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What can microbiology offer the 
mining industry? 

• A different approach for processing ores and 
concentrates

• Technologies for remediating waste waters



Avoca copper mine, Ireland
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Sulfidogenic plant (Paques)

Budel zinc refinery, The Netherlands



What can microbiology offer the 
mining industry? 

• A different approach for processing ores and 
concentrates

• Technologies for remediating waste waters

• Novel ways to recover and recycle metals

Sustainable (integrated) technologies



Abandoned mines and mine spoils 
generate vast quantities of polluting 

acidic, metal-rich waters in the form of 
drainage streams and pit lakes



PREVENTION IS BETTER THAN CURE….



PREVENTION

Flooding/sealing of underground mines

Underwater storage of mine tailings

Land-based storage in sealed waste heaps

Microencapsulation (coating) technologies

Application of anionic surfactants



REMEDIATION 
OPTIONS

Abiotic

Biological

"Active" systems: aeration and lime addition

"Passive" systems: e.g. anoxic limestone
drains

"Active"
systems

Off-line sulfidogenic
bioreactors

Accelerated iron oxidation
(immobilized biomass)

"Passive"
systems

Aerobic wetlands

Compost reactors/wetlands

Permeable reactive barriers



There is no perfect solution to ARD remediation

• Non-sustainable  - consumption/transport of chemical 
alkaline reagents (lime etc.)

• Inconsistent performance (wetlands and compost 
reactors)*

• Produce of hazardous wastes, and do not facilitate the 
recovery of metals (active and passive treatment)

• Site-specific considerations

* Johnson, D.B. and Hallberg, K.H. Pitfalls of passive mine drainage. Re/Views in 
Environmental Biotechnology (2002) 1:335-343.



Biological systems can be used to remediate 
ARD

• Biological generation of alkalinity (consumption 
of acidity)

• Removal of metals (and metalloids) by:
- oxido-reduction reactions (precipitation)
- pH changes (precipitation)
- adsorption (living or dead biomass)



Biological processes that generate 
alkalinity/consume acidity

- ammonification (R-NH2 + H+ + H2O → R-OH + NH4
+)

- oxygenic photosynthesis                                        
(6HCO3

- + 6H2O → C6H12O6 + 6O2 + 6OH-)

- iron reduction                                                 
(2Fe2O3.9H2O + 8H+ + CH2O → 4Fe2+ + CO2 + 5H2O)

- sulfidogenesis (SO4
2- +2CH2O + 2H+ → H2S + 2H2CO3)



Microbiological sulfidogenesis also results in:

• the removal/precipitation of many transition metals 
(and As) as highly insoluble sulfides*

• removal of sulfate



Biological strategies for generating H2S

H2S

Organic S SO4
2-

S0 S0, S2O3
2-, S4O6

2-…

desulfhydration sulfate reduction

sulfur respiration* disproportionation

*previously identified in a number of acidophilic archaea

SO4
2-



Sulfidogenesis at low pH (1):
sulfur reduction by Acidithiobacillus ferrooxidans

H2 + S0 →→→→ H2S



Sulfidogenesis at low pH (1):
sulfur reduction by Acidithiobacillus ferrooxidans

H2 + S0 →→→→ H2S

Fe0 + 2H+ →→→→ Fe2+ + H2



air in vent

At. ferrooxidans bioreactor: aerobic phase*

S0

*pH 2.5

30°°°°C



N2/CO2

Cu acetate (H2S traps)

Fe0/S0

mix

At. ferrooxidans bioreactor: early anaerobic phase



N2/CO2

Cu acetate (H2S traps)

Fe0/S0

mix

At. ferrooxidans bioreactor: later anaerobic phase



At. ferrooxidans sulfidogenic bioreactor

aerobic phase anaerobic phase



At. ferrooxidans sulfidogenic bioreactor: 
performance data



Note: H2S can also be produced abiotically under such 
conditions, though the process is slower



Proposed explanation:

1. Abiotic synthesis of mackinawite

Fe0 + S0 →→→→ FeS

2. Acid dissolution of mackinawite

FeS + 2H+ →→→→ H2S + Fe2+

3. Presence of At. ferrooxidans speeds up the 
process by increasing the reactivity of S0



Sulfidogenesis at low pH (2):
sulfate reduction by acidophilic SRB



pool

drain
channels

flow

adit

(incline)

Cantareras adit; Tharsis copper mine, Spain

Rowe, O.F.,  Sánchez-España, 
J., Hallberg, K.B. and Johnson, 
D.B. (2007) Environmental 
Microbiology 9:1761-1771.



ARD



“Desulfosporosinus acidiphilus” (M1)
(isolated in the late 1990s from the volcanic island of Montserrat, W.I.)

“Desulfobacillus acidavidus”

(isolated from anaerobic microbial mat at the abandoned Cantareras
copper mine, Spain)

*Both isolates are active in highly acidic liquors (pH 3 and above)
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Two examples of novel acid-tolerant SRB



Upflow Biofilm Reactor (UBR)

Packed bed
(immobilized SRB)

pH electrode
Feed in
(pH 2-2.5)

Effluent out
(pH ~4.5)

meterpump



Porous glass 
beads

Bacterial 
cells

Construction of an Upflow Biofilm Reactor (UBR): 
1. Inoculation of Support Matrix

(actual)



Construction of an Upflow Biofilm Reactor (UBR): 
2. Attachment of Bacteria



Construction of an Upflow Biofilm Reactor (UBR): 
3. Biofilm Formation

EPS 
(extracellular 
polymeric 
substances)



Construction of an Upflow Biofilm Reactor (UBR): 
4. Assemblage of Inoculated Support Beads



Construction of an Upflow Biofilm Reactor (UBR): 
5. Commissioning of Bioreactor

Feed 
in Effluent 

out

pH electrode

Pump



Ferric Iron-Reducing UBR



Ferric Iron Reducing UBR: Performance Data

Data suggest that a 10 m3 reactor could reduce at least 250 kg of iron each day



Sulfate Reducing UBRs

Packed bed
(immobilized SRB)

pH electrode
Feed in
(pH 2-2.5)

Effluent out
(pH ~4.5)

meterpump



Separation of soluble heavy metals by 
sulfidogenesis

pH 2 pH 4 pH 7

Fe2+                  Fe2+                     Fe2+                          FeS↓

Zn2+                  Zn2+                    ZnS↓

Cu2+                 CuS↓



Glycerol (a waste product from biodiesel production) acts as 
the energy source for SRB:

4 C3H8O3 + 7 SO4
2- + 14H+ →→→→ 12 CO2 + 7 H2S + 16 H2O

Changing glycerol concentration allows control of pH 
increase, and removal of sulfate/production of H2S



e.g. pH 2.5 ARD containing 2 mM Zn2+ & 1 mM Fe2+, addition 
of 2 mM glycerol:

2 C3H8O3 + 3.5 SO4
2- + 2 Zn2+ + 3 H+

→→→→ 6 CO2 + 2 ZnS + 1.5 H2S +  8 H2O

i.e. 3 moles H+ consumed/2 moles glycerol oxidized

(theoretical [H+] at pH 2.5 is 3.16 mM, therefore pH should 
increase to ~ pH 4)



Bioreactor data



Overproduction of H2S:

4 C3H8O3 + 7 SO4
2- + 2 Zn2+ + 10 H+

→→→→ 12 CO2 + 2 ZnS + 5 H2S +  16 H2O

• greater potential for acid neutralization

• excess H2S can be used to precipitate metals off-line 





Iron is oxidized and precipitated in a downstream 
UBR (operated as a passive system) 



Schematic: Integrated aSRB system

H2S OFF GAS

Cu PPT 
TANKFOB REACTOR

EFFLUENT

UBR

INFLUENT

Zn PPT



moving from this………to this

mixed metal sludge copper           zinc               iron



Flow rates and reactor sizes

• depends on ARD chemistry (pH, soluble metals…) and key 
objectives

• for one target waste stream (pH 2.5, Fe, Zn and Cu at 500, 
60 and 50 mg/L), a 10 m3 reactor could process ~ 1,000 L/h



Target Mine Water (1):
Cwm Rheidol ARD

Water Chemistry:

pH 2.5 - 4.0

Fe 160 -180 mg/l

Zn ~180 mg/l

SO4 ~1,000 mg/l

Al 3-30 mg/l

Mn 1-4 mg/l



UBR Performance (synthetic ARD)



Target 2: Copper-enriched waste rock drainage 

Bingham Canyon mine, Utah

Water Chemistry:
pH 2.8 - 3.5
Cu 50 - 600
Fe ~600 mg/l
Zn 80 -180 mg/l
SO4 18000 - 64000 mg/l
Al 1000 - 3500 mg/l
Mn 300-360 mg/l



Earlier off-line sulfidogenic pilot plant (Paques)

• on-line SRB systems are probably not feasible, due to the very elevated metal 
concentrations

• an on-line “copper bioconcentrator” using sulfur reduction by At. ferrooxidans is 
more appropriate



Air in 

CuS
oxidized

SX/EW

Waste stream

CuS

Fe2+

Zn 2+

SO4
2-

Proposed Scenario

Phase I                                       Phase II

pH 2.5



Can we devise a cost-effective biological approach 
for controlling ARD pollution at source?



Proposal: “bioshrouding” of tailings

Tailings deposition: Chuquicamata, Chile

Erosion of tailings, Andes, Peru



Rationale:

• Greatly enhanced rates of tailings dissolution are 
induced in the presence of iron/sulfur-oxidizing bacteria

• These bacteria grow as biofilms on sulfide minerals

• Pre-colonizing minerals with benign bacteria could 
reduce or eliminate this problem



“Bioshrouding” a new approach to help secure 
of reactive mineral tailings

Pyrite Shrouding Exp
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Heterotrophic 
acidophiles:
Acidiphilum, Acidocella, 
Acidobacterium

Fe-oxidiser:
At. ferrooxidans

Johnson, D.B., Yajie, L. and Okibe, N. 
(2008) Biotechnology Letters 30:445-449.



Ecological engineering approach for securing mine wastes

Stage I: inoculate freshly-deposited tailings 
with benign “bioshrouding” acid-tolerant 
bacteria

• iron-reducers (e.g. Acidobacterium, 
Acidocella)

• sulfate-reducers (e.g. “Desulfobacillus” sp.)

Stage II: promote surface growths of acid-
tolerant algae to sustain the heterotrophic 
bioshrouding bacteria

• Chlorella sp.

• Euglena sp.
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