+
4FeS2 + 15O2 + H2O → 4Fe3+ + 8SO4

2- + 4H+ Bacteria

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2- + 16H+

ACID MINE DRAINAGE (AMD)
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MICROORGANIMS OF AMD RIVERS
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Zhou et al., 2015; https://mbio.asm.org/content/6/1/e02288‐14/F1

METAGENOMIC ANALYLIS
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Johnson et al., 2012; Quatrini y Johnson, 2018

THE DIVERSITY OF BACTERIA IS EXTRAORDINARY
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METAL-BACTERIA INTERACTIONS

Tabak et al., 2005; Ahemad, 2012
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(based on Aguilera et al, 2020)
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METAL-ALGAE INTERACTIONS
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Quatrini R y   Johnson DB (2018). Ver también: González-Toril et al., 2003

At. ferrooxidans
L. ferrooxidans

SRB

CHEMOLITOTROPHIC AND HETEROTROPHIC BACTERIA
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Méndez-García et al., 2014; Chen et al., 2016

BACTERIAL ENVIRONMENTS IN AMD-POLLUTED WATERS

3 environments are considered: air/water interface, biofilms and sediments. Auto- and diazotrophic bacteria fix CO2 
and N2 through reduction coupled with oxidation of Fe(II). Redox reactions carried out by lithotrophic bacteria that 
consume metal sulfides (RISC) are carried out through the formation of biofilms and collaborative metabolic
processes. In sediments, a variety of heterotrophic bacteria degrade biofilms under microaerobic and anaerobic
conditions, while sulfate-reducing bacteria regenerate RISCs.
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Valdés et al., 2008; Osorio et al., 2013

Acidithiobacillus ferrooxidans is 
considered the main responsible for Acid
Mine Drainage

ACIDITHIOBACILLUS FERROXIDANS

15



SAMPLING OF BACTERIA IN AMD-POLLUTED RIVERS

Testing physical‐chemical properties Collecting bacterial samples

AMD-polluted riverNon polluted river

2.36.9pH

3.30.3EC (mS/cm)

890472Eh (mV)
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1. GROWING BACTERIA AND REPRODUCING AMD

Inoculum: consortium of bacteria from AMD‐polluted river. Specific growth medium: 9K.
Source of iron: FeSO4

Only 9K                     9K + Fe2+ 9K + bacteria      9K + Fe2+ + bacteria 
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2. TESTING THE PRESENCE OF BACTERIA
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‐ BACTERIA                    + BACTERIA

3. TESTING BIOLEACHING OF PYRITE

STERILE MEDIUM (WITHOUT BACTERIA)                   MEDIUM WITH BACTERIA
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4. TESTING BIOCORROSION OF CARBON STEEL

1

10

Carbon steel
test tube
(10x1 cm)

Medium + bacteria ‐ S Medium + bacteria + S
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SUGGESTED CONCLUSSIONS

IRON‐RICH MATERIAL 21



Biomachining: microbiologically controlled corrosion, is a process based on the 
elimination of a metallic material by solubilization following chemical reactions in 
the solution.

Xenofontos et al., 2015; Díaz-Tena et al., 2016

BIOMACHINING OF COPPER SLAGS

Components (%) ± SD
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COPPER SLAGS AS SOURCE OF IRON FOR BACTERIA
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RESULTS: 14 DAYS OF INCUBATION
Δ (%)WITH BACTERIACONTROLPARAMETERS

144643.32.8Cu

338735.5168.0Fe

-482.094.02pH

3611.178.24Conductivity

206633207Redox Potential

INOCULATED
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BIOLEACHING, BIOOXIDATION, BIOMINING, BIOMETALLURGY
NUMBER OF SCIENTIFIC PAPERS/YEAR (SCOPUS)

Kaksonen et al., 2017; Kucuker & Kutcha, 2018

About 180000 papers
from 1990.
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(BASED ON HTTP://WWW.SPACESHIP-
EARTH.ORG/REM/NAEVEKE.HTM Y MAHMOUD ET AL., 2017)



BIOMINING: COMMON STRATEGIES

A

B

C
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1. Chile – 5.7 million tonnes

2. Peru – 2.2 million tonnes

3. China – 1.7 million tonnes

4. Democratic Republic of Congo – 1.3 million tonnes

5. United States – 1.2 million tonnes

The Escondida project in northern 
Chile is the world's largest copper 
mine.

LARGEST COPPER PRODUCING COUNTRIES (2020)
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GENTINA Y ACEVEDO, 2013

COPPER BIOLEACHING IN LARGE AND 
MEDIUM-SIZED MINES IN CHILE
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MISHRA EL AT., 2005

COMMERCIAL APPLICATIONS OF COPPER BIOLEACHING PLANTS 
AND GOLD BIOREACTORS
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YIN ET AL., 2018

INDUSTRIAL PLANTS OF COPPER BIOLEACHING IN CHINA

First mine: Dexing Copper Mine, 1997 30



ISOLATION, IDENTIFICATION AND ENRICHMENT OF BACTERIA
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YIN ET AL., 2018

PROCESS SCHEME OF HEAP BIOLEACHING IN INDUSTRY
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PROMETIA‐Johnson

COPPER BIOHEAPLEACHING (KENNECOTT MINE, NEW MÉXICO)
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PROMETIA‐Johnson

COPPER BIOHEAPLEACHING (CHILE) 
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NICKEL BIOHEAPLEACHING (Talvivaara Sotkamo Mine, Finland)
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. Copper bioleaching industry in Uganda

COPPER BIOLEACHING IN TANK
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http://overendstudio.co.za/websites/gold_fields_biox/biox/operations.html#

Australia Ghana

REFRACTORY GOLD ORE BIOLEACHING
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Işıldar et al., 2019

METALS IN WASTE
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MICROORGANISMSMETAL LEACHEDWASTE MATERIAL

Acidithiobacillus thiooxidans
Acidithiobacillus ferrooxidans
Aspergillus niger1

Penicillium simplicissimum1

Al, V, Mo, Ni, Co, LiCatalists

Acidithiobacillus ferrooxidans
Acidithiobacillus thiooxidans
Aspergillus niger1

Penicillium simplicissimum1

Cromobacterium violaceum2

Sulfobacillus thermosulfidooxidans3

Al, Cu, Ni, Pb, Sn, Zn, AuElectronic scrap

Acidithiobacillus thiooxidans
Acidithiobacillus ferrooxidans
Pseudomonas putida4

Bacillus megaterium5

Aspergillus niger1

Acidianus brierleyi6

Al, Fe, Mn, Ni, Cd, Cr, Cu, Ni, Pb, Zn
Municipal
solid waste
Fly ash

Acidithiobacillus spp.Li, Co
Spent battery

waste

Acidithiobacillus ferrooxidans
Cu

Belt filter
press solids

Acidithiobacillus thiooxidansCu, Mn, Zn, Ni, Cd, Cr, Pb
Sewage
sludge

Acidithiobacillus thiooxidansCr
Tannery
sludge

Cromobacterium violaceum2,
Pseudomonas fluorescens4

Ag, Pt, Au
Jewelry waste/

Automobile catalyst

APPLICATIONS OF MICROORGANISMS IN THE RECOVERY OF METALS
FROM VARIOUS WASTE

BHARADWAJ Y TING, 2011; KUCUKER Y KUCHTA, 2018
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COPPER RECOVERY FROM E-WASTES 

BENZAL ET AL., 2020
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EXAMPLE: COPPER BIOLEACHING USING TV WASTE 

Bas et al., 2013
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BIOMETALLURGY AS AN ALTERNATIVE

Batty y Rorke, 2006
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BIOREMEDIATION OF POLLUTED SOILS AND WATERS
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Brar et al (2021). Journal of Cleaner Production. https://doi.org/10.1016/j.jclepro.2020.125257

INTEGRATED BIOLEACHING‐ELECTROMETALLURGY FOR COPPER RECOVERY
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