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bstract

In the present study, an Enterococcus gallinarum strain was isolated from effluent treatment plant of a textile industry based on its ability to
ecolourize C.I. Direct Black 38 (DB38), a benzidine-based azo dye. Effects of dye concentration and medium composition on dye decolourization
ere studied. The strain was found to decolourize DB38 even under aerobic conditions. Kinetics of DB38 decolourization was also examined, and

−1 −1 −1 −1 −1

max and Ks of decolourization were found to be higher in Luria broth (12.8 mg l h and 490.6 mg l ) than in minimal medium (4.09 mg l h
nd 161.84 mg l−1). However, decolourization rate/biomass was found to be higher in minimal medium than in Luria broth, indicating greater
ecolourization efficiency of biomass in the former. The study also revealed biodegradation of DB38 to benzidine and its further deamination to
-aminobiphenyl (4-ABP) by the culture. Ammonia released during this process was used as nitrogen source for growth of the culture.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes represent the largest class of dyes applied in textile
rocessing, constituting up to 70% of all the known commercial
yes produced [1]. In textile dye baths, the degree of fixation
f dyes to fabrics is never complete, resulting in dye-containing
ffluents [2]. Azo dyes are characterized by presence of one or
ore azo bonds (–N N–) and are prepared by coupling a diazo-

ized aromatic amine with a phenol or aromatic amine. However,
hese dyes are split back to the constituent aromatic amines in
nimal body by liver enzymes and intestinal microflora [3,4].
ut of the 2000 dyes synthesized so far, more than 500 are
ased on carcinogenic amines. In fact, several of these aromatic
mines including benzidine and 4-aminobiphenyl (4-ABP) have
een classified by the International Agency for Research on Can-
er (IARC) as human carcinogens [5]. Hence, majority of azo
yes are also mutagenic and carcinogenic to humans as well as
ther animals [6], and removal of these dyes from the effluents
s necessary.
Different physical, chemical and biological techniques have
een applied for this purpose [7–10]. Most physico-chemical
ethods are expensive, are greatly affected by other wastewater
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onstituents, or generate waste products that must be handled
11]. Also, azo dyes are recalcitrant to conventional aerobic
astewater treatment processes [12]. Their persistence is mainly
ue to presence of sulpho and azo groups, as these groups do
ot occur naturally [13]. However, under anaerobic conditions,
acteria can reduce azo bonds by azoreductase enzyme [14]
nd release constituent amines that are susceptible to aerobic
iodegradation [15].

Most of the enterococci are normally associated with gas-
rointestinal tract of humans and other animals and can cause
ariety of infections and nosocomial diseases due to their
ncreasing resistance to antibiotics. So far, azoreductase activ-
ty has been characterized only in Enterococcus faecalis in this
roup [16]. Present study describes isolation of another entero-
occal strain, Enterococcus gallinarum capable of decolourizing
zo dye C.I. Direct Black 38 (DB38). DB38, although banned
n several countries, is still widely used for various applica-
ions like dyeing of fabric, leather, cotton, cellulose materials
nd plastic, and hence, it was selected for the study. E.
allinarum, used in this study, differs from other entero-
occi (including E. faecalis) in that it is not a true faecal
pecies and is normally present in the environment. It is a

otile vancomycin-resistant species implicated in several cases

f nosocomial infections like bacteraemia [17]. This is the
rst report showing dye decolourizing activity in E. galli-
arum.

mailto:t_chakrabarti@neeri.res.in
dx.doi.org/10.1016/j.jhazmat.2007.12.085
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Effect of medium composition on DB38 decolourization was
lso investigated along with monitoring of decolourization kinet-
cs. DB38 was found to be degraded to benzidine, which was
urther biotransformed to 4-ABP by the culture. Although there
re several reports about release of 4-ABP from benzidine-based
yes by mixed microbial communities [18,19], only Gnanamani
t al. [20] have demonstrated this in a pure culture of Strepto-
yces species. In our knowledge, this is not only the first report
emonstrating conversion of benzidine to 4-ABP by E. galli-
arum, but also the first report of utilization of benzidine as sole
ource of nitrogen for growth by any pure culture.

. Materials and methods

.1. Chemicals

DB38, a benzidine-based azo dye, was readily available
n the local market and was used as the model azo dye for
haracterizing dye decolourization activity of E. gallinarum
Fig. 1). The absorption maxima (λmax) of DB38 was found to be
50 nm by scanning dye solution in spectrophotometer. Benzi-
ine and 4-ABP were obtained from Sigma–Aldrich Chemicals,
SA.

.2. Isolation of the culture
The culture used in the study was isolated from effluent treat-
ent plant of a textile industry located in Nagpur, India, based

n its ability to decolourize DB38. It was cultivated on Luria
gar (composition in g l−1: casein enzymic hydrolysate, 10;

ig. 1. Proposed mechanism of DB38 degradation by E. gallinarum. Structure
f (A) Direct Black 38 (M.W. 781, C.I. no. 30235, CAS no. 1937-37-7), having
hree azo bonds, which are the sites of action for azoreductase enzyme, and its
egradation products, (B) benzidine, and (C) 4-aminobiphenyl.
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east extract, 5; NaCl, 5; agar, 15) and identified by 16S rRNA
equencing.

.3. Decolourization of DB38

To study the effect of nutritional value of the medium on
ecolourization, experiments were performed in two different
edia: a nutritionally rich complex medium and a nutrition-

lly poor minimal medium. Luria broth (composition in g l−1:
asein enzymic hydrolysate, 10; yeast extract, 5; NaCl, 5) and
minimal medium (Composition in g l−1: Na2HPO4, 1.264;
H2PO4, 0.326; NH4Cl, 1; MgSO4, 0.098; CaCl2, 0.044; glu-

ose, 1) were selected for this purpose. Dye concentrations used
n the study were 25, 50, 75, and 100 mg l−1 in minimal medium
nd 20, 50, 100, 200, and 250 mg l−1 in Luria broth. To set up the
xperiment, culture was grown to O.D.600 of 0.1 before adding
he dye. Experiments were carried out under ambient condi-
ions and samples were removed at different time intervals up
o 72 h for minimal medium and up to 48 h for Luria broth, as
ecolourization was slower in minimal medium.

.4. Degradation of benzidine

To check whether E. gallinarum can degrade benzidine,
t was inoculated in a nitrogen-free medium (Composition in
l−1: Na2HPO4, 1.264; KH2PO4, 0.326; MgSO4, 0.098; CaCl2,
.044; glucose, 1) containing 25 mg l−1 benzidine. A flask con-
aining benzidine, but not the culture, was kept as control. Both
asks were incubated at ambient temperature on shaker and
amples were removed at different time intervals. Growth of
he culture was measured in terms of O.D.600, while ammonia
elease was measured by distillation followed by titration with

2SO4 according to the Standard Method 4500-NH3-E [21].

.5. Analytical methods

.5.1. Decolourization
Samples were centrifuged to remove the bacterial cells

nd O.D. of the supernatant was determined at 550 nm (λmax
f DB38) using Lambda 900 UV–vis–NIR spectrophotometer
PerkinElmer). The concentration of dye was determined from
he O.D. by plotting a standard curve of dye concentration versus
.D. Decolourization results were expressed as:

% decolourization =
(

−d[DB38]

[DB38]0

)
× 100

Fractional decolourization rate

biomass
(h−1 g−1)

= − d[DB38]

dt × [DB38]0 × C

here d[DB38] = change in DB38 concentration (mg l−1),
DB38]0 = initial DB38 concentration (mg l−1), dt = time (h),

nd C = biomass (g).

Fractional decolourization rate is an important parameter as it
s independent of initial dye concentration and remains constant
or a dye-culture pair under a given set of operating condi-
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ions. Thus, it can be used to compare the effects of operating
onditions on dye decolourization.

.5.2. Adsorption
Dye decolourization by bacteria can be a biological process or

ccur by physical adsorption. To determine the extent of bioad-
orption, cells were treated with desorbing agents like NaOH
22], tween80, acetone, methanol and ethanol [23,24]. NaOH
as found to be more effective and was selected for further study.
riefly, pellets from centrifuged samples were homogenized
ith 0.1N NaOH for 5 min using a vortex mixer. Cell debris
as removed by centrifugation and supernatant was neutralized
ith HCl before measuring O.D. at 550 nm.

.5.3. Biomass
Samples were filtered through 0.22 �m filter (Millipore) and

ried in oven. Biomass was calculated from the dry weight of
ells collected on the filter paper.

.5.4. Oxidation/reduction potential (ORP)
In situ ORP values were measured with Orion 420A+ instru-

ent equipped with combo redox/ORP electrode (Thermo
lectron Corporation).

.5.5. HPLC analysis
Samples were centrifuged and supernatant clarified by pass-

ng through 0.45 �m filter. The filtrate was extracted with
iethyl ether, organic phase was dried in an evaporator and the
esulting residue was dissolved in methanol. Extracted sam-

les were analyzed on Waters HPLC system using mobile
hase of methanol:water (50:50) at a flow rate of 0.8 ml min−1.
P18 column (Spheri-10, 250 mm × 4.6 mm, 10 �m particle

ize, Biosystems) was used for the separation and the sepa-

l
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f
c

Fig. 2. Neighbour-joining tree showing phylogenetic placement of the E. gallin
s Materials 157 (2008) 187–193 189

ated components were detected using Lambda-max 481 UV/vis
etector set at 280 nm.

.5.6. GC–MS analysis
Samples were processed as in case of HPLC, except that

ichloromethane was used as the solvent for final dissolution of
amples. GC–MS analysis was carried out on Varian CP-3800
as chromatograph equipped with Saturn 2200 GC/MS/MS and
P-SIL-8CB capillary column (30 m × 0.25 mm i.d.). The GC
perating temperatures were: injector temperature 300 ◦C, oven
emperature programmed initially at 40 ◦C for 4 min and then
ncreased to 270 ◦C at 10 ◦C min−1. Helium was used as carrier
as at a flow rate of 1.1 ml min−1 and the analysis was carried
ut as per US EPA method 8270. Compounds were identified
sing NIST library.

. Results and discussion

.1. Decolourization of DB38

A culture was isolated from effluent treatment plant of a tex-
ile industry based on its ability to decolourize dye and was
dentified as E. gallinarum by 16S rRNA sequencing (GenBank
ccession number DQ864487; Fig. 2). Dye decolourization
ctivity has not been reported in this culture so far. It was tested
or its ability to decolourize DB38 dye in a minimal medium. To
etermine the effect of dye concentration on decolourization, 4
ifferent concentrations of DB38 (25, 50, 75, and 100 mg l−1)
ere studied. Decolourization was found to be due to both bio-
ogical azo dye reduction and adsorption (Fig. 3). Net biological
ye decolourization was estimated by subtracting dye adsorption
rom total dye removal in the medium (Fig. 4). From figures, it is
lear that E. gallinarum showed good dye decolourization activ-

arum culture isolated in this study (GenBank accession no. DQ864487).
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Fig. 3. (A) Total DB38 removal and (B) adsorption of DB38 by E. galli

ty and could remove 53–63% of DB38 within 24 h in minimal
edium. Decolourization was also tested in Luria broth and dye

emoval was found to be 71–85% (Fig. 4). Thus, decolouriza-
ion was better in nutritionally richer Luria broth than minimal

edium.

.2. Biomass

Dry weight was used as the measure of biomass because
ye adsorbed to cells interfered with spectrophotometric estima-
ion in terms of O.D. Biomass was determined in both minimal

edium and Luria broth at various dye concentrations and
rowth in minimal medium was found to be slower than that
n Luria broth (Fig. 5). This might be the reason why decolour-
zation in Luria broth was better than that in minimal medium,
s higher biomass will decolourize the dye faster [25]. How-
ver, if biomass is present in far excess than required, although
t decolourizes at faster rate, it results in lower efficiency of
iomass as biocatalyst. This can be checked by normalizing
he decolourization rate with biomass. Indeed, the fractional

ecolourization rate/biomass was found to be higher in minimal
edium (0.17 h−1 g−1) than Luria broth (0.1 h−1 g−1), indicat-

ng more efficient use of biomass for dye decolourization in
inimal medium.

(
y
e
i

ig. 4. Net biological decolourization of DB38 by E. gallinarum in (A) minimal med
in minimal medium. Legends show the concentrations of DB38 used.

Further, growth of E. gallinarum was found to be inhibited by
ye and/or its degradation products in both the media (Fig. 5).
aximum biomass achieved in the presence of dye was found

o be only 30.4 and 37.5% of that obtained in the absence of dye
n minimal medium and Luria broth respectively.

.3. ORP

There are several reports about decolourization of azo dyes
nder anaerobic conditions [26]. On checking ORP of exper-
mental systems in the present investigation, all the values
ere found to fall in aerobic range in both minimal medium

175.2–190.8 mV) as well as Luria broth (109.2–136.7 mV).
hus, E. gallinarum seems to be able to decolourize azo dyes
ven under aerobic conditions.

.4. Degradation mechanism

It is very well known that decolourization of DB38 involves
eduction of its azo bonds, resulting in release of benzidine

Fig. 1). This was clearly evident from spectrophotometric anal-
sis of DB38 before and after decolourization. While DB38
xhibited maximum absorbance at 550 nm, upon decolour-
zation, absorbance at 550 nm disappeared and a new peak

ium and (B) Luria broth. Legends show the concentrations of DB38 used.
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reaction, it must involve release of NH3 (Fig. 1), which can be
used as a source of nitrogen for growth. Hence, we also measured
release of NH3 from benzidine in the nitrogen-free medium.
NH3 level peaked at 4.2 mg l−1 on 5th day followed by gradual
ig. 5. Growth of E. gallinarum in presence or absence (control) of DB38 in (A
sed.

merged at 284 nm, giving the typical spectrum of benzidine
Fig. 6).

Since benzidine is the major mutagenic moiety of DB38, it
as necessary to check whether it can be degraded further or
ot. Also, the decolourized dye would contain other dye com-
onents apart form benzidine and hence, it was reasonable to
tudy the degradability of benzidine explicitly to avoid any con-
usion. For this E. gallinarum was inoculated in a nitrogen-free
edium containing 25 mg l−1 benzidine. Samples were with-

rawn at different time intervals and analyzed by HPLC. Fig. 7
hows the chromatograms of 0th day and 10th day samples
long with standard 4-ABP. 0th day sample shows the peak of
enzidine only, while 10th day sample shows a peak of ben-
idine along with another peak corresponding to 4-ABP. This
learly demonstrates degradation of benzidine to 4-ABP. Iden-
ification of 4-ABP was further confirmed by GC–MS analysis
Fig. 7). Thus, DB38 was not only decolourized by reduction
f azo bonds to release benzidine, but benzidine was also fur-
her degraded to 4-ABP. No other intermediates of benzidine
egradation could be identified in the analysis. Although there
re several reports about release of 4-ABP from benzidine-based

yes by mixed microbial communities [18,19], only Gnanamani
t al. [20] have demonstrated this in a pure culture of Strepto-
yces sp. This is the first report demonstrating conversion of

ig. 6. UV–vis spectra of (a) benzidine, (b) DB38, and (c) decolourized DB38
fter 24 h.

F
(
o
a
t
o

imal medium and (B) Luria broth. Legends show the concentrations of DB38

enzidine to 4-ABP with a pure bacterial culture of enterococcal
roup.

Since degradation of benzidine to 4-ABP is a deamination
ig. 7. Identification of intermediates of DB38 degradation by E. gallinarum.
A) HPLC chromatograms of (a) 4-ABP, and samples of benzidine degradation
n (b) 10th day and (c) 0th day. Benzidine peak has clearly reduced on 10th day
s compared to 0th day sample. A peak corresponding to 4-ABP is also seen in
he 10th day sample, but not in 0th day sample. (B) GC–MS spectrum of sample
f benzidine degradation on 10th day showing presence of 4-ABP.



192 A. Bafana et al. / Journal of Hazardou

F
d

r
N
n
i
t
u

3

D
D
f
p
t
d

L
a
3

4

D
i
t
T
i
b
s

c
d

A

t
o
g
s

R

[

[

[

[

[

[

[

[

ig. 8. Reciprocal plot showing effect of DB38 concentration on rate of
ecolourization by E. gallinarum.

eduction to 1.4 mg l−1 on 10th day. Control flask showed no
H3, indicating that NH3 release in the experimental flask was
ot abiotic. Also, O.D.600 of the culture in the experimental flask
ncreased from 0 to 0.12 on 10th day. This conclusively proves
hat E. gallinarum can degrade benzidine to release NH3 and
se it as nitrogen source for growth.

.5. Kinetic analysis of DB38 decolourization

Dye decolourization by E. gallinarum was studied at different
B38 concentrations in both minimal medium and Luria broth.
ye decolourization rates at various DB38 concentrations were

ound to follow Monod kinetics. Fig. 8 shows the reciprocal
lot of decolourization rate (mg l−1 h−1) against dye concen-
ration (mg l−1). Vmax and Ks for dye decolourization could be
etermined from the graph as:

In minimal medium, Vmax = 4.09 mg l−1 h−1 and
Ks = 161.84 mg l−1

In Luria broth, Vmax = 12.8 mg l−1 h−1 and Ks = 490.6 mg l−1

Thus, Vmax as well as Ks of decolourization are higher in
uria broth. This must be due to relatively higher biomass values
chieved in Luria broth than in minimal medium (Fig. 5; Section
.2).

. Conclusions

An E. gallinarum strain capable of decolourizing azo dye
B38 was isolated from effluent treatment plant of a textile

ndustry. The dependence of dye decolourization rate on concen-
ration of DB38 could be described in terms of Monod kinetics.

he culture was found to exhibit versatile activities of decolour-

zing azo dyes under aerobic conditions, degrading resulting
enzidine by deamination and utilizing the NH3 released as sole
ource of nitrogen for growth. Hence, it seems to be a good

[

s Materials 157 (2008) 187–193

andidate for further research for bioaugmenting large-scale
ecolourization processes.

cknowledgements

Amit Bafana gratefully acknowledges Council of Scien-
ific and Industrial Research (CSIR), New Delhi for the award
f Shyama Prasad Mukherjee (SPM) Fellowship. The authors
ratefully acknowledge Director, NEERI for providing neces-
ary facilities to carry out the research work.

eferences

[1] C.M. Carliell, S.J. Barclay, C. Shaw, A.D. Wheatley, C.A. Buckley, The
effect of salts used in textile dyeing on microbial decolourisation of a
reactive azo dye, Environ. Technol. 19 (1998) 1133–1137.

[2] C. O’Neill, F.R. Hawkes, D.L. Hawkes, N.D. Lourenço, H.M. Pinheiro,
W. Delée, Colour in textile effluents––sources, measurement, discharge
consents and simulation: a review, J. Chem. Technol. Biotechnol. 74 (1999)
1009–1018.

[3] W.G. Levine, Metabolism of azo dyes: implication for detoxification and
activation, Drug Metab. Rev. 23 (1991) 253–309.

[4] K.T. Chung, S.E. Stevens, C.E. Cerniglia, The reduction of azo dyes by the
intestinal microflora, Crit. Rev. Microbiol. 18 (1992) 175–190.

[5] N. Irving Sax, Cancer Causing Chemicals, Van Nostrand Reinhold Com-
pany, 1986, pp. 457.

[6] R. Nilsson, R. Nordlinder, U. Wass, Asthma, rhinitis, and dermatitis in
workers exposed to reactive dyes, Br. J. Ind. Med. 50 (1993) 65–70.

[7] O.J. Hao, H. Kim, P.C. Chang, Decolorization of wastewater, Crit. Rev.
Environ. Sci. Technol. 30 (2000) 449–505.

[8] M. Hou, F. Li, X. Liu, X. Wang, H. Wan, The effect of substituent groups on
the reductive degradation of azo dyes by zerovalent iron, J. Hazard. Mater.
145 (2007) 305–314.

[9] N. Daneshvar, M.H. Rasoulifard, A.R. Khataee, F. Hosseinzadeh, Removal
of C.I. acid orange 7 from aqueous solution by UV irradiation in
the presence of ZnO nanopowder, J. Hazard. Mater. 143 (2007) 95–
101.

10] V.K. Gupta, R. Jain, S. Varshney, Removal of reactofix golden yellow 3
RFN from aqueous solution using wheat husk––an agricultural waste, J.
Hazard. Mater. 142 (2007) 443–448.

11] F. Zhang, A. Yediler, X. Liang, A. Kettrup, Effects of dye additives on the
ozonation process and oxidation byproducts: a comparative study using
hydrolyzed CI Reactive red 120, Dyes Pigm. 60 (2004) 1–7.

12] G.M. Shaul, T.J. Holdsworth, C.R. Dempsey, K.A. Dostal, Fate of water
soluble azo dyes in the activated sludge process, Chemosphere 22 (1991)
107–119.

13] A. Paszczynski, M.B. Pasti-Grigsby, S. Goszczynski, R.L. Crawford, D.L.
Crowfud, Mineralization of sulfonated azo dyes and sulfanilic acid by
Phanerochate chrysosporium and Streptomyces chromofuscus, Appl. Env-
iron. Microbiol. 58 (1992) 3598–3604.

14] T. Zimmermann, H.G. Kulla, T. Leisinger, Properties of purified orange II
azoreductase, the enzyme initiating azo dye degradation by Pseudomonas
KF46, Eur. J. Biochem. 129 (1982) 197–203.

15] N.C.G. Tan, A. Leeuwen van, E.M. van Voorthuizen, F.X. Prenafeta Boldu,
H. Temmik, G. Lettinga, J.A. Field, Fate and biodegradability of sulfonated
aromatic amines, Biodegradation 16 (2005) 527–537.

16] H. Chen, R. Wang, C. Cerniglia, Molecular cloning, overexpression, purifi-
cation, and characterization of an aerobic FMN-dependent azoreductase
from Enterococcus faecalis, Protein Expr. Purif. 34 (2004) 302–310.

17] H. Leclerc, L.A. Devriese, D.A.A. Mossel, Taxonomical changes in intesti-
nal (faecal) enterococci and streptococci: consequences on their use as

indicators of faecal contamination in drinking water, J. Appl. Bacteriol. 81
(1996) 459–466.

18] B.W. Manning, C.E. Cerniglia, W.W. Federle, Metabolism of the benzidine-
based azo dye Direct Black 38 by human intestinal microbiota, Appl.
Environ. Microbiol. 50 (1985) 10–15.



rdou

[

[

[

[

[

[

A. Bafana et al. / Journal of Haza

19] K. Kumar, S. Devi, K. Krishnamurthi, S. Gampawar, N. Mishra, G. Pandya,
T. Chakrabarti, Decolorisation, biodegradation and detoxification of ben-
zidine based azo dye, Bioresour. Technol. 97 (2006) 407–413.

20] A. Gnanamani, M. Bhaskar, R. Ganga, G. Sekaran, S. Sadulla, Chemical
and enzymatic interactions of Direct Black 38 and Direct Brown 1 on
release of carcinogenic amines, Chemosphere 56 (2004) 833–841.
21] APHA, AWWS, WPCF, Standard Methods for the Examination of Water
and Wastewater, 18th ed., American Public Health Association, Washing-
ton, DC, USA, 1991.

22] S. Sumathi, V. Phatak, Fungal treatment of bagasse based pulp and paper
mill wastes, Environ. Technol. 19 (1999) 93–98.

[

[

s Materials 157 (2008) 187–193 193

23] M.C. Brahimi-Horn, S.L. Lim Liany, D.G. Mou, Binding of textile azo
dyes by Mirothecium verrucaria, J. Ind. Microbiol. Biotechnol. 10 (1992)
245–261.

24] J.K. Polman, C.R. Breckenridge, Biomass-mediated binding and recov-
ery of textile dyes from waste effluents, Text. Chemist Colorist 28 (1996)
31–35.
25] J.P. Chen, Y.S. Lin, Decolorization of azo dye by immobilized Pseu-
domonas luteola entrapped in alginate-silicate sol-gel beads, Process
Biochem. 42 (2007) 934–942.

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


	Biological decolourization of C.I. Direct Black 38 by E. gallinarum
	Introduction
	Materials and methods
	Chemicals
	Isolation of the culture
	Decolourization of DB38
	Degradation of benzidine
	Analytical methods
	Decolourization
	Adsorption
	Biomass
	Oxidation/reduction potential (ORP)
	HPLC analysis
	GC-MS analysis


	Results and discussion
	Decolourization of DB38
	Biomass
	ORP
	Degradation mechanism
	Kinetic analysis of DB38 decolourization

	Conclusions
	Acknowledgements
	References


