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A B S T R A C T

Tailings are remaining processing waste streams from mines, disposed after valuable minerals extraction from
the mined ore. Tailings contain varying concentrations of residual valuable metals that are currently lost due to
lack of economical treatment possibilities. With sulfide containing tailings there is also a risk of acid rock
drainage. In this study, iron- and sulfur-oxidizing microorganisms were utilized in bioleaching to treat pyrite-
rich tailings to liberate mainly cobalt, alongside with other valuable metals. After adaptation of the microbial
culture and batch bioleaching tests, the continuous-batch mode mini-pilot protocol was applied in 10 L stirred
tank reactors (30 °C, 100 g/L solid content), reaching high leaching yields for the target metals (Co 87%, Zn
100%, Ni 67%, Cu 43%) in approximately 10 days retention time. The results show potential to turn challenging
tailing streams into secondary resource for valuable metals.

1. Introduction

Tailings are residual material streams generated in mining activ-
ities. Regarding sulfide ore mines, tailings are typically produced in
froth flotation process, where valuable sulfide minerals are selectively
separated from non-valuable gangue (Fuerstenau et al., 2007). After the
separation, gangue minerals are disposed in tailing ponds
(Lottermosser, 2010). General characteristics of the tailings include
small particle size (< 100 μm) and formation of slurry in combination
with process water (water content approximately 30%), which leads to
challenges with waste management and dam structures (Lottermosser,
2010; Anderson et al., 2015). Tailings represent the largest material
output in mining activities with an estimated global production of 5–14
billion tons annually (Schoenberger, 2016). Therefore, their proper
management is extremely important.

The chemical and mineralogical composition of the tailings may
vary greatly between different mine sites due to different mineralogy
and mineral liberation, and different mineral processing technologies
applied (Fuerstenau et al., 2007; Anderson et al., 2015). Nevertheless,
some sulfide minerals are always lost into tailings during sulfide ore
mining. If tailing ponds are not properly covered and encapsulated,
water, oxygen and microorganisms can penetrate into the system and
together oxidize sulfides, finally producing sulfuric acid and dissolved
heavy metals (Lottermosser, 2010). This phenomenon, called acid rock
drainage (ARD), is possible when the content of acid generating sulfide

minerals is clearly higher than the acid neutralizing minerals (Lapakko,
2002). Due to the ARD, adverse environmental effects take place due to
the release of toxic heavy metals, acidity and sulfate (Lapakko, 2002;
Lottermosser, 2010; Lindsay et al., 2015).

Despite the adverse effects of tailings on the environment, they also
possess a potential commercial merit due to the presence of residual
valuable metals (Lottermosser, 2010; Lindsay et al., 2015). While the
concentration of valuable metals is typically low, tailings utilization is
encouraged by other characteristics, such as being usually discharged
into an artificial pond (no mining and transportation costs), fine par-
ticle size (possibly no need of comminution), and finally enormous
production volume of tailings (Lottermosser, 2010; Johnson, 2018).
Even though the use of tailings has largely stayed in its infancy, the
stakeholders of the mining industry have identified it as a future raw
material source especially when new technologies are developed
(Kinnunen and Kaksonen, 2019). The optimal solution for the tailings
would be processing them to recover the valuable metals and to remove
adverse environmental effects, by transforming the reactive and
harmful minerals to a stable form. The risks and possibilities related to
tailings have been understood for a long time and therefore solutions
have been sought widely. Suggested treatment technologies or combi-
nations thereof include flotation (Lutandula and Maloba, 2013; Leistner
et al., 2016; Yin et al., 2018), magnetic separation (Bicalho da Rocha
et al., 2019; Zhang et al., 2017; Zhang et al., 2020), size and density
related enrichment (Kumar et al., 2009; Tripathy et al., 2013; Khalil
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et al., 2019), pyrometallurgical treatment (Lei et al., 2017; Fu et al.,
2018; López et al., 2018) and hydrometallurgical extraction (Espiari
et al., 2006; Antonijevic et al., 2008; Aromaa et al., 2013). Bioleaching
utilizing iron- and sulfur-oxidizing microorganisms have gained a sig-
nificant interest for processing of sulfide-rich tailings (Ahmadi et al.,
2015; Martin et al., 2015; Falagán et al., 2017; Vardanyan et al., 2018;
Borja et al., 2019). In addition to laboratory scale research, bioleaching
technology has already reached industrial scale operations regarding
the treatment of tailings or similar side-streams. In Kasese, Uganda,
bioleaching was successfully utilized to recover cobalt from pyrite
tailings using stirred tank reactors (Morin and d'Hugues, 2007). In
Vuonos, Finland, talc mine's sulfidic side-stream was treated with bio-
leaching in stirred tank reactors to recover nickel and arsenic (Neale
et al., 2017).

In the bioleaching process for sulfide minerals, both iron- and
sulfur-oxidizing microorganisms are utilized. The role of iron-oxidizing
microorganisms, such as Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans, is to oxidize dissolved Fe2+ to Fe3+ by dissolved oxygen
from the aeration of the pulp. Fe3+ is a powerful oxidant that also at-
tack on recalcitrant sulfide minerals and leach them (Monchur et al.,
2009; Lindsay et al., 2015). In the sulfide mineral oxidation, Fe3+ is
reduced back to Fe2+ and iron-oxidizing microorganisms reoxidize it
back to Fe3+ allowing the leaching to continue (Sand et al., 2001; van
Aswegen et al., 2007). The role of sulfur-oxidizing bacteria, such as
Acidithiobacillus thiooxidans and Acidithiobacillus caldus, is to oxidize
sulfur compounds to sulfuric acid. The sulfur oxidation is also very
important, as it feeds the protons needed for iron oxidation and keeps
the leach solution acidic and metals in dissolved form (Schippers et al.,
1996; Sand et al., 2001).

In this study, sulfide-rich tailings were leached, utilizing iron- and
sulfur-oxidizing microorganisms in a stirred tank application. The feed
material contained several different valuable metals, namely cobalt,
zinc, nickel and copper. The sample mineralogy was dominated by
pyrite, but was otherwise very complex. The objectives of this study
were to determine the most valuable elements of the sample material,
to understand their behavior in the bioleaching system and finally to
validate the developed bioleaching process in a mini-pilot (bench scale)
system, utilizing a continuous-batch protocol.

2. Materials and methods

2.1. Sample materials

Material owner collected tailings sample from the tailings pond and
conducted size reduction by milling (particle size d80 < 13 μm). The
shipment took place approximately a year after the sampling; meantime
the sample was stored as wet and in closed container. The mineralogical
and elemental composition were analyzed using FE-SEM-EDS by
Geological Survey of Finland and elemental analysis ICP-MS/OES by
Eurofins Labtium Oy, respectively. The results are presented in Tables 1
and 2. The sample material was not sterilized in the experiments.

2.2. Microorganisms

A mixed culture of iron- and sulfur-oxidizing microorganisms, en-
riched from acidic mine waters (Bomberg et al., 2019) was used in the
bioleaching experiments. The mixed culture contained Marinobacter sp.,
Acidithiobacillus spp. (At. ferrooxidans, At. thiooxidans, At. albertensis, At.
ferrivorans), Leptospirillum sp. (L. ferrooxidans), Cuniculiplasma sp., Ni-
trosotenius sp. and Ferroplasma sp. Cultivation and adaptation of the
mixed culture was done in 250mL shake flasks in an orbital shaker
(Stuart SI-500; 34 °C, 150 rpm). The adaptation was started by mixing
90mL of nutrient medium (Table 3), 10mL of active mixed culture and
1 g of tailings sample, thus the starting solid/liquid (S/L) ratio was
10 g/L. If a pH rise was observed during the incubation, the pH was
adjusted with 95% H2SO4 to pH 2.0. When the Eh rose to ≥+810mV,

the obtained culture was reinoculated with increased tailings sample
mass. This was continued until the S/L ratio of 75 g/L was reached. This
adapted microbial culture served as an inoculum for the bioleaching
experiments. The cultivation and adaptation shake flasks were mon-
itored with pH and RedOx potential measurements, using Consort
multi-parameter analyser C3040, with Van London-pHoenix Co. pH and
RedOx electrodes (Ag/AgCl in 3M KCl; pH electrode calibration 1.68 /
4.01 / 7.00; RedOx electrode calibration +650mV). The Eh value was
calculated by adding +210mV to the RedOx meter reading.

2.3. Batch experiments

The first bioleaching tests were done as duplicates in 250mL shake

Table 1
Mineralogical composition of the tailings sample.
Non-sulfidic minerals found at concentrations
≤0.1 wt% are not presented in the table; this group
of minerals is illustrated by “…”.

Mineral Wt%

Pyrite 67.5
Pyrrhotite 5.6
Quartz 5.6
Sphalerite 4.9
Oxidized Fe-sulfide 2.5
Tremolite 2.0
Calcite 1.2
Co-Pentlandite 0.7
Dolomite 0.7
Talc 0.4
Albite 0.2
Plagioclase 0.2
Fe sulphate 0.1
Chalcopyrite 0.1
Pentlandite 0.1
… …
Unclassified 6.7
Total 100

Table 2
Elemental composition of the tailings
sample.

Element Wt%

S 43.6
Fe 35.6
Zn 4.46
Si 2.53
Co 1.17
Ca 1.13
Mg 0.732
Cu 0.408
Ni 0.374
K 0.258
Na 0.244
Al 0.145
As 0.0646
Mn 0.0292
P 0.0134

Table 3
Nutrient medium used in experiments.

Compound Concentration (g/L)

(NH4)2SO4 3.0
K2HPO4 0.50
MgSO4·7H2O 0.50
KCl 0.10
Ca(NO3)2·4H2O 0.014
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flasks in an orbital shaker (Stuart SI-500; 34 °C, 150 rpm). Tests were
started by mixing 90mL of nutrient medium (Table 3), 10mL of active
adapted microbial culture and 5 g of tailings sample (S/L ratio 50 g/L).
A chemical control test was conducted without inoculation by using
100mL of nutrient medium and 5 g of tailings sample. The chemical
control and one bioleaching test had no pH adjustment, while two other
bioleaching tests were manually adjusted during the first 8 h of leaching
to pH 2.0 or 1.6 with 95% H2SO4. This was done to pre-leach the most
reactive acid consuming minerals, such as calcite, talc and pyrrhotite.
Moreover, these pH values were selected as they are generally con-
sidered suitable for the microorganisms found from the used inoculum
(Rawlings, 2002).

The batch stirred tank leaching was conducted in 1 L glass reactors,
equipped with heated water jacket (30 °C), teflon-coated pitch blade
impeller (300 rpm), and aeration into the bottom/centre of the reactor
vessel (air; 1 L/min) via a teflon tube. Tests were started by mixing
900mL of nutrient medium (Table 3), 100mL of active adapted mi-
crobial culture and 40 g of FeSO4·7H2O. The initial iron concentration
in the stirred tank tests was selected according to the final Fe3+ con-
centration observed in the previous shake flask tests. After iron addi-
tion, the reactors were operated until Eh rose to +885mV, signalling
that all the iron was oxidized to Fe3+. Then, 50 g or 100 g of tailings
sample was added (S/L ratio of 50 g/L or 100 g/L, respectively). The pH
was manually maintained at pH 1.5–2.0 during the leaching with 95%
H2SO4 or 10M NaOH. All batch tests were monitored with pH and
RedOx measurements as described in section 2.2. The elemental ana-
lysis of leachates were subcontracted (ICP-MS/OES by Eurofins Labtium
Oy).

2.4. Mini-pilot

The mini-pilot study was done utilizing a continuous-batch mode
testing protocol that mimics the full continuous mode operation and
gives rather similar results (Sandström et al., 1997). The continuous-
batch mode mini-pilot test was done in 10 L titanium reactor, equipped
with baffles, pitch blade impeller (300 rpm), aeration into the bottom/
centre of the reactor vessel (5 L/min) and heat plate to maintain the
temperature at 30 °C. The test was started (“ramp-up phase”) by mixing
9 L of nutrient medium (Table 3), 1 L of active adapted microbial cul-
ture and 453 g of FeSO4·7H2O. The reactor was operated until the Eh
rose to +875mV, signalling that all the iron was oxidized to Fe3+.
Then, the tailings sample was gradually added by 250 g doses to the S/L
ratio of 100 g/L and the reactor was operated until the Eh +875mV
was again reached. This ended the “ramp-up phase” and continuous
mode was started by pumping nutrient medium (Table 3) with 100 g/L
tailings sample to the reactor. The pumping was adjusted to the volume
flow where the Eh was stable at +810mV in the continuous mode
reactor. When stability was found, the system was operated as con-
tinuous steady-state mode for 7 days. Then, the batch mode operation
was started by closing the pump and continuing the leaching until the
Eh reached +875mV. After 7 days, the experiment was ended and
reactor leachates and solids were measured and analyzed. During the
leaching, the pH was manually maintained at approximately pH 1.6
with 95% H2SO4 or 10M NaOH. RedOx potential, pH and elemental
analysis from leachates were conducted as described in section 2.3. The
elemental analysis of residual solids were subcontracted (XRF, Eurofins
Expert Services Oy).

3. Results

3.1. Sample material

The in-situ value was calculated according to the elemental com-
position (Table 2), spot metal prices and estimated tailings pond size of
700 kt (Table 4). The highest economic value was in the recovery of
cobalt. Despite the high content of cobalt in the sample (1.17 wt%;

Table 2), little cobalt minerals was found in the mineralogical analysis
(0.7 wt% of co-pentlandite; Table 1). Thus, it was expected that some
cobalt was incorporated into the pyrite structure, which was confirmed
by FE-SEM-EDS analysis (grains of pyrite with 1–3wt% of cobalt).
Mineralogical analysis identified also some nickel in pyrrhotite (grains
of pyrrhotite with<1wt% of nickel).

3.2. Batch experiments

The evolution of pH and Eh in the shake flask tests is shown in
Fig. 1. The mixture of nutrient medium, active inoculum and tailings
sample resulted in a slurry of pH at approximately 2.0. In the chemical
controls the pH was slightly higher due to the lack of acidic inoculum.
The acid consumption (expressed as g 95% H2SO4 per kg of sample) for
pH adjusted experiments was 27.5 g/kg and 76.9 g/kg for pH 2.0 and
pH 1.6, respectively. Despite the acid addition during the first 8 h of
leaching, the pH level in all bioleaching tests was rather identical from
day 2 onwards. The Eh in all inoculated shake flasks showed a rising
trend and the Eh reached +800mV. However, chemical control test
remained below +570mV. The evolution of cobalt and nickel leaching
in shake flask tests is shown in Fig. 1. The iron leaching was very similar
compared to cobalt, in terms of both kinetics and leaching yield (data
not shown). Zinc leached rapidly, reaching the complete dissolution in
4 days with inoculated shake flasks. However, in the chemical controls
the Zn yield was 83% after 13 days of leaching (data not shown).

The evolution of pH and Eh in batch stirred tank tests is shown
Fig. 2. During the first 6 days of bioleaching, the pH tend to rise. The pH
was adjusted to<2.0 with a total acid consumption of 316 g/kg (S/L
ratio of 50 g/L) and 86 g/kg (S/L ratio of 100 g/L), expressed as g 95%
H2SO4 per kg of sample. After 6 days, the pH started to strongly de-
crease in the reactors. Too low pH range for bioleaching microorgan-
isms was prevented by NaOH addition. The total base consumption was
439 g/kg (S/L ratio of 50 g/L) and 447 g/kg (S/L ratio of 100 g/L),
expressed as g 50% NaOH per kg of sample. Due to the slower increase
in Eh, the test with 100 g/L S/L ratio was continued for additional
6 days.

Leaching yields for cobalt, nickel and zinc in batch stirred tank tests
are shown in Fig. 3. Iron concentration rose from initial 8 g/L to 21 g/L
(S/L ratio of 50 g/L) and to 23 g/L (S/L ratio of 100 g/L), respectively.

3.3. Mini-pilot study

The continuous mode bioleaching system was operated for 160 h
with 79-h retention time, stable Eh at +810mV and pH at 1.5. The acid
addition during this period was 8 g 95% H2SO4 per 1 kg of sample.
During the 160-h continuous operation, all daily measurements showed
stable dissolution of elements in the system, as illustrated by stable
leaching yields in Fig. 4 (on the left: “Continuous mode”; please note
that the continuous operation was always operated with a 79-hour re-
tention time, which does not change with operative days). After the
continuous mode, the system was turned to the batch mode and
leaching was continued for another 171 h. During this phase, system
generated acidity, which was compensated (214 g of 50% NaOH per
1 kg of sample) to maintain the pH 1.5. During the batch mode, the Eh
rose slowly to +875mV (data not shown). The elemental concentration

Table 4
In-situ value calculation of the studied 700 kt tailings pond.

Element Spot price (31.3.2020), $/t metal
(London Metal Exchange, 2020)

Metal value, $/t
tailings

Total value,
M$

Cobalt 29,500 345.15 241.6
Zinc 1937 81.93 57.4
Nickel 11,280 42.19 29.5
Copper 4763 19.43 13.6
Total 488.70 342.1
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increased alongside with prolonged leaching time (Fig. 4; on the right:
“Batch mode”; please note that the retention time increased alongside
the operative days). According to the leachate analysis, leaching yields
reached Co 87%, Zn 100%, Ni 67%, Cu 43% and Fe 100%. After the end
of the continuous-batch test, residual solids were separated by

Fig. 1. The evolution of pH, Eh, and cobalt and nickel leaching yields in shake flask experiments. “CC”=chemical control, “BL pH Free” = bioleaching test without
any pH adjustment, “BL pH 2.0” and “BL pH 1.6” = bioleaching tests with pH adjustment for the first 8 h of leaching to pH 2.0 and 1.6, respectively.

Fig. 2. The evolution of pH and Eh in batch mode operated stirred tanks.
SL= Solid/liquid ratio.

Fig. 3. Leaching yields of cobalt, nickel and zinc during the stirred tank bio-
leaching tests. 50 g/L and 100 g/L indicate the used S/L ratio in the experi-
ments.
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filtration, washed, and analyzed. Based on the solid residue elemental
analysis, the leaching yields for Co, Zn, Ni, Cu and Fe were 51%, 100%,
31%, 69% and 59%, respectively.

4. Discussion

In shake flask experiments, all inoculated tests reached pH 1.5 and
Eh +800mV, while in the chemical control test, the pH was increasing
and the Eh rose only marginally. This illustrated that Fe2+ released
from pyrite and/or pyrrhotite was biologically oxidized to Fe3+, and
the released sulfur species were further biologically oxidized to sulfuric
acid. Both reaction routes have been explained in detail by Schippers
et al. (1996) and Sand et al. (2001). The highly acidic and oxidizing
leach solutions generated by biological reactions were beneficial for
cobalt and zinc leaching yields, compared to the chemical control test,
where the leaching took place at less aggressive conditions. Therefore,
bioleaching was considered as a promising technology and studies were
continued in batch reactors.

In stirred tank experiments, it was seen that low S/L ratio (50 g/L)
was beneficial for reaching high cobalt and nickel leaching yields more
rapidly. The reason for higher leaching yields with low S/L ratio was
expected to relate to the remarkably higher Eh values, thus providing
more oxidative power for metal sulfide leaching. This was seen espe-
cially for cobalt, which was partly incorporated into the recalcitrant
pyrite matrix. Contrarily, sphalerite is known to dissolve already at
lower Eh, which was illustrated also here in both tests by the rapid and
complete leaching of zinc. The batch tests also revealed that some part
of nickel was easily dissolving: according to shake flask tests up to 40%
and stirred tank tests up to 10%. The easily dissolving part of the nickel
was expected to be incorporated into the highly reactive pyrrhotite,
while the rest was in a more recalcitrant form, e.g. as Co-pentlandite
and pentlandite. The relative resistance against oxidation and oxidation
order for metal sulfides has been discussed in detail by Monchur et al.
(2009) and Arpalahti and Lundström (2018).

The mini-pilot was operated with S/L ratio of 100 g/L, although the
batch stirred tank experiment suggested that the S/L ratio of 50 g/L
could result in higher dissolution rate with less time, compared to S/L
ratio of 100 g/L. However, the increase of S/L ratio decreased the
consumption of chemicals (i.e. decreased costs of process). The typical
S/L ratios have been 100–150 g/L in industrial operations (Morin and

d'Hugues, 2007; Neale et al., 2017). The higher S/L ratio also allows
smaller reactor sizes, which is important for the economics of bio-
leaching processes. In the actual mini-pilot operation, the continuous-
batch protocol was applied. After the “ramp-up phase” the system was
operated in continuous mode with a retention time of 79 h. This phase
practically mimics the first stage of reactors in a continuous bioleaching
process. During this continuous mode, the acid consumption was ex-
tremely low compared to the preliminary stirred tank batch operation
(8 g versus 86 g of 95% H2SO4 per kg tailings). As expected, the
leaching yields for Co, Ni, Fe and Cu were low during the continuous
operation, since the retention time was deliberately too short for effi-
cient process. However, Zn was observed to dissolve rather well with
the 79-h leaching. By changing the system to the batch mode after
continuous operation, the total retention time was increased, and the
obtained leaching profiles is expected to describe the kinetics in the
subsequent reactors in series. The cobalt and iron dissolved rather si-
milarly, due to their partial presence in pyrite. A relatively low copper
leaching yield was expected due to its presence as recalcitrant chalco-
pyrite (Monchur et al., 2009). Moreover, the increase of dissolution rate
slowed down after the retention time of 103 h, signalling possibly
chalcopyrite passivation (Stott et al., 2000). The total retention time of
the mini-pilot was 247 h (approximately 10 days), resulting in 87%
cobalt leaching yield. The industrial bioleaching processes treating
sulfide tailings or side-streams have been reported to operate with a
shorter retention time (6–7 days) with equal or higher S/L ratios
(100–150 g/L). Recovery rates of 80% for the main target elements
have been reported (Morin and d'Hugues, 2007; Neale et al., 2017) at a
similar level as in this study. The bioleaching process developed here
can be further improved in terms of leaching kinetics and treatment
capacity (S/L ratio). A clear improvement would be the usage of CaCO3

instead of NaOH for pH adjustment. The tailings in this study contained
only 1.2 wt% of carbonate (Table 1). According to van Aswegen et al.
(2007), carbonate content should be at least 2 wt%, or otherwise the
purged air should be enriched with CO2 or CaCO3 as pH control che-
mical. As material in this research was clearly acid producing, addition
of CaCO3 would be the simplest way to provide enough carbon for the
microorganisms. Another expected improvement would be temperature
elevation to 40–45 °C, which is used at industrial applications (Morin
and d'Hugues, 2007; Neale et al., 2017) and is expected to increase the
leaching kinetics.

Some challenges in mini-pilot operation with continuous-batch
mode operation were observed. Clearly lower leaching yields for cobalt,
iron and nickel and significantly higher leaching yields for copper were
obtained with solid residue analysis compared to the leachate analysis.
One possible explanation is that residual solids were collected and
analyzed only at the end of the experiment, and therefore the result is
difficult to evaluate. The reason for not taking more solid samples was
the usage of relatively small reactor (10L) together with small volume
flow. Therefore, solid sampling (50 g solid per analysis) would have
disrupted the continuous operation strongly. Moreover, the continuous
and accurate monitoring of the actual S/L ratio of the process was
challenging. It is possible that during the continuous operation slow
accumulation of solids was taking place in the stirred tank system.
Furthermore, very recalcitrant and dense sulfide minerals may have
been accumulating to the system while more reactive minerals (e.g.
pyrrhotite, sphalerite, tremolite, calcite and talc) have been slowly
depleting (i.e. system not in complete steady-state condition). However,
none of these suggestions explains why copper dissolution rate was
higher according to the solid residue analysis than leachate analysis:
chalcopyrite is very recalcitrant (Monchur et al., 2009) and would
signal the slow build-up of solids in reactor. We propose that the further
research of continuous-batch research protocol would be conducted
with ≥20 L reactor size, to increase the volume flows and enable better
analysis of the solids in the reactor. Moreover, the actual S/L ratio (as
the function of time) must be measured frequently and accurately.

Fig. 4. Leaching yields of metals in mini-pilot experiment, according to the
leachate measurements. The dashed vertical line illustrates the change from
continuous mode to batch mode. RT= retention time. The retention time is
always 79 h in the continuous mode (standard input/output volume flows), but
increases in the batch mode alongside operative duration (no input/output
flows= increase of retention time).
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5. Conclusions

In this study, pyrite-rich tailings were bioleached by utilizing iron-
and sulfur-oxidizing microorganisms in the stirred tank application. The
main emphasis was on cobalt recovery as it was the most valuable
element in the tailings by total economic value. The continuous-batch
mode experimental protocol was used to reach mini-pilot scale and to
evaluate the applicability of bioleaching technology for the material.
According to the results, the retention time of approximately 10 days
resulted in 87% cobalt leaching yield. In terms of kinetics, the process
was somewhat slower than industrial bioleaching processes treating
sulfide tailings or side-streams. The process illustrated here could be
improved by changing the neutralizing chemical from NaOH to CaCO3,
both due to the chemical price, but also providing more carbon for the
microorganisms. Moreover, elevated temperature (from 30 °C to
40–45 °C) is expected to increase kinetics. The results show the poten-
tial to turn tailings into secondary resource for valuable metals.

Declaration of Competing Interest

None.

Acknowledgements

This work was supported by the Academy of Finland project EcoTail
“Valorization of Tailings for Circular Economy” [Decision number
306079]; and European Commission Horizon 2020 project NEMO
“Near-zero-waste recycling of low-grade sulphidic mining waste for
critical-metal, mineral and construction raw-material production in a
circular economy” [Grant Agreement number 776846], https://h2020-
nemo.eu/.

References

Ahmadi, A., Khezri, M., Abdollahzadeh, A.A., Askari, M., 2015. Bioleaching of copper,
nickel and cobalt from the low grade sulfidic tailing of Golgohar Iron mine, Iran.
Hydrometallurgy 154, 1–8. https://doi.org/10.1016/j.hydromet.2015.03.006.

Anderson, C., Napier-Munn, T., Wills, B., 2015. Wills' Mineral Processing Technology: An
Introduction to the Practical Aspects of Ore Treatment and Mineral Recovery.
Elsevier Science & Technology. Butterworth-Heinemann, The Boulevard, Langford
Lane, Kidlington, Oxford PX5 1 GB, UK.

Antonijevic, M.M., Dimitrijevic, M.D., Stevanovic, Z.O., Serbula, S.M., Bogdanovic, S.M.,
2008. Investigation of the possibility of copper recovery from the flotation tailings by
acid leaching. J. Hazard. Mater. 158, 23–34. https://doi.org/10.1016/j.jhazmat.
2008.01.063.

Aromaa, J., Makinen, J., Vepsalainen, H., Kaartinen, T., Wahlstrom, M., Forsen, O., 2013.
Comparison of chemical and biological leaching of sulfide tailings. Physicochem.
Probl. Miner. Process. 49 (2), 607–620. https://doi.org/10.5277/ppmp130220.

Arpalahti, A., Lundström, M., 2018. The leaching behavior of minerals from a pyrrhotite-
rich pentlandite ore during heap leaching. Miner. Eng. 119, 116–125. https://doi.
org/10.1016/j.mineng.2018.01.025.

Bicalho da Rocha, R., Linhares Reis, E., Pancrácio Ribeiro, J., 2019. Wet high-intensity
magnetic separators (WHIMS) for recovering Iron from tailings deposited in dams.
Miner. Process. Extr. M. https://doi.org/10.1080/08827508.2019.1672061.

Bomberg, M., Mäkinen, J., Salo, M., Kinnunen, P., 2019. High Diversity in Iron Cycling
Microbial Communities in Acidic, Iron-Rich Water of the Pyhäsalmi Mine, Finland.
Geofluids. 2019https://doi.org/10.1155/2019/7401304. Article ID 7401304, 17
pages, 2019.

Borja, D., Nguyen, K.A., Silva, R.A., Ngoma, E., Petersen, J., Harrison, S.T.L., Park, J.H.,
Kim, H., 2019. Continuous bioleaching of arsenopyrite from mine tailings using an
adapted mesophilic microbial culture. Hydrometallurgy 187, 187–194. https://doi.
org/10.1016/j.hydromet.2019.05.022.

Espiari, S., Rashchi, F., Sadrnezhaad, S.K., 2006. Hydrometallurgical treatment of tailings
with high zinc content. Hydrometallurgy 82, 54–62. https://doi.org/10.1016/j.
hydromet.2006.01.005.

Falagán, C., Grail, B.M., Johnson, D.B., 2017. New approaches for extracting and re-
covering metals from mine tailings. Miner. Eng. 106, 71–78. https://doi.org/10.
1016/j.mineng.2016.10.008.

Fu, P., Li, Z.L., Feng, J., Bian, Z., 2018. Recovery of gold and iron from cyanide tailings
with a combined direct reduction roasting and leaching process. Metals 8, 561.
https://doi.org/10.3390/met8070561.

Fuerstenau, M.C., Chander, S., Woods, P., 2007. Sulfide mineral flotation. In: Fuerstenau,
M.C., Jameson, G.J., Yoon, R.H. (Eds.), Froth Flotation: A Century of Innovation.
Society for Mining, Metallurgy and Exploration Inc, Littleton, Colorado, USA, pp.

425–465.
Johnson, D.B., 2018. The evolution, current status, and future prospects of using bio-

technologies in the mineral extraction and metal recovery sectors. Minerals 8, 343.
https://doi.org/10.3390/min8080343.

Khalil, A., Argane, R., Benzaazoua, M., Bouzahzah, H., Taha, Y., Hakkou, R., 2019. Pb–Zn
mine tailings reprocessing using centrifugal dense media separation. Miner. Eng. 131,
28–37. https://doi.org/10.1016/j.mineng.2018.10.023.

Kinnunen, P.H.-M., Kaksonen, A.H., 2019. Towards circular economy in mining: oppor-
tunities and bottlenecks for tailings valorization. J. Clean. Prod. 228, 153–160.
https://doi.org/10.1016/j.jclepro.2019.04.171.

Kumar, C.R., Tripathy, S., Rao, D.S., 2009. Characterisation and pre-concentration of
chromite values from plant tailings using Floatex density separator. J. Miner. Mater.
Charact. Eng. 8, 367–378. https://doi.org/10.4236/jmmce.2009.85033.

Lapakko, K., 2002. Metal Mine Rock and Waste Characterization Tools: An Overview.
Minnesota Department of Natural Resources, US. April 2002, No 67.

Lei, C., Yan, B., Chen, T., Xiao, X.-M., 2017. Recovery of metals from the roasted lead-zinc
tailings by magnetizing roasting followed by magnetic separation. J. Clean. Prod.
158, 73–80. https://doi.org/10.1016/j.jclepro.2017.04.164.

Leistner, T., Embrechts, M., Leissner, T., Chehreh Chelgani, S., Osbahr, I., Möckel, R.,
Peuker, U.A., 2016. A study of the reprocessing of fine and ultrafine cassiterite from
gravity tailing residues by using various flotation techniques. Miner. Eng. 96-97,
94–98. https://doi.org/10.1016/j.mineng.2016.06.020.

Lindsay, M.B.J., Moncur, M.C., Bain, J.G., Jambor, J.L., Ptacek, C.J., Blowes, D.W., 2015.
Geochemical and mineralogical aspects of sulfide mine tailings. Appl. Geochem. 57,
157–177. https://doi.org/10.1016/j.apgeochem.2015.01.009.

London Metal Exchange. https://www.lme.com/ (Accessed on 31.3.2020).
López, F.A., García-Díaz, I., Rodrígues Largo, O., García Polonio, F., Llorens, T., 2018.

Recovery and purification of tin from tailings from the Penouta Sn–ta–Nb deposit.
Minerals 8, 20. https://doi.org/10.3390/min8010020.

Lottermosser, B.G., 2010. Mine Wastes Characterization, Treatment, Environmental
Impacts, Third edition. Springer-Verlag, Berlin Heidelberg.

Lutandula, M.S., Maloba, B., 2013. Recovery of cobalt and copper through reprocessing of
tailings from flotation of oxidised ores. J. Environ. Chem. Eng. 1, 1085–1090. https://
doi.org/10.1016/j.jece.2013.08.025.

Martin, M., Janneck, E., Kermer, R., Patzig, A., Rechel, S., 2015. Recovery of indium from
sphalerite ore and flotation tailings by bioleaching and subsequent precipitation
processes. Miner. Eng. 75, 94–99. https://doi.org/10.1016/j.mineng.2014.11.015.

Monchur, M.C., Jambor, J.L., Ptacek, C.J., Blowes, D.W., 2009. Mine drainage from the
weathering of sulfide minerals and magnetite. Appl. Geochem. 24, 2362–2373.
https://doi.org/10.1016/j.apgeochem.2009.09.013.

Morin, D.H.R., d'Hugues, P., 2007. Bioleaching of a cobalt-containing pyrite in stirred
reactors. In: Rawlings, D.E., Johnson, D.B. (Eds.), Biomining. Springer-Verlag, Berlin
Heidelberg, pp. 35–54.

Neale, J., Seppälä, J., Laukka, A., van Aswegen, P., Barnett, S., Gericke, M., 2017. The
MONDO minerals nickel sulfide bioleach project: from test work to early plant op-
eration. Solid State Phenom. 262, 28–32. https://doi.org/10.4028/www.scientific.
net/SSP.262.28.

Rawlings, D.E., 2002. Heavy metal mining using microbes. Annu. Rev. Microbiol. 56,
65–91. https://doi.org/10.1146/annurev.micro.56.012302.161052. 2002.

Sand, W., Gehrke, T., Jozsa, P.-G., Schippers, A., 2001. (Bio) chemistry of bacterial lea-
ching—direct vs. indirect bioleaching. Hydrometallurgy 59, 159–175. https://doi.
org/10.1016/S0304-386X(00)00180-8.

Sandström, Å., Sundkvist, J.-E., Peterson, S., 1997. Bio-oxidation of a complex zinc sul-
phide ore: a study performed in continuous bench- and pilot scale. In: Proceedings of
the International BiohydrometallurgySympoisum IBS97-BIOMINE97 “Biotechnology
Comes of Age”. Australian Mineral Foundation, Glenside, Australia (1997, pp.
M1.1.1-M1.1.11).

Schippers, A., Jozsa, P.-G., Sand, W., 1996. Sulfur chemistry in bacterial leaching of
pyrite. Appl. Environ. Microbiol. 62, 3424–3431. https://doi.org/10.1128/AEM.62.
9.3424-3431.1996.

Schoenberger, E., 2016. Environmentally sustainable mining: the case of tailings storage
facilities. Res. Policy 49, 119–128. https://doi.org/10.1016/j.resourpol.2016.04.009.

Stott, M.B., Watling, H.R., Franzmann, P.D., Sutton, D., 2000. The role of iron-hydroxy
precipitates in the passivation of chalcopyrite during bioleaching. Miner. Eng. 13,
1117–1127. https://doi.org/10.1016/S0892-6875(00)00095-9.

Tripathy, S.L., Murthy, Y.R., Singh, V., 2013. Characterisation and separation studies of
Indian chromite beneficiation plant tailing. Int. J. Miner. Process. 122, 47–53.
https://doi.org/10.1016/j.minpro.2013.04.008.

van Aswegen, P.C., van Niekerk, J., Olivier, W., 2007. The BIOX™ process for the treat-
ment of refractory gold concentrates. In: Rawlings, D.E., Johnson, D.B. (Eds.),
Biomining. Springer-Verlag, Berlin Heidelberg, pp. 35–54.

Vardanyan, N., Sevoyan, G., Navasardyan, T., Vardanyan, A., 2018. Recovery of valuable
metals from polymetallic mine tailings by natural microbial consortium. Environ.
Technol. 40 (26), 1–23. https://doi.org/10.1080/09593330.2018.1478454.

Yin, Z., Sun, W., Hu, Y., Zhang, C., Guan, Q., Wu, K., 2018. Evaluation of the possibility of
copper recovery from tailings by flotation through bench-scale, commissioning, and
industrial tests. J. Clean. Prod. 171, 1039–1048. https://doi.org/10.1016/j.jclepro.
2017.10.020.

Zhang, X., Tan, X., Yi, Y., Liu, W., Li, C., 2017. Recovery of manganese ore tailings by
high-gradient magnetic separation and hydrometallurgical method. JOM 69,
2352–2357. https://doi.org/10.1007/s11837-017-2521-5.

Zhang, H., Zeng, J., Xie, H., Guan, C., Chen, L., 2020. Enhanced separation for ilmenite
tailings with a novel HGMS-flotation process. Sep. Sci. Technol. 55, 752–760. https://
doi.org/10.1080/01496395.2019.1567546.

J. Mäkinen, et al. Hydrometallurgy 196 (2020) 105418

6

https://h2020-nemo.eu/
https://h2020-nemo.eu/
https://doi.org/10.1016/j.hydromet.2015.03.006
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0010
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0010
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0010
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0010
https://doi.org/10.1016/j.jhazmat.2008.01.063
https://doi.org/10.1016/j.jhazmat.2008.01.063
https://doi.org/10.5277/ppmp130220
https://doi.org/10.1016/j.mineng.2018.01.025
https://doi.org/10.1016/j.mineng.2018.01.025
https://doi.org/10.1080/08827508.2019.1672061
https://doi.org/10.1155/2019/7401304
https://doi.org/10.1016/j.hydromet.2019.05.022
https://doi.org/10.1016/j.hydromet.2019.05.022
https://doi.org/10.1016/j.hydromet.2006.01.005
https://doi.org/10.1016/j.hydromet.2006.01.005
https://doi.org/10.1016/j.mineng.2016.10.008
https://doi.org/10.1016/j.mineng.2016.10.008
https://doi.org/10.3390/met8070561
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0060
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0060
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0060
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0060
https://doi.org/10.3390/min8080343
https://doi.org/10.1016/j.mineng.2018.10.023
https://doi.org/10.1016/j.jclepro.2019.04.171
https://doi.org/10.4236/jmmce.2009.85033
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0085
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0085
https://doi.org/10.1016/j.jclepro.2017.04.164
https://doi.org/10.1016/j.mineng.2016.06.020
https://doi.org/10.1016/j.apgeochem.2015.01.009
https://www.lme.com/
https://doi.org/10.3390/min8010020
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0115
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0115
https://doi.org/10.1016/j.jece.2013.08.025
https://doi.org/10.1016/j.jece.2013.08.025
https://doi.org/10.1016/j.mineng.2014.11.015
https://doi.org/10.1016/j.apgeochem.2009.09.013
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0135
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0135
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0135
https://doi.org/10.4028/www.scientific.net/SSP.262.28
https://doi.org/10.4028/www.scientific.net/SSP.262.28
https://doi.org/10.1146/annurev.micro.56.012302.161052
https://doi.org/10.1016/S0304-386X(00)00180-8
https://doi.org/10.1016/S0304-386X(00)00180-8
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0155
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0155
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0155
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0155
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0155
https://doi.org/10.1128/AEM.62.9.3424-3431.1996
https://doi.org/10.1128/AEM.62.9.3424-3431.1996
https://doi.org/10.1016/j.resourpol.2016.04.009
https://doi.org/10.1016/S0892-6875(00)00095-9
https://doi.org/10.1016/j.minpro.2013.04.008
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0180
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0180
http://refhub.elsevier.com/S0304-386X(20)30410-2/rf0180
https://doi.org/10.1080/09593330.2018.1478454
https://doi.org/10.1016/j.jclepro.2017.10.020
https://doi.org/10.1016/j.jclepro.2017.10.020
https://doi.org/10.1007/s11837-017-2521-5
https://doi.org/10.1080/01496395.2019.1567546
https://doi.org/10.1080/01496395.2019.1567546

	Bioleaching of cobalt from sulfide mining tailings; a mini-pilot study
	Introduction
	Materials and methods
	Sample materials
	Microorganisms
	Batch experiments
	Mini-pilot

	Results
	Sample material
	Batch experiments
	Mini-pilot study

	Discussion
	Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References




