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The laboratory-isolated strains Pseudomonas aeruginosa, Rhodobacter sphaeroides, Proteus mirabilis, Bacil-
lus circulance, NAD 1 and NAD 6 were observed to be predominant in the bacterial consortium responsible
for effective decolorization of the azo dyes. The kinetic characteristics of azo dye decolorization by bacte-
rial consortium were determined quantitatively using reactive vinyl sulfonated diazo dye, remazol black-B
(RB-B) as a model substrate. Effects of substrate (RB-B) concentration as well as different substrates (azo
dyes), environmental parameters (temperature and pH), glucose and other electron donor/co-substrate

I;:{:gtr:; on the rate of decolorization were investigated to reveal the key factor that determines the performance of
Anoxic—oxic dye decolorization. The activation energy (E,) and frequency factor (Kp) based on the Arrhenius equation

was calculated as 11.67 kcal mol~! and 1.57 x 107 mglgMLSS~! h~1, respectively. The Double-reciprocal
or Lineweaver-Burk plot was used to evaluate V., 15.97h~! and K, 85.66mgl-'. The two-stage
anoxic-oxic reactor system has proved to be successful in achieving significant decolorization and degra-
dation of azo dyes by specific developed bacterial consortium with a removal of 84% color and 80% COD

Decolorization
Kinetic study
Remazol black-B

for real textile effluents vis-a-vis >90% color and COD removal for synthetic dye solution.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Over 7 x 10° metric tones of synthetic dyes are produced world-
wide every year for dyeing and printing and out of this about
5-10% are discharged with wastewater [1,2]. The amount of dye
lost depends on the class of dye applied; it varies from 2% loss
while using basic dyes to about 50% loss in certain reactive sul-
fonated dyes [3,4]. Azo dyes account for the majority of all textile
dye stuffs produced and have been the most commonly used syn-
thetic dyes in the textile, food, paper making, color paper printing,
leather and cosmeticindustries [5-7]. Even a small amount of dye in
water (10-15mgl-1)is highly visible, affecting the aesthetic merits,
water transparency and gas solubility of water bodies [8].

Dyestuffs reach the aquatic environment, primarily through dis-
solved or suspended form in water. The conventional treatment of
wastewater from textile mills and dyestuff factories cannot remove
most azo dyes effectively. The resulting dye effluents may contain
some components or moieties that could be toxic, carcinogenic or
mutagenic, to aquatic life [9]. With increasing use of a wide variety
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of dyes, pollution due to dye wastewaters is becoming increasingly
alarming in terms of color removal and is of major scientific inter-
est. Government legislation, especially in the developed countries
is very stringent for concentration of dye in industrial effluents.
Environmental policy in UK, since September 1997 has stated that
zero synthetic chemicals should be released in to the marine envi-
ronment. European community (EC) regulations are also becoming
more stringent [10].

Physicochemical methods such as coagulation and flocculation
[11], adsorption [12], ozonation [13], photochemical oxidation [14],
membrane filtration [13] and electrochemical oxidation [15] have
been used for the treatment of dye containing wastewater [16].
Limitations of these methods are the cost and generation of huge
quantities of sludge leading to secondary pollution [17]. Biological
degradation of azo dyes is mostly carried out by anaerobic bacte-
ria [18]. Moreover, such decolorization/degradation is found to be
environment friendly and cost effective in comparison to chemical
decomposition processes [19].

Environmental biotechnology is continuously expanding within
the area of bioremediation of all kinds of industrial effluents. How-
ever, several studies reported on decolorization of dyes using a
pure isolated bacterial cultures [7,18,19]. These studies revealed
that the isolated cultures are often specific to a type of dye
used. Moreover, pure cultures cannot be easily scaled up and
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maintained in large-scale operations typical of wastewater treat-
ment systems [20,21]. Utilization of microbial consortium offers
considerable advantages over the use of pure cultures in the degra-
dation of synthetic dyes. Prerequisite for the mineralization of
many azo dyes are combinations of reductive and oxidative steps
[22]. The aromatic amine intermediates, which are produced dur-
ing the anaerobic phase, are toxic and carcinogenic [23], but can
be further degraded during aerobic step to become less harm-
ful products [24]. Anoxic-oxic (A-O) process is a good choice to
simultaneously remove chemical oxygen demand (COD) and dye
color.

This paper reports the investigation results and kinetic studies
of azo dye decolorization. The present study deals with the bac-
terial decolorization /degradation of dye RB-B and optimization
of parameters required for the bacterial consortium to decolorize
the dyes efficiently. Laboratory scale treatment of RB-B and textile
industrial wastewater through anoxic-oxic reactor system is also
reported.

2. Materials and methods
2.1. Dyes and reagents

The dyes C.I. remazol black-B (RB-B) [2,7-napthalenedisulfonic
acid, 4-amino-5-hydroxy-3,6-bis((4-((2-(sulfooxy)ethyl)sulfonyl)-
azo)-tetrasodium salt] (CAS Reg. No. 17095-24-8), reactive red 11
(RR 11), reactive red 141 (RR 141), reactive orange 16 (RO 16), reac-
tive violet 13 (RV 13), acid yellow 36 (AY 36), and direct green 6
(DG 6) were obtained from a manufacturing unit in Gujarat. The
media components and chemicals were purchased from Hi-media
labs, Bombay, India. All chemicals used were of analytical grade.
The chemical structures of the dyes used in the study are shown in
Fig. 1 except reactive violet 13, which is not available.

2.2. Dye solution

RB-B, a sulfonated diazo dye, which is soluble in water and
acidic in nature, was dissolved in double distilled water to prepare
stock solution (10,000 mg1~1). The desired dye concentrations were
obtained by successive dilutions. The other seven dyes were used
only for substrate specificity and RB-B was used as a model dye for
further experiments.

Decolorization test solutions were prepared by addition of dye
stock solutions, growth medium and cell suspension (inoculum).

2.3. Acclimatization

The procedure for obtaining acclimatized bacterial cultures
effective towards decolorization/biodegradation of RB-B was
reported in previous paper [25]. The culture was gradually exposed
to increasing concentrations of RB-B dye to acclimatize the micro-
bial culture. Successive transfer of culture into fresh nutrient
medium containing higher concentration of RB-B was done at 37 °C
in static condition. This acclimatized microbial culture was used for
all studies.

2.4. Isolation and identification of strains

The strains identified in the current study are Pseudomonas
aeruginosa, Rhodobacter sphaeroides, Proteus mirabilis, NAD 1, NAD
6 and Bacillus circulance. All are Gram negative except B. circulance,
which is Gram positive. Isolation of bacterial cultures was carried
out by inoculating 0.5ml suspended anoxic bacterial culture to
50 ml nutrient medium. This enriched culture was incubated at
37°C when the medium became colorless and turbid; a loop of

the culture was used to inoculate on agar plates. After 48-h of incu-
bation the plates containing bacterial colonies were picked up on
the basis of its ability to form clear zones. These cultures were sub-
sequently transferred to a nutrient medium containing 200 mg1-1
RB-B dye. For identification, these cultures were further isolated
on nutrient agar. Five colonies were picked up according to their
different morphological appearance and their ability to form clear
zone in petri plates. These strains were identified by the Micro-
bial Type Culture Collection and Gene Bank (MTCC), Institute of
Microbial Technology (IMTech), Chandigarh, India, on the basis of
morphological, physiological and biochemical characteristics.

2.5. Study of physicochemical parameters

Batch scale decolorization experiments were performed in
250-ml conical flask reactors. A nutrient rich medium compris-
ing dye RB-B, nutrient broth, inorganic salts (K;HPO4, KH,PO4
and NH3PO4) and glucose was inoculated with bacterial inocu-
lum. Biomass was developed in the flask until it attained an
adequate mixed liquor suspended solids (MLSS) concentration
(~1600+50mgl-1). This biomass was used as inoculum for all
batch decolorization experiments. Decolorization was studied
using various co-substrates/electron donors (glucose, dextrose,
maltose, starch, tryptone, lactose and sucrose), at different dye
concentration (25, 50, 75, 100, 200, 500, 1000 and 2000 mgl-1),
temperature (20, 25, 30, 35, 37, 40 and 50°C) and pH (5, 6, 7,
8, 9 and 10). pH adjustment was done with 2N KOH or 2N HCI.
Batch decolorization assay at fixed concentration (100 mgl=1) was
also performed for all the other chosen dyes in order to test the
substrate specificity and efficiency of anoxically acclimatized bac-
teria. The samples were drawn at different time intervals (0, 4, 8,
12 and 24h), centrifuged at 15,000 x g for 10 min and analyzed
for decolorization. A biotic control without cultures was always
included.

2.6. Lab-scale two-stage anoxic—oxic continuous reactor

The decolorization and biodegradation experiments were car-
ried out in continuous anoxic-oxic reactors of volume 5.2 and 5.01,
respectively. The working volume for both the reactors was 4.21.
The effluent of anoxic reactor, operated at different hydraulic res-
idence times (HRT) was passed through clarification unit (230 ml)
using coal bed as media. The clarified anoxic effluent was treated
in aerobic reactor. The aerobic effluent was clarified in a settling
unit of 1.21 capacity. Feeding solution (influent) consisting of pro-
posed nutrient medium with dye RB-B was fed vertically at the
bottom and flows out from top of the other side of reactor. Initially,
the bacterial culture was grown in the nutrient rich medium by
inoculating acclimatized bacterial culture. The biomass was grown
separately in the anoxic and oxic reactors till it attained an adequate
mixed liquor suspended solids concentration of ~1600 + 50 mg1~!
and ~2800+100mgl-!, respectively. After the development of
adequate biomass, the dye solution (100mgl-1) was fed into the
reactor. Anoxic reactor was maintained at ambient temperature
of 37°C+0.2 and pH 7.0. The contents in the anoxic reactor were
stirred at 10rpm continuously throughout the experiment. Dye
concentration (25, 50, 75 and 100 mgl~1) and HRT (10, 20, 24, 30
and 35h) was varied in the course of the study. Once the reac-
tor was energized, the dye concentration was increased from 25
to 100mgl-! and the decolorization was monitored. At each con-
centration of RB-B and HRT the reactor was operated for 10 days.
Before changing the dye concentration and HRT of the feed solution,
reactor was operated for 2 days only with nutrient medium in the
feed. Dye concentration and COD in the effluent were determined
daily.
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Fig. 1. Chemical structures of azo dyes used in the study.

2.7. Treatment of textile effluent

Textile industry effluent containing a mixture of dyes was pro-
cured from textile manufacturing unit locally. The wastewater was
collected from the equalization tank of the effluent treatment plant.
Physicochemical analyses were performed as per standard meth-
ods [26]. The textile effluent was treated in lab-scale anoxic-oxic
reactor. The textile wastewater was supplemented with 2g1-1 glu-
cose and minerals (K;HPO4, NH4Cl and KH;PO4), which was fed in
to the reactor with HRT of 24 h (2 mlmin—1).

2.8. Analysis

UV-vis absorption spectra were obtained using a double-
beam UV-vis spectrophotometer (Shimadzu UV-1650PC). The
concentration of RB-B dye was determined by measuring the
absorbance of test samples photometrically at the absorbance
maximum of RB-B (Amax, 597 nm) in the visible range. A cali-
bration plot between concentration and absorbance of RB-B was
used for determination of RB-B concentration extinction coeffi-
cient (€597 =0.0304 mg~!1cm~1). The decolorization efficiency was
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reported as

Ao — Ac

percent decolorization = x 100

where Ag is the initial abso?bance and A is the absorbance at
incubation time, t. Percentage decolorization was calculated from
the absorption values obtained against the uninoculated con-
trols. The biomass from test samples was removed by filtration
through 0.45 pm membrane filters prior to absorbance measure-
ment. Decolorization was measured at different time intervals
(4, 8, 12 and 24 h) at the wavelength in the visible range where
maximum absorbance was obtained. The aromatic amines formed
in the anoxic reactor were analyzed spectrophotometrically by
their absorbance peaks at the wavelength in the UV range where
maximum absorbance was obtained. Reaction rate constants were
deduced from the slopes of —log[A¢/Ag] versus incubation time (t)
and by performing linear regression. Each data point represented
the mean value of at least two values obtained from duplicate tests.

COD of filtered samples (0.45 wm membrane filter paper) was
determined using open reflex method and other physicochemical
analysis was performed as per standard methods [26].

3. Results and discussion
3.1. Mechanism of microbial decolorization

Decolorization of dye solution by bacteria could be due to
adsorption to microbial cell or biochemical reaction leading to
biodegradation. In adsorption, examination of the absorption spec-
trum would reveal that all peaks decreased approximately in
proportion to each other. If dye removal is attributed to latter phe-
nomenon, either the major visible light absorbance peak would
completely disappear or a new peak would appear.

The change of UV-visible spectra of RB-B, using the super-
natant fluid of the culture, before and after decolorizing cultivation
with activated bacterial culture. The absorbance peak at 597 nm
completely disappeared and new peak appeared at 267 nm due
to decolorization of dye. In addition, as the azo dye was reduced
(phenomenon leading to decolorization), the broth returned to its
original white color. These results indicate that the color removal
by activated anoxic microbial consortium may be largely attributed
by biodegradation.

3.2. Effect of temperature and pH

The experiments were performed at different temperatures
and pH; the initial RB-B concentration was fixed (100 mgl-1).
Michaelis—-Menten kinetics relation can describe the correla-
tion between specific decolorization rate with dye concentration,
temperature and pH. Over a range of 20-37 °C, the specific decol-
orization rate increased as the temperature rose (Fig. 2a). Further
increase in temperature above 40°C resulted in marginal reduc-
tion in decolorization activity of bacterial consortium. Decline in
decolorization activity at higher temperature can be attributed to
the loss of cell viability or the denaturation of the azo reductase
enzyme [4]. The maximum specific decolorization rate of RB-B was
found to be 5.81 mggcell-h~! at 37°C. Maximum potential of
Pseudomonas sp. to decolorize malachite green, fast green, bril-
liant green, congo red and methylene blue was noticed at 37°C
[27]. The results showed no thermal deactivation of the decoloriza-
tion activity during normal operation temperature. Increase in the
temperature from 20 to 37 °C, increase the first-order kinetic rate
constant (k) values from 3.27 x 10~2 to 9.29 x 10~2 in batch stud-
ies. Whereas beyond that temperature the k; values reduced to
3.86 x 102 at 40°C (Table 1a).

The effect of pH on RB-B decolorization in anoxic reactor was
examined by varying pH from 5.0 to 10.0. It was observed from
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Fig. 2. Dependence of specific decolorization rate on (a) temperature; (b) pH [RB-
B]=100mgl-"'.

Fig. 2b that the specific decolorization rate increased with increas-
ing pH from 5.0 to 7.0, which remained approximately the same
for pH 7.0-8.0. This seems to indicate that neutral and slightly
basic pH values would be more favorable for decolorization of
RB-B. Maximum specific decolorization rate of RB-B determined
as 5.58mggcell-'h~1 at the pH of 7.0 (Fig. 2b). However above
the pH 8.0 the specific decolorization rate dropped dramatically.
The decolorization rate constant (k) value increase slightly from
3.22 x 1072 to 8.92 x 102 with increase in pH 5.0-7.0. Further
increase in pH the kq values reduced (Table 1b).

3.3. Kinetic study of RB-B decolorization

The maximum decolorization rate of RB-B was measured by
test solution containing 100 mg dye, ~1600 4+ 50 mg1-! MLSS and
growth medium, incubated under anoxic conditions at 37 °C for
24 h. Michaelis-Menten type rate model equation has been widely
used for the kinetics of substrate conversion by enzyme and or liv-
ing cells. The primary function of enzymes is to enhance rate of
reaction so that they are compatible with need of microorganism.
To understand how system functions we need a kinetic description
of their activity.
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Table 1
First-order kinetic constants obtained in anoxic batch tests decolorization of azo dyes

(a) Different temperature

Constants 20°C 30°C 35°C 37°C 40°C 50°C
K 3.27 x 1072 5.06 x 102 8.30 x 102 9.29 x 102 8.69 x 102 3.86 x 102
R? 0.9167 0.9694 0.9755 0.9817 0.9701 0.9366

(b) Different pH

Constants pH5 pH6 pH7 pH8 pH9 pH 10
Ki 3.22x 1072 4.74 x 102 8.92 x 102 8.69 x 102 734 x 1072 4.07 x 1072
R? 0.9299 0.9734 0.9801 0.9715 0.9712 0.97

(c) Different concentration of RB-B

Constants 25mgl-! 50mgl-! 75mgl-! 100mgl-!
K 2.277 x 101 1.527 x 10! 1.118 x 10! 9.06 x 102
R? 0.9015 0.969 0.9782 0.9827

(d) With or without addition of glucose at different concentration of RB-B; [Glucose]=2 gl-!

Constants 100 mgl-! 200mgl-! 500 mgl-! 1000mgl-! 2000mgl-!
K; (Without glucose) 3.66 x 102 2.65 x 102 1.91 x 102 1.52 x 102 1.24 x 102
R? 0.9592 0.956 0.9023 0.9656 0.9565

Ky (with-glucose) 780 x 102 515 x 102 324 x 1072 191 x 102 161 x 102

R? 0.9378 0.9657 0.8804 0.8832 0.8795

(e) Different electron donor/co-substrate; [E.D.]=2gl~!

Constants Blank Glucose Dextrose Lactose Sucrose Mannitol Tryptone Starch
Ky 6.05 x 102 9.48 x 102 8.67 x 102 8.53 x 102 8.35x 1072 743 x 102 731 x 1072 713 x 1072
R? 0.9771 0.9909 0.9855 0.9857 0.9913 0.9731 0.9553 0.9503

(f) Different azo dyes; [dye]=100mgl-!

Constants RB-B RM-13 RR-11 RR-141 AO-16 DG-6 AY-36
K 9.09 x 102 4.35x 102 421x10-2 3.86 x 102 2.39 x 102 2.09 x 102 1.40 x 10-2
R? 0.9817 0.9704 0.9001 0.9883 0.9122 0.8864 0.5579
-4.00 A general kinetic model (Eq. (2)) of dye decolorization gives the
convenience on analysis of temperature effect.
dA
-3.00 H . _kM™AN 2
i k 2
SE? where t is the time (h), M and m the cell mass concentration (MLSS,
= 50 1 - : .
s 2.00 y =-5.8742x + 17.02 mgl-!) and its reactloq order (ﬁ,rft order.), respec.tlvely, A and n
~ R? = 0.9597 are the dye concentration (mgl-') and its reaction order (first
Y order), respectively. The units of k, the specific decolorization rate,
-1.00 4 depend on the values of m and n (mg(1=™ [(m*n=1)/mg MLSS™ h).
This rate model (Eq. (2)) can be taken as a modified type of the
Michaelis-Menten rate model (Eq. (1)) where the parameter Ky, is
0.00 T T T T 1 not included. Eq. (3) gives dye concentration with time depending
32 325 33 335 3.4 3.45 on the partial reaction order of dye concentration (n) and Eq. (4)
1/T*1000 (1/k) depicts first order of dye concentration (n).
Fig.3. Estimation of activation energy of RB-B decolorization by Arrhenius equation: A¢ (1-n) (] — n)ka
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0 Ay
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equation. have specific rates (kq, k — 1 and k;) as a function of tem- Ao
perature. Because of the nonlinearity, the temperature effect on the Integrating the above expression with the limit from [A] =[Ao] to
overall enzymatic rate is usually analyzed by assuming an Arrhe- [A] and from t=0to ¢
nius equation between Vpmax and temperature but neglecting the
temperature effect on K, [28]. In [ﬁ} — _kM™t (5)
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Since cell growth or death was not observed in the nutrient-
containing test solution in 24h, the MLSS concentration in
decolorization experiment rate was a constant. For the particu-
lar case of a first-order reaction with respect to dye concentration
(n=1) at constant MLSS (M™ = constant), Eq. (6) can be simplified
to Eq. (7)

A ke

A =e (7)
A¢ kt

—logA—0 =53 (8)

In order to approximate the reaction by first-order kinetics with
respect to the dye concentration, the values of —log[A:/Ag] were
plotted against time, using data of decolorization. A high-degree
linear relationship (R%>0.90) between the —log[A¢/Ao] and time,
giving a first-order reaction (n=1). The reaction rate constant is
obtained graphically by plotting —log[A¢/Ag] versus t. First-order
kinetics with respect to dye concentration has also been reported
by several researchers [29,30], whereas some have reported zero-
order kinetics [31,32]. The Kkinetic rate constants and correlation
coefficients of various parameters relevant to the first orders are
summarized in Table 1.

3.3.1. Effect of initial RB-B concentration and glucose on
first-order kinetics

The specific decolorization rate mostly depends on the initial
concentration of RB-B. It was observed that first-order kinetic con-
stant decreased slightly (2.277 x 10! to 9.06 x 10-2h~1) as the
concentration of RB-B increased from 0 to 100 mgI-'. The correla-
tion coefficients (R2) were in the range of 0.90-0.98, which indicates

the first-order kinetics. The results are depicted in Table 1c.

The batch studies with and without-glucose as a co-substrate
was performed at higher concentration (100-2000mgl-1). The
kinetic rate constants without-glucose decreased marginally, how-
ever with-glucose it varied significantly as the concentration
increased from 100 to 2000mgl-1. The correlation coefficients
of all these studies were determined and observed to follow the
first-order kinetics. The decolorization kinetic constants with and
without glucose at concentration of 100-2000 mg I~ were found to
be in the range of 7.80 x 1072 t0 1.61 x 10-2h~! and 3.66 x 102 to
1.24 x 10~2h~! respectively (Table 1d). Increase in dye concentra-
tion from 0 to 2000 mg1~! reduced the k values from 7.80 x 102 to
1.61 x 10~2h~1 in batch study performed with RB-B and glucose.
The decolorization rate constants with-glucose are significantly
higher than the rate constants without-glucose.

3.3.2. Decolorization kinetics of electron donor/co-substrate and
different azo dyes for optimum efficiencies

The electron donor/co-substrate was used to enhance the effi-
ciency of decolorization. The seven electron donors were used
in the studied of RB-B (100 mgl-1) decolorization. The glucose
was found to be better among them. The decolorization kinetic
rate constant of glucose, dextrose, lactose, sucrose, mannitol, tryp-
tone, starch and blank were found to be 9.48 x 1072, 8.67 x 1072,
8.53x 1072, 8.35x 1072, 743 x 102, 7.31 x 1072, 7.13 x 10~2 and
6.05 x 10~2 h~1 respectively (Table 1e). A high degree of linear rela-
tionship (R2 >0.95) between electron donor and time showed that
the RB-B reduction was according to first-order kinetics.

The decolorization batch assay for substrate specificity was done
by using various azo dyes. The decolorization kinetic rate constant
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of reactive azo dyes viz. RB-B, RM-13, RR-11and RR-141 were found
tobe 9.09 x 1072, 4.35 x 1072, 4.21 x 102, 3.86 x 10~2 h~!, respec-
tively, which were higher than non-reactive azo dyes viz. AO-16
2.39x1072h"!, DG-6 2.09 x 10-2h~! and RY-36 1.40 x 10-2h"!
(Table 1f). The decolorization kinetic constants of RB-B were higher
among all the azo dyes tested. This might be due to bacterial con-
sortium acclimatized in RB-B dye.

3.3.3. Activation energy (E,) determination during anaerobic
decolorization

The anoxic decolorization of RB-B by anoxically acclimatized
bacterial consortium followed a first-order kinetic with respect to
dye concentration. Thus, the first-order constant k; (h~1) was deter-
mined in each temperature tested. In order to calculate E; values
In (kq) versus 1000/T was plotted, and the slope E,/t was obtained
by the linear regression. This ratio was multiplied by the univer-
sal gas constant (R=8314]JK-1mol~! or 19,987 calK~! mol-!) to
obtain the E; value.

A significant effect of temperature on decolorization of the
diazo dye (RB-B) by anoxically activated bacterial consortium was
obtained. The decolorization increased from temperature 20 to
37°C and declined above 40°C and it depends upon activation
energy of the reaction as given by Arrhenius equation

k = Ko exp {—%} (9)

where Kj is the frequency factor and has the same unit as k, E, the
activation energy (calK-1mol~1), R the gas constant and T is the
temperature (K). Eq. (9) gives the overall relationship among dye
concentration, temperature and cell mass concentration.

At E
In [/‘To} = In(MKo) ~ (10)
where Ag and A; are dye concentrations (mg1-1)initially and at time
t (h), and M is the cell mass concentration (g MLSS). The left-hand
side of Eq. (10) was measured and plotted against the reciprocal of
temperature as shown in Fig. 3.

The high-degree linearity (R%>0.90) between two variables
gives reliable estimations of the activation energy (E;) and fre-
quency factor (Kp), which usually within 4-20kcalmol~! range,
mostly about 11 kcal mol~! [28]. Fig. 3 represents the Arrhenius
equation, which could describe the anoxic decolorization of RB-B
by bacterial consortium at different temperature, which was used
to calculate E,, and Ky values.

E.=11.67kcalmol™!, Ky =1.54 x 10’ mglgMLSS ' h™!

3.3.4. Application of steady-state kinetics for determination of K,
and Viax

The Michaelis constant, K, and the maximal rate, Viax can be
readily derived from rates of catalysis measured at a various sub-
strate (RB-B) concentrations. The K, values for a system depends
upon the specific dye (RB-B) and on environmental conditions viz.
pH, temperature, etc.

A double reciprocal or Lineweaver-Burk plot 1/[ V] versus 1/[S],
yields straight line with an intercept of 1/Vmax and a slope of
Km/Vmax. The decolorization of RB-B by acclimatized bacterial con-
sortium was studied at different concentration ranging from 25 to
200mgl-! in proposed nutrient medium at optimum environmen-
tal conditions. The double reciprocal plot of decolorization rate
mgl-! against RB-B concentration mgl-! was used to calculate
Vmax and Kp,.

Vmax = 15.97h7!, Ky = 85.66mgl™!
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Fig. 5. (a) Profile of COD reduction in combined two-stage anoxic-oxic reactor:
[RB-B]=100mgl-'; (b) effect of initial dye concentration and change in HRT on
decolorization of RB-B; initial pH 7.0; temperature =37 °C; St=10 rpm.

3.4. Lab-scale biodegradation in two-stage anoxic—oxic
continuous reactor

The decolorization of RB-B dye in two-stage anoxic—oxic reactor
was performed using a two-stage anoxic—oxic reactor (Fig. 4). The
major carbon sources are from glucose and partially from nutri-
ent broth that was added to the system, which could enhance
the color reduction efficiency. Two-stage anoxic—oxic process per-
formance regarding the COD removal was very high, i.e. 90-97%,
but maximum COD removal was observed in the aerobic reactor.
The COD of the reactor system effluent was determined at each
HRT viz. 10, 20, 24, 30 and 35 h. It was observed that during the
period of run at each HRT, COD removal in the initial 4-5 days was
low and fluctuating but after this period the reactor system sta-
bilized. The efficiency of stabilized reactor system was high and
constant. The COD removal was optimum at HRT of 24 h. About 70%
COD was removed during aerobic condition while 26% COD was
removed under anoxic condition (Fig. 5a). The reactor was operated
at different HRTs and concentration of RB-B. The 25 and 50 ppm
concentration of RB-B were decolorized within 12 and 20 h, respec-
tively, in anoxic-oxic reactor. Further increase in concentration of
RB-B to 75 and 100 ppm, about >90% color was removed in 24 h.
While it increases to 96% at 35 h HRT (Fig. 5b).

It was found that the intensity of absorption peaks of RB-B at
597, 398 and 330 nm decreased drastically within 24 h and these
peaks disappeared completely after 35 h. Further, a new peak was
observed at Amax =267 nm consistently in all the spectra of final
samples. This suggests the formation of an intermediate compound
during anoxic decolorization of RB-B (Fig. 6a). This was attributed to
cleavage products of azo linkage in the dyes [25]. There was further
increase in the decolorization efficiency up to 95% in the next 11 h.
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Fig. 6. (a) UV-vis spectral scan (200-700 nm) depicting decolorization/degradation of RB-B in two-stage anoxic-oxic reactor: [RB-B]=100mgl-'; (b) spectra depicting
amine reduction formed in anoxic treatment by aerobic treatment: [RB-B]=100mgl-'; (c) spectra depicting the degradation of textile wastewater in lab-scale reactor.

Temperature =37 °C; initial pH 7.0; St=10 rpm.

The UV-vis spectral changes represent disappearance of RB-B and
formation of a metabolite during anoxic decolorization reaction.
More than 90% decolorization was achieved in the anoxic reactor
as found earlier in this study. The intensity of the peak at 267 nm
was further reduced in the aerobic tank. An absorbance maxima
was seen at 267 nm decreased as a function of time (Fig. 6b). The
concentration of the metabolite was reduced by atleast 73%. Aerobic

reaction promoted the oxidation of the metabolites formed in the
anoxic reaction chamber. This is in accordance with the literature
reports [33,34,25].

The industrial textile wastewater was efficiently treated in lab-
oratory scale anoxic-oxic reactor. The physico-chemical analysis
of influent and effluent of treated textile wastewater is given in
Table 2. The maximum color removal was observed in 24h and
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Table 2
Physicochemical characteristic of the influent and treated effluent of industrial tex-
tile dye bath wastewater from two-stage anoxic-oxic reactor system

S. No. Parameters Influent Effluent
concentration concentration
(mgl-1) (mgl-1)
1 TDS 3580 2868
2 pH 115 7.4
3 COD 1412.8 182.6
4 BOD 367.12 38.28
5 Sulfate 252.95 11.35
6 Chloride 503.88 420.64
7 TKN 162.4 67.55
8 TOC 226.4 32.89
9 Color intensity (Asgz ) 0.49 0.09

N.D.: not detected; TDS: total dissolved solids; TKN: total kjeldahl nitrogen. BOD:
biological oxygen demand; COD: chemical oxygen demand; TOC: total organic car-
bon.

hence the reactor was operated at optimum HRT of 24 h. The
efficiency of treatment was enhanced by supplementing wastew-
ater with 2g1-! glucose and minerals. Color removal of 84% was
obtained in the anoxic reactor. Formation of black particles in the
reactor was observed due to formation of sulphides. The aromatic
amines and black color sulfide particles formed in the anoxic reac-
tor were significantly removed in the aerobic tank. More than 80%
of COD was removed by the two stages. The works regarding the
complete removal of black particles (black color) are in progress.
The spectrum of influent and effluent decolorization is depicted in
Fig. 6c¢.

4. Discussion

In order to develop an efficient bacterial decolorization pro-
cess, knowledge regarding the kinetics of decolorization and the
environmental factor affecting the rate of decolorization need to
be well identified. However, this kind of information has been
severely lacking in the literature. The kinetic properties of sub-
strate (dye) concentration and other rate dependent environmental
parameters (temperature, pH, co-substrate and different substrate
specificity of other dyes) were characterized quantitatively. Two-
stage anoxic-oxic decolorization has been demonstrated as an
effective and stable method in laboratory facilities under well-
controlled conditions [35]. A high degree of linear relationship
(R% >0.99) between the In [dye] and time showed that the color was
removed according to first-order kinetic in all batch decolorization
tests. The decolorization rate constants of RB-B dye were signifi-
cantly higher than the rate constants of other dye. In other words,
the RB-B azo dye decolorizes much faster than the other dyes.

Monoazo dye decolorization has been reported to follow first-
order kinetics with respect to dye concentration by several authors
[36,30], where as other studies mention zero order [37,38] or even
half order kinetics [39]. Furthermore, for the case of diazo and
polyazo dyes, only the first part of decolorization profiles has been
reported to follow first-order kinetics with respect to the dye con-
centration [30]. Post studies showed that the kinetic constants
decreased as the dye concentration were increased through simul-
taneous color and substrate removals [40,30].

The results of kinetic studies of this work provided fundamental
information for the design and operation of two-stage anoxic—oxic
reactor system for the treatment of synthetic azo dyes and azo-
dye-contaminated textile effluent. The effluent of a completely
anoxic reactor and the effluent of a combined A-O reactor pro-
vide evidence for the removal of aromatic amines. The individual
strains may attack the dye molecule at different positions or may
use decomposition products produced by another strain for fur-

ther decomposition [41]. Alternatively, it would be interesting to
obtain an active microbial culture towards toxic or recalcitrant com-
pounds. Maximum efficiency was obtained when the reactor was
supplemented with 2 g1-1 of glucose and the DO content was main-
tained at <0.5mgl~! [25]. A co-substrate was also reported to be
essential for the decolorization of several other dyes [42]. The rea-
son for accumulation of COD in the aerobic reactor at high HRT
is due to non-mineralized amines or slow degradation to another
cleavage product as mentioned by Tan and Field [43]. In these
studies it was demonstrated that the aerobic stage eliminated the
additional COD and attributed to removal of aromatic amines. The
color was removed under anaerobic conditions while the complete
mineralization of amines to CO,, H,O and NH3 occurs under aer-
obic conditions [44]. The decrease or disappearance of the new
peaks is in the range between 250 and 300 nm was observed in the
HPLC chromatogram [34,45] and UV spectrophotometer [46,47], all
indicates removal aromatic amines.

Azoreductases, a class of enzyme involved in the reductive
cleavage of the azo bond (-N=N-) is used in anaerobic degra-
dation by various organisms [48]. Azoreductase enzyme system
helps bacteria to decolorize high concentration of dyes with a
co substrate/electron donor under anaerobic conditions [29,49].
Taking these characteristics into consideration, the effect of increas-
ing RB-B concentration and other physicochemical parameters on
decolorization of azo dyes were determined.

5. Conclusions

Azo dyes with different chemical structures can be effectively
decolorized under anoxic conditions by specialized bacterial con-
sortium. The results of the kinetic studies provided fundamental
information for the design and operation of laboratory scale two-
stage anoxic—oxic reactor system for the treatment of synthetic azo
dyes and azo-dye-contaminated textile effluents.

Decolorization of RB-B in an anoxic system was found to fit first-
order equation with respect to dye concentration, temperature, pH,
electron donor/carbon source and substrate (azo dyes). The calcu-
lated activation energy value and frequency factor were found to be
11.67 kcalmg~! and 1.54 x 107 mglgMLSS~! h~!, respectively. The
Km and Vimax was found to be 15.97 h-! and 85.66 mgl-1, respec-
tively by using Lineweaver-Burk plot.

The two-stage anoxic-oxic reactor system proved to be success-
ful in achieving significant decolorization/degradation of azo dyes
by specific bacterial consortium with a removal of 84% color and
80% COD for real textile effluents vis-a-vis >90% color and COD
removal for synthetic dye solution.

Acknowledgments

Nishant Dafale gratefully acknowledges the Council of Scien-
tific and Industrial Research (CSIR), India for the award of a Senior
Research Fellowship (SRF) to carry out the work. The authors would
like to thank Dr. N.N. Rao and Mr. M. Karthik Scientist in WWT
Division for the valuable suggestion. Mr. Parikshit Verma Scientist
EIRA and Mr. Anshuman Khardenvis Scientist EGU are also acknowl-
edged for the help in carrying kinetic studies.

References

[1] H. Zollinger, Color Chemistry—Synthesis, Properties and Applications of
Organic Dyes and Pigments, VCH, New York, 1987, pp. 92-100.

[2] S.Padmavathy, S. Sandhya, K. Swaminathan, Y.V. Subrahmanyam, T. Chakraba-
tri, S.N. Kaul, Aerobic decolorization of reactive azo dyes in presence of various
cosubstrates, Chem. Biochem. Eng. 17 (2003) 147-151.

[3] G.Mcmullan, C. Meehan, A. Conneely, N. Nirby, T. Robinson, P. Nigam, .M. Banat,
R. Marchant, W.F. Smyth, Mini review: microbial decolorization and degrada-
tion of textile dyes, Appl. Microbial. Biotechnol. 56 (1/2) (2001) 81-87.



328 N. Dafale et al. / Journal of Hazardous Materials 159 (2008) 319-328

[4] C.I Pearce, J.R. Lloyd, ].T. Guthrie, The removal of color from textile wastewater
using whole bacterial cells: a review, Dyes Pigments 58 (3) (2003) 179-196.

[5] R. Powell, M. Murray, C. Chen, A. Lee, Survey of the manufacture, import and
uses for benzidine, related substances and related dyes and pigments. EPA
reports 560/13-79-005. Environmental Protection Agency, Washington, DC,
USA, 1979.

[6] C.M. Carliell, S.J. Barclay, N. Naidoo, C.A. Buckley, D.A. Mulholland, E. Senior,
Microbial decolorization of a reactive azo dye under anaerobic conditions,
Water SA 21 (1) (1995) 61-69.

[7] J.S.Chang, Y.C. Lin, Decolorization kinetics of recombinant Escherichia coli strain
harboring azo dye decolorization determinants for Rhodococcus sp., Biotechnol.
Lett. 23 (2001) 631-636.

[8] .M. Banat, P. Nigam, D. Singh, R. Marchant, Microbial decolorisation of textile-
dye containing effluents—a review, Bioresour. Technol. 58 (1996) 217-227.

[9] J.T.Spadaro, M.H. Gold, V. Renganathan, Decolorization of azo dyes by the lignin
degrading fungus Phanerochaete chrysosporium, Appl. Environ. Microbiol. 58
(1992) 2397-2401.

[10] C. O’ Neill, FE.R. Hawkes, D.L. Hawkes, N.D. Lourenco, H.M. Pinheiro, W. Delee,
Color in textile effluents—sources, measurement, discharge consents and sim-
ulation: a review, J. Chem. Technol. Biotechnol. 74 (1999) 1009-1018.

[11] Y.M. Slokar, A.M. Marechal, Methods of decolorization of textile wastewaters,
Dyes Pigments 37 (1997) 335-356.

[12] K.H. Choy, G. McKay, J.F. Porter, Sorption of acid dyes from effluents using
activated carbon, Resour. Conserv. Recy. 27 (1999) 57-71.

[13] Y. Xu, R.E. Lebrun, Treatment of textile dye plant effluent by nanofiltration
membrane, Sep. Sci. Technol. 34 (1999) 2501-2519.

[14] Y. Yang, D.T. Wyatt, Decolorization of textile dyestuffs using UV/H,0, photo-
chemical oxidation technology, Text. Chem. Color. 30 (4) (1998) 27-35.

[15] R. Pelegrini, P. Peralto-Zamora, A.R. De Andrade, J. Reyers, N. Duran, Electro-
chemically assisted photocatalytic degradation of reactive dyes, Appl. Catal. B:
Environ. 22 (1999) 83-90.

[16] P.C. Vandevivere, R. Bianchi, W. Verstraete, Treatment and reuse of wastewater
from the textile wet-processing industry: review of emerging technologies, ].
Chem. Technol. Biotechnol. 72 (1998) 289-302.

[17] A. Stolz, Basic and applied aspects in the microbial degradation of azo dyes,
Appl. Microbiol. Biotechnol. 56 (2001) 69-80.

[18] E. Raffi, C.E. Cerniglia, Comparison of the azoreductase and nitroreduc-
tase from Clostridium perfringens, Appl. Environ. Microbiol. 59 (1993) 1731-
1734.

[19] P. Verma, D. Madamwar, Decolorization of synthetic dyes by a newly isolated
strain of Serratia marcescens, World J. Microbiol. Biotechnol. 19 (2003) 615-618.

[20] M.E. Coughlin, B.K. Kinkle, A. Tepper, P.L. Bishop, Characterization of aerobic
azo dye-degrading bacteria and their activity in biofilms, Water Sci. Technol.
36 (1997) 215-220.

[21] N.Dafale, N.Rao, S. Meshram, S. Wate, Decolorization of azo dyes and simulated
dye bath wastewater using acclimatized microbial consortium—biostimulation
and holotolorance, Bioresour. Technol. 99 (2008) 2552-2558.

[22] N.C.G. Tan, J.L. Opsteeg, G. Lettinga, J.A. Field, in: B.C. Alleman, A. Lesson (Eds.),
Integrated Anaerobic/Aerobic EGSB Reactor for Azo Dye Degradation, vol. 5, no.
7, Battelle Press, Columbus Richland, 1999, pp. 253-258.

[23] G.L. Baughman, E.J. Weber, Transformation of dyes and related compounds
in anoxic sediment: kinetics and products, Environ. Sci. Technol. 28 (1994)
267-276.

[24] D.Brown, B. Hamburger, The degradation of dyestuff. Part III. Investigations of
their ultimate degradability, Chemosphere 16 (7) (1987) 1539-1553.

[25] S. Mohanty, N. Dafale, N. Rao, Microbial decolorization of reactive black-5
in a two-stage anaerobic-aerobic reactor using acclimatized activated textile
sludge, Biodegradation 17 (2006) 403-413.

[26] APHA, AWWA, WEF, Standard Method for the Examination of Water and
Wastewater, 20th ed., United Book Press, Ind., MD, USA, 1998.

[27] P.L. Mali, M.M. Mahajan, D.P. Patil, M.V. Kulkarni, Bio-decolorization of mem-
bers of triphenylmethanes and azo groups of dyes, ]. Sci. Ind. Res. 59 (2000)
221-224.

[28] M.L. Shuler, F. Kargi, Bioprocess Engineering: Basic Concepts, Prentice-Hall,
Englewood Clifts, NJ, USA, 1992, pp. 77-78.

[29] K. Wuhrmann, K. Mechnsner, T. Kappeler, Investigation on rate determining
factors in microbial reduction of azo dyes, Eur. J. Appl. Microbiol. Biotechnol. 9
(1980) 325-338.

[30] EP. Van der Zee, G. Lettinga, J.A. Field, Azo dye decolorization by anaerobic
granular sludge, Chemosphere 44 (2001) 1169-1176.

[31] P. Dubin, K.L. Wright, Reduction of azo dyes in cultures of Proteus vulgaris,
Xenobiotics 5 (1975) 563-571.

[32] J.P. Brown, Reduction of polymeric azo and nitro dyes by intestinal bacteria,
Appl. Environ. Microbiol. 41 (1981) 1283-1286.

[33] C.O'Neill, ER. Hawkes, D.W. Hawkes, S. Esteves, S.J. Wilcox, Anaerobic-aerobic
biotreatment of simulated textile effluent containing varied ratios of starch and
azo dye, Water Res. 34 (8) (2000) 2355-2361.

[34] C. O'Neill, A. Lopez, S. Esteves, FR. Hawkes, D.L. Hawkes, S. Wilcox, Azo-dye
degradation in an anaerobic-aerobic treatment system operating on simulated
textile effluent, Appl. Microbiol. Biotechnol. 53 (2) (2000) 249-254.

[35] M. Basibuyuk, C.F. Forster, The use of sequential anaerobic/aerobic process for
the biotreatment of a simulated dyeing wastewater, Environ. Technol. 18 (8)
(1997) 843-848.

[36] T.L.Hu, Degradation of azo dye RP, B by Pseudomonas luteola, Water Sci. Technol.
38 (4/5) (1998) 299-309.

[37] T. Watabe, N. Ozawa, F. Kobayashi, Reduction of sulfonated water-soluble azo
dyes by microorganism from human faeces, Food Cosmet. Toxicol. 18 (1980)
349-352.

[38] C. Harmer, P. Bishop, Transformation of azo dye AO-7 by wastewater biofilms,
Water Sci. Technol. 26 (3/4) (1992) 627-636.

[39] J. Yu, X. Wang, L. Yue, Optimal decolorization and kinetic modeling of synthetic
dyes by Pseudomonas strains, Water Res. 35 (15) (2001) 3579-3586.

[40] R.Bars, ML.LA. Ferra, H.M. Pinheiro, I.C. Goncalves, Batch test for assessing decol-
orization of azo dyes by methanogenic and mixed cultures, ]. Biotechnol. 89
(2001) 52-155.

[41] E. Forgacs, T. Cserhati, G. Oros, Removal of synthetic dyes from wastewaters: a
review, Environ. Int. 307 (2004) 953-971.

[42] H.Ozsoy, A. Unyayar, M. Mazmancl, Decolourisation of reactive textile dyes dri-
marene blue X3LR and remazol brilliant blue R by Funalia trogii ATCC 200800,
Biodegradation 16 (3) (2005) 195-204.

[43] N.C.G. Tan, J.A. Field, Biodegradation of sulfonated aromatic compounds, in: P.
Lens, L.W. Hulshoff-Pol (Eds.), Environmental Technologies to Treat Sulfur Pol-
lution. Principles and Engineering, IWA Publishing, London, 2000, pp. 377-392.

[44] D.T.Sponza, M. Isik, Reactor performances and fate of aromatic amines through
decolorization of Direct Black 38 dye under anaerobic/aerobic sequentials, Pro-
cess Biochem. 40 (1) (2005) 35-44.

[45] M. Isik, D.T. Sponza, Anaerobic/aerobic sequential treatment of a cotton textile
mill wastewater, ]. Chem. Technol. Biotechnol. 79 (11) (2004) 1268-1274.

[46] M.Isik, D.T. Sponza, Monitoring of toxicity and intermediates of C.I. Direct Black
38 azo dye through decolorization in an anaerobic/aerobic sequential reactor
system, J. Hazard. Mater. 114 (1-3) (2004) 29-39.

[47] C.B. Shaw, C.M. Carliell, A.D. Wheatley, Anaerobic/aerobic treatment of col-
ored textile effluents using sequential batch reactors, Water Res. 36 (8) (2002)
1993-2001.

[48] U. Meyer, Biodegradation of synthetic organic colorants. Microbial degrada-
tion of xenobiotic and recalcitrant compounds, in: T. Leisinger, A.M. Cook, R.
Hunter, ]. Nuesch (Eds.), FEMS Symposium 12, Academic Press, London, 1981,
pp. 371-385.

[49] E.S. Yoo, Kinetics of chemical decolorization of the azo dye C.I. reactive orange
96 by sulfide, Chemosphere 47 (2002) 925-931.



	Kinetic study approach of remazol black-B use for the development of two-stage anoxic-oxic reactor for decolorization/biodegradation of azo dyes by activated bacterial consortium
	Introduction
	Materials and methods
	Dyes and reagents
	Dye solution
	Acclimatization
	Isolation and identification of strains
	Study of physicochemical parameters
	Lab-scale two-stage anoxic-oxic continuous reactor
	Treatment of textile effluent
	Analysis

	Results and discussion
	Mechanism of microbial decolorization
	Effect of temperature and pH
	Kinetic study of RB-B decolorization
	Effect of initial RB-B concentration and glucose on first-order kinetics
	Decolorization kinetics of electron donor/co-substrate and different azo dyes for optimum efficiencies
	Activation energy (Ea) determination during anaerobic decolorization
	Application of steady-state kinetics for determination of Km and Vmax

	Lab-scale biodegradation in two-stage anoxic-oxic continuous reactor

	Discussion
	Conclusions
	Acknowledgments
	References


