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Abstract: The use of dyes dates to ancient times and has increased due to population and industrial
growth, leading to the rise of synthetic dyes. These pollutants are of great environmental impact and
azo dyes deserve special attention due their widespread use and challenging degradation. Among
the biological solutions developed to mitigate this issue, bacteria are highlighted for being versatile
organisms, which can be applied as single organism cultures, microbial consortia, in bioreactors,
acting in the detoxification of azo dyes breakage by-products and have the potential to combine
biodegradation with the production of products of economic interest. These characteristics go hand
in hand with the ability of various strains to act under various chemical and physical parameters,
such as a wide range of pH, salinity, and temperature, with good performance under industry,
and environmental, relevant conditions. This review encompasses studies with promising results
related to the use of bacteria in the bioremediation of environments contaminated with azo dyes in
the most diverse techniques and parameters, both in environmental and laboratory samples, also
addressing their mechanisms and the legislation involving these dyes around the world, showcasing
the importance of bacterial bioremediation, specialty in a scenario in an ever-increasing pursuit for
sustainable production.

Keywords: sustainability; effluent treatment; dyes; bioremediation; bacteria; wastewater; textile;
consortium; BES; bioreactor

1. Introduction

The use of dyes for the aesthetic improvement of objects is an ancient practice, with
historical records indicating that dyes of natural origin were already in use 3500 years
BC. In the beginning, the coloring agents available (dyes and pigments) were only of
natural origin, obtained from mineral sources, vegetables—such as those found in Mediter-
ranean (Rubia tinctorum) and Brazilwood (Paubrasilia echinata)—which are mostly repre-
sented by chemical groups of naphthoquinones, anthraquinones and flavonoids, and
those obtained from animals, such as those extracted from some insect species, like the
cochineal (Dactylopiidae coccus). The coloring obtained with these dyes was applied to uten-
sils, weapons, and dwellings, among others, having aesthetic and cultural importance [1,2].

From ancient times to the present moment of our history, dyeing technology has
evolved with the discovery of new matrices and raw materials and the synthesis of new
pigments and dyes. In 1856 a major discovery was accidentally made by William Henry
Perkins, when he synthesized what came to be the first synthetic dye in history, mauvein [3].
Synthetic dyes have largely replaced natural dyes over the years due to their wide range
of colors, cost-effectiveness, and resistance to fading by sunlight, water, perspiration, and
different chemicals [4].
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It is estimated that around 10,000 different dyes are currently being produced on an
industrial scale, with an annual worldwide production volume of around 700,000 tons
and about 10 to 15% of those are discarded into nature. This scenario generates serious
consequences for the contaminated environment, such as interference with the entry of
sunlight into the water, influencing photosynthetic organisms, causing damage to the
oxygen level of the water, metabolic stress, neurosensorial damage, flora necrosis, death,
and decreased growth of fauna, among others. Moreover, humans are also potential victims
of these compounds, when discharged into nature without treatment, and can be quite
toxic, either by oral or respiratory ingestion as well as mere skin contact [2,5,6]. The toxic
effects of azo dyes, in particular their ability to promote mutations, are related both to the
dyes themselves and to metabolites released upon their breakage or degradation, such as
aromatic amines. The possibility of the dye breaking down and releasing these carcinogenic
amines on contact with saliva or gastric juice is one of the factors evaluated in classifying
the dyes as potentially hazardous to health. However, when ingested, the dye can also
be reduced by the action of intestinal bacteria and, possibly, by the enzyme azoreductase
present in the liver or intestinal wall, showing how complex the remediation of these toxins
can be [7].

Therefore, it is necessary to understand the risks associated with the discarding of these
dyes in the environment without prior treatment and how the use of microorganisms in the
bioremediation of these contaminants is a viable alternative. The objective of this review is
to evaluate the degradation of azo dyes specifically by bacteria, as well as the factors that
influence these biological processes and the microbial mechanisms involved. In order to
raise awareness about the importance of preventive measures in the discharge of untreated
dyes, and some cases in which contamination by these pollutants was found in effluents
are also presented, illustrating the importance, and urgency, of bacterial bioremediation for
this sector.

2. Azo Dyes

The substances used to add color to many kinds of products are called colorants and
include both the class of dyes and pigments. Pigments are mainly inorganic salts and
oxides, insoluble in the substrate and commonly dispersed in crystal particles or powder
form for application. Dyes, on the other hand, usually refer to organic substances that are
soluble in the substrate and dispersed at the molecular level. Dyes promote more vivid
colors than conventional pigments, and the characteristics of dyes depend primarily on
their chemical structure, while for pigments the physical characteristics of their particles
also influences the final color. Some examples of dyes are the azo, coumarin, and perylene
groups [8].

Azo dyes are synthetic and organic chemical compounds applied in medicines, food,
cosmetics, fabrics, among other products. These chemical classes are widely used in the
dyeing industry and are present in 50–65% of commercial formulations, this is because
of their stability and chemical versatility, having high fixation and resistance to light and
moisture. These characteristics impact directly on their degradation in the environment,
which has been a challenge [9,10].

The compounds of the azo group are chemically represented as (R-N = N-R’), with
(-N = N-) being the chromophore group referred to as azo. According to the classification
carried out by the International Union of Pure and Applied Chemistry (IUPAC), these
compounds are derived from diazine HN = NH with substitution of hydrogens by hydro-
carbyl, azobenzene, or diphenyldiazene groups, and may contain one to three azo bonds
linking phenyl and/or naphthyl rings, which may be substituted by groups such as amino,
chloro, nitro, and hydroxyl. They are characterized by their strong coloration and comprise
approximately two-thirds of the synthetic dyes produced today, besides being the class
of commercial organic dyes with the greatest structural diversity and the widest range of
use [11,12].
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However, the major problem related to the untreated disposal of these dyes in nature
is that they and their byproducts, produced by the breakage of their azo bonds (aromatic
amines), have been classified as highly carcinogenic compounds, representing a great risk
to humans [13]. Thus, the search for ways to treat industrial effluents, especially those
containing dyes of this class, has received much attention worldwide. Among the proposed
solutions are chemical, physical, and biological processes. In this scenario bioremediation
has received much attention for its lower costs compared to other mechanisms and high
effectiveness in decoloring dyes in the affected environment, as well as generating less eco-
logical impact. Among these biotechnological solutions we have the use of microorganisms,
including bacteria [14].

Many bacteria have developed systems for decolorizing azo dyes contaminated
medium, usually based on enzymatic mechanisms. However, the efficiency of these
mechanisms depends on physicochemical parameters that may limit their activity, such as
level of agitation, temperature, pH, dye concentration, structure of the dye, oxygen level,
and carbon and nitrogen sources [4]. Different combinations of these parameters lead to
different results in dye decolorization and degradation by influencing enzyme activity and
microbial growth and maintenance in the medium. Understanding these relationships
is crucial for improving the bioremediation process for a certain technique or bacterial
strain, considering that these parameters in the environment can vary significantly in a
few hours and that some dyes, as well as breakdown byproducts, can be toxic for the
microbial population. In a laboratory environment it is important to consider that microbial
metabolism can alter its degradation activity by nutrient depletion and variation in oxygen
levels, for example, which do not necessarily represent real conditions. All of the factors
mentioned above can prevent the complete breakdown of dyes and, consequently, the
complete decolorization of the medium, since the mineralization efficiency of contami-
nating compounds relies on the capacity of the microorganism of performing a suitable
metabolic response to degrade the contaminant under given environmental conditions, it is
also necessary that these organisms are in sufficient concentration to proper handle with
the entire amount of dye on the environment [15].

The bacterial degradation of azo dyes typically involves a two-step process, the first
being a reductive cleavage of the azo bonds, leading to the formation of aromatic amines,
which are potentially toxic and the second step is based on the degradation of these
aromatic amines. The bacterial degradation process can occur in the presence or absence
of oxygen; however, the biodegradation of these amines happens almost exclusively by
aerobic processes. Considering this, the ideal method for the treatment of industrial waste
contaminated by azo compounds is a combination, in the same process, of anaerobic and
aerobic steps for the safest and most efficient removal of environmental and human risk
factors related to these compounds [16].

Many the azo dyes and their breakdown molecules present toxicity, showing muta-
genic and carcinogenic effects, affecting animals, plants, and humans alike, with harmful
effects varying with the structure, reactivity, and substitution groups of the dyes. The toxic
aromatic amines from dye breakdown are resistant to classical effluent treatment, persisting
longer than the dyes and an increase in concentration of these substances in the medium
may impair the dye degradation process because of their toxicity to bacterial life itself. Still,
there are some microorganisms capable of producing enzymes that degrade these amines
in an aerobic environment. For humans, inhalation and oral ingestion of the dyes and their
by-products are the primary means of exposure that can lead to acute toxicity [17,18].

The toxicity assessment of the dyes and their by-products can be done using different
techniques, which vary in sensitivity, resolution, and cost. Analyses using techniques such
as Gas Chromatography–Mass Spectrometry (GC-MS) and Fourier-Transform Infrared
Spectroscopy (FTIR) can be performed to confirm the degradation of the dye and/or
the presence of aromatic amines, and then the medium containing the by-products of
dye degradation is used in tests that evaluate possible negative biological effects being
biotoxicity and phytotoxicity assays most often used for this purpose [19]. Another way
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to evaluate toxic effects is to expose the living organism to a solution containing different
concentrations of dye, also evaluating chronic exposure to these contaminants [20], other
toxicity tests that can be performed for these pollutants, including tests performed on
human cells [21], with several studies proving the toxic, mutagenic, and carcinogenic
effects of dyes and their by-products using plant and animal tests [19–24].

Legislation on the Use and Disposal of Dyes

Over the years the concern regarding the impact of human activities on the environ-
ment, especially industrial ones, has grown considerably. In view of this, standards on what
is acceptable regarding not only the discarding of potentially toxic substances and waste in
nature, but the industrial application of these dyes in some products have been regulated
and even prohibited, and control agencies were created for monitoring and enforcing laws
of this nature [25].

In the European Union there are some regulations on the use of azo dyes in consumer
products, from clothing and toys, to cosmetics, and food, which obviously has stricter
guidelines and norms. REACH (Registration, Evaluation, Authorization, and Restriction of
Chemicals) lists 24 types of aromatic amines considered hazardous to humans and prohibits
the use of azo dyes that produce 30 mg/kg or more of these amines in products that may
have direct and prolonged contact with human skin. REACH also lists other colorants
that are restricted for use in these same products when in concentrations above 0.1% of its
weight. The EN-71 (European Norm 71) deals with the presence of this class of colorants in
toys. The regulations (EC) 1223/2009 and (EU) 10/2011 deal, respectively, with the bane
in the use of o-Dianisdine and Benzidine in cosmetic products and plastic products that
come into contact with foodstuffs, which must keep the release of primary aromatic amines
into the food within the limit of 0.01 mg/kg. There are a number of countries which in
addition have their own legislation covering limitations related to azo dyes and the release
of aromatic amines from them, such as Germany, the Czech Republic, and Switzerland [26].

In the United States there are no laws related specifically to azo dyes or restricting the
use of them, however, there are restrictions on aromatic amines from these dyes. Due to the
political system in the country, many states have their own laws restricting the presence of
certain chemicals in certain products. Some examples that cover aromatic amines derived
from certain azo dyes are California’s Proposition 65, Washington’s Children’s Safe Product
Act, and Vermont’s Act 188 [27].

In Asia, the first example of a country to regulate chemicals, including azo dyes, was
India, with a ban in 1997 on the handling of 112 dyes, including representatives of the
azo group. In this country the list of banned aromatic amines is the same as in REACH
Regulation 1907/2006. Other Asian countries have instituted their own regulations in
which they include restrictions on azo dyes and/or aromatic amines, such as China (2005),
South Korea (2010), Taiwan (2011), and Egypt (2012). In 2014 Japan joined this list when
placed azo dyes as a hazardous substance and restricted the presence of 24 aromatic amines
originated from these dyes in all textiles, leather, or fur products in a concentration of
30 mg/kg or more. This same concentration was used for the limitation of 22 aromatic
amines in a regulation of Vietnam [28–31].

Other countries like Canada, France, Australia, Brazil, Pakistan, Malaysia, Turkey, and
Morocco also have regulations related to industrial effluents that include in their guidelines
specifications related to the color of these effluents which, consequently, also influences the
concentration of dyes allowed in them [25].

Another relevant insight is that many-if not all-regulations of the cited countries also
determine the methods of analysis to which the products will be subjected in order to
determine whether they are in order with the regulations of that country. This is important,
because different analytical methods have different limitations, ranges, sensibilities, and
applications, and these must be considered when carrying out these controls. In addition,
other parameters such as chemical and biological oxygen demand are also subject to
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regulation, and since the presence of azo dyes has an impact on these factors, the use of
these dyes may also be indirectly restricted.

3. Bacteria in the Bioremediation of Azo Dyes

Biotechnology has been widely employed in the search for solutions to the degradation
and elimination of dyes, mainly because biological solutions are effective and generate less
negative impact on the environment [14]. When dealing with biological processes using
bacteria, especially potentially pathogenic genera and species, the concern with a possible
biological impact of them, when introduced into the environment for the bioremediation
process, may arise. To attend to any unwanted negative effects, some strategies can
be used, some of those include: (1) the use of isolated and purified enzymes or other
bacterial products that act on the discoloration without needing the bacterial cell itself [32],
(2) microbial bacteria/consortia isolated from the contaminated environment itself or
similar environments, in order to increase the chance of integration of the bacteria with
the environment and the existing microbiota [33], (3) application of genetic engineering
techniques that can develop bacterial strains with programmed death, stopping bacterial
metabolism in the absence of the target contaminant [34].

Some biological bioremediation systems also have the potential of generating more
than one product, in addition of decolorization, following the example of bioelectrochemical
systems (BES), which helps in mitigating the costs associated with biological processes [35].
Among these solutions we have bioremediation by heterotrophic bacteria, which have, more
broadly, two mechanisms related to the degradation of dyes: biosorption and enzymatic
action [36].

3.1. Bacterial Mechanisms of Azo Dye Degradation
3.1.1. Biosorption

The biosorption is related to both the adsorption and absorption processes, and bacte-
ria capable of performing the removal of dyes by adsorption have already been described
in the literature. Biosorption is directly correlated with the composition of lipids and het-
eropolysaccharides of the cell wall, in which different charged groups generate attractions
between it and the azo dyes, therefore, dead and living cells, in this latter case called
bioaccumulation, have the ability to perform biosorption. Taking into account the range of
charged groups existing in the cell walls of microorganisms and the variety of structures
of the dyes, a microorganism X that adsorbs/absorbs dye A may not adsorb/absorb dye
B, which is processed by a microorganism Y. Pretreatment can promote changes in the
biosorption capacity of cells, optimizing the process and achieving a better fit to a certain
need, among the substances capable of performing these changes are acids, formaldehyde,
bases, among others [36,37].

To be used as biosorbents, dead cells are more advantageous than living cells because
they do not require nutrients, can be stored for a longer time, and can be regenerated by
the application of organic solvents or surfactants. However, biosorption is not the most
suitable mechanism for dye treatment, since the treatment of large volumes of contaminated
material would lead to the generation of large amounts of biomass containing dyes and
possibly other toxic products that should have a proper disposal, i.e., it does not completely
solve the problem, since it often does not destroy the dye, only seizes it in a matrix: the
biomass [37,38].

3.1.2. Enzymatic Degradation

The initial step for the decolorization of solutions with azo dyes, being it waste,
industrial effluents, or environmental samples, is the reduction of the azo bond (-N = N-)
in the chromophore group, this step can occur intra- or extracellularly and involves the
transfer of four electrons in two steps, where in each step two electrons are transferred
from the dye to its final electron acceptor, leading to its decolorization. Some groups
of enzymes already identified as capable of performing this reduction are azoreductases
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and laccases. These two are the most addressed groups in the literature regarding these
decolorization reactions [39,40]. The Figure 1 presents the general action mechanisms
of these two enzymatic groups plus the peroxidase group which also acts on the azo
chromophore group [41–43].
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Figure 1. Schematic representation of three general bacterial enzymatic degradation mechanisms of
azo chromophore group. Firstly, showing the enzymatic degradation by the action of azoreductases—
yellow—in this example using NADH as an essential reducing agent for the cleavage of azo bonds,
generating aromatic amines and thus discoloring the medium. Then—clockwise—we have the
catalytic reaction cycle mediated by laccase—blue—with generation of oxidized substrate instead of
potentially toxic amines, in addition to not requiring cofactors. Finally, peroxidase enzymes—green—
such as lignin peroxidase and manganese peroxidase, two enzymes most commonly used for dye
degradation, illustrating some possible products according to the cleavage of their bonds, which can
be symmetric or asymmetric.

3.1.3. Enzymatic Degradation by Azoreductases

The azoreductases (e.g., EC 1.7.1.6 and EC 1.7.1.17) are the largest group of enzymes
active in the biodegradation of azo dyes. They have the specific activity of reductive cleav-
age of azo bonds, resulting in aromatic amines, but to promote this reaction, azoreductases
require reducing agents, such as FADH2, NADPH, and NADH. They are more related to
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the anaerobic degradation of dyes because the presence of oxygen impairs this azo bond
reduction step by competing for the reducing agents needed as electron acceptors for the
azo bonds, which are also used by aerobic respiration. These enzymes are classified based
on function into flavin-dependent and flavin-independent. The former class is subdivided
into those enzymes that use as coenzymes: (1) NADH only; (2) NADPH only; and (3) both
NADH and NADPH [40,44].

This group is quite varied and, depending on the source in which it is found, i.e., which
organism, and even species, it is obtained from, it is possible to observe differences, such
as in its catalytic activity, cofactor requirement and biophysical characteristics. Because of
it, there is specificity between substrate and the types of azoreductases described so far,
which varies in the requirement for cofactors and reducing agents and in the ability to resist
oxygen [45].

Most azo dyes have a high molecular mass and are unlikely to cross the plasma
membrane of cells. Therefore, microorganisms have a reduction mechanism related to
the electron transport of azo dyes in the extracellular medium, so that there is a need for
connection between the intracellular electron transport system and the dye molecules for
degradation to occur. However, the action of azoreductases in the intracellular medium
has also been identified and enzymes of this group have been found in bacteria, including
in halophilic and halotolerant microorganisms [37,40,44].

3.1.4. Enzymatic Degradation by Laccases

Laccases (EC 1.10.3.2) are oxidases that have multiple structurally attached copper ions
and are of great industrial interest due to their ability to utilize different substrates. They
are able to non-specifically catalyze the degradation of azo dyes by acting on the phenolic
group of the dye using a free radical mechanism that forms phenolic compounds generating
fewer toxic aromatic amines. Moreover, these enzymes do not need other cofactors for
their activation [36,44,46]. Although laccases do not need other cofactors to carry out their
activity, they benefit from their presence in the medium. The presence of redox mediators
can extend the range of dyes that this enzyme can degrade and significantly improve the
degradation of dyes already covered in its range of action [35]. Bacterial laccases have great
potential as biocatalysts due to their properties of high thermal stability, activity over a
wide pH range, and resistance to denaturation by detergents, being already used to remove
textile dyes and treat industrial effluents [46].

3.1.5. Enzymatic Degradation by Peroxidase

Peroxidases (EC 1.11.1) are hemoproteins that catalyze reactions in the presence
of hydrogen peroxide and are mostly present in fungi, but also occur in some bacte-
ria [47]. They possess the ability to degrade a wide range of dyes, as cited by Paszczynski
and co-workers [48], where lignin peroxidase (EC 1.11.1.14) and manganese peroxidase
(1.11.1.13) were indicated as directly involved in the degradation of dyes and xenobiotic
compounds [44]. Another class, versatile peroxidase (1.11.1.16), was pointed out by Ðurd̄ić
and co-workers [49] as having the ability to perform structure breakdown of azo dyes.

3.2. Bacterial Degradation of Commercial Colorants

The occurrence of bacteria in different environments and physicochemical conditions
makes them an interesting focus of prospection (Table 1). In the case of dyes degradation,
a wide range of variables has already been explored and it was identified that this group
of microorganisms can degrade azo dyes under aerobic, microaerophilic, and anaerobic
conditions, as isolated cultures or as microbial consortia, in the presence of various sources
of carbon and nitrogen and in wide ranges of pH, temperature, salinity and other physical-
chemical parameters. In addition, bioreactors have been used in several works in an
attempt to increase the efficiency of the degradation process, especially by immobilization
of microorganism or redox mediators [50].
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Table 1. Dye degradation by bacterial strains—pure cultures—under various medium conditions.

Species Dye
Optimum Values of

Phisicochemical Parameters
for Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum Degradation Reference

Shewanella marisflavi Xylidine Ponceau 2R 20–30% of salinity Flocculation and
Enzymatic China

≈100% (30% of salinity,
anaerobic conditions and

22h incubation)
[51]

Pseudomonas
extremorientalis Congo Red

50 mg/L of dye
concentration, 2.5–5% of
salinity and 0.6 U/mL
enzyme concentration

Enzymatic-Laccase Tunísia

79.8 ± 2.1% (50 mg/L of
dye concentration, 2.5–5%
of salinity, 24h incubation

and 0.6 U/mL enzyme
concentration)

[52]

Aliiglaciecola
lipolytica Congo Red

35 ◦C, <100 mg/L of dye
concentration, 0–1% of
salinity, pH 6–7, >4 g/L

of glucose.

Adsorption and
Enzymatic-Laccase
and Azoreductase

-

>90% (35 ◦C, 25 mg/L of
dye concentration, 1% of
salinity, pH 6 and 4 g/L

of glucose)

[53]

Enterococcus faecalis,
Shewanella indica,

Oceanimonas
smirnovii and
Clostridium

bufermentans

8 different dyes Varied depending of bacteria
strain and dye

Enzymatic-
Azoreductase and
phenol oxidases

China

96.5% (E. faecalis strain and
C. bufermentans with Dye
Acid Orange 7 when pH

ranged from
5 to 8, respectively)

[54]

Bacillus sp. 7 different dyes

50–100 mg/L of dye
concentration, pH 10, 30 ◦C,

with glucose and yeast
extract supplementation.

Enzymatic Ethiopia 100% (pH 10, 30 ◦C, anoxic
and anaerobic conditions) [55]

Aeromonas
hydrophila

Reactive Red 198 e
Reactive Black 5

pH 5.5–10.0, temperature
were and 20–35 ◦C under

anoxic culture

Adsorption and
Enzymatic Taiwan

>90% (pH 5.5–10.0,
temperature were and

20–35 ◦C under
anoxic culture)

[56]

Comamonas sp. Direct Red 5B

pH 6.5, 40 ◦C, static
incubation conditions and

300–1100 mg/L of
dye concentration.

Enzymatic-Laccase
and Lignin
Peroxidase

India
100% (pH 6.5, 40 ◦C

and static
incubation conditions)

[57]

Halomnas sp. Remazol Black B Varied depending of
bacteria strain. - Iran ≈100% (40 ◦C) [58]

Aeromonas sp. Reactive Black Microaerophilic conditions - India ≈100% (Microaerophilic
conditions) [59]

Oerskovia
paurometabola Acid Red 14 Anaerobic conditions Enzymatic Portugal 91% (anaerobic conditions) [60]

Aeromonas
hydrophila,

Lysinibacillus
sphaericus

Reactive Red 195 - Enzymatic-Laccase
and Azoreductase India

91.96% (pH 8, 37 ◦C,
100 mg/L of dye

concentration and
sequential

aerobic-microaerophilic
conditions)

[61]

Bacillus sp. 4 different dyes - Enzymatic-
Azoreductase - - [62]

Bacillus sp. 5 different dyes - Enzymatic-
Azoreductase - - [63]

Aeromonas
hydrophila,

Lysinibacillus
sphaericus

5 different dyes -
Enzymatic-

Azoreductase and
Laccase

India

90.4% (pH 8, 37 ◦C,
100 mg/L of dye

concentration and
sequential

aerobic-microaerophilic
conditions)

[64]

Lysinibacillus
fusiformis Methyl Red

pH 7.5–8, 30 ◦C, 100 mg/L of
dye concentration and

10–20% (v/v) of
inoculum size

Enzymatic-Laccase,
Azoreductase and
Lignin Peroxidase

-

96% (aerobic condition, pH
7.5, 30 ± 2 ◦C, dye

concentration of 100 mg/L
and 10% (v/v)
inoculum size)

[65]

Pseudomonas stutzeri Acid Blue 113 -
Enzymatic-

Azoreductase
and Laccase

India 86.2% (static conditions,
37 ◦C and 300 ppm of dye) [66]
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Table 1. Cont.

Species Dye
Optimum Values of

Phisicochemical Parameters
for Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum Degradation Reference

Aeromonas sp. Methyl Orange pH 6, 5–45 ◦C, 100–200 mg/L
of dye concentration

Enzymatic-laccase,
NADH-DCIP
reductase, and
azo reductase

China

≈100% (100–200 mg/L of
dye concentration; with

carbon and nitrogen
supplementation; pH 6;

5–45 ◦C)

[67]

Proteus mirabilis Reactive Blue 13 pH 7, 35 ◦C and
anoxic conditions.

Enzymatic-Laccase,
azoreductase and
veratryl alcohol

oxidase

Nigeria ≈90% (pH 7) [68]

Pseudomonas putida,
Bacillus subtilis 18 different dyes -

Enzymatic-
Azoreductase
and Laccase

- ≈100% [69]

Bacillus sp. Red HE7B -
Enzymatic-

Azoreductase
and Laccase

-

89% (30 ◦C, 50 mg/L of
dye concentration, 24h
incubation and under
agitation conditions)

[70]

3.2.1. Pure Bacterial Colonies
Degradation in the Presence of Salts

As mentioned, bacteria are able to degrade dyes in different salt concentrations, a
desirable attribute since inorganic salts are used in dyeing processes as mordants, helping in
color fixation process, especially sodium chloride (NaCl) and sodium sulfate (Na2SO4). The
bacterial degradation process has proven effective for dyeing at salt concentrations ranging
from 0.25% to 10%. Many countries have no regulations on the amount of salt that can be
discharged into the environment, or when they do, many allow the presence of these salts in
high concentrations [25]. Taking this into account, the ability of bacteria to degrade dyes in
saline environments becomes an important differential for the selection of microorganisms
with real biotechnological potential of application in dyes bioremediation processes.

The work of Xu and co-workers [51] used a strain of Shewanella marisflavi, an exoelec-
trogenic bacterium-bacteria that has extracellular electron transfer pathways-isolated from
marine sediments in China. Tests performed with the dye Xylidine Ponceau 2R showed
that this strain is able to decolorize the medium at concentrations ranging from 0% to 20%
NaCl. Higher salt concentrations also influence the solubility of the dye by increasing the
ionic strength of the solution, leading to floc formation, and flocculation was also observed
at lower NaCl concentrations when in the presence of Shewanella marisflavi. The researchers
concluded that the tested bacteria had two decolorization mechanisms, performing only
dye degradation up to 6% NaCl, then degrading and flocculating from 8% to 10% NaCl in
the medium, and above this percentage, only underwent flocculation process.

Laccases are widely studied in fungi and plants whose ability to degrade phenolic
compounds is well known. These enzymes have also been found in bacteria, showing
ability to act in environments with high salt concentration and alkaline pH, presenting an
advantage over fungi and plant laccases [52]. Neifar and co-workers [52] worked with
a laccase-producing Pseudomonas extremorientalis strain isolated from oil-contaminated
sediments in Tunisia, evaluating the degradation of Congo red dye. The enzyme produced
by this strain showed great resistance to alkalinity, maintaining its activity in pH 7 to 10 and
also resisted to salinity, maintaining almost 90% of its activity in the presence of sodium
chloride at 17.5%.

Wang and co-workers [53] demonstrated the ability of a strain of the marine bacterium
Aliiglaciecola lipolytica to decolorize medium containing Congo red dye at salt concentrations
as high as 4%. However, the strain did not tolerate pH increase and has glucose as the
best carbon source for its dye degradation activity, increasing the costs of the process. The
study also pointed out that the bacteria use a degradation mechanism that involves the
adsorption of the dye in their cells by means of extracellular polymeric substances (EPS),
where part of it is degraded by a process involving the co-metabolism with glucose and
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the mediation of the enzymes azoreductase and intracellular laccase, in this process the
non-degraded dye is encapsulated in the bacterial cell.

In a study by Zhuang and co-workers [54] the degradation of azo dyes used four
bacteria isolated from coastal region in China, Enterococcus faecalis, Shewanella indica,
Oceanimonas smirnovii, and Clostridium bufermentans. The isolated strains were able to
degrade eight different dyes, achieving removal percentages above 70% for most of them.
E. faecalis and C. bufermentans maintained dye decolorization rates above 80% at salt concen-
trations up to 7%. The four also demonstrated to have great resistance of their decolorization
activity in the presence of ions, being little affected by the great majority of those tested;
however, Cadmium (Cd2+) and Copper (Cu2+) were the ions that most interfered in the
decolorization results, which is a problem to be considered, since they are metals frequently
found in industrial effluents.

PH Range: Degradation in Alkaline Medium

Due to the use of sodium hydroxide and other basic components in textile dyeing
processes and with the textile industry being one of the three sectors with the highest
release of dye contaminated effluents into nature, it is important for this scenario that we
use bacteria resistant to alkaline environments for the treatment of these effluents which
can have pH up to 11.5. In this sense, the work of Guadie and co-workers [55] tested
the decolorization capacity of a Bacillus sp. strain isolated from lakes with an alkaline
characteristic. This strain proved to be able to decolorize medium with pH from 9 to 11
with efficiency above 90% and was also effective against the seven different dyes tested
with complete decolorization been achieved in anoxic and anaerobic environments, and in
the presence of oxygen, there was almost no decolorization of the medium.

Several studies have isolated and identified bacterial strains capable of decolorizing
dyes in alkaline solutions. Chen et al. [56] worked with a strain of Aeromonas hydrophila
capable of degrading the dyes Reactive Red 198 and Reactive Black 5 over a pH range of 5.5
to 10. The research of Jadhav and co-workers [57] isolated a strain of Comamonas sp. from
contaminated soil of industrial environment able to degrade the dye Direct Red 5B in a pH
range of 6–12, but having its best activity in neutral pH range, different from that was found
by of Asad group [58] who worked with three different strains of bacteria belonging to
genus Halomonas sp. isolated from textile effluents and observed that all of them performed
the best decolorization in alkaline pH, with the highest activity achieved at the highest pH
tested: 11. These three studies also showed, again, little or no decolorization activity in an
aerobic environment.

Bioremediation in Aerobic and Anaerobic Environments

One of the major problems faced in the degradation of azo dyes in anaerobic en-
vironments is the formation of toxic products, notably mutagenic and/or carcinogenic
aromatic amines (e.g., benzidine and 4-biphenylamine) that are only degraded in aerobic
environments [7,59]. The work of Shah [59] evaluated the degradation of the dye Reactive
Black using a strain of Aeromonas sp. in a microaerophilic environment until the color was
no longer noticeable in the medium and then promoted the aeration of it to stimulate the
oxidation of the aromatic amines-formed by the breakdown of the dye into non-toxic prod-
ucts, obtaining a discolored medium with a low degree of toxicity. This work proves that a
dye bioremediation process performed outside anaerobic conditions can also be successful.

Franca and co-workers [60] used a different approach, where they performed the
decolorization tests in an anaerobic environment and, after complete removal of the color,
they used an aerobic environment to evaluate the ability of a Oerskovia paurometabola strain
to metabolize the toxic products generated by the previous step. The result obtained was
positive, with decolorization above 90% and removal of toxic products above 63%.

The research by Srinivasan and Sadasivam [61] also worked with the aerobic-
microaerophilic approach for the degradation of azo dye, in this case Reactive Red 195
using strains of Aeromonas hydrophila and Lysinibacillus sphaericus. This work also used
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the molecular docking tool, in addition to decolorization tests, in order to understand the
interaction between the amino acid residues of the enzymes—laccase and azoreductase—
and the dye. The study pointed out the high efficiency of these strains in degrading the
dye used and a positive correlation between the score of the docking studies and the
percentage results of dye degradation. In silico approaches for azo dye degradation studies
have been increasingly employed, also as a strategy to better use resources and research
efforts [62–64].

Although the mechanism of azo dye decolorization commonly occurs under anaerobic
conditions, the work of Sari and Simarani [65] indicates that there are bacteria capable of
performing azo dye degradation in an aerobic environment. The study identified a strain
of Lysinibacillus fusiformis capable of achieving a 96% decolorization rate of Methyl Red
dye in 2 hours under neutral pH and temperature of 30 ± 2 ◦C under aerobic conditions.
The study further pointed out that the bacteria’s oxidoreduction mechanism involved the
enzymes laccase, azoreductase and lignin peroxidase. As seen, azoreductase and laccase
are highlighted in several studies related to the bioremediation of azo dyes by bacteria, such
as the action of Pseudomonas stutzeri in the degradation of the dye Acid Blue 113 [66]. This
strain obtained good decolorization results and a high resistance to elevated concentrations
of the dye. Genomic studies indicated the presence of both enzymes in the decolorization
system of the microorganism. Several other works pointed out the presence of these two
enzymes in the bioremediation activity of azo dyes [58,67–70].

3.2.2. Microbial Consortia

The application of microbial consortia instead of isolated organisms for the treatment
of effluents contaminated with dyes presents advantages (Table 2), especially in the fact that
each strain can act on different targets of the organic molecule and/or consume different
products generated by the breakdown of the dyes, thus generating a synergistic effects
action where the enzymatic activity of a bacterial strain is positively influenced by the
presence of other microorganisms, thus, increasing the degradation rate [71].

An example of this is recorded in the work of Masarbo and co-workers [72] in which
the researchers evaluated the decolorization activity of pure bacterial strains and in con-
sortia. The result shows that two of the consortia tested were able to achieve higher
percentages of decolorization and in shorter time, when compared to the results of the
strains tested individually. Furthermore, at the highest dye concentration tested, the per-
centage of degradation was at least 10% higher than the best result achieved by a single
bacterial species.

Physicochemical Parameters in Microbial Consortia: Salinity, PH and Oxygenation

Other studies have identified consortia capable of decolorizing environments with
a combination of parameters, such as high salinity and pH, closer to those found in real
remediation scenarios. Guo and co-workers [73] assembled a consortium consisting mostly
of genus Halomonas, Marinobacter, and Clostridiisalibacter, which was able to decolorize over
90% of the dye at 40 ◦C, withstand 10% salinity, and to achieve a decolorization rate above
70% at pH 8–12. However, the different strain’s ability to endure increasing concentrations
of the dye was low. Guo’s group [74] also studied a consortium consisting mostly of the
genus Bacillus and Piscibacillus. This consortium showed best activity at 50 ◦C, pH 10, and
between 1% and 10% salinity. However, it poorly withstood higher pH values as well
as the increase in dye concentration. Another factor worth mentioning is that, in both
studies, the supplementation of the medium with yeast extract was essential for higher
decolorization results.
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Table 2. Dye degradation by bacterial consortium under various medium conditions.

Main
Consorcium

Species
Dye

Best Phisicochemical
Parameters for

Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum
Degradation Reference

Pseudoarthrobacter sp. and
Gordonia sp., (consortium

PsGo); Stenotrophomonas sp.,
and Sphingomona sp.
(consortium StSp)

Reactive Black 5
pH 11 (for PsGo) and

Glucose as carbon
source (for StSp)

- Iran 85% (for PsGo)
75% (for StSp) [71]

Bacillus sp., Lysinibacillus sp.
and Kerstersia sp. at

different combinations
Ponceau 4R 200 mg/L of dye Enzymatic-

Azoreductase India 100% (with
200 mg/L of dye) [72]

Halomonas sp., Marinobacter
sp. and Clostridiisalibacter sp. Methanil Yellow G

pH 8, salinity 5–10%,
40 ◦C, 100 mg/l of dye

concentration and
presence of yeast extract

Enzymatic China
93.3% (with yeast

extract and
100 mg/L of dye)

[73]

Piscibacillus sp. and
Bacillus sp.

Methanil
Yellow G

pH 10, 50 ◦C, yeast
extract, 1% salinity and

100mg/L of dye
concentration

Enzymatic-Laccase,
Lignin peroxidase,

Nicotinamide adenine
dinucleotide-

dichlorophenol
indophenol reductase

and Azoreductase

China 94.26% (with
yeast extract) [74]

Zobellella sp., Rheinheimera sp.
and Marinobacterium sp. Methanil Yellow

Microaerophilic
conditions,

pH 6, 400 mg/L of dye
concentration and

3% salinity

Enzymatic-
Azoreductase, Laccase
and Lignin Peroxidase

-
≈100% (with

400 mg/L of dye
concentration)

[75]

Staphylococcus sp. and
Bacillus sp.

Remazole Brilliant
Violet 5R -

Enzymatic-
Azoreductase, Laccase
and Lignin Peroxidase

India 100% (with pH 6.5
and 37 ◦C) [76]

Pseudomonas sp., Bacillus sp.,
Bacillus sp. and

Ochrobactrum sp.
15 different dyes

pH 8, 40 ◦C, 100 mg/L
of dye concentration and

no salt presence
Enzymatic India 100% (with pH 8) [77]

Bacillus cereus, Pseudomonas
fluorescenc, Staphylococcus
aureus, Escherichia coli and

Lactobacillus sp.

Remazol Yellow - - India 97.84% [78]

Enterococcus faecalis and
Klebsiella variicola Reactive Red 198

10–25 mg/L of dye
concentration, pH 8

and 37 ◦C
Enzymatic Iran 99.26% (with pH 8) [79]

- 5 different dyes

pH 7–8, 35 ± 2 ◦C, static
conditions, 0.5–1%

salinity and 200 mg/L of
dye concentration

- India 98.8% [80]

As we have seen before, another factor that affects the decolorization process is the
presence of oxygen. In the work of Guo and co-workers [75], a consortium consisting
mainly of Zobellella, Rheinheimera, and Marinobacterium was used for the degradation of the
dye Methanil Yellow in a saline and microaerophilic environment. In a short time, assay,
five hours, the consortium achieved above 80% decolorization at up to 5% salt concentration
in the medium and optimum pH of 6. However, it showed great resistance to increasing dye
concentration, decolorizing almost 100% at 400 mg/L concentration within those five hours.
Laccase, azoreductase and lignin peroxidase were, once more, the enzymes identified in
the degradation mechanism of this consortium.

The group of Shah [76] studied the behavior of a bacterial consortium consisting of
five bacterial strains in microaerophilic and aerobic environments based on the reduction of
the azo dye Remazole Brilliant Violet 5R. A difference was observed in the efficiency of the
consortium regarding the degradation of the dye between these two environments, where,
in a microaerophilic environment, the degradation reached 100% in less than 24 hours,
this result was not seen in an aerobic environment. Another factor pointed out in the
study as influencing the efficiency of degradation was the structure of the dye, where
29 different dyes were tested, and the efficiency of the consortium varied from less than
20% of degradation to more than 80% in some cases.

Khan and co-workers [77] also compared the efficiency of a bacterial consortium in
microaerophilic and aerobic environments and with respect to several structurally different
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dyes. In the microaerophilic environment the decolorization was 100% and in the aerobic
environment it was less than 10%. The consortium was found to withstand the presence of
salt and temperature up to 45 ◦C, as well as a slightly alkaline pH. For the different dyes
tested, the decolorization ranged from values above 92% to less than 25%.

Microbial Bioprospecting in Textile Effluents

The search for bacteria capable of degrading dyes can take advantage of the natural, or
not so natural, selection of these organisms through bioprospecting in contaminated envi-
ronments, selecting bacteria that underwent great environmental pressure, thanks to human
action. Kannan and co-workers [78] evaluated the results of microbial consortia assembled
with different combinations of five strains isolated from textile effluent. The best result
obtained was from a consortium composed of Bacillus cereus and Pseudomonas fluorescence
that achieved nearly 100% decolorization of Remazol Yellow dye, with nine of the ten
combinations tested achieving decolorization above 78%. Another work that used microor-
ganisms isolated from textile effluents was that of Eslami’s group [79], which evaluated the
action of a consortium of Enterococcus faecalis and Klebsiella variicola which obtained results
of almost 100% removal of the dye Reactive Red 198.

However, it is worth noting that these two studies achieved good results with their
consortia at mild parameters of temperature, pH, and salinity, which is often not the case
with effluents contaminated by dyes, in a real case scenario. In addition, the consortia
evaluated in both studies required more than two days for almost complete decolorization
to occur.

Eskandari and co-workers [71] tested in their study two consortia with bacterial strains
isolated from textile effluent and soil from a typically cold region, the Zagros Mountains in
Iran. Their ability to degrade the dye Reactive Black 5 was evaluated, achieving the best
results at mild temperatures, but in an alkaline range with pH between 9 and 11, which
already represents an advantage over previous works, since it is common for industrial
effluents containing dyes to have alkaline pH due to the use of substances of basic character
in industrial processes.

The azo dyes have some representatives called pre-metallized dyes, which have metals
in their structure previous to their application in the staining process [81]. Eleven consortia
formed by bacteria isolated from areas contaminated with pre-metallized dyes in India
were tested in the degradation of eighteen of these dyes. There was a wide variation in the
percentage of degradation between consortia and dyes, with values ranging from 7.4% to
98.8% [80].

3.2.3. Bioreactors and Their Potential in the Bioremediation of Azo Dyes by Bacteria

Bioelectrochemical systems (BES) are represented by microbial fuel cells, microbial
desalination cells, and microbial electrolysis cells. In these systems microorganisms perform
the oxidation of compounds and the electrons generated in this process can be used in
the production of energy and other compounds of interest [82]. BES have proven to be
better compared to conventional anaerobic and electric or electrochemical processes by
performing well in a shorter time, in a more cost-effective manner, and causing less negative
environmental impact [83].

Microbial fuel cells have already been explored to generate energy allied to the treat-
ment of effluents containing dyes. This type of treatment presents advantages such as:
potential for energy production instead of its consumption; low sludge formation; operation
at mild temperatures and atmospheric pressure and offers the possibility of performing
oxidation (anode) and reduction (cathode) of the dyes [84]. In line with this, several works
explore this possibility in the process of dye decolorization (Table 3), even adding steps for
the detoxification of other harmful compounds.
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Table 3. Bacterial dye degradation in bioreactor systems.

Main
Bacteria Dye Reaction

System Parallel Study Best Parallel
Study Results

Maximum
Degradation Reference

Enterobacter,
Desulfovibrio and

Enterococcus
Alizarin Yellow R

Single chamber up-flow
bioelectrochemical

system (UBES)
- - 87.74 ± 3.52% [83]

Shewanella oneidensis Acid Orange 7 Microbial Fuel Cell COD * Reduction and
Electricity production

Power density of
50 ± 4 mW m−2 and

COD reduction
80.4 ± 1.2%

80% [84]

Proteobacteria phyla Congo red

Single chamber
air-breathing

cathode Microbial
Fuel Cell

Sulfide removal and
Electricity production

Maximum power
density of 23.50 mW

m−2 and 98% of
Sulfide removal

81.5% [85]

- Acid Orange 7

Bioelectrochemical
system (BES) combined

with a membrane
biofilm reactor

COD Reduction and
Degradation of
Sulfanilic acid

52.6 ± 3.2% of COD
reduction and

64.7 ± 2.7% of Sulfanilic
acid reduction

96.5 ± 0.6% [86]

Unclassified genus
Reactive

Brilliant Red
X-3B

Biofilm electrode
reactors
(BERs)

COD Reduction
75.65% of COD removal

and 21.13 mA m−2 of
current density

75.27% [87]

-
Reactive

Brilliant Red
X-3B

Microbial fuel cell
(MFC)-biofilm electrode

reactor (BER)
coupled system

COD Reduction and
Electricity production

Power
density of 0.257 W m−3

and 88.62% of
COD removal

97.77% [88]

Geobacter.
sulfurreducens and
Beta proteobacteria

Reactive
Brilliant Red

X-3B

Microbial fuel cell
coupled constructed

wetlands (CW-MFCs)
Electricity production 0.256 W m−3 92.7% [89]

Enterobacter and
Enterococcus

Up-flow anaerobic
sludge blanket
(UASB) reactor

VFA production and
COD removal efficiency

≈100% of COD
removal efficiency 95.84 ±2.60 [90]

- Direct Black 22 Sequencing batch
reactors

COD Reduction
and Ecotoxicity 81.4% of COD removal 81.4% [91]

- C.I. Basic Red 46
Anaerobic-aerobic
sequencing batch

reactor (SBR)
COD Reduction >90% of COD removal 98% [92]

Citrobacter sp.,
Enterococcus sp. and

Enterobacter i
Remazol Black B

Upflow
packed-bed reactor for
continuous sequential

microaerophilic–aerobic
batch operations

- - 95.87% [93]

Serratia marcescens
and Klebsiella

oxytoca

Nylosan Yellow
E2RL SGR

Sequencing batch reactor
system, followed
by ultrafiltration

COD Reduction 94% of COD removal 97% [94]

Paludibacter,
Trichococcus and
Methanosarcina

Reactive Red 2 Anaerobic sequencing
batch reactor

Ammonium removal
and The effect of Fe3O4
on anaerobic treatment

of azo dye

≈100% of
Ammonium removal ≈100% [95]

- Yellow Dye Aerobic Ganular
Sludge (AGS) Ammonium removal ≈100% of

Ammonium removal ≈100% [96]

* COD = Chemical Oxygen Demand.

Sulfide is considered to be toxic, corrosive and a threat to human health. It is com-
monly present in textile effluents containing dyes, formed due to the addition of sodium
sulfide for reduction processes of azo compounds or conversion of other sulfur-containing
substances. With this in mind, a single-chamber air-cathode microbial fuel cell was used by
Dai and co-workers [85] for the simultaneous degradation of Congo red dye, bioelectricity
generation, and sulfide oxidation. The results showed 98% sulfide removal and 88% decol-
orization, accompanied by the formation of maximum power of 23.50 mW m−2. It was also
evaluated that the sulfide concentration affects the sulfide oxidation rate as well as the dye
degradation [85].

Mani and co-workers [84] studied the difference between the decolorization efficiency,
electricity production and the decrease in chemical oxygen demand (COD) between feeding
the fuel cell via the anode chamber containing the electrochemically active bacterium
Shewanella oneidensis or via the cathode chamber containing the enzyme laccase. The
conclusion of this work was that degradation with the laccase at the cathode is a more
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advantageous process, as it generates more stable and chemically simpler products, as well
as lower COD (80.4% versus 69% of the anode) and higher power generation efficiency
(50 mW m−2 versus 42.5 mW m−2 of the anode).

Other BES have already been studied in relation to their potential use for industrial
effluent treatment, for example, the evaluation of their use in the removal and recovery
of nutrients, especially with regard to nitrogen present in industrial effluents [82], as
well as in the decrease of (COD) allied with the degradation of azo dyes, and the effects
of their coupling with a continuous stirred reactor system and the increase of modules
in a stacked BES has also been studied. In these with the following advantages were
pointed out: (1) the use of a three-module system improved decolorization by 15% and
33% compared to systems with only two or one modules, respectively, achieving up to 80%
removal [86]; (2) coupling with a continuous stirring reactor achieved 97% of color removal
from the medium in just seven hours, being superior to the results obtained with these
techniques alone, where approximately 54.9% and 91.4% decolorization were achieved [83];
(3) there was 75.6% reduction in (COD) and voltage has shown to affect the decolorization
efficiency [87].

Other studies have performed couplings of systems aiming to improve the decoloriza-
tion process and for the evaluation of energy generation. A microbial fuel cell system was
coupled to a biofilm electrode reactor and the results indicated an increase of almost 30%
in color removal efficiency compared to the process performed with these mechanisms
decoupled [88]. In the system assembled with microbial fuel cells in combination with a
constructed wetland it was observed that the higher the substrate biomass, the higher the
decolorization and the lower the power generation, with these varying among the groups
tested from 76.3% to 92.7% and 0.117W m−3 to 0.256W m−3, respectively [89].

The use of bioreactors can also be achieved with various combinations and parameters
variations such as concentrations of salts, presence of oxygen, and feed rate. Regarding
the presence of oxygen, several possibilities have already been studied, namely tests in
an anaerobic environment [90]; with continuous micro aeration; intermittent and without
aeration [91]; anaerobic starting followed by aerobic [92]; and microaerophilic environments
followed by aerobic [93].

In tests performed in a reactor with a fully anaerobic environment, the decolorization
rate ranged from 62.98% to 95.84%, depending on the loading rate of dye in the reactor,
which decreased the decolorization with its increase [90]. In the study by Menezes and
co-workers [91] the reactor without aeration had the highest decolorization, followed by
the intermittent aeration reactor and lastly the continuous aeration reactor, the rates being
81.4%, 76.8%, and 74.5%, respectively. However, the reactor without aeration produced
waste with toxic substances, which was not observed in other conditions. Assadi and
co-workers [92] pointed out better dye removal in an anaerobic environment, reaching
almost 98%, and indicate that increasing the concentration of the dye negatively affects the
decrease in COD. This same work also showed that the decolorization is also negatively
affected by increasing the concentration of salt and nitrate ions in the medium. The assays
without an anaerobic environment obtained maximum decolorization of 95.87% in the
micro-aeration stage and removal of 23 mg/L of aromatic amines in the aerobic stage
compared to the previous environment with micro-aeration [93].

Bioremediation can also be employed in other treatment processes; an example is the
study by Korenak and his group [94] who combined the treatment of contaminated effluent
performed in bioreactors with bacteria to the subsequent process of ultrafiltration. This
combination of methods improved both the dye removal rate, 85% before ultrafiltration
and 97% after, and the decrease in COD, 91% before and 94% after.

Studies also indicate the possibility of improving the anaerobic treatment with the use
of Fe3O4, which generated a decrease in the lag phase of microbial growth, improved the
decolorization rate, increased microbial resistance to increasing dye concentration, among
other factors [95]. Moreover, ammonium removal has already been achieved with 92% to
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100% rates, coupled with 89% to 100% dye removal in microbial treatment in bioreactors
using aerobic granular sludge [96].

As for the inoculation of bacteria into the reactors, it can occur in multiple ways,
depending on the operation system proposed. For example, sludge obtained from a
wastewater treatment location can be added into the bioreactor to serve as a inoculum
source, being composed, in theory, of a myriad of organisms adapted to the contaminated
environment and in balanced association [85], or a specific pure culture bacteria can be
grown in order to be inoculated directly in a anode of a microbial fuel cell [84]. A packed-
bed column reactor can be inoculated by the circulation of the bacteria culture in the
packed-bed column [93]. As demonstrated, there is more than one form of inoculating
a bioreactor for bioremediation use, and the initial bacteria acclimatation/growth also
varies with the bacteria strain and bioreactor operation. Because of the various possibilities
when it comes to bacterial inoculum, this step is susceptible to improvement, being an
interesting hub for microbial prospection and cultivation optimizations, including here the
pre-treatment of the sludge for better results [97–99].

3.3. Degradation of Environmental and Industrial Samples

The use of bacteria to treat contamination caused by azo dyes can aim at both the
treatment of effluents before their release into nature and the bioremediation of already
contaminated natural environments. This topic deals with research conducted on the
treatment of samples taken from contaminated environments and industrial effluents
(Table 4) to show how efficient bacteria can be applied in remediating real samples in real
cases of contamination.

Table 4. Bacterial degradation of azo dyes contaminated industrial effluents.

Main Bacteria Wastewater Source Degradation
Mechanism Country

Maximum Degradation
and Experiment

Conditions
Reference

Micrococcus luteus Dyehouse Adsorption and
Enzymatic Japan Laboratory [99]

Pseudomonas aeruginosa - Enzymatic-Azoreductase India 62%-Laboratory [100]

Pseudomonas sp. Textile Industries Enzymatic-Laccase India 90%-Laboratory [101]

Pseudomonas sp. and
Bacillus sp. Mill effluent outlet - India Pseudomonas 95%

Bacillus 97%-Laboratory [102]

Pseudomonas aeruginosa,
Pseudomonas putida and

Bacillus cereus
Textile Factory - Egypt 92%-Laboratory [103]

- Dye Wastewater Plant - Korea 75%-Real
production facility [104]

3.3.1. Industrial Effluents

To illustrate how diverse the sources of bacteria capable of degrading azo dyes can
be, the study of Ito and co-workers [99] isolated bacteria from the microbiota of human
hands and classified them into two groups: azo dye decolorizers and anthraquinone
dye decolorizers. The two strains chosen for further work, one from each group, were
able to perform decolorization of the industrial effluent sample collected from a dyeing
plant. Other works used Pseudomonas sp. strains in the decolorization of industrial effluent
samples. The decolorization rates were different, of 62% when supplemented with nutrients
and in the time of 7 days [100], up to 90% in sixty hours [101] and ranging between
87–95% in 48 hours [102]. The latter work further tested a Bacillus sp. strain and obtained
decolorization of the textile effluent samples in the range of 92–97% in 48 hours. The work
of Bayoumi and co-workers [103] also focused on bacteria from the genera Bacillus sp. and
Pseudomonas sp. in the decolorization of textile effluent samples from an industrial city in
Egypt, obtaining results between 84% and 92% of decolorization in a period of 48 hours.
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Kalathil and co-workers [104] worked with microbial fuel cells to treat wastewater
containing dyes in Daegu, South Korea, the tests were conducted with a retention time of
forty-eight hours and the system was operated in open loop and in closed loop. The closed
system had the highest color removal-almost 80%-while the open system showed only 62%
decolorization. In addition, the closed loop also presented higher toxicity removal and a
decrease in COD.

3.3.2. Environmental Samples

Still in the efforts to find bacterial strains capable of degrading azo dyes under con-
ditions relevant to real-world application, different studies have evaluated the ability of
these organisms to degrade dyes in environmental samples (Table 5). The work of Tara and
co-workers [105] used a pilot scale floating wetland system coupled with dye degrading
bacteria to treat wastewater from a textile industry in Pakistan. These macrocosms were
installed using separate or combined plants and bacteria, and the symbiose between them
improved the removal of organic and inorganic pollutants by decreasing chemical and
biochemical oxygen demand by 92% and 91%, respectively, staining was reduced by 86%,
and trace metals by 87%. Furthermore, the combination of these organisms also resulted in
improved detoxification of the effluent, where no fish kills were observed after exposure to
the treated textile effluent. When treated without the combination of bacteria and plants,
the effluent still caused the death of some fish, highlighting the benefits of this synergy for
bioremediation efforts.

Table 5. Bacterial degradation of azo dyes contaminated environmental samples.

Remediation site Parallel Study Degradation System Country Maximum Degradation Reference

On-site Textile
Industrial Wastewater

COD *, BOD ** and Trace
metals removal Floating Wetlands Pakistan 86% [105]

On-site Textile
Industrial Wastewater

COD, BOD, heavy metals,
nitrogen, phosphorous and

total dissolved solids decrease.

Vertical flow constructed
wetlands (VFCW) with

bacterial endophytes
Pakistan 74% [106]

On-site Textile
Industrial Wastewater - Aerated wetland Italy 82% [107]

Dye Contaminated Soil - Continuous flow reactor India 98% [108]

Dye ontaminated soil

COD, BOD, TOC ***, heavy
metals, nitrogen reduction and

nitrogen, phosphorous and
potassium increase.

Microbial consortia India 98.87%(after 30 days)
99.25% (after 60 days) [109]

Dye spiked soil

Optimum pH and temperature
decolorization and effect of

carbon and nitrogen
sources addition

Bacterial consortia India 97% [110]

Yabagawa river sediments Aromatic amines persistance Natural river microbiota Japan - [111]

* COD = Chemical Oxygen Demand. ** BOD = Biological Oxygen Demand. *** TOC = Total Organic Carbon.

Hussain and co-workers [106] also focused on a wetlands system to treat wastew-
ater from a Pakistani industry but using pilot-scale vertical flow constructed wetlands
(VFCW) system augmented with bacterial endophytes, which were selected based on their
capabilities to improve plant growth and degrade dyes. The combination proposed was
able to decrease chemical oxygen demand (81%), biochemical oxygen demand (72%), total
dissolved solids (32%), color (74%), nitrogen (84%), phosphorous (79%), and heavy metals
(Cr (97%), Fe (89%), Ni (88%), Cd (72%)). In addition, the treated wastewater was found to
cause no harm based on a fish toxicity assay. Another study based on wetlands system (but
with aeration) was carried out by Masi and co-workers [107]. The group assessed color
removal based on three different wavelengths and different influent concentrations, achiev-
ing results that varied from a negative color removal (−58%) to a positive decolorization
of 82%.

In India a continuous flow reactor was tested for the bioremediation of contami-
nated soil using a consortium of bacteria, achieving 85% color removal on the first day
of operation, 90% on the second, and a steady 98% removal rate from the 13th day of
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operation [108]. Other groups have also worked with soil bioremediation. Vipul and
co-workers [109] treated soil samples, collected from industrial area, with a bacterial com-
munity previously isolated from sludge samples of six sites contaminated with different
organic compounds containing bacteria and fungi organisms. The microbial community
was able to achieve a decolorization of 98.87%, 82.88% of COD removal and 89.82% of BOD
removal after 30 days. As for the Tandon and co-workers’ group [110], they treated dye
contaminated soil with a bacterial consortium, achieving 97% and 96.25% of decolorization
for two different dyes.

The Yabagawa River in Japan was studied over three years to assess the natural
degradation of dyes and their breakdown products, the aromatic amines, by bacteria. This
river had been suffering from the dumping of dyes and industrial effluents by a dye factory
for more than 50 years, and with the closure of the factory in 2012, Ito and co-workers [111]
were able to evaluate the natural recovery of this environment.

This work pointed out the persistence of dyes and their aromatic amines in the river
sediments even years after the end of the discharge of industrial effluent in that environment
and even without the presence of visible coloration in the water. It was also observed that
the degradation rate of the dye varies with its concentration in the medium, i.e., the less
dye the lower the rate of degradation, and the opposite occurred with the degradation of
aromatic amines, which increased over time, reaching its highest rate one year after the end
of the effluent discharge on the river. The variety of bacteria itself changed over time, going
from an abundant variety of genera related to the degradation of azo dyes to a decrease in
these and an increase in groups related to aniline degradation [111].

4. Conclusions

Azo dyes can be harmful to the environment and human health when disposed
of without prior treatment, and the search for sustainable and less harmful production
processes requires the development of new alternatives for effluent treatment that are
efficient, cost-effective and of low environmental impact. Thus, bacterial bioremediation is
a good alternative, given the versatility of this phylum that offers a range of possibilities,
either with pure cultures or in consortia, tolerating different physicochemical parameters,
in order to better adapt this process to various industrial wastes.

The application of these organisms in BES also brings the possibility of generating
more than one salable product or service, making this process more attractive in terms of
cost, an important bottleneck to be overcome in the implementation of biological systems.
The application of bacteria to environmental samples also attests to this viability, being able
to degrade dyes and their toxic by-products in environmentally relevant concentrations.
Through the critical reading of the literature presented, scientific advances in this area can
be evaluated, as well as the efforts to remedy the still deficient points, showing bacterial
bioremediation to be an increasingly feasible process.

For the widespread application of bacterial bioremediation, several factors have to
be considered, depending on the technique used, the characteristics of the environment
to be remediated and of the bacteria strain, in this sense, the following points are relevant
bottlenecks for large-scale application: (1) Bioreactor implementation and maintenance
costs, (2) physicochemical parameters—which may vary over time, (3) space available for
use of, e.g., wetlands or bioreactors, (4) availability of nutrients in the environment or in the
textile effluent to be decontaminated, (5) presence/generation of suitable redox mediators
for the enzymatic action of azo bond breaking, (6) engineering optimization in the transition
from laboratory/pilot to industrial scale, (7) stricter local legislation forcing companies to
treat their effluents properly, (8) co-relation between dye and bacteria/bacterial consortia
or the presence of mixed dyes that can affect the bleaching given the bacterial suitability
to each dye, (9) the use of industrial chemicals not considered in the laboratory tests,
(10) changes in industrial dyeing techniques that modify the characteristics of its effluent
and require adaptation of the bioremediation technique used, and (11) generation of toxic
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by-products that bacteria are not able to degrade, among other factors more specific to the
numerous systems under study.

Despite the challenges in this sector, which this review tried to address under a critical
approach, the good results obtained in laboratory, pilot scale and in some specific cases
applied to real situations, together with the urgency for new sustainable solutions in large-
scale industries make the search for biotechnological solutions a possible path in collective
efforts in the search for cleaner and more responsible forms of production.
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