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Abstract

Mixed cultures of sulfate reducing bacteria (SRB) were isolated from anaerobic cultures and enriched with SRB media. Studies on batch
and continuous reactors for the removal of SO, with bulk drug industry wastewater as an organic source using isolated mixed cultures of SRB
revealed that isolation and enrichment methodology adopted in the present study were apt to suppress the undesirable growth of anaerobic
bacteria other than SRB. Studies on anaerobic reactors showed that process was sustainable at COD/S ratio of 2.2 and above with optimum
sulfur loading rate (SLR) of 5.46 kg S/(m? day), organic loading rate (OLR) of 12.63 kg COD/(m? day) and at hydraulic residence time (HRT)
of 8 h. Free sulfide (FS) concentration in the range of 300-390 mg FS/1 was found to be inhibitory to mixed cultures of SRB used in the present

studies.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last decade, efforts have been made to develop
a biotechnological alternative known as biological flue-gas
desulfurization (BIO-FGD) to conventional physico-chemical
processes [1-4] for the removal of SO, from flue gases. In
this process [5-8], SO, was fixed as elemental sulfur using
bacteria. An important factor in determining the economic fea-
sibility of biological desulfurization is the cost of the electron
donor needed for sulfate reduction in the anaerobic step. Possi-
ble electron donors include primary sewage sludge, spent yeast
from breweries, dairy whey, molasses, tannery wastewater [9],
micro-algal biomass [10] and bulk chemicals like Hp synthe-
sis gas (a mixture of Hp, CO;, and CO), ethanol, lactate and
methanol [6,8,11-15]. The applicability of pure chemicals such
as lactate, ethanol and acetate for sulfate reduction at indus-
trial scale may be prohibitively expensive. Organic wastewater
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has the advantage of low cost, but control of the process may
be difficult because of its complex composition. Undesirable
growth of methanogens and in turn formation of undesirable
byproducts like methane and acetate are to be minimized [16].
Incomplete degradation of organic compounds may decrease
the performance of sulfide-oxidizing bioreactor of the BIO-FGD
process [17]. Therefore, optimum substrate concentration (COD
of wastewater) with respect to sulfate (COD/S Ratio) and its
degradation efficiency is very essential. Extensive studies were
carried out on anaerobic digestion of sulfate rich wastewaters
using mixed cultures of anaerobic bacteria [18]. However, stud-
ies on BIO-FGD process with mixed cultures of SRB are limited
[19].If the wastewaters generated in a particular industry (having
sufficient COD) can be utilized as an organic source in the BIO-
FGD process for the flue gases generated in the same industry,
then the process would be economically viable since BIO-FGD
can be integrated with existing ETP. In addition to this, the tech-
nology could be cheaper to the extent of cost of organic source
as the economic feasibility is solely dependent on the organic
media. Therefore, present studies are aimed at exploring the
possibility of using bulk drug industry wastewater as an organic
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source for the biological conversion of SO; to sulfide in anaero-
bic batch reactor and high rate anaerobic fluidized bed bioreactor
(AFBR).

2. Materials and methods

2.1. Isolation and enrichment of SRB consortia for the
reactor inoculation

SRB were isolated from anaerobic sludge collected from dis-
tillery wastewater treatment plant having high sulfate content.
The anaerobic sludge samples were collected in airtight contain-
ers and screened for the removal of large particles. The sludge
was then kept in the dark under anaerobic conditions in order to
prevent growth of phototropic and aerobic bacteria for a period of
7 days at a temperature of 30 &= 2 °C. The anaerobic sludge was
kept for activation of SRB using SRB medium [20]. After every
5 days of incubation the media was transferred by decanting
the supernatant with freshly prepared medium and this process
was continued five times in order to ensure the suppression of
any anaerobic bacteria other than SRB. After acclimatizing the
sludge to SRB media for a period of 1 month (after around five
transformations) the sludge was again acclimatized with bulk
drug industry wastewater for a period of 4 weeks and used as
inoculum in the reactors.

2.2. Organic source

Wastewater (101) was collected from a bulk drug industry
located at Hyderabad. The composition of the wastewater was
determined and is given in Table 1. The wastewater was used as
organic source for the reactor studies.

2.3. Experimental set up and operation

2.3.1. Anaerobic batch reactor

Batch reactor setup was arranged as described earlier which
was used for methanogenic activity [21] with 1.51 batch reac-
tor. Initially SO, from the cylinder was bubbled through the
glass reactor for 5 min containing 1050 ml of wastewater. Accli-
matized inoculum (which was prepared as discussed previously)
was added to the contents of the reactor in the COD:VSS ratio of

Table 1
Characteristics of the wastewater used as organic source in the reactor

Sl. no. Parameter Value (mg/1) except pH Standard deviation®
1 pH 7.0-7.5 +5.32
2 TDS 11,000-14,500 +6.41
3 SS 800-1000 +4.02
4 TKN 125-250 +3.67
5 COD 6000-10,000 +4.68
6 BOD 2600-3800 +5.29
7 PO, 100-180 +5.89
8 Sulfates 500-600 +5.69
9 Sulfides 10-15 +3.98

* The analyses carried out in triplicate. The data given here are the means of
the measurements.

Fig. 1. Schematic setup of continuous AFBR: (1) SO, cylinder; (2) air cylinder;
(3) absorber; (4) wastewater tank; (5) treated gas outlet; (6) feed tank; (7) feed
pump; (8) flow meter; (9) AFBR; (10) draft tube; (11) GAC particles; (12)
perforated plate; (13) treated effluent outlet; (14) biogas outlet; (15) recirculation
line; (16) drain; (17) recirculation tank; (18) recirculation pump for fluidization.

1:2. Fifty milliliters of sample from the glass reactor was taken
for analysis after mixing the sample and pH adjustment. The
glass reactor was closed and batch reactor set up was arranged.
The outlet gas flow from batch reactor was measured using wet
gas flow meter and it was analyzed for H,S using Tutweiler
burette method as described in analytical section. The batch
reactor was operated for 67 days till the gas production ceased.
Experiments were repeated for 12 different COD/S ratios by
varying the time of bubbling of SO; in the glass reactor for each
experiment. Wastewater was used as such at higher COD/S ratios
(4.9-9.9) and it was diluted with water as per requirement for
lower COD/S ratios (0.5-3.6).

2.3.2. Continuous experiments with anaerobic fluidized bed
reactor (AFBR)

The experimental setup consisted of air and SO, cylinders,
absorber, recirculation tank, AFBR, gas collection system and
peristaltic pumps. A laboratory scale AFBR (Fig. 1) was made
up of glass with height of 50 cm and inner diameter of 4.1 cm. A
glass column of 65 cm diameter and 3 cm height was provided
at the top of the reactor in order to avoid the entrainment of
solids. Provision was made for recirculation, inlet and outlet of
the liquid and collection of the gas. All the studies were carried
out at mesophilic temperature (35 &£ 2 °C) with activated carbon
(150 g of approximately 2 mm diameter having bulk density of
0.56 g/cm?) as support material. The liquid retaining capacity of
the reactor was 420 ml. Appropriate recycle flow rate ensured
fluidized conditions in the AFBR. The SO; from the cylinder was
passed from the bottom of the absorber and wastewater media
from the feed tank was sprayed counter currently from the top
of the absorber. Flow rates of SO, and wastewater were adjusted
such that constant COD/S ratio at desired organic loading was
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maintained in the reactor. Experiments were conducted at ten
different organic loading rates (OLR) by diluting the wastewater
with water.

2.4. Analytical methods

The physico-chemical characteristics of the wastewater were
determined as per standard procedures [22]. The characteristics
of the inlet and outlet were measured daily for COD, pH, sul-
fate, sulfite and sulfide during the reactor operation [22]. Gas
production volume and its composition were also measured.
Colorimetric analysis was performed by a spectrophotometer
(Perkin Elmer, Lamda 25). Hydrogen sulfide was analyzed using
Tutweiler’s burette [23]. All the chemicals used for the deter-
mination of analytical parameters were of AR grade. All the
solutions were prepared with distilled water from an all glass
apparatus.

3. Results and discussions
3.1. Organic source

The characteristics of the wastewater that was used as an
organic source in the present study are presented in Table 1.
The wastewater was having COD and BOD in the range of
6000-10,000 and 2600-3800 mg/l respectively and pH was
found to be between 7 and 7.5. Nutrients required for growth-
like nitrogen (as TKN, 125-250 mg/1) and phosphorus (as PO4,
100-180 mg/1) were present in sufficient quantity. The wastew-
ater contained sulfate and sulfide in the range of 500-600 and
10-20 mg/1, respectively. The BOD/COD was in the medium
range of 0.30-0.33 (Table 1), which showed that wastewater
was amenable for biodegradation upon acclimatization. In bulk
drug industry product mix changes keeping in view the demand
of the product and accordingly wastewater characteristics also
keep changing. Therefore, in the present study wastewater was
brought from the industry once in a month and characterized
before using in the reactor.

3.2. Optimization of COD/S ratio in batch reactor

Batch reactor tests were conducted in order to establish
the optimum value of COD/S ratio at which sulfide formation
(reduction of sulfite and sulfate to sulfide) was maximum with
optimum utilization of the organic source (COD reduction). In
these experiments at each COD/S ratio, free and dissolved sul-
fide concentration profiles of the reactor outlet with respect to the
outlet pH were also evaluated. Batch reactor studies were carried
outat 12 different ratios of COD/S in the range of 0.5-9.9. A plot
was drawn (Fig. 2) showing the COD reduction, sulfide forma-
tion and final pH and at different ratios of COD/S. Fig. 2 shows
that COD reduction, sulfide formation, final pH was in the range
of 59-66%, 80—87 and 7.8-8.0, respectively, when COD/S ratio
was in the range of 9.9-2.2. However, when the COD/S ratio
was reduced to 1.4-0.5, COD reduction, sulfide formation and
final pH dropped to 40%, 54% and 7.2, respectively. The results
obtained revealed that when the COD/S ratio was in the range of
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Fig. 2. Optimization of COD/S ratio in the batch reactor.

1.5-0.4, the reactor performance was poor and unstable in terms
of utilization of organic source. This might have resulted in the
accumulation of VFA in the reactor and accordingly pH was
changing to acidic side. Results of these experiments revealed
that reactor performance was sustainable at COD/S ratio of 2.2
and above. It is known that anaerobic SRB consortia get inhib-
ited due to high sulfide concentration and sulfide inhibition is
mainly due to free sulfide present in the reactor rather than total
dissolved sulfide [24,25].

3.3. Optimization of design parameters in continuous
AFBR

In order to design and operate the full-scale reactor, apart from
COD/S ratio, organic loading rate (OLR), sulfur loading rate
(SLR) and hydraulic residence time (HRT) are also important.
Therefore, in the present work, these parameters were studied
and optimized in an anaerobic fluidized bed bioreactor (AFBR).
It was established through batch reactor studies that COD/S ratio
of 2.2 or above was optimum. However, it was better to oper-
ate at lowest possible COD/S ratio even if wastewater was used
as an organic source [26,27]. This would minimize the volume
of SRB reactor as it depended on OLR and SLR. In addition
to this, operation of the reactor at lowest possible COD/S ratio
results in improved performance of subsequent sulfide oxidiz-
ing bioreactor in the BIO-FGD [16]. Accordingly continuous
reactor was operated at COD/S of 2.2-2.4. The performance of
the AFBR in terms of pH, dissolved sulfide/free sulfide ratio
(DS/FS ratio), sulfate and sulfite reduction with respect to the
sulfur-loading rate were plotted and shown in Fig. 3. Fig. 3
shows that pH and DS/FS were in the range of 7.7-8.0 and
5.7-6.1, respectively, sulfate and sulfite reduction was between
82 and 89% and 83-89%, respectively, during the operation
of the reactor with SLR of 0.43-5.46 kg S/(m> day) and OLR
of 0.98-12.57 kg COD/(m?> day). When the AFBR was oper-
ated beyond this point up to the SLR of 27.14 kg S/(m? day),
pH was observed to be 5.7 and DS/FS ratio came down to
2.2. During the same period sulfate and sulfite reduction also
dropped to 50% and 42%, respectively. The results revealed
that the performance of the AFBR was stable up to the SLR
of 5.46kgS/(m> day) only. AFBR was operated at different
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Fig. 3. Performance of AFBR.

HRT values by varying the flow of wastewater (containing
sulfate and sulfite). COD reduction, sulfide formation, SLR
(kg S/(m3 day)) and OLR (kg COD/(m? day)) at each HRT were
plotted and shown in Fig. 4. Fig. 4 revealed that during the
variation of HRT from 120 to 10h, the OLR and COD reduc-
tion were in the range of 0.82—10.14 kg COD/(m3 day) and
62—67%, respectively. However, when the reactor was operated
at lower HRT of 8-2h the OLR rose to 52.2 kg COD/(m? day)
and COD reduction dropped to 38%. Similarly it could be
observed from the same figure that with the variation of
HRT from 120 to 10h the SLR and sulfide formation was in
the range of 0.36—4.4 kg S/(m> day) and 81-85%, respectively.
However, when the reactor was operated at lower HRT of 2-8 h
the SLR rose to 27.14 kgkg S/(m> day) and sulfide formation
dropped to 48%. It could be concluded from the above results
that the reactor could be designed and operated at OLR of
12.63 kg COD/(m?> day), SLR of 5.46kg S/(m> day) and HRT
of 8h for optimum performance in terms of COD reduction
and sulfide formation. In the present study, the maximum sul-
fate reduction rate of 5.46 kg S/(m> day) obtained at HRT of 8 h
was comparable to the results (4.3 g/(1day) obtained was at a
HRT of 6.5h) obtained [25] in earlier studies. It was reported
by Shayegan et al. [28] that for low-strength wastewaters with
a COD to sulfate ratio of 2, an upward velocity between 1.5
and 2.5 m/h was found to be appropriate. At lower velocities,
the existence of SRB could be significant resulting in lower
risk of toxicity to the system. At higher velocities, the COD
removal might decrease due to lower hydraulic retention time in
the system. In the present study also, the same performance was
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Fig.5. Sulfurdistribution pattern in the feed and outlet of anaerobic batch reactor
(ABR) at CODY/S ratio of 2.2.

observed by operating the reactor at different up-flow velocities.
Accordingly an up flow velocity of 1.5-2.5 m/h was maintained
during the initial phase of bio-film formation. The same up
flow velocity was maintained during the operation of the AFBR
for obtaining stable performance. The reactor was thoroughly
fluidized after getting stable performance, with high up flow
velocity in the range of 22-26 m/h by re-circulating the treated
wastewater.

3.4. Sulfur balance

In the present study, an attempt was made to understand the
presence of sulfur in different forms in air, in the inlet wastewa-
ter and outlet wastewater (SO4, SO3, S™2) in batch and AFBR.
The SO», in the air, upon absorption was converted to sulfate and
sulfite. The wastewater, which was being used as organic source,
was also having sulfate and sulfide. So, the influent to the batch
reactor contained sulfate, sulfite and sulfide. All the three forms
of sulfur (sulfates, sulfites, sulfides) were converted to sulfur and
represented as total inlet sulfur. The outlet of the reactor was ana-
lyzed for sulfate, sulfite and sulfide. The H»S gas emitted from
the reactor was measured and analyzed. The total outlet sulfide
was a combination of free and dissolved forms of sulfide. The
free and dissolved forms of sulfide were calculated from the total
sulfide using the equilibrium principles of Henry’s law [25,29].
At COD/S ratio of 2.2, the different forms of sulfur present in
the inlet and outlet of the batch reactor are shown in Fig. 5.
The figure shows that the inlet contained 4350 mg of sulfate,
930 mg of sulfite and 13 mg of sulfide, amounting to 1835 mg of
equivalent S. The outlet contained 1090 mg of dissolved sulfide,
274 mg of free sulfide, 740 mg of unconverted sulfate, 130 mg of
unconverted sulfite and 136 mg of hydrogen sulfide gas. A total
amount of 1799 mg of equivalent S was present in the outlet.
The difference in the weight of S, which was equal to 36 mg
of S, was the unaccounted S. Some amount of S in any of the
above form could have been absorbed by the microbial biomass
in the reactor, which was difficult to establish through analytical
procedures. Possibly, the loss could be attributed to the above.

At all the 12 different ratios of COD/S at which the batch
reactor was operated, sulfur balance data (inlet total S, outlet free
sulfide, outlet dissolved sulfide, gaseous hydrogen sulfide and
unaccounted S) is tabulated in Table 2. Table 2 shows that during
the variation of COD/S in the range of 9.9-0.5, the total inlet S
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Table 2

Sulfur in inlet and outlet of batch reactor at different ratios of COD/S

COD/S ratio Initial Final H,S (mg/1) Unaccounted

. X sulfur (mg/1)

Initial total S Sulfate Sulfite Sulfide Sulfate Sulfite Dissolved Free sulfide
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) sulfide (mg/1) (mg/1)

9.9 1006 2230 625 13 178 44 860 180 28 43

8.9 1072 2310 720 14 254 72 915 195 37 9

7.8 1181 2520 815 15 302 73 987 197 54 13

6.9 1351 2910 920 13 437 110 1071 211 70 24

5.8 1633 3650 1010 12 548 111 1196 251 134 84

4.9 1973 4525 1125 15 815 169 1364 268 172 108

3.6 1217 2785 690 13 418 90 963 193 41 40

3.0 1399 3125 860 13 563 129 1072 212 67 25

22 1835 4350 930 13 740 130 1364 274 145 36

1.5 2802 6460 1590 13 2584 604 1481 301 216 15

0.7 3334 6890 2560 13 2894 1024 1671 321 281 24

0.5 4652 9656 3550 13 4056 1491 2035 361 510 188

Reactor performance is stable and satisfactory up to this value.

was between 1006 and 4652 mg and during this period the final
dissolved and free sulfide was in the range of 860-2035 mg DS/1
and 180-361 mg FS/, respectively. Hydrogen sulfide gas in the
range of 28-510 mg was generated. The unaccounted sulfur was
observed to be from 9 to 188 mg and this was within 5% of the
total inlet S. Similarly for continuous AFBR for all the different
ratios of COD/S at which the reactor was operated, sulfur balance
data (inlet total S, outlet free sulfide, outlet dissolved sulfide,
gaseous hydrogen sulfide and unaccounted S) was tabulated in
Table 3.

3.5. Free sulfide versus dissolved sulfide

Batch reactor data (Table 2) revealed that process could
be steadily operated when the DS was between 860 and
1364mg DS/l and FS was between 180 and 274 mgFS/I.
Similarly continuous AFBR (Table 3) safe limits of DS and
FS were observed to be in the range of 1375-1450 mg DS/1
and 225-254mgFS/l, respectively. It could be derived
from the data obtained that SRB cultures in the reactor
could sustain without inhibition when the DS and FS were
in the range of 860-1450mgDS/1 and 180-274 mgFS/,
respectively.

Inhibition of SRB consortia in the batch reactor (Table 2)
observed when the DS and FS were in the range of
1481-2035mg DS/l and 301-361 mg FS/1, respectively. Sim-
ilarly inhibition of SRB in the continuous AFBR (Table 3)
was noted when the DS and FS values were in the range
of 835-858 mg DS/l and 350-390 mg FS/1, respectively. The
inhibition data of batch and AFBR showed that SRB growth
was inhibited when the DS values were between 835 and
2035 mg DS/l and FS values were between 301 and 390 mg FS/1,
respectively. It could be understood from the above data that as
far as free sulfide was concerned, non-inhibition and inhibition
limits were very clear. However, the data for DS was overlapping
and limits of non-inhibition and inhibition were in the range of
860-1450 mg DS/1 and 835-2035 mg FS/1, respectively. There-
fore, the results show that free sulfide concentration could be the
sole criteria for deciding the limits of operation for the sulfide

inhibition of SRB in the reactor. It is the amount of FS in the DS
that influenced the inhibition of microbial culture [27].

3.6. Sulfide inhibition

It could also be observed from Table 2 that up to COD/S
ratio of 2.2, the outlet dissolved and free sulfide concentrations
were in the range of 860-1364 mg DS/l and 180-274 mg FS/1,
respectively. The COD reduction during this period (Fig. 2) was
between 59% and 66% and sulfide formation was between 80%
and 87%. However, when the reactor was operated with COD/S
ratio of 1.4-0.5, the COD reduction and sulfide formation
dropped. The dissolved and free sulfide concentrations of the
outlet during this period were in the range of 1342-1674 mg DS/1
and 301-361 mg FS/1, respectively. It could be concluded from
the data obtained that sulfide inhibition was taking place in
the anaerobic batch reactor when the dissolved sulfides were
between 364 and 2035 mg DS/1 and free sulfides were between
301 and 361 mg FS/1, respectively.

Table 3 shows that the dissolved and free sulfides were in
the range of 1375-1450 mg DS/1 and 225-254 mg FS/1 respec-
tively up to the optimum OLR of 12.63 kg COD/(m? day), SLR
of 5.46kg S/(m> day) and HRT of 8h. Reduction in DS and
increase in FS was observed when the OLR was more than
12.63 kg COD/(m? day). This phenomena observed might be
due to reduction in pH which resulted in deterioration of reactor
performance (Fig. 3). It could be established from this fact that
sulfide inhibition was taking place in the AFBR when the dis-
solved and free sulfides were in the range of 835-858 mg DS/1
and 350-390 mg FS/l, respectively.

Sulfide, mainly in the un-dissociated form (free sulfide) could
cause inhibition of methanogenic and also sulfate-reducing
bacteria [30]. Free hydrogen-sulfide concentration depended
strongly on the pH of the medium, being around 50% of total dis-
solved sulfide at neutral values [31]. It was evident from the data
reported earlier that [29] total dissolved sulfide values ranged
from 150 to 1100 mg S DS/1 and free hydrogen sulfide values
in a range of 50-250 mg S FS/1 could produce inhibitory effect
and the actual values differed from system to system depend-



Table 3

Sulfur in inlet and outlet of AFBR at different ratios of COD/S

COD/S OLR (kg COD/ SLR (kg S/ Initial Final H,S (mg/1) Unaccounted
ratio (m? day)) (m? day)) . - sulfur (mg/1)
Initial total S Sulfate Sulfite (mg/l)  Sulfide (mg/l)  Sulfate Sulfite (mg/l)  Dissolved Free sulfide
(mg/1) (mg/1) (mg/1) sulfide (DS) (FS) (mg/l)
(mg/)
2.3 0.98 043 1814 4220 980 15 633 118 1375 225 136 45
2.3 1.11 0.47 1804 4150 1010 17 706 131 1409 247 95 13
2.4 1.35 0.56 1819 4310 920 14 690 138 1419 248 105 10
2.3 1.39 0.60 1791 4200 945 13 588 132 1440 252 75 27
2.4 1.50 0.64 1791 4180 955 16 502 153 1389 232 134 40
2.3 1.63 0.70 1850 4320 990 14 475 168 1407 245 164 53
2.4 1.74 0.74 1831 4290 960 17 686 134 1399 236 136 13
24 1.80 0.77 1791 4180 955 16 711 115 1389 232 100 20
2.4 1.94 0.81 1797 4120 1020 16 742 112 1387 236 105 13
2.3 2.09 0.91 1827 4310 935 16 690 112 1416 244 125 11
2.3 2.33 1.00 1824 4290 955 12 686 124 1435 253 80 31
2.3 2.56 1.10 1851 4290 1010 17 644 152 1408 239 125 43
2.3 2.83 1.23 1838 4280 995 13 471 139 1440 252 136 49
24 3.21 1.35 1827 4250 985 16 510 158 1389 232 143 62
22 3.67 1.65 1920 4525 995 14 679 159 1450 254 154 26
24 4.42 1.84 1844 4300 985 17 688 138 1399 236 148 13
2.3 5.13 2.20 1850 4310 995 15 733 129 1386 231 135 33
2.3 6.38 2.73 1847 4280 1010 16 642 121 1387 236 141 56
2.3 8.40 3.62 1830 4295 955 16 687 134 1416 244 121 10
23 12.57 5.46 1835 4310 965 12 733 116 1435 253 95 14
2.4 15.64 6.65 1791 4180 955 16 2048 497 840 350 54 16
24 21.54 9.01 1819 4310 920 14 2155 4388 835 375 55 15
2.3 32.02 13.74 1850 4310 995 15 2069 577 858 386 58 13
24 64.63 27.14 1827 4250 985 16 1998 571 858 390 52 22

Reactor performance is stable and satisfactory up to this value.
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Fig. 6. Scanning electron microscope (SEM) micrographs of SRB growing
on activated carbon granule particles collected from two different locations of
AFBR. Image (a) sample collected from top part of the reactor. Image (b) sample
collected from bottom part of the reactor. Both the samples were collected at the
end of reactor operation.

ing on various experimental parameters like pH and type of
consortia. It was also noted from the literature that, in general,
granular biomass or biofilm presented higher threshold toxicity
[32,33]. Sulfide toxicity was reported at lower concentrations in
suspended-growth systems than in anaerobic filters, confirming
that biofilm or granular/flocculent sludge presented a much more
complex system than completely mixed reactors in the context
of sulfide toxicity [31-37]. Therefore, the results obtained in
the present studies with respect to the free and dissolved sul-
fide were in support of previous studies. No inhibitory effect
on adapted sludge was observed for more than 300 days of
continuous operation of the AFBR.

3.7. Scanning electron microscope (SEM) studies of GAC
particles for biofilm formation

At the end of AFBR operation the GAC particles were col-
lected from two sources, namely, one from the top portion of
the reactor and the second one from the bottom portion of the
reactor. The GAC particles were further analyzed by SEM for
SRB biofilm formation. The SEM micrographs shown in Fig. 6
clearly depicted the formation of SRB biofilm on the surface of
GAC particles throughout the AFBR [37]. Further, characteris-

tic rod shaped morphology of the microorganism was distinctly
apparent on the surface of the GAC particles. It was concluded
from the analysis that the gas produced from the reactor was
only H»S, which showed that only mixed cultures of SRB were
present in the reactor and no undesirable growth of methanogens
occurred.

4. Conclusions

Present studies indicated that bulk drug industry wastewater
could be used as an organic source for the BIO-FGD process.
SO; from the stack gas could be removed from the bulk drug
industry by integrating BIO-FGD process into their existing
effluent treatment plant in which the characteristics of wastewa-
ter are similar to the one used in the present study. The detailed
designs of SO, scrubber, SRB reactor and SOB reactor could
be worked out case-by-case depending on the specific require-
ments. Protocols used in the present study for the isolation and
enrichment of SRB were found to be satisfactory in suppressing
the other anaerobic bacteria. Mixed SRB culture developed in
the study was found to have formed good microbial film on the
GAC particles. The toxic limits of free sulfides in the reactor
increased to the level of 300 mg FS/1 due to the formation of
biofilm on the GAC. Further studies are required in the sulfide
oxidizing bioreactor (SOB) in order to understand all aspects of
BIO-FGD.

Acknowledgements

The authors are grateful to the Director, IICT, for his encour-
agement in carrying out this work. The authors are also thankful
to Department of Science and Technology, SERC, Government
of India for funding the project.

References

[1] Ligyphilip, M.A. Deshusses, Sulfur dioxide treatment from flue gases using
a biotrickling filter-bioreactor system, Environ. Sci. Technol. 37 (2003)
1978-1982.

[2] E.M. Kaufman, M.H. Little, PT.J. Selvaraj, Recycling of FGD gypsum to
calcium carbonate and elemental sulfur using mixed sulfate-reducing bac-
teria with sewage digest as a carbon source, J. Chem. Technol. Biotechol.
66 (1996) 365-374.

[3] P.T. Selvaraj, M.H. Little, E.N. Kaufman, Biodesulphurization of flue gases
and other sulfate/sulfite waste streams using immobilized mixed sulfate
reducing bacteria, Biotechnol. Prog. 13 (1997) 583-589.

[4] G. Stucki, K.W. Hanselmann, R.A. Hurzeler, Biological sulfuric acid trans-
formations: reactor design and process optimization, Biotechnol. Bioeng.
41 (1993) 303-315.

[5] G. Stucki, K.W. Hanselmann, R.A. Hurzeler, Biological sulfuric acid trans-
formation: reactor design and process optimization, Biotechnol. Bioeng. 41
(1993) 73-80.

[6] L.A.Du-Preez, J.P. Maree, Pilot scale biological sulfate and nitrate removal
utilizing producer gas as energy source, Water Sci. Technol. 30 (1994)
275-285.

[7]1 R.T. Van Houten, L.W. Hulshoff Pol, G. Lettinga, Biological sulfate
reduction using gas lift reactors fed with hydrogen and carbon diox-
ide as energy and carbon source, Biotechnol. Bioeng. 44 (1994) 586—
594.

[8] E.N. Kaufman, M.H. Little, P.T. Selvaraj, A biological process for the
reclamination of flue gas desulfurization using mixed sulfate reducing bac-



A.G. Rao et al. / Journal of Hazardous Materials 147 (2007) 718-725 725

teria with inexpensive carbon sources, Appl. Biochem. Biotechnol. 63—-65
(1996) 677-693.

[9] J.D. Boshoff, P.D. Rose, Tannery effluent as a carbon source for biological
sulphate reduction, Water Res. 38 (2004) 2651-2658.

[10] J.D. Boshoff, P.D. Rose, The use of micro-algal biomass as a carbon source
for biological sulphate reducing systems, Water Res. 38 (2004) 2659-2666.

[11] PT. Selvaraj, M.H. Little, E.N. Kaufmann, Analysis of immobilized
cell bioreactors for desulfurization of flue gases and sulfite/sulfate laden
wastewater, Biodegradation 8 (1997) 227-236.

[12] S.V. Kalyuzhnyi, C.D. Leon-Fragoso, J. Rodriguez-Martinez, Biological
sulfate reduction in an UASB reactor fed with ethanol as electron donor,
Mikrobiologiya 66 (1997) 674-680.

[13] R.T. Van Houten, H. Vander Spoel, A. Van Alest, L.W. Hulshoff Pol, G.
Lettinga, Biological sulfate reduction using synthesis gas as energy and
carbon source, Biotechnol. Bioeng. 50 (1995) 136-144.

[14] R.T. Van Houten, S.Y. Yun, G. Lettinga, Thermophilic sulfate and sulfite
reduction using gas lift reactors using Hy and CO, as energy and carbon
source, Biotechnol. Bioeng. 55 (1997) 807-814.

[15] G. Esposito, J. Weijma, F. Pirozzi, PN.L. Lens, Effect of the sludge reten-
tion time on H, utilization in a sulphate reducing gas-lift reactor, Process.
Biochem. 39 (2003) 491-498.

[16] Z.Isa, S. Grusenmeyer, W. Verstraete, Sulfate reduction relative to methane
production in high rate anaerobic digestion: microbiological aspects, Appl.
Environ. Microb. 51 (1986) 580-587.

[17] PN.L.Lens, A.N.L. Visser, A.J.H. Janssen, L.W. Hulshoff, PG.W. Lettinga,
Biotechnological treatment of sulfate-rich wastewaters, Crit. Rev. Environ.
Sci. Technol. 28 (1998) 41-88.

[18] A.J.H. Janssen, S.C. Ma, P. Lens, G. Lettinga, Performance of a sulphide
oxidizing expanded bed reactor supplied with dissolved oxygen, Biotech-
nol. Bioeng. 53 (1997) 32-40.

[19] W.-C. Kuo, T.-Y. Shu, Biological pre-treatment of wastewater containing
sulfate using anaerobic immobilized cells, J. Hazard. Mater. 113 (2004)
147-155.

[20] Postgate Jr., The Sulfate Reducing Bacteria, 2nd ed., Cambridge University
Press, Cambridge, UK, 1984.

[21] K. Kawahara, Y. Yakabe, T. Ohide, K. Kida, Evaluation of laboratory-made
sludge for an anaerobic biodegradability test and its use for assessment of
13 chemicals, Chemosphere 39 (1999) 2007-2018.

[22] APHA-AWWA-WPCEF, Standard Methods for Examination of Water and
Wastewater, 21st ed., APHA-AWWA-WPCEF, New York, USA, 2005.

[23] C.N. Sawyer, P.L. Mc Carty, G.F. Perkin, Chemistry for Environmen-
tal Engineering, Chapter: Gas Analysis, TATA McGraw Hills Publishing
Company Limited, New Delhi, 2000, pp. 617-626.

[24] R. Gangagni, A.K. Krishna Prasad, G. Venkata Naidu, N. Chandrashekar
Rao, PN. Sarma, Removal of sulfide in integrated anaerobic—aerobic
wastewater treatment system, Clean. Technol. Environ. Policy 6 (2003)
66-71.

[25] A.H. Kaksonen, P.D. Franzmann, J.A. Puhakka, Effects of hydraulic
retention time and sulfide toxicity on ethanol and acetate oxidation in
sulfate-reducing metal-precipitating fluidized-bed reactor, Biotechnol. Bio-
eng. 86 (2004) 332-343.

[26] D.L. Cadavid, M. Zaiat, E. Foresti, Performance of horizontal-flow anaer-
obic immobilized sludge (HAIS) reactor treating synthetic substrate
subjected to decreasing COD to sulfate ratios, Water Sci. Technol. 39 (1999)
99-106.

[27] EJ. Vela, M. Zaiat, E. Foresti, Influence of the COD to sulphate ratio on
the anaerobic organic matter degradation kinetics, Water SA 28 (2) (2002)
213-216.

[28] J. Shayegana, F. Ghavipanjehb, P. Mirjafaria, The effect of influent COD
and upward flow velocity on the behavior of sulphate-reducing bacteria,
Process. Biochem. 40 (2005) 2305-2310.

[29] F. Omil, R. Mndez, J.M. Lema, Anaerobic treatment of saline wastewaters
under high sulphide and ammonia content, Bioresour. Technol. 54 (1995)
269-278.

[30] A. Rinzema, G. Lettinga, Anaerobic treatment of sulfate containing
wastewater, in: Wise DI. (Ed.), Biotreatment Systems, vol. III, CRC Press
Inc., Boca Raton, USA, 1988, pp. 65-109.

[31] N.C. Sawyer, L.P. McCarty, Chemistry for Environmental Engineering, 4th
ed., TATA McGraw-Hill, New Delhi, 2000.

[32] S. Parkin, Attached versus suspended growth anaerobic reactors: response
to toxic substances, Water Sci. Technol. 15 (1983) 261-589.

[33] G.F. Parkin, M.A. Sneve, H. Loos, Anaerobic filter treatment of
sulfate-containing wastewaters, Water Sci. Technol. 23 (1991) 1283
1291.

[34] K.M. Maillacheruvu, G.F. Parkin, C.Y. Peng, W.C. Kuo, Z.I. Oonge, V.
Lebduschka, Sulfide toxicity in anaerobic systems fed sulfate and various
organics, Water Environ. Res. 65 (1993) 100-109.

[35] G. Elke, H. Werner, M. Christian, Biological sulfate removal from tan-
nery wastewater in a two-stage anaerobic treatment, Water Res. 30 (1996)
2072-2078.

[36] A.J. Silva, M.B. Varesche, E. Foresti, M. Zaiat, Sulphate removal from
industrial wastewater using a packed-bed anaerobic reactor, Process.
Biochem. 37 (2002) 927-935.

[37] M.M.M. Gongalves, S.G.F. Leite, G.L. Sant’Anna Jr., The bioactivation
procedure for increasing the sulphate-reducing bacteria in a UASB reactor,
Braz. J. Chem. Eng. 22 (2005) 565-571.



	Microbial conversion of sulfur dioxide in flue gas to sulfide using bulk drug industry wastewater as an organic source by mixed cultures of sulfate reducing bacteria
	Introduction
	Materials and methods
	Isolation and enrichment of SRB consortia for the reactor inoculation
	Organic source
	Experimental set up and operation
	Anaerobic batch reactor
	Continuous experiments with anaerobic fluidized bed reactor (AFBR)

	Analytical methods

	Results and discussions
	Organic source
	Optimization of COD/S ratio in batch reactor
	Optimization of design parameters in continuous AFBR
	Sulfur balance
	Free sulfide versus dissolved sulfide
	Sulfide inhibition
	Scanning electron microscope (SEM) studies of GAC particles for biofilm formation

	Conclusions
	Acknowledgements
	References


