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Bioleaching of sphalerite sample from Kooshk lead—zinc tailing dam
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Abstract: The zinc extraction from Kooshk lead—zinc tailing dam’s sample was investigated by bioleaching method. The Kooshk
lead—zinc deposit/mine is located in Yazd province, Iran, and its tailing dam contains about 3.64% zinc, 0.97% lead and 24.18% iron.
Experiments were designed and carried out by a mixed culture of mesophile bacteria as well as a mixed culture of moderate
thermophile strain in the shake flasks. The results indicated that, more than 90% of sphalerite was dissolved during 14 d, while
without bacteria, 44% of Zn was merely extracted. In addition, some experiments were performed in the absence of the bacterial
medium (9K). The results of these experiments indicated significant difference in Zn extraction with and without 9K until the 10th
day of bioleaching, but after that the Zn extraction was improved and the same extraction was achieved at the end of bioleaching tests.
This improvement can be attributed to the increase of the number of bacteria or Fe*" concentration at the last days of leaching. Zn
extraction kinetics of moderate thermophile bacteria was significantly higher than that of the mesophile, therefore sphalerite was
successfully dissolved in preference to the pyrite using moderate thermophile bacteria in a lower redox potential.
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1 Introduction

Kooshk lead—zinc deposit/mine is one of the
sedimentary-black shale deposits in the world which is
located in Yazd province, Iran. Black shale is hosted
sulfide minerals of lead and zinc in this deposit. The
major sulphides are pyrite, sphalerite and galena [1,2].
The average mill feed grade of Kooshk in 2011 was
1.98% lead, 8.45% zinc, 15% iron and 1% organic
carbon.

The Kooshk tailing dam contains approximately 5
million tons of historic sphalerite tailings grading 3.64%
zingc, 0.97% lead and 24.18% iron. Therefore, evaluation
of Zn extraction from the mentioned tailings is valuable.

The tailings contain high amount of pyrite and
organic carbon, and the sizes of particles are fine.
Flotation results showed that lower than 50% of
sphalerite can be recovered by flotation process and
tailings characteristics indicated that it is difficult to
recover the remained sphalerite by the flotation process
[3]. Therefore, bioleaching method was implemented to
study the Zn extraction from the Kooshk tailings.

In recent years, bioleaching processes have gained

importance for the extraction of metals particularly from
the difficult-to-treat and low grade ores/concentrates.
And biomining has application as an alternative to more
traditional physical-chemical methods of mineral
processing [4,5].

Bioleaching is essentially a dissolution process
which is based on the exploitation of acidophilic bacteria,
and has the ability of deriving the energy required for
their growth and other metabolic functions from the
oxidation of ferrous iron (Eq. (1)), and/or elemental
sulphur (Eq. (2)) or reduced sulphur compounds [6,7].

2Fe?*+0.50,+2H" — 2Fe**+H,0 (D
0.125S+1.50,+H,0—2H'+S0%" (2)

The reaction products, ferric iron and/or acid, attack
the sulphide minerals, such as sphalerite (Egs. (3) and
(4)), leading to their dissolution [8].

ZnS+2Fe*" —Zn?"+2Fe*'+S (3)
ZnS+2H" — Zn*"+H,S “)

Bacterial tank leaching of zinc from flotation
tailings was investigated by PANNI et al [9]. Zinc was
leached under continuous conditions at 28—30 °C in
agitated tanks with pulp densities of 16.7%, 28.6% and
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40.0% of solid in mass fraction [9]. Zn(II) from Nigerian
sphalerite ore was bioleached by a mixed culture of
acidophilic bacteria [10]. GeoBiotics and Kumba
Resources have investigated the feasibility of applying
the GEOCOAT process to the leaching and recovering of
zinc from a low-grade sphalerite concentrate produced
from accumulated flotation tailings at Kumba’s Rosh
Pinah zinc mine in Namibia [11].

The main objective of this research was to
investigate the zinc extraction using bioleaching process
from the Kooshk lead—zinc tailing dam’s sample.
Mixture of three mesophile bacteria, and mixture of four
moderate thermophile bacteria were applied to
bioleaching process. In addition, because of the tailing
characteristics, the effect of removing bacterial medium
(9K) was studied under the optimum condition of

experiments.
2 Experimental

2.1 Tailings mineralogy and characteristics

A representative sample was obtained from the
Kooshk tailing dam. Although the dg, of particles size
was 90 pum, particles with size of minus 53 pm was used
for experiments. Particles were sized using cyclosizer.
Figure 1 presents that about 50% of tailing sample is
finer than 11 pm. Chemical analysis and mineralogical
compositions of the sample are presented in Table 1. The
tailing contains 3.42% Zn, 1.54% Pb and 27.76% Fe.
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Fig. 1 Size distribution of tailings

Analysis showed that pyrite is the dominate mineral
in sample with content of 62.2%. Mineralogical studies
indicated that sphalerite is present in free grains,
enclosed with pyrite, and in some cases pyrite is in
sphalerite matrix (Fig. 2). Figure 2 also illustrates that
pyrite forms include slimes, spherical (bacteriogenic and
framboidal) and spherulites.

Table 1 Chemical and mineralogical composition of tailings

Element/mineral Mass fraction/%

Zn 3.47

Fe 27.56

Pb 1.54

S 28.6

C, (Organic carbon) 2.2
Cr (Total carbon) 2.8
FeS, 62.2
ZnS 53
PbS 2.1
Quartz 6.3
Montmorillonite 5.8
Pyrophyllite 5.8
Talc 5.8
Gypsum 4.3
Albite 2.2

2.2 Carbon analysis

Carbon and sulfur were determined and analyzed by
LECO. The results showed that there is about 2.2% of
organic carbon and 28.6% of sulfur in the sample (Table
1). To determine the carbon which is disordered or
graphitic, Raman spectroscopic analysis was used on
carbonaceous matter. The Raman spectrum, in the first
order region, of carbonaceous matter includes a graphite
peak (G peak) at around 1580 cm™'. Disordered carbon
also contains a peak at around 1360 cm ™' (D, peak) and a
peak at around 1620 cm™' (D,). The D, peak appears as a
right shoulder on the G peak, and in more disordered
carbon it merges together with the G peak, causing a
broad G+D, peak around 1600 cm ™' [12—15].

Characteristics study of tailing sample indicated that
the organic matters in the sample are poorly crystalline
carbon (Fig. 3); they have a D, peak at around 1303 cm ™',

and a merged G and D, peak at around 1597 cm .

2.3 Medium and microorganisms

A mixed strain of mesophile bacteria of A.
ferrooxidans, A. thiooxidans and L. ferrooxidans,
isolated from the acidic water drainage of the
Sarcheshmeh copper mine, located in Kerman province,
Iran, was used in this study. The bacteria were
subcultured in the laboratory, using 9K medium (3 g/L
(NH4)2$O4, 0.5 g/L MgSO4 7H20, 0.5 g/L K2HPO4, and
0.1 g/L KCl at pH=2). The bacteria were then cultured by
inoculating 10 mL of a pure strain of the bacterial cells
into the 90 mL of medium. Moreover, potassium nitrate
was used to maintain the ionic strength. The cells were
incubated at 30 °C in a rotary shaker maintained at 150
r/min.
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Fig. 2 Sphalerite and pyrite minerals in tailings: (a) Free sphalerite and sphalerite enclosed with pyrite; (b) Pyrite in matrix of

sphalerite; (c) Slimes of pyrite; (d) Frambodal pyrite; (e) Bacteriogenic pyrite; (f) Spherulite pyrite
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Fig. 3 Raman signature of carbon in tailings

A moderately thermophilic culture (at 45 °C) was
also obtained from the Mintek Company (South Africa).
This culture was mainly composed of sulfur-oxidizing
bacteria with a lower proportion of iron (II) ion-
oxidizing microorganisms. The moderate thermophile

culture contained Acidithiobacillus caldus,
Leptospirillum  ferriphilum, Sulfobacillus sp. and
Ferroplasma acidophilum. The bacteria were subcultured
in the laboratory using 9K medium too.

2.4 Bacterial adaptation and bioleaching

The bacterial adaptation process started by adding
1 g of sample to 90 mL fresh medium and 10 mL cell
culture. In each stage of adaptation, the adapted cells
from the previous stage were used to the next stage, and
the process continued until 20 g of tailings sample was
added to 100 mL of solution.

All experiments were carried out in 250 mL
Erlenmeyer flasks containing 100 mL of solution. The
experiments were then conducted with 10% inoculum in
a rotary shaker at 150 r/min and 30 °C and 45 °C. Three
control factors and their levels used in the experiments
are presented in Table 2. Eleven experiments were
designed and carried out in shake flasks.
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Table 2 Studied factors and their levels in bioleaching
experiments

Level A (pH) B (pulp density)/% C (Initial Fe*")/(g'L™")

Low 1.5 5 0
Center 1.75 7.5 8
High 2 10 16

3 Results and discussion

Eleven bioleaching experiments were designed and
carried out. The experimental conditions and their
responses are presented in Table 3. Design Expert (DX)
software was used to design and analysis of the results,
from which appropriate models (among several models)
were chosen and fitted to the responses. Four models
were fitted to Zn and Fe extraction as well as Zn and Fe
grade as follows:

n(Zn)=88+2.684

p(Zn)=2.3+0.75B
n(Fe)=+42.89-8.72B+10.33C—6.51 AC+6.494BC
p(Fe)=9.25+0.864+4.87C+0.454B8+0.374C

where 7(Zn) and #n(Fe) are the extraction rates of Zn and
Fe, respectively; p(Zn) and p(Fe) are the concentrations
of Zn and Fe in the solution, respectively.

In these models 4 is pH, B is pulp density, C is
initial Fe™ and 4B, AC, ABC are the interaction of main
parameters. All variables in mathematical models are in
coded values.

Table 3 Bioleaching experiments plan and obtained results

Concentration/ Extraction
Factor a
No. (gLl rate/%
A B Zn Fe Zn Fe

C
1.5 5 0 1.477 4.23 85.01 27.40
2 5 0 1.577 7.55 90.76  48.92
1.5 10 0 2971 7.46 85.67 24.17
2 10 0 2977 9.18 85.67 29.74
1.5 5§ 16 1.477 12.39 85.01 80.30
2 5 16 1.597 7.69 91.91 49.83
1.5 10 16 2971 11.92 85.67 38.63
8 2 10 16 3.277 13.62 94.30 44.14
9 175 175 8 2377 8.14 91.20 35.16
10 1.75 7.5 8 2.497 10.57 95.81 45.67
11 1.75 75 8 2477 9.69 95.04 41.86

~N N R W N =

3.1 Effect of designed parameters

Figure 4(a) illustrates the effect of significant
parameter of pH on the Zn extraction. It shows that with
changing of pH from 1.5 to 2.0, Zn extraction rate
increases from about 85% to 91% significantly. Two
other parameters of pulp density and initial Fe** are not

significant factors to the Zn dissolution in the selected
levels. According to the proposed and selected model,
pulp density is the only parameter which could
dramatically change the Zn concentration in the
bioleaching solution. Figure 4(b) presents the variation
of Zn concentration in different pulp densities, in which
Zn concentration is considerably surged from 1.5 to 3
g/L in solution with changing of pulp density from 5% to
10%.
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Fig. 4 Effect of designed parameters on bioleaching process of
tailings: (a) Effect of pH on Zn extraction; (b) Effect of pulp
density on Zn concentration

3.2 Optimization and confirmation tests

The main objective of model fitting was to find
significant factors in the bioleaching process and find the
optimum condition, in which the highest Zn
concentration in the leachate and extraction could be
achieved with the lowest Fe extraction rate in the
experiments. Optimum conditions were then predicted
according to the fitted models. In the proposed optimum
point (pH=2, pulp density 10%, without initial Fe"
addition), it was predicted that 90%—91% of zinc would
be dissolved with concentration of 3.05 g/L in the
solution. Therefore, the confirmation test was
accordingly carried out in the predicted optimum
conditions against the time. The predicted and actual
results are shown in Table 4. The experimental values
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Table 4 Actual and predicted values of optimum points (confirmation tests)

Sample Leaching time/d Zn extraction rate/% Zn concentration/(g-L™") Fe extraction rate/% Fe®" concentration/(g'L™")
Prediction 14 90.66 3.05 23.85 8.39
) 10 89.33 3.10 23.23 6.45
Confirmation test
14 91.21 3.17 51.75 14.37

were found to be close to the predicted values of Zn
concentrate and extraction rate. The results showed that
after 10 d of bacterial leaching, about 89% sphalerite was
leached out, and with increasing the leaching time to 14
d, Zn extraction rate was improved only 2%, while Fe
extraction rate during the last 4 d of leaching was
doubled. Zn concentration and extraction models were
successfully validated in the confidence interval of 90%.
The confirmation tests also verified the predicted results
for Fe concentration and extraction rate responses for
leaching time of 10 d and not for 14 d. Leaching
residuals of confirmation tests were analyzed and the
recoveries were calculated over feed grades and residual
grades. Zn and Fe contents of residuals were 0.48% and
24%, respectively. The results indicated that 91.63% of
Zn was extracted in the bioleaching of tailings.
Comparing the calculated Zn extraction rate from both
Zn concentrations in the leaching solution and Zn grade
in the leaching residuals confirms the Zn extraction rate
higher than 90% from sphalerite tailings,
bioleaching process.

using

3.3 Effect of 9K medium in optimum condition

Figure 5 presents the variations of Zn extraction rate
in the absence and presence of 9K medium for tailings
against time at pH=2, pulp density 10%. It illustrated that
Zn extraction rate using mixture of bacteria in the
presence of 9K was 89.33% during 10 d of bioleaching.
Under the same condition, bacterial medium (9K) was
removed in the bioleaching test. The results showed that

100
e 80
o
&
§ o0
% 40}
=
=~
20} + — With 9K medium
4 — Without 9K medium
. . . ® — Withoyt bacteria
0 2 4 6 8§ 10 12 14

Time/d
Fig. 5 Zn extraction rate against time under optimum
conditions in the presence and absence of 9K medium at pH=2,
pulp density 10%

during 10 d of leaching in the absence of bacterial
medium, Zn dissolution was about 11% lower than that
with the 9K tests. Figure 5 also presents that at the end of
14 d of leaching, the same Zn extraction rate was
achieved in the presence and absence of 9K medium.
Figure 6 illustrates the number of bacteria under the
optimum condition of leaching process in the absence
and presence of 9K medium. It should be mentioned that
significant difference existed in Zn extraction rate with
and without 9K until the 10th day of leaching, but Zn
extraction rate was improved from 78% to 89% during
the last 4 d of leaching. This improvement possibly could
be attributed to the increase of the number of bacteria or
Fe*" concentration (based on Fig. 7) in the last 4 d of test
solution without 9K. Finally, 89.56% and 91.25% of Zn
were extracted at the end of experiments with and
without 9K, respectively. As is shown, their differences
are not significant.

4.5
4.0¢
35+
3.0+
25}
20t
1.5}

+ — KTO with 9K medium
= — KTO without 9K medium

Number of bacteria/10’mL"™"

6 8 10 12 14
Time/d

=
2
N

Fig. 6 Number of bacteria under optimum condition in leaching
process in the presence and absence of 9K medium

Figure 5 illustrates that in the control test (in the
absence of bacteria), 44% of Zn was merely extracted,
which means that the addition of bacteria in the leaching
process improved Zn extraction rate by up to 46%.
Under the optimum condition of bioleaching process, the
Fe extraction rate and concentration were monitored as
well (Fig. 7). The results showed that in the bioleaching
tests that 9K was applied as a bacterial culture, Fe
extraction rate and Fe*" concentration were 51.75% and
11.53 g/L respectively, while under condition in the
absence of 9K, they were 27.84% and 7.06 g/L,
respectively. In other words, at the end of bioleaching
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Fig. 7 Fe extraction rate and Fe** concentration against time at

optimum conditions in the presence and absence of 9K medium:

a) Fe extraction rate; (b) Fe*" concentration
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process, in the presence of 9K, Fe extraction rate and
Fe’* concentration were about twice of that without 9K
medium. However, the same Zn extraction rate was
achieved under the both mentioned conditions at the end
of bioleaching tests.
3.4 Bioleaching of tailings moderate
thermophile bacteria

After bioleaching of tailings using mixture of three
mesophile bacteria in the previous sections, some
experiments were carried out with the moderate
thermophile bacteria in the temperature of 45 °C. Figure
8 shows Zn and Fe extraction rate of tailings over the
time in the presence of mesophile and moderate
thermophile bacteria under the condition of initial pH=2,
pulp density of 10%(w/v). About 89% of Zn and 10.8%
of Fe were extracted within 8 d of moderate thermophile
bacterial leaching. Comparing Zn and Fe extraction of
mesophile and moderate thermophile bacteria in Figure 8,
it is indicated that Zn dissolution kinetics of moderate
thermophile bacteria is significantly higher than that of
mesophile. There is a remarkable difference between Fe
extraction of mesophile and moderate thermophile
bacteria. Under the condition of the same Zn extraction

using

rate, about 23.2% and 10.8% of Fe were leached and,
using mesophile and moderate thermophile bacteria,
respectively. This difference may address the higher
dissolution of sphalerite, using moderate thermophile
bacteria at temperature of 45 °C, in which sphalerite was
readily leached out in the lower redox potential than at
30 °C with mesophile bacteria (Fig. 9) and the pyrite was
left.
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Fig. 8 Zn and Fe extraction rate using mesophile and moderate
thermophile bacteria under conditions of pH=2, pulp density
10%
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Fig. 9 Redox potential of mesophile and moderate thermophile
bacteria in leaching solutions

4 Conclusions

1) Mineralogical studies showed that pyrite is the
dominate mineral in forms of slimes, spherical
(bacteriogenic and framboidal) and spherulites. Sphalrite
is present in free grains, enclosed with pyrite and in some
cases pyrite is in sphalerite matrix. Total organic carbon
of sample is about 2.2%. The organic matter in tailings
sample gives a signature of poor crystalline carbon. They
have a D, peak at around 1303 cm ™', and a merged G and
D, peak at around 1597 cm .
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2) Experimental results obtained from mixture of
mesophile bacteria showed that after 10 d of bacterial
leaching, about 89% sphalerite was leached out, and with
increasing the leaching time (14 d), Zn extraction rate
was improved by 2% while Fe extraction rate during the
last 4 d of leaching increased by 28%, from 23% to 51%.

3) Removing bacterial medium from bioleaching
tests represented significant difference in Zn extraction
rate compared with experiments with 9K medium until
10th day, but then Zn extraction was improved from 78%
to 89% during the last 4 d of leaching. Therefore, the
same Zn extraction was achieved at the end of
bioleaching tests.

4) Comparing Zn and Fe extraction of mesophile
and moderate indicates that Zn extraction kinetics of
moderate thermophile bacteria is significantly higher
than that of mesophile, therefore sphalerite is
successfully dissolved in preference to the pyrite, using
moderate thermophile bacteria in the lower redox
potential. Under the condition of same Zn extraction rate,
more than twice Fe was dissolved using mesholile
thermophile bacteria in comparison with moderate
bacteria.
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