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Abstract Recent decades have noticed that the wastewater loaded with dyes is one
of the most challenging to treat. There has been comprehensive research on azo dye
biodegradation with the help of microorganisms. It is evolving as a promising
substitute to the conventional treatment with physico-chemical methods. In this
chapter, the use of various bacterial cultures, either in pure or mixed form, for their
capability to decolourize dye wastewaters was described. Apart from microorgan-
isms involved, this chapter focuses on various mechanisms involved in the dye
biodegradation along with the impact of several factors influencing biodegradation
of dye wastewater and the role of oxidoreductases involved in bacterial dye
biodegradation. The various analytical techniques used for deducing the metabolic
pathway for dye remediation and ensuring its detoxification through toxicity tests
are described. The chapter also highlights the huge gap between the scientific
progresses in this field and lack of commercialization of research. The information
gathered here will be useful for the students, teacher, industrial persons and
researchers to understand the state of the art of the subject and use it for removal
of dye pollution by possible green technology for the sustainable environment.
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1 Introduction

The term dye is derived from old English word ‘daeg’ or ‘dach’ meaning ‘colour’.
Colour can be imparted to a wide array of materials utilizing substances well known
as dyes and pigments (Christie 2001). Dyes are coloured organic compounds, which
strongly absorb visible light and can form physical as well as chemical bond with
the textile fibre, thereby attaching firmly to it. Commercially important dyes should
characteristically be colour fast and withstand rubbing and application of water
(Mansoor 2008). According to the ‘colour theory’ proposed by O. Witt, a dye is
composed of two vital components: one is the chromophores and the other one is
the auxochromes. Chromophores (Gr, Kuroma = colour + Phors = carrier) have a
delocalized system of electrons with conjugated double bonds and produce colour,
and a molecule consisting such group is termed as a chromogen. Some groups do
not produce colour themselves but are able to amplify the colour in association with
chromophores, when present in a molecule. Such molecules are termed
auxochromes (Gr, auxanein = to increase). —-OH, —COOH, —SOH (acidic),
(basic) NH, NHR and NR are some of the most effective auxochromes (Mansoor
2008).

1.1 Azo Dyes

Azo colourants contain an azo (—N=N—) bond as their common structural feature,
which is attached on either side of the two sp® carbon atoms. The azo group is
customarily diazotized to two aromatic ring systems. Majority of the commercially
important azo colourants comprise of a single azo group and, hence, are denoted as
monoazo dyes or pigments, but there are several dyes which contain two (diazo),
three (triazo) or more such groups (Christie 2001). Dyes containing azo group are
exceptionally stable and resistant to degradation by microbes, owing to their
complex structure and electron-withdrawing tendency (Dave et al. 2015).

1.2 Present Scenario of Dye Production and Consumption
in India

The dyestuff production capacity in India (Fig. 1) stood at around 200,000 tons of
dye. Approximately, 700 different varieties of dyes and dye intermediates are
manufactured in India (http://www.indiaenvironmentportal.org.in/content/573/
united-colours-of-industry/). Currently, there are roughly 1000 small-scale units
and 50 large organized units. Maharashtra and Gujarat make up 90% of dyestuff
production in India because of the accessibility to the raw materials and dominance
of textile industry in these states. Indian dyestuff industry meets more than 95% of
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Fig. 1 Production capacity Direct Basic
(tonnes per annum) of 4% __ 1%
different major dyes by Sulfur\
Indian dye industry 4%

the domestic requirement, out of which approximately 60% is consumed by the
textile industry and the remaining is collectively used by leather, paper and other
consumer industries. The textile industries consume approximately 80% of the total
dyes produced (Mangal 2010).

1.3 Discharge and Toxicity of Dyestuffs

Textile industry wastes consists of both inorganic and organic chemicals including
finishing agents, sequestering and levelling agents, carriers and surfactants, etc. pH
of the textile mill effluents is generally alkaline. Besides, it has high COD (3-1.4 g/
L, approximately), BODs (200-2000 mg/L, approximately), total solids
(1000-10,000 mg/L, approximately), suspended solids (100-1000 mg/L, approxi-
mately), total phosphorus content (5-70 mg/L, approximately) and conductivity
(1000-15,000 mS/cm) (Yonar 2011; Dave et al. 2015).
The three major problems associated with textile industry effluents are:

1. Textile industries use more than 8000 chemicals during several processes of
textile manufacturing including dyeing and printing (Kant 2012). Approxi-
mately, 10-25% of the dyes are lost during textile dyeing and 2-20% is directly
discharged as wastewater, without any treatment in diverse environmental
bodies (Carmen and Daniela 2012). Several dyes are visible in water at an
extremely low (1 mg/L) concentration. The average dye concentrations in the
textile industry wastewaters have been found to be 300 mg/L. The release of
dyes in the effluent may in consequence cause an ecotoxic hazard, potential
threat of bioaccumulation as well as aesthetic problems (Agrawal et al. 2014a)

2. A textile industry of average size, with a daily manufacture of nearly 8000 kg of
fabric, consumes approximately 1.6 million litres of water daily, 16% of which is
used in dyeing and 8% in printing; 17-20% of the water pollution caused by the
industries is contributed by the textile dyeing and finishing treatment given to
fabric, as is estimated by the World Bank. Textile dyeing solely contributes to
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some 72 toxic chemicals to wastewater, of which as many as 30 chemicals
cannot be removed (Kant 2012).

3. Several dyes and their degradation products released to the environment are
toxic, carcinogenic or mutagenic to life forms (Carmen and Daniela 2012).

1.4 Toxicity Considerations

ETAD, the Ecological and Toxicological Association of the Dyestuffs Manufactur-
ing Industry), was established in 1974 with the objectives of reducing environmen-
tal hazards, safeguarding users and consumers and cooperation with government
and public concerns with respect to the toxicological effect of their products
(Chequer et al. 2011). Toxic effects of dyes may be categorized broadly into two
ways. Acute toxicity denotes the consequences of short-term exposure to a sub-
stance, for example, in a single oral administration, while chronic toxicity denotes
the consequences of regular exposure over a longer period of time (Christie 2001).

Dyestuffs usually exhibit low acute toxicity. LDsq values higher than 2000 mg/
kg had been reported by ETAD for 4000 different dyes tested. Additionally, more
than 90% of the dyes tested showed LDs, values beyond 2000 mg/kg, proving that
exposure to azo dyes need not necessarily cause acute toxicity; however, in the
context of systemic bioavailability, concern arises upon inhalation and skin contact
of the azo dyes, owing to the likely formation of carcinogenic aromatic amines
(Chequer et al. 2011). Various toxicological studies have reported that a lethal
concentration value (LCsg) of more than 1 mg/L, for fishes, for the tested 98% of
dyes, and 59% of the tested dyes have an LCsq value above 100 mg/L (Carmen and
Daniela 2012).

Chronic and occupational hazards of dyes, particularly of azo dyes, have been
investigated several times. The workers involved in dye manufacturing have
showed increased rates in bladder cancer since 1895. Azo dyes can also be absorbed
upon exposure to skin occurring either as an occupational hazard or during appli-
cation as cosmetic products (Chequer et al. 2011). Evidently, some reactive dyes
cause occupational asthma, allergic conjunctivitis, rhinitis, contact dermatitis or
other allergic reactions in textile industry employees (Hunger 2003). In the same
way, if dye-laden waste enters the water supply, probably by contamination of the
groundwater, the common public may therefore be exposed to the azo dyes by the
oral route (Chequer et al. 2011).

Evidently, reduction of azo dyes in addition leads to generation of aromatic
amines, and a number of them are reported to be mutagenic and carcinogenic. In
mammals, water-soluble azo dyes are predominantly metabolized through azo bond
cleavage by azoreductase enzyme of the hepatic and extrahepatic tissue or by the
microflora of the intestine in the body. The aromatic amines show acute toxicity by
causing bladder cancer (Hunger 2003).
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2 Dye Removal Techniques

Currently, majority of the practices under use for the dye wastewater treatment are
chemical, physical or physico-chemical processes, which are generally expensive
and of limited applicability (Jadhav and Phugare 2012). Along with the limitations
associated with each technique, several factors such as the type of the dye, effluent
composition, dosage and cost of the chemicals required for wastewater treatment,
environmental fate and costs of treatment process and handling of generated waste
products influence the technical and economic viability of each single technique
(Van Der Zee 2002).

2.1 Physico-chemical Techniques

Physical techniques involve use of strictly physical phenomenon, without any gross
chemical or biological changes to improve or treat the effluent. On the contrary,
chemical processes use chemical reactions to improve water quality (http://
envirosystems.net/effluent-treatment-plant/). Table 1 illustrates a detailed account
of various physico-chemical techniques.

2.2 Biological Methods

The process in which biological systems are used to remove pollutants is known as
bioremediation (Ali 2010). To date, many microorganisms including bacteria,
yeast, fungi, actinomycetes and algae either in the form of pure or mixed cultures
of microorganisms or their enzymes have been reported for azo dye degradation.
The remediation of synthetic dyes from industrial discharges using microorganisms
is beneficial as the process is comparatively economical, low operational costs in
addition to mineralization of the pollutant so that the products are non-toxic (Jadhav
and Phugare 2012).

Microbial decolourization of dyes may occur in two ways: either through
biosorption, which is adsorption of the pollutant on the growing/living or dead
microbial biomass, or through biodegradation by microbial metabolism.
Biosorption of dyes is not a suitable solution to the problem because the dyes are
not degraded but on the contrary gets entrapped into the biosorbent. The discharge
of the bacterial biomass laden with adsorbed dyes is also a huge problem. Biodeg-
radation is therefore preferred and seems to be promising (Ali 2010).
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2.3 Dye Decolourization Using Bacteria

Some examples of the biodegradation of textile dyes using pure and bacterial
consortium/mixed cultures are given in Tables 2 and 3, respectively. Omnipotence,
rapid growth, facultative nature and extraordinary adaptability are the qualities that
make bacterial community suitable for the bioremediation (Gomare et al. 2009).
Additionally, bacterial treatment system is eco-friendly and economical, produces
less sludge and can lead to a higher degree of degradation and mineralization as
well as it does apply to a wide spectrum of azo dyes (Saratale et al. 2011).

Reportedly, efforts for isolation of azo dye-degrading bacteria started in the late
1970s where species of Bacillus and Aeromonas were used. Several bacterial
genera and species adapted for decolourization of dyes, either as pure cultures or
as consortia, have been described to date (Saratale et al. 2011).

Reportedly, azo dyes cannot be degraded completely by individual bacterial
strains, in general, and also the dye degradation products generated are usually
aromatic amines that are often carcinogenic and need additional treatments. On the
contrary, mixed/consortial cultures are especially useful in such situations, as
different strains may attack the different bonds in the azo dye molecule or may
use the dye intermediates generated by the symbiotic strains for additional degra-
dation, and this synergistic metabolism of the microbial culture may lead to better
degradation and mineralization. Moreover, isolation of a pure culture from
dye-laden effluent samples followed by long-term adaptation processes is obliga-
tory for efficient decolourization and biodegradation of azo dyes and is a time-
consuming and tedious process. In spite of this, if pure culture is added it is not
possible to sterilize huge volume of dye containing wastewater for treatment, and
even if it is sterilized, it is not possible to run the treatment under aseptic conditions
(Saratale et al. 2011).

3 Mechanism of Dye Biodegradation

3.1 Anaerobic Reduction of Azo Dye

Several bacteria, when encounter anaerobic conditions, degrade azo dyes by reducing
its highly electrophilic azo bond with the help of non-specific enzymes. Anaerobic
reduction of azo dyes leads to reductive cleavage of azo linkage, consequently
leading to the generation of aromatic amines (Santos et al. 2007), which are usually
colourless, and therefore, reduction of azo dyes is also denoted as dye
decolourization. Anaerobic reduction of azo dyes includes different mechanisms,
which may be broadly categorized into direct and indirect mechanisms (Fig. 2a, b).
Direct enzymatic reduction of azo dyes and indirect reduction of azo dyes are
catalysed by enzymatically generated/regenerated redox mediating compounds.
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Fig. 2 Mechanisms of (a) direct enzymatic reduction of azo dye and (b) indirect biologically
mediated azo dye reduction

Besides this, azo dyes can also be solely reduced chemically by biogenic bulk
reductants like sulphide (Van Der Zee 2002).

Anaerobic reduction is usually non-specific, as various groups of azo dyes are
decolourized by an assorted group of bacteria. Under static condition, depletion of
oxygen is effortlessly achieved, consequently permitting obligate and facultative
anaerobic bacteria azo dye reduction. Thus, anaerobic decolourization of azo dyes
is a casual process, where the dye molecule probably serves as an electron acceptor
for the electrons facilitated through the carriers of the electron transport chain.
Contrastingly, dye decolourization may be accredited to non-specific reactions
occurring extracellularly amongst reduced compounds formed by the anaerobic
bacteria (Van Der Zee 2002).

3.1.1 Direct Enzymatic Azo Dye Reduction

Oxidation of organic substrates leads to generation of reducing equivalents which
are then transferred, by the enzymes, to the azo dyes. The enzymatic reduction of
azo dyes is usually categorized into different categories: one carried out by spe-
cialized enzymes termed as azoreductases, present in the bacteria utilizing azo dyes
as sole source of carbon and energy, and second carried out by non-specific
enzymes catalysing the reduction of a wide variety of electron-withdrawing sub-
strates along with azo dyes (Santos et al. 2007). Specialized azo dye reducing
enzymes, called as ‘azoreductases’, are reported with certain aerobic and facultative
anaerobic bacteria that could utilize simple azo molecules as sole source of carbon
and energy. Non-specific enzymes catalyse reduction of azo dyes and have also
been isolated from aerobically grown bacteria like Escherichia coli, Shigella
dysenteriae and Bacillus sp. These enzymes were characterized as flavoproteins.
Presence of specific azoreductases in bacteria grown anaerobically is seldom
reported. The azo bond reducing enzymes were reported to be dispersed in the
bacterial cytoplasm devoid of any association with the cell membranes or other
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organized cellular structures and are secreted before acting as an ‘azoreductase’
in vivo (Van Der Zee 2002).

3.1.2 Indirect Biologically Mediated Azo Dye Reduction

Indirect reduction of azo dyes is mediated by enzymatically reduced electron
carriers like reduced flavins, for instance FADH,, FMNH, and riboflavins, gener-
ated by flavin-dependent reductases (anaerobic azoreductases); NADH, NADPH
and NADPH-generating system; and various artificial redox mediating compounds.
For reducing azo dyes, the redox potential of a redox mediator should range,
theoretically, between the redox potential of the azo dye and the primary electron
donor. As estimated, the value of redox potential for the redox mediators catalysing
azo dye reduction should lie between —430 and —100 mV (Van Der Zee 2002).
Reductive decolourization of the azo dyes facilitated by the reducing equivalents
occurs in two steps: a non-specific reduction of redox mediator by an enzyme is the
initial step which is followed by a chemical reoxidation of the redox mediator by
the azo dyes (Santos et al. 2007).

3.1.3 Site of the Reaction

Dye oxidation and the catalytic reduction of the electron carrier can occur intracel-
lularly as well as extracellularly. Reducing cofactors like FMNH,, FADH,, NADH
and NADPH, along with the dye-degrading enzymes are found in the cytoplasm.
Intact cells require a membrane transport system for the reduction of azo dyes by
these redox mediators. Additionally, as FAD and FMN cannot freely pass through
the bacterial cell walls, this offers grave obstacle, particularly for the azo dyes
comprising highly polar groups (Van Der Zee 2002; Solis et al. 2012). Cell lysis
releases these cofactors in the extracellular environment, and therefore, cell extracts
or starving or lysed cells exhibit higher reduction rates of azo dyes as compared to
intact or resting cells. In addition to this, the absence of a direct relationship
between the structure of a dye (size, molecular weight and degree of sulphonation)
and the dye reduction rate suggests that the mechanisms of intracellular reduction
of azo dyes are insignificant. Presumably, anaerobic biological reduction of azo dye
ensues outside the cells, catalysed directly by reduced electron carriers regenerated
with the help of these periplasmic enzymes (Van Der Zee 2002).

3.2 Aerobic Oxidation of Dyes

Even though azo dyes are usually resistant to bacterial degradation in aerobic
conditions, few selected aerobic bacterial strains with specialized azo
dye-degrading enzymes were noticed to degrade azo dyes under absolutely aerobic
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conditions (Ola et al. 2010). Additionally, it is presumed that the initial step in the
biodegradation of azo dyes is their reduction to the corresponding aromatic amines,
a reaction catalysed by the enzyme azoreductase. The aromatic amines generated
are then further mineralized aerobically (Sarayu and Sandhya 2010).

Sulphonated aromatic amines, except simple sulphonated amino benzene and
amino naphthalene compounds, are specifically challenging to degrade because of
the hydrophilic nature of their sulphonate group, which hampers membrane trans-
port. Yet another additional transformation that the aromatic amines, substituted
with ortho-hydroxy group, may undergo upon contact with oxygen is autoxidation.
Several aromatic amines, like substituted anilines, amino benzidines and naphthyl
amines, initially get oxidized to oligomers and in due course to dark-coloured
polymers with reduced solubility and, therefore, are effortlessly removed from
the aqueous phase (Van Der Zee 2002).

3.3 Combined Anaerobic-Aerobic Degradation of Azo Dyes

It is generally presumed that most azo dyes can be reductively decolourized under
anaerobic conditions, while the biotransformation products produced during dye
biodegradation, being insusceptible to anaerobic degradation, are readily metabo-
lized under aerobic conditions. Consequently, anaerobic degradation followed by
aerobic treatment is usually recommended for treating the dye containing effluent
from textile processing and dye production industries. Two distinct strategies are
usually detected: integrated treatment in a single reactor and sequential treatment in
distinct reactors.

3.3.1 Sequential Anaerobic—Aerobic Treatment of Azo Dyes

It involves sequential treatment of dye-laden effluent under anaerobic conditions
and aerobic conditions. Various investigators have studied this technique over the
past few years and have pointed out that the anaerobic phase of the sequential
system shows noticeable colour, COD and organic matter removal. Furthermore, it
increases the biodegradability of azo dyes for subsequent aerobic treatment. How-
ever, evidence on complete biodegradation of azo dyes is not clearly available (Rai
et al. 2005).

3.3.2 Integrated Anaerobic—Aerobic Treatment

The ability of aerobic as well as anaerobic microorganisms to coexist symbiotically
in a biofilm underlies the success of this technique. Providing oxygen to an oxygen-
tolerant anaerobic consortium or, instead, exposing a biofilm to low concentration
of oxygen together with a co-substrate are some of the ways to generate an
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integrated anaerobic—aerobic system. The integrated systems although showed
transient accumulation of aromatic amines, generated from the bioreduction of
the azo dyes. These compounds were ultimately mineralized, probably with the
help of facultative aerobic bacteria already present in the anaerobic sludge or by
subsequent addition of the aerobic enrichment culture to the anaerobic sludge (Rai
et al. 2005). Although, an increase in colour during aerobic treatment has also been
observed, in some studies, indicating autoxidation of aromatic amines (Van der Zee
and Villaverde 2005). Koupaie et al. (2013) operated two fixed-bed sequencing
batch biofilm integrated anaerobic—aerobic reactors (FB-SBBR) to estimate azo dye
Acid Red 18 decolourization and biodegradation. FB-SBBR1 and FB-SBBR2 were
packed with volcanic pumice stones and a type of plastic material composed of
polyethylene, respectively. They observed that decolourization of the dye in both
the reactors followed first-order kinetics in correlation to dye concentration.
I-naphthylamine-4-sulfonate was produced as main sulphonated aromatic amine
during the anaerobic phase and more than 63.7% and 71.3% of which was success-
fully removed during the aerobic reaction phase of both the reactors.

As reported recently, the sequential anaerobic—aerobic system proved advanta-
geous as compared to integrated system. Primarily, rapid azo dye reduction was
detected under sequential anaerobic—aerobic states due to utilization of the
co-substrate only for providing electrons for reduction of azo dyes; however, in
an integrated system, the co-substrate is partly used in creating anaerobic micro
niches and partly for azo dye reduction. Additionally, aerobic degradation of the
co-substrate under integrated systems generally increases the unavailability of
either oxygen or co-substrate, which ultimately is unfavourable for decolourization
and degradation of azo dyes. These unfavourable effects certainly do not arise in the
sequential anaerobic—aerobic conditions. Thus, a dynamic balance between
co-substrate and oxygen is badly required, which was difficult to attain in the
integrated anaerobic—aerobic systems (Rai et al. 2005).

The performance of sequential as well as integrated anaerobic—aerobic processes
for the bioremediation azo dye Reactive Black 5-laden synthetic wastewaters was
studied and compared. Both the processes showed colour removal to a significant
extent during the anaerobic phase, while partial mineralization of the anaerobic dye
metabolites, approximately to a similar degree, was achieved later during the
aerobic stage. The major proportion of the COD was removed during the anaerobic
stage for the sequential processes and during the aerobic stage in integrated process.
Reportedly, both the processes lead to similar extent of overall COD removal
(Bonakdarpour et al. 2011).

4 Factors Affecting Biodegradation of Dyes

Microbial metabolism is significantly affected by changes in abiotic parameters,
such as pH, temperature, availability of oxygen, metal ions, salts, etc.; as a result,
microbial dye degradation activities are also affected (Ali 2010). Hence, while
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analysing the ability of various microorganisms pertaining to degradation of dyes
reported to be as xenobiotic compounds, the effects of such parameters are consid-
ered. Optimization of these abiotic conditions will substantially facilitate advance-
ments of industrial scale processes as well as bioreactors for bioremediation. A
number of these components influencing the biodegradation of azo dyes are there-
fore reviewed here.

41 pH

The initial pH values of the textile industry dye wastewater vary widely. Enhanced
decolourization and biodegradation activities are generally shown by fungi and
yeasts at acidic or neutral pH (3.0-5.0) and by bacteria at neutral or basic pH, and
the rate of dye decolourization tends to decrease under strongly acidic/alkaline pH
conditions. Probably, pH affects solubilization and transportation of dye molecules
through the plasma membrane as well as the growth of the microorganism,
substrate-limiting stage for the dye decolourization (Agrawal et al. 2014b). Thus,
organisms showing considerable dye degradation over a wide range of pH need to
be preferred for actual waste treatment.

4.2 Temperature

Biodegradation activities associated with microorganisms are unquestionably
altered significantly because of changes in temperature. The rate of reaction usually
increases to two times with every 10°C increase in temperature, nevertheless, this
relationship loses linearity beyond optimum temperature. The degradation activity
of the microorganisms decreases beyond the optimum temperature probably,
because of the reduced growth and reduced reproduction rate in conjunction with
deactivation of enzymes accountable for dye degradation. Optimum growth and
degradation temperatures vary amongst different microorganisms, with most of
them growing at 25-35 °C (Ali 2010). The reduction in dye decolourization rate at
elevated temperatures can be accredited to the denaturation of the enzymes and
ultimately the loss of viability of the cells (Anjaneya et al. 2011).

4.3 Initial Dye Concentration

The time required for decolourization of the azo dye is directly proportional to the
initial azo dye concentration in the system (Sheth and Dave 2009). The rate of dye
decolourization usually slows down with escalating concentration of the dye. This
decline in dye decolourization rate with escalation in initial concentration of dye is
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caused due to the toxic nature of the dyes and its metabolites towards the multi-
plying microorganisms at elevated dye concentrations. Contrastingly, it has also
been reported that the dye reduction rate was independent of dye concentration
exhibiting compatibility with a reduction mechanism that is non-enzymatic and is
regulated by processes that are independent of the dye concentration (Dave et al.
2015).

4.4 Dye Structure

Decolourization and biodegradation of azo dyes is extensively affected by the
diversity in their structure, together with changes in their chemical structures like
isomerism or the existence of diverse functional groups. Dyes having simple
molecular structure and low molecular weights reportedly have higher rates of
degradation as compared to those dyes having high molecular weight. Also, the
degradation rate is faster with respect to monoazo dyes than with diazo or triazo
dyes. Azo dyes possessing amino or hydroxyl groups are expected to degrade early
as compared to those having methyl, sulpho, methoxy or nitro groups (Saratale et al.
2011).

Azo dyes are reduced to their anionic form by a rapid single-electron transfer
reaction, leading to a subsequent second slower electron transfer reaction to gen-
erate a stable dianion. Therefore, functional groups with higher electron density
might not favour dianion formation, leading to absence or reduced capability for
decolourization. Additionally, permeation of azo dyes through the bacterial cell
membrane is the rate-limiting step for the decolourization of sulphonated azo dyes
by bacteria. Moreover, the electron-dense hydrogen bonds, present in the proximity
of the azo bond, enhance the azo-hydrazone tautomerism of hydroxy azo com-
pounds and therefore have a noteworthy impact on the azo dye reduction rate
(Saratale et al. 2011).

4.5 Carbon and Nitrogen Content in the Medium

Azo dyes do not act as carbon sources, and therefore, the bioremediation of fabric
dyes without supplementation of carbon or nitrogen sources is challenging.
Decolourization of azo dyes by mixed or pure cultures usually necessitates complex
organic substrates, for instance yeast extract, peptone or possibly a mixture of
complex natural and organic substrates and carbohydrates. Reportedly, reducing
equivalents from different carbon sources are transmitted to the dyes during azo dye
decolourization by azo bond reduction. However, addition of carbon sources
proved to be ineffective to enhance dye decolourization, almost certainly, because
of the inclination of the cells for assimilation of the surplus carbon sources over
utilization of the dye compound and also carbon source decolourization (Saratale
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et al. 2011). By far the most readily utilizable carbon sources for almost all of the
microorganisms can be glucose. On the other hand, glucose seems to be a costly
carbon source, and therefore, other inexpensive carbon sources like starch, molas-
ses and fructose are used in dye wastewater treatment decolourization (Kaushik and
Malik 2009). Usually, the addition of the organic nitrogen sources like peptone,
urea, yeast and beef extract, etc., can regenerate NADH, which serves as an electron
donor for the azo dye reduction by microbes and hence effective decolourization
has been witnessed. In making the approach economically viable and essentially
applicable, certain researchers have utilized lignocellulosic agricultural waste as a
possible supplement for successful decolourization (Saratale et al. 2011).

4.6 Agitation and/or Aeration

Contradictory results have been reported regarding the impact of shaking or
agitation on microbial decolourization of textile dyes. It has been observed that
azo dyes are usually recalcitrant under aerobic conditions, and therefore for effi-
cient dye degradation, aeration along with agitation, which enhances the oxygen
concentration in solution, ought to be avoided (Ali 2010). Bacterial azo dye
reduction is strongly inhibited in the presence of oxygen, probably either due to
the direct inhibition of the enzyme azoreductase or due to the favoured reduction of
oxygen instead of the azo compounds (Pearce et al. 2003).

Bacteria generally degrade azo dyes to colourless toxic aromatic amines, under
anaerobic environment, some of which will be readily metabolized under aerobic
conditions. Apart from a few, the aromatic amines produced from azo dye
decolourization are typically resistant to biodegradation under anaerobic condi-
tions. Hence, anaerobic degradation of azo dyes is usually more suitable than
aerobic biodegradation, but the intermediate metabolites (carcinogenic aromatic
amines) generated after anaerobic degradation have to be degraded aerobically;
therefore, a sequential anaerobic and aerobic treatment of textile industry waste-
water containing aromatic compounds is essential before they are discarded to the
environment (Rai et al. 2005).

4.7 Salts

Effluent from textile processing and dye producing industries usually comprises of
15-20% of salts along with azo dye residues. As a result, the characterization and
development of halotolerant bacterial strains capable of degrading azo dyes may
ease the establishment of biotreatment processes for the remediation of high salt
containing azo dye wastewaters from textile industry (Khalid et al. 2008).

The dye decolourization rates initially increase with an escalation in salt con-
centration approximately up to 3-5 g/L of salt concentration, above which
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decolourization rates started decreasing. This can be accredited to the variation of
enzyme activity and molecular transportation across the plasma membrane of
microorganisms. With elevated salt concentrations, the cell has increased osmotic
pressure which in turn affects the membrane properties. The decrease in the
substrate transportation reduces, generally, the decolourization rate of dyes. The
presence of lower concentrations of salt might also stimulate the growth of some
bacterial strains from non-marine environments; however, higher salt concentra-
tions had lethal effects on their growth (Meng et al. 2012).

4.8 Electron Donor

The presence of an electron donor is a precondition for reduction of azo dyes.
Hypothetically, only four reducing equivalents are required per azo linkage, indi-
cating that the fewer amounts of electron donors are required. However, competi-
tion for electron donors by other reactions leads to an increase in the amount of the
reducing equivalents required. Azo dyes in addition to other organic constituents of
textile dyeing wastewater lack electron donors and therefore are not enough as
substrate to support the growth of anaerobic bacteria. Therefore, the reductive
cleavage of azo bond is apparently induced by supplementation of electron donors,
for instance glucose, acetate or formate ions. In addition to this, the azo dye
reduction possibly will also be kinetically benefitted by a higher electron donor
concentration. Hence, it is crucial to deduce the physiological electron donors for
every dye bioremediation process, because the electron donors not only stimulate
the mechanism of azo dye reduction but additionally induce the particular cluster of
enzymes accountable for the particular reduction process. It has also been noted that
the presence of certain electron donors inhibits the process of electron transport
probably because of the competition for electrons from the electron donors
(Saratale et al. 2011).

5 Bacterial Enzyme Systems for Dye Biodegradation

Enzymatic reactions have proved their efficiency in textile processing for many
years and now are progressively gaining importance as biocatalysts in textile waste
processing. Bilirubin oxidase, laccase and azoreductase are some enzymes respon-
sible for the biodegradation of dyes using non-lignolytic fungi. Likewise, various
bacterial enzymes, viz. veratryl alcohol oxidase, tyrosinase, NADH-dependent
dichlorophenolindophenol (NADH-DCIP) reductase, azoreductase and laccase,
are also reported for dye decolourization. It was generally observed that because
of the susceptibility of the enzyme to inactivation because of the presence of
different chemicals, enzymatic treatment will probably be effective in the fields
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having a maximum concentration of dye and minimum concentration of interfering
substances (Saratale et al. 2011).

5.1 Laccase

Laccases, alternatively known as benzenediol oxygen oxidoreductases and with EC
number EC 1.10.3.2, are principally polyphenol oxidases (PPO), belonging to a
small category of enzymes called blue oxidase. Using molecular oxygen as the
electron acceptor, they catalyse cross-linking of monomers, ring cleavage of aro-
matic compounds, degradation of polymers and oxidation of several substituted
phenolic compounds (Sharma et al. 2007; Kunamneni et al. 2008). Genes encoding
laccases have been reported in various gram-positive as well as gram-negative
bacteria, which also includes extremophiles, e.g. in Oceanobacillus iheyensis,
Aquifex aeolicus and Pyrobaculum aerophilum (Ferrer et al. 2010). Besides this,
bacterial laccases overcome the drawbacks of in-process applications and instabil-
ity of fungal laccases. They are extremely active and stable at high temperatures
and pH values (Sharma et al. 2007).

5.2 Lignin Peroxidase

Lignin peroxidases (abbreviated as LiP and recognized with the EC number,
E.C. 1.11.1.14), the enzyme first reported in the year 1983, are also referred to as
ligninase or diaryl propane oxygenase. This enzyme is a member of the category
oxidoreductases, having hydrogen peroxide as an electron acceptor (peroxidases),
and is broadly categorized as ligninases (Husain 2010). LiP catalyses a variety of
reactions, including hydroxylation, ortho-demethylation, benzylic oxidation, cleav-
age of bond between two carbon atoms, phenol dimerization, hydroxylation, oxi-
dation of non-phenolic aromatic lignin moieties and oxidation of azo dyes and
pesticides. Bacterial lignin peroxidases have been utilized for dye bioremediation
through Brevibacillus laterosporus and Acinetobacter calcoaceticus (Gomare et al.
2008; Ghodake et al. 2009). Innumerable investigations have revealed a noteworthy
induction in the cellular activity of lignin peroxidase in a diverse variety of bacteria
during decolourization of azo dyes, symptomatic of their probable role in
decolourization of dyes.

5.3 Azoreductase

Azobenzene reductase also referred to as azoreductase (EC 1.7.1.6) (Maier et al.
2004) is an enzyme, which is a member of the family of oxidoreductases,
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specifically catalysing oxidation—reduction reactions only with the help of reducing
equivalents FADH, NADH and NADPH as acceptor. Several azo bond reducing
enzymes have been recognized as FMN-independent reductases, FMN-dependent
reductases, NADH-dependent reductases, NADH-DCIP reductases and NADPH-
dependent reductases (Saratale et al. 2011).

Azoreductases are present in bacteria, algae and yeast. Activity of the enzyme
azoreductases has been detected in a number of bacteria, such as Pseudomonas
luteola, Rhodococcus sp., Xenophilus azovorans KFA6F, Shigella dysenteriae Type
I, Klebsiella pneumoniae RS-13, Clostridium perfringens, Bacillus laterosporus
RRKI1 (Sandhya et al. 2008), Caulobacter subvibrioides C7-D (Mazumder et al.
1999), Bacillus badius (Misal et al. 2011), Staphylococcus aureus ATCC 25923
(Chen et al. 2005), Pigmentiphaga kullae K24 (Chen et al. 2010) and Rhodobacter
sphaeroides AS1.1737 (Bin et al. 2004). It is localized either to the interior or to the
exterior of the bacterial plasma membrane (Saratale et al. 2011). Azoreductases in
bacteria can be broadly categorized into two different types: anaerobic and aerobic
azoreductases (Solis et al. 2012). Azoreductase as well as the flavin reductase is the
crucial enzyme accountable for the azo dye decolourization; conversely, they lead
to generation of toxic aromatic amines upon reductive hydrolysis of azo linkage
(Saratale et al. 2012; Telke et al. 2015). The reaction catalysed by the enzyme
azoreductase is shown in Fig. 3.

5.4 Polyphenol Oxidase or Tyrosinases

Polyphenol oxidase (PPO) enzymes also referred as tyrosinases (EC1.14.18.1) are
copper-dependent enzymes. They catalyse the hydroxylation at ortho position of
monophenols to o-diphenols (often known as monophenolase) and further catalyse
the oxidation of o-diphenols to produce o-quinones (also known as o-diphenolase),
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in the presence of molecular oxygen. The enzyme remains in an inactive deoxy
state and undergoes a conformational change to the active oxy state upon binding of
a new molecule of oxygen. The enzyme also serves as an indicator of the oxidative
enzymes accountable for azo dye degradation (Saratale et al. 2011). Activity of the
enzyme polyphenol oxidases has been detected in a wide range of bacteria, viz.
Streptomyces glaucescens, S. antibioticus, Bacillus licheniformis, B. sphaericus
and B. natto (Telke et al. 2015).

5.5 NADH-DCIP Reductase

This enzyme with EC number (EC 1.6.99.3) catalyses reduction of
2,6-dichlorophenol (DCIP) to its leuco form, with the help of NADH as an electron
donor. The enzyme is usually known as diaphorase (Nishiya and Yamamoto 2007).
NADH-DCIP reductases are considered as marker enzymes for the mixed function
oxidase system of bacteria and fungi and are responsible for azo bond reduction and
detoxification of xenobiotic compounds. DCIP is converted from blue colour to
colourless, upon reduction (Saratale et al. 2011).

The substantial induction of non-specific reductase was observed during the
biodegradation of the dye Malachite green and the non-specific reductase was
termed as MG reductase. It reduced the Malachite Green to Leucomalachite
Green with the help of NADH as an electron donor (Parshetti et al. 2006).

6 Characterization of Dye Metabolites

With the aim of understanding the environmental fate of the dyes and to reveal the
possible mechanism of dye decolourization, study of the metabolic products of azo
dyes is crucial. Several analytical techniques are utilized to deduce the degradation
products produced upon biodegradation of azo dyes and some of them are described
in the following section.

6.1 UV-Visible Spectroscopy

UV-vis spectroscopy (UV-vis) is the principal technique used to ascertain whether
dye decolourization is due to absorption or biodegradation (Wilson and Walker
2010). The characteristic peaks in the absorption spectrum of a molecule usually
decrease in comparison to each other along with deep colouration of bacterial cells
because of dye removal due to adsorption. Contrastingly, in case the dye remedi-
ation is due to biodegradation, the main absorbance peaks in the visible region will
either completely disappear or some new peaks towards the UV region will appear
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as well as the cells retain their original colour (Wijetunga et al. 2007). The true
colour of the mixture of dyes and industrial effluents, independent of the hue, is
measured with the help of ADMI 3WL, the tri-stimulus filter method of the
American Dye Manufacturers Institute (Saratale et al. 2011).

The UV-Vis spectra of the Navy blue 2GL, a textile azo dye, upon treatment by
Bacillus sp. VUS showed decolourization and reduction in the concentration of the
dye over time without any shift in A,,,x until complete decolourization of the
medium (Dawkar et al. 2009). Similarly, noteworthy changes appearing in both
the ultraviolet and visible spectra of the dye Acid Black 210, upon treatment by the
bacterium Providencia sp. SRS83, point out that molecular structure of AB210
changed manifestly upon decolourization undoubtedly owing to the biodegradation
(Agrawal et al. 2014b).

6.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy involves absorption of infrared
light, including the wavelength range of about 700-25,000 nm, by a molecule
resulting in transition to higher levels of vibration. An infrared spectrum arises
because of absorption of incident light of a specific wavelength by a molecule
which in turn will then disappear from the transmitted light. The observed spectrum
will demonstrate an absorption band. The bonds between atoms can be contem-
plated as flexible springs, and bond vibrations can therefore be either stretching or
bending (deformation) actions.

A comprehensive analysis of the structure of a molecule is possible, because the
wavenumber associated with a specific functional group differs marginally, due to
the influence of the molecular environment. For instance, it is possible to differen-
tiate between C—H vibrations in methylene (—CH—) and methyl groups (—~CHj).
FTIR is increasingly used for the analysis of peptides and proteins (Wilson and
Walker 2010). The FTIR spectrum facilitates estimation of type as well as strength
of interactions amongst different functional groups of the azo dye molecule upon
bacterial treatment, and consequently it serves as a precious analytical tool
(Saratale et al. 2011).

FTIR spectrum of the azo dye and its metabolites formed upon biodegradation,
upon comparison, clearly reveals dye degradation by bacterial species. The FTIR
spectra of dye metabolites indicated disappearance of specific peaks, in the range of
1575.0-1630.0 cm ™' for azo compounds, thereby confirming breaking of azo bonds
present in the dye (Lade et al. 2015). Rest of the peaks indicate the bending and/or
stretching vibrations of different groups of the dye and hence support dye degra-
dation (Agrawal et al. 2014b)
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6.3 High-Performance Liquid Chromatography

A chromatogram is a pictorial record of the detector response as a function of
retention time or elution volume, consisting of a series of peaks or bands, ideally
symmetrical in shape, demonstrating the elution of individual analytes. This time is
characteristic of the analyte and helps in its identification (Wilson and Walker
2010). High-performance liquid chromatography (HPLC) technique can be utilized
for confirming dye degradation, through the advent of novel peaks in the chromato-
gram with altered retention times in comparison to the original dye. These metab-
olites generated upon dye biodegradation are represented by the formation of new
peaks.

6.4 Mass Spectrometry

Mass spectrometry (MS) assists in obtaining the mass spectra of the mixture of
compounds, offering an extremely effective qualitative tool for the analysis of the
dye biodegradation. The technique is known as liquid chromatography—mass spec-
trometry (LC-MS) when a liquid is used as mobile phase and gas chromatography—
mass spectrometry (GC—MS) when the mobile phase employed is a gas. Both the
techniques have proved to be of help for the estimation of molecular weights as well
as the structural details of metabolites of dye biodegradation formed after bacterial
treatment and can help in elucidating the microbial pathways of azo dye degrada-
tion (Saratale et al. 2011). GCMS analysis was utilized to deduce the metabolites
generated upon biodegradation of triazo dye Acid Black 210 with the help of
Providencia sp. SRS83; the retention time and m/z values helped in predicting the
metabolites generated and probable pathway (Fig. 4) followed by the organism for
dye biodegradation (Agrawal et al. 2014b). The dye metabolites generated during
anaerobic phase are further mineralized during the aerobic phase, which was
deduced by Chan et al. (2012). The dye degradation metabolites, their molecular
weights generated from LCMS/MS and the biodegradation pathways can be corre-
lated and hypothesized with reference to the metabolic pathways illustrated on the
MetaCyc database at http://metacyc.org/ and KEGG Pathway database at http://
www.genome.jp/kegg/pathway.html. The hypothetical pathway for the mineraliza-
tion of an azo dye is represented in Fig. 5.

6.5 COD

Additionally, the degree of azo dye decolourization in addition to degradation can
be estimated by calculating the percentage of degradation through the measurement
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Fig. 4 Proposed pathway for the biodegradation of a model azo dye by Providencia sp. SRS82

of the decrease in the ratio of both the chemical oxygen demand (COD) and
biochemical oxygen demand (BOD), before and after the treatment.

Analysis and interpretation of dye biodegradation by sophisticated techniques
mentioned above are not much helpful for dye containing effluent, as with individ-
ual dye biodegradation by bacteria, because composition of industrial wastewater is
very complex and practically unknown. So, parameters such as COD, BOD, ADMI
values and total organic carbon are estimated to estimate the degree of mineraliza-
tion and biodegradation of dye-laden effluent. A reduction in values of COD,
ADMI and TOC values indicates mineralization of complex dye molecule
(APHA 1998).
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Fig. 5 Proposed pathway for the aerobic biodegradation of dye metabolites

7 Toxicity Study

The release of textile industry and dyestuff manufacturing industry effluent may
lead to unusual colouration of the surface water which causes the ultimate ecolog-
ical distress pertaining to water quality as well as directly disturbs the aquatic biota.
The synthetic dyestuffs and their degradation products released by the textile
industry are mutagenic and carcinogenic. Certainly, lack of adequate statistics
related to toxicity of dyes with reference to cell populations makes bioremediation
unpredictable and undependable for on-site processes. Thus, it is very essential to
find out phytotoxicity and microbial toxicity of the treated dyeing effluent.



118 S. Agrawal et al.
7.1 Phytotoxicity

Phytotoxicity studies involve treatment of the seeds of model plants with the parent
dye and its biodegradation products at a specific concentration. The impact of this
treatment on the seed germination percentage and length of the plumule and radicle
can be estimated and can then be compared with the control (treated with water).
Various groups of researchers have treated the seeds of model plants with water, the
dye and its extracted metabolite separately and subsequently compared percentage
of seed germination along with the lengths of plumule in addition to the radical.
Reportedly, seed germination (%), shoot length and root length for the tested plants
were less upon dye treatments as compared to those treated with metabolites
obtained after its decolourization confirming detoxification of the dye molecule
upon microbial treatment (Saratale et al. 2011).

7.2 Microbial Toxicity

The toxicity of the azo dyes and their metabolites can be analysed by evaluating the
toxicity of the dye sample before and after bacterial treatment towards the known
microbial cultures. This is a sensitive method producing reproducible and compa-
rable results. Furthermore, if the biodecolourizer itself is the test organism, then the
results indicate the performance of the dye degradation process and suitability of
the bio decolourizer for this process too (Saratale et al. 2011). The toxicity of the
dye sample and its metabolites can also be compared by counting the changes in
microbial cells count per millilitre as compared to that in nutrient broth (Ali 2010).

Correspondingly, some researchers have investigated the toxic effect of a variety
of dyes and their biodegradation products generated upon bacterial treatment on
plate assay by measuring their zone of inhibition at equal concentrations and used
common laboratory microorganisms along with cellulose, nitrogen and phosphate
solubilizing bacteria, owing to their significance in agriculture. The outcomes
suggest that upon treatment with bacteria the extract of dye metabolites proved to
be less toxic than the dye itself, indicating azo dye detoxification (Saratale et al.
2011).

7.3 Other Toxicity Tests

Higher plants are considered as outstanding genetic models to estimate mutagenic-
ity of toxic compounds; therefore, cytotoxicity and genotoxicity tests conducted
upon Allium cepa (onion) are nowadays generally studied. A. cepa species also have
the advantage of being cheap and simplicity in handling. Mitotic index (MI) and
chromosomal aberrations in the cells of roots of A. cepa are utilized to detect
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genotoxicity. MI of sample-treated dye is usually higher as compared to those
treated with biodegraded metabolites. MI, cell death assay and certain nuclear
abnormalities are evaluated to estimate cytotoxicity of dyes. Analysis of the
increase or decrease in MI provides a useful insight for the estimation of the
cytotoxicity of a test compound. Reportedly, total numbers of cells with chromo-
somal aberrations are considerably higher in dye-treated samples as compared to
those treated with water and dye metabolites, indicating genotoxicty of the dyes
(Dave et al. 2015). The different forms of chromosomal aberrations induced under
the influence of dyes are laggards, chromosomal breakages and anaphase bridges
and micronuclei formation. Additionally, the frequencies of total alterations
(TA) were also detected to be higher in dye-treated samples (Jadhav et al. 2011)

Environmental pollutants can lead to induction of the oxidative stress which can
subsequently bring about lipid peroxidation and/or protein oxidation or even
damages to DNA in plant and mammalian cells. Antioxidants or scavenging
enzymes, for instance superoxide dismutase, ascorbate peroxidase, catalase, gluta-
thione reductase and peroxiredoxins, are present in the plant systems as their
defence against such oxidative stress. Consequently, to analyse the toxicity status
of dye and its degraded metabolites, various researchers assayed the status of
antioxidant enzymes, protein oxidation and lipid peroxidation. Reportedly, the
activities of these enzymes in A. cepa root cells were elevated in dye-treated
samples as compared to those samples that were exposed to dye metabolites
which showed virtually similar levels of these with respect to control set, clearly
indicating the relatively less toxic nature of the dye metabolites generated upon its
treatment with bacteria (Jadhav et al. 2011).

The Ames test or the Salmonella mutagenicity assay is extensively utilized to
deduce mutagenicty and carcinogenicity of azo dyes and their metabolites. Simi-
larly, toxicity of the certain dyes has been studied using bioluminescent marine
bacterium Vibrio fischeri. Pseudokirchneriella subcapitata, a green unicellular
alga, has also been used as test organism to analyse the toxicity of the azo dyes
(Dave et al. 2015).

8 Research to Implementation

Earlier reviews on biodegradation of dyes have shown that a lot of literature is
already available on the usage of different bacteria for dye removal; however,
detailed economic and market studies are yet not available. However, imposition
of strict regulations regarding pollution has pressurized dye manufacturing and dye
using industries towards usage of advanced and technologically sophisticated
methods for effluent treatment. Industrialists are still reluctant to use the microbial
or bacterial reactors. The challenge with bioremediation of dyes is to implement
this process to an industrial scale.

The overwhelming publications in the arena of the remediation of azo dyes from
wastewaters have been exploring the different applicable facets of the microbial
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techniques, with simultaneous hunt for novel microorganisms giving efficient dye
degradation along with an insight into the elucidation of the key biochemical and
biophysical processes essential to azo dye decolourization and degradation.

However, decrease in the dye-laden waste and water recycling along with
development of effective, accessible, cost-effective and eco-friendly treatment
processes are the need of the hour. Therefore, the future research activities should
emphasize on the following facets:

1. Application of molecular biology techniques to acquire knowledge regarding the
dye biodegradation pathway, which in turn can be used to develop genetically
modified bacterial strains with enhanced biodegradation capacities along with
tolerance to alkaline and high-temperature conditions might increase the
economic feasibility and viability of the process.

2. Advancements in techniques for enzyme immobilization or development of
microbial fuels cells, which can produce electricity during the bioremediation
process, may help in increasing the efficiency of the process.

3. On the basis of successful laboratory results, efforts should now be directed
towards application and scale-up of bacterial decolourization techniques on real
industrial effluents. It is relatively easy to demonstrate it at lab scale, but it is a
herculean task to demonstrate it at a pilot scale, but to actually scale it up to a
large scale requires considerable financial and technological effort and therefore
multidisciplinary researches should be conducted in this field.

4. Besides this, multifaceted researches can also be directed towards process design
leading to reduction in use of water, reduction in discharge of toxic chemicals,
and use of dyes with modified structures that can be degraded easily.

9 Problem Delineated

The microbial degradation of azo dyes has drawn significant attention, as a cost-
effective process for dye bioremediation. Pure, mixed or consortial bacterial cul-
tures can degrade a variety of azo dyes, discharged in textile industry effluent, under
aerobic, microaerophilic or anaerobic conditions. The initial step in the dyes
biodegradation is usually the reduction of the azo dye to its corresponding aromatic
amines that are then degraded aerobically. The effectiveness of the process for the
degradation of azo dyes is determined by the type of dye in addition to its structure
and the physico-chemical parameters of the effluent, such as temperature, pH and
salt concentration, availability of nutrient sources, oxygen and electron donors. The
dye biodegradation process is mediated by different oxidoreductive enzymes. A
variety of sophisticated analytical techniques help in ascertaining the degradation
of dye as well as in elucidating the probable pathway followed by the bacterium for
dye degradation. The detoxification of the dye after bacterial treatment is confirmed
by less toxicity of dye metabolites to tested microbes, plants, cells and enzymes.
The development of innovative processes, such as advanced oxidation process and
microbial fuel cells combined with recombinant microbiological strains and the
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addition of novel efforts and methodologies in this area, will play a crucial role in
increasing efficiency of dye bioremediation and therefore consequently environ-
ment protection.
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