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ABSTRACT

The present study was undertaken to investigate the tolerance levels of indigenous sulfur-
oxidizing micro-organisms to Methylene blue (MB), Remazol black B (RBB), and mixture of
both the dyes (DM) during bioleaching of heavy metals from sewage sludge. The experi-
ments were performed with anaerobically digested sewage sludge at initial neutral pH of the
sludge containing 0-35,000mg/1 of the MB, RBB, and DM. The results show that the biole-
aching process was affected by the increase in concentration of MB, which decreased the
growth of indigenous sulfur-oxidizing micro-organisms leading to the slow rate of decrease
in pH and hence decreased solubilization of metals. Similar effects were observed on the
activity of indigenous sulfur-oxidizing micro-organisms using RBB and a mixture (DM) of
MB and RBB. The presence of RBB and DM were found to be more toxic as compared to MB
at the same initial concentration of the dyes. At initial concentration of 30,000 mg/1, a drastic
reduction in pH drop was observed with decreased solubilization of metals, irrespective of
any dye. The results of the present study shall be useful to develop a suitable bioleaching
process for the sludges contaminated with a variety of dyes.
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1. Introduction

Dyes are the coloring agents used in textile, phar-
maceutical, pulp and paper, food, tanneries, paint,
plastics, electroplating, and cosmetics industries. The
wastewater generated in these industries are highly
colored and it is estimated that around 15% of the
used dyestuff is released into the process water
during manufacturing of dye [1,2]. Many dyes
and pigments are toxic and are known to have
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carcinogenic, mutagenic, and tetratogenic effects [3].
Besides dyes, the dye contaminated wastewater is also
known to contain a variety of inorganic salts and
heavy metals such as Cu, Cr, Zn, etc.,, which are
present as an integral part of various dyes [4]. Further,
various chemicals and compounds used in the dyeing
process also add to the total metal load in the
wastewater coming out from the textile mills [5].
During the treatment of wastewater contaminated
with dye, the heavy metals present originally in the
wastewater find their way into the sludges, the
disposal of which is a serious environmental problem.
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It was reported that the concentration of metals in the
sludge contaminated with dye is typical of that of the
sewage sludge. The average concentrations of Cu, Ni,
Zn, Cr, Mn, and Pb in the sludge from dye industries
were found to be in the range of 25-740 mg/kg of dry
sludge [5]. Further, sewage sludges are often contami-
nated with dye, as in the absence of adequate treatment
facilities in the small and medium scale dye industries
and hence, wastewater contaminated with dyes are
often discharged in the sewer line without giving any
treatment. The heavy metals can leach out and contam-
inate the soils as well as the surface and groundwater
sources when metal-laden sludges are disposed of on
land or in landfills [6]. There is ample information
available in the literature on various chemical methods
employed for the elution of heavy metals from soil,
sludges, and solid wastes [7]. However, the practical
application of the chemical processes is still limited
due to the requirement of large amount of chemicals,
high operating cost, operational difficulties, and sec-
ondary pollution problems associated with them [8].

Over the years, the bioleaching process using sul-
fur-oxidizing (At. thiooxidans) micro-organisms has
been reported to be an efficient and economical
method for the removal of heavy metals from sewage
sludges [9]. The applications of these micro-organisms
along with other micro-organisms in metal leaching
from industrial sludges have also been reported [10-
14]. The micro-organisms involved in bioleaching can
survive at low pH and high oxidizing conditions
developed during bioleaching [15]. Further, being
resistant to a variety of toxic metals, the micro-organ-
isms have a great potential in metal bioleaching. There
is sufficient information in the literature on the metal
tolerance of Acidihiobacilli [16]. However, there is still
a lack of information about the tolerance level of Acid-
ithiobacilli indigenous to sludge contaminated with
other toxicants such as dyes. It is worth mentioning
that the most of the dyes are considered as toxic and
for the development of a successful bioleaching pro-
cess for sludges contaminated with metals and dyes,
there is a need to examine the metal leaching in the
presence of different dyes. The present study is proba-
bly a first attempt to examine the tolerance levels of
indigenous sulfur-oxidizing micro-organisms to differ-
ent dyes such as Methylene blue (MB), Remazol black
B (RBB), and a mixture of both the dyes (DM) during
metal bioleaching. The batch bioleaching experiments
were carried out using anaerobically digested sewage
sludge inoculated with indigenous sulfur-oxidizing
micro-organisms. The effects of different concentra-
tions (5,000, 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/1) of MB, RBB, and DM on bioleaching of
metals were investigated.
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2. Materials and methods
2.1. Synthetic solutions of dyes

In the present study, RRB (molecular formula
Co6H21N5NasO19S, molecular weight: 991.82 and pKa
6.9) and MB (molecular formula: C;¢H;gN3SCl, molec-
ular weight: 319.85 and pKa 3.8) were used. Stock
solutions of RBB and MB dyes of 1,00000 mg/l con-
centration were prepared by dissolving the appropri-
ate quantities of powdered dyes in tap water and the
solutions of the desired concentrations for various
experiments were obtained by successive dilution. The
dyes were procured from the textile engineering
department of IIT Delhi and were of analytical grade
with 95% purity. The chemical structure of the dyes
are shown in Scheme 1(a) and (b).
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Scheme 1(a). Structure of Remazol black B.
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Scheme 1(b). Structure of Methylene blue.

2.2. Characterization of the sludge

The anaerobically digested sewage sludge was
procured from a sewage treatment plant (treatment
capacity >100 million gallon/d) located in Delhi, the
capital city of India. The characteristic properties of
the sludge before bioleaching are shown in Table 1.
The pH, total solids content, organic and inorganic
matter contents, total Kjeldahl nitrogen, and total
phosphorus content of the sludge were determined
according to the standard methods [17]. For the deter-
mination of the total heavy metal content, the sludge
samples were subjected to di-acid digestion
(HNO3 +HCIOy4) and the heavy metals in the digested
liquid were determined with the help of atomic
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Fig. 1. Change in pH with time in sewage sludge during
bioleaching at different concentrations of MB using sulfur-
oxidizing micro-organisms.

Table 1

The characteristic properties of sewage sludge

Parameters Value
pH 7.1
Total solids (g/1) 20.2
Organic matter (mg/kg dry sludge) 43
Inorganic matter (mg/kg dry sludge) 57
Nitrogen (mg/kg dry sludge) 2.7
Phosphorus (mg/kg dry sludge) 1.2
Cu (mg/kg dry sludge) 472
Ni (mg/kg dry sludge) 294
Zn (mg/kg dry sludge) 1,310
Cr (mg/kg dry sludge) 332

absorption spectrophotometer (Perkin Elmer AAnalyst
200).

2.3. Preparation of inoculum

For inoculum preparation, the secondary activated
sludge was fortified with 0.5% (w/v) elemental sulfur
for sulfur-oxidizing micro-organisms at 28°C and
180rpm. When pH of the sludge decreased from an
initial value of 7 to 2, the culture was transferred to
fresh sludge for further enrichment. This procedure
was repeated three times so as to get an active inocu-
lum (enriched sludge) for using it in the subsequent
bioleaching experiments.

2.4. Batch bioleaching experiments

The batch bioleaching experiments were conducted
in 500ml Erlenmeyer flask with 250ml of sewage
sludge (20g/1 of the solids). The sludge was
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inoculated with 10% (v/v) of the inoculum and 0.5%
(w/v) elemental sulfur at 28°C and 180rpm. The
control experiment was also conducted using the
same sludge under similar conditions without adding
any inoculum and elemental sulfur. To examine the
effect of dyes on sulfur-oxidizing micro-organisms,
MB, RBB, and DM dyes, each in the concentration
range of 0-35,000mg/1 were added to the sludge in
separate flasks. For example, to achieve a dye concen-
tration of 10,000mg/l, 10,000mg dye was directly
added to 1L of sludge and 250ml of the sludge
aliquot was used for the bioleaching experiments. All
the bioleaching experiments were performed in
duplicate for 16days. The change in pH, ORP, and
solubilization of heavy metals in the absence and
presence of dyes was monitored with time.

3. Results and discussion
3.1. Change in pH and ORP

The change in pH with time, in sludge having MB
(0-35,000mg/1) along with the control (without dye
and sulfur) is shown in Fig. 1. In the control, the pH
initially increased from an initial value of 7-7.4 on the
fourth day and then decreased to 5.9 on the sixteenth
day of bioleaching studies. No significant decrease
could be observed in pH in the control. On the other
hand, in the sludge having elemental sulfur and
inoculum, the indigenous sulfur-oxidizing micro-
organisms were able to oxidize elemental sulfur even
in the presence of high concentration of dyes resulting
in rapid decrease in pH.

However, the decrease in pH was slower at higher
initial concentration of dye. This is because at higher
concentrations, the inhibitory effect of the dye was
more pronounced on the growth of sulfur-oxidizing
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Fig. 2. Change in pH with time in sewage sludge during
bioleaching at different concentrations of RBB using
sulfur-oxidizing micro-organisms.
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Fig. 3. Change in pH with time in sewage sludge during
bioleaching at different concentrations of DM using sulfur-
oxidizing micro-organisms.

micro-organisms. This led to less oxidation of elemen-
tal sulfur and hence, less production of acid resulting
in slow decrease of pH. In the sludge having only
elemental sulfur and inoculum (0mg/1 dye), the pH
decreased sharply to less than 2 in 4days and reached
1 on the eighth day. In the sludge having 5,000 mg/
IMB, it took 6days to reach the pH 2 and 10days to
reach pH less than 1. However, the final pH (0.8) was
identical in both the sludges and remained constant
till the sixteenth day. However, MB concentration
beyond 5,000mg/1 seems to reduce the growth of
indigenous sulfur-oxidizing microbes as indicated by
the final pH values 1.4, 1.7, 2.4, 2.8, and 3.2 achieved
in the sludges having 10,000, 15,000, 20,000, 25,000,
and 30,000mg/1MB, respectively, after 16days of
bioleaching. With a further increase in MB concentra-
tion up to 35,000mg/1, the final pH remained at 4.9
after 16 days of bioleaching. The results show that the
increasing concentration of MB dye proved more toxic
to sulfur-oxidizing micro-organisms. A similar trend
in decrease in pH with time during bioleaching was
observed in the presence of RBB (Fig. 2). In the sludge
having 5,000mg/1 RBB, the pH decreased sharply to
less than 2 in 6days and reached finally 1 in 16 days
of bioleaching, as compared to pH 0.8 in the sludge
containing MB. The final pH achieved in the sludges
containing 10,000, 15,000, and 20,000mg/1 RBB was
1.5, 1.9, and 2.5, respectively, in 16days of bioleach-
ing. At RBB concentration of 35,000 mg/1, the final pH
remained constant at 5.1 till the sixteenth day of biole-
aching. The above results show that the presence of
RBB in sludge had more toxic effect on the sulfur-oxi-
dizing microbes as compared to MB.

Fig. 3 shows that in the sludge having 5,000mg/1
DM (combination of RBB and MB in equal propor-
tions), the pH decreased to less than 2 in 8days and
reached finally 1 in 16days of bioleaching. This indi-
cates that presence of DM had more toxic effect on
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Fig. 4. Change in ORP with time in sewage sludge during
bioleaching at different concentrations of MB using sulfur-
oxidizing micro-organisms.
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Fig. 5. Change in ORP with time in sewage sludge during
bioleaching at different concentrations of RBB using
sulfur-oxidizing micro-organisms.

the micro-organisms as compared to the individual
dyes. Further increase in DM concentration indicated
reduced growth of sulfur-oxidizing micro-organisms
as higher final pH values, ie., 1.7, 2.2, 2.9, and 3.5
were achieved in the sludges containing 10,000,
15,000, 20,000, and 25,000mg/1 DM, respectively, in
16 days. These pH values were higher than the final
pH achieved in the sludges having MB and RBB indi-
vidually. At DM concentration of 35,000mg/l, the
final pH achieved was 5.4.

3.2. Change in ORP

The change in ORP with time during bioleaching
in the presence of MB is shown in Fig. 4. In the
sludges having different concentrations of MB, the
ORP decreased with increase in dye concentration. In
the sludge having 5,000mg/1MB, the ORP increased
to 378 mV on the second day and finally to 486 mV on
the sixteenth day. Increase in MB concentration
beyond 5,000mg/1 resulted in lower rate of increase
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Fig. 6. Change in ORP with time in sewage sludge during
bioleaching at different concentrations of DM using sulfur-
oxidizing micro-organisms.

in ORP. The final ORP achieved in the sludges
containing 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/IMB was 462, 438, 368, 338, 302, and
180 mV, respectively, in 16 days of bioleaching.

A similar trend in change in ORP with time was
observed in the sludges having RBB (Fig. 5). However,
the increase in ORP was slower in the sludges having
RBB compared to the sludges containing MB. In the
sludges having 5,000, 10,000, 15,000, 20,000, 25,000,
30,000, and 35,000mg/1 RBB, the ORP value was 478,
442, 428, 348, 318, 212, and 166 mV, respectively, on
the sixteenth day of bioleaching.

The ORP values achieved in the sludges having
DM were observed to be lower compared to the
sludges containing MB and RRB, separately (Fig. 6).
The final ORP values obtained in the sludges having
5,000, 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/1 DM were found to be 482, 426, 388, 324,
279, 186, and 136 mV, respectively, in 16 days of biole-
aching. The above results confirm that the increasing
concentration of DM had more inhibitory effect on the
growth of bioleaching micro-organisms leading to
reduced oxidation of elemental sulfur.

The bio-oxidation of elemental sulfur by indige-
nous sulfur-oxidizing micro-organisms is associated
with a change in ORP of the system. The utility of ele-
mental sulfur by the sulfur-oxidizing bacteria led to
the increase of sludge ORP. A rise in ORP and lower-
ing of pH are indicators of substantial growth of bac-
teria and hence higher solubilization of metals.
Bioleaching process involves metal solubilization due
to in situ production of the acid by the action of iron
and sulfur-oxidizing bacteria.
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Fig. 7. Solubilization of Cu with time from sewage sludge
during bioleaching at different concentrations of MB using
sulfur-oxidizing micro-organisms.
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Fig. 8. Solubilization of Ni with time from sewage sludge
during bioleaching at different concentrations of MB using
sulfur-oxidizing micro-organisms.
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Fig. 9. Solubilization of Zn with time from sewage sludge
during bioleaching at different concentrations of MB using
sulfur-oxidizing micro-organisms.
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Fig. 10. Solubilization of Cr with time from sewage sludge
during bioleaching at different concentrations of MB using
sulfur-oxidizing micro-organisms.

3.3. Solubilization of heavy metals with time during
bioleaching using sulfur-oxidizing micro-organisms

The solubilization of Cu, Ni, Zn, and Cr with time
from the sludges having MB (0-35,000mg/1) along
with control is shown in Figs. 7-10. In the control,
without the addition of inoculum and sulfur, only
16% Cu was solubilized in 16days. In the sludge
having only inoculum and sulfur as an energy source
(Omg/I dye), a maximum of 82% Cu was solubilized
at a sludge final pH of 0.8 on the sixteenth day. The
previous study carried out in the absence of dye has
shown that bioleaching was effective in metal removal
from the sludge. Using only 2g/1 sulfur, about 79%
Cu was solubilized within 12days of bioleaching
operation [18], which is almost comparable to what
has been achieved in the present study in the absence
of any dye in the sludge. On the other hand, in the
sludge having 5,000mg/IMB, only 33% Cu was solu-
bilized in the first 2 days. However, after 16 days, the
final solubilization of Cu was similar (82%) to that of
the sludge containing 0 mg/1MB. Further increase in
the MB concentration (beyond 5,000mg/1) led to
decrease in Cu solubilization, i.e. 77, 68, 64, 51, 39,
and 19 for sludges containing 10,000, 15,000, 20,000,
25,000, 30,000, and 35,000mg/1 of MB, respectively.
The results show that the presence of MB proved toxic
to the bioleaching micro-organisms ultimately leading
to reduced solubilization of metals. Further, lower
solubilization of Ni (Fig. 8) as compared to Cu was
achieved in the presence of MB. In the sludge having
only inoculum and sulfur as energy source (0mg/l1
dye), a maximum of 61% Ni was solubilized on the
sixteenth day. On the other hand, in the sludge hav-
ing 5,000mg/1MB, reduced Ni solubilization (59%)
was observed after 16days of bioleaching. Further
increase in MB concentration led to a significant
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reduction in Ni solubilization which was 56, 52, 41,
38, 32, and 16% for sludges containing 10,000, 15,000,
20,000, 25,000, 30,000, and 35,000mg/1 of MB, respec-
tively.

Compared to Cu and Ni, higher solubilization of
Zn was observed in the presence of MB (Fig. 9). In the
control, although 16% Zn was solubilized in 16days,
about 88% Zn solubilization was achieved in the
sludges having O0mg/1 and 5,000mg/1MB. However,
reduced solubilization of Zn was seen in the presence
of higher concentrations of MB, which were 80, 72, 51,
42, 32, and 21% for sludges containing 10,000, 15,000,
20,000, 25,000, 30,000, and 35,000mg/1 of MB, respec-
tively. The bioleaching experiments reported using
sewage sludge in the absence of dyes also showed
that about 86% Zn was solubilized using only 2g/1 of
sulfur [19]. This is quite similar to the results obtained
in the present study in the absence of dyes (0mg/1).
The solubilization pattern of Cr was similar to that of
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Fig. 11. Solubilization of Cu with time from sewage sludge
during bioleaching at different concentrations of RBB
using sulfur-oxidizing micro-organisms.
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Fig. 12. Solubilization of Ni with time from sewage sludge
during bioleaching at different concentrations of RBB
using sulfur-oxidizing micro-organisms.
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Fig. 13. Solubilization of Zn with time from sewage sludge
during bioleaching at different concentrations of RBB
using sulfur-oxidizing micro-organisms.
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Fig. 14. Solubilization of Cr with time from sewage sludge
during bioleaching at different concentrations of RBB
using sulfur-oxidizing micro-organisms.

Ni (Fig. 10). In the control, only 7% Cr was solubi-
lized, compared to 58% in the sludge having only
inoculum and sulfur (0mg/IMB). In the sludge hav-
ing 5,000mg/1MB, a reduced Cr solubilization (56%)
was achieved after 16 days of bioleaching. At higher
MB concentrations, beyond 5,000mg/l, a more pro-
nounced reduction in Cr solubilization was observed,
which was 46, 41, 38, 32, 22, and 10% for sludges con-
taining 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/1 of MB, respectively.

The solubilization pattern of different heavy metals
in the sludge-containing RBB (0-35,000mg/1) along
with control is shown in Figs. 11-14, respectively. The
rate of Cu solubilization was found to be compara-
tively slower in the sludge containing 5,000 mg/1 RBB
and about 79% Cu was solubilized after 16days of
bioleaching (Fig. 11). An increase in the RBB
concentration beyond 5,000mg/l caused decrease in
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Fig. 15. Solubilization of Cu with time from sewage sludge
during bioleaching at different concentrations of DM using
sulfur-oxidizing micro-organisms.
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Fig. 16. Solubilization of Ni with time from sewage sludge
during bioleaching at different concentrations of DM using
sulfur-oxidizing micro-organisms.

Cu solubilization and final Cu solubilization was
observed to be 75, 66, 61, 45, 19, and 18% for sludges
containing 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/1 of RBB, respectively.

Similarly, about 57% Ni was solubilized after
16 days of bioleaching in the presence of 5,000 mg/1
RBB. In the absence of the RBB (0mg/1), about 61%
Ni was solubilized after 16 days. A significant reduc-
tion in Ni solubilization was observed at higher RBB
concentrations, which was 52, 46, 42, 31, 22, and 14%
for the sludges containing 10,000, 15,000, 20,000,
25,000, 30,000, and 35,000mg/1 of RBB, respectively
(Fig. 12). In the case of Zn, comparatively higher solu-
bilization was observed. However, percentage solubili-
zation was less compared to the sludge containing
MB. In the presence of 5,000mg/1 RBB, only 82% Zn
was solubilized which reduced further to 76, 69, 53,
44, 19, and 19% in the presence of 10,000, 15,000,
20,000, 25,000, 30,000, and 35,000mg/1 RBB, respec-
tively (Fig. 13). Compared to the other metals, solubi-
lization of Cr was least and about 58% Cr was
solubilized in the absence of RBB (0mg/1). The solubi-
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Fig. 17. Solubilization of Zn with time from sewage sludge
during bioleaching at different concentrations of DM using
sulfur-oxidizing micro-organisms.
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Fig. 18. Solubilization of Cr with time from sewage sludge
during bioleaching at different concentrations of DM using
sulfur-oxidizing micro-organisms.

lization of Cr reduced to 53% in the presence of
5,000mg/1 RBB. A further increase in RBB concentra-
tions beyond 5,000mg/l caused reduction in Cr
solubilization which was 41, 39, 35, 28, 16, and 10%
Cr in the sludges containing 10,000, 15,000, 20,000,
25,000, 30,000, and 35,000mg/1 of RBB, respectively
(Fig. 14).

The lower solubilization of Cr during bioleaching is
well documented [20]. The results of the above study
have shown that during sewage sludge bioleaching,
only 65% Cr was solubilized compared to 99% Zn and
84% Ni after 16 days of bioleaching. The lower solubili-
zation of Cr can be explained on the basis of its pre-
dominant presence as Cr (III) in the sludge.

The lowest solubilization of all the heavy metals
(Figs. 15-18) was achieved in the sludges containing
DM (0-35,000mg/1). Only 76% Cu was solubilized
after 16days in the presence of 5,000mg/1 DM
compared to 82 and 79% Cu solubilization in the
sludges having 5,000 mg/1MB and RBB, respectively.
The solubilization of Cu was found to decrease further
at higher concentrations of DM and about 70, 59, 44,

K. Kumar et al. | Desalination and Water Treatment 52 (2014) 6185-6193

38, 18, and 15% Cu was solubilized in the presence of
10,000, 15,000, 20,000, 25,000, 30,000, and 35,000 mg/1
of DM, respectively (Fig. 15). The lowest solubilization
of Cu in the sludge containing DM shows that the
combined effect of mixed dyes was inhibitorier to
the sulfur-oxidizing micro-organisms compared to the
sludge containing MB and RBB, separately.

Similar results were also observed for Ni where
about 55, 50, 40, 32, 25, 16, and 12% Ni were solubi-
lized in the presence of 5,000, 10,000, 15,000, 20,000,
25,000, 30,000, and 35,000mg/1 of DM, respectively
(Fig. 16). The highest solubilization in the presence of
DM was also observed for Zn, among all the metals.
The solubilization efficiencies of Zn were found to be
81, 75, 61, 41, 32, 16, and 12% in the sludges contain-
ing 5,000, 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000mg/1 of DM, respectively (Fig. 17).

Chromium was solubilized the least, among all the
metals and only 52% Cr was solubilized after 16 days
in the presence of 5,000mg/1 DM (Fig. 18). A signifi-
cant reduction in Cr solubilization was observed
beyond 5000mg/1 DM concentration and only 39, 36,
22, 18, 12, and 8% Cr was solubilized in the sludge
containing 10,000, 15,000, 20,000, 25,000, 30,000, and
35,000 mg/1 of DM.

4. Conclusions

The results of the above study clearly show that
bioleaching process is an efficient method for
decontamination of sludge. The leaching micro-organ-
isms can grow in the presence of different dyes,
though higher concentration of dyes proved inhibitory
for the growth of Acidithiobacillus. However, the rate
of change of pH and ultimate solubilization of heavy
metals are affected by the presence of dyes, which
being highly toxic caused suppression of the activity
of leaching micro-organisms. The presence of MB
proved less toxic compared to RBB and DM. In gen-
eral, the concentration of dyes in industrial effluent is
found in range between 200 and 500 mg/1. In the pres-
ent study, the minimum concentration of RBB, MB,
and DM was 5,000mg/1 and which is very much
higher in concentration, in comparison to that found
in industrial effluent. On the basis of the results of the
present study, suitable treatment strategy can be
developed for the bioleaching of heavy metals from
sludges contaminated with a variety of dyes.
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