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1 Introduction

Color is a visible pollutant and its presence has always been undesirable in water
used for either industrial or domestic needs. The exact period of the commencement
of the art of dyeing in the world could not be ascertained correctly. However,
archaeological evidence shows that dyeing was a wide-spread industrial enterprise
in Egypt, India and Mesopotamia round third millennium B.C. (Ouzman 1998).
Ever since the beginning of human civilization, people have been using colorants
for painting and dyeing of their surroundings, skins and clothes. Until the mid 19th
century, all colorants applied were from natural origin. These dyes were from plant
sources, like roots, berries, bark, leaves, wood, fungi, and lichens. They fade early,
because they were from natural origin and degradable. William Henry Perkin
discovered the first synthetic dye stuff “Mauve” (aniline, a basic dye) while
searching for a cure for malaria and thus, a new industry has opening. It was a
brilliant fuchsia type color, but faded easily. Synthetic dyes were named after the
chemical structure of the chromophoric group (azo dyes, anthraquinone dyes,
xanthene dyes, triphenylmethane dyes, etc.) (Zollinger 2003). Amongst complex
industrial wastewater with various types of coloring agents, dye wastes are pre-
dominant (Anjaneyulu et al. 2005).

Color is contributed by phenolic compounds, such as tannins, lignins (2-3 %)
and organic colorants (3—4 %) (Clarke and Steinle 1995). However, synthetic dyes
including dye intermediates i.e. sulfur, mordant, reactive, cationic, disperse, azo,
acid, and vat dyes contribute maximum to waste waters (Raghavacharya 1997).
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Dyes are difficult to be decolorized due to their complex structure, synthetic origin
and recalcitrant nature. Therefore, it is obligatory to remove them from industrial
effluents before being disposed into water bodies. The color of water polluted with
organic colorants gets reduced with the cleavage of the -C=C—, -N=N- bonds as
well as heterocyclic and aromatic rings. The absorption of light by the associated
molecules shifts from the visible to the ultraviolet or infrared region of the elec-
tromagnetic spectrum (Strickland and Perkins 1995). There are about 12 classes of
chromogenic groups, among which, the most common are the azo dyes, which
make up to 60-70 % of all textile and tannery dyestuffs produced (Carliell et al.
1996), followed by the anthraquinone type. Discharge of colorless effluents loaded
with toxic and hazardous pollutants to water bodies is not usually objected. On the
other hand, the discharge of colored effluents, though less toxic, is often objected by
the public on the assumption that color is an indicator of pollution. It is, therefore,
not surprising to note that color in wastewater has now been considered as a
pollutant that needs to be treated before discharge. Wastewater treatment using
biological process for decolorization of industrial effluents is still ambiguous and
divergent.

2 Microbial Treatment of Waste Water Containing Dyes

Rapid industrialization releases an array of environmental pollutants which include
several xenobiotics (Khan et al. 2013). These compounds are highly toxic and most
of them are carcinogenic in nature. Therefore, they have been listed as highly toxic
pollutants by the United States Environment Protection Agency (http://www.epa.
gov). The synthetic dyes constitute the largest class and are widely used in the
textile, cosmetic, printing, drug, and food processing industries. These dyes are
toxic, mutagenic and carcinogenic in nature and have negative impact on the living
organisms (Dos Santos et al. 2007). In the dyeing process, most of dyes remain
unbound and get released into the environment with wastewater. This is an
alarming situation. A dye house effluent typically contains 0.6-0.8 g dye 1" (Gahr
et al. 1994). Microbial degradation of textile dyes has become a key research area in
environmental sciences. The microbes adapt to the toxic wastes and develop new
resistant mechanism, they can biodegrade various toxic chemicals into less harmful
forms. Many bacterial, fungal and algal species have developed the ability to absorb
and/or degrade azo dyes (Pandey et al. 2007).

2.1 Bacterial Biodegradation

Microbial decolorization and degradation is an eco-friendly and cost-competitive
alternative to the chemical decomposition process (McMullan et al. 2001). Most of
studies on dye biodegradation have focused on bacteria and fungi, in which bacteria
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are found to be more efficient and effective (Chang et al. 2001; Khehra et al. 2005).
In the biodegradation, the original dye structure is cleaved into fragments by the
microbial cells. Sometimes, bacterial degradation achieves complete mineralization,
i.e. conversion of dyes into CO,, biomass and inorganics (Kolekar et al. 2012).
Thus, textile industries have to develop an effective biological effluent treatment
method as an alternative to the conventional physico-chemical effluent treatment
methods.

2.1.1 Decolorization Under Aerobic Conditions

Several bacterial strains, that can aerobically decolorize azo dyes, have been iso-
lated during the past few years. Many of these strains require organic carbon
sources, as they cannot utilize dye as the growth substrate (Stolz 2001). Pseudo-
monas aeruginosa decolorized a commercial tannery and textile dye, Navitan Fast
blue S5R, in the presence of glucose under aerobic conditions along with other azo
dyes (Nachiyar and Rajkumar 2003). In the degradation of dyes, these bacteria
cleave -N=N- bonds reductively and utilize amines as the source of carbon and
energy for their growth. Such organisms are very specific to their substrate. Other
bacterial strains with this trait are Xenophilus azovorans KF46 (previously known
as Pseudomonas sp. KF46) and Pigmentiphaga kullae K24 (previously known as
Pseudomonas sp. K24), which were grown aerobically on carboxy-orange I and
carboxy-orange II, respectively (Zimmermann et al. 1982). These organisms,
however, could not grow on structurally analogous sulfonated dyes, acid orange 20
and acid orange 7. Long adaptation of 4-aminobenzene sulfonate degrading Hy-
drogenophaga intermedia for growth on 4-carboxy-4'-sulfoazobenzene as the sole
organic carbon source led to the isolation of other strain which reduced the dye and
utilized the two amine metabolites formed (Blumel et al. 1998). Sphingomonas sp.
strain 1CX, an obligate aerobic bacterium, was able to grow on azo dye, acid orange
7, as sole source of carbon, energy and nitrogen (Coughlin et al. 1999). This strain
degraded only one of the component called amines (1-amino 2-naphthol) formed
during decolorization of acid orange 7 and 4-aminobenzene sulfonate degradation.

2.1.2 Decolorization Under Anaerobic Conditions

Methanogenesis of complex organic compounds requires the co-ordinated partici-
pation of many different groups of bacteria, including acidogenic, acetogenic and
methanogenic bacteria (Wuhrmann et al. 1980). Dye decolorization under these
conditions requires an organic carbon/energy source. Simple substrates, like glu-
cose, starch, acetate, ethanol and more complex ones, such as whey and tapioca,
have been used for dye decolorization under methanogenic conditions (Yoo et al.
2001; van der Zee and Villaverde 2005). Extensive studies have been carried out to
determine the role of the diverse groups of bacteria associated with the decolor-
ization of azo dyes under methanogenesis (Carliell et al. 1996). However, a few
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investigators have shown that acidogenic as well as methanogenic bacteria also
contribute to dye decolorization. Reduction under anaerobic conditions appears to
be non-specific, as a group of azo compounds are decolorized. In such situation, the
rate of decolorization is dependent on the added organic carbon source, as well as
the dye structure (Stolz 2001). Furthermore, there is no correlation between
decolorization rate and molecular weight, indicating that decolorization is not a
specific process and cell permeability is not important for decolorization. Thus,
anaerobic azo dye decolorization is the process where dye might act as an acceptor
of electrons supplied by carriers of the electron transport chain. Alternatively,
decolorization might be also attributed to non-specific extracellular reactions
occurring between reduced compounds generated by the anaerobic biomass (van
der Zee et al. 2001).

2.1.3 Decolorization Under Anoxic Conditions

Anoxic decolorization of various azo dyes by mixed aerobic and facultative
anaerobic microbial consortia has been reported by various workers (Nigam et al.
1996; Khehra et al. 2005; Moosvi et al. 2005). Although many of these cultures
were able to grow aerobically, decolorization was achieved only under anoxic
conditions. Pure bacterial strains, such as Pseudomonas luteola, Aeromonas hy-
drophila, Bacillus subtilis, Proteus mirabilis and Pseudomonas sp. decolorized azo
dyes under anoxic conditions (Chang et al. 2001; Yu et al. 2001; Chen et al. 2003).
Azo dye decolorization by mixed as well as pure cultures generally required
complex organic sources, such as yeast extract, peptone, or a combination of
complex organic sources (Chen et al. 2003; Khehra et al. 2005). Glucose is the
preferred substrate in anaerobic dye decolorization under methanogenic conditions,
but its suitability for anoxic dye decolorization by facultative anaerobes and fer-
menting bacteria seems to vary depending on the bacterial culture. Decolorization
of Mordant Yellow 3 by Sphingomonas xenophaga strain BN6 was greatly
enhanced by glucose, whereas a significant decrease in azo dye decolorization in its
presence was reported for Pseudomonas luteola, Aeromonas sp. and a few other
mixed cultures (Haug et al. 1991; Chang et al. 2001). The negative effect of glucose
on anoxic decolorization has been attributed either to a decrease in pH due to acid
formation, or to catabolic repression (Chen et al. 2003).

2.1.4 Anaerobic Azo Dye Reduction

Anaerobic azo dye reduction is the reductive cleavage of azo linkages resulting in
the formation of aromatic amines. As aromatic amines are generally colorless, azo
dye reduction is also referred to as azo dye decolorization. The first study on azo
dye reduction was published as early as 1937, when the decolorization of food azo
dyes by lactic acid bacteria isolated from the human gut was reported (Brohm
and Frohwein 1937). Hence, as the formation of toxic aromatic amines in humans



Bacterial Degradation of Textile Dyes 247

was a matter of concern, research on bacterial azo dye reduction has focused on the
activity of facultative anaerobic bacteria from mammalian intestines (Walker 1970;
Chung et al. 1992). Later, when the removal of dyes from wastewater became a
problem, bacteria from other origins were also used to investigate anaerobic azo dye
reduction by pure cultures (Wuhrmann et al. 1980), mixed cultures (Haug et al.
1991), anaerobic sediments, digester sludge (Brown and Laboureur 1983), anaer-
obic granular sludge and activated sludge under anaerobic conditions. A large
number of azo dyes that can be reduced by different bacteria indicate that azo dye
reduction is a non-specific reaction and that the capability of reducing azo dye can
be considered as a universal property of anaerobic bacteria.

2.1.5 Aerobic Oxidation of Aromatic Amines

Various substituted amino-benzene, amino-naphthalene and amino-benzidine
compounds have been found aerobically biodegradable (Ekici et al. 2001). The
conversion of these compounds generally requires enrichment of specialized aer-
obes. In some cases, biodegradation was only achieved in nitrogen-free medium
(Konopka 1993). Especially sulfonated aromatic amines are very difficult to be
degraded. Their low biodegradability is due to the hydrophilic nature of the sul-
fonate group which obstructs membrane transport. The biodegradation of sulfo-
nated aromatic amines has been demonstrated for relatively simple sulfonated
aminobenzene and aminonaphthalene compounds. Another transformation, that
aromatic amines may undergo, is auto oxidation when exposed to oxygen. Espe-
cially aromatic amines with ortho-substituted hydroxyl groups are susceptible to
auto-oxidation (Kudlich et al. 1999). Many aromatic amines, e.g. substituted ani-
lines, amino-benzidines and naphthylamines, have been found to oxidize initially
oligomers and eventually dark-colored polymers with low solubility which are
easily removed from the water phase (Field et al. 1995).

2.1.6 Combined Anaerobic-Aerobic Treatment

The prerequisite for oxidative degradation of azo dye is reductive fission of the azo
linkage under anaerobic condition, followed by aerobic degradation for complete
removal of azo dyes (Field et al. 1995). Two different approaches can be discerned:
sequential treatment in separate reactors and integrated treatment in a single reactor.
The integrated approach is based on temporal separation of the anaerobic and the
aerobic phase, as in sequencing batch reactors or on the principle that diffusion of
oxygen in microbial biofilms is usually limited to 10-100 pm, so that anaerobic and
aerobic conditions co-exist in a single environment (Lens et al. 1995). The removal
of color in the anaerobic stage was generally high, mostly higher than 70 % and in
several cases, even achieved almost 100 %. Color removal efficiencies differed
widely in dyes, when the removal of different azo dyes was tested under similar
conditions.
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The reaction time is an important factor in the anaerobic removal of azo dyes. A
decrease in the hydraulic retention time of the anaerobic stage was found to result in
lower color removal efficiency and anaerobic azo dye reduction is also slow
reaction (An et al. 1996). The biomass concentration also plays an important role in
the anaerobic removal of azo dyes. Decrease in biomass and retention time of a
sequencing batch reactor results in lower color removal efficiency (Lourenco et al.
2000). The percent recovery of aromatic amines ranged between <1 % to almost
100 %. A wide range in percent recovery may partly be explained by the difficulties
encountered in analyzing these often chemically unstable compounds. Partial or
complete removal of many aromatic amines can be suspected from the decrease or
disappearance of the sometimes unidentified peaks in HPLC chromatograms
(O’Neill et al. 1999; Lourencgo et al. 2000) as well as from the decrease in UV
absorbance. Moreover, a large decrease in toxicity to aerobic bacterial activity was
measured between the effluents of anaerobic and aerobic stage (O’Neill et al. 1999).
In summary, combined anaerobic-aerobic biological treatment holds to be a
promising method to remove azo dyes from wastewater. However, there are two
possible bottlenecks: (i) anaerobic azo dye reduction is a time-consuming process
as reflected by the requirement of long reaction time and (ii) the fate of aromatic
amines during aerobic treatment is not conclusively elucidated.

2.2 Fungal Biodegradation

Lignin-degrading fungi, white-rot fungi, can degrade a wide range of aromatics. In
earlier reports, the dyes were degraded efficiently by wood-rotting fungi (e.g.
Phanerochaete chrysosporium, Trametes sp.). Eventually, they were also found to
be responsible for the degradation of lignin (David et al. 1994). In the fungal
degradation, there are a few reports of adsorption of dyes on the fungal cells which
forms sludge which requires further treatment. In this scenario, the fungal treatment
of dye containing effluents is usually time consuming and difficult also (Erden el al.
2011). This property is mainly due to the relatively non-specific activity of fungal
lignolytic enzymes, such as lignin peroxidase, manganese peroxidase and laccase.
The reactions catalyzed by these extracellular enzymes are oxidation reactions, e.g.
lignin peroxidase catalyses the oxidation of non-phenolic aromatics, whereas
manganese peroxidase and laccase catalyze the oxidation of phenolic compounds
(McMullan et al. 2001).

The degradation of dyes by white-rot fungi was first reported as early as in 1983
(Glenn and Gold 1983). Since then, it has been the subject of many research
projects. Virtually all dyes from chemically distinct groups are prone to fungal
oxidation, but there has been a wide difference among fungal species with respect to
their catalyzing power and dye selectivity. Fungal degradation of aromatic struc-
tures is a secondary metabolic event which starts when nutrients (C, N and S)
become limiting factors (Kirk and Farrell 1987). Therefore, the enzymes are opti-
mally expressed under the starving conditions. However, supplementation of
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energy substrates and nutrients are necessary for the propagation of cultures. Other
important factors for the cultivation of white-rot fungi and expression of lignolytic
activity are the availability of enzyme co-factors and the pH of the environment.
Although stable operation of continuous fungal bioreactors for the treatment of
synthetic dye solutions has been achieved (Mielgo et al. 2001), but application of
white-rot fungi for the removal of dyes from textile wastewater faces many prob-
lems. As the wastewater is not natural, the enzyme production in white-rot fungi
may be unreliable and the biomass growth and retention in bioreactors may be a
matter of serious concern (Stolz 2001). Treatment of large volumes of wastewater
may be very difficult, as extraction and concentration of dyes are necessary factors
prior for the fungal treatment (Nigam et al. 2000). Furthermore, the low optimum
pH for lignin peroxidase (4.5-5.0) requires extensive acidification of the usually
highly alkaline textile wastewater which causes inhibition of other useful micro-
organisms, like bacteria. Moreover, other wastewater constituents, especially aro-
matics, may also interfere with fungal dye degradation (Stolz 2001).

2.3 Algal Biodegradation

Degradation of azo dyes by algae has been reported only in few studies. The
degradation pathway is thought to involve reductive cleavage of the azo linkage,
followed by further degradation (mineralization) of aromatic amines formed.
Hence, algae have been demonstrated to degrade several aromatic amines, even
sulfonated azo dyes. In open wastewater treatment systems, especially in (shallow)
stabilization ponds, algae may, therefore, contribute to the removal of azo dyes and
aromatic amines from the wastewater. However, algal biodegradation of dyes has
some limitations: one of very common problem is the adsorption. It was reported
that Chlorella vulgaris could absorb Supranol Red 3BW (35.62 mg dye g~ ' bio-
mass), Lanaset Red 2GA (44.98 mg dye g~' biomass), Levafix Navy Blue EBNA
(43.17 mg dye g~ biomass), but the degradation from algal biomass is not com-
petitive if we compare it with the bacterial degradation (Lim et al. 2010). Oscill-
atoria curviceps can alone degrade Acid Black (100 ppm) up to 84 % in 8 days
(Priya et al. 2011). The efficiency of adsorption is highly influenced by the structure
of the dye, species of algae and physical parameters, like pH, temperature, etc.
(Solis et al. 2012).

2.4 Bioreactor for Effective Decolorization of Textile Dyes

Many bioreactors for the degradation of textile dyes have been developed by many
researchers and a fair amount of research was conducted to assess their viability for
biodegradation study. Different types of bioreactors were developed, such as upflow
anaerobic sludge blanket reactor (UASB), activated sludge reactors, etc. The UASB
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process was developed in the late 1970s (Lettinga et al. 1980). Initially the reactor
was designed to treat concentrated industrial wastewater and its application was
later extended to sewage treatment also. In the UASB reactor, wastewater flows
upward through an anaerobic sludge bed, consisting of semi-immobilized microbial
communities. The critical elements of the UASB reactor design are the influent
distribution system, the gas-solid separator, and the effluent withdrawal system. The
UASB process, the most popular among anaerobic treatment processes, relies on
the establishment of a dense sludge bed or digestion zone at the bottom of the
reactor, where the anaerobic degradation of the wastewater organics occurs and
biogas is produced (Chinwetkitvanich et al. 2000).

Conventional activated sludge treatment of industrial wastes is an effective and
highly economical system for the degradation of dyes and other organic pollutants
from the wastewater. A lot of work has been done on the assessment of activated
sludge system for the degradation of industrial effluents. The activated sludge
treatment is the process in which the organic matter from wastewater is utilized as
an energy source for the survival and multiplication of microorganisms in an aer-
obic environment. The microbes convert carbon into cell mass and oxidize the dyes
finally to carbon dioxide and water. In addition, a limited number of microorgan-
isms may exist in the activated sludge which get energy by oxidizing ammonia to
nitrate, a process known as nitrification (Adav et al. 2009).

Aerobic sludge granulation is a biotechnological process used in biological
wastewater treatment and treating chemical industrial influent (Adav et al. 2008).
Now-a-days microbial granules play a major role in biological wastewater treatment
due to several advantages over the conventional sludge flocks which include a
denser and stronger aggregate structure, better settleability and ensured solid-
effluent separation, higher biomass concentration and greater ability to withstand
high organic loading, etc. (Lin et al. 2005; Adav et al. 2009).

The continuous aeration and feeding lead to an increase in bacterial cell mass
and granulation was initiated at around 20 days and reached to mature granules in
60 days of reactor operation (Fig. 1a). High hydraulic selection pressure will retain
denser, heavier, compact and smooth granules with improved metabolic activity
(Chen et al. 2007). The SEM images of granules during the granulation process in
the reactor depict average size of granules in the range of 5-8 mm (Fig. 1b).

Biodegradation can be coupled with other degradation methods like, physical or
chemical treatments. A few investigations have shown that azo dyes can be com-
pletely decolorized and some intermediates, such as aromatic amines with side
groups (-SO;, -OH, —COOH, —Cl) containing metabolites were quantitatively
detected (O’Neill et al. 1999). Actinomycetes were also tested for decolorization
and degradation of textile dyes, as they produce peroxidases and also catalyses
hydroxylation, oxidation, and dealkylation during various xenobiotic biotransfor-
mation (Goszczynski et al. 1994). McMullan et al. (2001) have reviewed the
underlying mechanisms by which diverse categories of microorganisms from
bacterial and fungal domains degrade dyestuffs. In nature, the biodegradation of
pollutants (including textile dyes) was efficiently performed by a group of micro-
organisms in synergism. Hence, microbial consortium could be highly efficient than
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Fig. 1 a Systematic diagram of aerobic bioreactor for formation of bacterial granules. b SEM
images of aerobic granules during the stages of granulation. (i) Cultures before granulation
(2 days) and different stages of granulation (i7) 20 days, (iii) 40 days and (iv) 60 days (Kolekar
2010)

individual single microbe. Aerobic granules consist of dense microbial consortia
packed with different microbial species and typically contain millions of organisms
per gram of biomass. Thus, treating textile wastewater with environment friendly
aerobic sludge granules could enhance decolorization and degradation of dyestuff,
but it has been rarely documented. Recently, we have developed textile dyes
degrading aerobic sludge granules in a batch reactor and evaluated their potential
for textile dye removal and degradation. It was found that the dye degradation
efficiency was very high as compared to individual cultures (Kolekar et al. 2012).

3 Factors Effecting Degradation Process

3.1 Microbial Growth and Energy Requirement
Jor Degradation

The biodegradation efficiency depends on having the right microbes in the right
place with the right environmental factors for degradation. The microbes (bacteria
or fungi) have the physiological and metabolic potential to biodegrade the synthetic
dyes (Boopathy 2000). The degradation process depends on biomass concentration
(population diversity, enzyme activities), substrate (physico-chemical characteris-
tics, molecular structure, and concentration) and a range of environmental factors
like, dissolved oxygen, nitrate concentration, metals, salts, pH, temperature,
moisture content, availability of electron acceptors and carbon and energy sources
(Uddin et al. 2007; Phugare et al. 2010). Microorganisms are affected by changes in
these parameters and consequently, their biodegradation capabilities are also
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affected. In the biodegradation process, the contaminant serves as an effective
energy source. The contaminant may take part as primary, secondary or as a co-
metabolite in the bacterial metabolism (Kolekar et al. 2008). The structure of
contaminant has a high impact on degradation process, followed by its purity and
solubility (Khan et al. 2013).

3.2 Oxygen Availability

The decolorization of various textile dyes by mixed aerobic and facultative anaer-
obic microbial consortia has been also reported earlier (Nigam et al. 1996; Moosvi
et al. 2005). Although many of these cultures could grow aerobically, decolorization
was achieved only under anaerobic or static anoxic conditions (Kolekar and Kodam
2012). Pure bacterial strains, such as Pseudomonas luteola, Aeromonas hydrophila,
Bacillus subtilis, Pseudomonas sp., Proteus mirabilis, Bacillus fusiformis and Ali-
shewanella sp. decolorized dyes under both anoxic and static anoxic conditions
(Chang et al. 2001; Kolekar et al. 2008; Kolekar and Kodam 2012). It was observed
that under static anoxic conditions, the dye decolorization of different dyes was more
than 75 % as compared to agitation, which caused less than 30 % decolorization
(Kolekar et al. 2008; Chaudhari et al. 2013). This indicates that azo dye degradation
primarily starts in anoxic conditions. The facultative anaerobes were able to grow
under both aerobic and anaerobic conditions and capable of decolorizing dyes under
anaerobic condition (Nigam et al. 1996). In the first step of biodegradation, a
reductive cleavage of the azo bond gives rise to the production of colorless
metabolites, mainly aromatic amines which are further degraded in aerobic condi-
tions. The first step usually occurs in anaerobic/static anoxic conditions; however, it
was observed by several researchers that aerobic microbes were able to cleave the
azo group by synthesizing oxygen insensitive azoreductases in the presence of
molecular oxygen (Nachiyar and Rajkumar 2005). Bacterial strains, that decolorize
textile dyes aerobically, were reported for few years. Many of these cultures require
external carbon sources, because they cannot utilize dye as terminal electron
acceptor (Stolz 2001). Textile dye was decolorized by P. aeruginosa in the presence
of glucose under aerobic conditions (Nachiyar and Rajkumar 2003). Azo dye
decolorization by mixed, as well as pure cultures generally requires complex organic
sources, such as yeast extract, peptone, or a combination of complex organic source
and carbohydrate (Chen et al. 2003; Khehra et al. 2005).

3.3 Optimization of Biodegradation Conditions

Microbial degradation depends on various physico-chemical operational conditions
like, pH, temperature, salinity, heavy metals, radioactive molecules, chlorinated
compounds and other contaminants (Boopathy 2000). In this scenario, wastewater
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contains many organic and inorganic pollutants. As textile wastewaters result from
different classes of dyes, they vary in their composition. Every microorganism has
some physico-chemical properties to work for biodegradation process, even if the
microbes are in consortia these physico-chemical properties influence the biodeg-
radation process (Mohana et al. 2008).

One of the factors, like pH has a major effect on the efficiency of textile dye
degradation and the optimal pH for color removal in bacteria is often between pH
6.0 and 10.0 (Yoo et al. 2001; Kolekar et al. 2008; Kolekar and Kodam 2012). Most
of fungi and yeast showed better decolorization at acidic or neutral pH (Mielgo et al.
2001). Many reports showed that the rate of dye degradation is higher at the optimal
pH and gradually decreases at either side of optimum pH (Yoo et al. 2001; Saratale
et al. 2009; Chaudhari et al. 2013). The effects of pH may be related to the transport
of dye molecule across the cell membrane, which is considered as the rate limiting
step for the decolorization (Kodam et al. 2005). The decolorization of Brilliant blue
G by consortium of Galactomyces geotrichum and Bacillus sp. was found to have
broad pH range from 5.0 to 9.0 (Jadhav et al. 2008).

During the biodegradation process, temperature also affects the biodegradation
efficiency. The maximum rate of dye degradation by most of microbes depends on
the optimum growth and temperature. It was observed that degradation potential
was proportional to an increase of temperature, but within the optimum temperature
range (Nachiyar and Rajkumar 2003; Kolekar et al. 2008). However, the rate of
decolorization was reduced beyond optimum temperature. The reduction in
decolorization can be attributed to the loss of cell viability or the denaturation of
azoreductase enzyme which is a key enzyme for dye degradation (Saratale et al.
2009). It was also found that the dye degradation depended largely on the microbial
optimum growth temperature (Stolz 2001; Khan et al. 2013). Recently, the deg-
radation of reactive Orange M2R dye and chromate by Lysinibacillus sp. KMK-A
was reported in the temperature range of 20-50 °C, but the degradation gradually
decreased with increasing temperature (Chaudhari et al. 2013).

Microbial decolorization often gets affected in the presence of high amounts of
salts (upto 10 g "' NaCl or Na,SO,) (Uddin et al. 2007). Many microbial species
are able to decolorize azo dyes within a certain limit of salts. But in most of cases,
they were unable to decolorize azo dyes at high salinity conditions. High salt
concentration may cause plasmolysis or loss of activity of cells. It was observed that
85-95 % decolorization of acid orange 10 and disperse blue 79 by Bacillus fusi-
formis was found within 48 h for 0.5-3 % salt concentration, However, further
increase in the salt (4 %) significantly decreased dye decolorization (Kolekar et al.
2008). There are only some bacteria which have the potential to grow, multiply in
high salt concentrations and can degrade dye efficiently. Gracilibacillus sp. GTY
strain, grown in the media containing 15 % (w/v) of NaCl, showed the best per-
formance in dye decolorization (Uddin et al. 2007).

The dye decolorization affects with contaminants present in the wastewater.
Many heavy metals are known to be toxic and can reduce the microbial growth
which affects the biodegradation process. There are strict regulations to limit the
amount of heavy metal present in the dye effluent in different countries, as some of
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them are known to be carcinogenic. The emphasis is currently on the reduction of
trace metals in textile processing effluent. It has been suggested that the heavy
metals present in the dye bath would not affect the performance of bacteria during
the degradation of the organic matters in the biochemical process (Boopathy 2000;
Uddin et al. 2007).

4 Involvement of Oxidoreductive Enzymes in Degradation
Process

In recent years, the enzymatic approach has attracted much interest in the bio-
degradation and decolorization of textile and other industrial wastewater. Enzy-
matic treatment is usually very effective in the degradation of pollutants. The
potential of the enzymes like cytochrome P450, manganese peroxidases, lignin
peroxidases, laccases, polyphenol oxidases, and azoreductases, has been studied in
the decolorization and degradation of dyes. The expression of the enzymes
involved in dye degradation may vary with time, but dependent on the growth
phase of the microorganisms, and is also influenced by other compounds present in
the effluent. There is an increasing industrial value for the alternative cost effective
method for treatment of a large volume of wastewater. The application of enzyme-
based systems in waste water treatment is highly valuable (Husain 2006).

4.1 Cytochrome P450

Cytochrome P450 (CYP) represents one of the largest and oldest gene super
families coding for enzymes present in the genomes of all biological kingdoms. The
terminology CYP is uncommon for enzymes, because it is not based on function,
but describes originally the spectral properties of b-type heme containing red pig-
ments, which display a typical absorption band at 450 nm of their reduced carbon-
monoxide bound form (Omura and Sato 1962). In mammals, azo dyes are reduced
to aryl amines by CYP and a flavin dependent cytosolic reductase. The reactions
catalysed can be extremely diverse as hydroxylations, N—, O—, and S-dealkylations,
sulfoxidations, epoxidations, deaminations, desulfurations, dehalogenations, per-
oxidations, and N-oxide reductions (Bernhardt 2006). Since many of the individual
CYP catalyse multiple reactions, the usual method of naming enzymes is inade-
quate for this group of proteins, and a systematic nomenclature has been derived
based on structural homology. The CYP has been exclusively studied for detoxi-
fication and degradation. The degradation of various textile dyes by Alishewanella
sp. KMKG6 showed an induction in CYP activities in the cells after dye decolor-
ization indicating the role of these enzymes (Kolekar and Kodam 2012). Recently
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Exiguobacterium sp. MG2 cytochrome P450 participated in the degradation of
malachite green (N-methylated diaminotriphenylmethane), one of the most com-
mon dyes used in the textile industry (Wang et al. 2012).

4.2 Azoreductase

Azoreductase is also one of the biotransforming enzymes involved in decolorization
of azo dyes by breaking azo bond. Azo dyes can be used by microorganisms as sole
source of carbon, energy and nitrogen with the initial cleavage by azoreductase
enzyme. Azoreductase requires NADH/NADPH as an electron donor to catalyze
the reductive cleavage of azo bond. Recently, Nachiyar and Rajkumar (2005) have
reported that purified azoreductase catalyzes the reductive cleavage of the azo bond
of Navitan fast blue S5R in the presence of NADH as an electron donor, yielding
metanilic acid and peri acid as degradation products (Fig. 2).

It has been known for a long time that metabolic processes, such as azo
reduction, can activate and sometimes also detoxify azo compounds. The reduction
of azo bonds in azo dyes is important in their toxicity, mutagenicity and carcino-
genicity (Garner et al. 1984). It has been shown that intestinal bacteria carried out
reduction of azo compounds to produce aromatic amines. Some 45 different
intestinal bacteria have been found to express azoreductases in a diverse collection
of bacteria, including both strictly anaerobic Clostridium species and facultative
anaerobic Enterobacteriaceae. It is not yet clear that how many different types of
azoreductase enzymes are found in the human gut, or which of them are relevant for
metabolism of azo dyes.

During the aerobic, “semi-aerobic” (in static anoxic) or anaerobic incubation of
bacteria with azo compounds, amines were often detected which originated from a
reductive cleavage of the azo bond. The azoreductase from Escherichia coli CD-2

Fig. 2 Cleavage of azo bond ouSNa Navitran Fast Blue
by purified azoreductase from ’

Pseudomonas aeruginosa ONW O N=N O NH @
(Nachiyar and Rajkumar
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Fig. 3 DCIP reductase activity by using DCIP as a substrate (Bidoia et al. 2010)

was found to be responsible for the decolorization of azo dyes. The enzyme used
methyl red as a substrate and the optimal pH value and temperature were pH 6.5
and 37 °C, respectively. The enzyme was stable under different physico-chemical
conditions (Cui et al. 2012). Temperature stability studies showed that the enzyme
was stable below 55 °C. However, azoreductase from Enterobacter agglomerans
and P. aeruginosa lost most of their activities when the temperature reached to
50 °C (Nachiyar and Rajkumar 2005).

The aerobic reductive metabolism of azo dyes requires specific enzymes (aerobic
azoreductases) that catalyze these reactions in the presence of molecular oxygen. In
contrast to few reports of aerobic decolorization of azo dyes, a wide range of
organisms are able to reduce azo compounds under anaerobic/anoxic conditions.
This has been shown for purely anaerobic (e.g. Bacteroides sp., Eubacterium sp.,
Clostridium sp.), facultative anaerobic (e.g. Proteus vulgaris, Streptococcus fae-
calis), and aerobic (e.g. Bacillus sp., Sphingomonas sp.) bacteria, yeasts, and even
tissues from higher organisms (Walker 1970). Cell extracts generally showed much
higher rates of anaerobic reduction of azo dyes than of resting cells (Wuhrmann
et al. 1980). Reductases for NADH-DCIP (NADH-dichlorophenol indophenols),
azo and riboflavin were reported for the degradation of different dyes, but the actual
role of different reductase is still unknown (Fig. 3). FMN-dependent NADH-azo-
reductase, found to degrade azo compounds, catalyses the reductive cleavage of an
azo group by a ping pong mechanism (Ooi et al. 2009). The degradation of reactive
blue 59 (RB59) by Alishewanella sp. KMKG6 showed an increase in azoreductase
and DCIP reductase activities by 10 fold in the cells after dye decolorization,
indicating the role of these enzymes in the biodegradation (Kolekar et al. 2013).

4.3 Peroxidases

In recent years, research has developed processes in which peroxidases are
employed to remove/transform phenolic compounds from polluted wastewater. The
application of enzyme preparations shows considerable benefits over the use of
microorganisms. Textile dyes can be efficiently degraded by various peroxidases as
well. The enzymes, produced by the fungus, are lignin peroxidase (LiP) and
manganese peroxidase (MnP). The lignin peroxidase and manganese peroxidase,
produced by the white rot fungus Phanerochaete chrysosporium, have a potential to
oxidize the substrates by an electron transfer process or by radicals generated during
the enzyme catalytic cycle. There are various peroxidases which are commonly
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used for biodegradation of textile wastewater. A common mechanism, in which the
heme groups are the main constituents, catalyzes the reactions in the presence of
hydrogen peroxide (Jamal et al. 2012; Zucca et al. 2012). The decolorization of
dyes by white-rot fungi was first time reported by Glenn and Gold (1983) and been
used by others to rapidly assess the biodegradative potential of a diverse group of
white-rot fungi (Gao et al. 2006). Now, white-rot fungus has become a model for
degradation research (Pazarlioglu et al. 2010).

The modified lignin has been used as a dispersing agent in synthesizing many
textile dyes, Lignin peroxidase (LiP), also known as ligninase, was first discovered
for partial decolorization of methylated lignin in vitro (Tien and Kirk 1983). The
use of lignin degrading fungus has attracted increasing scientific interest, as these
organisms are able to degrade a wide range of recalcitrant organic pollutants
because they do not require pre-conditioning before the degradation of pollutants
and the enzyme secretion depends on nutrient limitation rather than presence of
pollutant (Wesenberg et al. 2003). The extracellular enzyme system from fungus
also enables them to tolerate high concentration of pollutants.

Manganese peroxidase (MnP) from the lignin-degrading fungus Phanerochaete
chrysosporium can oxidize a variety of organic compounds including dyes, but only
in the presence of Mn(II). MnP catalysis occurs in a series of irreversible oxidation-
reduction (redox) reactions which follow a ping-pong mechanism. MnP catalyzes
the oxidation of several phenols and aromatic amine dyes (Mielgo et al. 2003).
There are also reports of azo dye degradation by MnP from Bjerkandera adusta and
Pleurotus eryngii. The reactions with the dyes were characterized by their apparent
K,, values ranging from 4 to 16 uM and specific activities ranging from 3.2 to
10.9 U/mg (Heinfling et al. 1997). Recently, it has been reported that Bjerkandera
sp. BOS55 (ATCC 90940) was able to decolorize high dye concentration (up to
1,500 mg 1) within 10 min reaction time. This is not because of change in pH, but
has a specific oxidation capacity as high as 10 mg dye degraded per unit of MnP
consumed which caused more than 90 % decolorization (Mielgo et al. 2003).

4.4 Laccases

Laccases are copper containing enzymes which catalyze the oxidation of several
aromatic substances (phenols) with the preferable reduction of oxygen to water
(Robles et al. 2000). Phenols are oxidized by laccases to generate phenoxy radicals,
which couple to form oligomeric and polymeric products. The laccases produced by
the white-rot fungus during its secondary metabolic stage of growth are known to
oxidize a wide variety of organic compounds. Laccase decolorizes some textile
dyes without direct cleavage of the azo bond through a highly non-specific free
radical mechanism, thereby avoiding the formation of toxic aromatic amines.
Because of its wide range of substrates laccases can be used for biodegradation of
textile dyes. Industrial dye decolorization by laccases from ligninolytic fungi
(Pleurotus ostreatus, Pleurotus ostreiformis, Trametes versicolor, etc.) has been
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reported (Rodriguez et al. 1999). Recently, laccase was isolated from the white-rot
fungus Lenzites gibbosa and expressed in Pichia pastoris. This recombinant laccase
efficiently decolorized alizarin red, neutral red, Congo red and crystal violet,
without the addition of any redox mediators. This study strongly suggests that the
decolorization capacity of recombinant laccase could be useful as biocatalyst for the
treatment of dye-containing effluents (Zheng et al. 2014).

5 Mechanism and Pathways of Degradation

Biodegradation refers to chemical decomposition of organic substances by living
organisms. In the decomposition or degradation, microbial enzyme systems act as
biocatalysts to break down the original dye structure. There are several reports that
microorganisms including bacteria, fungi, and yeasts can degrade textile dyes
(Kolekar et al. 2008; Zucca et al. 2012). The reduction of azo linkage mediated is
the initial step by the enzyme, azoreductase in the biodegradation of azo dyes
(Levine 1991; Chung et al. 1992). The mineralization of dyes is usually achieved
with two stage anaerobic/aerobic treatments. In this process, several environmental
and physiological factors can influence the microbial activity and consequently the
efficacy and effectiveness of complete biodegradation. The biodegradation process
is depending on many factors, like concentration and structure of dyes, temperature,
pH and the microorganisms involved in it. Considering all these factors, the deg-
radation of dyes produced many small molecules which become very difficult to be
degraded by the organism. These small molecules are aromatic amines and may
cause more toxic and carcinogenic effect on the flora and fauna of water bodies,
where aromatic amine containing waste water is getting discarded. In this scenario,
it is very important to analyze the degradation of the dye as well as their inter-
mediates, especially aromatic amines (Forss and Welander 2009). The study of the
biodegradation products of synthetic dyes is very important in order to know about
the environmental fate of these pollutants. Telke et al. (2010) reported the degra-
dation of Congo red (1.0 g 1™") within 12-60 h duration by an isolated bacterium
Pseudomonas sp. SU-EBT. As shown in Fig. 4, the complete mineralization of azo
dyes without the release of aromatic amines has also been observed in Reactive
Blue 59 degradation by Alishewanella sp. KMK6, where the single microorganism
was able to degrade 2.5 g 1™ dye within 6 h (Kolekar and Kodam 2012).

It is well known that several enzymes are present in the periplasmic and cyto-
solic fractions of the microorganisms where azoreductase cleaves an azo bond by
reductive cleavage. The coordinated action of these enzymes give rise to low
molecular weight molecules from complex dyes. The tracking of the various
enzyme activities evidenced an involvement of various oxidative as well as
reductive enzymes during the decolorization process. Induction of various enzymes
during decolorization gives an additional insight of decolorization mechanism and
also supports the active role of microorganisms in the biodegradation process
(Phugare et al. 2010), mainly through oxidative enzymes, such as cytochrome
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Fig. 4 Mechanism of
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P-450 and also many reductases, such as azoreductase, NADH-DCIP reductase,
and malachite green reductase influence the status of biotransformation enzymes
(Wang et al. 2012). The role of cytosolic enzymes, like oxidase, DCIP reductase,
and azoreductase in dye decolorization is well documented (Phugare et al. 2010;
Kolekar and Kodam 2012).

6 Microbial Toxicity of Dyes and Their Degradation
Products

The color in wastewater is highly visible and affects aesthetics, water transparency
and gas solubility in water bodies, The toxicity (i.e. mortality, genotoxicity,
mutagenicity and carcinogenicity) studies include the tests with aquatic organisms
(fish, algae, bacteria, etc.), mammals and plants. The acute toxicity of dyestuffs is
generally low. Algal growth in presence of different commercial dyestuffs was not
inhibited at dye concentrations below 1 ppm, whereas the growth was severely
inhibited at higher concentrations. The most acutely toxic dyes for algae are cat-
ionic basic dyes (Greene and Baughman 1996). Fish mortality tests showed that
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2 % out of 3,000 commercial dyestuffs tested had LC50 values below 1 ppm. Basic
dyes are found to be most acutely toxic to fish, especially those with a triphenyl-
methane structure. Fish seems to be relatively sensitive to many acid dyes. Mor-
tality tests with rats showed that only 1 % out of 4,461 commercial dyestuffs tested
had LD50 values below 250 mg kg™ body weight (Clarke and Anliker 1980).
Therefore, the chance of human mortality due to acute dyestuff toxicity is probably
very low. However, acute sensitization reactions by humans to dyestuffs often
occur. Especially, some disperse dyestuffs have been found to cause allergic
reactions, i.e. eczema or contact dermatitis (Specht and Platzek 1995).

Chronic effects of dyestuffs, especially of azo dyes, have been studied for several
decades. Researchers had traditionally focused on the effects of food colorants,
usually azo compounds. Furthermore, the effects of occupational exposure of
human workers to dyestuffs in dye manufacturing and dye utilizing industries have
received little attention. Azo dyes in purified form are seldom mutagenic or car-
cinogenic, except for some azo dyes with free amino groups (Brown and Devito
1993). However, some of the degradation products of azo dyes are known to be
mutagenic and/or carcinogenic. In mammals, metabolic activation (or reduction) of
azo dyes is mainly due to bacterial activity in the anaerobic parts of the lower
gastrointestinal tract. Various human other organs, especially liver and kidneys, can
reduce azo dyes. After azo dye reduction in the intestinal tract, the released aromatic
amines are absorbed by the intestine and excreted in the urine. The acute toxic
hazard of aromatic amines is carcinogenesis, especially bladder cancer. The car-
cinogenicity mechanism probably includes the formation of acyloxy amines
through N-hydroxylation and N-acetylation of the aromatic amines, followed by O-
acylation. These acyloxy amines can be converted to nitrenium and carbonium ions
that bind to DNA and RNA and induce mutations and tumor formation (Brown and
Devito 1993). The mutagenic activity of aromatic amines is strongly related to
molecular structure. Recently, mutagenicity and phytotoxicity tests were performed
on different biological sequencing batch reactor (SBR) systems, which studied for
efficiency of effectiveness in removing toxic substances from textile wastewaters
and a comparison was made to evaluate the ecotoxicity results observed before and
after wastewater treatment (Giorgetti et al. 2011). The biodegradation products of
Congo red and textile industry effluent by Pseudomonas sp. SU-EBT were found to
be non-phytotoxic to Sorghum bicolor, Vigna radiata, Lens culinaris and Oryza
sativa plants as compared to Congo red and textile industry effluent (Telke et al.
2010).

7 Conclusions

Presence of color and its causative compounds has always been undesirable in
water used for either industrial or domestic purposes. Amongst complex industrial
wastewater with various types of coloring agents, dye wastes are predominant. The
color in wastewater is highly visible and affects aesthetics, water transparency and
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gas solubility in water bodies and their toxicity has been investigated in numerous
researches. Dyes are difficult to be decolorized due to their complex structure,
synthetic origin and recalcitrant nature. Hence, it becomes obligatory to remove
them from industrial effluents before being disposed into water bodies. The deg-
radation and decolorization of textile dyes within safer limits prior to release from
treatment plant is essential for environmental safety. In this context, several workers
have reported degradation and decolorization of dyes by using bacteria and fungus
under different environmental conditions (pH, temperature, salinity, anaerobic/
aerobic, nutrients, etc.). Besides, many researchers have studied the use of bacterial
consortium for dye degradation. In addition to the bacterial consortium, a detailed
study is needed for the use of bacterial granules in bioremediation of dye
wastewaters.

8 Future Prospectives

Biodegradation of textile dyes using different microbes, like bacteria, fungi, and
algae has become a promising approach for the treatment of different dyes from
industrial wastewaters. To improve the degradation potential of microorganisms,
they can be exposed gradually to higher concentration of dyes which will ultimately
make them acclimatize and evolve. It has been observed that the microbial com-
munities adapting to higher concentrations of dyes showed better decolorization
ability. In this process, the up regulated genes and proteins can be explored further
for designing the microbes with enhanced degradation capabilities. Development of
aerobic granules is a promising technique for the treatment of wastewater with high
strength of textile dye. This granular system may be helpful in many conditions and
can be operated for the treatment of larger organic loads. The granular system has
good settling capacity which can treat the effluents better than any conventional
systems. The formation of these granules and mechanisms of degradation of high
organic loads and their application for different industrial effluent needs to be
explored in depth for their application at a large scale for removal of dyes from
wastewater.
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