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Abstract

Azo dyes are the most versatile and immensely used class of dyes. They play an
extensive role in industries such as leather, food, paper printing, pharmaceutical,
textile dyeing and printing, plastics, cosmetics, etc. The estimated production of
azo dyes is about 0.7 million tons annually. They can pass through municipal
wastewater plants nearly unchanged due to their resistance to aerobic treatment,
which potentially exposes humans and local biota to adverse effects. Approxi-
mately, 10–15% of synthetic dyes are dissipated throughout various processes in
the textile dyeing and printing industry. Azo dyes cause adverse environmental
impacts because of their color, bio-recalcitrance, and potential toxicity to the flora
and fauna. The contaminated water takes the solvate (contaminants) to the fields
in the vicinity and its consumers, thereby adversely affecting the quality of the
agricultural produce, animal and human health causing chemosis, contact derma-
titis, exophthalmos, lacrimation, permanent blindness, skin irritation, etc. These
azo dyes are also the ones raising the biggest concern due to their mutagenic,
genotoxic, and carcinogenic nature. These azo dyes have a distinctive one or
more azo bonds (-N¼N-) that link different aromatic structures, and the cleavage
of this bond biologically or chemically often releases more mutagenic and toxic
end products. Under anaerobic conditions, some azo dyes are cleaved by
microorganisms forming potentially carcinogenic aromatic amines. The toxicity
of an azo dye may be due to the dye itself or aryl amine derivatives generated
during the reductive biotransformation of an azo linkage. Aerobic
microorganism-based bioremediation is gaining importance as it is proved to
have high efficiency in mitigating, detoxifying, and degrading these
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contaminants. It is thus important to explore the possibilities of isolating efficient
microbial aerobic degraders for use in the bioremediation of textile effluents.
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14.1 Introduction

A tremendous decrease in the quality of air, soil, and water has been observed due to
the industrial revolution that incurred as a result of increasing demands of the
population (Sudha et al. 2014). Improving the quality of water and thereby the soil
has been a major thrust for scientific research. The effluent/pollutant discharge from
various industries poses a severe threat to the ecosystem (Bhainsa and D’Souza
2006). In India alone, 70% of the natural water sources like lakes, rivers, and streams
are polluted due to the discharge of industrial effluents into them (Sriram and Reetha
2015). Textile dyeing and printing industries are one of the major sectors that release
industrial effluents containing a wide variety of toxicants, including biodegradable
organic matter, suspended solids, toxic organic compounds (phenol), synthetic dyes
(such as azo, anthraquinone, phthalocyanine, and triarylmethane), heavy metal, and
their conjugates that may cause alteration of the physical, chemical, and biological
properties of water bodies (Satija and Bhatnagar 2017; Sharma et al. 2007). Azo
dyes (acid dyes, basic dyes, direct dyes, disperse dyes, mordant dyes, reactive dyes,
and solvent dyes) constitute a major portion of the dyes used in textile industries
(Tang et al. 2019; Adebajo et al. 2017; Desai 2017; Yang et al. 2016; Lade et al.
2015; Karunya et al. 2014; Rani et al. 2014; Sudha et al. 2014). Over 1 lakh dyes
have been generatedworldwidewith an annual production of over 7� 105metric tons,
and approximately 28,000 tons of dyes are being discharged into the public drains
without proper treatment that eventually go into the river (Sarker et al. 2019; Singh
et al. 2015). Azo dyes are characterized by the existence of nitrogen-nitrogen
(-N¼N-) double bond, high solubility, and their vibrant color (Santos-Pereira et al.
2019). These may amass to lethal levels causing a vast variety of ecological damage
under various environmental conditions.

Various methods are used for the decolorization and treatment of textile waste-
water. Physiochemical methods (specific coagulation, filtration, chemical floccula-
tion, use of activated carbon) and chemical methods (ozonation, irradiation
oxidation, electrochemical oxidation, Fenton oxidation and ultrasonic chemical
oxidation) are used for the treatment (Sarker et al. 2019; Singh et al. 2015; Esteves
and Silva 2004; Pearce et al. 2003). These methods have limited usability due to
excessive use of chemicals, large amount of sludge generation, production of
secondary pollutants, low efficacies, high operational cost, high cost of the electric-
ity, ozone, and radiation (Lade et al. 2015; Leelakriangsak 2013). Biotreatment
offers a cost-effective and environmental friendlier alternative for decolorization of
textile effluent. In biological treatment processes, various parameters, namely pH,
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temperature, the degree of agitation, dye concentration and structure, oxygen, and
supplementation of different carbon and nitrogen sources have a direct impact on the
decolorization of the effluents (Modi et al. 2015). Thus, prior determination of these
factors helps make the process more efficient, faster, and practically applicable.

Alternatively, bioremediation technology that employs the ability of microbes
like bacteria, fungi, and/or their combination has emerged as an effective method for
the treatment of textile dye effluent (Islam et al. 2017; Lade et al. 2015). Bacterial
decolonization of azo dyes is found to be used under both aerobic and anaerobic
conditions. However, the anaerobic degradation yields certain aromatic amines
which are toxic and mutagenic; these byproducts cannot be further broken down
under the conditions which generated those (Olukanni et al. 2006). Many bacteria
that decolorize azo dye reportedly do not use the dye as the sole carbon source in
aerobic conditions (Syed et al. 2009).

The mechanism of fungal decolorization mainly involves two aspects, biodegra-
dation and biosorption. The biodegradation capability of fungi is due to their
extracellular, nonspecific, and nonselective enzyme system (Yang et al. 2016).
Fungal enzyme production depends on nutrient limitations, and their subsequent
dye decolorization ability is achieved depending on the growth conditions.

In particular, the discharge of dye-containing effluents into the water environment
is undesirable, not only because of their color, but also because many of the dyes
released and their breakdown products are toxic, carcinogenic, or mutagenic to life
forms mainly because of carcinogens, such as benzidine, naphthalene, and other
aromatic compounds. The dye effluent may contain toxic substances that could be
mutagenic, teratogenic, and carcinogenic to aquatic organisms and fish species.
These are generally undesirable and toxic for animal and human at extreme minute
quantities. The chemicals present in textile wastewater evaporate into the air, which
cause adverse effect if inhaled or are absorbed through our skin may cause allergic
reaction (Yadav et al. 2014; Kant 2012).

The color causes hindrance in light penetration, which subsequently inhibits the
process of photosynthesis (Singh et al. 2015). Moreover, various research studies
reveal that the toxic effects of dyes have a major influence over the germination rates
and biomass of several plant species (Ghodake et al. 2009).

14.2 Impact of Azo Dye on Flora and Fauna

Azo dyes, except for their deteriorating effect on esthetic beauty and adverse impact
in terms of chemical oxygen demand (COD) and biological oxygen demand (BOD),
are also reported to adversely affect water resources, soil fertility, aquatic organisms,
and ecosystem integrity. They pose lethal effect, mutagenicity, genotoxicity, and
carcinogenicity to plants as well as animals.
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14.2.1 Azo Dye Synthesis and Types

Azo dyes are one of the most important class of dyes and dominate 70% of the dye
market. The elementary structure of azo dyes contains double-bonded nitrogen
atoms (-N¼N-), combining two identical and/or asymmetrical alkyl or aromatic
radical. Mostly aromatic azo compounds are used as commercial colorants in textile
industries. These dyes come in a wide range of colors, have better fastening capacity,
cost effective in terms of their synthesis and availability of their starting materials,
and therefore are preferred worldwide.

The most common procedure for azo dye synthesis is by diazotization of an
aromatic primary amine, followed by coupling with one or more electron-rich
nucleophiles such as amino and hydroxy. When hydrochloric acid is added to
sodium nitrite, it produces nitrous acid. Nitrous acid under acidic conditions
produces the nitrosonium ion and releases a water molecule (Fig. 14.1—Eq. (1)).
The electrophilic nitrosonium ion attacks an aromatic amine to give a nitrosoamine,
which undergoes tautomerism. Under acidic conditions, the OH group can be
protonated to release water molecule. The diazonium salt is then resonance stabilized
(Fig. 14.1—Eq. (2)) (Benkhaya et al. 2020). The final step for the synthesis of azo
dye requires a diazonium salt and a coupling reagent (Fig. 14.1—Eq. (3)). The
general synthesis of azo dyes is as follows (Table 14.1):

Others methods used for the synthesis of azo dye include: reduction of nitroso
compounds by lithium aluminum hydride, reduction of nitro aromatic derivatives in
alkaline medium, condensation of hydrazines and quinones, oxidation of primary
amines by potassium permanganate or lead tetra acetate, condensation of primary
amines with nitroso derivatives, etc.

Azo Dye Intake into the Food Chain Textile industries play a significant role in
the economy of a nation; however, it is also one of the most polluting industrial
sectors. The textile industry is responsible for a wide-ranging environmental pollu-
tion (Muthu 2017). This effluent prevents light from penetrating into the water
bodies and also reduces its oxygen level, thereby reducing the rate of aquatic flora
and subsequently its fauna (Imran et al. 2015; Hassan and Carr 2018).

A relatively small section of the chemical industry is represented by the dye
industries, which globally produces approximately 800,000 tons of dyes in a year.
About 10–15% of synthetic dyes are dissipated during various processes in the
textile industry. Dyes are usually categorized into acid, basic, direct, disperse,
mordant, metal complex, reactive, sulfur, and vat dyes. Out of the total dyes
(approximately 10,000 dyes) exploited in the textile manufacturing unit, azo dyes
that possess complex structure and are synthetic in origin contributes nearly 70% to
overall produce. Primarily the main cause for the dye release in the environment is
the fraction of residual dye in the textile effluent; this is one of the biggest concerns
over the last few decades due to their esthetic damage and non-biodegradability
(Hassaan and Nemr 2017; Hassan and Carr 2018).
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The solid waste that results from the fabric and yarn scrapings and packaging
waste constitute textile sludge. Air pollution is caused by particulate matter, volatile
organic compounds, oxides of sulfur and nitrogen. However, water pollution
constitutes 80% of the total pollution caused by this sector that results due to
discharge of untreated textile effluent into the nearby water bodies is the most
harmful. Textile industries utilize large amount of dyes and chemicals. These dyes
and chemicals are dissolved in water which is extensively used in various processes
like dyeing, printing, bleaching, washing, etc. (Wang 2016). This untreated textile
effluent contains dyes, heavy metals, other organic and inorganic dissolved solids,

Fig. 14.1 Reactions involved in the synthesis of azo dyes
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which elevates the biological oxygen demand (BOD) and chemical oxygen demand
(COD) of the adjoining river/surface water bodies.

These azo dyes are mutagenic and carcinogenic in nature. Since these dyes do not
degrade easily, they enter the food chain and show biomagnification as organisms at
higher trophic levels show higher levels of contamination compared to that on the
initial levels (Newman 2015). When this effluent is used for irrigation purposes,
these azo dyes are taken in by the plants where they affect its germination rate and
plant growth. The use of these azo compounds also destroys the soil microbial biota
(Imran et al. 2015).

14.2.2 Impact of Azo Dye on Flora

The most common methods employed to study phytotoxicity are monitoring of seed
germination and plant growth. The study reported the toxicity of Procion Red
MX-5B on the root growth in the seeds of Lactuca sativa. During the experiment,
filter papers with 3 mL dye solution and 20 seeds were lined on petri plates at
21 � 1 �C for 72 h in dark conditions with 0.05N zinc sulfate solution as positive
control and water as negative control. This acute toxicity test showed inhibition of
root growth rate in the seeds (Almeida and Corso 2014).

Lobiuc et al. (2018) used Lemna minor to test the toxicity of Congo Red from 5 to
5000 ppm concentration. The paper reported complete inhibition of plant growth,
decrease in chlorophyll a content, and increase in carotenoid content at 2500 ppm
dye; dye accumulation and necrosis formation. PS II efficiency decreased above
1000 ppm dye while chromosomal aberrations significantly increased at 5 and
1000 ppm dye.

Asses et al. (2018) performed phytotoxicity assays of Congo Red on Zea mays
and Solanum lycopersicum seeds. Three milliliter of dye solution (200 mg/L) each
day was used in petri dishes containing ten seeds with distilled water as control for
7 days. Significant reduction in the germination rate, shoot and root length of both

Table 14.1 Types of azo dyes on the basis of color index

Type
Color
index Chemical formula Example Reference

Monoazo 11000–
19999

Single (-N¼N-) bond Remazol
Golden
Yellow

Nigam et al.
(1996)

Diazo 20000–
29999

Double (-N¼N-) bond Reactive
Black 5

Libra et al.
(2004)

Triazo 30000–
34999

Triple (-N¼N-) bond Acid Black
210

Agarwal
et al. (2014)

Polyazo 35000–
36999

Three or more (-N¼N-) bond Direct Red 80 Ogugbue
et al. (2012)

Azoic 37000–
39999

Insoluble ingrain dye, produced during
dye process inside the fabric

– Benkhaya
et al. (2020)
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the plants was observed. Methyl Red dye at 750 ppm concentration was reported to
exhibit 30% germination inhibition in Sorghum bicolor, whereas it was 55% in
Triticum aestivum (Ayed et al. 2011).

Phytotoxicity of Direct Red 2B was tested on Phaseolus mungo (mung) plants,
ten seeds were placed on a plastic petri dish and 5 mL of 300 ppm dye solution was
daily poured on them. It was reported that germination and length of shoot and root
were affected in the presence of pure dye (Desai 2017).

Jadhav et al. (2016) conducted a study using synthetic textile dye Blue GL, Blue
2RNL, Direct Red 5B, Golden Yellow, and Scarlet RR on five plant species, namely
Cicer arietinum, Vigna radiata, Triticum aestivum, Vigna sinensis, and Vigna
aconitifolia, concluded that increasing concentration of dyes had toxic effect on
the development of shoot and root, and showed inhibition of seed germination and
inhibition of α-amylase activity.

Kalyani et al. (2009) reported that the percent germination and Sorghum vulgare
and Phaseolus mungo seeds decreased with Reactive Red 2 treatment. Similar
inhibitory effects in length of plumule and radicle of Sorghum vulgare and
Phaseolus mungo by Direct Red 5B dye (Khandare et al. 2013) and by Reactive
Blue 172 were reported (Lade et al. 2015).

Seed germination test indicated toxicity of textile effluent and contaminated soil
on mung bean by reduction in percent seed germination (86.67% and 95.28%,
respectively) and drastic decrease in radicle-plumule growth (Khan and Malik
2017).

Another study showed phytotoxicity of R Red M8B, R Navy Blue M3R, R
Orange M2R, R Green HE4B, Dt Black BT, Dt Orange RS, R RedM5B, Dt Sky
Blue FF, and Dt Blue GLL azo dyes using seed germination and plant growth
bioassays in seeds Guizotia abyssinica Cass. The percent seed germination, shoot
and root length as well as the protein and total carbohydrate content drastically
reduced in the presence of pure dyes, indicating their toxic nature (Laxmi and Nikam
2015).

14.2.3 Impact of Azo Dye on Fauna

The dyes in the industrial effluent have been reported to cause several physiological
and biochemical changes in the aquatic animals. Once they reach humans after
entering the food chain, they cause various physiological abnormalities like hyper-
tension, sporadic fever, renal damage, cramps, etc. (Puvaneswari et al. 2006) and
were reported to be mutagenic (Umbuzeiro et al. 2005).

Sani et al. (2018) confirmed the toxicity of dyes through test animals, namely
brine shrimps, Artemia salina. The study suggested that such compounds may pose
serious risks to humans, plants, and other organisms (both soil and aquatic) through
ecological interaction in the ecosystem. Asses et al. (2018) used Bacillus cereus, and
Escherichia coli strains were used for microtoxicity evaluation of Congo Red. These
strains were grown in nutrient broth (NB) with 200 mg/L CR at 30 �C and 37 �C,
respectively, and their growth was assessed by OD at 600 nm recorded at 1 h interval
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during 8 h, significant decrease in the density was observed in comparison to the
control.

Histopathological effects of silk dye waste water in the intestine and stomach of
Swiss albino mice showed atrophy of musculature, disintegration of mucosal epithe-
lial cells characterized by cytoplasmic vacuolization, nuclear pycnosis and nuclear
fragmentation (Khatun 2017).

Lade et al. (2015) used Daphnia magna for acute tests to evaluate lethal toxicity
of Reactive Blue 172, which showed 100% mortality indicating the toxic nature of
the dye to mammals and humans. The acute toxicity test of Procion Red MX-5B was
performed on Artemia salina as it acts as a bioindicator of toxicity of industrial
effluent since it is sensitive to the salinity and conductivity of textile effluent. Test
tubes containing ten larvae in 3 mL of dye solution plus 2 mL artificial sea water and
5 mL artificial sea water as control were used in the experiment and the mortality rate
was observed. After 48 h, the experiment concluded that the dye was non-toxic
(Almeida and Corso 2014).

This acute toxicity was reported to be a result of dye accumulation up to a critical
concentration. Disperse Orange 1 was reported to be genotoxic on the HepG2 cells
until it reached the maximum concentration tested where the damage response had
saturated despite cell viability being around 90%, which might be due to cytotoxic
effects. This cytotoxic effect was confirmed as the dye-induced apoptosis in the cells
(Ferraz et al. 2011).

Methyl Red biotoxicity test on Artemia salina at 24 h and 25 �C revealed an
average lethal concentration (LC50) of 3.5% at 34 g/L (Ayed et al. 2011). Another
study performed on Daphnia magna with Methyl Red reported water flea to be most
sensitive to the dye (EC50 6 ppm). The study also reported the effect of Methyl Red
on two freshwater fish, Poecilia reticulata and Gambusia affinis. The EC50 value for
erythrocyte counts was reported to be lower than the LC50 value for mortality; hence,
the dye was concluded to be more toxic on animal physiology than the wholesome
effect on the test organism. Since both these fishes belong to the same family
Poecilidae, species-specific response to the dye was observed as Poecilia was
found to be more sensitive to dye in comparison to Gambusia. This effect to
Daphnia, Poecilia, and Gambusia was concluded to be the result of the order of
their evolutionary level; hence, the invertebrate is more sensitive than the vertebrate
(Sharma et al. 2009).

de Lima et al. (2007) studied mutagenicity of industrial effluent in Salmonella/
microsome assay which tested positive. Carcinogenicity of industrial effluent was
tested for in the aberrant crypt foci medium-term assay in colon of Wistar rats and
confirmed as there was an increase in preneoplastic lesions in the colon of rats
(Table 14.2).

Sharma et al. (2007) conducted serum biochemical and hematological studies on
Swiss albino rats and stated that the values of white blood cells (WBC), red blood
cells (RBC), packed cell volume (PCV), hemoglobin (Hb), and mean corpuscular
hemoglobin concentration (MCHC) significantly decreased in wastewater exposed
animals (12–46%) with respect to control animals (potable water). Further, reduction
in RBC size (13–27%) and the shape modification (poikilocytosis) was observed.
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Table 14.2 Effect of untreated dyes on plants and animals

Dye Application
Environmental
impact Hazardous effect Reference

Procion Red MX-5B Dyeing
cellulose,
nylon, silk,
and wool

Plant and
animals

Inhibition of root
growth rate in the
seeds

Almeida
and Corso
(2014)

Congo Red Dyeing
cotton

Plants Inhibition of plant
growth, decrease in
chlorophyll a content,
increase in carotenoid
content, dye
accumulation, and
necrosis formation.
PS II efficiency
decreased;
chromosomal
aberrations increased
and reduction in the
germination rate

Lobiuc
et al.
(2018),
Asses
et al.
(2018)

Methyl Red Textile
dyeing

Plants and
animals

Inhibition in
germination rate

Ayed
et al.
(2011)Lethal to saline water

animals

Direct Red 2B Dyeing of
cotton,
rayon, jute,
coir, and
linen

Plants Negative impact on
germination and
length of shoot and
root

Desai
(2017)

Blue GL, Blue
2RNL, Direct Red
5B, Golden Yellow,
and Scarlet RR

Textile
dyeing

Plants Adverse effect on
shoot and root length,
inhibition of seed
germination and
α-amylase activity

Jadhav
et al.
(2016)

Reactive Red 2 Dyeing of
cellulosic
fibers

Plants Inhibition in seed
germination

Kalyani
et al.
(2009)

Direct Red 5B Dyeing of
cotton,
rayon, and
linen

Plants Reduction in length
of plumule and
radicle

Khandare
et al.
(2013)

Reactive Blue 172 Textile
dyeing and
printing

Plants and
animals

Reduction in length
of plumule and
radicle

Lade et al.
(2015)

Toxic to freshwater
animals, mammals
and humans

Textile effluent – Plants and
animals

Inhibition in
germination rate and
length of root and
shoot

Khan and
Malik
(2017)

(continued)
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The serum biochemical parameters alanine transaminase (ALT), aspartate amino-
transferase (AST), creatinine, urea, and bilirubin significantly increased (5–97%),
while cholesterol, glucose, total protein, albumin, and globulin contents decreased
(8–53%).

Table 14.2 (continued)

Dye Application
Environmental
impact Hazardous effect Reference

R Red M8B, R Navy
Blue M3R, R Orange
M2R, R Green
HE4B, Dt Black BT,
Dt Orange RS, R
RedM5B, Dt Sky
Blue FF, and Dt Blue
GLL

Textile
dyeing and
printing

Plants Reduction in percent
seed germination,
shoot and root length,
protein and total
carbohydrate content

Laxmi
and
Nikam
(2015)

Red, yellow, blue,
and orange dye

Dyeing and
re-dyeing in
textile
dyeing and
printing
industry

Plants and
animals

Toxic to humans,
plants, and other
organisms

Sani et al.
(2018)

Silk dye waste water – Animals Atrophy of
musculature,
disintegration of
mucosal epithelial
cells, nuclear
pycnosis, and nuclear
fragmentation in
stomach and intestine
of Swiss albino mice

Khatun
(2017)

Disperse Orange 1 Dyeing of
polyester
fiber, yarn,
nylon,
acrylic, and
fabric

Animals Genotoxic and
cytotoxic

Ferraz
et al.
(2011)

Methyl Red Textile
dyeing

Plants and
animals

Toxic on animal
physiology

Sharma
et al.
(2009)

Industrial effluent – Plants and
animals

Mutagenic and
carcinogenic

de Lima
et al.
(2007)

Industrial wastewater – Plants and
animals

Toxicity of untreated
textile dye
wastewater to the
hemopoietic system
of male albino rats

Sharma
et al.
(2007)
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14.3 Pathway of Azo Dye Degradation

14.3.1 Physiochemical Pathway

Azo dyes cause major pollution in the environment; therefore, considerable research
has been carried out on the removal of color from textile effluents. Azo dye treatment
initially comprises physio-chemical treatment methods including coagulation,
adsorption, precipitation, flocculation, oxidation, electrical destruction, ion
exchange, ozonation, photocatalysis, etc. (Lade et al. 2015; Singh et al. 2015).

Inorganic coagulants such as polyaluminum chloride (PAC) or polyaluminum
sulfate (PAS) have trivalent aluminum ions which react with hydroxyl and other
alkaline ionic species. The hydroxides of aluminum are almost insoluble at neutral
pH, which precipitate and settle down. In flocculation, coagulants are usually
inorganic compounds that produce smaller and lighter flocs and require larger time
to settle. It also reflects into the fact that the sludge volume is always greater with
inorganic chemicals/coagulants (Ashtekar et al. 2014).

These physiochemical methods have been utilized for removing color especially
for wastewaters, containing dissolvable solids. Textile industrial waste water
contains large amounts of sludge volume which must be disposed of before further
addition of chemicals through sedimentation, precipitation, filtration, etc. However,
removal of dye requires high chemical dosage in other processes. In coagulation,
trivalent cations have stronger coagulating tendency than divalent cations as cations
in coagulants are responsible for neutralization of the negative charge in dye. Certain
coagulants mainly used are ferric chloride/sulfate, aluminum sulfate, aluminum
chloride, calcium/magnesium oxide, etc. Alum (aluminum sulfate) is one of the
most widely used coagulant, and it produces insoluble precipitate of aluminum
hydroxide and works better in the narrow pH range close to 5. Ferric compounds
such as ferric chloride and sulfate are also some of the popular inorganic coagulants
(Merzouk et al. 2011; Aziz et al. 2007).

Each of these methods has their merits and demerits. The chemicals used in these
processes include alum, ferric or ferrous sulfate, lime and polyaluminum chloride
(PAC), etc. (Saxena and Gupta 2020; Gogate and Pandit 2004).

Ozonation includes ozone bubbling through the effluent which degrades azo
dyes. The degradation rate of azo dyes is first order with respect to both azo dye
and ozone concentrations (Shu and Huang 1995). In photocatalysis, TiO2 and ZnO
semiconductors are majorly employed photocatalysts for the degradation of several
environmental contaminants because of their stability, high photosensitivity, and
large band gap. When illuminated with an appropriate light source, the photocatalyst
generates electron/hole pairs with free electrons produced in the empty conduction
band leaving positive holes in the valence band. These electron/hole pairs are
capable of initiating a series of chemical reactions that eventually mineralize the
pollutants in this case dyes (Sakthivel et al. 2003).
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14.3.2 Microbial Pathway

These physio-chemical methods are non-ecofriendly as they tend to pollute the land
and water sources. Microorganisms, however, completely degrade dyes and are
environment friendly (Al-Tohamy et al. 2020; Ajaz et al. 2019; Hossen et al.
2019; Asses et al. 2018; Islam et al. 2017; Allam 2017; Lalnunhlimi and
Krishnaswamy 2016; Cheng et al. 2016; Laxmi and Nikam 2015). These azo dyes
are used as an energy source and a sole source of carbon and nitrogen by these
microorganisms by mineralizing them into smaller compounds (Sudha et al. 2014).
Bacteria, fungi, and algae are widely reported in literature to have azo dye degrading
capabilities (Islam et al. 2017; Yang et al. 2016; El-Sheekh et al. 2009; Olukanni
et al. 2006).

Fungal species like Aspergillus niger, A. terreus, Alternaria alternate,
Acrogenospora sphaerocephala, Ceriporia lacerate, Colletotrichum dematium,
Corynespora cassiicola, Dictyosporium zhejiangensis, Fusarium thapsinum,
F. oxysporium, Myrothecium verrucaria, Plectosporium tabacinum, Penicillium
notatum, etc. (Asses et al. 2018; Yang et al. 2016; Laxmi and Nikam 2015; Almeida
and Corso 2014).

A wide range of bacterial species like Bacillus cereus, Alcaligenes faecalis,
Staphylococcus sp., Pseudomonas sp., Enterobacter sp.,Micrococcus sp., Klebsiella
sp., Sphingomonas paucimobilis, Rhizobium radiobacter, Arthrobacter soli,
Citrobacter sp., Escherichia coli, Micrococcus sp., etc. have been reported to
biodegrade azo dyes (Hossen et al. 2019; Islam et al. 2017; Allam 2017; Khan and
Malik 2017; Vimala et al. 2015).

Bacteria mineralize azo dyes through reductive cleavage, which results in the
formation of amines. Anaerobic degradation results in the formation of aromatic
amines which are nonbiodegradable. However, treatment of these aromatic amines
under aerobic condition results in their effective biodegradation. It has been stated in
literature that aerobic degradation post anaerobic treatment can be used to degrade
recalcitrant and toxic dyes (Puvaneswari et al. 2006).

Other microorganisms like fungi, yeast, algae, and certain bacteria remove azo
dyes through biosorption. The biosorption capacity of a microorganism is attributed
to the heteropolysaccharide and lipid components of the cell wall, which contain
different functional groups, including amino, carboxyl, hydroxyl, phosphate, and
other charged groups, causing strong attractive forces between the azo dye and the
cell wall. As biosorption is mainly a surface phenomenon, certain pretreatments like
autoclaving, treatment with acids like sodium hydroxide, formaldehyde, and calcium
chloride change the surface/surface area of the microorganism, therefore changing
the capacity of binding sites and affecting the biosorption. The effectiveness of
biosorption depends on the following conditions: pH, temperature, ionic strength,
time of contact, adsorbent and dye concentration, dye structure, and type of micro-
organism (Solis et al. 2012).
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14.3.3 Enzymatic Pathway

Enzymatic degradation of azo dyes can be done through bacteria, fungi, algae, plant,
or other sources (Sarkar et al. 2017). However, enzymes secreted by microorganisms
have several advantages compared to other sources due to low maintenance cost,
cheaper culture, downstream processing, etc. Microbes reduce the azo dyes by
secreting various enzymes such as azo reductase, laccase, oxidase, hydrogenase,
and peroxidase. Enzyme systems for the decolorization and mineralization of azo
dyes under certain environmental conditions are substrate specific, highly efficient,
can be immobilized, and biodegradable and therefore have no adverse impact on the
environment (Pandey et al. 2007).

Azoreductase, a reducing enzyme, degrades azo dye into colorless amines
through reductive cleavage process with reducing equivalent like FADH or
NADH as the electron donor. Azoreductase can be either membrane bound or
cytoplasmic. The enzyme cleaves azo bond (-N¼N-) and transfers four electrons
as reducing equivalent. In each stage, two electrons are transferred to the azo dye
(electron acceptor), which results in decolorization of the dye (Singh et al. 2015).
Toxic aromatic amines are often formed as intermediates which is later degraded
through aerobic processes or microaerophilically. Cell membrane-bound
azoreductases utilize redox mediator as an electron shuttle under anaerobic condi-
tion. This mechanism that uses redox mediator-dependent reactions are different for
both membrane-bound and cytoplasmic azoreductase. Non-sulfonated azo dyes can
enter through the cell membrane; therefore, they are degraded by cytoplasmic
azoreductase. Degradation in anaerobic condition is more efficient than the aerobic
one, as azoreductase is an oxygen-sensitive enzyme. Thus, in aerobic condition,
enzyme comes in contact with oxygen, and redox mediator is reduced instead of the
azo dye (Sarkar et al. 2017).

Laccase, multicopper oxidase enzyme, oxidizes the aromatic amine using Cu2+ as
the mediator. Several low molecular weight compounds act as the efficient redox
mediator in electron transfer steps. It degrades azo dyes through a free radical-
mediated mechanism which is highly nonspecific. The intermediates of this reaction
are phenolic compounds rather than toxic aromatic compounds. The enzyme
oxidizes the phenolic ring utilizing one electron to produce a phenoxy radical
which is furthermore oxidized by the enzyme to generate carbonium ion. Nucleo-
philic attack of water produces 4-sulfophenyldiazene and benzoquinone; these are
unstable in the presence of oxygen. Under aerobic condition, 4-sulfophenyldiazene
gets oxidized to phenyldiazene radical, followed by loss of molecular nitrogen,
producing sulfonyl radical and ultimately producing sulfophenyl hydroperoxide,
scavenged by oxygen (Chacko and Subramaniam 2011).
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14.4 Impact of Bacterial Degraded Azo Dye Byproducts on Flora
and Fauna

14.4.1 Bacterial Degradation of Azo Dye

Desai (2017) concluded that Klebsiella spp. and Staphylococcus spp. degrade
98.83% and 98.72% of 200 ppm of Direct Red 2B in Bushnell Hass minimal salt
medium at pH 7, 37 �C, and 1% glucose, respectively. Arthrobacter soli BS5
showed dye degrading capacity by degrading Reactive Black 5 textile dye with
98% degradation at pH range 5–9, 37 �C, and 120 h of incubation (Khan and Malik
2017). The bacterial strains Enterobacter asburiae and Enterobacter cloacae were
identified to biodegrade (not absorb) up to 98% of 100 mL of textile effluent with
0.1 g biomass at 32 �C and pH 1.67 in 10 min under aerobic conditions (Singh et al.
2017).

Lade et al. (2015) used GC-MS analysis to identify the degraded product of
Reactive Blue 172 obtained posttreatment with P. rettgeri which were 4-(ethenyl
sulfonyl) aniline and 1-amino-1-(4-aminophenyl) propan-2-one based on fragmen-
tation pattern andm/z values. FTIR and HPLC analyses confirmed the degradation of
the dye. Khandare et al. (2013) showed FTIR spectral analysis between Direct Red
5B and its products post decolorization by Pseudomonas putida. FTIR spectrum of
the dye had different peaks at 1754.7 cm�1 for C¼O stretch, at 1619.3 cm�1 for
N¼N stretch for azo bond structure; other peaks at 1546.7 and 1486 cm�1 show N–
O stretch and peaks at 1286.8, 1134.7, 1045.1 cm�1 show S¼O stretch. FTIR
analysis of the degraded dye products by P. putida showed few peaks of C–H
deformation, indicating cleavage of the dye molecule. Peak at 2318.2 cm�1

represented NH3, indicating the formation of amines, at 1703.4 cm�1 C¼O for
stretch. The decrease in peaks at 1229.5 and 1023.2 cm�1 indicated loss of sulfo
groups. Further reduction in azo bond structure was also reported. Similarly, Lade
et al. (2015) reported complete degradation of 50 mg/L textile azo dye Reactive Blue
172 using Providencia rettgeri strain at 30 � 0.2 �C in 20 h under microaerophilic
conditions with activities of azo reductase (159%) and NADH-DCIP reductase
(88%). The decolorization was confirmed using HPLC, FTIR, and GC-MS analyses.

The strains Lysinibacillus sphaericus and Stenotrophomonas maltophilia were
reported to degrade consortia of four reactive dyes (Black B, Blue RR, Red RR, and
Yellow RR) up to 50–60% in 48–72 h at 2700 mg L and 2100 mg L, respectively
(Rajeswari et al. 2014). Sphingomonas paucimobilis was reported to decolorize
99.63% toxic azo dye Methyl Red (750 ppm) in Mineral Salt Medium at 30 �C,
pH 9 in 10 h confirmed using FT-IR analysis. The degradation of MR was possible
through a broad pH (3–11) and temperatures (5–40 �C) range (Ayed et al. 2011).
Kalyani et al. (2009) reported that Pseudomonas sp. SUK1 decolorizes sulfonated
azo dye Reactive Red 2 at concentration ranging up to 5 g/L at 30 �C, pH ranging
from 6.2 to 7.5 at static condition with 52% reduction in the COD within 24 h with
respect to the activity of lignin peroxidase and azo reductase.
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14.4.2 Impact of Bacterial Azo Dye-Degraded Byproducts on Flora

Phytotoxicity of Direct Red 2B conducted by Desai (2017) on Phaseolus mungo
(mung) plants by petri dish method showed detoxification of Direct Red 2B by
Klebsiella sp. hence better germination and length of shoot and root while Staphylo-
coccus sp. isolate did not show any promising results for detoxification. Textile
effluent biodegraded using Enterobacter asburiae and Enterobacter cloacae was
reported to be less toxic for V. radiata, T. aestivum, and P. mungo as revealed after
the phytotoxicity studies of percent germination and length of plumule and radicle
(Singh et al. 2017).

The phytotoxicity of four mixed reactive dyes (Black B, Blue RR, Red RR, and
Yellow RR) and their degraded byproducts by Lysinibacillus sphaericus and
Stenotrophomonas maltophilia was carried out in Triticum aestivum. The degraded
byproducts were extracted in ethyl acetate, dried and redissolved in water up to
1000 ppm concentration. The plant seeds were watered with 5 mL of dye mix and
degraded metabolites, respectively, at 30 � 2 �C; percent germination was more in
degraded byproducts (80%) as compared to dye mix (30%). The phytotoxicity study
showed that the length of plumule (3–4 cm) and radical (2–3 cm) was affected in
case of the dyes, whereas with degraded metabolites, it showed significant growth
(12–13 cm and 8–9 cm, respectively) (Rajeswari et al. 2014).

Sorghum vulgare and Phaseolus mungo seeds irrigated with 10 mL of degraded
metabolites of Reactive Blue 172 (50 mg/L) using P. rettgeri showed 90% seed
germination in comparison to 60–70% germination by original dye and better root
and shoot elongation (Lade et al. 2015).

The degraded products of Direct Red 5B reported earlier were applied for toxicity
analysis on seeds of Sorghum vulgare and Phaseolus mungo at room temperature.
The seeds were soaked in 5 mL solution degraded metabolites at room temperature.
The degraded metabolites had lower inhibitory effect on percent germination, shoot
and root length of plants as compared to the original dye molecule (Khandare et al.
2013).

The metabolites of Methyl Red dye obtained post degradation using
Sphingomonas paucimobilis at 750 ppm concentration was reported to exhibit no
inhibition in germination of Sorghum bicolor and Triticum aestivum (Ayed et al.
2011).

The biodegraded products of Reactive Red 2 after degradation with Pseudomonas
sp. SUK1 was monitored using UV–vis, IR spectroscopy, and HPLC. The final
product was 2-naphthol characterized by GC-mass spectroscopy. The study
conducted on Sorghum vulgare and Phaseolus mungo seeds revealed that the
degraded metabolites generated after the biodegradation of Reactive Red 2 were
less toxic as compared to original dye (Kalyani et al. 2009).
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14.4.3 Impact of Bacterial Azo Dye-Degraded Byproducts on Fauna

Acute tests with D. magna used for the evaluation of lethal toxicity of Reactive Blue
172 to mammals and humans showed 100% mortality of D. magna; however,
P. rettgeri treated dye completely detoxified the dye as there was no mortality of
D. magna. The sample of Reactive Blue 172 dye treated with P. rettgeri strain was
centrifuged and the supernatant was sterilized using 0.45-μm cellulose acetate
syringe filter. The filtrate in Erlenmeyer flask was inoculated with five 24-h-old
neonates ofD. magna at 20� 0.2 �C for 48 h in dark. The mortality ofD. magnawas
observed post exposure to light for 20 s, and no mortality was observed in the
P. rettgeri-treated dye solution (Lade et al. 2015). Eczema, contact dermatitis,
asthma, chronic bronchitis, tuberculosis, hematoma, bladder cancer, and irritation
to eyes have been reported among the workers of textile industries (Rajeswari et al.
2014).

Rajeswari et al. (2014) conducted cytotoxicity study of degraded byproducts of
four mixed reactive dyes (Black B, Blue RR, Red RR, and Yellow RR) by
Lysinibacillus sphaericus and Stenotrophomonas maltophilia on human embryonic
kidney cell line (HEK 293) using MTT assay to evaluate their toxicity. The assay at
concentration of 31.25–500 μg/mL degraded metabolites showed percentage cell
viability in the range of 79.41–98.42. The study concluded that degraded metabolites
at high concentration had a mild interference in cell viability, therefore are nontoxic.
Erwinia sp. bacterial strains decolorized brilliant green efficiently than Evans Blue.
The decrease in the toxicity of brilliant green was interlinked to decolorization of
brilliant green was connected with decrease of zootoxicity in D. magna. However,
Evans Blue decolorization had no impact on its zootoxicity (Przystaś et al. 2012).
Methyl Red biotoxicity test on Artemia salina revealed no significant change in the
acute toxicity in relation to the test organism reported by Ayed et al. (2011)
(Table 14.3).

14.5 Impact of Fungal Degraded Azo Dye Byproducts on Flora
and Fauna

14.5.1 Fungal Degradation of Azo Dye

A. niger degradation of CR was correlated with lignin peroxidase and manganese
peroxidase production, showing 97% degradation with 2 g mycelia incubated with
200 mg/L dye at 28 �C, pH 5 for 6 days under 120–150 rpm confirmed using
LC-MS/MS spectral analyses (Asses et al. 2018).

Laxmi and Nikam (2015) reported that Aspergillus flavus degraded various azo
dyes like R Red M8B, R Navy Blue M3R, R Orange M2R, R Green HE4B, Dt Black
BT, Dt Orange RS, R RedM5B, Dt Sky Blue FF, and Dt Blue GLL in 3–7 days at pH
5, 30 �C, initial dye concentration of 40 mg/L as a result of biotransformating
enzymes like lignin peroxidase, laccase, manganese peroxidase, and tyrosinase.
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Table 14.3 Effect of bacterial degraded dyes on plants and animals

Bacteria Isolated from Dye
Impact of degraded
byproduct Reference

Klebsiella sp.,
Staphylococcus sp.

Chemically
contaminated sites

Direct
Red 2B

Better germination
and length of shoot
and root in
Klebsiella-treated
dye

Desai
(2017)

Enterobacter
asburiae,
Enterobacter
cloacae

Textile effluent Textile
effluent

Less toxic for
V. radiata,
T. aestivum, and
P. mungo. Increase in
percent germination
and length of
plumule and radicle

Singh
et al.
(2017)

Lysinibacillus
sphaericus,
Stenotrophomonas
maltophilia

– Black B,
Blue RR,
Red RR,
and
Yellow
RR

Increase in length of
root and shoot of
Triticum aestivum

Rajeswari
et al.
(2014)

Degraded
metabolites at high
concentration had a
mild interference
inhuman embryonic
kidney cell line (HEK
293) cell viability,
hence non-toxic

Providencia
rettgeri

– Reactive
Blue 172

20% better
germination and
increase in length of
root and shoot in
Sorghum vulgare and
Phaseolus mungo

Lade et al.
(2015)

100% mortality in
original dye while no
mortality
posttreatment in
D. magna

Portulaca
grandiflora,
Pseudomonas
putida

Root-associated
bacteria

Direct
Red 5B

Lower inhibitory
effect of degraded
metabolites on
percent germination,
shoot and root length
of Sorghum vulgare
and Phaseolus
mungo

Khandare
et al.
(2013)

Sphingomona
spaucimobilis

Textile wastewater Methyl
Red

Degraded
metabolites had no
inhibition in
germination of
Sorghum bicolor and
Triticum aestivum

Ayed et al.
(2011)

No significant change
Artemia salina

(continued)
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Almeida and Corso (2014) reported in a study indicating Aspergillus terreus and
A. niger to test the biodegradation and biosorption of Procion Red MX-5B. In the
biodegradation study with the fungus A. terreus, in 336 almost 100% decolorization
was achieved, and UV–Vis and FTIR spectroscopy revealed molecular degradation
and the formation of secondary metabolites, such as primary and secondary amines,
while biosorption was effective in both decolorization and reducing the toxicity of
the solutions.

Another study used two fungi to conclude that fungi exhibit different tendencies
in liquid medium and tube overlay method. Aspergillus niger recorded maximum
decolorization of the dye in liquid medium Basic fuchsin (81.85%), Nigrosin
(77.47%), Malachite green (72.77%), and dye mixture (33.08%) under shaking
condition while maximum dye decolorization in tube overlay method was recorded
in Malachite green and Nigrosin (92.85% and 93.33%, respectively), Basic fuchsin
(90.05%) and then dye mix (10.4%). In P. chrysosporium, maximum decolorization
occurred in Nigrosin (90.15%), Basic fuchsin (89.8%), Malachite green (83.25%)
followed by dye mix (78.4%) in liquid medium while Malachite green (71.42%),
Basic fuchsin (70%), dye mix (9.6%), and least in Nigrocin (8.33%) in tube overlay
method (Rani et al. 2014).

14.5.2 Impact of Fungal Azo Dye-Degraded Byproducts on Flora

Asses et al. (2018) concluded that Congo Red degraded with A. niger showed less
toxicity to Zea mays and Solanum lycopersicum seeds with almost no effect on their
shoot and root length posttreatment. Azo dye degradation using A. flavus
dye-decolorized samples, the percent seed germination, shoot and root length, and
the protein and total carbohydrate content were reported similar to that of the control
(Laxmi and Nikam 2015).

Table 14.3 (continued)

Bacteria Isolated from Dye
Impact of degraded
byproduct Reference

Pseudomonas
sp. SUK1

Soil sample collected
from the waste
disposal site of
textile processing
and dye
manufacturing units

Reactive
Red 2

Degraded
metabolites are less
toxic as compared to
original dye Sorghum
vulgare and
Phaseolus mungo

Kalyani
et al.
(2009)

Erwinia sp. Wastewater
treatment plant

Brilliant
green
and
Evans
Blue

Decrease of
zootoxicity in
D. magna

Przystaś
et al.
(2012)
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Almeida and Corso’s (2014) experiment that used A. terreus for biodegradation
of Procion Red MX-5B showed a significant increase in toxicity, inhibiting the
growth of L. sativa seeds by 43%, and the acute toxicity tests confirmed lack of
molecular degradation following biosorption with A. niger, as toxicity to L. sativa
seed reduced from 5% to 0%.

Another study reported the effect of untreated dye solution and biodegraded dye
on wheat seed germination. Sterilized wheat seeds kept soaked in untreated dye
solution and biodegraded dye showed 90% higher seed germination percent in
treated dye while original dye inhibited the seed germination after 4 days at
25 � 1 �C (Rani et al. 2014).

Similar effects were reported in the phytotoxicity studies on Triticum aestivum
and Ervum lens Linn. as high percent seed germination along with significant growth
in plumule and radicle of both the plants occurred in malachite green decolorized
sample using Penicillium ochrochloron (Shedbalkar and Jadhav 2011).

Kalyani et al. (2008) reported better germination rate and plumule and radicle
growth in Sorghum vulgare and Phaseolus mungo when treated with Red BLI
metabolites post decolorization as compared to the original dye.

14.5.3 Impact of Fungal Azo Dye Degraded Byproducts on Fauna

Asses et al. (2018) concluded that Congo Red posttreatment with A. niger was less
toxic on Bacillus cereus and Escherichia coli strains. The experiment confirmed that
Congo Red dye is detoxified by A. niger, indicating the degradation of the amines in
the solution. The experiment concluded that the improper disposal of the dyes can
exert a negative impact on aquatic ecosystems (Table 14.4).

Almeida and Corso’s (2014) experiment that used A. terreus for biodegradation
of Procion Red MX-5B showed a significant increase in toxicity, leading to a 100%
mortality rate among the A. salina larvae. A. niger did not have any effect on the
toxicity of Procion Red MX-5B.

14.6 Future Perspective

Azo dyes are the most widely used dyes and contribute to about 50% of the dyes
produced annually. Approximately 70% of them are discharged of as residual dye in
textile wastewater. As they are highly toxic to the ecosystem, their degradation from
textile wastewater has become a significant challenge over the past few decades. As
the norms are getting stricter with respect to the industries following all the waste
disposal rules and regulation, there is a need for more appropriate methods that are
not only effective, cheap, but also do not harm the environment in the long run. As
we learn the three R’s, we must also try to reuse and recycle the water and reduce the
waste produced. Microbial degradation of azo dyes has been very promising as it is
accessible, effective, environmentally friendly, and cheap. Microbial treatment not
only decolorizes the dye but also results in its detoxification. Chemical treatment, on
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Table 14.4 Effect of fungal degraded dyes on plants and animals

Fungi Source Dye

Impact of
degraded
byproduct Reference

Aspergillus
niger

Processing
wastewater

Congo Red Less toxicity to
Zea mays and
Solanum
lycopersicum
seeds with no
effect on shoot
and root length of
degraded
metabolites

Asses et al.
(2018)

Decreased
toxicity on
Bacillus cereus
and Escherichia
coli strains

Aspergillus
flavus

Textile
dye-contaminated
site

R Navy Blue
M3R, R Red
M8B, R Green
HE4B, R Orange
M2R, R
RedM5B, Dt
Orange RS, Dt
Black BT, Dt
Blue GLL, and Dt
Sky Blue FF

Percent seed
germination,
shoot and root
length, protein
and total
carbohydrate
content were
similar in both
control and
posttreatment
metabolites

Laxmi and
Nikam
(2015)

Aspergillus
terreus,
Aspergillus
niger

– Procion Red
MX-5B

Significant
increase in
toxicity,
inhibiting the
growth of
L. sativa seeds by
A. terreus

Almeida
and Corso
(2014)

A. niger reduced
toxicity to
L. sativa seed
from 5% to 0%

A. terreus
increased toxicity
post treatment
(100% mortality
rate in A. salina
larvae). A. niger
had no effect on
toxicity

Aspergillus
niger,
Phanerochaete
chrysosporium

Dye effluent soil Malachite green,
Nigrosin, and
Basic fuchsin

90% higher seed
germination of
wheat seed

Rani et al.
(2014)

(continued)
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the other hand, increases the chemical load in the environment worsening the
pollution of water bodies and associated land masses. Since microbial degradation
treats the wastewater in terms of both color and toxicity without any significant
chemical load, it will increase the reusability of the water and reduce the water need
of each industry and minimize toxic chemical discharge into the environment.
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