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X 1.

Heap bioleaching (source: BioMineWiki).
Crushed ore is stacked in heaps of several meters high (a).
The heap is sprinkled with sulfuric acid and the leachate
drained from the heap (b) is collected in a pond and the solu-
tion is subsequently sent for metal recovery.
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3.

[¥ 2. Tank biooxidation of refractory gold (source: BioMine Wiki).
Process conditions (e.g. aeration, temperature, pH, reagent
concentration, dissolved oxygen) can be controlled in order to
achieve required leaching efficiency.
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Reactor No.1 Reactor No.2 Reactor No.3
B pH1.6 (3 days) pH1.5 (4.5 days) pH1.3-1.4 (6 days)
S Soluble Cu 17 19 20
g Soluble Fe 13 14 15
E" Soluble Zn 6.5 7 7
g Sulfate 65 67 70
o

2

[ Acidithiobacillus caldus
[ Leptospirillum ferriphilum
M Sulfobacillus sp.
Ferroplasma acidiphilum

[¥ 3. Conditions and microbial populations in the reactors of the pilot-scale biooxidation plant for polylmetallic sulfide concentrate.
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[X] 4. Possible interactions of biomining microorganisms in the oxidation of pyrite. Ferrous irons are oxidized by iron-oxidizers to produce ferric
irons, which then chemically attack minerals (indirect mechanism). Elemental sulfur and RISCs produced as intermediates of pyrite oxidation
are oxidized by sulfur-oxidizers to sulfuric acid, resulting in acidification of the media. The DOC (dissolved organic carbons) originating
from autotrophs (often the dominant microbes in the population) may be utilized by mixotrophs/heterotrophs. In turn, the carbon dioxide
released by mixotrophs /heterotrophs may aid autotrophic growth of iron-/sulfur-oxidizers. Some ion-oxidizing mixotrophs/heterotrophs
may also contribute to the overall mineral dissolution rate.
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An additive “bottom up”
approach:

Simple defined consortia

e

More complex communities

A reductive “top down” approach:

Biodiverse inocula

Defined consortia

[% 6. Different experimental approaches for evaluating microbial consortia for mineral bioleaching/biooxidation”'"' (redrawn).

# 1

9

Mesophilic and moderate thermophilic microorganisms used in a ‘top down’ approach

to evaluate mineral leaching of a variety of concentrates”!V'?.

Mesophilic Microorganism

Strain

Physiological Traits

Acidithiobacillus ferrooxidans

Type (ATCC 23270)

Acidithiobacillus ferrooxidans-like NO37
Leptospirillum ferrooxidans CF12
B-Proteobacterium isolate PSTR
Ferrimicrobium acidiphilum Type (T23)
Gram-positive iron-oxidizer SLC66
‘Sulfobacillus montserratensis’ L15
Thiomonas intermedia W68

Acidithiobacillus thiooxidans

Type (ATCC 19377)

Autotrophic Fe?*/S-oxidizer, Fe**-reducer
Autotrophic Fe?*/S-oxidizer, Fe**-reducer
Autotrophic Fe?*-oxidizer

(Autotrophic Fe?*-oxidizer)
Heterotrophic Fe?*-oxidizer, Fe3*-reducer
Heterotrophic Fe**-oxidizer

Mixotrophic Fe?*/S-oxidizer, Fe3*-reducer
Mixotrophic Fe?*/S-oxidizer

Autotrophic S-oxidizer

Acidiphilium sp. SJH Heterotrophic Fe3*-reducer
‘Acidocella aromatica’ PFBC Heterotrophic Fe3*-reducer
Moderate Thermophilic

Strain Physiological Traits
Microorganism
Leptospirillum ferriphilum MT6/BRGM1 Autotrophic Fe?*-oxidizer
Acidimicrobium ferrooxidans TH3 Mixotrophic Fe?*-oxidizer, Fe*-reducer
Ferroplasma acidiphilum MT17 Heterotrophic Fe?*-oxidizer, Fe3*-reducer
Actinobacterium isolate Y005 Heterotrophic Fe?*-oxidizer, Fe3*-reducer
Sulfobacillus thermosulfidooxidans Type (DSM 9293) Mixotrophic Fe?*/S-oxidizer, Fe3*-reducer
Sulfobacillus acidophilus YTF1 Mixotrophic Fe?*/S-oxidizer, Fe3*-reducer
Sulfobacillus isolate BRGM2 (Mixotrophic) Fe?*/S-oxidizer
Firmicute isolate Gl1 (Mixotrophic Fe?*-oxidizer)
Acidithiobacillus caldus Type (KU) (Mixotrophic) S-oxidizer
Acidicaldus organivorans Type (Y008) Heterotrophic S-oxidizer, Fe3*-reducer
Alicyclobacillus isolate Y004 Heterotrophic Fe3*-reducer
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7% 2. Microbial consortia of mesophiles and moderately thermophiles developed on a variety of
mineral concentrates after 30 days leaching experiment V'3,

Concentrate Temp. Dominant microorganisms Minor microorganisms
300C At. ferrooxidans™ Fm. acidiphilum T23
L. ferrooxidans CF12 Sulfobacillus 115
ritic Au (1 inhi
R PV b b Sulfobacills BRGN
‘At caldus KU Sb. thermosulfidooxidans
o . T Firmicute SLC66
30°C At. ferrooxidans Acidiphilium SJH
Pyritic Au (2) - -
450C At. caldus KU Sb. acidophilus YTF1
Am. ferrooxidans TH3 Ferroplasma MT17
30°C At. ferrooxidans™ Sulfobacillus 115
= L. ferrooxidans CF12 Acidiphilum SJH
Pyritic Co d
45°C ‘jﬁ;f}erﬁ‘(f K ans TH Alicyclobacillus Y004
. 300C At. ferrooxidans™ Sulfobacillus 115
(CzléalC/OIR’rl)te L. ferrooxidans CF12 Acidiphilum SJTH
t
£ ¢ 45°C Sb. thermosulfidooxidans® (Sulfobacillus BRGM2)
30°C At. ferrooxidans™ Sulfobacillus 115
Chalcopyrite Alicyclobacilius Y004
800 g/t A o . icyclobacillus
(800 g/t Ag) 45°C Sb. thermosulfidooxidans™ ‘At ealdus KU
Chalcopyrite 30°C At. ferrooxidans® SLC66
(1500 g/t Ag) 45°C Sb. thermosulfidooxidans™ —
30°C At. ferrooxidans™ Acidiphilium STH
Cu-Ni (1
W 45°C ﬁ%c}e[fﬁl OS OISL‘I{ ans TH3 Sb. thermosulfidooxidans™
Fm. acidiphilum T23
300C At. ferrooxidans™ Firmicute SLC66
L. ferrooxidans CF12 Acidiphilum SJTH
Cu-Ni (2) Sulfobacillus 115
At. caldus KU .
45°C Am. ferrooxidans TH3 Sulfochtllu; BRGM2
L. ferriphilum BRGM1 Sb. acidophilus YTF1
Enargite 30°C - -
45°C — Sulfobacillus sp.
300C At. ferrooxidans™ Firmicute SLC66
L. ferrooxidans CF12 Acidiphilium STH
Sphalerite i
45°C j%?ﬁ;ﬁ;%%nsTH3 Sulfobacillus BRGM2
" At. ferrooxidans® .
30°C L. ferrooxidans CF12 Acidiphilium STH
L. ferriphilum BRGM1
Galena Am. ferrooxidans TH3
45°C Sb. thermosulfidooxidans™ Firmicute G1
Sulfobacillus BRGM2
At. caldus KU
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N BRI 4l N (s & - THEHEOE WA F v fF
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proach (K 6) #EFT 5 —2oDHlLF 2 %,
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B o—RkGbIgE e e FEERLEL S Eh, 2hb
DR I G 5 A TTBE & 3 5 b O EF / il
I, BIOFDA I =X 2ZPASMCL TN I ENH
K, FERANCHALERME S A SRR & L CBR T
B EDRERICTS B,
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SC: scorodite
CA: cupric arsenate
KJ: K-jarosite

[¥] 7. Bright field (BF) and dark field (DF) TEM images and elemental mapping of the solid residue after 27-days enargite leaching with A.
brierleyi at 70°C ' (redrawn).

A. brierleyi

jarosite F
K+

Bulk medium
\

cupric arsenate

Fe3+ Cuz | /

Dense EPS region

[%] 8. Schematic model of enargite leaching with A. brierleyi'® (redrawn).
Sequential formation of secondary compounds on the enargite surface is shown. Enargite is chemically oxidized by Fe3*, and the resultant
Fe?* is reoxidized by A. brierleyi. The mineral surface oxidation releases Cu** and H;AsO; into the solution phase, while the S-entity is
oxidized to elemental sulfur that accumulates on the mineral surface. The enargite surface may act as a catalyst to oxidize H;AsO, to
H,AsO,. Arsenate and Fe’* can form scorodite, while in the absence of Fe*, cupric arsenate may precipitate instead. In the bulk medi-
um, Fe** precipitates as jarosite. The EPS layer may function to sequester cations, resulting in formation of complexes with metal cations.
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