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a b s t r a c t

An upflow hybrid sulphidogenesis reactor of 1.75 L volume was developed (at oxidation–reduction poten-
tial (ORP) = −225 ± 25 mV) using flocculent extended aeration process sludge (selected based on screening
study at COD/SO4

2− ratio = 1) for enhanced sulphidogenesis and COD removal. The reactor was subjected
to various loading rate studies at a hydraulic retention time (HRT) of 1 day with COD/SO4

2− ratio of 1.3.
At loading rate of 2.5 kg COD/(m3 day), excellent performance with more than 97% removal of sulphate
was achieved within bottom 40% volume of the reactor. At a higher loading rate of 3.75 kg COD/(m3 day),
there was a decrease in both sulphate (70–75%) and COD (50%) removal efficiencies. A controlled and
ulphide
ulphate
astewater

naerobic
ulphide inhibition

continuous air injection (0.19 L/(L min)) given at 40% volume of the reactor affected sulphide oxidation
inside the reactor and enhanced the sulphate reduction in the reactor. The specific sulphate reduction
capacity of mixed culture drawn from the bottom part of the reactor was 0.35 kg SO4

2−/(kg VSS day). The
results of this study showed that enhanced sulphidogenesis with sulphide inhibition control can main-
tain sulphate-reducing bacteria (SRB) in anaerobic reactor at low COD/SO 2− ratios between 1 and 2, with
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. Introduction

Sulphate bearing waste streams is generated by many industrial
ctivities such as sea food processing, fermentation, tanning, paper
roduction and edible oil refining [1–3]. Most of these wastewaters
lso contain substantial amount of organic matter (OM). Discharge
f high sulphate or COD bearing wastewater into the natural water
odies is not advisable, and they need appropriate treatment. Many
onventional methods are available for the removal of COD and
ulphate using aerobic and/or anaerobic processes.

Although aerobic systems have high COD removal efficiency,
ulphate removal is not possible in them. Mostly anaerobic treat-
ent methods, incorporating sulphate-reducing bacteria (SRB) and
ethane-producing bacteria (MPB), are employed for treatment

f wastewaters containing both COD and sulphate. However, SRB

ave kinetic and thermodynamic advantage over MPB in utilizing
rganic matter, which leads to the production of sulphide com-
ounds [4]. At high concentrations, these sulphide compounds are
oxic to MPB [1,3,5]. So far, no sustainable method has been devel-
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of COD and SO4
2−. The sulphide generated in the system can be recovered

idized back to sulphate.
© 2008 Elsevier B.V. All rights reserved.

ped for selective inhibition of SRB to drive the anaerobic process
owards methanogenesis [6].

The COD/SO4
2− ratio in effluents appears to be a key factor

n the regulation of the competition between methanogenic and
ulphate-reducing bacteria [2,4,7]. In practice, anaerobic treatment
s successful for wastewaters with COD/SO4

2− ratio exceeding 10
8]. For such wastewaters, the H2S concentration in the anaerobic
eactor will never exceed the critical value of sulphide inhibition
ue to the stripping effect of biogas produced. However, process

ailures of anaerobic reactors for methane generation have been
eported [6] when the COD/sulfate ratio of the wastewater was
ess than 10. Dilution of H2S concentration, decrease of union-
zed H2S concentration by pH control, selective inhibition of SRB,
ddition of ferric salts to precipitate sulphides, separation of H2S
roduction and methanogenesis and ORP based oxygenation for
ulphide control by injecting controlled oxygen to recycle biogas
ine are commonly employed sulphide inhibition control measures
6,9,10]. However, many of these methods are not economically
easible or sustainable. For example, separation of H2S production
nd methanogenesis may be costly because it requires an addi-

ional reactor and accessories, which increases the complexity of
reatment system [11].

Enhanced biological sulphate reduction (sulphidogenesis) pro-
ess appears to be a promising alternative for treating low
OD/SO4

2− ratio bearing effluents. In sulphidogenesis process, the

http://www.sciencedirect.com/science/journal/03043894
mailto:pcsabumon@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2008.02.097
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eduction of 1.5 kg SO4
2− consumes 1 kg COD [12,13], and thus

oth COD and SO4
2− are removed in the process. Advantages of

nhanced sulphidogenesis are anoxic removal of organic matter,
rocess stability, no VFA accumulation, reduced biomass genera-
ion and high alkalinity generation inside the process [6]. SRB can
row using countless organic compounds as sources of energy for
heir metabolism and most of the species can oxidize these com-
ounds completely to CO2 [14]. The SRB comprised of complete
xidizers and incomplete oxidizers. The complete oxidizers directly
onvert OM (after VFA formation) to CO2, where as incomplete oxi-
izers with the help of acetate utilizing SRB convert OM (after VFA
ormation) to CO2. Possibilities of using biologically generated sul-
hide as a resource is well demonstrated and described by Hulshoff
ol et al. [6]. For COD/SO4

2− ratios less than 1, sulphidogenic sys-
ems can be developed with complete COD removal by SRB alone
15]. However, sustainability of sulphidogenesis for COD/SO4

2− ≤ 1
as not demonstrated because of severe sulphide inhibition. Sipma

t al. [16] reported a maximum sulphate reduction efficiency of
0% at COD/SO4

2− of 1.33 in thermophilic sulphate reduction in
ASB reactors under acidifying conditions (pH 5.8–6.1). Though
cidogens and SRB are not very sensitive to low concentrations
f free H2S [17,18], SRBs are inhibited at high sulphide concentra-
ions [11,19]. Studies focussing on enhanced sulphidogenesis for
M removal in effluents with low COD/sulfate ratio are scarce in

iterature. The objective of this work was to develop an enhanced
ulphidogenesis process, with a simple sulphide inhibition control,
or biological treatment of sulphate bearing effluents having low
OD/sulfate ratio with possibility of partial recovery of sulphate
resent in effluent as elemental sulphur.

. Materials and methods

.1. Sulphidogensis medium

Sodium sulphate and sucrose were used as sources of sul-
hate and organic carbon, respectively. Predetermined amount
f sulphate and sucrose were taken in each study based on
equired COD/SO4

2− ratio. The other compounds of sulphi-
ogenesis medium used in this study were: NaHCO3, 0.7 g;
H4Cl, 0.04786 g/g sucrose; K2HPO4, 0.014 g/g sucrose; MgCl2,
.08 g/g sucrose; dissolved in 1 L of distilled water. Trace ele-
ents were added to the medium. The composition of trace

lement solution was (in g/L): H3BO4, 0.0005; ZnCl2, 0.0005;
NH4)6MO7O24·4H2O, 0.0005; NiCl2·6H2O, 0.0005; AlCl3·6H2O,
.0005; MnCl2·4H2O, 0.0005; CoCl2·4H2O, 0.0005; NaSeO3·5H2O,

.001; CuSO4·5H2O, 0.0005; CaCl2, 0.0003; FeCl2, 0.000015 and
DTA, 0.000015. All chemicals were analytical reagent (AR)
rade, supplied by ‘Qualigens’ (India). Clean ‘Borosil’ (India) make
lassware were used for preparation of reagents and volume mea-
urements.

w
5
o
v
o

able 1
tart-up conditions during screening of biomass for sulphidogenesis process

eactor tag Type of biomass

R1 UASB reactor sludge employed for treatment of sewage
R2 UASB reactor sludge employed for treatment of sewage
R3 Cow dung based sludge from biogas plant
R4 Cow dung based sludge from biogas plant
R5 Flocculent extended aeration process sludge employed for

treatment of tannery effluent (EAP-Tannery)
R6 Flocculent extended aeration process sludge employed for

treatment of tannery effluent (EAP-Tannery)

nitial COD = 2500 mg/L.
Materials 159 (2008) 616–625 617

.2. Analytical techniques

All physical–chemical parameter analyses were conducted as
er Standard Methods [20].

Sulphate was analyzed by Ion chromatography (DIONEX, USA)
ith ED50 electrochemical detector and the results were processed

y in-built ‘Chromeleon’ software. The samples for sulphate and
ulphide analyses were immediately fixed with 2N zinc acetate in
lkaline condition to avoid sulphide oxidation. The fixed samples
ere centrifuged at 5000 × g for 5 min and supernatant was ana-

yzed for sulphate and precipitate was analyzed for total sulphides
y the iodometric method. The COD analysis of centrifuged sample
without zinc acetate) was carried out after acidifying the sample
o pH less than 1 with sulphuric acid for releasing sulphides as H2S
y stirring and then fixed with potassium dichromate. The closed
eflux method of COD digestion was carried out by HACHs COD
igester (Loveland, USA). ORP was measured using double junction
latinum ORP electrode connected to a calibrated CyberScan pH
1100) meter in mV mode (EUTECH Instruments, Singapore). ORP
lectrode was calibrated using Quinhydrone 86.

.3. Screening of biomass for sulphidogenesis process

Sludges collected from different sources (Table 1) were used for
creening study in anoxic condition at COD/SO4

2− ratios of 0.7 and
.5. Batch experiments were carried out in 250 mL capacity bottles
Duran make, Germany), with airtight rubber septum having gas
eleasing arrangement through a water seal. Total feed volume was
00 mL. Batch reactors were operated for 2 weeks, at temperature of
0–32 ◦C, with mixing by means of a magnetic stirrer (Remi Equip-
ents Ltd., India). Start-up conditions are given in Table 1. Further,

he biomass from batch reactors with COD/SO4
2− ratio of 2.5 was

ubjected to a feeding with COD/SO4
2− ratio of 1.0, keeping other

xperimental conditions same as in preliminary screening tests.
ased on the results from screening tests, the potential biomass
as selected for further development of sulphidogenesis in batch

nd continuous reactors. A separate batch reactor was developed
t a COD/SO4

2− ratio of 1.0 with operation in a feed and draw mode
or 2 months, and 100 mL sludge from this batch reactor was used
or seeding the continuous reactor.

.4. Continuous reactor studies

.4.1. Upflow hybrid reactor
Schematic of the hybrid reactor used for developing sulphi-

ogenesis process is shown in Fig. 1. A reactor of 1.75 L volume

as made from an acrylic cylinder, with an internal diameter of
cm and a height of 105 cm. The bottom 25 cm (volume = 0.50 L)
f the reactor was not filled with any packing medium to pro-
ide space for suspended growth of biomass. The remaining 1.25 L
f reactor volume was filled with plastic rings (with inside thin

Total VSS (g) COD/SO4
2− ratio Initial pH

3.7 0.7 7.5 ± 0.05
3.7 2.5 7.5 ± 0.05
3.8 0.5 7.5 ± 0.05
3.8 2.5 7.5 ± 0.05
0.6 0.7 7.5 ± 0.05

0.6 2.5 7.5 ± 0.05
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using ethanol with concentrations varying from 30% to 100% in 20%
ig. 1. Schematic of upflow hybrid sulphidogenesis reactor (broken lines show the
ecycling operation during start-up and acclimatization).

artition wall at 90◦ apart, mean diameter = 2 cm, height = 1.7 cm,
ulk density = 150 kg/m3; porosity = 90%, area available for micro-
ial attachment = 2935 cm2/L of reactor volume) as medium for
iomass attachment. The packing media was supported by a cir-
ular disc fixed to the reactor at 25 cm height from the bottom.
he circular disc had uniformly distributed 0.5 cm circular holes
or equal distribution of effluent to media. The reactor was pro-
ided with 5 sampling ports (P1–P5) at 25 cm, 40 cm, 55 cm, 70 cm
nd 90 cm from the bottom of the reactor, respectively. The last
ampling port was used as effluent outlet too. The anoxic condition
nside the reactor was maintained by providing water seals to out-
et gas and effluent pipe. The outlet gas pipe was dipped in 50 cm
ater column in a separate bottle so that gas produced is released
hile maintaining anoxic condition inside the reactor. The effluent
as taken out through a U tube containing effluent (as water seal)

o effluent collection or recycle vessel as per the case. The effluent
ecycling to the reactor through feed vessel was carried out only
uring start-up and acclimatization phase. Feeding was from the
ottom of the reactor through a 1 cm brass nozzle. This bottom noz-
le was connected via PVC tubing through a calibrated peristaltic
ump (Miclins, India) to the feed vessel.

.4.2. Start-up and acclimatization
The start-up of the reactor was done using extended aeration

rocess flocculent sludge employed for treatment of tannery efflu-
nt. The reactor was initially started with 1 L extended aeration
rocess flocculent sludge mixed with 100 mL mixed culture of
ulphate-reducing bacteria (developed from same extended aera-
ion process sludge at COD/SO 2− ratio of 1.0 in a batch reactor). The
4

ixed biomass had total volatile suspended solids (VSS) of 8.33 g.
nitially, the reactor was fed with sulphidogenesis medium hav-
ng a COD/SO4

2− ratio of 1.8, with an initial COD of 2500 mg/L (pH
.5 ± 0.1). For this, 2 L of sulphidogenesis medium was fed to the

i
s
(
m
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eactor, after purging with oxygen free nitrogen for 5 min, and the
ffluent was recycled to the hybrid reactor through a closed feed
essel (3 L capacity Borosil bottle) to develop the SRB culture. The
eactor was operated in an upflow mode of recycling (2.8 h HRT)
uring the start-up and acclimatization period. Whenever reactor
as fed with the fresh feed, an equivalent amount of effluent was
asted. The oxidation–reduction potential (ORP) maintained inside

he reactor was −225 ± 25 mV. Fresh feed was added to the system
ine times during the start-up phase (1–50 days). pH was adjusted
y adding NaHCO3 to the recycle vessel as and when required dur-
ng the period of start-up and acclimatization. Operational details
f continuous reactor are presented in Table 2. During second and
hird phases of acclimatization feeding was done on alternate days
days 61–120) with COD/SO4

2− ratio of 1.8 and 1.3, respectively.
fter 60 days, feed/recycle vessel was stuffed with cotton to have
ncontrolled diffusion of oxygen to the vessel, so that sulphide in
he effluent could oxidize to form sulphur film.

.4.3. Loading rate studies
After 120 days, from the starting of the reactor, it was put in to

ontinuous mode of operation at COD and SO4
2− loading rates of

.5 kg COD/(m3 day) and 1.9 kg SO4
2−/(m3 day), respectively. There

as no recycling of effluent during loading rate studies. The efflu-
nt was collected in an effluent collection vessel stuffed with cotton
o have uncontrolled diffusion of oxygen to the vessel, so that
ulphide in the effluent could oxidize to form sulphur film. Sub-
equently the loading rates of COD and SO4

2− were increased to
.75 kg COD/(m3 day) and 2.85 kg SO4

2−/(m3 day), respectively. The
eactor was operated at this increased loading rate during the
eriod 149–190 days without any sulphide inhibition control.

.4.4. Sulphide inhibition control
A simple sulphide inhibition control was applied after 191 days,

y injecting air through the second sampling port (P2). Air was
upplied from a portable air compressor at the rate of 0.2 L/min
hrough a stainless steel syringe from 191st to 205th day. Air flow
ate was controlled at the rate of 0.1 L/min for the period 206th to
16th day, and later increased to 0.2 L/min for further operation. The
ir flow rate was measured using a Rotameter (100–1000 mL/min
ange, Placka make, India). The reactor was operated until 220 days.

.4.5. Sample port analysis
Samples collected from sampling ports were analyzed during

ach loading phase, after attaining a steady state, in order to get the
OD and SO4

2− removal efficiency along the height of the reactor.
amples were analyzed for pH, COD, SO4

2− and sulphides. During
he final phase of loading at 3.75 kg COD/(m3 day) (203rd day), the
ludge from the bottom part of the reactor (anoxic zone) was sub-
ected to batch study in 100 mL serum bottles in sulphidogenesis

edium under anoxic conditions to determine specific sulphate
eduction rate of mixed SRB culture. Initial conditions in the
atch reactor were: pH 7.5, COD = 2500 mg/L, SO4

2− = 1900 mg/L,
ixed liquid suspended solids (MLSS) = 2160 mg/L, mixed liquid

olatile suspended solids (MLVSS) = 1470 mg/L. Also, the same
ludge was used for morphology identification by scanning elec-
ron microscopy (SEM) technique. The sludge for SEM was fixed
ith 2.5% glutarldehyde in 20 mM K2HPO4/KH2PO4 buffer at a
H of 7.4, and then washed with the same phosphate buffer for
hree times. Then the sludge specimen was sequentially dehydrated
ncrements, with 20 min exposure time. After dehydration, dried
ample was sputtered with platinum in an ion auto fine coater
JEOL, JFL-160, Japan) and then examined under a scanning electron

icroscope (JOEL, JSM-6360, Japan).
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Table 2
Operational schedule of continuous reactor

Sl. no. Operational phase Period of operation (days) Feed COD (mg/L) Feed SO4
2− (mg/L) COD/SO4

2− ratio Operation mode and
HRT

1 Start-up and acclimatization 1–50 2500 1390 1.8 Effluent recycle to feed
vessel, HRT = 2.8 h

2 Shut down 51–60 – – – –
3 Second phase of

acclimatization
61–90 2500 1390 1.8 Effluent recycle to feed

vessel with sulphide
inhibition control,
HRT = 2.8 h

4 Third phase of acclimatization 91–120 2500 1900 1.3 Effluent recycle to feed
vessel with sulphide
inhibition control,
HRT = 2.8 h

5 Loading studies
i First phase of loading study

(loading rate:
2.5 kg COD/(m3 day))

121–148 2500 1900 1.3 In daily continuous
operation, no recycle
and no sulphide
inhibition control,
HRT = 1 day

ii Second phase of loading study
(loading rate:
3.75 kg COD/(m3 day))

149–190 3750 2850 1.3 In daily continuous
operation, no recycle
and no sulphide
inhibition control,
HRT = 1 day

iii Third phase of loading study
(loading rate:

191–220 3750 2850 1.3 In daily continuous
operation, no recycle

3
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3.75 kg COD/(m3 day))

. Results and discussion

.1. Screening of biomass for sulphidogenesis process

Three types of sludges, each with two different COD/SO4
2−
atios, were screened for sulphidogenesis process. Results from
his study are presented in Fig. 2a. It can be seen from these pre-
iminary screening results that all sludges were able to reduce
ulphate completely when COD/SO4

2− ratio was 2.5. However, for
COD/SO4

2− ratio of 0.7 (stoichiometric ratio without consid-

ig. 2. Percentage removals of sulphate and COD during screening of different
ources of biomass (COD/SO4

2− ratios of reactors in (a) are given in Table 1). (a) Ini-
ial screening of biomass for sulphidogenesis. (b) Percentage removal at COD/SO4

2−

atio = 1.
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and with sulphide
inhibition control,
HRT = 1 day

ring carbon requirement for growth of SRB), extended aeration
rocess flocculent sludge employed for treatment of tannery efflu-
nts showed better performance (62% of sulphate reduction) than
he other anaerobic sludges. The lesser performance of anaero-
ic sludges especially cow dung sludge might be as a result of
ompetition of anaerobic bacteria and methanogenic bacteria for
vailable COD. From Fig. 2a, it is evident that higher COD removals
ccurred with anaerobic sludges at a COD/SO4

2− ratio of 0.7. Bet-
er performance of extended aeration flocculent sludge for sulphate
eduction might be due to the presence of sulphate-reducing bacte-
ia already exposed to sulphides present in tannery effluent during
he extended aeration process and the availability of more OM
COD) as a result of sludge hydrolysis of this sludge in anaerobic
nd/or sulphidogenic conditions. In presence of sulphide enhanced
ludge hydrolysis was reported [21]. The stoichiometry of COD
emovals in correspondence with sulphate removals in SR5 and
R6 were not matched as a result of sludge hydrolysis and increase
f COD. The tannery effluent normally contains high concentra-
ions of sulphate (1000–3000 mg/L), sulphides (20–200 mg/L) and
OD (3000–6000 mg/L) [22,23]. Such high concentrations of sul-
hate and COD with flocculent nature of activated sludge might
ontain aero-tolerant SRBs in the floc core. There are reports about
he presence of large numbers of sulfate-reducing bacteria in the
xic zones and near the oxic–anoxic boundaries of sediments and
n stratified water bodies, microbial mats and termite guts [24].
ommunity structure analyses and microbiological studies in such
ystems have shown that the SRB populations in those zones are
dapted to oxygen [24].

Further optimization in screening was carried out by sequen-
ial batch operation of promising batch reactors at a COD/SO4

2−

atio of 1.0. At this ratio, it was expected that SRB might pre-

ominate methane-producing bacteria [25,26] and there could be
ufficient carbon available for growth also. Fig. 2b shows the results
f screening at COD/SO4

2− ratio of 1.0. In contrast to expectation,
t was observed that anaerobic sources of sludge showed higher
OD removal compared to sulphate reduction in the similar way as
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Fig. 3. Performance of sulphidogenesis continuous reactor during start-up and
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A

cclimatization in recycling operation (changes in operation are indicated by vertical
rrows).

btained in screening study at a COD/SO4
2− ratio of 0.7. Again, the

iomass screened from extended aeration process sludge employed
or treatment of tannery effluents gave better sulphate reduction
ompared to cow dung and UASB sludges. However, the sulphate
eduction was not complete and lesser compared to result obtained
t a COD/SO4

2− ratio of 0.7. Here it is to be noted that the sludge used
n optimization study was from batch reactors where 100% sulphate
eduction occurred. These sludges had a prior exposure to high
oncentration of sulphides (312 mg/L) at the end of batch study.
uring optimization study also, there was competition among sul-
hate reducers and methanogens for available COD in cases of UASB
ludge and cow dung sludge where as competition was less intense
n case of EAP sludge. Also, the amount of COD available by sludge
ydrolysis could be less during optimization study as the sludge
rom first batch reactor (already undergone hydrolysis) was used.
he less performance of EAP sludge at COD/SO4

2− ratio equal to one
ight be due to combined effect of sulphide toxicity for more pro-

onged time (during screening test and optimization test) and less
vailability of organic compounds from sludge hydrolysis during
ptimization test. The sulphide concentration inside R-TEAP reac-
or was 616 mg/L. There are reports of inhibition of SRB by high
oncentrations of sulphide generated in the system [11,19].

.2. Start-up and acclimatization of sulphidogenesis process in
ontinuous reactor

Performance of sulphidogenesis reactor during different phases
f operation is presented in Table 3. Fig. 3 shows the performance of

ulphidogenesis reactor during start-up. Although more than 80%
f COD reduction was achieved in the reactor within 10 days, it
ook 30 days to achieve more than 80% sulphate reduction. The
nitial high removal of COD might have accomplished by non-

a
m
m
1

able 3
erformance history of continuous reactor

l. no. Operational phase Period of operation (days) Outlet pH Ou

Start-up and acclimatization 1–50 8.2–7.9 1
Shut down 51–60 –
Second phase of acclimatization 61–90 7.8–7.2 5
Third phase of acclimatization 91–120 7.7–7.2 2

Loading studies
i First phase of loading study 121–148 7.1–6.7 4
ii Second phase of loading study 149–190 6.8–6.0 11
iii Third phase of loading study 191–220 6.5–8.0 9

ll values are range of minimum and maximum values obtained during each operational
Materials 159 (2008) 616–625

RB. This could be due to prior non-acclimatization of the start-up
ludge. As mentioned earlier, the seed sludge was collected from
n aerobic plant. As the sulphidogenesis process progressed, COD
emoval reduced from 80% to 58% (40–50 days) corresponding to
ncrease of sulphide concentration above 300 mg/L. This decrease
n COD reduction might be attributed to sulphide inhibition to

ethanogens and non-SRBs [1,17] as the sulphide bearing effluents
ere recycled through the hybrid reactor. There was marginal dete-

ioration in performance as far as sulphate reduction is concerned,
nd this might be due to the sulphide inhibition to SRB [11,19,27].

In order to develop and acclimatize required microbial culture
or sulphidogenesis process (60–120 days), a simple sulphide inhi-
ition control strategy was adapted in recycle vessel. Small amount
uncontrolled) of air was allowed to enter the recycle vessel to
nduce sulphide oxidation. This strategy worked satisfactorily and
here was generation of sulphur film on liquid surface of recycle
essel. The sulphur thus generated could be easily separated using
fine mesh filter. The filtered sulphur sludge had excellent settling
roperties to the extent of 90% volume reduction in 3 min. Fig. 4
hows the pictures of sulphur film generation in recycle vessel,
eparated sulphur sludge in tap water before settling and settled
ulphur sludge within 3 min. This sulphide oxidation was expected
o be a combination of chemical and biological oxidation as per
q. (1). However, further studies were not carried out to identify
icroorganisms responsible for such sulphur film formation.

2S(aq) + 0.5O2(g) → H2O(aq) + S(s); �G◦ = −267.1 kJ/M (1)

It was found that as the time progressed, the simple sulphide
nhibition control strategy improved the COD removal in corre-
ponds to lesser concentration of sulphides. This improved COD
emoval may be due to the combined action of SRB and non-
RB including MPB. It was also observed that further reduction of
OD/SO4

2− ratio from 1.8 to 1.3 (90–120 days) decreased the sul-
hate reduction where as the COD removal improved marginally.
reese and Stucky [28] reported that, for COD/SO4

2− ratios between
and 2, there is a possible shift to sulphidogenesis as predomi-

ant process. In an anaerobic baffled reactor with sucrose as carbon
ource, they have achieved more than 80% sulphate reduction for
OD/SO4

2− ratio of 2.5 and more than 50% sulphate reduction for
OD/SO4

2− ratio of 1.0. However, the present results show that sim-
le sulphide inhibition control strategy may be used to sustain a
ood percentage of COD and SO4

2− removal (Fig. 3) from effluents
ith low COD/SO4

2− ratio, with possibility of sulphur recovery. The
emerit of sulphur generation as per the demonstrated process in
his study is the lack of proper process control to limit the sulphide
xidation at the level of elemental sulphur. A little extra amount
f air can drive the reaction to other oxidized forms of sulphur.
ssociated in process operation. However, results from develop-
ent stage of the present study indicated that it is possible to
aintain SRB in anaerobic reactor at COD/SO4

2− ratios between
and 2, with more than 85% of COD removal.

tlet COD (mg/L) Outlet SO4
2− (mg/L) %Removal of COD %Removal of SO4

2−

95–307 855–30. 2 92.2–67.7 35.9–97.7
– – – –

95–83 188–65 76.3–96.6 85.9–95.1
86–27 599–213 88.6–98.9 68.5–88.7

83–1414 250–0 80.7–43.4 86.8–100
73–2063 25.7–853 68.7–45 99.7–70
26–201 708–214 75.3–94.6 75.1–92.5

phase.
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Though above equilibrium relations show easy precipitation of

metal sulphides, in practice complete removal of metals is not pos-
sible as some residual metal sulphide concentration will remain in
aqueous phase. Such low concentrations of metals can satisfy the
micronutrient requirement of the bacterial culture in the reactor.
Fig. 4. (a) Sulphur generation inside the effluent collection/recycle vessel, (b) se

.3. Loading rate study

Loading rate study was carried out in three phases, with dif-
erent organic loading (at COD/SO4

2− ratio of 1.3) and operational
trategies. Results from this study are discussed in the following
ections.

.3.1. Phase 1
Loading study in phase 1 continued from 121 to 148 days, with

n organic loading of 2.5 kg COD/(m3 day). Fig. 5 shows the oper-
tional characteristics and the performance during the loading
tudy in continuous operation without recycling. Fig. 5a shows
he effluent pH and total aqueous sulphides concentration during
he operational period. There were fluctuations in both sulphides
oncentrations and pH during the initial 10 days, where sulphido-
enesis was not in a steady state. From Fig. 5b, it is clear that during
31–148 days; sulphidogenesis process reached a steady state and
onsistently achieved more than 98% of sulphate reduction. Stoi-
hiometrically, the total sulphide produced can be to the extent of
21 mg/L (from 1900 mg/L SO4

2−) at 98% reduction of sulphate. But,
he aqueous total sulphide concentrations inside the reactor were
n the range of 515–534 mg/L during this period. A part of remain-
ng fraction of total sulphide (14–17%) might have escaped from the
ystem through gas phase as there was strong rotten egg smell of
2S from the bottle containing water seal kept for the gas releas-

ng from the reactor. The concentration of H2S in gas phase was
ot monitored. Some amount of sulphides might have formed as
olysulphides and a small fraction of sulphides might have formed
s metal precipitates and remained inside the reactor. Since the
oncentration of trace elements added were not very high the pos-
ibility of substantial removal of sulphide as metal sulphide is not
ignificant in the present system. The following equilibrium reac-
ions show the feasibility of certain metal sulphide precipitation

29].

dS(s) ↔ Cd(aq)
2+ + S(aq)

2−; Ksp = 10−28 (2)

uS(s) ↔ Cu(aq)
2+ + S(aq)

2−; Ksp = 10−35.2 (3)

F
(
(
d

d sulphur film in tap water and (c) settled volume (1/10th) of sulphur in 3 min.

eS(s) ↔ Fe(aq)
2+ + S(aq)

2−; Ksp = 10−17.2 (4)

iS(s) ↔ Ni(aq)
2+ + S(aq)

2−; Ksp = 10−24 (5)

here Ksp is the solubility product constant of the reaction.
ig. 5. Operational characteristics and performance during organic loading rate
OLR) study of sulphidogenesis reactor at COD/SO4

2− ratio of 1.3 and HRT of 1 day
changes in operation are indicated by vertical arrows). (a) Variation of pH and total
issolved sulphides. (b) Removal efficiency in the reactor.
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Fig. 6. Sample port analysis under various conditions (COD/SO4
2− = 1.3). (a) Per-

centage removal along the depth of reactor on 146th day without sulphide inhibition
control, COD loading rate of 2.5 kg/(m3 day). (b) Percentage removals along the depth
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H2S produced as a result of sulphate reduction would be in equi-
ibrium with sulphides in the aqueous phase as per the following
quations [3]:

2S(g) ↔ HS(aq)
− + H(aq)

+ (6)

S(aq)
− ↔ S(aq)

2− + H(aq)
+ (7)

The above equilibrium reactions show that when pH decreases
ore sulphides would be in free H2S(g) form and chances of escape

f H2S through the gas phase would be more. It can be seen from
he trend of pH and total dissolved sulphides concentration (Fig. 5a)
hat the above fact was true in the present study until 190 days of
peration.

Fig. 5b shows the removal efficiency of sulphate and COD in
he system. It was observed that COD removal efficiency varied
etween 43% and 84% during 131–140 days of continuous oper-
tion, whereas sulphate reduction was consistently more than
8%. As per sulphidogenesis stoichiometry, theoretical maximum
emoval of COD possible by sulphidogenesis is approximately 52%
uring this period. The reason for deficiency of COD removal less
han 52% occurred in few days is unknown. However, extra removal
f COD (above 52%) during this period might be due to non-SRBs
nd methanogens present in the system with competition with SRB.
owever, the competition by SRB could not be sustained by MPB
fter 140 days as evident from sudden drop in COD removal effi-
iency to 50–60%. During this period, the total aqueous sulphides
oncentration was above 500 mg/L at a pH less than 6.8. At lower pH
onditions, free H2S would be more and it can penetrate the cell wall
f bacteria easily and inhibit bacterial cells including SRB [6,17,26].
owever, MPB is relatively more sensitive to sulphide toxicity.

Fig. 6a shows the percentage removal of sulphate and COD
long the height of the reactor on 146th day of continuous oper-
tion. It was found that approximately 97% sulphate reduction
ccurred within the bottom 40% volume of the reactor. There was
00% removal of sulphate by the time effluent reached the top
f the reactor. However, the COD removal efficiency remained
t 60–62% throughout the reactor. The theoretical COD require-
ent for sulphate reduction was approximately 52% of the COD

emoval in the system, without considering the carbon require-
ent for growth of SRB. Extra 8–10% of COD removed might have

een used for the growth of anaerobic mixed culture. The effec-
ive loading possible by sulphidogenesis process was found to be
.75 kg SO4

2−/(m3 day) at COD/SO4
2− ratio of 1.3, with an effec-

ive HRT of 0.44 day (considering bottom 40% volume of reactor).
ccordingly, the volumetric sulphate reduction obtained in this
tudy was within the reported values of 0.8–10.4 kg SO4

2−/(m3 day)
n literature [30,31].

.3.2. Phase 2
Loading study in phase 2 continued from 149 to 190 days, with

n organic loading rate of 3.75 kg COD/(m3 day). As 97% of sulphate
eduction occurred within bottom 40% volume of the reactor when
oading was 2.5 kg COD/(m3 day), both COD and sulphate (keeping
OD/SO4

2− ratio of 1.3) concentrations were increased further to
chieve 3.75 kg COD/(m3 day) and 2.85 kg SO4

2−/(m3 day), respec-
ively. At increased loading, there was a drop in sulphate reduction
rom 99% to 80% during the period 149–163 days (Fig. 5b). Sulphate
eduction efficiency reduced further as the time of operation pro-
ressed and reduced to a value of 70–75% as the system attained

teady state. Since steady state was achieved, this loading is con-
idered as the maximum loading to achieve at least 70% sulphate
eduction in a wastewater with a COD:sulphate ratio of 1.3. The
resent results are in agreement with the results reported by Freese
nd Stucky [28] without sulphide inhibition control.

t
p
a
f
5

ontrol at OLR of 3.75 kg COD/(m3 day). (c) Percentage removals along the depth
f reactor with sulphide concentration on 217th day after implementing sulphide
nhibition control at OLR of 3.75 kg COD/(m3 day).

Fig. 6b shows sample port analyses on 179th day of operation
at COD loading of 3.75 kg/(m3 day)) where sulphidogenesis pro-
ess was affected by sulphide inhibition. From the results, it is
bvious that sulphate reduction was affected at high sulphate load-
ng though major part of sulphate removal occurred within the
ottom 40% volume of the reactor. Such high percent removal of
ulphate at the bottom of the reactor might be due to action of the
igh concentration of suspended biomass at the bottom with high
ubstrate concentration. Considering major part of sulphate reduc-
ion was taking place within bottom 40% volume of reactor, the
ffective sulphate loading possible was 7.125 kg SO4

2−/(m3 day) at
.6 h HRT. However for this loading, sulphate removal efficiency
chieved at steady state was only 75% without sulphide inhibi-
ion control. The performance of the present system in terms of
ulphate reduction was comparable to the performance of high
ate reactors [32]. Percentage removal of total COD obtained in
he experiment and the theoretically possible percentage removal
f COD (as per sulphidogenesis stoichiometry) showed similar
rends.

During phase 2, the pH in the reactor dropped from 6.8 to
.0 (Fig. 5a) and this resulted in the formation of more free H2S
rom sulphide generated in the system. Here, it is to be noted
hat at a pH of 6.0 and at 30 ◦C, approximately 93% of total sul-

hide could be present as free H2S, compared to a value of 60%
t a pH of 6.8 at similar conditions [13]. The concentration of
ree H2S during this period could be varying between 476 and
18 mg/L. High concentration of free H2S (more than 250 mg/L)
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s highly toxic to all bacteria including sulphate-reducing bacte-
ia compared to ionic form of sulphides [6]. Earlier studies have
ndicated that sulphate reduction can proceed well when pH is

aintained above 6.0 [18]. From the above discussion, it may
e inferred that the gradual decrease in performance in terms
f sulphate reduction in phase 2 could be due to sulphide inhi-
ition at higher sulphate loading rate at a COD/SO4

2− ratio of
.3.

.3.3. Phase 3
Loading study in phase 3 continued from 191 to 220 days, with

n organic loading of 3.75 kg COD/(m3 day). As mentioned earlier,
simple sulphide inhibition control strategy was adopted during

his period by injecting controlled air through sample port P2.
ue to this inhibition control, both sulphate and COD removal
fficiencies substantially improved during the period 191–205 days
Fig. 5b). Sulphide concentration in the effluent reduced to less than
50 mg/L during the period 195–205 days as shown in Fig. 5a. The

njected air supply might have oxidized part of sulphide to sulphate
nd/or other oxidized forms of sulphur and reduced the sulphide
nhibition in the system. Oxidized form of sulphur thus formed

ight have been consumed by SRB for further COD removal in
he zones closer to air injection. By this simple sulphide inhibition
ontrol, it was possible to maintain aerotolerent SRB and sulphide
xidizing bacteria (SOB) to work symbiotically within the same

eactor. SRB and SOB could grow as biofilm over support media
nd in the process, better removal of COD can be achieved. Appli-
ation of such bacterial symbiosis for wastewater treatment (COD
emoval) by attached growth system (in a multistage reversing flow
ioreactor) was earlier demonstrated by Tare and Sabumon [33].

s
a
2

ig. 7. SEM images showing morphology of mixed culture taken from bottom of the sulp
agnification. (c) 5000 times magnification. (d) 27,000 times magnification.
Materials 159 (2008) 616–625 623

The overall reactions involved in sulphate reduction (by com-
lete oxidizing SRB) and sulphide oxidation of the present system
re given below.

M(aq) + SO4 (aq)
2− SRB−→ S(aq)

2− + CO2(g) + Biomass (8)

The sulphide formed as a result of sulphate reduction can be
hemically oxidized to elemental sulphur as per Eq. (1) in presence
f air. However, Buisman et al. [34] and Visser et al. [35] reported
hat the main products of biological sulphide oxidation are elemen-
al sulphur and sulphate and these reactions (Eqs. (9) and (10)) are
ndependent of the pH in the range of 6.5–9.0 and faster compared
o chemical oxidation of sulphide.

S(aq)
− → Membranebound [S0] ↔ S(s)

0 (9)

embranebound [S0] → SO3(aq)
2− → SO4(aq)

2− (10)

There was formation of pale yellowish color sulphur formation
n biofilm of the reactor and this could be due to sulphur formed
s per reactions of sulphide oxidation described above. The pre-
ise control of sulphide oxidation to elemental sulphur is difficult
ecause of thermodynamic advantage of sulphide oxidation to sul-
hate as evident from the following equations [36]:

S(aq)
− + 1

2 O2(g) → S(s)
0 + OH(aq)

−, �G◦ = −169 kJ/M (11)

S − + 2O → SO 2− + H +, �G◦ = −732.6 kJ/M (12)
(aq) 2(g) 4(aq) (aq)

It is to be noted that (from Eqs. (11) and (12)) for oxidation of
ulphide to elemental sulphur, 1 M sulphide consumes 0.5 M O2
nd for oxidation of sulphide to SO4

2−, 1 M sulphide consumes
M O2, respectively. Also, most of the SRBs can utilize the above

hidogenesis reactor on 203rd day. (a) 9000 times magnification. (b) 10,000 times
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entioned oxidized sulphur compounds as electron acceptors for
ulphate reduction using organic compounds as electron donors
or sulphidogenesis. In the present simple sulphide inhibition con-
rol, by supplying a very less quantity of air (0.19 L/(L min)), the
OD removal efficiency was increased from 45% to more than
5%. Here it is to be noted that only stoichiometric requirement
f oxygen for part of sulphide oxidation need to be met as the
eactor at air injection location was a fixed bed unlike in sus-
ended growth system. The oxygen diffused to bottom portion of
he reactor from air injection point helped in oxidizing sulphides
o remove toxicity from bottom zone of the reactor and there was
nhanced sulphate reduction between P1 and P2 (Fig. 6c). The
imple sulphide inhibition control technique presented requires
inimum level of energy to achieve better COD removal as there
as no need of energy requirement to keep the biomass in

uspension.
There was increase of pH during this period as a result of

ulphide oxidation to elemental sulphur (Fig. 5a). However, con-
ribution of COD removal by facultative/heterotrophic aerobic
acteria also could not be ruled out. It is very difficult to estimate
OD removal by sulphidogenesis process alone from the stoichiom-
try as sulphate reduction and sulphide oxidation were occurring
imultaneously in the controlled aeration habitat (above 40 cm
rom bottom of reactor and below air injection point).

The control of aeration (maintaining the air flow rate at
.1 L/min) to keep the sulphide concentrations above 250 mg/L
206–216 days) reduced the COD removal efficiency of the system
Fig. 5b). Increase of air supply to 0.2 L/min (217–220 days) in order
o keep the sulphide concentration below 250 mg/L increased the
emoval efficiency of COD (Fig. 5b). So the above results shows that
ulphide inhibition control is required to keep the total sulphide
elow 250 mg/L inside the reactor for better removal of both sul-
hate and COD. Fig. 6c shows sample port analysis on 217th day
f operation when process was under sulphide inhibition control.
t is obvious from these results that the proposed suphide inhibi-
ion control strategy was effective in increasing sulphate and COD
emoval efficiencies to more than 85% efficiency, with an HRT of 1
ay.

Fig. 7 shows the morphology of mixed culture drawn from
he bottom of hybrid sulphidogenesis reactor by SEM image.
he predominant mixed culture was found to be rod shaped,
hough cocci and spiral shaped bacteria were also present. The
pecific sulphate reduction rate by this mixed SRB culture was
ound to be 0.35 kg SO4

2−/(kg VSS day) and was found to be within
he range of reported values (0.08–0.79 kg SO4

2−/(kg VSS day))
30,31].

Complete treatment of effluent with lower COD/SO4
2− ratio

o meet stringent dischargeable regulation might not be possible
sing the developed system in a single reactor. Therefore, a down
tream aerobic polishing unit is essential to oxidize the remaining
ulphides and COD present in the effluent after partial recovery of
lemental sulphur.

. Conclusions

Flocculent type activated sludge employed for treatment of
annery effluents can be used as a potential biomass for devel-
pment of sulphidogenesis process for treating wastewaters
ith low COD/SO4

2− ratio (1.3). The sulphate reduction load-
ng achieved in the developed upflow hybrid sulphidogenesis

eactor was comparable with high rate reactors. The specific
ulphate reduction capacity of mixed culture developed was
ound to be 0.35 kg SO4

2−/(kg VSS day). Adoption of a simple
ulphide inhibition control strategy improved COD removal effi-
iency substantially. The sulphide generated in the system can

[

[
[
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e recovered as elemental sulphur and/or oxidized back to sul-
hate.
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