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bstract

Sulfate reduction in a continuous flow, acidogenic reactor using molasses wastewater as the carbon source was studied at varying chemical
xygen demand/sulfate (COD/SO4

2−) ratios. At a critical COD/SO4
2− ratio of 2.7, neither COD nor sulfate were in excess for extra production of

thanol or acetate in the reactor. An acetic-type microbial metabolism was established with sulfate-reducing bacteria (SRB) significantly consuming

ydrogen and volatile fatty acids produced by acidogenic bacteria and hydrogen producing acetogens in degrading COD, thereby yielding sulfate
emoval rate >94.6%. A low critical COD/SO4

2− ratio of 1.6 was also observed with the enriched ASRB population in reactor which overcomes
he barrier to the treatment capability of sulfate-laden wastewater treatment with limited COD supply.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The sulfate-reducing bacteria (SRB) present a unique micro-
ial group responsible for the noted sulfate reduction capability
ith organic matters or hydrogen as electron donors. The SRB

an suppress methane-producing bacteria (MPB) through com-
etition for the same substrates such as hydrogen and acetate,
nd consequently result in a primary inhibition to MPB [1,2].
oreover, the SRB can convert sulfate into sulfide which can

oison MPB and decrease methane production [3–5]. The chem-
cal oxygen demand (COD)/SO4

2− ratio in influent significantly
ffected the metabolic pathways of SRB [6,7].
Five main microbial groups co-exist in the acidogenic sulfate-
educing reactor: acidogenic bacteria (AB), hydrogen producing
cetogens (HPA), hydrogen-utilizing SRB (HSRB), acetic acid-
tilizing SRB (ASRB), and fatty acid-utilizing SRB (FSRB).
he FSRB includes propionic acid-utilizing SRB (p-SRB),
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utyric acid-utilizing SRB (b-SRB), and lactic acid-utilizing
RB (l-SRB). The SRB manipulate hydrogen transfer in the
verall anaerobic metabolic processes [8]. Furthermore, the SRB
ompete better than the HPA for the same substrate, such as
ropionate, butyrate, and benzophenone [9]. The knowledge on
ow different co-existing microbial groups interact in such a
omplicated ecosystem is limited.

Wang [10] noted that the metabolites of sulfate-reducing
eaction are mainly composed of acetate, indicating that the
etabolic pathway resembles an “acetic acid-type microbial
etabolism”. Wang et al. [11] indicated that the electron-flow to
RB decreases with increasing COD/SO4

2− ratio. These authors
laimed that the SRB populations consumed hydrogen to a low
evel for achieving high sulfate removal efficiency of sulfate in
he reactor.

This work aims at exploring the metabolic pathways of SRB
n an acidogenic sulfate-reducing bioreactor and demonstrating
ow the acetic acid-type microbial metabolism was possibly

ormed in response to complicated interactions between dif-
erent microbial populations. The accumulation of acetate as
nd product limits the sulfate treatment efficiency in the reactor.
herefore, this study enriched ASRB in the reactor to achieve

mailto:djlee@ntu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.11.022


A. Wang et al. / Journal of Hazardous Materials 154 (2008) 1060–1065 1061

Table 1
Operational conditions of continuous tests

Experiment phase Operational conditions

COD/SO4
2− ratio COD (mg l−1) SO4

2− (mg l−1) Ns (kg SO4
2− m−3 d−1) HRT (h)

Phase a 4.5 3220 715 1.4 10.6
Phase b 3.6 3220 894 1.9 10.6
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hase c 2.7 3220
hase d 1.9 3220
hase e 0.9 3220

omplete oxidation of COD to effectively reduce sulfate at a low
OD/SO4

2− ratio.

. Materials and methods

.1. Substrates and continuous tests

The acidogenic sulfate-reducing reactor, a continuous stirred
ank reactor (CSTR) with an internal gas–liquid–solid three-
hase separator used in Wang et al. [11], was the testing reactor.
he reactor had an effective volume of 9.7 l. Sodium sulfate was

he electron acceptor and molasses wastewater from a beet sugar
efinery was the electron donor. Diammonium phosphate supple-
ented nitrogen and phosphate sources in molasses wastewater.
The waste activated sludge collected at the secondary clarifier

n the wastewater treatment plant a petroleum refining plant was
ncubated in the molasses wastewater dosed with sodium sulfate
ithout mixing for 1 month. This inoculum was seeded in the

eactor at volatile suspended solids of 11.7 g l−1. Since the gen-
ration time for SRB is generally larger than the HRT applied in
his study (10.4 h) [12], hence, 1200 g of activated carbon (size
.3–0.5 mm, specific gravity of 1.41 g cm−3) was added to the
eactor for biofilm development. On day 151 the alkalinity of
nfluent was adjusted at 700 mg l−1 by supplying NaHCO3. The
eactor was design to be able to keep an anaerobic atmosphere
ut still with easy H2S gas release. Temperatures was kept at
5 ± 1 ◦C in all tests. Nitrogen gas purged the bottles before the
ests.

The reactor was started up with influent of COD/SO4
2− = 5/1,

O4
2− = 660 mg l−1, and sulfate loading rate (Ns) = 1.4 kg

O4
2− m−3 d−1. The hydraulic retention time (HRT) of the

astewater was set at 23.3 h during day 1–10, then the HRT

as decreased to 10.6 h since day 11 and onward. After 30 days
f start-up, the sulfate removal ratio reached up to 98%, pH
ropped from 6.6 to 5.4–5.7, alkalinity increased from around
40 to 650–800 mg l−1, and the oxidation reduction potentials

2

c

able 2
omparison of metabolites from batch test A

atch Test End products (mg COD l−1)

EtOH Acetate Propionate Butyrate Valerate EtOH + V

est A-1 601 637 172 224 54.1 1690
est A-2 283 1040 224 182 28.1 1750
est A-3 414 934 219 225 43.2 1840

OD/SO4
2− = 4.35, VFA is the sum of acetate, propionate, butyrate, and valerate.
1190 2.5 10.6
1490 3.6 10.6
3580 7.5 10.6

ORP) dropped from −200 to −320 mV, S2− concentration
ncreased from 0 to 64 mg l−1, and total volatile fatty acids
VFA) increased from around 100 to 1500 mg l−1. The reactor
as considered successfully started up when its performance
as stable over 2 weeks.
After successful start-up of the reactor, the influent was

djusted according to the five phases indicated in Table 1.
estated, the reactor was operated sequentially at COD/SO4

2−
atio of 4.5, 3.6, 2.7, 1.9, and 0.9, with fixed COD
3220 mg l−1) and HRT indicated. The operation was per-
ormed until the reactor had reached a steady-state, regarding
he sulfate removal rate and the distributions of end prod-
cts.

.2. Enrichment test of ASRB

The waste activated sludge collected for the above continuous
ests was incubated in a still suspension with added acetate and
ulfate for 1 month. Then a CSTR of effective volume 1.0 l was
eeded with the incubated sludge (VSS of 8.7 g l−1) and was
ed with an influent containing of acetate as sole carbon source
in COD of 1000 mg l−1) and sulfate (500 mg l−1) at an HRT
f 9.6 h. Diammonium phosphate supplemented nitrogen and
hosphate sources in molasses wastewater. Temperatures was
ept at 35 ± 1 ◦C.

The sulfate removal ratio noted for the enriched bacteria
sing acetate as the sole carbon source increased with time, and
eached over 80% after 20 days of enrichment (data not shown).
ence, the ASRB was enriched and activated in the bioreactor.
ther SRB populations should be significantly inhibited owing

o substrate limitation.
.3. Substrates and batch tests

Parallel batch fermentation tests were conducted in 100 ml
ulture bottles, three parallel bottles under each experimental

Acetate/EtOH EtOH/EtOH + VFA (%) Acetate/EtOH + VFA (%)

FA

1.1 35.6 37.7
3.7 16.1 59.0
2.3 22.5 50.9
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ig. 1. Parametric changes in continuous test with molasses wastewater. COD =
o COD/SO4

2− ratio of 4.5, 3.6, 2.7, 1.9, and 0.9, respectively.

ondition. Sludge samples collected from the mentioned acido-
enic sulfate-reducing reactor under steady-state operation of
OD/SO4

2− = 5/1 was collected and centrifugated (3000 rpm
nd 10 min) to remove supernatant. The obtained sediment was
ashed twice using milli-Q water.
Two sets of batch tests were performed. In batch test A, 25 ml

ediment with 25 ml substrates (molasses wastewater, acetate,
thanol, propionate, butyrate, or lactate of initial concentrations
isted in Table 3) were fed to the culture bottles with sulfate con-
entration fixed at 742 mg l−1. In batch test B, the test was started
ith 25 ml molasses wastewater of COD 3220 mg l−1 dosed
ith 25 ml above-mentioned sediment. In test B-1 no sulfate was
dded. In test B-2, sulfate of concentration 742 mg l−1 was added
nitially. In test B-3, sulfate of concentration 742 mg l−1 was
dded only on hour 16 of fermentation. All bottles were sealed
nd incubated on shaken table at 35 ◦C and sampled regularly.

M
t
a
t

mg l−1. HRT = 10.6 h. Influent alkalinity = 670 mg l−1. Phases (a–e) correspond

To investigate the utilizing capability of the enriched ASRB
n ethanol and the VFAs, sludge samples collected from the
SRB enriched bioreactor under steady-state operation of
OD/SO4

2− = 1/1 was collected and centrifugated (3000 rpm
nd 10 min) to remove supernatant. The obtained sediment was
ashed twice using milli-Q water and tested as those for test B

named test C).

.4. Analytical methods

The chemical oxygen demand (COD), biochemical oxy-
en demand (BOD), mixed liquor suspended solids (MLSS),

LVSS, and pH of suspensions were determined according

o Standard Methods [13]. The H2S gas was analyzed using
GC-122 gas chromatography (Shanghai Analytical Appara-

us Corporation, Shanghai, China) with a thermal conductivity
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Table 3
Metabolites for batch test B

Substrate Initial concentration (mg l−1) End product (mg COD l−1) SO4
2− removal ratio (%) S2− (mg l−1)

COD SO4
2− EtOH Acetate Propionate Butyrate Valerate EtOH + VFA

EtOH 4150 742 – 969 57.6 13.6 7.60 1050 99.9 28.2
Acetate 3020 742 5.61 – 156 64.2 25.7 252 7.5 0.64
Propionate 3420 742 16.9 121 – 53.6 12.3 203 22.2 3.84
B –
L 22
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utyrate 3780 742 0.0 76.5 39.8
actate 3500 742 14.8 525 405

he substrate indicates the sole carbon source used in the test. VFA is the sum o

etector. Ethanol and volatile fatty acids (VFA) were also
nalyzed by a GC-122 gas chromatography using a flame-
onization detector (FID). The separation was accomplished
y a 2.0-m stainless steel column packed with GDX103
60/80 mesh). Nitrogen was the carrier gas at a flow rate of
0 ml min−1. The flow rates of hydrogen and oxygen were 50
nd 490 ml min−1, respectively. The temperatures for detector
nd oven were 210 ◦C and 190 ◦C, respectively [14]. Sulfate con-
entration in suspension was determined using an ion exchange
hromatography (CDD-6A, Shimadzu, Shimpack IC-AI, col-
mn temperature 40 ◦C, mobile phase 2.5 mM of potassium
ydrogen phthalate). Sulfide concentration in suspension was
etermined with the methylene blue colorimetric method [13].
he H2 and CO2 contents in biogas were analyzed by a gas
hromatography (Model SC-2 Shanghai Analytical Apparatus
orporation, Shanghai) using a 2.0-m stainless steel column
acked with TDS-01 (60/80 mesh) and a thermal conductivity
etector (TCD). Nitrogen was used as carrier gas at a flow rate
f 70 ml min−1. The temperatures for detector and oven were
oth at 150 ◦C. The oxidation–reduction potential (ORP) in the
uspension (Eh) was calculated by the equation: Eh = Ec + 249.1
mV], where Ec was the observed ORP measured by an acidity
oltmeter (pHS-25, Shanghai Analytical Apparatus Corpora-
ion, Shanghai), and 249.1 [mV] was the potential of saturated
alomel electrode.

. Results and discussion
.1. Continuous tests

The performance of the acidogenic sulfate-reducing reac-
or at HRT = 10.6 h, influent alkalinity of 670 mg l−1, and

t

c
a

able 4
etabolites for batch test C with enriched acetate-utilizing SRB

Substrate Initial concentration (mg l−1) End product (mg l−1)

COD SO4
2− EtOH Acetate Propionate

EtOH 756 400 451 158 38.3
Acetate 443 400 0 135 12.4
Propionate 786 500 0 210 450
Butyrate 897 500 0 78.9 20.4
Lactate 800 500 0 171 37.7
Molasses

wastewater
800 500 130 554 103

he substrate indicates the sole carbon source used in the test. VFA is the sum of ace
7.26 124 12.0 0.64
.7 13.8 980 97.8 26.2

tate, propionate, butyrate, and valerate.

OD = 3220 mg l−1, was shown in Fig. 1 at COD/SO4
2− ratio

f 4.5, 3.6, 2.7, 1.9, and 0.9. At COD/SO4
2− = 4.5, the sul-

ate supply was stoichiometrically insufficient hence leading
o almost complete removal of sulfate, low level of produced
ulfide (4.5 mmol l−1), and excess production of ethanol. At
OD/SO4

2− = 3.6, the removal rate of sulfate was higher than
7%, the sulfide level was increased to 6.4 mmol l−1, and the
thanol content was largely reduced. The corresponding acetate
ontent was increased to above 70%. At COD/SO4

2− = 2.7, the
emoval rate of sulfate was reduced to around 88%, the sulfide
evel was increased to 7.2 mmol l−1, while the ethanol content
as reduced to zero. COD/SO4

2− = 1.9 and 0.9, the removal rate
f sulfate was further reduced to 65% and 39%, respectively. The
orresponding ethanol contents were all zero.

Hence, the above-mentioned tests revealed that at
OD/SO4

2− = 2.7, the production of acetic acid was sig-
ificantly enhanced, while that of ethanol was depressed to a
ather low level. Ethanol presented in excess as intermediate
hen sulfate was insufficient in tests with COD/SO4

2− > 2.7.
eanwhile, with COD/SO4

2− < 2.7, sulfate was in excess
o yield acetate was main final product. The metabolic path-
ay changed from the ethanol-type [14] to the acetate-type

ermentation metabolism at COD/SO4
2− = 2.7.

.2. Batch tests

The hydrogen contents detected in batch test A were shown
n Fig. 2. Table 2 lists the corresponding end product distribu-

ion.

In test A-1, since no sulfate was present, SRB could not
ompete with other strains. Table 2 shows that the ethanol and
cetate contributed 35.6% and 37.7%, respectively, to the end

SO4
2− removal ratio (%) S2− (mg l−1)

Butyrate Valerate EtOH + VFA

6.57 0.89 655 96.2 7.36
9.07 0.83 157 96.4 7.68

36.1 2.04 698 94.6 7.04
365 2.21 467 95.9 7.04

15.3 2.82 227 96.9 7.68
57.6 10.5 855 97.4 9.28

tate, propionate, butyrate, and valerate.
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ig. 2. Hydrogen content in batch test A. (A-1): No sulfate was added. (A-2):
ulfate of 600 mg l−1 was added. (A-3) Sulfate of 600 mg l−1 was added on hour
6.

iquid products, accounting for more than 70% of the total liq-
id products. AB produced hydrogen along with acid formation;
ence, the hydrogen content in the headspace of culture bottles
ncreased with fermenting time to a plateau of about 7.5%.

In test A-2, with supplied sulfate in the influent, the hydro-
en in headspace increased to about 3% at 7 h of fermentation,
hen dropped to very low level at t > 15 h. In test A-3, hydrogen
as formed and accumulated in the first 15 h without sulfate in

nfluent. Then hydrogen was consumed once sulfate was added
t t > 15 h. The hydrogen produced by AB group was consumed
y the SRB group when sulfate was present.

The end product distributions in tests B and C differed
arkedly from in test A (Table 2). The ratios of (acetate/ethanol)
ere 3.7 and 2.3 for tests A-2 and A-3, higher than 1.1 for

est A-1. This occurrence corresponded to the continuous-flow
xperiments (Fig. 1) that the co-cultured AB + SRB system uti-
ized ethanol in sulfate-reducing reaction.

Table 3 lists the sulfate removal ratio and metabolites of batch
est B. These tests with different pure substrates corresponded to
OD/SO4

2− ranged 4.1–5.6. As shown in the continuous tests
ith molasses wastewater (Fig. 1), this sulfate supply should
e insufficient, hence leading to almost complete removal of
ulfate, low level of produced sulfide, and excess production of
thanol.

When supplied with ethanol and lactate as sole carbon
esources, the sulfate removal rates and the total amount of
FAs produced were evidently higher than those supplying
ith acetate, propionate and butyrate as electron donors. When

upplied with ethanol as sole carbon resource, most of the
thanol was converted into acetate. When lactate was fed
nstead, the end products were mainly acetate and propionate.
n the other had, when supplied with acetate, propionate

nd butyrate as electron donors, few of sulfate was removed
hile few of fed substrate was converted into other kinds of
FAs, but they could be consumed by SRB population directly.
herefore, ethanol and lactate were SRB population’s easily

tilized substrate, but acetate, propionate and butyrate were
ot. More specifically, the utilizing capability of SRB fol-
owed ethanol > lactate > propionate > butyrate > acetate. It was
ndicated that from the viewpoint of thermodynamics, lactate,

t
u
w

aterials 154 (2008) 1060–1065

ropionate and butyrate were more available substrates for SRB
han acetate [15].

.3. Acetic-acid type microbial metabolism

In the acidogenic sulfate-reducing reactor, VFAs, ethanol and
actic acid could be converted to acetic acid quickly by FSRB
nd HPA, yielding more acetic acid as the terminal product.

so-called acetic-acid type microbial metabolism was thereby
stablished in the studied acidogenic sulfating-reducing reactor
11].

An interpretation of such an occurrence is as follows. The
2 produced by AB at degrading COD could be utilized by
SRB, while the VFAs and lactate produced by AB could be
tilized by FSRB and HPA. Similarly, the acetate produced by
SRB and HPA could be utilized by ASRB, and H2 produced
y FSRB and HPA could be utilized by HSRB. Therefore, AB,
SRB, HSRB, ASRB and HPA formed bio-chains via the rela-

ionship of substrate provision. AB was at the first level of the
io-chains, FSRB and HPA were at the second, and HSRB and
SRB the third. The HSRB population in acedogenic sulfate-

educing reactor acted as an H2-consumer and resulted in low
ydrogen partial pressure. Since the available carbon resources
COD) were not limited in acedogenic sulfate-reducing reac-
or, in order to reserve more energy and get faster growth rate,
SRB competed against other populations and became dom-

nate one. So, FSRB tended to utilize lactate, propionate and
utyrate through non-complete-oxidation type metabolic path-
ay, and produce more acetic acid in the end products. The
umber and/or activity of acetic acid-utilizing SRB (ASRB) are
pparently low in the studied microbial community.

Since acetate is one of preferred substrates for methanogen-
sis, the increased production of this compound could enhance
fficiency of anaerobic treatment in a two-phase acidogenic
ioreactor. Restated, if the herein studied sulfate-reducing reac-
or was adopted as the first phase reactor of the two-phase
igesters, the noted acetic-acid type microbial metabolism
ssists the overall efficiency of the digestion process. However,
he possible dampening effects of reduced pH to the second
eactor should be taken into care. Apparently, the accumulated
cetate is not beneficial to the treatment capability of sulfate-
aden wastewater treatment with limited COD supply.

.4. Enrichment of acetate-utilizing SRB

The ASRB population was enriched in a sulfate-reducing aci-
ogenic bioreactor to improve the removal capability of sulfate
rom wastewater.

The enriched reactor was started up using acetate as the sole
arbon source. With influent concentration of acetate (in COD
f 1000 mg l−1) and sulfate (500 mg l−1) at an HRT of 9.6 h, the
ulfate removal rate reached over 80% on 20 days of enrichment
data not shown).
Table 4 lists the sulfate removal ratio and metabolites of batch
est C, with sludge samples collected from the enriched reactor
nder steady state. The present tests with various pure substrates,
hich differ from tests A and B, had a COD/SO4

2− ratio of
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.1–1.8. Restated, the present study should be COD-insufficient
ith reference to the results by continuous tests with molasses
astewater (Fig. 1). Moreover, the studied FSRB could not

ffectively utilize acetate, propionate, or butyrate as sole car-
on source to reduce sulfate. However, the present, enriched
SRB effectively reduced sulfate using each of the five added

ubstrates as the sole carbon source at a COD/SO4
2− ratio of

.1–1.8. As Table 4 lists, the sulfate removal rates thus tested
anged 94.6–96.9%. The acetate contents were high in metabo-
ites in all tests. Hence, the present ASRB could yield acetate
s a product by degrading other VFAs, and further utilized the
roduced acetate to carbon dioxide to reduce sulfate.

The batch test using molasses wastewater
COD = 800 mg l−1) dosed with 500 mg l−1 sulfate revealed

high removal rate of sulfate (97.4%) and high sulfide
oncentration (9.3 mg l−1). The main metabolites were acetate
64.8%), ethanol (15.2), and propionate (12.0%). Restated,
ith the present ASRB population, COD was found in excess

t a low COD/SO4
2− = 1.6, significantly lower than the critical

alue of 2.7 in Fig. 1. Hence, the adoption of enriched ASRB
ffectively overcomes the barrier to the treatment capability
f sulfate-laden wastewater treatment with limited COD
upply.

. Conclusions

This work investigated the sulfate reduction reactions in
n acidogenic sulfate-reducing reactor at varying COD/SO4

2−
atios. Continuous test with molasses wastewater as the carbon
ource revealed that a critical COD/SO4

2− ratio near 2.7 existed,
bove which COD in excess, the sulfate was nearly completely
emoved, yielding extra production of ethanol; below which sul-
ate was in excess to reduce sulfate removal rate and acetate
as largely yielded. Since the SRB consumes hydrogen and
olatile fatty acids produced by acidogenic bacteria and hydro-
en producing acetogens in degrading COD, an acetic acid-type
icrobial metabolism was established. The abundant acetate in

nd product is beneficial to the methanogenesis efficiency in a

ubsequent methane digester, but limits the sulfate reduction effi-
iency in utilizing COD. The ASRB was enriched in the reactor
nd was noted to degrade ethanol, acetate, propionate, butyrate,
nd valerate to yield sulfate removal rate above 94.6%. Using

[

[
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he enriched ASRB population a low critical COD/SO4
2− ratio

f 1.6 was achieved.
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