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Abstract
The present study investigates the influence of ferrous iron (as FeSO4) and ferric iron (as Fe2 (SO4)3), and pyrite (FeS2) on the
ability of bacterial leaching of a high-grade sulfide Zn–Pb ore. In this regard, shake flask experiments were carried out at 5% (w/v)
pulp density of the ore sample (having 40.7% Zn and 12.4% Pb initial metal content) using a consortium of mesophilic iron and
sulfur-oxidizing acidophiles. A concentration of 0.04mol/L of ferric iron in the leachingmedia was found to be optimum for zinc
extraction without affecting growth of the microorganisms. Under this concentration, the dissolution of Zn, Pb, Cd, and As was
found to be 57%, 0.2%, 0.03%, and 9.9% in 25 days. Using ferrous iron in the media, 0.16 mol/L of Fe2+ was found to be the
optimum concentration for efficient bacterial growth andmetal dissolution (54.6%Zn, 0.08% Pb, 0.03%Cd, and 10.2%As) from
the sample in 25 days. On the other hand, using pyrite as the source of energy for bacterial growth, an initial 12-day lag period
was observed when compared to the effect of ferrous iron in the media. Under the optimum concentration (test with 0.24 mol/L
iron in the form of pyrite), the dissolution of Zn, Pb, Cd, and As was found to be 39.8%, 0.1%, 0.03%, and 10% in 25 days. The
surface chemistry analysis indicated formation of a sulfur layer over the particle surface that hindered reagent diffusion and
affected metal recovery through bioleaching.
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1 Introduction

With the production of more than 85% of total world zinc [43,
44], roast–leach–electrowinning (RLE) process is the most
important method for zinc extraction from sulfide ores and
concentrates. However, this method is associated with several

environmental and economic problems. For example, the gen-
eration of SO2 during roasting process and higher energy con-
sumption affect the future application of RLE in metal extrac-
tion industries. It is a challenge to achieve an improved and
sustainable method of zinc extraction from sulfide minerals
while zinc (Zn)–lead (Pb) deposits in the form of oxide min-
erals are becoming increasingly depleted. Among all sug-
gested methods, bioleaching has been accepted as an environ-
mentally friendly process, with minimum carbon foot print [2,
3, 27, 34, 46]. In fact, the most important advantages of
bioleaching are avoiding the emission of huge amount of
SO2 and reducing the dependence on fossil fuels as required
during the conventional roasting stage of the RLE process.

Acidophilic chemolithotrophic microbial consortia accelerate
the dissolution of sulfide minerals by direct and/or indirect
mechanisms [9, 31, 35, 46, 49]. Among the sulfide minerals,
sphalerite (ZnS) has been seen to follow the indirect mechanism
of bioleaching where the biogenic ferric iron enables dissolution
of metals from the sulfide mineral [1, 4, 23, 24, 38, 39]. In this
process, bacteria oxidize ferrous ions to ferric ions which in turn
act as the main reagent for leaching of sulfide minerals [30, 32].
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The reaction is shown in Eq. 1 [33] (MeS signifies sulfide min-
erals in the form of M2+S2− such as ZnS).

MSþ 2Fe3þ→M2þ þ 2Fe2þ þ S0 ð1Þ

The Fe2+ produced during the above reactions re-oxidizes to
ferric ions by bacteria (Eq. 2) and these sustainable reactions
cause sulfide mineral dissolution in the presence of iron [7].

2Fe2þ þ 1

2
O2 þ 2Hþ →

bacteria
2Fe3þ þ H2O ð2Þ

Formation of a layer of elemental sulfur in sphalerite sur-
face has been reported [36, 42, 45, 47]. This phenomenon is
responsible for low zinc recovery in many cases and to solve
this problem, different methods have been studied such as
two-step bioleaching [33], using L-cysteine to control the sur-
face charge of minerals [15], using o-phenylenediamine
(OPD) as a surfactant [18], and microwave as a pretreatment
technique [25].

In many sulfide deposits, sphalerite (ZnS) and galena (PbS)
are found together through paragenesis. Despite a low zinc
recovery, the recovery of lead during bioleaching is much lower
than that of zinc and other metals [5, 6, 20]. Although some
quantity of galena is oxidized by the bacteria through the indi-
rect mechanism [40], the concentration of Pb in pregnant leach
solution (PLS) remains very low, because lead precipitates in
the presence of sulfate in the form of PbSO4 [32]. Zn–Pb ore
matrix usually contains iron minerals (such as pyrite and
marmatite) and previous research have indicated that
bioleaching improved with increased iron content in the ore
[36, 37, 50]. Interestingly, a study by Shi et al. [38] on sphal-
erite, marmatite, and synthetic ZnS bioleaching indicated that
an increase in iron content increased the bioleaching rate. This
indicates that iron plays an important role in zinc bioleaching.

Owing to the importance of iron which affects both chem-
ical and biological reactions in minerals bioleaching, an at-
tempt has been made in this research work to study the effect
of ferrous ion, ferric ion, and pyrite, as external iron sources,
on the bacterial growth and bioleaching of typical high-grade
zinc and lead ore. For this purpose, different quantities of the
respective iron sources (chemical source, i.e., ferrous iron and
ferric iron and mineral source, i.e., pyrite) were added to the
bioleaching tests and their efficiency was compared for the
dissolution of Zn, Pb, cadmium (Cd), and arsenic (As) from
a high-grade Zn–Pb sulfide ore during bioleaching.

2 Materials and Methods

2.1 Ore Sample

A high-grade Zn–Pb sulfide ore, obtained from Anguoran
Zinc & Lead Mine (Zanjan, Iran), was used in the present

study. The ore was crushed with a roll crusher that worked
with a 2-mm sieve in a closed circuit and a representative – 2-
mm sample (obtained through the conventional coning and
quartering method) was used for all experiments. Table 1 in-
dicates the chemical composition of ore sample. Sphalerite
(ZnS) and galena (PbS) were found to be the major minerals,
and minor amounts of smithsonite (Zn(CO3)), cerussite
(Pb(CO3)), calcite (Ca(CO3)), and quartz (SiO2) were seen
to be present. The polished section studies under an optical
microscope indicated that about 75% of galena and sphalerite
particles were separated from each other at size fraction less
than 2 mm.

The pyrite sample, used as an iron source in the present
experiment, was prepared from Sarcheshmeh Copper
Complex, Kerman, Iran. Two-step flotation, including rough-
er and cleaner steps, was carried out to obtain a high-grade
pyrite. The XRD analysis of this concentrate showed that py-
rite (FeS2) was the main mineral. The pyrite concentrate also
contained few percentage of anorthite (calcium aluminum sil-
icate) as gangue mineral. The atomic absorption spectroscopy
analysis of the pyrite sample indicated that concentrates con-
tain 43.77% iron.

2.2 Bacteria and Culture Conditions

A mesophilic bacterial consortium enriched from acid mine
drainage (AMD) collected from Anguoran Mine in Iran was
used for the bioleaching tests [11]. Ten milliliters of the
enriched mixed bacterial culture was added to 90-mL 9K cul-
ture media [17, 41] as inoculum with 44.22 g/L FeSO4·7H2O
and 5 g/L elemental sulfur [14]. The cultures were incubated
at 35 °C and 120 rpm and transferred to a new media every
week until the bacterial count was raised to 5.0 × 107 cells/mL.
This active mixed acidophilic bacterial consortium was used
for all the bioleaching experiments.

2.3 Bacterial Leaching Experiments

For the bacterial leaching tests, three independent sets of ex-
periments were designed to notice the percentage of metal
dissolution from the ore sample. The 9K medium with the
microbes was used as the leach solution in the experiments.
In the first study, incremental amounts of 0.08, 0.16, and
0.24 mol/L Fe2+ (added as FeSO4·7H2O) were used to exam-
ine the effect of different concentrations of Fe2+ iron that were
supplied into the leaching medium. In the second set, iron in
the form of Fe3+ at 0.04, 0.08, 0.16, and 0.24 mol/L
Fe3+concentrations (added as Fe2 (SO4)3) was tested.
Similarly, in the third test, pyrite was added (0.04, 0.08,
0.16, and 0.24 mol/L Fe) as an external iron (mineral source)
to study its effect. In order to make direct comparison with the
results obtained through test experiments, abiotic chemical
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controls (3 mL formaldehyde) were used. The experimental
conditions are listed in Table 2.

Five grams of the Zn–Pb ore sample was added into shake
flasks having 90-mL 9Kmedia + 10mL of the mixed bacterial
consortium as the inoculum. The pH level was adjusted to
pH 1.7 with sulfuric acid. Elemental S (1 g) was added to each
flask to promote the sulfur-oxidizing bacteria growth [48]. All
flasks were incubated on a shaker incubator at 35 °C and
120 rpm for 25 days. Sampling of the leach solution was
periodically carried out to analyze the concentration of the
respective metals. Following sampling, the volume in the re-
spective flasks was adjusted by addition of appropriate vol-
ume of sterile 9K medium. The dissolved zinc, lead, iron, and
cadmium were determined by atomic absorption spectroscopy
(Varian AA 240Z) and dissolved arsenic was analyzed by
atomic fluorescence spectroscopy (AF-640A).

3 Results and Discussion

3.1 Effect of Different Iron Sources on Bacterial
Growth and Associated Process Conditions

3.1.1 Ferrous Iron on Bacterial Counts, pH level, and ORP

The iron sources (in the form of Fe2+ and Fe3+) affect both the
dissolution process and the microbial growth [27]. In order to
study the bacterial growth, cell concentration was determined
by direct counting using a Neubauer chamber counter of 0.02-
mm depth and 1/400 mm2 area under an optical microscope.
Figure 1 shows the changes in bacterial cell counts during the
25-day treatment. In acidic bioleaching systems, the oxida-
tion–reduction potential (ORP) predominantly indicates the
Fe3+/Fe2+ ratio and thus expresses the activity of the iron-
oxidizing bacteria [22]. Similarly, the activity of the bacterium
Acidithiobacillus thiooxidans is seen to cause the production
of sulfuric acid thereby decreasing the pH level of the
bioleaching system. Therefore, ORP and pH level have been
often used as an indirect index for bacterial growth and activ-
ity [28]. Sample solutions were withdrawn regularly for pH
level and ORP measurements. ORP and pH level fluctuations
for different tests are shown in Fig. 2.

The bacterial counts for the test experiment having no ex-
ternal iron resources, i.e., test 1, was seen to increase gradually
until day 12, and thereafter the counts started to increase
(Fig. 1). The ORP for this test started to increase sharply after
day 12 (Fig. 2d) which reflected the bacterial activity. In

addition, the pH level in this test experiment (Fig. 2a) has
the lowest pH level which decreased from 3.97 to 0.87. The
bacterial growth was very low during the first days due to the
absence of Fe in the environment. However, with time and
dissolution of iron minerals, the bacterial growth accelerated.
This indicated that absence of iron resources decreases the
bioleaching kinetics because the microorganisms especially
the iron-oxidizing acidophiles should be provided with the
iron source (Fe2+) from the minerals in order to meet their
energy requirements for growth.

Bacterial growth progressed at a constant rate over 25 days
for all tests that contained FeSO4·7H2O as iron source, i.e., test
nos. 2, 3, and 4 (Fig. 1). However, the test with 0.08 mol/L Fe2+,
i.e., test 2, had the highest bacterial growth and also had the
highest ORP measurement compared with other Fe2+tests (Fig.
2d). The pH level increased for a period of time and then started
to decrease for all tests that contained ferrous iron (Fig. 2a).

3.1.2 Ferric Iron on Bacterial Counts, pH level, and ORP

Generally, the tests that contained ferric ions had higher
bacterial count in comparison to other tests. Initially, the
bacterial growth curves for these tests increased sharply;
however, they became smooth after 12 days. Generally,
adding low concentrations of Fe2(SO4)3 as source of ferric
ions can improve the bacterial growth especially during

Table 2 Operating conditions for bioleaching and control tests

Test no. Iron source Weight (g/100 mL) mol/L Fe Test type

1 Iron free 0 0 Bioleaching

2 Ferrous sulfate 2.211 0. 08 Bioleaching

3 Ferrous sulfate 4.422 0.16 Bioleaching

4 Ferrous sulfate 6.633 0.24 Bioleaching

5 Ferric sulfate 0.8 0.04 Bioleaching

6 Ferric sulfate 1.6 0.08 Bioleaching

7 Ferric sulfate 3.2 0.16 Bioleaching

8 Ferric sulfate 4.8 0.24 Bioleaching

9 Pyrite 0.53 0.04 Bioleaching

10 Pyrite 1.05 0.08 Bioleaching

11 Pyrite 2.11 0.16 Bioleaching

12 Pyrite 3.15 0.24 Bioleaching

13 Ferrous sulfate 4.422 0.16 Control test

14 Ferric sulfate 3.2 0.16 Control test

15 Pyrite 2.11 0.16 Control test

Table 1 Chemical composition
of the ore sample Component Zn Pb S Fe As Sb Cu Ag Cd

% % % % mg/kg mg/kg mg/kg mg/kg mg/kg

Amount 40.71 12.4 9.76 1.1 3621 115 500 32.14 2340
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the first few days [29]. The bacterial counts indicated that
increasing the ferric concentration to more than 0.04 mol/L
has a negative effect on the bacterial growth. During oxidation
of sulfide minerals, the Fe3+ is reduced to Fe2+ (according to
Eq. 1) and the generated ferrous ions accelerate the bacterial
growth [10, 16]; however, the results show that high concen-
trations of Fe3+ have a negative effect. Figure 2e shows ORP
fluctuations for tests that contained ferric ions. As can be seen
from the figure, the test experiment with 0.24mol/L ferric ions
(test 8) had the highest oxidation–reduction potential during
the first 15 days compared to other tests containing ferric ions
(tests 5, 6, and 7). However, after 15 days, the ORP became
almost similar in all these tests and stabilized between 607 and
613 mV. As mentioned earlier, the ORP reflects the Fe3+/Fe2+

ratio. At the fixed solid content, Fe3+/Fe2+ ratio will be higher
for test with higher ferric content which results in higher ORP.
Like the tests with ferrous iron, the pH level for tests with
ferric iron increased during the initial days and then started
to decline with increase in bacterial counts.

3.1.3 Pyrite on Bacterial Counts, pH level, and ORP

For the tests containing pyrite (tests 9 to 12), the bacterial
count was very low during the first 12 days. However, it
increased after passing this lag period due to an increase

in the ferric concentration in the solution as a result of
pyrite oxidation. The ORP also decreased during the first
12 days and then further increased which can be related to
pyrite bio-oxidation. The ORP started to increase sharply
only after the 20th day. On the other hand, the control test
containing only pyrite (test 15) had almost constant ORP
during the 25-day treatment. In tests with ferrous or ferric
ions, ORP started to increase slowly after almost 5 days,
but for tests with pyrite, ORP started to increase sharply
after 20 days. This means that replacing the iron ions with
pyrite causes a delay in the time for bio-oxidation; how-
ever, after passing a lag period, a high oxidizing environ-
ment will be available in the leach solution. In tests that
contained pyrite, the pH level fluctuated similar to that of
test 1. The pH level for control tests (tests 13, 14, and 15)
was very high and ORP was very low in comparison with
those of the bioleaching tests which show the effect of
bacterial activity on the leaching process.

3.2 Zinc Dissolution

3.2.1 Effect of Ferrous Iron

The zinc dissolution curves are presented in Fig. 3. Test 1
passed through three distinct zinc dissolution periods.
During the first period (first 7 days), zinc concentration
increased gradually due to the dissolution of mainly zinc
carbonate mineral (smithsonite). In fact, there is no bac-
terially mediated dissolution in this period, due to low
bacterial counts. Between days 7 and 15, the dissolved
zinc concentration was almost constant and after this pe-
riod, it started to increase sharply. The second period
reflected a delay and the third period showed bacterial
activity. In fact, in the third period, sphalerite (zinc sul-
fide) started to dissolve. Generally, the zinc dissolution in
tests containing ferrous ions increased with almost con-
stant slope. Test 3 (with 0.16 mol/L Fe2+) had higher zinc
recovery (54.6%) after 25 days when compared to tests 2
and 4. The optimum FeSO4 concentration in 9K medium
also is 44.5 g/L or 0.16 mol/L Fe2+ [41] which conformed
with the result of the current research. Dissolved zinc in
control test that contained ferrous ions (test 13) was only
17.7%. These show that a bacterial leaching system, in the
presence of Fe2+, is better for zinc dissolution than a sys-
tem operating with only Fe2+ iron.

3.2.2 Effect of Ferric Iron

Adding Fe3+ to bioleaching tests improved the zinc disso-
lution kinetics, as shown in Fig. 3b. In fact, Fe3+ reduced
to Fe2+ during sulfide mineral dissolution (based on Eq.

Fig. 1 Changes in the planktonic cell counts with time in the bioleaching
experiments
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1) and the generated ferrous ions have been used by bac-
teria as an energy resource which promoted bacterial
counts. The results of the study indicated that the quantity
of ferric ions beyond 0.04 mol/L has no effect on zinc
dissolution. The control flask that contained ferric ions
(test 14) had a very sharp increase in Zn dissolution for
the first 7 days; however, it stopped after this period due
to the absence of bacteria. This result obviously shows
that zinc dissolution for the first days occurred due to
sphalerite oxidation by ferric ions (reaction 1) and no
biological reaction have occurred during this period.

3.2.3 Effect of Pyrite

Generally, tests containing pyrite had lower zinc recovery.
Tests with 0.16 and 0.24 mol/L iron, in the form of pyrite,

had more rapid zinc dissolution. These tests also had higher
bacterial counts. This shows that increasing pyrite concentra-
tion improves the bioleaching efficiency. The control test con-
taining pyrite (test 15) had the lowest zinc recovery (2220 mg/
L) among all experiments. This test shows the intense effect of
ferrous and ferric ions on chemical leaching of ZnS. Bacterial
treatment of ore improved zinc dissolution efficiency as
72.28% in comparison to chemical treatment (test 15) in the
presence of pyrite.

3.3 Lead Dissolution

3.3.1 Effect of Ferrous Iron

Generally, the lead dissolution was very low for all tests
(be tween 4 and 16.2 mg/L) af te r 25 days . Pb

Fig. 2 The pH level and ORP (Ag/AgCl reference) fluctuations for the tests that contained ferrous ions (a, d), ferric ions (b, e), and pyrite (c, f)
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concentration increased during the first 7 days for all tests
mainly due to carbonate mineral leaching. For test with no
external iron addition (test 1), there was a decline in total
lead dissolved due to precipitation of Pb and then lead
concentration increased again because of bacterial activi-
ty. In fact, with increase in bacterial counts, acidophiles
produce ferric ions by oxidizing iron minerals or dis-
solved ferrous ions which increase the galena oxidation
by providing an oxidizing environment. In the tests con-
taining Fe2+, after passing an increasing period in lead
dissolution, the Pb concentrations become almost
constant.

3.3.2 Effect of Ferric Iron

The lead concentrate in tests containing ferric iron increased
for 17 days and then started to decline. Generally, low

concentrations of lead can dissolve in a sulfide environment.

However, by increasing the SO2−
4 ions in the leaching envi-

ronment, Pb starts to precipitate in the form of PbSO4 (Ksp =
1.62 × 10−8) [21, 51] and makes an ash layer in the galena
surface [8]. This insoluble layer prevents the leaching agent’s
access to the galena surface and this results in low recovery of
lead in bioleaching.

3.3.3 Effect of Pyrite

The tests containing pyrite (tests 9 and 12) followed a
similar pattern. As shown in Fig. 4, the control flasks (that
reflected the chemical dissolution mechanism) had almost
similar lead dissolution changes. All conditions for these
three tests were completely similar except iron resources.
Thus, addition of the iron source has no influence in
chemical lead solubilization.

Fig. 3 Zinc dissolution patterns for the tests containing ferrous ions (a),
ferric ions (b), and pyrite (c)

Fig. 4 Lead dissolution patterns for the tests containing ferrous ions (a),
ferric ions (b), and pyrite (c)
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A variety of methods including solvent extraction, ad-
sorption on activated carbon, ion exchange, precipitation,
cementation, and electrowinning can be readily exploited
for the recovery of base metals from pregnant leach solu-
tions (PLS) [12]. One of the most important parameters
for all of these methods is PLS purity. The produced PLS,
in the present method, has high quality due to very low
lead concentration. In addition, zinc dissolution increases

the lead grade in bioleached residue and produces a Pb
concentrate that could be used for processing with other
methods. Table 3 shows the chemical analysis of the solid
bioleached residue for tests 3 and 13. As this table shows,
the lead grade improved from 12.4 to 18.7% after 25 days
of biological treatment.

3.4 Cadmium and Arsenic Dissolution

3.4.1 Effect of Ferrous Iron

The cadmium and arsenic dissolutions were monitored
during treatment as well (Fig. 5). The dissolved cadmium
fluctuated in the range of 50 to 83 mg/L after 25-day
treatment. The cadmium dissolution graph in tests with
ferrous iron had almost a constant slope. Halikia and

Fig. 5 Cadmium and arsenic dissolution in tests containing ferrous ions (a, d), ferric ions (b, e), and pyrite (c, f)

Table 3 Chemical analysis of the ore and its solid bioleached residues

Elements Zn (%) Pb (%) Fe (%) As (ppm)

Ore 40.7 12.4 1.35 1424.8

Test 3 29.5 18.7 1.72 945.5

Test 13 25.21 10.67 7.83 1131.2
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Voudouris [13] showed that Cd dissolution from minerals
is strongly dependent on pH level rather than oxidation
agents. In current experiments, also the tests with ferric
iron had a higher Cd recovery compared to tests with
pyrite and ferrous iron, due to lower pH levels. The con-
trol tests had very low Cd recovery due to high pH levels.

Figure 5 also shows arsenic changes in the leach solu-
tion. Generally, the As concentration increased during 25-
day treatment. The arsenic dissolutions in tests that
contained ferrous ions passed two leaching periods and
one lag phase. During the first 7 days, arsenic dissolved
rapidly, and then leaching became almost constant for
about 9 days and after day 16, it increased again.
Arsenic (As) dissolved in the first 7 days due to the oxi-
dizing effect of ferric ions on the arsenic minerals and it
leached at a high rate after the 16th day due to increasing
bacterial count with simultaneous advances in the biolog-
ical reactions.

3.4.2 Effect of Ferric Iron

Adding ferric ions to tests caused increase in cadmium disso-
lution. After 7 days of bioleaching, the Cd concentrate for test
with 0.04 mol/L ferric iron was 40.64 mg/L, while it was
62 mg/L for test with 0.24 mol/L ferric iron. On the other
hand, the Cd concentrations for tests with 0.08 and
0.24 mol/L ferrous iron were 30.24 and 33.76 mg/L, after this
period. As mentioned, this phenomenon can occur due to low-
er pH level in tests with ferric ions.

Arsenic dissolution for tests that contained ferric iron had
similar pattern to the tests that contained ferrous iron.

3.4.3 Effect of Pyrite

Cd dissolution for tests with pyrite is lower than that for
tests with ferrous and ferric ions due to lower ferric ion
concentration in the leaching environment. The Cd disso-
lution for control tests with ferrous iron, ferric iron, and
pyrite was 12.42, 50, and 4.8 mg/L after 25 days. On the
other hand, the pH levels for these tests were around 3.4,
1.8, and 5.2 respectively which shows the effect of pH
level on cadmium dissolution.

In the case of As dissolution, the tests with pyrite passed
just one dissolution period, i.e., from day 16 and day 25 and
there was not any arsenic dissolution before this period. In
fact, absence of ferric and ferrous ions caused elimination of
the first arsenic dissolution period. However, by increasing the
bacterial activity and producing biological ferric ion, arsenic
dissolution also increased.

3.5 Dissolution of Iron from the Sample

3.5.1 In Tests with Ferrous Iron

The iron changes were monitored in the bioleaching tests dur-
ing 25 days of treatment (Fig. 6). Generally, the iron concen-
tration decreased in tests containing ferrous ions. As shown in
Fig. 6, an increase in the initial iron concentration caused iron
precipitation with a steeper slope. The total dissolved iron in
the bioleaching tests containing high ferrous concentration
(tests 3 and 4) decreased with an almost sharp slope and then
started to increase due to dissolution of iron minerals.
However, the dissolved iron in the control test with ferrous
ions (test 13) was lower in all 25-day treatment. The XRD
analysis of bioleached residue (Fig. 7) for test that contained
0.16 mol/L ferrous ion showed that Fe precipitated in the form
of iron sulfate hydrate (Fe4SO9·5H2O).

Fig. 6 Changes in iron concentration in the tests containing ferrous ions
(a), ferric ions (b), and pyrite (c)
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3.5.2 In Tests with Ferric Iron

The iron in tests with high ferric concentration (tests 7
and 8) decreased during the first 7 days and later stabi-
lized in ranges of tests with lower Fe3+ concentration
(tests 5 and 6). Therefore, increasing the initial ferric con-
centration has no effect on the bioleaching process due to
precipitation of surplus iron. Figure 3b showing zinc dis-
solution of tests with Fe3+confirms this idea, too.
According to Fig. 1, the bacterial count in these tests
became fixed or decreased after about 12 days. As the
bacteria have a high affinity for iron precipitation, they
tend to stick in the solid particles and the bacterial popu-
lation in solution tends to decrease [29].

3.5.3 In Tests with Pyrite

The dissolved iron showed no fluctuation during the first
16 days for tests containing pyrite (tests 9 to 12); howev-
er, after increasing the bacterial count, it started to in-
crease due to pyrite bio-oxidation. The highest dissolved
iron in these tests was 1.887 g/L. The control test with
pyrite had no dissolved iron due to the absence of bacte-
ria. This pyrite dissolution is very low in the absence of
an oxidation agent, due to sulfide composition of this
mineral.

3.6 SEM Characterization: Morphological Analysis
of the Sample Pre and Post Bioleaching

Scanning electron microscopic (SEM) studies were car-
ried out to investigate the surface properties and their
composition pre and post bioleaching of the ore sample
[26]. The sphalerite surfaces were smooth before treat-
ment (data not shown). However, SEM images indicated
that the surface became rough after both chemical and
bacterial leaching. Figure 8 shows the zinc mineral sur-
face after 25 days of bio-treatment with 0.16 mol ferric
ions (test 7). As can be seen in the figure, the particle
surface is covered with 5-μm crystals. The energy-
dispersive X-ray (EDX) spectroscopy analysis showed
that these crystals are mainly composed of S0 due to
sulfur precipitation on the minerals surface, according
to Eq. 1. This phenomenon caused a decrease in the
contact surface between zinc particle and the bacterial
lixiviant causing a reduced leaching rate ([36]; Lanet al.
2009; [37]). As shown in Fig. 3, zinc dissolution in the
tests containing ferric ions (tests 5 to 8) decreased after
7 days and became constant after 16 days due to the
mentioned impact. However, the surface of particles that
bioleached in the presence of ferrous ions did not cover
with sulfur crystals and zinc was exposed to leachate. In
these tests, the zinc dissolution rate did not decrease. The
iron concentration on the zinc particle surface for control

Fig. 7 XRD analysis of bioleached residue for the test containing 0.16 mol/L ferrous (test 3)
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test (test 14) is higher compared to that of the other tests.
This iron precipitated in the form of iron sulfate hydrate
as shown in Fig. 6. Previous studies suggested a log
linear dependence of the ferric iron in solution to the
pH level [19]. In the control test containing ferric ions
(test 14), the pH level stabilized around 1.8 and in sim-
ilar bioleaching test (test 7), the pH level was around
1.1. Because the pH level in chemical leaching test was
above the critical acidity, the iron precipitation was more
predominant in this test.

4 Conclusions

A series of laboratory scale bioleaching experiments were
carried out to study the effects of ferrous iron, ferric iron,
and pyrite as different iron sources on the bioleaching of
high-grade zinc–lead ore. The highest zinc recoveries for tests
containing ferrous iron (54.6%), ferric iron (57%), and pyrite
(39.8) were achieved at the iron concentration 0.16 mol/L,
0.04 mol/L, and 0.24 mol/L, respectively. Although leaching
in tests containing ferric iron was very high over the first few

Fig. 8 SEM images and EDX analysis (for zinc, sulfur, and iron) for (a) test 4, (b) test 7, and (c) test 14
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days, it was seen to decrease after 16 days. The scanning
electron microscopy (SEM) studies showed that in these tests,
sphalerite surfaces were covered with sulfur crystals and it
caused to reduce the zinc dissolution efficiency due to the
hindrance in contact of the leachate and sphalerite surface.
Different concentrations of Fe3+ added to shaking flask tests
showed that increasing the ferric concentration at 0.04 mol/L
had no significant effect on the zinc recovery due to ferric iron
precipitation. In the case of using pyrite, there was a 15-day
lag phase in bacterial growth due to lack of iron ions and after
this period, the bacterial count started to increase rapidly.
Although using pyrite makes the leaching time longer, it could
reduce the costs due to low price of pyrite. Finally, the arsenic
concentration in the leach solution did not show any sensitiv-
ity to the presence of iron sources in the bioleaching system,
while cadmium dissolution was dependent on the ferric con-
centration in solution.
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