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Introduction: Environmental pollution and human exposure to dyes, particularly
anthraquinone-based dyes from industries like textiles, paints, plastics, paper, and
tanneries (a significant source of toxic waste in India), have increased. These dyes
in wastewater pose a serious environmental threat due to their complex structure
and resistance to traditional degradation methods. This mini-review explores
microbial strategies as a cost-effective and environmentally friendly alternative
for decolorizing these dyes, highlighting the limitations of physico-
chemical methods.

Methods: This review examines existing literature on microbial decolorization of
anthraquinone dyes. It discusses the isolation of microorganisms adapted to dye-
contaminated environments as a key strategy. The factors influencing microbial
decolorization in batch systems, such as optimal pH, temperature, and inoculum
volume, are analyzed. Furthermore, continuous systems like packed bed
bioreactors are explored, with a focus on the impact of flow rate and influent
dye concentration on treatment efficiency.

Results: The review synthesizes information on the effectiveness of various
microbial strategies for anthraquinone dye decolorization in both batch and
continuous systems. It highlights the potential of adapted microorganisms for
efficient dye removal and discusses the influence of key operational parameters
on decolorization performance in different reactor configurations.

Discussion: This mini-review emphasizes the growing importance of biological
approaches for anthraquinone dye removal due to their cost-effectiveness and
environmental sustainability compared to physico-chemical methods. By
providing a comprehensive overview of microbial strategies, this work
contributes to the development of sustainable and effective wastewater
treatment solutions for dye-containing industrial effluents.

anthraquinone vat dyes, biodecolorization, consortium, optimization, kinetics,
bioreactor

Introduction

The rapid pace of urbanization has led to increased demands for industrialization,
which, in turn, poses significant challenges for the environment. The industrial sector
releases vast quantities of wastewater, contributing to a decline in freshwater availability and
causing global pollution concerns when not adequately treated (Obaideen et al., 2022).
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Industries such as textiles, printing, tanneries, paint, plastics, and
cosmetics rely heavily on synthetic dyes due to their vibrant and
long-lasting colors. Sharma et al. noted that significant quantities of
these dyes are present in water, often exceeding 1 mg L™ (Sharma
etal, 2021). In the dyeing industry, approximately 100,000 synthetic
dyes and dyestuffs are employed, with nearly 10%-15% of unfixed
dyes being directly released into water streams without undergoing
treatment, as highlighted by Periyasamy (2024). This unregulated
into water bodies serious

discharge of dyes

environmental challenge.

poses a

The wastewater discharged from dyeing industries poses a
toxic
These
pollutants can have detrimental effects on human health and
aquatic ecosystems (Al-Tohamy et al, 2022; Ding et al, 2022).

significant environmental concern as it contains

contaminants, including dyes and other chemicals.

When untreated effluents enter the water bodies, they can lead to
alterations in pH levels, biological oxygen demand (BOD), chemical
oxygen demand (COD), and reduced sunlight penetration,
ultimately disrupting the biodiversity of the ecosystem (Aragaw,
2024). High COD and total organic carbon (TOC) in dye effluent
make their treatment challenging, resulting in ecological damage
and alterations in pH levels. Moreover, an increase in COD can lead
to the discoloration of water resources into which these effluents are
discharged (Al-Tohamy et al., 2023; Periyasamy and Militky, 2020).
The complexity of the dye and its breakdown products is a cause of
concern, as they are not only toxic but also mutagenic. This toxicity
can have adverse effects on living organisms, including carcinogenic
and mutagenic effects (Goswami et al., 2024; Patel et al., 2024; Singh
et al, 2020). Besides their direct impact, industrial dyes in the
environment can accumulate in the food chain, deplete oxygen
levels crucial for aquatic organisms, impede the growth of water
plants by inhibiting photosynthesis, and even decompose into
additional toxic compounds (Sharma et al, 2021; Mehra et al,
2021). Hence, it is important to effectively remove unfixed dyes from
industrial effluents before discharging them into the environment.

Dyes are categorized based on their uses and chemical structure,
which
constitute

involves chromophore groups.
different
triphenylmethane, nitro, carbonyl, and various additional groups,

These chromophores
functional groups like anthraquinone,
which are widely used for the dyeing process (Aboudi et al., 2021;
Kumar et al,, 2021). The release of dyes into the water stream can
vary significantly based on the class of dyes. Their release can range
from as low as 2% of the initial concentration for basic dyes to as
high as 50% for reactive dyes (Mohanty and Kumar, 2021a; Yaseen
and Scholz, 2019). Within the category of reactive dyes, azo and
anthraquinone dyes are noteworthy due to their complex structures
and high toxicity (Mohanty and Kumar, 2021a). These dyes are
resistant to degradation, emphasizing the challenges posed by these
dyes in terms of their persistence and toxicity (Dutta et al., 2024;
Tripathi et al., 2023). Anthraquinone dyes stand out as the largest
class of colored pollutants known for their high resistance to
degradation. This resistance is primarily attributed to fused
aromatic rings in their structure, which contributes to their long-
lasting coloration. The highly recalcitrant anthraquinone dyes,
capable of accumulating in an environment, are carcinogenic and
2024; 2021b).
Anthraquinone dyes account for approximately 15% of the total

mutagenic (Aragaw, Mohanty and Kumar,

dye composition. They are characterized by a chromophoric group
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formed through the conjugation of C=0 with C=C, exhibiting
water-insoluble properties (Mohanty and Kumar, 2021¢; Gupta
and Sekar, 2024). Before the dyeing process, it is crucial to
reduce the dyes to their water-soluble leuco form. This reduction
is achieved by utilizing both an alkali (sodium hydroxide: NaOH)
and a reducing agent (Sodium hydrosulfite: Na,S,0,). This chemical
reaction results in the formation of a soluble compound known as
the leuco dye. These leuco dyes possess a specific affinity for
cellulosic fibers, making them suitable for dyeing processes.
Reduction agents enable the formation of the desired color-
producing form (chromophore) within the dye, leading to richer,
brighter colors and improved wash fastness (resistance to fading
during washing) (Routoula and Patwardhan, 2020).

Various physicochemical methodologies involving adsorption,
oxidation, coagulation, precipitation, and membrane filtration have
been utilized to decolorize textile effluents. However, these methods
are often cost-intensive, less efficient, and result in the generation of
significant quantities of secondary contaminants (Al-Tohamy et al.,
2022; Mohanty and Kumar, 2021a). Therefore, there is a burgeoning
demand for developing cost-effective approaches to decolorize these
environmentally polluting dyes. Biological processes employing
bacteria, algae, yeast, and fungi offer excellent alternative
approaches to physicochemical techniques. These biological
methods enable the
minimal costs, optimal operating conditions, and in an eco-

decolorization of textile effluents with

friendly manner. Moreover, they lead to a reduced volume of
sludge formation compared to other procedures (Daph et al,
2022; Moyo et al, 2022). Fungi have extraordinary enzyme
systems, notably lignin-degrading enzymes like laccases,
manganese peroxidases, and lignin peroxidases, which allow them
to efficiently decompose intricate dye molecules. Their mycelium’s
structure offers a substantial surface area for biosorption, enabling
them to take in and store dyes from wastewater. Furthermore, fungi
can endure and adjust to difficult environmental conditions,
positioning them as appropriate choices for the biological
treatment of dye-polluted wastewater (Dinakarkumar et al., 2024;
Kumar and Chandra, 2020). The biodegradation process has indeed
emerged as a highly promising approach for the treatment of textile
effluent-containing dyes. It not only completely decolorizes the dyes
but also transforms them into a non-toxic chemical form, addressing
environmental concerns. Moreover, under optimized conditions,
whether aerobic or anaerobic, and through the use of microbes, it
becomes possible to achieve dye degradation (Aragaw, 2024; Ikram
et al.,, 2021).

Achieving the maximum decolorization efficiency of a
bacterium often involves optimizing the process parameters,
which can be carried out using various statistical approaches. The
traditional method of optimizing operational parameters one factor
at a time (OFAT) can be time-consuming and costly (Maniya et al.,
2024; Kumar et al., 2019). Response surface methodology (RSM) is
an experimental design approach that helps assess the relationships
between a defined set of experimental parameters and the observed
response (Kumar et al., 2019). RSM employs a Box-Behnken design
(BBD) matrix to optimize the decolorization process with a minimal
number of experiments (Chauhan et al., 2021). Through the BBD
approach, researchers can evaluate the interplay of process
parameters and conditions to achieve the maximum desired

response. It achieves this by fitting a second-order polynomial
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equation within specified parameter ranges, allowing for the analysis
of responses in a multivariable system (Maniya et al., 2024; Borham
et al, 2024). The relationship between the individual process
parameters and the response can be quantified using the
regression model (Freund et al., 2010; Mohr et al., 2022). RSM is
an essential statistical tool to establish novel processes through the
optimization and design of new products. In industrial research,
RSM presents encouraging results, mainly where a large number of
process parameters affect the system (Rani et al., 2024). An efficient
decolorization with a bacterium can be recognized by evaluating the
degradation kinetics and the operating conditions affecting the
decolorization rate. The decolorization can be described by
computing the interrelationship of the kinetic properties with the
substrate concentration (dye) and other rate-dependent operational
parameters like pH and temperature (Kumar et al., 2019; Borham
et al., 2024).

The bioremediation of textile wastewater is continuously
expanding in the field of environmental biotechnology due to its
rapid and efficient nature. However, it’s important to note that pure
bacterial strains often fall short of complete dye degradation and
have the potential to produce carcinogenic aromatic amines as
intermediates. These intermediates must also be effectively
decomposed to ensure thorough treatment of wastewater. To
address this challenge, the scale-up and maintenance of large-
scale pure cultures become crucial in wastewater treatment
systems (Jamee et al., 2019; Sridharan and Krishnaswamy, 2023).
In recent times, there has been considerable research into the
with
capabilities. These consortia show promise in achieving more

consortia of microorganisms enhanced degradation
comprehensive and effective degradation of dye pollutants in
textile wastewaters (Das et al, 2023). The use of microbial
consortia has proven advantageous over pure cultures for dye
degradation due to the enhanced degree of mineralization and
biodegradation achieved through synergistic interactions within
the bacterial community’s metabolism (Rathour et al., 2024).

In a consortium, different bacterial strains contribute to the
degradation process by targeting various positions on the aromatic
rings of the dye molecules or by utilizing metabolites produced by
other strains to facilitate further degradation (Jamee et al., 2019;
Mishra et al., 2021). Microorganisms employ various enzymatic
systems for the decolorization of dyes. This process involves the
interaction of enzyme molecules with dye molecules. It is facilitated
by different enzymes such as lignin peroxidase, laccase, tyrosinase,
and azo reductase, which are part of both intracellular and
extracellular oxidoreductase enzyme systems (Rathour et al,
2024; Mishra et al, 2021). Utilizing a combination of bacterial
and fungal enzymes for the enzymatic transformation of
industrial dyes provides a synergistic strategy for -effectively
Within  these
combinations, bacterial enzymes like azoreductases, laccases,

breaking down diverse dye structures.
peroxidases, and dioxygenases start the process of breaking down
dye molecules by splitting azo bonds and aromatic rings in both
reducing and oxidizing conditions. Concurrently, fungal enzymes,
especially those from white-rot fungi such as laccases, manganese
(MnP), lignin peroxidases (LiP), and versatile
(VP), further and break down the

intermediate compounds produced by bacterial action into

peroxidases

peroxidases oxidize

simpler substances. This collaborative effect boosts the efficiency
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of degradation, particularly for complex dyes, as bacteria often
function optimally in the absence or presence of less oxygen,
whereas fungi flourish in oxygen-rich settings (Mishra et al,
2021). The metabolic collaboration between bacterial and fungal
enzymes not only results in significant decolorization but also the
detoxification of dye-containing wastewater, positioning this
highly
environmentally friendly wastewater treatment (Mishra et al,

integrated  enzymatic  system  as valuable  for
2021). Nowadays, there is a growing focus on leveraging
bacterial-bacterial synergism to develop environmentally friendly
technologies for effectively degrading textile dye effluents (Das et al.,
2023). These approaches aim to achieve efficient dye removal
without the production of toxic metabolites, aligning with the
goal of sustainable and eco-friendly wastewater treatment.
Bioreactors serve as the foundation for a wide range of
biotransformation processes, including the production of vaccines,
enzymes, nutrients, and more, along with biodegradation activities
(Mohanty and Kumar, 2021b). While various biodegradation assays
for dyes have been conducted using batch reactors, continuous
reactors are acknowledged for their enhanced efficiency and
suitability for real-time applications (Bharti et al, 2019). In
optimal conditions, the efficiency of a continuous reactor can be
further improved through the utilization of packing materials
(Tripathi et al, 2023; Swain et al., 2021). Developing a continuous
method for effluent treatment is essential, especially for addressing the
significant removal of anthraquinone dyes, which are commonly
found in textile industry wastewater. In this context, continuous-
mode bioreactor operations are particularly valuable for efficiently
degrading effluents under aerobic conditions (Mohanty and Kumar,
2021a; Tripathi et al., 2023). These bioreactors often involve the use of
immobilized biofilms within suspended biological systems. Biofilms
can be cultivated by encapsulating microorganisms within the packing
material, providing a supportive environment for their growth. This
immobilization technique has been demonstrated to be superior to the
use of a free-cell system. It offers advantages such as a higher loading
rate and prevents the washout of biomass (Mohanty and Kumar,
2021b). Utilizing immobilized cell technology in wastewater treatment
processes offers a range of benefits, including increased stability,
reduced land usage, lower operational costs, and the potential for
waste recycling (Obaideen et al., 2022; Kesari et al., 2021).
Microbial cell immobilization is a key strategy for boosting dye
removal in industrial wastewater treatment. Innovative methods like
entrapment in polymer matrices (e.g., alginate, PVA), adsorption
onto solid supports (e.g., coconut coir), magnetic nanoparticle
immobilization, and hybrid matrices enhance microbial stability,
reusability, and stress resistance. Electrospun nanofibers and biofilm
formation on natural supports further improve efficiency through
high surface area and natural microbial activity. These techniques
offer operational benefits like easy biomass recovery and reduced
sludge, making them promising for treating complex dye effluents
(Obaideen et al., 2022; Hassan et al., 2019). Therefore, it has become
challenging to find efficient treatment technologies that align with
the requirements of dyeing industries. Immobilized cell technology
has emerged as a recognized and effective approach for treating dye
wastewaters, thereby increasing attention in the field. This review
delves into the mechanisms involved in the decolorization of
anthraquinone-based dyes by microorganisms. It also explores
the isolation and screening of microbes with the capability to
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effectively decolorize textile effluents, addressing crucial aspects of
wastewater treatment in the dyeing industry.

This mini-review highlights the growing importance of microbial
decolorization techniques for addressing the environmental
challenges posed by anthraquinone dyes. While traditional
physicochemical methods are often costly and generate secondary
pollutants, biological methods offer a sustainable and cost-effective

alternative. The key novelties of this review are:

Focus on anthraquinone dyes: The review specifically addresses
the challenge of decolorizing anthraquinone dyes, a class of dyes
known for their recalcitrance and toxicity.

Combination of batch and continuous treatment systems: The
study explores both batch and continuous treatment systems,
emphasizing the advantages and limitations of each approach.
Immobilized cell technology: The review highlights the potential
of immobilized cell technology to enhance the efficiency and
stability of microbial decolorization processes.

Microbial consortia: The use of microbial consortia is emphasized
as a promising strategy to achieve more complete and efficient
dye degradation, compared to single-strain cultures.
Optimization techniques: The application of statistical techniques
like Response Surface Methodology (RSM) is discussed to
optimize decolorization processes and identify optimal
operating conditions.

Kinetic studies: The review delves into the kinetic aspects of
microbial decolorization, providing valuable insights into the rate

and mechanisms of dye degradation.

By combining these novel approaches, researchers can develop
more efficient and sustainable bioremediation technologies to
mitigate the environmental impact of textile dye pollution.

Dyes and their history

Dyes are organic compounds used to color materials. They have
transitioned from natural sources, used since ancient times (first
recorded in China, 2600 BC), to predominantly synthetic
petrochemical derivatives due to their superior photostability,
making them crucial across various industries (Alegbe and
2024). While natural dyes faced
processing, color vibrancy, and fastness, W.H. Perkin in the early

Uthman, challenges in
20th century, developed the first synthetic dye, i.e., mouve (Aniline
purple, Tyrian purple) with excellent dyeing characteristics, leading
to their widespread adoption for higher quality and reproducibility.
The worldwide dye consumption by textile industries is about
30 million tons, with an annual growth of 3% (Sla et al, 2021).
The annual production of synthetic dyes was believed to be more
than 7 x 10° tons, and around 10,000 functionally distinct dyes have
been utilized in various industrial sectors (Al-Tohamy et al., 2022).

Dye classification

Dyes were classified in several ways, and the main classifications
depended on the type of materials, the existence of their respective
chromophores, and application methods (Figure 1). They can be
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categorized according to their structure, properties, and affinity
towards the substrate molecules. The affinity of dye molecules
towards the cellulosic fiber is through a covalent bond and
physical adsorption. All dyes and pigments appear to be colored
as they absorb specific wavelengths of light, but differ in their
(Aboudi et al, 2021;
Benkhaya et al, 2020a). Chromophores are the color-imparting

properties and application methods

parts of dye molecules, with auxochromes modifying their light
absorption. Auxochromes are functional groups linked to a
chromophore that alter the chromophore’s capability to absorb
light. Most commonly known auxochromic groups are: OH,
-NH,, -SO;H, -COOH, -NHR, and-NR, etc. (Alegbe and
Uthman, 2024; Yusuf, 2018). Application-based classes include
vat dyes (insoluble, requiring reduction), acid dyes (water-soluble,
for protein fibers), reactive dyes (covalent bonds with fibers), direct
dyes (water-soluble, weak bonding), basic dyes (cationic, for
acrylics), disperse dyes (non-ionic, for polyester), mordant dyes
(require fixatives), sulfur dyes (insoluble, for cotton), pigment dyes
(insoluble particles), and solvent dyes (non-ionic, for non-polar
Each
application processes suited to different fibers and desired
properties (Alegbe and Uthman, 2024; Yusuf, 2018).

materials). class has distinct chemical structures and

Anthraquinone vat dyes

Anthraquinone dyes, the second largest dye group in textiles, are
p-benzoquinone derivatives with C=0O and C=C chromophores,
making them resistant to degradation and known for excellent
light-fastness. Vat dyes, including indigo and anthraquinone
types, are water-insoluble but become soluble in their leuco form
through alkaline reduction with sodium hydrosulfite before
application to fabrics (Gupta and Sekar, 2024; Sh et al, 2019).
Subsequent oxidation firmly fixes the dye, yielding excellent wash
and light fastness. The first anthraquinone vat dye, Indanthrene
Blue, was created by Rene Bohn at BASF in 1901 (Sh et al,, 2019).
The reduction process of vat dyes is represented in Figure 2.

Vat dyeing conditions differ based on the dye, affecting
temperature, salt, and alkali needs. IK dyes (cold, 20°C-30°C)
have low affinity, needing little alkali and salt. IW dyes (warm,
40°C-45"C) have a higher affinity, requiring more alkali and less salt.
IN dyes (normal, 60°C) are highly substantive, needing high alkali
but no salt. The IK special class typically requires 45-60 min of
dyeing time (Dulo et al., 2021; Yang et al., 2020).

Ecotoxicity of anthraquinone vat dyes

Reactive  dyes, including azo, anthraquinone, and
triarylmethane, are stable xenobiotic compounds that remain
intact throughout conventional wastewater treatment using
physicochemical methods (Rane and Joshi, 2021; Shyla et al,
2018). The discharge of dye wastewater into the ecosystem has a
significant impact on living organisms. It induces non-aesthetic
contamination in the aquatic environment (Sh et al, 2019) as
presented in Figure 3. Unusual water coloration can cause
neurosensory damage, metabolic stress, and fish death. Stable

aromatic compounds in discoloured water can limit plant
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Reactive Dyes

[}

Based on the chromophore present

Based on application methods

Advantages Disadvantages

es Chromophores Acid Water soluble MW (200-1000) — lowering the
leveling property
Nitro and nitroso -NO, or -N=0 Reactive ‘Wash resistance costly
Light & colorfastness
Azo -N=N- Direct Water soluble Excessive color loss during
dyeing
Triarylmethane -NH,, -NR,, -OH Basic Water soluble, bright shades Poor lightfastness
Disperse  Water insoluble with a polar group High pH & temperature
Anthraquinone -NH,, -OH (1,4,5, & 8t LI the soilubuny &
position) interactions
Vat Light & colorfastness Water insoluble
Sulfur Light & colorfastness ‘Water insoluble

FIGURE 1

Dyes classification based on the type of materials, the existence of their respective chromophores, and application methods

o]
Reducuon Alkali
(N aOH)
Ox1datlon
(0]
Insoluble parent vat dye “’Leuco-vat dye™/ vat acid “’Sodium salt of leuco-vat dye”
Water insoluble Water soluble
Absorption by fibre
Oxidation
FIGURE 2
Reduction of vat dye.
Effect on Water quality Effect on Plants

Imbalance in water quality parameters
(BOD, COD, TOC, TDS), increase toxicants
concentration

Reduced photosynthesis, respiration,
plant growth, arrest seed germination
and slow metabolic activity

—

i
Water Resouces

" —~—

Effect on Humans
Adversely affect vital organs (brain, kidney,
central nervous and reproductive system
failure), mutagenic and carcinogenic

Effect on Animals
Neurosensory damage, metabolic
stress, loss of aquatic life

FIGURE 3
Effect of dye on the environmental conditions.
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biomass absorption and respiration. Reduced sunlight penetration
due to water discoloration disrupts photosynthesis in aquatic plants,
and it may also inhibit germination rates. Reactive dyes can
biodegrade aerobically or anaerobically, but some intermediate
molecules, especially those lacking hydroxyl and carboxyl groups
on aromatic amines, resist degradation (Aragaw, 2024). The
persistent, non-degradable toxic amines can be cytotoxic to
their
accumulating in the ecosystem (Al-Tohamy et al.,, 2022; Mohanty

microorganisms, hindering activity and potentially
and Kumar, 2021b). If these amines enter aquatic systems and
potable water, their allergic, mutagenic, carcinogenic, and
cytotoxic properties can adversely affect vital organs like the
brain, liver, reproductive system, kidneys, and central nervous

system (Rane and Joshi, 2021).

Treatment technologies for the removal of
reactive dyes from wastewater

Textile industries indeed pose a significant environmental threat
primarily because of their excessive water usage (Aragaw, 2024).
Textile processes are energy-intensive, consuming a large amount of
water and producing effluents with hazardous contaminants like
surfactants, heavy metals, and chlorinated compounds, as well as
increased salt concentrations, TSS, color nutrients (including
nitrogen and phosphorus), COD, and TOC (Aragaw, 2024; Al-
Tohamy et al., 2023). Over the past decades, various technologies
and methods have been developed and employed for textile
wastewater treatment. The treatment methods were selected
based on the structure, properties, and concentrations of
substrate in the wastewater that eliminate the toxic and
undesirable contaminants.

Numerous physicochemical and biological methodologies have
been employed for the dye’s elimination from textile wastewater.
methods
coagulation and flocculation,

membrane filtration,
precipitation, UV-
irradiation, ion exchange, and advanced oxidation strategies
(Benkhaya et al, 2020b). While these
documented to effectively remove dyes from textile wastewater,

Physical include adsorption,

ozonation,
techniques were
even though these processes are expensive and inefficient in
decolorizing a broad
Patwardhan, 2020).
Chemical techniques play a crucial role in addressing dye-

range of colors (Routoula and

containing wastewater, utilizing various oxidation methods like
activated carbon, electrochemical degradation, anion exchange
resin, ozonation, cucurbituril, photochemical oxidation (UV with
hydrogen peroxide or sodium hypochlorite), and Fenton reagent
(Al-Tohamy et al, 2022; Mohanty and Kumar, 2021a). Both
treatment methods (physical and chemical) are expensive and
involve extensive chemical usage, producing a high amount of
sludge and wastewater. It has led to the release of toxic amines
with disposal difficulties resulting in secondary contamination, has
minimal efficiency, and is less tolerant of varying effluent inputs
(Aragaw, 2024; Benkhaya et al., 2020a). Although they have several
disadvantages, a few of these methods have proven effective. As a
result, various renewable biological sorbents, including rice husk,
sugarcane bagasse, brown seaweed biomass, eucalyptus bark, fly ash,
coal, peat, coconut husk, chitosan, fungi, yeast, and bacterial
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biomass, were studied to reduce processing expenses and increase
their viability for dye removal efficiency (Al-Tohamy et al., 2022).
Biological approaches utilizing bacteria, algae, yeast, and fungi
are exceptional substitutes for physicochemical strategies for textile
effluent decolorization. These methods are cost-effective, easily
accessible, environment-friendly, require optimal operating
conditions, and produce very less volume of sludge compared to
other methodologies (Mishra and Maiti, 2018). However, under
anaerobic conditions, the fungi and algae do not multiply quickly
and have an extended growth period, reducing the treatment
efficacy. In the recent past, several bacterial enzymes, including
azoreductase, laccase, lignin peroxidase, tyrosinase, and NADH-
reductase, were studied to degrade reactive dye in an insoluble or
immobilized state. Bilal et al. examined the potential of the agar gel-
immobilized manganese peroxidase enzyme to degrade the dye
(Bilal et al, 2016). They documented that after immobilization,
the enzyme’s thermo-stability was significantly increased, and the
decolorization activity was observed up to the 10th operating cycle,
where 74.3% decolorization efficiency was achieved after the third
cycle. The enzyme demonstrated 78.6%-84.7% decolorization
efficiency for all dyes tested within 12 h of incubation.
Horseradish peroxidase was immobilized on calcium alginate to
examine the degradation of reactive dyes (Farias et al., 2017).
and 75%
documented with the initial dye concentration of 40 mg L™ of
Reactive Blue 221 and Reactive Blue 198 at pH 5.5°C and 30°C.

Mahmood et al. carefully examined the evidence regarding the

Maximum decolorization efficacies of 93% were

potential of oxidoreductase enzymes in the detoxification of dye
(Mah et al., 2016). They proposed that enzymes are preferred for the
treatment of wastewater over other microbes, especially if
wastewater includes contaminants that prevent bacterial growth.
It has been stated that the dye degradation efficacy using
immobilized enzymes is higher than soluble enzymes, and
enzymes must be used to treat real textile wastewater needed for
a further comprehensive study. The specificity of the enzymes to
their active sites and various dyes is still to be examined. The pros
and cons of some of the non-biological strategies (dos Santos et al.,
2007) in addition to specific biological methods, including fungi,
algae, and plants, have been presented in Table 1.

Bacterial decolorization of reactive
anthraquinone dye

The biodegradation of anthraquinone-based dyes has been an
essential subject of research over the past few years (Ekramul Ka
etal.,, 2017). These dyes include the complex aromatic structures that
make them recalcitrant to biodegradation (Rane and Joshi, 2021).
Nowadays, several researchers have tried to find the microbial
strains that could degrade these dyes effectively. Lade et al.
isolated Rhodocyclus gelatinosus XL-1 under anaerobic conditions
from contaminated wastewater (Lade et al., 2012). They studied the
decolorization of reactive brilliant blue (KN-R) using an isolated
strain and found that >93% decolorization efficacy was achieved.
They suggested that the decolorization of the dye resulted from the
use of peptone as a substrate. The microbe uses the dye as a co-
substrate, and the decolorization efficiency has been improved by
adding peptone, where the resulted

degradation through
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TABLE 1 Pros and Cons of Existing Strategies used for the decolorization of Textile Wastewater (dos Santos et al., 2007).

Treatment
methods

Advantages

Limitations

10.3389/fenve.2025.1553712

References

Adsorption Efficient removal of various dyes, simple operation =~ High cost, adsorbent regeneration, and rapid saturation Martins et al. (2013), Nabil
et al. (2014)
Photocatalysis No sludge production Inefficient degradation at high dye concentration, high Rezaee et al. (2008)

energy cost, generation of secondary contaminants

Fenton reagent

Coagulation

Ozonation

Membrane filtration

Electrochemical
oxidation

Effectively removes both soluble and insoluble dyes,
Fenton’s reagent is relatively inexpensive

Effective separations of pollutants, simple operation,
cost-effective

No change in volume, applied in the gaseous state
Effective decolorization, producing high-quality
water suitable for reuse

Non-toxic end products

High sludge generation, operation in acidic conditions

High sludge formation

Short half-life (20 min)

Highly concentrated sludge generation, high cost, high

pressure needed

High electricity cost

Xu et al. (2012)

Can et al. (2003)

Wu et al. (2008), Wu et al.

(1998)

Wu et al. (1998)

Jovi¢ et al. (2013)

Ton exchange

Good repeatability removal

Not applicable for all dyes

Vijayaraghavan et al. (2013)

Peat Good adsorbent Comparatively reduced adsorption surface areas than Won et al. (2008)
activated carbon
Wood chips Effectively adsorb acid dyes Longer retention times Won and Yun (2008)
NaOCl Initiates and accelerates azo bond cleavage Production of aromatic amines Urano and Fukuzaki (2011)
Fungus Useful for dye degradation Long growth cycle and inability to survive in anaerobic Ekramul Ka et al. (2017)
condition
Algae Useful for dye degradation Long growth cycle and inability to thrive in anaerobic Daneshvar et al. (2007)
condition
Plants Effectively remove dye by adsorption Long growth cycle Sanmuga Priya and
Senthamil Selvan (2017)
Enzyme Useful for dye degradation Specificity for various dye classes is still to be studied Mah et al. (2016)

TABLE 2 Bacterial decolorization of reactive anthraquinone dyes.

Anthraquinone

dye

Bacterial
species

Experimental parameters (dye concentration,
pH, temperature, inoculum condition)

Decolorization
efficacy

References

Reactive brilliant blue
(KN-R)

Rhodocyclus
gelatinosus XL-1

50 mg L™, 7.0, 30°C, anaerobic conditions

93% in 24 h

Dong et al. (2003)

Reactive brilliant

Shewanella

50 mg L™, 8.0, 30°C, anaerobic conditions

99% in 15 h

Xu et al. (2006)

blue K-GR decolorationis S12
Vat red 10 (novatic red 3b) Pseudomonas 100 mg L', 9.0, 25°C, aerobic conditions 55.5% in 23 days Gurav (2011)
desmolyticum
NCIM 2112
Vat blue-4 Pseudomonas 700 mg L', 7.4, 37°C, static conditions > 95% in 24 h Olaganathan
aeruginosa (2012)

Reactive blue-19

Reactive blue-19

Reactive blue-19

Bacillus cereus

Enterobacter sp. F
NCIM 5545

Klebsiella sp. BI-11

200 mg L', 7, 27°C, anaerobic conditions

50 mg L™, 10, 37°C, anaerobic conditions

100 mg L', 7, 37°C, static conditions

95% in 72 h

99.7% in 24 h

95% in 72 h

Giwa (2012)

Holkar et al.
(2014)

Gulati and Jha
(2014)

mineralization, hydrolysis, and a co-metabolism process. The
bacterial ~decolorization of reactive anthraquinone dyes is

presented in Table 2.

Frontiers in Environmental Engineering

Similarly, Xu et al. reported the decolorization of reactive
brilliant blue K-GR under anaerobic conditions using Shewanella

decolorationis S12 isolated from textile wastewater (Xu et al., 2006).
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They observed that 99% of decolorization was achieved through
flocculation with a dye concentration of 50 mg L™" within 15 h. The
increase in the decolorization was due to the supplementation of
various carbon sources such as peptone, lactate, succinate, formate,
and yeast extract, whereas the decolorization efficiency decreased
with HgClL.

Gurav et al. investigated the decolorization efficiency of
Pseudomonas ~ desmolyticun NCIM 2112 and Galactomyces
geotrichum MTCC 1360 for the decolorization of Vat Red 10 dye
(0.01%) under aerobic conditions using synthetic wastewater
2011).
observed within 23 days of incubation. The formation of 2,6-

(Gurav, A maximum decolorization of 55.5% was
diisopropyl naphthalene as an end-product is a plant-growth
regulator that suggests the conversion of toxic compounds via an
oxidative metabolic process to a non-toxic substance.

Bacillus Cereus isolated from contaminated food was used for
reactive blue-19 decolorization under anaerobic conditions (Giwa,
2012). They found that with the initial dye concentration of
200 mg L', the maximum decolorization efficiency of >95% was
achieved within 27 h of incubation. An increase in decolorization
was induced by adding glucose to the medium, which degrades the
dye using the co-metabolic process.

The decolorization of Vat Blue 4 dye under static aerobic
conditions by Pseudomonas aeruginosa was estimated by
Olaganathan, with the removal of 99% at 700 mg L' dye
concentration (Olaganathan, 2012). Based on the comparative
study with Bacillus sp., Aeromonas sp., Micrococcus sp., and
Achromobacter sp., they observed that P. aeruginosa had
demonstrated a higher ability for the treatment of textile
wastewater using the synergistic effect of bio-bleaching.

Holkar et al. mentioned the degradation kinetics of reactive
blue-19 dye under anaerobic conditions by Enterobacter sp. F NCIM
5545 using synthetic wastewater with glucose as a co-substrate
(Holkar et al., 2014). They observed that with 400 mg L™ dye
concentration, the strain showed an increased decolorization
efficiency of 99.7% relative to any other Enterobacter sp. strain
without any toxic effect. In the co-metabolism process, the microbe
uses the dye as a co-substrate, in conjunction with a particular
substrate, resulting in increased decolorization efficiency under
optimal conditions. However, it is necessary to identify potent
microbial strains using optimal environmental as well as culture
conditions to obtain an enhanced decolorization efficiency in a
shorter time.

Bio-decolorization of reactive dyes by
bacterial consortium

A microbial consortium was investigated for its ability to
degrade synthetic dyes, demonstrating a significant advantage

over pure cultures. This consortium achieved substantial
mineralization and biodegradation, likely due to synergistic
interactions within the microbial community’s metabolic

processes (Cao et al.,, 2022). The microbial strains metabolize the
molecular structure of the dye in a consortium by attacking different
aromatic ring positions, and for further degradation, it can use
metabolites formed by the surviving strains (Aragaw, 2024; Cao
etal, 2022). An effective microbial consortium has been established
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by researchers to improve the decolorization process, which can
remove a range of contaminants from textile effluent. Bacillus cereus
(BN-7), Pseudomonas fluorescens (BN-5), Pseudomonas putida (BN-
4), and Stenotrophomonas acidaminiphila (BN-3) microbial strains
were used to develop a consortium by Aragaw et al. (2024). In
comparison to the individual microbial strains, the consortium
revealed an enhanced (three times higher) decolorization efficacy
0f 78%-99% with an initial dye concentration of 60 mg L™" (acid red-
88, acid red-97, acid red-119, and acid blue-113) within 24 h of
incubation.

Similarly, Dafale et al, reported on the remazol black-B
decolorization kinetic in a continuous anoxic-oxic reactor using a
developed microbial consortium of Pseudomonas aeruginosa,
Proteus mirabilis NAD1 and NADG6, Rhodobacter sphaeroides,
and Bacillus circulans. The microbial consortium presented that
synthetic wastewater with an initial dye concentration of 100 mg L™
could decolorize with an efficacy of >90% and reduce COD by 80%
(Dafale et al., 2008).

The GG-BL consortium was developed combining Galactomyces
geotrichum MTCC 1360 and Brevibacillus laterosporus NCIM 2298 to
decolorize golden yellow HER under optimal sequential aerobic and
microaerophilic conditions was established by (Waghmode et al,
2011). The color, COD, and TOC were effectively reduced by 100%,
84%, and 63%, respectively. The metabolite formed during
mineralization indicates the existence of enzymes like laccase,
tyrosinase, NADH-DCIP reductase, veratryl alcohol oxidase, azo
reductase, and riboflavin reductase that convert dyes into non-
toxic compounds. Likewise, specific microbial consortia in aerobic
conditions demonstrated different findings for the effective
decolorization of reactive red-3BS (90%), acid blue-113 (93.7%),
and reactive red-195 (70%).

According to Das et al,, a developed consortium with Zobellella
taiwanensis AT1-3, and Bacillus pumilus HKG212 was able to
decolorize reactive green-19 dye under static conditions (Das et al,
2023). They found that a maximum decolorization of 97% was observed
within 24 h of incubation with an initial dye concentration of
100 mg L™ and yeast extract as co-substrate. The decolorization rate
follows first-order kinetics, indicating that a reduction in decolorization
was caused by increasing the initial dye concentration.

The available literature demonstrated that the microbial consortia
could decolorize the reactive dyes faster and more efficiently than
individual microbial strains. It is challenging to assess the influence of
experimental parameters on the decolorization mechanism.
Therefore, further investigations are required to adequately assess
the effect of these conditions through mathematical and statistical
modeling by developing a consortium to achieve an efficient dye
decolorization. Based on bacterial-bacterial synergism, advanced, eco-
friendly treatment strategies for textile wastewater degradation are
being developed without generating toxic metabolites. It generates less
volume of sludge and non-toxic metabolites than physicochemical
approaches (Jadhav et al., 2010).

Mechanism of bacterial decolorization of
reactive dyes

The decolorization of dyes takes place under aerobic, anaerobic,
and anaerobic-aerobic conditions, either by adsorption, biochemical
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FIGURE 4
Laboratory-scale treatment of textile wastewater by microorganisms.

reaction, or a combination of the two (Holkar et al., 2014). The
treatment method depends on the reactivity and the binding affinity
of the dye to the microorganisms (Das et al., 2023). The laboratory-
scale treatment of textile wastewater by microorganisms is presented
in Figure 4.

The selection of an effective microbial strain is needed for
efficient dye degradation, attributed to the variations in the
metabolism of various species for the dye and its degradation
method (Cao et al, 2022; Ngo and Tischler, 2022). Figure 3
shows the step-by-step process required to decolorize/degrade
textile dye wastewater using microorganisms on a laboratory
scale. The process of dye decolorization is believed to involve a
variety of oxidoreductase enzymes, including laccase, lignin
peroxidase, tyrosinase, azoreductase, and NADH-DCIP reductase
(Shah et al., 2012).
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Microbes operating in aerobic environments need to be
acclimated and undergo an extended growth phase. A bacterium
in the cytoplasm metabolizes the reductase enzyme, which differs
from reactive dyes and weakens the chemical bond under optimum
conditions (Thakur et al., 2014). Bacillus halodurans MTCC
865 decolorized acid black-24 within 6 h under aerobic static
conditions, with a decolorization efficacy of 290% at pH 9°C and
37°C (Prasad and Rao, 2013).

Kumaravel & Shanmugam reported that anaerobic bacteria are
nonspecific to reactive dyes and require the reduction process of an
extracellular electron transport chain (ETC.) that offers possibilities for
the reduction of different dyes. This method involves carrier molecules
with a low molecular weight that act as a color shuttle. These carrier
molecules are either produced or included separately during the
substrate’s metabolism (Kumaravel and Shanmugam, 2024).
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The decolorization mechanism with enzymes and intermediates during anthraquinone dye mineralization

Fernandes et al. documented that the metabolites formed during
the anaerobic conditions are cytotoxic and mutagenic to the
microbial cell, whereas aerobic conditions prevent the process by
reoxidizing the metabolites (Fernandes et al., 2015). Therefore, the
application of aerobic or anaerobic systems alone will be inefficient
for the degradation of reactive dyes. The use of a two-stage
procedure that combines the anaerobic and aerobic systems,
maybe the best method for reactive dye degradation (Karatas, 2009).

Evidence of anaerobic azo dye reduction by the redox mediator
formed through aerobic degradation (Bonakdarpour et al., 2011;
Jonstrup et al., 2011). They observed that in anaerobic conditions,
the redox intermediate produced by aerobic degradation of aromatic
compounds increases the dye decolorization. In two stages of
anaerobic and aerobic systems, the anthraquinone dye
degradation is quite efficient. When treating wastewater including
anthraquinone dyes, microbial decolorization is most effective
under anaerobic conditions as compared with aerobic conditions
(Holkar et al., 2014). The decolorization mechanism with enzymes
and intermediates during anthraquinone dye mineralization is
illustrated in Figure 5

Oxidoreductase enzymes for dye
degradation

Dye decolorization is related to the interaction of the enzyme
molecule with the dye molecule through various oxidative enzymes,
including lignin peroxidase, laccase, and tyrosinase, as well as
reductive enzymes, including azoreductase and NADH-DCIP
reductase of the intracellular and extracellular oxidoreductase
enzyme system. Enzymatic methods have reduced environmental
impacts since they do not include the risk of contamination.
Enzymatic processes have been established in textile industries
and have proved to be very important as biocatalysts (Goswami
et al., 2024; Mishra et al., 2021).

« Lignin peroxidase (LiP): LiP belongs to the oxidoreductases
family, mainly those that function as an acceptor of peroxide
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(peroxidases), and is categorized under the ligninases family.
LiP catalyzes the cleavage of an aromatic ring to form reactive
radicals by reducing one electron from the side chains of
lignin and associated compounds (Kumar and Chandra,
2020; Janusz et al, 2017). The LiP extracted from
Brevibacillus laterosporous MTCC 2298 and Acinetobacter
calcoaceticus NCIM 2890 effectively decolorized various
sulfonated azo dyes (Ghodake et al, 2009; Gomare and
Govindwar, 2009). Ligninolytic enzymes are commonly
used in the textile industry to remove dye, bio-bleaching of
the effluents, and detoxification of toxic compounds. LiP can
catalyze both phenolic and non-phenolic lignin compounds
by oxidation, leading to the breakdown of the Ca-Cp bond
and the aryl C, bond, thus opening the aromatic ring,
phenolic oxidation, and demethoxylation (Aragaw et al,
20245 Alam et al,, 2009). The LiP enzyme has a substantial
potential for usage in industrial operations due to its
significant redox potential and extended substrate variety
in the presence of various mediators. Many studies suggest
a substantial induction of lignin peroxidase activity during the
decolorization of reactive dyes, indicating their potential for
decolorization of dye (Aragaw et al., 2024).

Laccase: Laccases are versatile enzymes with applications
across various industries. They are used in the production
of ethanol, food processing, paper and pulp manufacturing,
dye bleaching, and even the creation of valuable lignin-based
chemicals (Giardina et al., 2010; Shrestha et al., 2016). It is
one of the various members of the protein family of
multicopper oxidase. They are involved in monomer
linkage, fragmentation of polymers, and degradation of
aromatic compounds. The enzyme catalyzes the oxidation
of modified phenolic and nonphenolic compounds when
oxygen is present as an electron donor (Sharma and
Kuhad, 2008). Several industrial applications of laccase
enzymes, such as dye
detoxification of the

bleaching, biodegradation,
effluent, and alteration of
biopolymers, have been reported (Xu et al., 2006; Aravind,

2016; Lu et al, 2010). The first prokaryotic laccase was
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identified from Azospirillum lipoferum, a rhizospheric
identified from

bacterium,

bacterium. Another laccase was a

melanogenic marine Marinomonas
mediterranea, that produces two distinct polyphenol
oxidases (PPO), PPO that

substrates characteristic of both tyrosinase and laccase

a multi-potent oxidizes
(Claus, 2004). Ridge et al. identified Pseudomonas syringae
and Pedomicrobium sp. showing the laccase activity for Cop
A protein (Ridge et al., 2007). The laccase enzyme decolorizes
the reactive dyes using a nonspecific free radical, thus
preventing the generation of toxic amines (Janusz et al,
2020). The
desmolyticum

laccase extracted from Pseudomonas

NCIM 2112 exhibited

decolorization for various reactive dyes, such as Direct
Blue 6, Green HE4B, and Red HE7B (Kalme et al., 2009).

« Tyrosinase: Tyrosinase is a tetramer enzyme composed of four

complete

copper atoms per molecule and binding sites for aromatic
compounds and oxygen (Singh et al, 2015). The enzyme
catalyzes the monophenols hydroxylation to o-diphenols and
the subsequent oxidation of o-diphenols to o-quinones
(Bibhuti Bhusan Mishra, 2016). The enzyme is, therefore,
capable of removing organic contaminants from polluted
areas (Singh et al., 2015; Donato et al, 2014). Several
the of
biodegradation of reactive dyes like Direct Red 5B, Direct
Blue GLL, Yellow 5G, Brown R, Reactive Red 141, and
Reactive Black5 with tyrosinase (Singh et al., 2015; Pajot

researchers  have  documented evidence

et al, 2011). Tyrosinase activity has been reported in

microbial strains such as  Streptomyces  glaucescens,

Streptomyces antibioticus, Bacillus licheniformis, Bacillus
natto, and Bacillus sphaericus (Zaidi et al, 2014). The
extracted tyrosinase enzymes were employed for the
oxidation of colored and phenolic compounds.

Azoreductase: Azoreductases are flavoproteins (NAD (P) H:
flavin oxidoreductase) found at cytoplasm (intracellular or
extracellular), used as an electron donor for cofactors such as
NADH, NADPH, FADH,, FMNH,, and FADH to reduce the
azo bonds (Suzuki, 2019). The existence of extracellular
oxygen-sensitive azo reductases in anaerobic bacteria, such
as Clostridium and Eubacterium, can decolorize the
sulfonated azo dyes during their growth (Zahran et al,
2019). The azoreductase substrate specificity is dependent
on the functional group in the azo bond.
Patel et al. reported the induction of azoreductase with
Pseudomonas sp. KF46, during the decolorization of Orange
I1, with maximum specificity in the carboxy group eliminating
sulfophenyl azo dyes (Patel and Gupte, 2023). The azoreductase
induction was previously reported during decolorization of azo
dyes under static conditions, and after reducing an azo bond,
toxic amines were produced by azoreductase (Dhanve et al., 2008;
Kalyani et al, 2008). Several studies have indicated that
azoreductase could reduce azo dyes and also have the
potential to reduce various compounds of naphtho, benzo,
and anthraquinone (Suzuki, 2019). In some instances, these
compounds work as a better substrate than methyl red
than MR

(Leelakriangsak, 2012). These enzymes involve enzymatic

because of increased K, and V., values

detoxification processes, which include reducing quinones,
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quinone imines, azo dyes, and nitro groups, and protecting
cells from the toxic effects of free radicals and reactive oxygen
species resulting from reduced electrons (Ito et al., 2008).

o NADH-DCIP reductase and MG reductase: NADH-DCIP
reductase are marker enzymes that belong to the oxidase
cycle of bacterial and fungal mixed activity and are involved
in the detoxification of xenobiotic compounds (Bhosale et al.,
20065 Salokhe, 2003). The enzyme uses NADH as an electron
donor to reduce the DCIP. Earlier findings suggested that this
function is a marker enzyme for azo bond reduction because
the 2,6-dichlorophenolindophenol (DCIP) uses this enzyme
to accept an NADH electron to form its leuco group. Once
reduced, the blue color of DCIP in its oxidized form becomes
colorless. Several studies have been reported for the
significant induction of NADH-DCIP reductase in the
decolorization of Reactive Orange 16, Methyl Red, Red
BLI, and Direct Brown MR by Bacillus sp., Brevibacillus

Pseudomonas sp., and A.
respectively  (Ghodake et al, 2009;
Govindwar, 2009; Amar et al., 2008).

calcoaceticus,
and

laterospores,
Gomare

Emerging research highlights further enzymatic systems and
strategies beyond common oxidoreductases for enhanced dye
degradation. DyP-type peroxidases show promise in degrading
recalcitrant dyes at a wider pH range and without mediators.
Unspecific peroxygenases (UPOs), with both peroxidative and
monooxygenase activity, offer energy-efficient bio-oxidation. Multi-
enzyme cascade systems can achieve more complete degradation by
sequentially employing oxidative and reductive enzymes. Enzyme
immobilization enhances stability and reusability, while directed
evolution and protein engineering allow for the creation of
with
photocatalytic hybrid systems offer synergistic degradation. Finally,

enzymes improved  properties.  Enzyme-mediated
omics and metagenomics are facilitating the discovery of novel, robust
dye-degrading enzymes from diverse environments, paving the way
for advanced bioremediation technologies. These advancements,
focusing on enzyme function, system integration, and synthetic
biology, are crucial for developing next-generation, eco-compatible
solutions for persistent dye pollutants (Colpa et al.,, 2014; Sugano and
Yoshida, 2021). The fungal species and the enzymes involved in

anthraquinone dye decolorization is illustrated in Table 3.

Parameters influencing the
degradation mechanism

The microbial decolorization of reactive dye is affected by the
operating conditions, i.e., both intrinsic and extrinsic parameters.
The wastewater generated by the textile industries has different
chemical compositions, including salts, nutrients, organics, sulfur
compounds, and various toxic substances. Several factors influence
the decolorization of dye in the biological treatment method,
including different physicochemical parameters like dissolved
oxygen, pH, temperature, dye concentration, dye structure,
electron donors, and redox mediators, affecting the decolorization
efficiency and microbial metabolic activity (Krishnan et al., 2017).

Numerous studies have been performed to investigate the effects
of each parameter to increase the effectiveness of the biological
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TABLE 3 Fungal species for anthraquinone dye decolorization.

Anthraquinone dyes Fungal species

efficiency (%)

Decolorization

10.3389/fenve.2025.1553712

Enzymes involved References

Remazol Brilliant Blue R (RBBR) Trametes versicolor 85%-95%

Reactive Blue 4, Disperse Blue 79 Pleurotus ostreatus 80%-92%

Laccase, LiP, MnP Kammoun et al. (2019)

Laccase, MnP Singh et al. (2019)

Phanerochaete 88%-96%

chrysosporium

RBBR, Reactive Blue 19

LiP, MnP Faraco et al. (2009)

Acid Blue 129, RBBR Bjerkandera adusta 78%-90%

Eichlerova and Baldrian
(2020)

Lignin peroxidase, Laccase

Reactive Blue 4, Anthraquinone 75%-89%

Blue

Funalia trogii

Acid Blue 62, Remazol Blue B Ganoderma lucidum 72%-85%

Laccase Li et al. (2017)

Laccase, MnP Swallah et al. (2023)

Reactive Blue 203, RBBR Coriolus hirsutus 80%-94%

Yousuf and Winterburn
(2017)

Laccase, LiP

Disperse Blue 3, RBBR Lenzites betulina 76%-88%

Remazol Brilliant Blue R Pycnoporus sanguineus 83%-95%

Laccase Yesilada et al. (2018)

High-redox Laccase Vo et al. (2020)

Disperse Blue 79, RBBR Aspergillus niger 60%-75%

Azoreductase, NADH-DCIP
Reductase

Chattaraj et al. (2016)

Redox
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FIGURE 6
Parameters affecting the degradation process.

treatment method (Figure 6). The impact of the operational
conditions is described above.

o Oxygen: It is the most significant parameter that affects cell
growth and dye removal in the dye degradation process.
Oxygen influences the physiological properties of the cells
during the cell cycle and is considered an excellent redox
potential electron acceptor. During microbial degradation,
once the cells in the medium oxidize the electron donors,
resulting in the loss of an electron, that decreases the oxygen
concentration relative to the dye molecules. In the reduction
product, the water molecules are non-reductive. The oxygen
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molecules also oxidize the intermediate aromatic compounds
formed during dye decolorization (Goswami et al., 2024;
Zafar et al,, 2022). The intermediates are broken down by
hydroxylation and ring-opening when oxygen is present
(Pande et al., 2019; Tembhekar et al., 2016). The aerobic
environment is necessary for the effective degradation of the
dye molecules. An anaerobic-aerobic process can, therefore,
treat the dye-containing wastewaters effectively, thus
enhancing its biological degradation (Goswami et al., 2024;
Tembhekar et al., 2016). Monitoring the oxygen availability
during the treatment process is crucial since oxygen is
required for the growth and survival of microorganisms.
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pH: Medium pH is also a significant decolorization parameter
influencing the dye decolorization efficiency, and the
optimum pH range for decolorization is around 6.0 and
10.0 (Chen et al, 2003; Guo et al, 2007). The medium
with a highly acidic or basic pH value resulted in reduced
decolorization efficiency. The pH effect is assumed to be
associated with the transportation of the dye molecules
through the cell membrane, which is known to be the rate-
limiting phase in the decolorization process (Chang et al.,
2001; Kodam et al.,, 2005). The formation of intermediate
aromatic amines as a result of the biodegradation of dye
molecules increases the pH to more alkaline than the
untreated dye solution (Donmez et al., 2020). Changing the
pH between 7.0 and 9.5 has minimal impact on the
decolorization method. Thus, for effective decolorization,
the optimum pH of the treatment process is needed
(Aragaw, 2024). Wang et al. evaluated the effectiveness of
isolated Citrobacter sp. CK3 in the decolorization of Reactive
Red 190 under highly acidic (pH 4) and highly alkaline
(pH 12) (Wang et 2009). This
pH tolerance of decolorizing microbes is essential to

environments al.,
(Chinwendu et al, 2024) make them appropriate for the
decolorization of real textile effluents (Wang et al., 2009;
Aksu et al., 2003).
Temperature: The microbes respond by adapting to
temperature change through biochemical or enzymatic
mechanisms. Therefore, the temperature is a significant
factor involving microbial existence-related activities,
including water and soil remediation. Some experiments
have been carried out on the activation energy of azo dye
decolorization, where varying temperatures are established
as required for the decolorization using microbial
consortium present in active sludge (dos Santos et al,
2007). In 2001, Yu investigated that temperature changes
in microbial physiology resulted in abrupt variations in the
activation energy (Yu, 2001). In contrast, Angelova et al.
reported the impacts of temperature on growth rate, biomass
production, and reaction strategy (A et al., 2008). The azo
dye decolorization efficacy decreases after reaching the
optimum temperature. The reduction of viable cells or
denaturation of an azo reductase enzyme may be the
cause of the decline in decolorization efficacy at higher or
lower temperatures (Steinweg et al,, 2013; Rafeeq et al,
2023). Moreover, it was observed that the azoreductase
enzyme is quite thermostable at 60°C and can stay
effective for a short duration (Rathour et al, 2024;
Sanjana et al, 2024). According to Misal et al, the dye
would decolorize effectively at a temperature range between
25°C and 35°C which is ideal for microbial growth (Misal
et al., 2011).
Dye concentration: Dye concentration is another significant
parameter affecting decolorization efficiency. The increase in
the dye concentration reduces the decolorization efficiency
due to the toxic effects of dyes on the microbes resulting in an
inappropriate cell to dye ratio, and the blocking of
azoreductase active sites by dye molecules with different
systems (Dhanve et al., 2008; Saratale GD. et al, 2010;
Tony et al., 2009a; Tony et al.,, 2009b). The decolorization
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of various reactive dyes by microbial strains has been
described in similar results (Dhanve et al., 2008; Amar
et al., 2008; Saratale et al., 2009a). Reactive dyes containing
sulfonic acid (SO;H) groups within their aromatic rings have
also been shown to significantly inhibit the microbial growth
at increased dye concentrations (Amar et al., 2008; Saratale
et al, 2009a). Saratale et al., reported that using microbial
consortium, the impact of higher dye concentration gets
reduced could be due to the synergistic influence within
the microbial community (Saratale et al., 2009b). However,
the lack of the impact of dye concentration on decolorization
efficiency was observed by Pearce et al.,, and the result is
consistent with a non-enzymatic reduction approach
regulated by methods irrespective of the dye concentration
2003). Various studies have revealed a
comprehensive kinetic analysis,

(Pearce,

and the relationship
involving substrate-dependent decolorization efficiency and
equilibrium transformation (Amar et al., 2008; Pearce, 2003;
Chang et al., 2000).

o Carbon The

Biodecolorization of reactive dyes without the addition

and nitrogen sources supplements:
of carbon or nitrogen sources is quite complicated since
reactive dyes lack carbon sources (Kebede et al, 2021;
Meckenstock et al., 2015). According to Chen et al., and
Khehra et al., nitrogen (yeast extract) and carbon (glucose)
sources can be added as supplements to aid in the
decolorization of dyes by both individual strains and the
microbial consortia (Chen et al., 2005; Khehra et al., 2005).
In some findings, the supplementation of carbon sources
causes a reduction in decolorization efficiency attributed to
the cell’s preference to assimilate additional carbon sources
over using the dye molecule as the carbon source (Saratale
et al, 2009a). Similarly, Chang et al.,, stated that the
supplementation of nitrogen sources might restore
NADH, which serves as an electron donor for microbial
dye degradation, resulting in effective decolorization
(Varjani and Upasani, 2017). Some studies have used
lignocellulosic agricultural residue as a substitute for
the

efficient

organic sources supplements to make dye

decolorization  process and

effective. The addition of lignocellulosic waste as a

economically

substrate has been shown to improve the decolorization
efficiency by producing ligninolytic enzymes. Similar
the
decolorization of Direct Blue GLL by Comamonas

findings have also been made for efficient
sp. UVS, with the generation of ligninolytic enzymes
(Dhanve et al,, 2008). Scarlet R dye was decolored by
consortium GR and Reactive Green 19A by Micrococcus
glutamicus NCIM-2168 using a variety of agricultural
wastes as a substrate (wood straw, rice husk, sugarcane
bagasse powder, and rice straw). It was discovered that
adding rice husk and rice straw extract as a nitrogen source
in the synthetic medium increased the decolorization
efficiency (Saratale et al.,, 2009a; Telke et al., 2009).
« Dye structure: Reactive dyes consist of a variety of diverse
structures with different functional groups, and any
variations in the chemical structures have a significant

effect on decolorization efficiency. Simple dye compounds
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with low molecular mass show increased decolorization
efficiency. Reduced decolorization efficiency was observed
with dye molecules with higher molecular weights and with
electron-withdrawing groups (-SOs;H, -SO,NH,) present in
the para position of the benzene ring (Pearce, 2003; Hsueh
et al, 2009). In 2001, Hu observed an enhanced
decolorization efficiency with monoazo dyes related to
diazo and triazo dyes (Hu, 2001). The production of
azoreductase enzyme associated with specific dye
structures was stated by Patel et al. (2023). Hsueh et al.
reported that the presence of substituent in the para
position affected the decolorization efficiency relative to
the ortho and meta positions of the benzene ring (Hsueh
etal, 2009). The existence of electron-withdrawing groups on
the benzene ring increases the decolorization efficacy (Patel
et al., 2023). Suzuki et al. evaluated the aerobic decolorization
of 25 sulfonated azo dyes and found that the steric effect of the
chemical structure had a significant impact on decolorization
efficiency (Suzuki et al., 2001). However, in a non-enzymatic
reduction process, decolorization is affected by alteration in
the electron density group, resulting in increased
decolorization efficiency (Kebede et al.,, 2021; Meckenstock
et al.,, 2015; Rau and Stolz, 2003).

Electron donors: Supplementations of electron donors such
as yeast extract, peptone, glucose, and lactate cause reductive
cleavage of the bond, thereby increasing the dye
decolorization efficiency. The addition of a specific
electron donor is, therefore, crucial for treating textile
wastewater (Al-Amrani et al, 2014). There are different
electron donors, and electron acceptors are available in
nature; however, it is essential to understand the impact
of specific donors and acceptors on microbial decolorization
(He and Sanford, 2003). The electron donors such as sodium
succinate, sodium citrate, sodium formate, sodium pyruvate,
and sodium acetate, were found to increase C.I. Reactive
Orange 16 decolorization by isolated Bacillus sp. ADR
(Telke et al., 2009) and different azo dyes by isolated
Shewanella decolorationis S12 (Hong et al., 2007). It has
been reported that microbial decolorization under anaerobic
conditions is a biochemical reaction that oxidizes the
electron donors, thereby transferring it to the acceptors
via a multi-component electron transport chain system.
Georgiou et al. reported that the electron transport
system was disrupted by the existence of specific electron
donors, which could be attributed to the search for donor
electrons (Georgiou et al., 2004).

Methanol deserves special consideration among electron donors,

as

it is commonly utilized as an effective electron donor for

treating wastewater. Telke et al. reported that Bacillus sp., ADR
needed NADH as an electron donor for NADH-DCIP reductase
during the decolorization of C.I. Reactive Orange 16 (Telke et al.,

2009). Similarly, the addition of electron donors, like sodium

acetate, sodium formate, sodium citrate, and sodium pyruvate
induces decolorization activity. Therefore, it is essential to choose

biological electron donors for decolorization experiments as they

cause degradation and activation of the enzymatic system

required for the decolorization activity (Pearce, 2003; van der
Zee et al., 2001).
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» Redox mediators: The anaerobic azo dye reduction process
typically has a rate-limiting step that involves the transfer of
reducing equivalents from an electron donor to an electron
acceptor (van der Zee et al, 2001). Reducing the electron
density in the azo bond can boost decolorization efficiency
because the rate of azo dye decolorization is associated with
that of the azo bond (Meckenstock et al, 2015). Redox
mediators are added, which allows for the transfer of
reducing equivalents to the dye’s electron acceptor and
reduces the dye’s steric interference (Rau and Stolz, 2003;
Moir et al., 2001). Flavin-based substances, such as flavin
adenine  dinucleotide (FAD) and flavin adenine
mononucleotide (FMN)) and quinone-based substances,
such as anthraquinone-2,6-disulfonate (AQDS),
anthraquinone-2-sulfonate (AQS), cyanocobalamin
(vitamin B,,), riboflavin (vitamin B,), and lawsone (2-
hydroxy-1,4-naphthoquinone)) were widely identified as
redox mediators (dos Santos et al., 2007). Redox mediators
have a redox potential of 200-350 mV, and a low
concentration of the redox mediator is needed for the
transfer of electrons (Meckenstock et al., 2015). It was
discovered that the decolorization efficacy increases when
the redox potential of the system decreases, and as the
system’s redox potential increases, the decolorization
efficiency decreases (Liu et al, 2009; Rau et al, 2002).
Lourengo et al., reported some decolorization in autoclaved
cells, indicating the presence of an active, reducing agent that
can decolorize dye in the absence of microbial activity
(Lourengo et al, 2001). To date, the impact of redox
mediators on textile wastewater decolorization remains
unclear due to the broad variety of redox potentials
amongst reactive dyes (180-430 mV) found in effluents,
with increased COD concentrations of around 1.4 g L™
and various dye characteristics (dos Santos et al., 2007).

Type of bacterial species: The selection of powerful microbial
strains for the treatment procedure should be based on the
reactivity or binding affinity of the dye. The physiological
behavior of microbial strains differs from the dye
concentration and structure, media composition, as well as
culture conditions. Hence, the selection of an efficient
microbial strain is necessary for the effective decolorization
of textile wastewater (Senan and Abraham, 2004).

Analytical methods for the
decolorization studies

The metabolites produced by the mineralization of reactive dyes
by microbes were identified using various analytical methods. The
predominant method for determining the decolorization of the dye
is UV-vis spectroscopy (Prabhakar et al., 2021; Saratale RG. et al,,
2010). The dye decolorization is shown by the major peak
disappearing at a maximum wavelength and the emergence of
new peaks in the UV region (Saratale et al, 2009a). American
Dye Manufacturers Institute tristimulus filter method (ADMI
3WL) and ADMI 31WL were used to calculate the actual color
rates, independent of hue for dye mixtures and textile effluents
(Chen et al, 2003), thus trying to open the way for a more
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appropriate description of water and wastewater color (dos Santos
et al., 2007). The thin-layer chromatography (TLC) method has
proven to be the best approach with the separation and spot ability
required to separate the dyes and their metabolites with a similar
structure. It is feasible by utilizing various stationary phases from
indefinite changes in mobile phase mixtures. High-performance
thin-layer chromatography (HPTLC) was also used to validate
the dye degradation investigation (Bhatt et al, 2005; Mohana
et al., 2008). Although the principle of this method is the same
as that of TLC, it has certain benefits like automatic application
systems, thinner plates, and increased sensitivity. In general, liquid
chromatography requires relatively small packing particles with
extremely high pressure, which is known as high-performance
liquid chromatography (HPLC). The degradation of the dye is
indicated by the appearance of additional peaks with varying
retention times relative to the original dye, suggesting the
formation of metabolites (Chang et al., 2001; Saratale GD. et al,
2010; Lopez-Grimau and Gutiérrez, 2006).

Infrared spectroscopy typically employs Fourier-transform
infrared spectroscopy (FTIR), which reveals the degradation of
the dye using the FTIR spectrum and establishes the type and
extent of interactions in dyes with various functional groups after
biodegradation. The mass spectrum of the mixture constituents is
acquired in mass spectrometry, which provides a useful tool for
qualitative study. The technique is referred to as liquid
chromatography-mass spectrometry (LC-MS) when the mobile
phase is a liquid, and as gas chromatography-mass spectrometry
(GC-MS) when it is a gas. Mass spectroscopy using both methods is
essential for determining the metabolites produced following
biodegradation (Park and Kim, 2021). It also determines the
molecular mass, and structural details of the dye intermediates
and can recommend the dye degradation pathways (Amar et al,
2008; Saratale et al., 2009a). Similarly, nuclear magnetic resonance
(NMR) is a standard analytical method that enables either liquid or
solid-state quantitative study of compounds and is useful in
collecting structural details about molecular compounds. Some
researchers reported that the decolorization efficiency could be
estimated by analyzing the decolorization percentage before and
after the treatment through biochemical oxygen demand (BOD),
chemical oxygen demand (COD), and total organic carbon (TOC)
removal ratio (Saratale et al., 2009a; Telke et al., 2009; Saratale RG.
et al,, 2010).

Toxicity assessment of the bio-
decolorization products

A wide range of synthetic dyes produced by textile
manufacturers, particularly anthraquinone dyes, pose a significant
ecological threat due to their complex aromatic structures, resistance
to degradation, and toxicological impacts. During dyeing processes,
an estimated 10%-15% of dyes are released into effluents, leading to
the unnatural coloration of surface waters, deterioration of water
quality, and disruption of aquatic ecosystems (Pearce, 2003;
Robinson et al,, 2001). The toxicity of anthraquinone dyes affects
various biological systems. In microorganisms, these dyes can
inhibit enzymatic activities and disrupt cellular respiration. In
plants, they impair growth and physiological processes, as shown
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in studies where reactive blue-4 (RB4) significantly reduced plumule
and radicle lengths by 30%-40% and chlorophyll-a content by 76%
in Triticum aestivum (Chaudhari et al., 2017). In animals and
humans, anthraquinone dyes and their intermediates have been
associated with cytotoxic, genotoxic, and mutagenic effects, possibly
through oxidative stress and DNA damage pathways. However,
studies like Chaudhari et al. revealed that the biodegradation of
RB4 resulted in non-phytotoxic metabolites, indicating the potential
for safe bioremediation. Biodegradation of such reactive dyes often
requires extended residence times, influencing intracellular
retention and processing (Chen, 2002; Moutaouakkil et al., 2004).
To evaluate toxicity, various assays are employed: biotoxicity is
commonly assessed using microbial respiration inhibition or
assays (e.g., Vibrio  fischeri);
phytotoxicity is evaluated via seed germination and root/shoot

bioluminescent  bacterial
elongation tests in plants; cytotoxicity assays include MTT and
neutral red uptake tests on cell cultures; and genotoxicity is
measured using assays such as the comet assay, micronucleus
test, and Ames test. Despite the promising detoxification
potential of fungal and bacterial biodegradation systems, Rawat
et al. (2016) highlighted the limited availability of comprehensive
toxicity studies and recommended multilevel strategies including
molecular, cellular, and ecosystem-level evaluations to ensure the
environmental (Rawat
et al., 2016).

safety of dye degradation products

Advances in bio-decolorization technique

The current research focuses on designing a system that must be
environmentally friendly and cost-effective, showing high
decolorization efficiency with no or reduced production of
sludge, and that it can mineralize the toxic dye to non-toxic
compounds. Garg et al. evaluated the decolorization kinetics of
reactive red-120 dye by immobilizing Bacillus cohnii RAPT1 on
polyurethane in a packed bed reactor (Garg et al, 2016). They
observed complete decolorization at 200 mg/L dye concentration
within 4 h. Similarly, under immobilized conditions in batch and
continuous mode, Chen et al, analyzed the malachite green
decolorization by Pandoraea pulmonicola YC32 (Chen et al,
2009). The strain showed 85.2% decolorization efficiency at
50 mg L' dye concentration and relatively better recycling in
continuous mode than batch mode. Decolorization was attributed
to the degradation of the dye by cellular metabolic activity, either
through
Tuttolomondo

a reducing mechanism/N-demethylation reaction.
al, reported the of

Pseudomonas sp. by sol-gel encapsulation (Tuttolomondo et al,

et immobilization
2014). The decolorization efficiency of methyl orange, remazol
black, and benzyl orange was reported to be 75, 79, and 83%,
respectively.

Nowadays, research is concentrated on using bacterial enzymes
to degrade dyes during wastewater treatment in bioreactors.
Oxidoreductive enzymes such as laccase, peroxidases, NADH-
DCIP reductase, and azoreductase exhibit good potential in dye
decolorization (Patel et al., 2023). They reported that bacterial
enzymes might be utilized as the primary strategy for
decolorization of textile effluents, thus reducing operational costs

and sludge generation. Moreover, optimizing the experimental
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conditions, lack of an engineered approach, and recombinant DNA
engineering techniques could be used to achieve the required
enzymes with higher efficiency and stability, and the enzymatic
treatment makes the process simple to handle (Uday et al., 2016).
The decolorization of reactive remazol violet-9 (RRV9), lefavix blue-
16 (LB16), and reactive remazol navy-4 (RRN4) dyes was performed
using fungal enzymes immobilized in a vertical bioreactor, and an
enhanced decolorization efficiency of LB16 > RRV9 > RRN4,
respectively (Peinado et al, 2006; Yanto et al, 2014). Similarly,
Chhabra et al, observed acid red-27 dye decolorization with
immobilized fungal laccase enzymes and exhibited a
decolorization efficiency of about 90%-95% (Chhabra et al., 2015).

It is necessary to set up a system to operate using optimal
experimental parameters to enhance microbial decolorization
efficiency. Response surface methodology (RSM) was used to
optimize the experimental parameters for Pseudomonas putida
SKG-1 to achieve the highest decolorization as documented by
Garg et al. (Garg et al, 2016). With RSM, they obtained an
increased dye discoloration efficiency of around 97.8% but only
95.2% without RSM. Therefore, the RSM optimization approach
could be an excellent statistical tool for evaluating the optimal
experimental conditions relative to the OFAT method. Later, using
bio-electrochemical processes, Gao et al., established pure strain
cathodes to obtain increased decolorization efficiency of acid
orange-7 and observed 95.8% decolorization within 46 h of
incubation using the lactate-supplemented medium (Gao et al., 2016).

Recent research is focused on isolating and identifying the
microbial strains that could decolorize the azo, anthraquinone,
and triphenylmethane dyes rapidly and efficiently. Mishra et al.,
isolated Bacillus cereus DC11, which exhibits a decolorization
efficiency of 95%-98% under anaerobic conditions, and
decolorized 100 mM acid blue-25 dye (anthraquinone), 55 mM
malachite green dye (triphenylmethane), and 750 mM basic blue
X-GRRL dye (azo) within 6 h, 4 h, and 2 h at 20°C-45°C, pH 7
(Mishra and Maiti, 2018). Similarly, Bouraie et al. used Aeromonas
hydrophila to decolorize all three dye classes under optimum
and observed 90%
efficiency at a dye concentration of 50 mg L™ (El and El Din,

experimental conditions decolorization
2016). More effective microbial strains must be identified to remove
these three dyes from textile wastewater under optimal experimental
conditions. Also, more research should be performed to enhance the
potential of microbial strains in removing contaminants from
effluent through genetic engineering, hybridization, and other
biotechnological methods.

Bioreactors such as fixed/packed bed reactors (FBR/PBR),
fluidized beds, sequential batch reactors (SBR), rotating biological
contactors (RBC), up-flow anaerobic sludge blanket reactors
(UASB), and immobilized cell bioreactor are also being designed
for decolorization of dye in large-scale applications. Saratale et al.
examined reactive orange-4 decolorization by immobilizing
Lysinibacillus sp. RGS in a fixed-bed bioreactor operated in a
continuous mode (Saratale et al., 2015). With an initial biomass
loading of 4.23 g and flow rate of 25, 30, and 35 mL h™', they
observed a decolorization efficiency of 75%-98% at pH 6.6°C and
30°C within 5 h. Several studies have explained the effective practice
of bioreactor systems for textile wastewater treatment (Sharma and
Kuhad, 2008; Garg et al., 2016; Chen et al., 2016; Qian et al., 2015).
More studies are required to increase the efficacy of these bioreactors
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to degrade the toxic reactive dyes and their degraded metabolites
(Al-Amrani et al., 2014).

Conclusion

Dyes are colored organic substances that add or alter the color of
the substrate where they are applied. Most dyes are found naturally,
but due to their photo-stability, dyes are synthetically created by
humans from petrochemicals. Reactive dyes generated by various
industrial wastes are the primary pollutants that are not eliminated
using conventional strategies. Biodegradation is the process of
removal of any pollutant in the ecosystem through biological
approaches using microorganisms to degrade a variety of organic
compounds. Applying microbes to biodegrade synthetic dyes is an
effective and alternative strategy for treating dye wastewater and
thus offers significant advantages. The biological treatment method
is inexpensive, requires minimal operating cost, and produces non-
toxic end-products on mineralization. This method can also be used
with a lower concentration of pollutants that would not be possible
through physical and chemical processes. Consideration of the
primary and secondary metabolism, a varied range of microbes
such as bacteria, fungus, algae, and yeast may decolorize various dye
contaminants under varying anaerobic and aerobic environments.
Various environmental factors affect the process of biodegradation,
such as pH, temperature, inoculum volume, oxygen availability, and
nutrients. It is, therefore, necessary to optimize process parameters
by observing their synergistic effect on the biodegradation process to
obtain enhanced decolorization at the industrial scale.

Pure microbial strains are usually inadequate to completely
degrade the dyes, leading to the production of carcinogenic
aromatic amines as intermediates that need to be subsequently
decomposed. It’s crucial to scale up and maintain large-scale
pure cultures for wastewater treatment systems. The microbial
consortium has been used to degrade synthetic dyes over pure
cultures as it has a higher level of biodegradation and
mineralization attributed to the synergetic metabolism within the
microbial community. Microbial dye decolorization often involves
enzymes, but not exclusively. In some cases, microorganisms
physically absorb the dye or break it down through non-
enzymatic mechanisms. The presence of various oxidative
enzymes (laccase, lignin peroxidase, and other oxidases) and
reductive  enzymes (azo-reductase, nonspecific reductases)
revealed the participation of these enzymes in the decolorization
process through oxidative coupling reactions caused by biocatalysts
such as lignin peroxidases, laccases, azo-reductases, and tyrosinases.
Hence, it is important to understand the enzymatic mechanisms
associated with dye degradation that may be effective in solving the
important challenges at the industrial level. The effective use of
continuous aerobic technology for textile wastewater treatment is
based on the bioreactor’s construction. Such reactors can maintain a
high loading rate per unit reactor capacity by maintaining the
biomass for a longer duration. Therefore, it is important to find
a better continuous reactor system based on immobilized bacterial
cells for the effective mineralization of textile wastewater. For
effective decolorization, it is necessary to identify the optimized
process parameters, an appropriate bioreactor system, and a better
choice of immobilization support material. Therefore, further
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studies focusing on the use of genetic engineering to develop

recombinant microorganisms capable of degrading mixed

anthraquinone-based dyes and  simultaneously  reducing

environmental toxicity may play a crucial role.
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