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Abstract Zinc bioleaching from sphalerite associated with
pyrite ore using Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidant was studied. The ore con-
taining 3.4 wt% zinc and in some experiments its combi-
nation with sphalerite concentrate was prepared. The effect
of culture media, pH, Fe?" iron concentration, and the
addition of different materials including shredded news-
paper, starch, and sugar as a catalyst on the zinc
bioleaching were evaluated. It was found that 9 K media,
pH of 1.8, and 10 g L™' Fe®" iron concentration were
optimum conditions. The catalysts acted as an electron
acceptor for Fe> iron reduction. The amount of zinc
bioleaching was obtained 88% for the ore and 95% for the
second sample at the optimum pH of 1.8 in 18 days. The
addition of starch and shredded newspaper increased the
bioleaching rate of zinc. Also, the bioleaching time was
decreased from 18 days to 10 and 13 days in the presence
of shredded newspaper and starch, respectively.
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1 Introduction

Mineral bioleaching is one of the most important methods
to improve the performance of different minerals process-
ing in the mining industry. Recently, mineral bioleaching
has been commonly used from laboratory to industrial
scales because of the benefits such as the low cost and
environmental friendliness, and mostly appropriate for the
low-grade and complex ores [1, 2].

Zinc is one of the important non-ferrous metals that
enjoys high importance owing to its wide application in the
different industries such as galvanization industries and
alloy production [3]. It holds fourth rank after stainless
steel, aluminium, and copper in terms of demand and
consumption [4]. Currently, zinc is produced mainly from
zinc sulphidic minerals especially sphalerite [5] because it
is easy to separate the sulphides from the gangue minerals
using traditional flotation methods. It is required to separate
sulphur from zinc concentrate before extraction of zinc
from the ore using hydrometallurgical or pyrometallurgical
techniques [6]. The zinc concentrate contains 25-30 wt%
sulphur [7]. Roasting or sintering methods are used for
separation of sulphur from the zinc concentrate. Due to
zinc consumption increasing and zinc high-grade ores
decreasing, the supply gap becomes a tremendous issue for
the zinc industry. So, the development of novel technolo-
gies in order to produce zinc from low-grade resources has
become an important research field in recent years [6].
Nowadays, more than 80-85% of the world’s zinc pro-
duction is through the hydrometallurgical process [8, 9].
Furthermore, formation of a passive layer on the surface of
sphalerite minerals limits the diffusion of the oxidizing
agent to the mineral surface; therefore, it is highly impor-
tant to find a way to overcome this problem in zinc
(bio)leaching [10-14]. Using microorganisms has become
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attractive to many researchers to conduct research studies
in order to improve the efficiency of hydrometallurgical
methods for the extraction of copper or zinc [15, 16].

The microorganisms such as Leptospirillum ferrooxi-
dans, Acidithiobacillus ferrooxidans, and Acidithiobacillus
thiooxidans are mostly used in bioleaching. The microbes
need reduced sulphur and reduced iron for their growth as
they are either iron oxidizers (Leptospirillum ferriphilum/
Leptospirillum  ferrooxidans), sulphur oxidizers
(Acoithiobacillus thiooxidans) or both iron and sulphur
oxidizer (Acithiobacillus ferrooxidans). They break down
the sulphide ore matrices using oxidization of sulphidic
minerals and releasing different metals such as zinc, cop-
per, nickel into leaching solution [17]. There are two
mechanisms including thiosulphate and polysulphide
pathways for bioleaching of metals. In thiosulphate path-
way, Fe*" irons attack the mineral surface and produce
Fe?" irons and oxidized metal as reaction products. In
terms of polysulphide pathway, the combination of Fe’"
irons and proton attack results in oxidization of sulphidic
ores such as sphalerite [18].

However, bioleaching of sulphide minerals such as
chalcocite or chalcopyrite faces a number of issues mainly
the slow rate of sulphide mineral bioleaching, which causes
long residence times or requirement of a large volume of
the reactor when it is used in tank leaching [17].

A number of methods have been used to improve zinc
dissolution rate. Castro and Donati used thermoacidophilic
archaeon Acidianus copahuensis to enhance zinc
bioleaching and it was found that the copahuensis was able
to extract about 100% of zinc when tetrathionate was used
in the system [19]. Slow dissolution rate could be enhanced
through the addition of a catalyst. Different metal ions
including Ag™, Hg*>", Bi*", Cu®", and Co*" could be
successfully used as catalyst during bioleaching [20]. Low-
temperature thermal pretreatment at 400 °C led to the
enhancement of zinc bioleaching from 72% to nearly 100%
[21]. Using different catalysts is common in chalcopyrite
bioleaching [22-24]; however, there are few research
studies to investigate the effect of catalyst on the zinc
bioleaching from sphalerite.

An appropriate catalyst should be able to increase the
dissolution rate and having the ability to optimize oxida-
tion—reduction reactions. Also, it should be possible to use
it in large scale such as heap bioleaching. Panda et al. [25]
used waste newspaper to enhance chalcopyrite bioleaching.
It was found that the waste newspaper acted as a reductant
and a low-cost reagent in bioleaching and increased copper
bioleaching. Addition of 2 gL~ waste newspaper
increased the copper recovery by 80% [25]. Sugar acids
were used to remove heavy metals from soil [26].
Bioleaching of Mn(II) from manganese nodules was
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performed using Bacillus sp in the presence of starch as
carbon source and energy for the microbial growth [27].
To the best of our knowledge, the effect of different
catalysts on the bioleaching of zinc from low-grade zinc
ore has not been extensively studied. Therefore, the current
research study focuses on the bioleaching of sphalerite and
addition of various catalysts including sugar, starch, and
shredded newspaper in order to increase the dissolution
rate. Furthermore, the optimum conditions in terms of pH,
iron concentration, and culture media were determined.

2 Materials and Method
2.1 Ore Preparation

A bulk sample of low-grade sphalerite ore was obtained
from the Goushfil Zinc mine in the Isfahan Province, Iran.
A low-grade sphalerite ore containing high amount of
pyrite was used for the bioleaching experiments. The
minerals’ compositions of the low-grade sphalerite ore
were obtained using XRD analysis, and it is shown in
Fig. 1 and Table 1. As it can be seen from Table 1, major
minerals identified by XRD analysis were sphalerite, pyr-
ite, dolomite, pyrolusite, and barite. First, a jaw crusher
was applied to comminute the Goushfil zinc ore. Then, a
roll crusher was used to grind the ore to the smaller particle
size distribution (PSD). Finally, the ore was ground by a
rod mill to a certain PSD. The particle size distribution of
the ore used in the bioleaching experiments is provided in
Fig. 2. In some experiments, the low-grade ore was com-
bined with sphalerite concentrate (Zn = 45 wt%, ratio of
2/3) to obtain a ore with 11 wt% zinc.

2.2 Catalysts Preparation

The amount of 100 g tailing newspaper was cut to small
pieces (less than 1 cmz), then, it was dissolved in a certain
amount of sulphuric acid. The zinc concentration in tailing
newspaper was considered as 21. 8 ppm [28]. In terms of
the starch and sugar, 2 g starch or sugar was dissolved in
the sulphuric acid and it was placed in an incubator with
rotation speed of 140 rpm for 30 min.

2.3 Microorganisms and Culture Conditions

Bacteria were cultured in 9 K culture medium, which
consisted of 0.5 g L™! MgS04-7H,0, 3.0 g L™' NH,SO,,
0.1 gL™" KCI, 0.01 gL™" Ca(NOs),-H,0, 0.5gL™"
K,HPO,, and 44.22 g L™ FeSO,.7H,0. The pH of the
culture medium was adjusted to 2.3 using dilute sulphuric
acid. A constant-temperature shaker with the temperature
of 40 °C and rotating speed of 150 rpm was employed to
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Fig. 1 XRD pattern of the low-
grade sphalerite (Sp) ore 3000
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Table 1 Mineralogical composition of the ore as determined

Mineral Amount (Wt%)
Sphalerite 5.20
Pyrite 9.52
Dolomite 57.00
Pyrolusite 4.00
Barite 2.09
Other minerals 22.19
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Fig. 2 Particle size distribution of the ore

culture bacteria. A Norris medium consisting of 0.5 g L™
(NH,4),SO,, 0.4 g L™' K,HPO,, and 0.4 g L' MgS0,.7-
H,O was prepared and the pH was adjusted to 1.5 by
adding H,SO,. The mixed culture including (both iron and
sulphur oxidizer/Acidithiobacillus ferrooxidans), (sulphur
oxidizers/Acidithiobacillus thiooxidans), and (iron oxi-
dizer/Leptospirillum ferrooxidans) was used in this study.
All microorganisms were mesophile.

Position [*2Theta] (Copper (Cu))

2.4 Analysis

The experiments were monitored daily for pH using a
Metrohm 827 pH meter. Also, the redox potential was
measured with a reference to a saturated Ag/AgCl elec-
trode using a Pt electrode attached to a Metrohm 827 pH
meter. The concentration of zinc in the leaching media at
the end of each day was analysed by atomic absorption
spectroscopy (Perkin ElmerAA-400 model).

2.5 Shake Flask Experiments

Shake flask culture experiments were conducted to exam-
ine the effect of the different operating parameters and
catalysts on the zinc recovery. All experiments were con-
ducted in 500 mL Erlenmeyer flasks with 180 ml Norris or
9 K medium, placed in orbital shaking incubators operated
at 150 rpm and 35 °C. 10 g of ore was added into Erlen-
meyer flasks. Then, the flasks were inoculated with 20 ml
solution containing active microorganisms. The initial pH
was adjusted to 1.6—1.8 using H,SO,4 and NaOH. The flasks
were monitored for redox potential, pH, and zinc concen-
tration at appropriate intervals.

3 Results and Discussion
3.1 Preliminary Bioleaching Experiments

The change in pH (a), redox potential (mV) (b), and zinc
bioleaching (c) during bioleaching experiment is shown in
Fig. 3. Figure 3a shows that in the initial leaching period
(first day), the pH values increases because of the acid
leaching or consumption of acid by gangue minerals, then
it gradually decreases as the bioleaching goes on to the
third day, afterwards, there is a sharp decrease in the pH on
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the fourth day. It can be attributed to the activity of
microorganisms in the bioleaching solution and the for-
mation of H in the solution. After day 4, the pH remains
constant to around 1.8 during rest of the bioleaching
experiment. From Fig. 3b, it can be seen that there is a
sharp increase in redox potential on the day 4 from 400 to
480 mV. It means that the lag phase is 4 days for this
system and after that microbial activities are observed.
Then, a more gradual increase in the redox potential in the
sphalerite bioleaching experiments from 480 to 700 mV
between day 4 and day 18 is observed. The zinc
bioleaching is a bit linear during whole bioleaching
experiment. It means that there is ample sphalerite for bio-
oxidation in the whole experiment and the rate controlling
parameter is reaction kinetic, not diffusion. Reaction-con-
trolled and diffusion-controlled models are provided in
Fig. 4. As it can be seen, that the reaction-controlled model
has better fitted the results based on R-square value than
diffusion-controlled model.

3.2 Effect of Culture Media

The culture media plays an important role in the
bioleaching of metals because it provides nutrients for the

microorganisms. The effects of two different culture media
including 9 K and Norris media on the bioleaching of zinc
from the low-grade sphalerite ore are shown in Fig. 5. It is
found that the zinc bioleaching reaches 70% during the
10 days for the Norris media while 9 K media require
14 days to extract 70% of zinc from the low-grade zinc ore.
The zinc recovery is 75% and 85% for the Norris and 9 K
media after 18 days bioleaching experiment, respectively.
These results are consistent with findings of the other lit-
erature. It is found that there is a limitation of the extraction
of metals in the Norris medium when the zinc concentra-
tion is high [29, 30]. The leaching rate is high after lag
phase, but it decreases by the enhancement of zinc con-
centration in the solution. Thus, use of 9 K medium is
suggested for next bioleaching experiments.

3.3 Effect of Mixing the Low-Grade Ore
with the Zinc Concentrate

Using pyrometallurgical methods for the extraction of zinc
concentrates is limited due to high smelting and transport
costs and also strict environmental regulations [31]. How-
ever, the bioleaching can be used to extract zinc from a
concentrate when it is mixed with a low-grade ore

Fig. 3 The amount of pH (a), 7 800 -
redox potential (b), and zinc (b)
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Fig. 5 Effect of 9K and Norris media on the zinc recovery using
mesophilic microorganisms

containing high amount of iron. Iron oxidizing macroor-
ganisms oxidize iron minerals such as pyrite and subse-
quently produced Fe" irons attack the zinc concentrate to
extract it into solution. Figure 6a, b, and c shows the effect
of low-grade ore mixing with zinc concentrate on the pH,
redox potential, and zinc leaching in the bioleaching
experiment, respectively. As it can be seen, the mixed ore
performance is a bit more better than the low-grade ore in
terms of zinc recovery. This can be used to take the
advantage of both leaching of zinc from concentrate using
environmentally hydrometallurgical method as well as
increasing zinc recovery from the low-grade ore. The zinc
bioleaching is obtained as 95.7% and 88.3% for the mixed
and low-grade ores, respectively. The amount of pH and
redox potential is higher at initial stage in the low-grade
ore. The higher pH value can be due to the presence of
more acid consumable minerals in the low-grade ore. The
percentage of sphalerite is higher in the mixed ore which
can increase chemical leaching during the lag phase and

6 8 10 12 14 16 18
Time (day)

subsequently, increase the amount of ferrous iron in the
solution. The higher ferrous iron concentration means
lower redox potential value during the initial stage
(Fig. 6b).

3.4 Effect of pH on the Zinc Bioleaching

The effect of pH on the zinc bioleaching from the low-
grade and mixed ores is shown in Fig. 7. There is an
increase in the zinc recovery from 56 to 86.4% and 51% to
95.5% for the low-grade and mixed ores, when pH
increases from 1 to 1.8. But, a decrease in the zinc recovery
by 8.4% and 13.5% with the increasing pH from 1.8 to 2.2
is observed. Therefore, the pH value of 1.8 is the optimum
value for the zinc bioleaching. The change in the zinc
bioleaching is because there is a pH range for the
microorganisms to be active for the growth and mineral
oxidation. It has been found that the higher amount of acid
which is related to the pH value can have negative impact
on the growth and metabolic activity of the leaching
microorganisms [32]. The decrease in the zinc bioleaching
at higher pH (higher than 1.8) may be due to the precipi-
tation of ferric iron as ferric hydroxide.

3.5 Effect of Ferrous Iron Concentration

In order to determine the optimum iron concentration as
energy source in the culture, in terms of zinc bioleaching,
its concentration was changes in the system. Ferrous iron
concentration effect on the zinc bioleaching for two dif-
ferent ores is given in Fig. 8. For the low-grade ore,
increasing Fe*™ iron concentration from 0 to 10 g L™" has
led to the enhancement of zinc bioleaching by about 30%,

@ Springer
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Fig. 6 Effect of mixing low- 7 800
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activity of microorganisms and subsequently the zinc

bioleaching. For the mixed ore, there is an increase in the Fig. 8 Effect of ferrous iron concentration on the zinc bioleaching
’ from the low-grade mixed ores
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Fig. 9 Effect of addition of —aA— Low grade ore without catalyst 800 -
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optimum value for Fe?' iron concentration because
increasing its concentration can have a negative impact and
cause inhibition for the microorganisms’ growth and
activity.

3.6 Effect of Catalyst on the Zinc Bioleaching

It has been found that a number of materials such as starch,
shredded newspaper, and sugar can act as a catalyst and
low-cost reagent for the reduction of ferric iron. Also, these
cellulose materials react with acid and act as electron
acceptor based on the following mechanisms [25]:

(C6H1005)1’1 + 121’1H2$O4 — 6HC02 + 17nH20

C6H1006 + 24FC(IH) + 12H20
— 6HCOj3 + 24Fe(Il) + 30H"

(1)

(2)

The action of the microorganisms on the pyrite
dissolution in the presence of these materials can be
written as follows [25]:

3 6 9
Time (day)

12 15 18

4FeS, + (C6H1005)n + 12nH,SO4

— 12nFe;(S04);+6nCO, + 17nH,0 (3)

The Fe*" produced in Eq. 3 and the oxidation of ferrous
iron acts on the pyrite moiety for further production of the
protons and Fe*" according to the following equation:

4FeS; + 7 Fey(SO4);+8H,0 — 15FeSO4 + 8H,SO4
(4)

The ferric sulphate generated in the reaction 3 will
provide an oxidative attack to the mineral moiety. Then, it
will oxidize the sphalerite based on Eq. 5:

4ZnS + Fey(SO4);+8H = 4Zn*" 4 2FeSO, + 5S
+ 4H,O

(5)

The effect of addition of three different catalysts
including starch, shredded newspaper, and sugar on the
pH, redox potential, and zinc bioleaching is shown in
Fig. 9. It is observed that the maximum zinc recovery is
obtained in 10 days in the presence of 2 g L™ shredded
newspaper and it reaches 88.4%. Also, the highest zinc
bioleaching is obtained to be about 88% after 13 days,
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when starch is used as catalyst in the solution. However,
the presence of sugar did not have effect on bioleaching
time of zinc. The shredded newspaper acts as the best
catalyst because it decreases the time of bioleaching from
18 days to 10 days in comparison with the zinc bioleaching
without any catalyst. The results of the redox potential
which is related to the ratio of ferric iron to ferrous iron
confirms the higher activity and growth of microorganisms
in the presence of shredded newspaper in terms of
converting produced ferrous iron into ferric iron.

4 Conclusion

Bioleaching is considered as environmental friendly and
economic alternative. The current study was conducted to
improve zinc recovery from a low-grade zinc ore con-
taining high amount of pyrite. It was done to optimize the
shake flask bioleaching process. The amount of pH, addi-
tion of Fe*™ iron as energy source, combining with zinc
concentrate, and culture media parameters were evaluated
and optimized. The optimum operating conditions were
found to be pH of 1.8, ferrous iron concentration of
10 g L~!, 9 K culture medium, and temperature of 35 °C.
In addition, it was concluded that combination of low-
grade ore with a zinc concentrate could be used to extract
zinc from a concentrate and also increase zinc recovery
from the low-grade ore. Finally, the zinc bioleaching time
improved by addition of shredded newspaper and starch
into the leaching solution by 8 and 5 days respectively.
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