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Monitoring of toxicity and intermediates of C.I. Direct Black 38 azo dye
through decolorization in an anaerobic/aerobic sequential reactor system
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Abstract

An Upflow Anaerobic Sludge Blanket Reactor/Continuous Stirred Tank Reactor was used sequentially to decolorize and mineralize C.I.
Direct Black 38 azo dye (3200 mg/L) in a synthetic wastewater containing glucose as co-substrate. At the steady state conditions color was
effectively removed under anaerobic condition, while the total aromatic amines and organic fraction could be mainly reduced under aerobic
conditions. NO3

− N, COD, BOD5, aromatic amine, HPLC and GC analyses showed that Direct Black 38 could be chiefly mineralized by
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he sequential system. The toxicity levels were determined using three different test organism (ATA-anaerobic toxicity, respiration
ndDaphnia magnatests) through the continuous operation of anaerobic/aerobic sequential system treating Direct Black 38 dye c
ynthetic wastewater. Feed and anaerobic effluent had greater toxicity than the aerobic effluent after mineralization of dye.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes consist of a diazotized amine coupled to an
mine or a phenol, and contain one ore more azo linkages.
hey are the largest class (60–70%) of dyes with the greatest
ariety of colors[1]. Approximately 10–15% of the dyes
re released into the environment during dyeing of different
ubstrates, such as synthetic and natural textile fibres,
lastics, leather, paper, mineral oils, waxes and even (with
elected types) foodstuffs and cosmetics[2]. Even at very

ow concentrations (10–50 mg/L) water soluble azo dyes
an cause waste streams to become highly colored. Aside
rom their negative aesthetic effects certain azo dyes and
iotransformation products have been shown to be toxic,
nd in some cases these compounds are carcinogenic and
utagenic[3]. Approximately, it was determined that 130 of
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3200 azo dyes in use have produced carcinogenic aro
amines because of reductive degradation of these[4]. In
Turkey, the Turkish government declared that the azo
are banned dyes since 1 March 1995 due to the rel
aromatic amines. However, they have been still in us
textile dyeing processes, due to their efficiency of dy
and cost, in Turkey and in some countries.

Azo dyes are reduced under anaerobic condition
the corresponding aromatic amines[5,6] which though
resisting further anaerobic degradation, are reported
well amenable for aerobic degradation. During the last
years, several laboratory-scale continuous anaerobic/ae
processes for the treatment of wastewater containing
dyes have been described[7–11]. Aerobic stage of combine
anaerobic/aerobic treatment of dye wastes eliminated
chemical oxygen demand (COD), attributed to remova
aromatic amines, which are anaerobically recalcitrant[12].
Aromatic amines are generally not degraded and accum
under anaerobic conditions[13,14], with the exception o
a few aromatic amines characterized by the presen
hydroxyl and/or carboxyl groups[15,16]. Mineralization
304-3894/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2004.06.011
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of the aromatic amines by aerobic bacteria and aerobic
sludge in treatment plants is more common and, therefore,
aerobic conditions are prefered to degrade the accumulated
aromatic amines[17,18]. The color was removed under
anaerobic conditions while the complete mineralization
of amines to CO2, H2O and NH3 occurs under aerobic
conditions. Therefore, anaerobic treatment followed by
aerobic treatment can be used to decompose putatively toxic
and recalcitrant compounds[6,15,16,19]. Mineralization of
the aromatic amines by aerobic bacteria and aerobic sludge
in treatment plants is more common and, therefore, aerobic
conditions are prefered to degrade the COD remaining from
the anaerobic stage[20,21].

The studies performed to decolorize the azo dyes using
the anaerobic/aerobic sequential processes were with An-
thraquinone and diazo dyes[22], Reactive azo dyes[23],
Orange G and Mordan Green azo dyes[24], Acid Yellow
and Basic Red dyes[25], Remazol Brilliant Orange 3R and
Black 5 dyes[12], Remazol Brilliant Violet 5R dyes[26],
Congo Red dyes[10] and dispersed blue 79 dyes[27].

The studies, in the past, including the decolorization of
DB 38 are limited with the studies carried out by Is¸ik and
Sponza[11,28,29,31]and Bradford et al.[30]. The effect of
increasing DB 38 dye loadings from 6 g/(m3 h) (100 mg/L of
DB 38 dye) to 192. 13 g/(m3 h) (3200 mg/L of DB 38 dye)
o to-
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aquatic environments were reported to affect the microbial
population and their activities. Toxicity on microorganism
in the environment could be eliminated through the miner-
alization of azo dyes by anaerobic/aerobic sequential pro-
cess. Dyes in aquatic environments were reported to affect
the microbial population and their activities. Azo dyes were
inhibitory to microbial oxidation processes in both activated
sludge and stream water[32]. Toxicity on microorganism in
the environment could be eliminated through the mineraliza-
tion of azo dyes by anaerobic/aerobic sequential process.

The novelty of this work is the utilization of UASB with
partially granulated sludge as seed and the operation in con-
tinuous mode with a sequential aerobic completely stirred
sludge reactor through decolorization of DB 38 azo dye. The
anaerobic intermediates of the DB 38 dye through contin-
uous operation was only determined in this study. There-
fore, the main objectives of this study were to investigate the
COD and color removal efficiencies of a sequential anaer-
obic/aerobic reactor system treating C.I. Direct Black 38,
which is a banned azo dye and to determine the intermediate
products produced through dye decolorization. The anaerobic
intermediates of the DB 38 dye through continuous operation
was only determined in this study. Furthermore, the toxic ef-
fect of C.I. Direct Black 38 was investigated using anaerobic,
aerobic bacteria andDaphnia magnain influent, and effluent
s
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n decolorization and COD, volatile fatty acid (VFA),
al aromatic amine removal efficiencies were investigate
equential anaerobic upflow anaerobic sludge blanket
or (UASB)/aerobic CSTR reactors[28,29]. For 3200 mg/L
f DB 38 and 2000 mg/L glucose COD as co-substra

he feed, 48.4% COD and 80% color removal efficien
ere observed at a maximum COD and dye loading
f 5.37 kg COD/(m3 d) and 213 g dye/(m3 h), respectively, a
hydraulic retention time (HRT) of 15 h in the UASB

ctor. The remaining COD (67%) was removed at an H
f 2.3 days and a maximum organic loading rate of 0.7
OD/(m3 d) in the aerobic stage. The TAA produced un
naerobic conditions was ultimately removed in the a
ic stage and aromatic amine recoveries such as 45
ere obtained in the aerobic reactor. The anaerobic/ae
equential process provides simultaneous color, COD
arcinogenic amine removal[28,29]. The metabolism o
B 38 dye was investigated using human intestinal
robiota. Benzidine, 4-aminobiphenol, monoacetyleben
nd acetylamino-biphenyl (AABP) were isolated as met

ites in a semi-continuous reactor system[30]. The aromati
mines arising from the metabolites of anaerobic biodeg

ion was recorded under anaerobic conditions byEscherichia
oli andPseudomonassp. High benzidine recoveries in
ated the accumulation of aromatic amines under ae
onditions. The color of the Congo Red and DB 38 d
ere removed up to 98 and 72%, respectively, byE. coli
t the end of anaerobic incubation, while no decoloriza
ccurred throughout the aerobic incubation[31].

Azo dyes were inhibitory to microbial oxidation proces
n both activated sludge and stream water[32]. Dyes in
amples of anaerobic/aerobic system.

. Material and methods

.1. Synthetic wastewater

Synthetic wastewater containing 3200 mg/L of DB 38
ye, 3000 mg/L of glucose COD, 3000 mg NaHCO3/L of al-
alinity and Vanderbilt mineral medium[33] were treate
sing an anaerobic/aerobic sequential reactor system
ose is a good electron donor for cleavage of azo dyes
educing equivalents. The characteristics of DB 38 azo
s given inFig. 1.

.2. Configuration, seeding and operation of the reacto
ystem

A continuously fed stainless steel anaerobic UASB
erobic CSTR reactors were used in sequence for the e

mentation. The UASB reactor had 1.8 L of effective volu
ith an internal diameter of 8 cm and a height of 40 cm.

ig. 1. Open formula and characteristics of C.I. Direct Black 38 used i
tudy (color index number: 30235;λmax: 520 nm; COD of 1000 mg/L of D
ect Black 38 solution: 370 mg/L; molecular formula: C34H28N9O8S2Na;
zo group: tri-azo; molecular weight: 781.7 g/mol and water solub
3 g/L (318 K)).
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CSTR reactor consisted of an aeration tank (effective vol-
ume = 9 L) and a settling compartment (effective volume=
1.32 L). Partially granulated anaerobic sludge was used as
seed in UASB reactor and was taken from the methanogenic
reactor of Pakmaya Yeast Baker Factory in Izmir. CSTR in-
oculated with the activated sludge taken from the lab scale
CSTR reactor treating molasses and operated with a MLSS
concentration of 3000 mg/L. The UASB/CSTR reactor sys-
tems were initially started to operate after 15 days of adap-
tation period with free-azo dye. Then the azo dye concen-
trations increased stepwise from 100 to 3200 mg/L in order
to minimize the adverse effect of increasing dye loadings
rates. Once steady-state conditions were achieved at an or-
ganic loading rates of 1.14 kg/(m3 d) in the UASB reactors
and at a HRT 3.6 days and a sludge retention time (SRT) of 86
days for the treatment of DB 38 azo dye. HRTs of CSTR re-
actors were 18 days corresponding to a flowrate of 0.5 L/day.
An UASB and CSTR reactor were operated without dye as
control. These reactors were operated in continuous mode to
compare the inhibitions in dye containing reactors.

2.3. Analytical procedure

The total and soluble COD was measured calorimetrically
using closed reflux methods[34]. Inert COD content of the
s thod
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effluents atλmaxwas calibrated with the control samples con-
taining no dye, Vanderbilt mineral medium and anaerobic,
aerobic reactor effluents. Therefore, an anaerobic and aerobic
reactor were continuously operated without dye as control.
The decolorization of azo dyes was measured as the decrease
of light absorbance at their maximum levels as follows after
the corrections mentioned above are carried out[37]:

Color removal efficiency

= Ainfluent sample− Aeffluent sample

Ainfluent sample
× 100

BOD5 was measured using the WTW Oxi Top IS 12 sys-
tem. Ammonium and nitrate nitrogen were quantified using
specific chemical analysis kits numbered 14536 and 14598
(Merck-Spectroquant), using spectrometric methods. Oxida-
tion reduction potential (ORP) was measured using WTW
Sentix ORP meter (Germany) with a Ag/AgCl2 reference
electrode in saturated KCl solution and Pt electrode. Total
aromatic amines were determined calorimetrically at 440 nm
after reacting with 4-dimethylamino-benzaldehydeHCl ac-
cording to the method described by Oren et al.[37]. The
chemical reduction of azo dyes was carried out with sodium
dithionite. The reduction process was as follows: 0.06 g of
dye sample was heated at boiling point with 1 M NaOH for
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amples was determined with glucose comparison me
eveloped by Germirli[35] measuring all the soluble for
f COD under aerobic conditions. TOC was determined
OHRMANN DC-190 Model High-Temperature TOC A
lyzer. Bicarbonate alkalinity (B.Alk.) and total VFA co
entrations were measured simultaneously by Anderso
ang[36] using titrimetric method. Biomass measurem
ere performed according to Standard Methods for Ex

nation of Water and Wastewater[34]. Color was measure
y an UV–vis spectrophotometer (Pharmacia LKB-Nova

I) at a wavelength of 520 nm in which maximum absorba
pectra was obtained for DB 38 azo dye. The samples
entrifuged at 7000 rpm for 10 min and the absorbance
es of supernatants were recorded for color measurem
ince the effluents of the reactors contained not only th
ergraded substances but also some of the colloidal or
atters such as metabolic excretions and dead cells inte
ith color measurements. Therefore, in order to mea

he real color removal the absorbance values of the re

Fig. 2. The calibration curves o
.

h and after 30 min 0.6 g sodium dithionite was added.
1000 mg/L) was reduced according to the method desc
y Pielesz[38]. TAA content (benzidine) of DB 38 azo dy

n the feed (influent sample) was calculated from the cal
ion curves given inFig. 2. The aromatic amines produc
rom the reduction of DB 38 in influent was calculated fr
hese figures in order to determine the aromatic amine
oved in anaerobic UASB reactor.
Abiotic tests performed with autoclaved non-living ana

bic partially granulated sludge and mineral medium sho
hat microbial decolorization was preceded primarily by
logical degradation instead of abiotic removal.

.4. Toxicity testes

.4.1. Anaerobic toxicity assay (ATA) and specific
ethanogenic activity (SMA)
ATA test was performed at 37◦C using serum bottles wi

capacity of 115 mL as described by Owen et al.[39] and

dine and chemically reduced DB 38.
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Libra et al.[40]. Serum bottles were filled with stock solu-
tions to give suitable Vanderbilt mineral medium, 3000 mg/L
of glucose COD, 667 mg/L of sodium thioglycollate for pro-
viding the reductive conditions. Furthermore, 5000 mg/L of
NaHCO3 was used for maintaining the neutral pH, 4000 mg/L
of MLSS for providing the anaerobic granules enriched in
the anaerobic treatment plant of a yeast industry were used.
The glucose COD in the serum bottles was stoichiometrically
replenished to 3000 mg/L with stock solution after 3 days
of exposure containing dye and its metabolites. The glucose
COD level of 3000 mg/L ensured the presence of non-limiting
substrate conditions in the serum bottles. Duplicate controls
were performed on the assay containing no-dye while the
analyses were carried out in triplicate samples. The results of
ATA test given inTable 3illustrates the mean± standard de-
viation values. Methane production of each assay bottle was
determined during subsequent 6 h of incubation period. Max-
imum specific methanogenic activity was calculated from the
methane production through this period. Methanogenic ac-
tivities of samples containing dye and its metabolites were
compared to the control samples to determine the degree of
inhibition effect on glucose utilization. Inhibition was defined
as a decrease in cumulative methane compared to the control
samples.
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bile animals which were not able to move were determined
as death of daphnids.

2.5. High performance liquid chromatography–diode
array detection (HPLC–DAD) and gas
chromatography–mass spectra (GC–MS)

HPLC analyses were carried out using LC 10 model (Shi-
madzu) HPLC–DAD equipped with C 18 (Russia) chro-
matographic column (i.d. 4 mm, length 25 cm, stationary
phase particle size 7�m. In the operation mobile phase:
methanol/water (55:45) was used at a flowrate of 1 mL/min.
All samples were diluted at a ratio of 1:10 with distilled water.

For GC–MS analysis, the samples was extracted by liq-
uid/liquid extraction as follows. The pH of the aqueous sam-
ple first adjusted to a pH greater than 10 with sodium hydrox-
ide. Sodium chloride was added until it reached saturation.
The sample was then extracted twice with 25 mL of methyl-
tert-butyl-ether. The ether fraction was combined and evapo-
rated to dryness. Finally, the extract was reconstituted in 2 mL
of methanol for GC/MS analysis. The analyses were done us-
ing a Shimadzu QP5050A model GC–MS device. The mass
spectrometer was operated in the electron impact mode with
electron current of 70 eV. Aliquots of 1�L were injected au-
tomatically by an auto sampler (AUC20i) in splitless mode
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.4.2. Respiration–inhibition test
This test was based on BOD measurements and the

lation to ATA test. Respiration–inhibition tests were c
ied out into bottles of WTW Oxi Top IS 12 system. A
bic sludge from the lab scale CSTR reactor was fed
olasses, mineral medium and glucose COD of 1500 m
urthermore, wastewater samples in certain volumes
dded to bottles. The final volume was adjusted to 97
ith distilled water. The glucose COD in the bottles w
toichiometrically replenished to 1500 mg/L with a stock
ution after 3–4 days of exposure to synthetic wastew
uplicate controls were performed in the bottles contai
o DB 38 azo dye and its metabolites while the anal
ere carried out in triplicate samples. The results give
able 3 illustrates the mean± standard deviation value
xygen consumption was monitored every day and c
ared to the control samples. Inhibition was defined
ecrease in oxygen consumption compared to the co
amples.

.4.3. Daphnia magna toxicity test
Toxicity was tested using 24 hD. magna. Test animal

ere obtained from the Zoology Department of the
ineering, Faculty at Aegean, University of Izmir. Afte
loning periods in the laboratory, toxicity experiments w
erformed. Experiments were carried out using five daph

n test beakers with 100 mL of effective volume at a pH
roviding 6 mg/L of dissolved oxygen at the ambient t
erature (20–30◦C) in five different concentrations as fi
eries. A blank was also carried on. Results were expr
s mortality percentage of the daphnids after 24 h. The im
ia an GC inlet (injector temperature 250C). A Optima-
-MS capillary column, 30 m long, 0.25 mm i.d., 0.25�m
lm thickness was connected directly to the ion source o
ass spectrometer. The oven temperature was kept is
al for 10 min at 60◦C, then increased to 300◦C at a rate
f 10◦C/min and finally, 10-min hold step was applied
00◦C. GC–MS and HPLC–DAD analyses were perform

n TÜBITAK Bursa Test and Analysis Laboratories.

. Results and discussion

.1. Removal of organics in the UASB/CSTR sequentia
ystem

The data collected from UASB/CSTR sequential sys
t a steady state conditions were summarized inTable 1and

he treatment performances based on COD, TOC, TAAs
olor removals of UASB/CSTR reactor system are give
able 2. Since the influent COD contained 3000 mg gluc
OD/L, the remaining COD value was originated from
zo dyes. BOD5 concentrations were 3018, 360 and 30 m

n the influent and effluent of the UASB reactor, and efflu
f CSTR reactor, respectively. Inert COD measuremen
amples corresponded to effluent CODs of CSTR showe
he inert COD levels are quite close to COD concentrat
ince the CSTR reactors were operated at long HRT
ays), probably the degradable fraction of the UASB e
nt could be degraded by the aerobic microorganisms.
OD measurement showed that effluent COD of CSTR
ctor constituted mainly from the inert COD produced un
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Table 1
The influent and effluent parameters of anaerobic/aerobic system

Parameter Sample

Feed UASB effluent CSTR effluent

COD (mg/L) 4100 928 335
BOD5 (mg/L) 3018 360 30
COD/BOD5 ratio 1.35 2.6 11.6
Inert COD (mg/L) 1440 381 335
TOC (mg/L) 1236 496 231
TAAs (mg benzidine/L) NDa 121.4 23.7
Absorbance atλmax 21.43 4.45 1.33
NH3 N (mg/L) 1.15 1.6 2
NO3 N (mg/L) 16 15 84
VFA (mg CH3COOH/L) NDa 503 NDa

T.Alk (mg CaCO3/L) 2200 2400 1500
VFA/B.Alk ratio NDa 0.23 NDa

pH 8.18 6.91 8.65
ORP (mV) NDa −339 −57

a ND, not detected.

aerobic conditions. Approximately 5% of inert COD in anaer-
obic effluent was degraded in aerobic CSTR reactor. Efflu-
ent COD of the system probably contained soluble microbial
products produced from the microorganisms and not mineral-
ized dye metabolites. The oxidation–reduction potential was
measured as−339 mV in UASB reactor which indicates the
strict anaerobic conditions. However, the ORP potential was
−57 mV in aerobic reactor since the effluent of aerobic reac-
tor was used as the influent of aerobic rector. Although high
positive ORP values indicates the strict aerobic conditions,
in this study lower ORP values did not negatively affect the
COD and TAA removal efficiencies. It is important to note
that although the ORP value is lower in aerobic reactor, the
dissolved oxygen concentration varied between 2 and 3 mg/L
(data not shown).

t-Test statistics for the parameters measured in influent,
anaerobic and aerobic effluents showed that they are not sig-
nificantly different (seeTable 1; tcritic = 2.064,ttest statistic=
0.10,α = 0.025).

Table 2 shows the treatment performances of the
UASB/CSTR reactor system. COD removal efficiencies
were found to be 77, 64 and 92% while the BOD removal
efficiencies were 88, 92 and 99% for UASB, CSTR and
UASB/CSTR reactors, respectively. As shown in this Table
64% of COD was removed under aerobic conditions while
7 . Al-
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though, in literature it was reported that COD was removed
mainly under aerobic conditions in this study significant
amount of COD was removed under anaerobic conditions
resulting in high methane gas productions (data not shown).
The results obtained in this study exhibits similar results with
the studies performed by Donlon et al.[41]. In this study
it was reported that a small amount of removed COD (E =
36) was oxidized by aerobic bacteria in the second stage of
anaerobic/aerobic treatment system treating Reactive Black
5 azo dye. However, the studies performed by, Field et al.[9],
Supaka et al.[12] and Sponza and Is¸ık [29] demonstrated that
the great amount of COD removed under aerobic conditions
while the COD ratio treated under anaerobic conditions also
exhibits significant level. In these studies it was demon-
strated that aerobic stage eliminated the additional COD and
attributed to removal of aromatic amines. In the last study it
was demonstrated that 25 and 45% of COD were removed
in anaerobic UASB reactor at HRTs 5 and 15 h, respectively.
The COD/BOD5 ratio increased to 2.6 and 11.6 from 1.35
after the anaerobic and aerobic treatment indicating that the
biodegradable material was removed as reported by O’Neill
et al.[42]. In other words, this phenomenon was probably a
result of metabolic activity due to the presence of the more
easily degradable compounds which seem to be less toxic.
Overall 81% reduction in TOC was achieved as a result of
a DB
3

tion
o t of
U en-
t rom
t n of
D
w
i m.
M matic
a lated
i
r ults
a
R -
t
a t
a total
a tions
w

r c and
U sig-
n
0

3 m

lly
d color,
7% of COD was removed under anaerobic conditions

able 2
reatment performances of the UASB, CSTR and UASB/CSTR sequ
ystem

arameter Removal efficiencies (%)

UASB CSTR UASB/CSTR

OD 77 64 92
OC 60 54 81
OD5 88 92 99
AAs 26 81 86
olor 81 67 94
naerobic/aerobic treatment of wastewater containing
8 at a concentration of 3200 mg/L.

The concentration of TAA obtained from the degrada
f DB 38 were 121 and 24 mg benzidine/L in the effluen
ASB and CSTR, respectively. The theoretical TAA conc

ration in the influent of anaerobic reactor was obtained f
he benzidine levels produced from the chemical reductio
B 38 azo dye as shown inFig. 2. As shown inTable 2, TAA
as mainly removed under aerobic conditions (E= 81) result-

ng in a TAA removal efficiency of 86% in the whole syste
ost researches agree with these findings that the aro
mines released from the cleavage of azo bond accumu

n the anaerobic conditions[5,6,43]. The TAA was partially
emoved (E = 26%) under anaerobic conditions. This res
gree with the studies performed by Is¸ık and Sponza[31],
azo-Flores et al.[43] and Donlon et al.[44], however, it con

radicts with the studies carried out by Field et al.[9], Brown
nd Hamburger[45], Haug and Schmidt[46] and Seshadri e
l. [47]. A study showed that the recovery percentage of
romatic amines was about 100% as the DB 38 concentra
ere increased to 3200 mg/L in anaerobic batch reactors[29].
t-Test statistics for the COD, TOC, BOD5, TAA and color

emoval efficiencies measured in anaerobic and aerobi
ASB/CSTR reactor effluents showed that they are not
ificantly different (seeTable 2; tcritic = 1.790,ttest statistic=
.275,α = 0.025).

.2. Color removal in the UASB/CSTR sequential syste

Microbial decolorization of DB 38 occurred anaerobica
ue to reduction and cleavage of the azo bonds, causing
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Fig. 3. Absorbance spectra of influent and effluent samples in the reactors.

which is associated with the production of the TAAs and was
biodegradable in aerobic conditions. The peaks in visible re-
gion at 520 nm in the feed were removed by anaerobic treat-
ment, and replaced by a small peak in UV region around
345 nm as shown inFig. 3. The anaerobic and aerobic re-
actor effluents illustrated a peak at a wavelength of 350 nm.
Color removals were 81, 67 and 94% in the UASB, CSTR
and UASB/CSTR reactors, respectively, showing that both
anaerobic and aerobic reactor could remove color. Probably,
colorful intermediates occurred from the decolorization of
DB 38 azo dye in the anaerobic stage, and then these inter-
mediates degraded in the aerobic CSTR reactor. The effluent
samples of UASB and CSTR reactors exhibited maximum
absorbance spectra at low wavelengths (UV region) due to
aromatic amines produced through dye degradation[43]. This
shows that the parent dye converted to other intermediate or-
ganic forms. When COD, VFA, VFA/B.Alk, ORP and pH
parameters were taken into consideration, inhibition was not

observed in the UASB and CSTR reactors compared to the
batch and continuous fed control reactors containing no dye.
Color and organic matter could be effectively removed in the
UASB/CSTR system.

3.3. Monitoring of intermediates through decolorization
of DB 38 azo dye

To avoid the time-consuming and analytical complex pro-
cedures necessary for the identification of each derivative,
simple HPLC–DAD and GC–MS analysis were carried out to
determine qualitatively whether UV-absorbing amino deriva-
tives were formed and/or degraded during each treatment
step. Similar studies were performed by O’Neill et al.[42].
Fig. 4shows the HPLC chromatograms of effluents of UASB
and CSTR, respectively, relevant to determined aromatic
amine “benzidine”.

Fig. 5 shows the chromatograms of benzidine standard
(20 mg/L) in HPLC analysis for comparison of the samples
containing dye as a by-product. Since DB 38 is benzidine-
based dyes it is assumed that if azo bond on these dyes is
broken down, benzidine will be formed under anaerobic con-
ditions. Fig. 4 clearly demonstrates that UV-absorbing by-
product was degraded through aerobic treatment in the sam-
ples containing DB 38 by-products. The standard benzidine
p in.
T t the
s in de-
t aer-
o and
o

eter-
m ples
c ison

f efflue
Fig. 4. HPLC chromatograms o
eaks inFig. 5 was obtained at a retention time of 3.5 m
he similar peaks are shown on the chromatograms a
ame retention times in the studied samples. Decreases
ectable area in the particularly benzidine peaks during
bic treatment indicated the degradation of benzidine
ther metabolites.

GC–MS analyses were also performed in order to d
ine the intermediates of DB 38 azo dye. In the sam

ontaining only benzidine could be identified by compar

nt (a) UASB and (b) CSTR reactor.
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Fig. 5. HPLC chromatogram of benzidine (20 mg/L).

Fig. 6. Gas chromatograms of effluent in (a) UASB and (b) CSTR reactors.

of the retention times and mass spectra of the samples and
benzidine standards.Fig. 6 shows the GC chromatograms
of UASB and CSTR effluents samples. Azo dye metabolites
were detected in the anaerobic and aerobic effluents. The
benzidine gives a peak at 19 min in each one sample. No
other organic inter-metabolites were determined both in GC
and HPLC analysis. In this study the suggested stochiometric
approaches including the benzidine formation through decol-
orization of DB 38 dye could be illustrated using Eqs.(1) and
(2) for anaerobic and aerobic conditions, respectively:

C34H28N9O8S2Na2 + 25NH3 + 68OH− + 69H+

→ 17C2H10N2 + 2SO3 + 2Na + 70OH− (1)

13C2H10N2 + 683
2 O2

→ C2H10N2 + 65H2O + 70NO3
−

+144CO2 + 60NO2
− (2)

According to the equations given above 60% of 3200 mg/L
DB 38 was converted to benzidine (Eq.(1)) while approxi-
mately 45% of benzidine was mineralized to H2O, NO3

−,
CO2 and NO2

− (Eq. (2)), under anaerobic and aerobic con-
d

efflu-
e om-
p se-
q uced
f DB

38 are illustrated inFig. 7 [48,49]. As shown in this
figure 1,2,5-triaminobenzene, benzidine, 2,8,9-triamino-1-
hydroxynaphthalene-3,7-disulphonic acid and aniline were
produced under anaerobic conditions while SO3

−, Na+, NH3,
NO2

−,NO3
−, CO2, H2O and OH− were released through

aerobic stage. In a study performed by Bradford et al.[30]
it was found that the anaerobic pathway of 500 mg/L DB
38 consist from the 4-aminobipheyl (4-ABP), AABP and
monoacetylbenzidine (MABZ). In this study, the concentra-
tion of metabolites produced were 250 nmol/mL benzidine,
1 nmol/mL 4-ABP and 2 nmol AABP during 24 h in anaero-
bic stage. As shown, benzidine is the main metabolite prod-
uct produced from the DB 38 dye via anaerobic pathway
compared to the other organic metabolites. In our study the
other organic metabolites mentioned in the literature did not
produced. The main aromatic amine determined was benzi-
dine. This could be attributed to the metabolism of partially
granulated anaerobic sludge and to the continuous operation
of the reactors since in the references mentioned above it
was studied under batch conditions and suspended anaero-
bic sludge was used as seed. However, the concentration of
other metabolites could be lower than the minimum detection
limits of the GC and HPLC.

As shown inTable 1, the degradation of azo dyes and their
metabolites were associated with increases in NO3

− N con-
c
f
fi that
m sses
o m-
p aer-
itions, respectively.
These results and the mass spectra in aerobic

nts show that DB 38 azo dyes could not be c
letely mineralized by means of anaerobic/aerobic
uential process. The proposed intermediates prod

rom the sequential anaerobic/aerobic degradation of
entrations in the aerobic effluent indicating NH3 released
rom the azo dyes and it was converted to NO3

− by nitri-
cation under aerobic conditions. These findings show
ineralization of azo dyes by anaerobic/aerobic proce
ccurred[50]. NH4 N values were not meaningful in sa
les since it might be converted to nitrate at long HRTs in
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Fig. 7. Metabolites produced from the sequential anaerobic/aerobic degradation of DB 38 dye.

obic tank. Ammonia is the intermediate product for azo dye
mineralization but nitrate is the final product for the anaero-
bic/aerobic system treating azo dyes.

3.4. Monitoring of toxicity through decolorization of DB
38 azo dye

Respiration/inhibition,D. magnaand ATA toxicity assays
were performed in order to determine the toxicity of azo dyes
through anaerobic/aerobic treatment in the influent, and efflu-
ents of anaerobic/aerobic system. The results obtained from
the toxicity tests were tabulated inTable 3. Toxicity test re-

sults are given as percent (%) inhibition obtained from the ac-
tivity of the samples compared to control containing no dyes
and toxic substances. Respiration–inhibition test showed that
feed and anaerobic effluent had higher toxicity than effluent of
the anaerobic/aerobic sequential system. ANOVA test statis-
tics showed that theF-values between diluted samples and
inhibitions in influent, anaerobic and aerobic effluent samples
are lower than the criticalF-value resulting in a strong sta-
tistical evidence in respiration inhibition tests, respectively
(Fcritic = 19.345,Finfluent = 2.350,α = 0.05;Fcritic = 9.275,
Fanaerobic effluent= 0.61,α = 0.05;Fcritic = 9.275,Faerobic effluent
= 0.67,α = 0.05, respectively).

Table 3
Percent Inhibition (I%) results in different toxicity tests

Toxicity tests Influent sample ratio (%) Anaerobic effluent sample ratio (%) Aerobic effluent sample ratio(%)

Inhibition (%) 25 50 75 100a 25 50 75 100 25 50 75 100

Respiration/
inhibition (I%)

37± 2 58± 2 ND 75± 3 59± 3 65± 4 65± 4 53± 2 32± 2 NI 32± 2 47

Daphnia magna
(M%)

100 100 100 100 100 100 100 100 100 100 NI 20 20 40 80

100 99 100 99 99 100 98 99 99 100 NI 21 20 40 80
99 100 99 99 99 100 100 100 99 99 NI 20 20 40 76
100 99 99 100 100 99 100 100 100 100 NI 20 19 40 80
99 100 100 100 100 99 99 100 100 100 NI 21 20 40 80

12.5 25 50 75 100b 12.5 25 50 75 100 12.5 25 50 75 100

A NI

N

TA (I%) 12 ± 1 NI 37± 2 29± 2 NI

I, no inhibition; ND, not determined; M, mortality.
a Dilution for respiration/inhibition and ATA tests.
b Dilutions forDaphnia magnamortality tests.
NI NI NI NI NI NI
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D. magnatoxicity tests showed that the aerobic effluents
did not exhibit mortality in samples containing 25% aliquot of
effluents. This toxicity test showed that the anaerobic degra-
dation of azo dyes generated metabolites which were toxic
to D. magnatest organisms. Toxicity was eliminated after
aerobic treatment, indicating that the products causing toxic-
ity to D. magnapartially degraded under aerobic conditions.
ANOVA test statistics showed that theF-values between di-
luted samples and mortalities in influent, anaerobic and aero-
bic effluent samples is higher than the criticalF-value, respec-
tively. Therefore, it can be concluded that no statistical evi-
dence was observed inD. magnatoxicity test (Fcritic = 2.365,
Finfluent = 4.710,α = 0.05;Fcritic = 2.365,Fanaerobic effluent=
7.38,α = 0.05;Fcritic = 2.365,Faerobic effluent= 4.91,α = 0.05,
respectively).

In a study performed by Moran et al.[51] D. magnatox-
icity test results showed that the aerobic treatment of textile
wastewater did not remove the COD, and the non-degradable
portion of the dye is responsible from the toxicity. On the
other hand anaerobic decolorization also was not removed
in the toxicity of dyes. For instance, in a study carried out
by Chen, it was showed that biotoxicity of Reactive Red
22 dye is greater than Reactive Black B. High toxicity to
Pseudomonas luteolawas due to two azo bond present on
Reactive Red 22[52]. In addition intermediary products of
R ble
t iary
m ent
t

nhi-
b ore
a ealed
s y the
i ic ef-
fl cts
d vatio
s ased
a o dye
w om-
p ed to
a
T and
a as a
r tis-
t nd
i am-
p g
s
9 i-
d itions
i
c s in
A

ira-
t e
e used

in ATA test resulting in methane gas production of
methanogenic bacteria in the anaerobic reactor effluents.

AOPs sometimes did not reduced the toxicity. For in-
stance, the inhibitory effect on the bioluminescence bacteria
is increasing as a function of ozonation time most probably
due to the formation of first by products with high toxic po-
tential. The dilution factor (GL value) for bioluminescence
bacteria increases to 64 from 16 after ozonation at ozone
and Remazol Black concentrations of 20.5 mg/L and 2 g/L,
respectively. However, with prolonged ozonation time and in-
creased ozone concentration (60 mg/L)[54], Guyer anḋInce
[55] determined that 20 and 30 mg/L of Reactive Red 141 and
Reactive Black 5, respectively, are toxic prior to sonolysis.
After ultrasound at a power output of 40 W slower decreases
of toxicity were accomplished along with partial color and
aromatic carbon degradation.

The sequential anaerobic/aerobic biological processes are
more successful to reduce the toxicity. Beside our study, Got-
tlieb et al.[32] reported that LUMIStox toxicity was not de-
tectable when the Reactive Black 5 was decolorized in a baf-
fled bioreactor with anaerobic and aerobic compartments.

Reactive azo dyes can be decolorized using either anaer-
obic/aerobic sequential treatment systems, microbial gener-
ation of oxygen radicals or expensive physicochemical treat-
ment[23]. The structure of dye affects significantly the re-
m si-
c ula-
t eat-
m o dye
c ay
g ause
s ore-
o re, it
m e de-
c n as
o og-
i

the
d and
T hile
8 min
o 54
a ox-
i
p ere
a r and
6
C n
1 e by
o 75
a cid
R d
b the
d ation
( H
a zo
eactive Black B may be more toxic or chemically sta
han the parent dye. A longer persistence of intermed
etabolites in anaerobic conditions may also augm

oxicity to bacterial populations.
The data obtained with ATA test based on percent i

itions (I%) showed that differences in toxicity were bef
nd after the azo dye has been metabolized. Analysis rev
ignificant differences between the results obtained b
nfluent and those obtained by the anaerobic and aerob
uents indicating that the toxicity of the metabolic produ
ecreased after anaerobic and aerobic stage. This obser
uggests that the toxicity of the parental compound decre
s the degradation proceeded, indicating that DB 38 az
ere more toxic than its products. Both the parental dye c
ounds and the metabolic products of dyes were report
ffect the aquatic microbial population[3,53]. As seen in
able 3, the ATA tests results of parent dye, anaerobic
erobic intermediates showed that reduction in toxicity
esult of the treatment of DB 38 azo dye. ANOVA test sta
ics showed that theF-values between diluted samples a
nhibitions in influent, anaerobic and aerobic effluent s
les are lower than the criticalF-value resulting in a stron
tatistical evidence in ATA test for influent samples (Fcritic =
.27,Finfluent = 1.730,α = 0.05). However, no statistical ev
ence was observed between diluted samples and inhib

n anaerobic and aerobic effluent samples since noF-values
ould be calculated according to ANOVA test statistic
TA test.

The differences between ATA test and resp
ion/inhibition and D. magna toxicity tests could b
xplained by the resistance of anaerobic bacteria
n

oval of recalcitrant COD and the toxicity. Many phy
al and chemical methods including adsorption, coag
ion, precipitation, filtration, oxidation and advanced tr
ent processes have been used for the treatment of az

ontaminated effluents[51]. These methods, however, m
enerate a significant amount of sludge or may easily c
econdary pollution due to excessive chemical usage. M
ver, their municipal treatment costs are high. Therefo
ay be economical to develop alternative means of dy

olorization, such as bioremediation due to its reputatio
n environmentally friendly and publicly acceptable biol

cal treatment technologies[56].
From AOPs the effect of ozonation (20.5 mg/L) on

egradation process of Remazol Black was studied. COD
OC reductions were about 35 and 20%, respectively, w
9% color removal efficiency was obtained after 360
zonation time[54]. The degradation of Disperse Red 3
zo dye in water was investigated using four advanced

dation processes (AOPs) ozonation, fenton, UV/H2O2 and
hoto-Fenton. A color removal of 85 and 90% removal w
chieved for the photo-Fenton process while 60–70 colo
0% COD removals were obtained in the other AOPs[56].
olor (60%) in Acid Red 14, Acid Violet 12 and Acid Brow
4 in the presence of sodium sulfate and sodium chlorid
zonation[57]. Maximum COD and color removals of
nd 70% were obtained through the decolorization of A
ed 88 by ozone treatment[58]. In the study performe
y Konstantinou and Triantafyllos it was showed that
egradation of dyes depend to pH, catalyst concentr
TiO2) and the presence of electron acceptors such as2O2
nd (NH4)2·SO4(58). In this study the photo catalyzed a
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dyes does not mineralize to CO2 and accumulation of organic
metabolites was observed[59]. Abdelmalek et al.[60] used
humic air plasma to decolorize the Yellow Supranol and Scar-
let Red Nylosan azo dyes. Decolorization (90%) and COD
removal efficiencies were obtained. Rehorek et al.[61] stud-
ied the decolorization of Acid Orange 5, Reactive Orange 10
and 17 dyes using power ultrasound of 850 kHz at 60, 90 and
120 W. This process provided 90% color removal efficiency.
Okitsu et al.[62] studied the sonochemical decolorization of
Reactive Red 22 and methyl orange with the addition butyl
alcohol radical scavenger resulting in 87% color removal
efficiency. Karkmaz et al.[63] studied the photocatalytic
degradation of the alimentary azo dye amaranth using an
irradiated titanium dioxide aqueous suspension. TiO2/UV
based photocatalysis provides 90% color and 85% COD
removal efficiencies resulting in production of N2 containing
pollutants.

The AOPs summarized above showed that non-biological
technologies have proven similar decolorization and suf-
ficient depletion in organic matter compared to anaero-
bic/aerobic sequential treatment system. However, in some
studies it was observed that the color and COD removal effi-
ciencies were lower in AOPs and the aromatic amines were
not ultimately mineralized. A single AOPs can not elimi-
nate all contaminants in azo dye containing textile industry
w color
r one
d COD
a rds,
s xic-
i
f and
2 ous
s

ried
b D is
r e
s nics
w em.
F obic
c is
s this
s rtant
t y is
a oved
C

goal
i aer-
o as or
m d by
a uces
r ved
b s. In
o sts as
w as is
d tment

systems could be used to achieve the best economical and
ecological results.

4. Conclusions

The detoxification of the anaerobic effluent was demon-
strated by higher aromatic amine removals through aerobic
stage. However, it was important to not that a significant
amount of COD, TOC and BOD5 were removed under anaer-
obic UASB reactor together with color removals. Meanwhile,
in this study a great amount of COD and color were simultane-
ously removed under aerobic conditions. Therefore, coupled
anaerobic–aerobic systems have proven to be successful in
achieving the biodegradation of azo dyes. In such systems,
azo dyes are reduced and decolorized anaerobically, followed
by subsequent aerobic degradation of the aromatic amines
produced although in this study a part of aromatic amines
was removed under anaerobic conditions. HPLC–DAD and
GC–MS analysis showed that dyes could be mineralized by
a UASB/CSTR sequential reactor system although a small
amount of benzidine was detected in the effluent of aerobic
reactor. Furthermore, NO3− N concentration of the effluent
is an evidence of metabolizing of N in azo bond of DB 38
through aerobic conditions.

The findings obtained in this study demonstrated that DB
3 robic
p onor
f rring
e ring
t were
a aer-
o obic
e in-
e city
r roor-
g ples.
T ent
s inant
o tment
s yes
c

A

and
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b t
n ac-
k s.

R

ol-
astewater. In ozonation process, in order to obtain high
emoval efficiency, longer ozonation periods with high oz
oses have to be applied. Otherwise partial reduction of
nd significant increases in toxicity appears. In other wo
hort-term ozonation results in a significant increase of to
ty caused by non-mineralized toxic intermediates[64]. They
ound that the COD and TOC reductions were about 40
5% for 6 h ozonation of 2 g/L Remazol Black 5 aque
olution at an ozone dosage of 20.6 mg/L.

The COD removals observed in AOPs system va
etween 70 and 90% indicating that the remaining CO
ecalcitrant. In this study 99% BOD5 removal indicates th
uccess in the removal of biologically degradable orga
hile the COD removal was 92% in the whole syst
ive percent of inert COD was removed under aer
onditions. The removed recalcitrant COD in AOPs
imilar or sometimes lower than the removal obtained in
tudy through anaerobic/aerobic degradation. It is impo
o note that the BD 38 concentration used in this stud
s high as 3200 mg/L and the refractory content of rem
OD depends to dye structure.
In combined anaerobic/aerobic sequential process the

s to decolorize the dye through remove the COD in the an
bic stage, as possible as, recovering energy as biog
ethane gas. The remaining COD can be mineralize
erobic bacteria in second stage. This combination prod
elatively little waste stage, since a part of COD is remo
y methanogenic bacteria, which produce little biomas
rder to reduce the biomass production and aeration co
ell as gain energy transformation of co-substrate to biog
esirable. Therefore, anaerobic/aerobic sequential trea
8 dyes could be reduced and decolorized in the anae
re-treatment with glucose which is acting as electron d

or reducing equivalents. The enzyme cofactors transfe
lectrons for azo dye reduction by specific enzymes du

he breakdown of azo dye and the reduction products
cceptable for aerobic mineralization. Toxicity values of
bic effluents were significantly lower compared to anaer
ffluents exhibiting low toxicity resulting in complete m
ralization of carcinogenic amines. Differences in toxi
esults may arise from the different responses of test mic
anisms and the structure of dye to toxicity in the sam
his finding has important implications for the environm
ince the benzidine is an important widespread contam
f aqueous ecosystem; therefore an aerobic post-trea
tep would be required for the mineralization of azo d
ontaining textile and dye industry effluents.
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M. Işık, D.T. Sponza / Journal of Hazardous Materials B114 (2004) 29–39 39

[2] R. Anliker, Ecotoxicol. Environ. Saf. 1 (1979) 211.
[3] K.T. Chung, S.E. Stevens, Environ. Toxicol. Chem. 12 (1993) 2121.
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[10] M. Işık, D.T. Sponza, J. Environ. Sci. Health A 38 (2003) 2301.
[11] D.T. Sponza, M. Is¸ık, Process Biochem. (in press).
[12] N. Supaka, L. Juntagjin, S. Damronglerd, M.L. Delia, L. Strehaiano,

Chem. Eng. J. 99 (2004) 169.
[13] D. Brown, P. Laboreur, Chemosphere 12 (1983) 397.
[14] J.A. Field, A.J.M. Stams, M. Kato, G. Schraa, Antonie van Leeuwen-

hoek 67 (1995) 47.
[15] E. Razo-Flores, M. Luijten, B.A. Donlon, G. Lettinga, J.A. Field,

Environ. Sci. Technol. 31 (1997) 2098.
[16] S. Kalyuzhnyi, V. Sklyar, T. Mosolova, I. Kucherenko, J.A.

Russkova, N. Degtyaryova, Water Sci. Technol. 42 (2000) 363.
[17] D. Brown, B. Hamburger, Chemosphere 16 (1987) 1539.
[18] P. Ekici, G. Leupold, H. Parlar, Chemosphere 44 (2001) 721.
[19] P. Nigam, I.M. Banat, R. Singh, S. Merachant, Process Biochem. 31

(1996) 435.
[20] H. An, Y. Qian, X. Gu, W.Z. Tang, Chemosphere 33 (1996) 2533.
[21] O.A. O’Connor, L.Y. Young, Environ. Toxicol. Chem. 8 (1989) 853.
[ .
[ em.

[ Mi-

[
[ 24

[
[
[ 2.
[ on.

[
[ ch-

[ ters,

[ 7th
As-

[35] F. Germirli, The Incremental and Comparison Methods for the As-
sessment of Initial Soluble Inert COD, Ph.D. Thesis, Istanbul Tech-
nical University, Istanbul, Turkey, 1990.

[36] G.K. Anderson, G. Yang, Water Environ. Res. 64 (1992) 53.
[37] A. Oren, P. Gurevich, Y. Henis, Appl. Environ. Microbiol. 57 (1991)

3367.
[38] A. Pielesz, J. Mol. Struct. 511–512 (1999) 337.
[39] W.F. Owen, D.C. Stuckey, J.B. Healy Jr., L.Y. Young, P.L. McCarty,

Water Res. 13 (1979) 485.
[40] J.A. Libra, M. Borchert, L. Vigelahn, T. Storm, Chemosphere 56

(2004) 167.
[41] B.A. Donlon, E. Razo-Flores, J.A. Field, G. Lettinga, Appl. Environ.

Microbiol. 61 (1995) 3889.
[42] C. O’Neill, F.R. Hawkes, S.R.R. Esteves, S.C. Wilcox, J. Chem.

Technol. Biotechnol. 84 (2001) 673.
[43] E. Razo-Flores, M. Luijten, B.A. Donlon, G. Lettinga, J.A. Field,

Water Sci. Technol. 36 (1997) 65.
[44] B. Donlon, E. Razo-Flores, M. Luijten, H. Smarts, G. lettinga, J.

Field, Appl. Microbiol. Technol. 47 (1997) 83.
[45] D. Brown, B. Hamburger, Chemosphere 12 (1987) 397.
[46] W. Haug, A. Schmidt, Xenobiotica 1 (1971) 127.
[47] S. Seshadri, P.L. Bishop, A.M. Agha, Waste Manag. 14 (1994)

127.
[48] B. Manu, S. Chaudhari, Biores. Technol. 82 (2002) 225.
[49] C. O’Neill, A. Lopez, S. Esteves, F.R. Hawkes, D.L. Hawkes, S.J.

Wilcox, Appl. Micobiol. Biotechnol. 53 (2000) 249.
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