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Table S1. Bioleaching by organic acid producers. 
Microorganism Waste 

material 
Produced 
acids 

Pulp 
density 

 pH  Time 
(day) 

Efficiency 
(%) 

Reference 

Aspergillus 
foetidus 

Spent fluid 
catalytic 
cracking 
catalyst 

Citric acid 0.8% 5.5 20 Al 88 Das et al 
2019 

Aspergillus niger Spent fluid 
catalytic 
cracking 
catalyst 

Citric acid 
(main) 

1% 5 21 La 63 Mouna, 
Baral, 2019 

Aspergillus niger Red mud n.d. 2% 1.8 30 Ge 63, Yb 
59, Ga 50, 
Sc 44, V 40, 
Eu 33, La 31 

Qu et al, 
2015 

Aspergillus niger Spent refinery 
catalyst 

Gluconic 
acid 

3% 7 30 Mo 99.5, Ni 
46, Al 14 

Amiri et al 
2012 

Aspergillus niger Red mud Oxalic and 
citric acid 

4 g/l 2 7 Al 45  Urik et al. 
2015 

A. niger indirect 
bioleaching 

LCD Oxalic acid 1% 4 90 min 
(70°C) 

In 100 Cui et al 
2020 

A. niger Li-ion batteries Gluconic 
acid 

1% 5 30 Li 100, Cu 
94, Mn 72, 
Al 62, Ni 
45, Co 38 

Bahaloo-
Horeh et al 
2018 



A.niger MXPE6, A. 
niger MX7 

Mobil phone 
PCB 

n.d. 13 g/l 4.4 14 Au 87, Cu 
0.2 

Madrigal-
Arias et al 
2015 

A.niger MXPE6, A. 
niger MX7 

PCB 
(computer) 

n.d. 13 g/l 4.4 14 Au 28, Cu 
29 

Madrigal-
Arias et al 
2015 

Gluconobacter 
oxydans 

Spent fluid 
catalytic 
cracking 
catalyst 

Gluconic 
acid 

1.5% n.d 1 REE 49 Reed et al, 
2016 

Penicillium 
expansum 

Electrical and 
electronical 
waste 

n.d. Powder in 
agar plate 

5.5 21 REE 99 Di Piazza et 
al 2017 

Penicillium 
crustosum 

Red mud Oxalic and 
citric acid 

4 g/l 4 7 Al 41 Urik et al 
2015 

Penicillium 
simplicissimum 

Mobile phone 
PCB 

 1% 2-7 n.d. Cu 90, Ni 89  Arshadi et al 
2019 

Penicillium tricolor 
RM-10 (indirect 
bioleaching) 

Red mud Gluconic 
and citric 
acids 

10% 2 - 4 10 REE 22 – 
67, Th 27, U 
45 

Qu, Lian, 
2013 

n.d. not determined 
  



Table S2. Bioleaching by inorganic acid producers. 
Microorganism Waste material Pulp 

density  
Additional 
chemicals/p
rocess 
conditions 

pH Time 
(day) 

Efficiency 
(%) 

Reference 

A. ferrooxidans PCB (0.075-1 mm) 7,5 g/l Lemon juice 
(0.2M citric 
acid) 

2.5 18 Cu 94, Zn 
92, Pb 64, 
Ni 81  

Priya, Hait, 
2018 

A. ferrooxidans Ni-Cd batteries  10 g/l Shaking 
flasks 

1.5 28 Ni 45, Cd 
100 
(cathode); 
Ni 5.4, Cd 
98 (anode) 

Velgosová et 
al, 2013; 
Velgosová et 
al, 2014 

A. ferrooxidans 
 

Electroplating 
slugde after acid 
leaching 

8% Combined 
with 
bioelectrical 
reactor 

2.2 9 
hours 

Cu 75.8, Zn 
84.4, Cr 
80.9, Ni 
65.8 

Wu et al 2020 

A. ferrooxidans LED 20 g/l Shaking 
flasks 

2 30 Cu 84, Ni 
96, Ga 60 

Pourhossein, 
Mousavi 2018 

A. ferrooxidans  PCB 20 g/l Mechanical 
activation 

n.d. 9 Cu 94, Zn 
91, Ni 91, 
Pb 10, Cr 
75, Cd 54 

Gu et al 2019 

A. ferrooxidans (1st 
step), E. coli (2nd 
step) 

Hydrodesuphurizati
on spent catalyst 

1%  2/9 25 Mo 99 Vyas, Ting, 
2016 

A. ferrooxidans (1st 
step) 

Hydrodesuphurizati
on spent catalyst 

1%  2 15 Ni 89, Mo 
21, Al 13 

Vyas, Ting, 
2016 

A. ferrooxidans Waste magnets 10 g/l Shaking 
flasks 

1.8 14 Al 96, B 93, 
Co 91, Cu 
71, Nd 86, 
Pr 100 

Auerbach et 
al, 2019a 

A. ferrooxidans e-waste 10% Shaking 
flasks 

2 20 Cu, Fe 100, 
Ni 54 

Arshadi et al 
2019 b 

A. ferrooxidans 
(indirect 
bioleaching) 

LCD 20 g/l Shaking 
flasks 

2 15 Cu 83, 
Ni 97, Ga 
84 

Pourhossein, 
Mousavi 2019 

A. ferrooxidans Metal-plating 
sludge 

9 g/l Shaking 
flasks 

1 7 Cr 56, Ni 58 Rastegar et al. 
2014 

A. ferrooxidans Mobile phone PCB 8.5 g/l  1 20 Cu, Ni 100 Arshadi, 
Mousavi, 
2015 

A. ferrooxidans + 
nitrogen-doped 
carbon nanotubes 
modified electrode 

PCB 20 g/l Shaking 
flasks 

2 9 Cu 99 Gu et al 2017 

A. thiooxidans Spent coin cells 30 g/l  2 16 Li 99, Co 
60, Mn 20 

Nasseri et al 
2019 

A. thiooxidans Waste magnets 10 g/l Shaking 
flasks 

1.8 14 Al 86, B 92, 
Co 26, Cu 
49, Nd 77, 
Pr 100 

Auerbach et 
al, 2019a 

A. thiooxidans WEEE shredding 
dust 

0.5% Shaking 
flasks 

1 8 Cd, Ni, Zn 
100, 
Al 92, Cu 
81,  
Ce, Eu, Nd 
>99 
La, Y 80 

Marra et al 
2018 

A. thiooxidans Lead metallurgical 
slag 

1% Shaking 
flasks 

2.5 28 Co 88, Mo 
40, REE 83, 
V 55 

Mikoda et al, 
2019 

A. thiooxidans Copper 
metallurgical slag 
(shaft furnace slag) 

1% Shaking 
flasks 

2.5 28 Co 100, Mo 
44, REE 70, 
V 70 

Mikoda et al, 
2019 



A. thiooxidans Copper 
metallurgical slag 
(granulated slag) 

1% Shaking 
flasks 

2.5 28 Co 95, Mo 
70, REE 99, 
V 93 

Mikoda et al, 
2019 

A. thiooxidans petroleum refinery 
spent 
hydroprocessing 
catalyst 

n.d. Column 
bioleaching 

3.3 13 Ni 83, Al 
33, Mo 23, 
V 54 

Pathak et al 
2019 

A. thiooxidans LCD 1.6% Shaking 
flasks 

2.6 14 In 100, Sr10 Jowkar et al 
2018 

A. thiooxidans, A. 
ferrooxidans 

Incineration slag 1% Shaking 
flasks 

2.2 7 Al 82, Cu 
94, Mn 71, 
Cd 74, Cr 
14, Ni 70, 
Zn 85 

Auerbach et 
al, 2019b 

A. ferrooxidans, A. 
thiooxidans 

PCB (1 mm – 1 cm) 10 g/l Shaking 
flasks 

1.5 14-35 Cu 88, Zn 
100, Ni 100, 
Al 56 

Sedlakova-
Kadukova et 
al., 2017 

A. ferrooxidans, A. 
thiooxidans 

Zn-Mn batteries 10 g/l Shaking 
flasks 

1.5 7-28 Zn 98, Mn 
80 

Ubaldini et al, 
2014 
Sedlakova-
Kadukova et 
al., 2017 

A. ferrooxidans, A. 
thiooxidans 

Li-ion batteries 10 g/l Shaking 
flasks 

1.5 14-21 Li 80; Co 67 Marcincakova 
et al. 2016 

A. ferrooxidans, L. 
ferrooxidans 
(indirect 
bioleaching) 

PCB 5% Shaking 
flasks 

1.6 9 Cu 94, Zn 
70 

Becci et al 
2020 

A. ferrooxidans, A. 
thiooxidans, L. 
ferriphilum 

Brake pad waste 4% Low-
temperature 
thermal pre-
treatment 

1 9 Cu 98, Zn 
100 

Zhang et al 
2019 

L. ferriphilum PCB (pre-treatment 
with NaCl) 

10 g/l Shaking 
flasks 

2 2-6 Cu 94, Zn 
100, Ni 98 

Shah et al 
2015 

L. ferriphilum 
(indirect 
bioleaching) 

PCB (plates) 125 g/l aeration 1.8 2 Cu 99 Sodha et al 
2020 

L. ferrooxidans Waste magnets 10 g/l Shaking 
flasks 

1.8 14 Al 100, B 
95, Co 94, 
Cu 100, Nd 
100, Pr 100 

Auerbach et 
al, 2019a 

L. ferrooxidans Incineration slag 1% Shaking 
flasks 

2.2 7 Al 57, Cu 
81, Mn 28, 
Cr 17, Ni 
59, Zn 96, 
Co 49, Er 
100, La 54, 
Nd 95, Ce 
55 

Auerbach et 
al, 2019b 

Sulfolobacillus 
thermosulfidooxidans 

PCB (20 mm) 25 g/l Rotating-
drum 
reactor 
(50°C) 

1.75  8 Cu 85 Rodriguez et 
al 2015 

Sulfolobacillus 
thermosulfidooxidans 

PCB (20 mm) 10 g/l Shaking 
flasks 

1.75 6 Cu 99 Rodriguez et 
al 2015 

Consortium of 
acidophilic 
chemotrophic 
bacteria 

Electroplating 
sludge 

15% Fe2+ (9 g/l) 2 1 Cu, Zn, Ni > 
95,6, Cr 
90.3 

Zhang et al., 
2020 

Consortium of 
moderately 
thermophilic 
bacteria 

Electroplating 
sludge 

250 g/l Stirred 
reactor 
(Semi-pilot 
scale) 

1.5 5 
hours 

99% (Cu, 
Zn, Ni, Cr) 

Zhou et al 
2019 

Consortium of 
thermophilic 

Sewage sludge 1.5% Bioreactor 
(pilot-scale) 

2 14 Mn 100, Zn 
60, Ni 41, 

Chen, Cheng, 
2019 



sulphur-oxidising 
bacteria 

Cu 39, Cr 
38 

Consortium of 
moderately 
thermophilic iron 
and sulphur-
oxidising bacteria 

Mixture of Cu-Ni-
Co sulfidic tailing 
and PCB waste 

10% 50 l stirred 
tank reactor 

1.5 90 Cu 92, 
Zn 67, Al 
65 

Akbari, 
Ahmadi, 2019 

Bacterial 
consortium from 
acid mine drainage 
(Acidithiobacillus 
sp. Gallionella sp., 
Leptospirillum sp.) 

PCB 20 g/l Shaking 
flasks 

1.5 5 Cu 95 Xiang et al. 
2010 

Bacterial 
consortium from 
acid mine drainage 

PCB concentrate 12 g/l Shaking 
flasks 

2 2 Cu 97, Al 
88, Zn 92  

Zhu et al 2011 

Consortium of 
moderately 
thermophilic iron 
and sulphur-
oxidising bacteria 

High pressure acid 
leaching residue 

50 g/l Shaking 
flasks 

1.4 15 Co 88, Cu 
56 

Liu et al., 
2020a 

Consortium of acid 
tolerant bacteria 
(mainly L. 
ferriphilum, 
Sulfobacillus 
thermosulfidooxida
ns, Ferroplasma 
thermophilum 

Resin powder 20% 2 l Static 
tank 

0.7 1.5 Cu 99.9, Al 
100 

Liu et al 2020 
b 

Fe-oxidising 
bacteria 

PCB 10 g/l Bioelectrica
l reactor, 
direct 
current 
electric field 

2 3 Cu 100 Wei et al 
2020 

Consortium of Fe 
and S-oxidising 
bacteria dominated 
by A. ferrooxidans 

Mobile phone PCB 15 % 1 l flask 1.5 12 Cu 99, Ni 
48,  

Garg et al 
2019 
 

n.d. not defined 
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