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Abstract

The effects of sulfur concentration on the bioleaching of heavy metals from the sediment by indigenous sulfur-
oxidizing bacteria were investigated in an air-lift reactor. Increasing the sulfur concentration from 0.5 to 5 g/l enhanced
the rates of pH reduction, sulfate production and metal solubilization. A Michaelis—Menten type equation was used to
explain the relationships between sulfur concentration, sulfate production and metal solubilization in the bioleaching
process. After 8 days of bioleaching, 97-99% of Cu, 96-98% of Zn, 62-68% of Mn, 73-87% of Ni and 31-50% of Pb
were solubilized from the sediment, respectively. The efficiency of metal solubilization was found to be related to the
speciation of metal in the sediment. From economical consideration, the recommended sulfur dosage for the

bioleaching of metals from the sediment is 3 g/1.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Sediment is the ultimate fate for natural and anthro-
pogenic pollutants in the aquatic environment. Sediment
is generally highly contaminated with various types of
pollutants in the countries of dense industrialization.
For a successful remediation, dredging of contaminated
sediment is one of important alternatives besides
controlling the pollutants at sources and building sewer
systems. Most of the sediment dredged from contami-
nated aquatic bodies such as river and lake contains high
concentration of toxic pollutants such as heavy metals
(Forstner and Calmano, 1998). Because of stringent
disposal standards, this metal-contaminated sediment
cannot be disposed off on lands without proper
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treatment. Environmental engineers and managers are
facing new challenges regarding the management and
treatment of a large quantity of contaminated sediment.
From this perspective, development of a suitable and a
cost-effective technology for removal of heavy metals
from the contaminated sediment is needed.
Conventionally, physical or chemical technologies are
used for treatment of metal-contaminated sediments.
However, these technologies often have some limitations
in practical application (Rulkens et al., 1995). The
microbial method is an efficient and cost-effective
alternative to chemical and physical methods of
remediating many environmental pollution problems
because of its low demand for energy, material and less
generation of waste byproduct (Hsu and Harrison,
1995). Bioleaching is one of the microbial methods lately
considered highly promising for the treatment of metal-
containing or metal-contaminated solids, e.g. ores,
sludges, soils, swine manure and sediments (Blais et al.,
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1992; Ahonen and Tuovinen, 1995; Tichy et al., 1998;
Chen and Lin, 2000, 2001). The most important
microorganisms that are known to facilitate metal
bioleaching reactions belong to the autotrophic Thioba-
cillus species (Boseker, 1997). The two acidophilic
bacteria, namely 7. ferrooxidans and T. thiooxidans,
are frequently used in the bioleaching process (Donati
et al., 1996). However, the bioleaching process inocu-
lated with only acidophilic Thiobacillus species needs
pre-addition of acid to lower the pH to the acidic range
(pH <4) suitable for the growth of these bacteria and it
increases the operational cost. A more economical and
effective bioleaching process inoculated with a mixed
culture of 7. thioparus (less-acidophilic) and T. thioox-
idans (acidophilic) has been recently investigated (Blais
et al., 1992; Chen and Lin, 2000). These mixed microbial
cultures could grow and solubilize the metals at neutral
pH thereby eliminating the addition of acid to initiate
bioleaching process. Theoretically, the bioleaching
process is primarily achieved by two mechanisms: (1)
direct (Eq. (1))—the bacteria involved in bioleaching
process can catalyze the oxidation of insoluble metal
sulfides to soluble metal sulfates; and (2) indirect
(Egs. (2) and (3))—eclemental sulfur or reduced sulfur
compounds are oxidized to sulfuric acid by these
bacteria, thereby lowering the pH and subsequently
enhancing the metal solubilization (Rulkens et al., 1995).

(1) Direct mechanism

MS + 202 Thiobacilli MSO4 (1)

(2) Indirect mechanism

S° 4+ H,0 + 1.50, 2ty s0,, )

H,SO4 + sediment — M
—sediment — 2H + MSOy, 3)

where M is a bivalent metal.

The bioleaching process is governed by the activity of
microorganisms involved. The maximum efficiency of
metal solubilization can be achieved only when the
conditions of the bioleaching process correspond to the
optimum growth conditions of the bacteria (Boseker,
1997). However, the activity of bacteria is affected by
various physical, chemical and biological factors. It is
therefore crucial to understand the pragmatic opera-
tional conditions for optimum growth of the micro-
organisms involved in bioleaching process. Because
elemental sulfur (S°) is less expensive than other
substrates (Tyagi et al., 1994), it is extensively used as
the substrate for the growth of Thiobacilli species
(sulfur-oxidizing bacteria) in the bioleaching process
(Tichy et al., 1998; Chen and Lin, 2000, 2001). When
using elemental sulfur as the substrate, the production of

acid is a rate limiting step in the overall bioleaching
process (Tichy et al., 1993). Generally, the acid
production and pH changes are affected by the amount
of sulfur added. However, if excess sulfur is added than
required for metal solubilization, the residual sulfur will
cause reacidification of treated sediments or soils during
land application (Ravishankar et al., 1994). Thus, sulfur
concentration is one of the important parameters and
has to be optimized in bioleaching process. Typically,
most of the bioleaching processes are operated in
shaking flasks or conventional stirred tank reactors.
However, these kinds of reactors have some inherent
drawbacks such as high energy consumption, large area
requirement and poor mixing property (Zhou et al.,
2003; Chisti and Jauregui-Haza, 2002). In comparison,
air-lift reactors have outstanding advantages over stirred
tank reactors: a simple construction, an excellent heat
transfer capacity, a reasonable interphase mass transfer
rate and good mixing properties at low energy con-
sumption, as the gas phase serves the dual function of
aeration and agitation (Vial et al., 2002). The objectives
of this study were to investigate the feasibility of
bioleaching process for metal-contaminated sediments
in an air-lift reactor and to examine the effects of sulfur
concentration on the performance of bioleaching
process.

2. Materials and methods
2.1. Sediment source and its characterization

The sediment sample used throughout this study was
taken from the lower reaches (near Nan Ding Bridge) of
the Ell Ren River in southern Taiwan. The EIl Ren
River, which has a catchment area of about 350 km? and
a total length of 65km, was chosen because it receives
many untreated and/or partially treated municipal,
industrial and agricultural wastewaters from uncon-
trolled effluents and the sediment has been highly
contaminated by heavy metals. The sediment samples
were collected in sealed plastic bags and stored at 4°C
prior to their use. Every batch of sediment sample was
characterized before its use in the bioleaching experi-
ment. The characterization includes determination of
total solids (TS), volatile solids (VS), pH, and important
metals and their speciation. The measured character-
istics and metal speciation of the contaminated sediment
are listed in Tables 1 and 2.

2.2. Seed microorganisms and activation

The indigenous sulfur-oxidizing bacteria were accli-
mated in a 31 batch reactor containing sediment slurry
of 20 g (dry weight)/l and a tyndallized elemental sulfur
(200-300 um in diameter) of 5g/I. This acclimation
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reactor was stirred with a mixer running at 200 rpm and
aerated at a rate of 1.21 air/min at 30+ 0.5°C constant
temperature. The pH of sediment slurry was measured
daily. A 150ml of acclimated sediment slurry was then
transferred to 31 freshly prepared sediment slurry with
5g/l elemental sulfur under the same conditions when
the pH dropped to less than 2.0. The above procedure
was repeated until the indigenous sulfur-oxidizing
bacteria in the sediment slurry had the maximum
activity of acidification as evident from the rate of pH
drop. The inocula thus obtained were believed to be well
acclimated and rich in indigenous sulfur-oxidizing
bacteria.

2.3. Bioleaching in air-lift reactor

The batch air-lift reactor consisted of three parts: top
part, main column with water jacket and bottom part
with an air diffuser. Fig. 1 shows a schematic diagram of
the experimental setup. The main column consisted of
an internal tube of Scm internal diameter and 150 cm
height, an external tube of 15cm diameter and 150 cm
height and a total working volume of 251. Compressed
air was sparged at a rate of 61/min from the bottom of
the column into the internal tube, which produced a
recirculation flow pattern of the sediment slurry in the
column. The top part of the reactor had a 25cm
diameter and 30 cm height and was employed to prevent
the overflow of sediment slurry from the reactor. The

Table 1

Measured characteristics of the contaminated sediment
Parameter Value
Total solids (%) 44.840.2*
Volatile solids (%) 5.0+0.2

pH 7.940.1

Cu (mg/kg dry weight) 1453+1.8
Zn (mg/kg dry weight) 519.7422.5
Mn (mg/kg dry weight) 519.74+9.7
Pb (mg/kg dry weight) 43.2+3.0
Ni (mg/kg dry weight) 87.3+3.5

#Mean +standard deviation (n = 12).

reactor was maintained at 30+0.5°C using a water
jacket. In each bioleaching experiment, the air-lift
reactor was fed with 251 sediment slurry of 1% TS
content, 2.51 well acclimatized inoculum and a pre-
determined amount of sterilized (tyndallized) elemental
sulfur. The elemental sulfur concentrations in the
reactor were varied from 0.5, 1, 3 to 5g/l. During each
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Fig. 1. Schematic diagram for air-lift reactor of bioleaching
experiment.

Table 2

Metal speciation in the sediment used in this study

Metal Exchangeable Carbonates Fe/Mn oxides Sulfide/organic Residual
Cu 0.2 (0.2)* 0.3(0.2) 1.2 (1.0) 106.2 (84.5) 17.8 (14.2)
Zn 0.5 (0.1) 68.3 (14.4) 192.9 (40.7) 164.0 (34.6) 48.1 (10.2)
Pb 0.6 (1.3) 3.9 (8.2) 21.1 (44.3) 13.7 (28.8) 8.3(17.4)
Ni 1.2 (1.6) 10.5 (14.0) 18.3 (24.4) 30.5 (40.7) 14.5 (19.3)

#Numbers in parentheses represent the percentage (%) of metal speciation in sediment.
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bioleaching experiment, samples were collected from the
reactor routinely and analyzed, for sulfate and soluble
heavy metals such as Cu, Zn, Mn, Pb and Ni.
Additionally, pH and oxidation-reduction potential
(ORP) were also monitored online.

2.4. Analytical methods

The pH and ORP values were measured by pH and
ORP eclectrodes installed in an online digital recorder
(Model RD-500, Tank). The sediment slurry taken from
the reactor was centrifuged at a speed of 10,000 rpm for
20 min, and filtered through a 0.45 um membrane filter.
The filtrate was analyzed for sulfate concentrations
according to the Standard Methods (APHA et al., 1995).
The sediment TS and VS were also determined following
the procedure outline in Standard Methods (APHA
et al., 1995). The total heavy metals in the sediment were
determined after HF-HNO;-HCl digestion method
(USEPA, 1995). The speciation of metals in the
sediment was determined by a sequential extraction
procedure, which was based on the method reported by
Tessier et al. (1979) with some modification (Lin et al.,
1999). This sequential extraction procedure divided
heavy metals in sediments into five binding forms,
namely, exchangeable, carbonate-bound, Fe/Mn oxide-
bound, sulfide/organic matter-bound and residual. The
heavy metal concentrations were measured by a flame/
graphite atomic absorption spectrophotometer (Model
Z-8100, Hitachi).

2.5. Identification and enumeration of microorganisms

Since the traditional culture-based techniques for
identification and enumeration of sulfur-oxidizing bac-
teria were of biases and time-consuming (4-6 weeks)
(Blais et al., 1992), a molecular technique called
fluorescent in situ hybridization (FISH) was used to
confirm the presence and quantification of sulfur-
oxidizing bacteria in the acclimated sediment slurry.
This technique targets the small sub-unit (SSU) riboso-
mal RNA (rRNA) in bacteria based on their genetic
evolution. For FISH experiments, samples collected
from the acclimation reactor on day 2 and day 20 were
fixed on ice in 1:3 (v/v) dilutions of 4% ethanol for 2 h.
The fixed samples were then spotted onto gelatin-coated
multi-well slides, dried and dehydrated. The dehydrated
fixed samples were hybridized with oligonucleotide
probes and then stained with 4',6'-diamidino-2-pheny-
lindole (DAPI) under the conditions as described in the
study of Bond and Banfield (2001). Two oligonucleotide
probes specific for T. thioparus (THIOPASI11, 5'-
CACCCCCCTCCTGACGCA-3) and T. thiooxidans
and T. ferrooxidans, (THIO820, 5-ACCAAACATC-
TAGTATTCATCG-3') (Peccia et al., 2000) used in this
study were synthesized and labeled with Cy3. The

fluorescent signal of FISH was analyzed with an
epifluorescence microscope (Axioscope2 plus, Zeiss).
Images were captured with a digital charge coupled
device camera (Axio Cam HR, Zeiss) using AxioVision
3.0. To enumerate, the DAPI-stained cells detected with
probes were counted individually for each probe on each
of the samples.

3. Results and discussion
3.1. Sulfur-oxidizing bacteria in acclimated sediment

The sediment samples taken from the acclimation
reactor on day 2 and day 20, were subjected to DAPI
staining and hybridization with two oligonucleotide
probes: one for the species 7. thioparus (THIOPAS11)
and the other for species 7. thiooxidans and T.
ferrooxidans (THIO820). Results of FISH confirmed
that less-acidophilic (7. thioparus) and acidophilic
Thiobacillus (T. thiooxidans and T. ferrooxidans) indeed
occurred in the acclimated sediment (Fig. 2). Addition-
ally, the enumeration results indicated that 7% and 2%
of DAPI-stained cells were detected with THIOPAS11
and THIOS820, respectively, on the 2nd day of acclima-
tion. However, after 20 days of acclimation, 7.
thiooxidans and T. ferrooxidans were estimated to make
up 60% of DAPI-stained cells in the acclimated
sediment, but T. thioparus only made up less than 1%
of DAPI-stained cells. It was found that the acidification
of sediment slurry and the solubilization of heavy metals
were accomplished by the combined activities of less-
acidophilic and acidophilic Thiobacillus (Chen and Lin,
2001).

3.2. Sediment acidification

To evaluate the rate of sediment acidification during
bioleaching experiment, the reactor was operated with-
out pH controlled. During bioleaching, the oxidation of
elemental sulfur produced sulfuric acid that caused a
decrease in pH and solubilization of metals. Fig. 3 shows
the effect of sulfur concentration on acidification of
sediment slurry. From the figure, it was apparent that
the pH decreased from the neutral value of about 7.5 to
the acidic value of 2.0 within 8 days of bioleaching
experiment at all sulfur concentrations, except at 0.5 g/1.
The rate of pH reduction increased with an increase in
feed sulfur concentration. The microbial oxidation of
elemental sulfur is known to proceed through the initial
adsorption of bacteria on the insoluble elemental sulfur
and followed by its oxidation by sulfur-oxidizing
bacteria (Shrihari et al., 1992). It is well known that
adsorption of Thiobacilli to sulfur particles is necessary
and plays an important role in the microbial oxidation
rate of sulfur (Porro et al., 1997). Therefore, the rate of
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Fig. 2. Epifluorescent micrographs of FISH with different oligonucleotides probes. Horizontally paired images represent the same field
of view. On the left are cells stained by DAPI. On the right is the corresponding view of cells hybridized with (a) probe THIOPASI11 for
acclimated sediment on the day 2 and (b) probe THIO820 for acclimated sediment on day 20.
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Fig. 3. Changes of pH in the bioleaching process for different
sulfur concentrations.

oxidation of elemental sulfur also depends on the
availability of total surface of sulfur particles. An
increase in the sulfur concentration means an increase
in the availability of total surface area of sulfur particles,
which enhances the acidification rate. However, adding
5 g/l of elemental sulfur into the reactor did not improve
the acidification rate appreciably compared to that of
3 g/l of elemental sulfur. In the bioleaching process, the
microbial oxidation of sulfur led not only to sediment
acidification but also to an increase in the ORP (Fig. 4).
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Fig. 4. Changes of ORP in the bioleaching process for different
sulfur concentrations.

Fig. 4 shows the effects of sulfur concentration on the
variations of ORP in the bioleaching process. From the
figure it was evident that the oxidation of sulfur
increased the ORP rapidly and then gradually ap-
proached a limiting value (+410 to +430mV) within 8§
days. The increase of ORP had a similar trend with
decrease of pH. That is the higher the sulfur concentra-
tion was, the greater the rate of ORP increase was.
Based on the pH-pe diagram established from the
chemical conditions of the sediment slurry in the reactor,
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Fig. 5. Predominance area diagram in terms of pe and pH for
Zn (the arrow indicates changes of pH and ORP caused by the
bioleaching process: Cr = St = 107> M, Znp= 1074 M) (mod-
ified from Theis and Hayes, 1980; Bourg, 1994).

low pH and high ORP conditions were found to favor
the transformation of insoluble metal salts to soluble
metal forms (taking Zn for example, Fig. 5). Therefore,
the efficient solubilization of heavy metal needs an
optimum condition of pH and ORP in the reactor
during the bioleaching process.

3.3. Sulfur oxidation

It is believed that elemental sulfur is completely
oxidized to sulfuric acid by Thiobacilli when elemental
sulfur is used as a substrate (Tyagi et al., 1994). As a
result sulfate ions start to accumulate in bioleaching
process. Therefore, the sulfur oxidation can be directly
correlated to sulfate formation. Fig. 6 shows the trend of
sulfate production at different elemental sulfur concen-
trations. It is apparent from the figure that the
concentration of sulfate ([SO3]) increased linearly with
time (¢), supporting the observations of Laishley et al.
(1986) and Konishi et al. (1995). Therefore, the rate of
sulfate (Vsufate) production in the bioleaching process
can be calculated by the following equation:

2
Vsulfate = % = ks> (4)
where k; is the rate constant of sulfate production (mg/l/
d). Good correlation coefficients (R>>0.97) were
obtained by Eq. (4), indicating that the variations of
sulfate in bioleaching process conformed to the linear
equation (Table 3). The adsorption of Thiobacilli on
sulfur particles was a significant step for oxidation of
elemental sulfur in this bioleaching process. The rate of
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Fig. 6. Sulfate production in the bioleaching process for
different sulfur concentrations.

Table 3
Predicted rate of sulfate production in the bioleaching process
for different sulfur concentration

Sulfur (g/1) Vsultate (mg/1/d) R
0.5 273 0.98
1 71.0 0.99
3 90.0 0.97
5 93.4 0.99
140
120F
100 F
= 0o O
S 8o o
E eof
= 2 —
Lol R2=0.90
Vmax_ = 182 (mg/lid)
20 K¢ = 2.60 (g/l)
O 1 1 1 1
0 1 2 3 4 5
Sulfur (g/l)

Fig. 7. Rate of sulfate production rate for different sulfur
concentrations in the bioleaching process (the solid line is the fit
to Michaelis—-Menten type of equation).

sulfate production increased with increasing total sur-
face area of sulfur (i.e. sulfur concentration) (Fig. 7).
The results shown in Fig. 7 indicate that a Michaelis—
Menten type of equation can best describe the effects of
sulfur concentration on rate of sulfate production:

vess
K +S

©)

Vsulfate =
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Fig. 8. Metal solubilization in the bioleaching process for different sulfur concentrations (a) Cu, (b) Zn, (c) Mn, (d) Ni and (e) Pb.

where K is the saturation constant (g/l), Vg the
maximum rate of sulfate production (mg/l/d) and S the
sulfur concentration (g/l). The values of V$** and K in
Eq. (5) were determined to be 182mg/l/d and 2.60 g/1,
respectively. The Michaelis—Menten type of equation
predicted from the estimated parameters values of Vg*
and K; was consistent with the experimental data
(Fig. 7).

Based on the results in Fig. 6, it was found that about
48-88% of the sulfur powder added in the bioreactor
was not oxidized (utilized) during the bioleaching
process. The residual sulfur powder was necessary to
be removed and recycled from the treated sediments

before its further disposal. However, the sulfur powder
was not easy to be removed and recycled. Actually, the
elemental sulfur in the form of large particle size is
preferable for recycling in the bioleaching process, but
its small specific surface area deters the performance of
the bioleaching process. Some recoverable forms of
sulfur for the bioleaching process were prepared in our
previous study (Chen et al., 2003) and were proven to be
reusable and helpful to the performance and cost
effectiveness of the bioleaching process in the batch
tests. These recoverable forms of sulfur can also be
applied to the air-lift bioreactor for bioleaching in our
future research.
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3.4. Metal solubilization

For investigating the effect of sulfur concentration on
metal solubilization in the bioleaching process, rates of
metal solubilization were determined from the slopes of
the initial linear section of the curves in Fig. 8. When the
sulfur concentration was between 0.5 and 3 g/, the rate
of metal solubilization significantly increased as the
sulfur concentration increased (Fig. 9). Then the rate of
metal solubilization increased only slightly with the
sulfur concentration of 5g/l. It was observed that the
trends of rate of metal solubilization in the bioleaching
process also followed Michaelis—Menten type model:

ymas

Ko+ S ©

Vinetat =
where K, is the saturation constant (g/l), V§** the
maximum rate of metal solubilization (mg/l1/d) and S the
sulfur concentration (g/l). The estimated values of
parameters (Vg and K,,) for different metals were
presented in Table 4. It was found that the maximum
rate of metal solubilization was highly related to the
initial metal contents in the sediment (Table 1). The rate
of metal solubilization from contaminated sediment was

0.06
~ 0.04 |
3
g 003 |
g
> 0.02 + R2:099

V,, = 0.06 (mg/l/d)
0.01 | Ky = 1.42 (g/1)
0 1 1 1 1
0 1 2 3 4 5
Sulfur (g/l)

Fig. 9. Rate of Pb solubilization rate in the bioleaching process
for different sulfur concentrations (the solid line is the fit to
Michaelis—Menten type of equation).

Table 4
Parameters of Michaelis-Menten type of equation for metal
solubilization in the bioleaching process

Metal Ve (mg/l/d) K (g/) R

Cu 0.43 0.19 0.81
Zn 1.96 0.66 0.81
Mn 1.31 0.19 0.91
Pb 0.06 1.42 0.99
Ni 0.17 0.26 0.90

Table 5
Percentage (%) of metal solubilization after 8 days of
bioleaching

Metal Sulfur concentration (g/1)

0.5 1 3 5
Cu 97 99 99 98
Zn 98 98 98 96
Mn 62 64 66 68
Pb 31 50 45 43
Ni 73 71 82 87

in the decreasing order of Zn>Mn>Cu>Ni>Pb. As
the production of acid is considered as a rate limiting
step in overall bioleaching process (Tichy et al., 1993),
the rate of metal solubilization is affected by the rate of
acid production. Therefore, the observed dependence of
sulfur concentration on rates of sulfate production
and metal solubilization followed the Michaelis—Menten
type of equation. However, because the relationship
between metal solubilization and pH is non-linear
and not the same for each metal (Chen and Lin, 2001),
the parameters listed in Table 4 and Fig. 7 were
different.

The efficiency of solubilization of heavy metals after 8
days of bioleaching for different sulfur concentrations is
listed in Table 5. From the table it was clear that the
highest solubilization was measured for Cu and Zn, with
about 96-99% of these two metals being solubilized for
different sulfur concentrations after 8 days of bioleach-
ing. Mn and Ni were solubilized by about 62-68% and
73-87%, respectively. Pb was the least solubilized (31—
50%) among all metals after a period of 8 days. Metals
in exchangeable, carbonate-bound and Fe/Mn oxide-
bound speciation, which are contributed by anthropo-
genic pollution, are considered to be more mobile,
dangerous and bioavailable. The organic matter/sulfide-
bound, and residual metals are stable and non-bioavail-
able (Perin et al., 1997). According to the partition of
metals in sediment (Table 2), Cu (85%) is mainly
associated with sulfides/organic matter and this form of
Cu can be efficiently oxidized (solubilized) by Thiobacilli
(direct mechanism of bioleaching). On the other hand,
Zn (55%) was predominantly found in more available
and mobile fractions (i.e. exchangeable, carbonate and
Fe/Mn oxides fractions). The above reasons explained
why the efficiency of Cu and Zn solubilization was often
high in the bioleaching of metal-contaminated sediment
(Chen and Lin, 2000). Moreover, because of the
formation of insoluble PbSO, (Kyp=1.62x 10%), the
efficiency of Pb solubilization was generally lower than
other metals in the bioleaching process (Tyagi, 1992;
Chen and Lin, 2001).
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4. Conclusions

The bioleaching process appears to be a potentially
efficient technology for removing heavy metals from the
sediment. It is very important to obtain the optimum
operating parameters for the field application of this
process. Among the factors affecting bioleaching pro-
cess, the substrate concentration, i.e. sulfur concentra-
tion, is the most basic and significant parameter. The
increasing of sulfur concentration resulted in the
increased rates of acidification, sulfate production and
metal solubilization. The Michaelis—Menten type of
equation was able to describe the effects of sulfur
concentration on both sulfate production and metal
solubilization. In addition, the binding forms of each
metal in sediment had a profound effect on metal
solubilization efficiency in bioleaching process. Metals in
loose binding forms (exchangeable, carbonates and Fe/
Mn oxides) were more easily solubilized from the
sediment than the organic matter/sulfide-bound, and
residual metals. Though a high sulfur concentration
generated an efficient acidification and metal solubiliza-
tion in the bioleaching process, it also increased the
operational costs and hindered the disposal of treated
sediment. Based on the results obtained from this study,
the preferable concentration of sulfur added was
considered to be 3 g/l for the bioleaching process with
indigenous sulfur-oxidizing bacteria in the air-lift
reactor.
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