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Abstract

Project Code: MRG5480154

Project Title: The role of sulfate-reducing bacteria in decolorization of azo dye in
anaerobic baffled reactors

Investigator : Dr.Benjaporn Suwannasilp, Department of Environmental Engineering,
Faculty of Engineering, Chulalongkomn University

E-mail Address: benjaporn.bo@chula.ac.th

Project Period : 2 years

This study investigates the effects of sulfate on biological azo dye decolorization
in anaerobic baffled reactors (ABR) using Acid Red 18 as a model azo dye. The ABR
with no sulfate added had a decolorization efficiency of 76.7 + 5.14%, which was
significantly less than the decolorization efficiencies of the ABRS supplemented with
sulfate at the COD:sulfate ratios of 4 and 0.6, which were 89.4 + 3.62% and 89.9 +
5.50%, respectively. The primary decolorization mechanisms in the ABR with no sulfate
added and the ABR with the COD:sulfate ratio of 4 were biological and required the
presence of cells. In contrast, the azo dye decolorization in the ABR with the
COD:sulfate ratio of 0.6 appeared to occur primarily via extracellular mechanisms.

Keywords : Decolorization, Azo dye, Anaerobic Baffled Reactor, Sulfate
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Macronutrients
Nitrogen 323 NH,C
Phosphorus 44 NaH,PO;
Sulfur 25 MgSQO; ¢ 7 H,0
Micronutrients
Iron 36 FeCl, « 4 H,0
Cobalt 0.06 CoCl, + 2 H,0
Nickel 0.09 NiC|2 '6 Hzo
Zinc 0.06 ZnCl,
Copper 0.06 CuCly + 2 H,0
Manganese 0.15 MnCl, + 4 H,0
Selenium 0.18 Na,Se0s
Tungsten 0.05 NaWQ;, * 2 H,0
Boron 0.13 H3BO3
Common Cations
Potassium 763 KCl
Magnesium 987 MgCl,

(Au; daudasnn McCarty waz Rittmann, 2001)
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qo1AT1EA

sanaudladdataine lsiidugana 0.6

indsenleasy (Fas) 1 1 1

sananay (wn.) 410 410 410

Tmdsutaa (un.) 0 1,232 185

Indsuluasuaiua (un.) 2,520 2,520 2,520

fdoupfiaasly (un) 300 300 300

fdgladiiaaning winnu 1.22 nsudladsa 1 nsuiinananing
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Do NNIY Nuandua
Name Acid Red 18
Synonyms C.l. 16255; Cochineal Red A; New Coccine; Trisodium 1-

(1- naphthylazo)-2- hydroxynaphthalene-4',6,8- trisulphonate

Molecular Formula CaoH1iNoaNaz010S;

Molecular Weight | 604.47

CAS Registry | 2611-82-7
Number
EINECS 220-036-2
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This study investigates the effects of sulfate on biological
azo dye decolorization in anaerobic baffled reactors (ABRs)
using Acid Red 18 as a model azo dye. The ABRs supple-
mented with sulfate at chemical oxygen demand (COD):sul-
Jate ratios of 2.5 and 0.6 had the decolorization efficiencies
of (89.4 = 3.62)% and (89.9 = 5.50)%, respectively. These
were significantly greater than the decolorization efficiency
of the ABR without sulfate supplements that bad the decolor-
ization efficiency of (76.7 = 5.14)%. The primary decolor-
ization mechanisms in the ABR with no sulfate added and
the ABR with the COD:sulfate ratio of 2.5 were biological
and required the presence of cells. By contrast, the azo dye
decolorization in the ABR with the COD:sulfate ratio of 0.6
can occur to a great extent in the absence of cells, suggesting
the role of extracellular mechanisms on azo dye decoloriza-
tion under this condition. © 2012 American Institute of Chemical
Engineers Environ Prog, 00: 000-000, 2012

Keywords: decolorization, azo dyes,
reactors, sulfate, anaerobic conditions

anaerobic  baffled

INTRODUCTION

Azo dyes, synthetic dyestuffs consisting of azo bonds
(N=N), are widely used in the textile industry. Contamina-
tion of azo dyes in surface water can adversely affect aquatic
ecosystems, as it impedes the penetration of sunlight into
water. Physico-chemical processes can be used for the treat-
ment of azo dyes in wastewater; however, these processes
are usually expensive. Lower-cost biological treatments are
an attractive option for the removal of azo dyes. Neverthe-
less, research and development on the biological treatment
of azo dyes is still required to improve their efficiency and
reliability.

Azo dyes are generally persistent in conventional aerobic
treatment processes [1]. However, they can be decolorized
biologically via azo reduction under anaerobic conditions,
resulting in the breakage of N=N double bonds, releasing ar-
omatic amines that can be further degraded to CO,, H,O,
and NH4" under aerobic conditions [1, 2]. Microbial popula-
tions in anaerobic bioreactors can play important roles in the
decolorization of azo dyes. Sulfate concentration is one factor
that influences microbial populations in anaerobic environ-

© 2012 American Institute of Chemical Engineers
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ments. Previous studies have shown that increases in sulfate
concentrations and decreases in chemical oxygen demand
(COD):sulfate ratios tend to favor the growth of sulfate-
reducing bacteria (SRB) rather than methanogens [3-7].
Changes in microbial populations due to sulfate concentra-
tions can potentially influence the decolorization of azo dyes.

Many studies have investigated the effects of sulfate on
the biological decolorization of azo dyes [8-14]. Carliell et al.
[9, 10] investigated the redox potential effects of sulfate on
azo dye decolorization in anaerobic batch assays; the results
showed that sulfate has no discernible effect on azo dye de-
colorization. Panswad and Luangdilok [13] reported that the
presence of sulfate had no effect on azo dye decolorization
in the anaerobic—aerobic sequencing batch reactor. However,
the addition of Desulfovibrio alaskensis improved azo dye
decolorization in the anaerobic—aerobic sequencing batch re-
actor, suggesting the role of SRB on the azo dye decoloriza-
tion [8]. Furthermore, van der Zee et al. [14] found that in
batch assays, sulfate influences azo dye reduction in accord-
ance with biogenic sulfide formation from sulfate reduction,
but that sulfate has no significant effect on azo dye decolor-
ization in upward-flow anaerobic sludge bed reactors
(UASBs). In addition, Cervantes et al. [11] found that
increases in sulfate concentrations generally stimulate the de-
colorization of Reactive Orange 14 in batch studies with an-
aerobic sludge. Nevertheless, there was no effect of sulfate
(5-10 g sulfate/L) on the rate of decolorization of Reactive
Orange 14, Direct Blue 53, or Direct Blue 71 when no exter-
nal redox mediator was provided [12]. Although many previ-
ous studies have investigated the effects of sulfate on biologi-
cal azo dye decolorization, results remain inconclusive. More-
over, very few studies have directly investigated the effects of
sulfate on azo dye decolorization in continuous anaerobic
bioreactors, which can be further applied to the treatment of
wastewater from the textile industry.

Anaerobic baffled reactors (ABRs) are alternative bioreac-
tors that provide many advantages compared to other types
of anaerobic bioreactors. ABRs can provide high capabilities
of biomass retention with lower construction and operational
costs and a low level of maintenance [15]. In addition, ABRs
can be operated at a low COD range (438-730 mgCOD/L)
[15]; this is suitable for textile industry wastewater, which
generally contains low COD concentrations. Thus, ABRs are
an attractive option for the treatment of wastewater from the
textile industry. However, research on azo dye decolorization
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Figure 1. Anaerobic baffled reactor (ABR).

in ABRs is still limited [16-19], and none has investigated the
effects of sulfate on azo dye decolorization in ABRs.

Therefore, this study aims to investigate the effects of sul-
fate on azo dye decolorization in ABRs. The mono-azo dye,
Acid Red 18, was used as a model azo dye. Three ABRs were
operated with three different sulfate concentrations to investi-
gate the effects of sulfate on azo dye decolorization. This
study will provide a better understanding of the azo reduc-
tion process under anaerobic conditions.

MATERIALS AND METHODS

Azo Dye Decolorization in ABRs

The effects of sulfate on azo dye decolorization were inves-
tigated in three four-compartment ABRs. Each reactor had a
volume of 10 L with the configurations as shown in Figure 1.

All three ABRs were operated continuously with a flow
rate of 10 L/day using synthetic wastewater consisting of su-
crose as the electron donor, resulting in an influent COD of
500 mg/L. Influent sulfate concentrations were varied among
the three ABRs at the sulfate concentrations of 0, 125, and
833 mg/L for ABR1 (no sulfate addition), ABR2 (medium-
level sulfate), and ABR3 (high-level sulfate), respectively. The
sulfate concentrations of 125 and 833 mg/L corresponded to

the COD:sulfate ratios of 4 (%) and 0.6

COD 500 mg/L
sulfate 833 mg/L

form of sodium sulfate. Actual COD and sulfate concentra-
tions in the influents were also measured. Previous research
has shown that, at a COD:sulfate ratio of 4, methanogens
and SRB can coexist [4]. On the other hand, a COD:sulfate ra-
tio of 0.6 corresponds to the ratio at which sulfate is available
slightly in excess compared to the COD. Other nutrients
were supplied in synthetic wastewater as follows: NH,Cl, 323
mg/L; NaH,PO4, 44 mg/L; MgSO4.7H,O, 25 mg/L;
FeCl,.4H,O, 36 mg/L; CoCl,.2H,0, 0.06 mg/L; NiCl,.6H,O,
0.09 mg/L; ZnCl,, 0.06 mg/L; CuCl,.2H,O, 0.06 mg/L;
MnCl,.4H,0, 0.15 mg/L; Na,SeOs, 0.18 mg/L; NaWO,.2H,O,
0.05 mg/L; H3BO3, 0.13 mg/L; KCl, 763 mg/L; and MgCl,, 987
mg/L. Sodium bicarbonate (2,520 mg/L, 30 mM) was added
to synthetic wastewater, serving as a pH buffer. The reactors
were seeded 20% by volume with the sludge (mixed liquor
suspended solid [MLSS] 19,133 = 797 mg/L) from an anaero-
bic digester operated until a steady state was reached. The
reactors were operated continuously at room temperature
(27-29°C) until steady states were reached. After 42 days of
the experiment, 250 mg/L of the mono-azo dye, Acid Red 18
(P.K.S.Chemicals Co., Ltd., Bangkok, Thailand), was added to
the synthetic wastewater for all three of the reactors. The
chemical structure of Acid Red 18 is shown in Figure 2.

), respectively. Sulfate was introduced in the
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Figure 2. Chemical structure of Acid Red 18.

The reactors were further operated with the addition of
the azo dye for 44 days until steady states were reached.
Samples were collected over time and filtered using 0.45 um
membrane filters. COD, sulfate, decolorization, pH, oxida-
tion—reduction potential (ORP), volatile fatty acids, and
alkalinity were monitored over time. On the last day of the
experiment, the first compartment of each reactor was
mixed thoroughly. Then, the mixed liquors from the first
compartment of each reactor were collected for the follow-
ing experiments: (1) adsorption of the azo dye by inactive
biomass and (2) extracellular mechanisms of azo dye decol-
orization.

Determination of Decolorization Rates

The rates of azo dye decolorization in all three ABRs are
estimated using the assumption that the ABRs behave as a
series of continuous stirred tank reactors (CSTRs). Fach com-
partment of the ABRs is assumed to be completely mixed.
The decolorization rate in each compartment is described in
Eq. 1.

An—l - An
Vl‘l - HRT ) (1)
where —r,, = the rate of azo dye decolorization in the nth
compartment (h™)
A,, = absorbance at 510 nm in the nth compartment

A,—1 = absorbance at 510 nm in the 7 — 1th compartment
Ay = absorbance at 510 nm in the influent

HRT = hydraulic retention time in each compartment,
which is 6 h.

Adsorption of the Azo Dye by Inactive Biomasses

The mixed liquors obtained from the first compartment of
each reactor were centrifuged and washed three times with
deionized water. The cell pellets were autoclaved and resus-
pended with deionized water to obtain the MLSS concentra-
tions equal to those in the first compartment of each reactor.
Then 100 mL of resuspension was transferred into three rep-
licate serum bottles (120 mL), and 250 mg/L of Acid Red 18
was added to the serum bottles. Samples were collected over
time and filtered with 0.45-um membrane filters. Decoloriza-
tion of the azo dye was monitored over time.

Extracellular Mechanisms of Azo Dye Decolorization
Extracellular mechanisms of azo dye decolorization were
investigated using membrane devices for cell separation. The
mixed liquors from the first compartment of each reactor
were collected and sterile filtered through 0.2-um membrane
filters. The filtrates were tested for their capabilities to decol-
orize the azo dye in anaerobic serum bottles with N, head-
space sealed and capped with butyl rubber stoppers and alu-
minum seals. Similar approaches have been used to collect
culture supernatants and to test extracellular mechanisms of
microorganisms [20, 21]. Acid Red 18 was added to all of the
serum bottles to obtain the initial absorbance at 510 nm of
~1.5. Samples were collected over time with syringe needles.

Environmental Progress & Sustainable Energy (Vol.0000, No.0000) DOI 10.1002/ep



The decolorization of azo dye by the filtrate was monitored
for 3 days. In addition, batch experiments were conducted to
test the decolorization of azo dye Acid Red 18 by the mixed
liquor obtained from the first compartment of each reactor
without cell separation in the same manner as the experi-
ments using the filtrates.

Analytical Techniques

Decolorization of the azo dye was monitored using the
measurement of absorbance on a UV-visible spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan) at 510 nm,
the wavelength corresponding to the maximum absorbance
of Acid Red 18. COD measurement was conducted using
the closed reflux method [22]. Sulfide was removed from
the samples prior to the COD measurement by H,S strip-
ping via acidification with sulfuric acid. Sulfate concentra-
tions were analyzed using the turbidimetric method [22].
Volatile fatty acids—including acetate, propionate, butyrate,
and lactate—were measured using gas chromatography
(Agilent Technologies, CA) equipped with a HP-55% phenyl
methyl siloxane capillary column (30 m X 320 pm X 0.25
pm) and a flame ionization detector. Alkalinity was meas-
ured using the potentiometric method [22]. ORP and pH
were monitored using an ORP and pH meter (Thermo
Fisher Scientific, MA).

RESULTS AND DISCUSSION

Azo Dye Decolorization in ABRs

The COD concentrations in each compartment of the
three ABRs are shown in Figure 3. Before the addition of azo
dye, the average COD removal efficiencies of ABR1, ABR2,
and ABR3 after reaching steady states were (89.4 *£ 1.94)%,
(88.9 = 1.85)%, and (83.5 £ 2.53)%, respectively. After the
azo dye was introduced, the average COD removal efficien-
cies of all of the reactors decreased to (71.7 = 2.66)%, (67.7
+ 3.37)%, and (69.0 = 2.70)% for ABR1, ABR2, and ABR3,
respectively. The COD removal efficiencies of all reactors
were rather close both before and after the addition of the
azo dye. For all of the reactors, COD removal occurred to
the greatest extent in the first compartment.

Sulfate concentrations in all of the three ABRs are shown
in Figure 4. Before the azo dye addition, the average concen-
trations of sulfate in the influents of ABR1, ABR2, and ABR3
were 12.12 = 5.00 mg/L, 148 = 9.72 mg/L, and 811* 27.3
mg/L, respectively. The actual COD:sulfate ratios in the influ-
ents of ABR1, ABR2, and ABR3 were 48.2 *= 18.2, 347 *
0.227, 0.633 *= 0.020, respectively. The average concentra-
tions of sulfate in the last compartments of the first, second,
and third reactors after reaching steady states were 3.10 *
1.98 mg/L, 4.86 £ 3.92 mg/L, and 469 = 53.6 mg/L, respec-
tively. The average sulfate removal for ABR1, ABR2, and
ABR3 after reaching steady states was (84.5 = 9.52)% (17.8
+ 5.19 mg/L), (96.8 £ 2.61)% (148 = 12.7 mg/L), and (42.7
* 5.000% (348 = 32.1 mg/L), respectively. However, after the
addition of the azo dye, the average sulfate concentrations in
the influents of all reactors increased to 76.2 * 5.71 mg/L,
209 *= 12.2 mg/L, and 895 * 26.1 mg/L for ABR1, ABR2, and
ABR3, respectively. The increases in sulfate concentrations in
the influents were due to the impurities in the azo dye used
in this study. After the azo dye addition, the sulfate increases
caused the COD:sulfate ratio of the influents to decrease to
6.74 * 0.53, 248 *+ 0.19, and 0.58 = 0.02, for ABR1, ABR2,
and ABR3, respectively. The average sulfate concentrations in
the last compartments of ABR1, ABR2, and ABR3 after the
addition of azo dye were 3.99 * 6.50 mg/L, 67.5 = 16.1 mg/
L, and 393 = 99.0 mg/L, respectively. The average sulfate re-
moval for ABR1, ABR2, and ABR3 after the azo dye addition
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was (94.7 £ 8.70)% (72.2 = 9.09 mg/L), (67.6 = 7.79)% (141
+ 189 mg/L), and (56.2 = 10.7)% (502 = 90.7 mg/L),
respectively. For all of the three reactors, sulfate reduction
occurred the most in the first compartment.

The pH and ORP levels were monitored throughout the
experiment. The pH levels of all of the compartments in the
three reactors were in the range of 6.9-7.6 (Figure 5). The
ORP levels in all of the compartments in the three reactors
were in the range of —300 to —380 mV, which indicated that
the reactors were under anaerobic conditions throughout the
experiment. Acetate was found to be the dominant volatile
fatty acid in all of the compartments in the three reactors.
Propionate and butyrate were found in only small amounts,
while lactate was not detected. For all of the three reactors,
volatile fatty acids accumulated the most in the first compart-
ments (data not shown). The accumulation of volatile fatty
acids was rather small, and acetic acid accumulation never
exceeded 2 mM throughout the experiment.

Decolorization of the azo dye was monitored in all com-
partments of the three ABRs over time. The azo dye decolor-
ization results are shown in Figure 6. The average absor-
bances at 510 nm for the influents of the ABR1, ABR2, and
ABR3 reactors were 3.191 * 0.074, 3.166 * 0.084, and 3.187
+ 0.153, respectively. The average absorbances at 510 nm in
the last compartments of ABR1, ABR2, and ABR3 were 0.744
+ 0.168, 0.336 = 0.111, and 0.325 * 0.171, respectively. The
decolorization efficiencies of ABR2 and ABR3—with the
COD:sulfate ratios of 2.5 and 0.6, respectively—were (89.4 *
3.62)% and (89.9 = 5.50)%, respectively. The decolorization
efficiencies of these two reactors were rather close but
greater than that observed in ABR1 [(76.7 * 5.14)%], in
which sulfate was not intentionally added but present in only
a small amount due to the impurities of the azo dye.

For all of the three ABRs, the decolorization of the azo
dye occurred in all compartments but to the greatest extent
in the first compartments. The results from this study suggest
that a sulfate supplement can improve azo dye decolorization
in ABRs. However, excessively high sulfate concentrations
(as added in ABR3) did not appear to increase azo dye de-
colorization compared with ABR2 (in which sulfate was
added in lower amounts). This observation may suggest that
there is an appropriate ratio of COD:sulfate that would
improve azo dye decolorization. Sulfate concentrations
greater than such ratio may not improve azo dye decoloriza-
tion. In addition, the decolorization efficiencies in ABR2 and
ABR3 are rather close, and the effluents from these reactors
are obviously clear. These decolorization efficiencies (89—
90%) may be the maximum that the biological treatment sys-
tems can reach.

Table 1 summarizes the COD removal, sulfate removal,
and the azo dye decolorization efficiencies of each compart-
ment of the ABRs. The azo dye decolorization efficiencies in
each compartment of the three ABRs are also plotted versus
the corresponding COD:sulfate ratio in the compartment as
shown in Figure 7. However, the relationship between azo
dye decolorization efficiencies and the COD:sulfate ratio can-
not be obtained clearly, since the azo dye decolorization effi-
ciencies among the compartments cannot directly be com-
pared due to the differences in biomass concentrations
among the compartments. Nevertheless, when compared
only among the Compartments 1 and 2 of the three ABRs, it
appeared that the low COD:sulfate ratio corresponded to the
high decolorization efficiencies. However, this trend is not
true for Compartments 3 and 4, in which azo dye decoloriza-
tion in ABR2 and ABR3 might already achieve the maximum
decolorization efficiency limits for the azo dye. In addition,
due to the huge difference between the COD:sulfate ratio in
ABR1 and ABR2, the optimum COD:sulfate ratio cannot be
obtained in this study. Further studies are required to investi-
gate the effects of COD:sulfate ratio within this range (2.5-37)
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Figure 3. COD concentrations (mg/L) in (a) ABR1 (no sulfate addition), (b) ABR2 (medium-level sulfate), and (¢) ABR3 (high-
level sulfate): —¢—, Influent; -« | [SEPRPPPROPS , First compartment; --- A---, Second compartment; ——X-—_ Third compartment;

—@—, Fourth compartment.

on the decolorization efficiencies with better controls on bio-
mass concentrations for more accurate comparison.

Cervantes ef al. [11] have reported that increases in sulfate
concentrations from 0 to 5 g/L enhanced the decolorization
of the azo dye Reactive Orange 14 in batch studies but that
decolorization decreased at 10 g/L of sulfate. They also
found that sulfate reduction and azo reduction occurred
simultaneously. The results from the present study of ABRs
are in agreement with the findings of Cervantes et al. [11].
However, it has been shown that sulfate had no significant
effect on the decolorization of azo dye Reactive Red 2 in
UASBs with 35 g/L volatile suspended solid (VSS) [14]. Never-
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theless, van der Zee et al. [14] have commented that the
effects of biogenic sulfide may be more pronounced and
may improve azo dye decolorization in systems with lower
amounts of biomass (<35 g/L VSS). Such situations were
observed in this study using ABRs with the MLSS <22,000
mg/L. In addition, the characteristics of ABRs and UASBs dif-
fer in many respects. Different operating conditions and con-
figurations of ABRs and UASBs could result in different mi-
crobial populations within the reactors. The characteristics of
the biomass in these reactors are also greatly different. The
conditions of ABRs may be more favorable to SRB than those
of UASBs, which may also explain the observed effects of
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Figure 4. Sulfate concentrations (mg/L) in (a) ABR1 (no sulfate addition), (b) ABR2 (medium-level sulfate), and (¢) ABR3
(high-level sulfate): —@—, Influent; -------- | [EPPRRPRRRN , First compartment; --- A---, Second compartment; ——X-— | Third compart-

ment; —@—, Fourth compartment.

sulfate on azo dye decolorization in ABRs but not in UASBs.
However, studies on the effects of different operating condi-
tions and configurations of ABRs and UASBs on microbial
populations are still lacking.

Since the three ABRs were operated with three different
sulfate concentrations, it was expected that different amounts
of SRB were likely to exist in these three reactors. It was
expected that the amount of SRB in ABR2 and ABR3, in
which sulfate was intentionally added in high amounts,
would have been greater than the amount of SRB in ABRI.
The extent of sulfate removal observed in ABR1, ABR2, and
ABR3 (i.e., 72.2 = 9.09 mg/L, 141 £ 18.9 mg/L, and 502 *
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90.7 mg/L, respectively) suggests the expected trend of SRB.
The greater extent of sulfate removal in ABR2 and ABR3
compared with ABR1 suggests that ABR2 and ABR3 con-
tained higher amounts of SRB than ABR1. The increase in the
SRB population in the second and the third reactors probably
contributed to the enhancement of azo dye decolorization.
The pure culture of SRB, Desulfovibrio desulfuricans, has
also been reported to be capable of decolorizing the azo
dyes Reactive Orange 96 and Reactive Orange 120 [23]. In
addition, bioaugmentation of D. desulfuricans in anaerobic
sludge has been shown to improve azo dye decolorization in
authentic textile wastewater [24].
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Figure 5. pH values in (a) ABR1 (no sulfate addition), (b) ABR2 (medium-level sulfate), and (¢) ABR3 (high-level sulfate):
~~~~~~~~~ W First compartment; --- A---, Second compartment; ——X-— Third compartment; —@®—, Fourth compartment.

However, fermentative bacteria and methanogens were
also expected to coexist in these reactors. Since the growth of
methanogens is more favorable when sulfate concentrations
are low [3], it was expected that ABR1 would contain the
greatest number of methanogens with lower numbers in ABR2
and ABR3, respectively. We estimated the percentages of elec-
tron equivalents transferred to sulfate reduction compared to
the total COD removal after the azo dye was added, which
were (13.2 £ 1.95)%, (27.0 = 3.67)%, and (87.43 * 6.24)% in
ABR1, ABR2, and ABR3, respectively. The electron equivalents
for sulfate reduction were estimated assuming that sulfate is
converted to sulfide, as commonly occurs in biological sulfate
reduction. The rest of the electron equivalents were expected
to be transferred to methane production and biomass produc-
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tion. However, the growth yields of anaerobic microorganisms
were generally low; thus, these electron equivalents primarily
transferred to methane production rather than biomass pro-
duction. Moreover, only a negligible number of electron
equivalents were transferred to azo reduction (2 eg/mol of
azo dye reduced). In addition, since methanogens and SRB
are not able to utilize sucrose directly as a substrate, fermenta-
tive bacteria capable of degrading sucrose to volatile fatty
acids and hydrogen gas must also coexist in these systems.
Fermentative bacteria may also play important roles in azo
dye decolorization, as suggested in dos Santos et al. [25].

It should be noted that azo dye decolorization and
sulfate reduction occurred simultaneously, suggesting that
the presence of azo dyes did not prevent sulfate reduction.

Environmental Progress & Sustainable Energy (Vol.0000, No.0000) DOI 10.1002/ep



Figure 6. Absorbance at 510 nm in (a) ABR1 (no sulfate addition), (b) ABR2 (medium-level sulfate), and (¢) ABR3 (high-level
sulfate): —@—, Influent; - | [ETPRPPRRO , First compartment; --- A---, Second compartment; ——X-—  Third compartment, —@—,

Fourth compartment.

At the same time, the presence of sulfate did not prevent azo
reduction. In contrast, the addition of sulfate enhanced azo
dye decolorization in ABRs.

Rates of Azo Dye Decolorization in ABRs

Azo dye decolorization rates in each compartment of the
ABRs are summarized in Table 2. The rates of azo dye decol-
orization in the first compartments of ABR2 and ABR3 are
significantly higher than that in the first compartment of
ABRL1. For all of the three reactors, the rates of azo dye de-
colorization in the first compartments are higher than those
in the other compartments in the same reactor.

Environmental Progress & Sustainable Energy (Vol.0000, No.0000) DOI 10.1002/ep

Although the assumption that each compartment of the reactors
is completely mixed might not be true in terms of the mixing of
biomass, the azo dye used in this study appeared to be well mixed
in each compartment. The appearance of color appears to be ho-
mogenous within each compartment. The assumption that each
compartment behaves as a CSTR may be the best among the other
ideal types of reactors (i.e., batch reactors and plug-flow reactors).

Adsorption of the Azo Dye by Inactive Biomass

The results suggest that the decolorization of azo dye via
the adsorption to biomass was negligible for all of the three
reactors (Figure 8).
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Figure 7. Decolorization efficiencies (%) of each compart-
ment of the ABRs versus the corresponding COD:sulfate ratio
in the compartment. @ ABR1 (no sulfate addition); ll ABR2
(medium-level sulfate, COD:sulfate ratio of 2.5); A ABR3
(high-level sulfate, COD:sulfate ratio of 0.6).

Table 2. The decolorization rates (h~ ') in ABR1, ABR2, and

ABR3
Rates of
Compartments decolorization
Reactor in ABR (h™YH
ABR1 (no sulfate Compartment 1 0.193 * 0.0046
addition) Compartment 2 0.100 *= 0.0296

ABR2 (medium-level
sulfate) (COD/
SO =25)

ABR3 (high-level
sulfate) (COD/
SO = 0.6)

Compartment 3
Compartment 4
Compartment 1
Compartment 2
Compartment 3
Compartment 4
Compartment 1
Compartment 2
Compartment 3
Compartment 4

0.061 * 0.0184
0.053 * 0.0322
0.257 = 0.0660
0.145 * 0.0488
0.040 = 0.0233
0.029 * 0.0290
0.296 = 0.0594
0.129 * 0.0433
0.029 = 0.0200
0.029 * 0.0257

Extracellular Mechanisms of Azo Dye Decolorization
The sterile filtrates through 0.2 pm membrane filters were
tested for their capabilities to decolorize the azo dye, Acid
Red 18. The azo dye decolorization by the filtrates and the
mixed liquors obtained from the first compartments of the
three reactors is shown in Figure 8. The filtrate from the third
reactor decolorized the azo dye to a great extent, while the
filtrate from the second reactor decolorized the azo dye to a
lesser extent. Decolorization did not occur in the filtrate
obtained from ABR1. The capabilities of the sterile filtrates to
decolorize the azo dye demonstrate the extracellular mecha-
nisms of azo dye decolorization. The results suggest that
extracellular mechanisms were involved in azo dye decolor-
ization in ABR2 and ABR3 but played an important role only
in ABR3. On the other hand, decolorization via extracellular
mechanisms was considered negligible in ABR1. Extracellular
mechanisms of azo dye decolorization could occur via
extracellular enzyme cofactors or by biogenic sulfide [13].
The results suggest that the primary decolorization mecha-
nism in ABR1 and ABR2 was a biological process in which
the presence of cells was required. On the other hand, decol-
orization in ABR3 occurred primarily via an extracellular
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Figure 8. The azo dye decolorization by biomass adsorption,
mixed liquors, and the filtrates obtained from the first com-
partments of the three ABRs: —@—, decolorization by the
filtrate from ABR1 (no sulfate addition); —l—, decoloriza-
tion by the filtrate from ABR2 (COD:sulfate ratio of 2.5);

— A—, decolorization by the filtrate from ABR3 (COD:sulfate
ratio of 0.6); «+++-++ @ , decolorization by the mixed liquor
from ABR1 (no sulfate addition); «------ | [RPRR , decolorization
by the mixed liquor from ABR2 (COD:sulfate ratio of 2.5);
~~~~~~~ A decolorization by the mixed liquor from ABR3
(COD:sulfate ratio of 0.6); — —O- — —, decolorization by
adsorption to biomass from ABR1 (no sulfate addition);
—X——, decolorization by adsorption to biomass from ABR2
(COD:sulfate ratio of 2.5); — —+— — — decolorization by
adsorption to biomass from ABR3 (COD:sulfate ratio of 0.6).

mechanism, which could have been via biogenic hydrogen
sulfide or extracellular enzymes. Although the decolorization
efficiencies of ABR2 and ABR3 appear to be the same, the
decolorization mechanisms within these two reactors seem to
be different. Sulfate reduction occurred to a much greater
extent in ABR3 than in ABR2. The microbial communities in
ABR2 and ABR3 were also likely to be different. However, it
is possible that the extracellular mechanisms in ABR2, though
only to a small extent, might have helped enhance the decol-
orization efficiency in ABR2, resulting in ABR2 exhibiting
greater decolorization efficiency than ABR1, in which no
extracellular mechanisms were observed.

The results from this study suggested that azo dye decol-
orization in ABRs can be enhanced via the supplements of
sulfate. However, azo dyes cannot be completely mineralized
under anaerobic conditions; intermediates, such as aromatic
amines, were likely to be formed, requiring further aerobic
treatment for complete mineralization [1, 2]. It should also be
noted that real textile industry wastewater could contain vari-
ous compounds that may inhibit certain biological processes.
Further studies are still required to investigate the applicabil-
ity of this process to real textile industry wastewaters. More-
over, the production of sulfide from the process can create
concerns about odor and corrosion problems although it can
be removed in a typical aerobic treatment system. In addi-
tion, the presence of sulfate in the system can cause ineffi-
ciency in methanogenic activity and lower the methane pro-
duction yield in anaerobic bioreactors.

CONCLUSIONS

The azo dye decolorization efficiencies of the ABRs sup-
plemented with sulfate at the COD:sulfate ratios of 2.5 [(89.4
* 3.62)%] and 0.6 [(89.9 * 5.50)%] were greater than that of
the ABR in which sulfate was only present in a small amount
due to the impurities of the azo dye [(76.7 = 5.14)%]. This
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finding suggests that the addition of sulfate can enhance the
decolorization efficiencies of ABRs. Adsorption of the azo
dye to biomass was negligible in all of these reactors. Biolog-
ical processes with the presence of cells appear to be the pri-
mary mechanisms for azo dye decolorization in the ABRs
with the COD:sulfate ratio of 2.5 and in the ABR with no sul-
fate added. However, azo dye decolorization in the ABR with
a COD:sulfate ratio of 0.6 can occur to a great extent in the
absence of cells, suggesting the involvement of extracellular
mechanisms.
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