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Introduction 

The textile industries are major contributors of the industrial 

pollution due to the discharge of effluent that contains complex 

and persistent xenobiotic compounds (1). Since, the textile 

wastewater contains a higher concentration of organic pollutants, 

dye pigments, salts, surfactants and heavy metals which 

eventually leads to a high chemical and biological oxygen demand 

and overall toxicity (2). Among these, synthetic azo dyes are 

particularly hazardous due to their structural complexity, stability 

and high resistance to degradation (3). These synthetic dyes when 

discharged in the water bodies reduces light penetration, deplete 

dissolved oxygen and may transform into toxic or carcinogenic 

aromatic amines, leading to long-term ecological and 

toxicological impacts (4–6). 

 Conventional treatment methods such as coagulation, 

flocculation, adsorption, oxidation and membrane filtration 

techniques are widely used but most of them are cost-effective, 

energy demanding and produce toxic sludge and often fail to 

achieve complete mineralisation leading to secondary pollution 

(7). Biological strategies have emerged as eco-friendly and low-

cost alternatives for treating dye-contaminated effluent due to 

their ability to degrade under harsh environmental conditions (8). 

The extreme physico-chemical environment such as high salinity, 

alkalinity, temperature and presence of some inhibitory 

compounds in the textile wastewater restricts the use of 

mesophilic microorganisms in industrial-scale treatment (9). 

Whereas extremophilic microorganisms are adapted to survive 

and grow under extreme harsh environmental conditions such as 

hot water spring, saline habitats and alkaline ecosystem offering a 

promising solution. These includes halophiles, acidophiles, 

alkaliphiles, psychrophiles, thermophiles and radiophiles (10). 

They produce enzymes such as azoreductase, laccase, lignin 

peroxidase and manganese peroxidase that transform dyes and 

metabolise them into less toxic intermediates or completely 

mineralise them into water (11). They can be used in large 

bioreactors due to their stability under extreme conditions, 

solvent and metal-resistant nature (12).  

 Recent studies have demonstrated that extremophiles have 

the ability of decolourise the dyes containing wastewater. 

Thermophilic Anoxybacillus rupiensis shows the high efficiency of 

decolourisation at approximately 60–65 °C (13), while Geobacillus 

spp. and Thermus thermophilus produce thermostable enzymes for 

high-temperature degradation (14). Alkaliphilic bacteria such as 

Bacillus alcalophilus are effective degraders of dyes at pH 9–11         

(15, 16). 

 The enhanced activity of extremophiles is attributed to 

extremozymes with high structural, catalytic and thermal stability 

facilitating azo bond reduction and subsequent oxidation (5). 
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Abstract  

Effluents released from textile industries are a major source of environmental pollution containing largest and most extensively used category of 
synthetic azo dyes that are widely utilised in multiple industries and have limitations to the conventional physico-chemical treatments. 

Bioremediation is green remediation approach that involves microorganisms or their enzymes to degrade and detoxify the pollutants from the 

environment. Extremophiles that thrive at extreme environmental conditions such as hot water springs have the efficiency to decolorise and 
detoxify the azo dyes textile wastewater. The quantitative analysis show that extremophiles achieve more than 85–95 % decolorisation of 

different azo dye in a short retention time at high temperature and pH, with higher efficiency and degradation rate than mesophiles. The 

mechanism includes reductive cleavage of azo bonds, followed by mineralisation and co-metabolism, with the help of extremozymes such as 

azoreductase, laccase and peroxidase. Enzymes are integrated with nano-materials forming a nano-biocatalytic platform that enhance dye 
degradation removal efficiency. The current study highlights the potential and application of extremophilic bacteria as a sustainable bioresource 

in the remediation of azo dyes and places them at the centre of new generation wastewater treatment. 
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Integration with nanomaterials has resulted in the development 

of nano-biocatalytic systems that enhance the degradation 

efficiency through high surface area, efficient immobilisation of 

enzymes and facilitation of electron transfer mechanisms (17). 

 Methodologically, these studies involve the isolation from 

extreme environments (hot springs, salt lakes, alkaline 

environments), enrichment and screening of dye-containing 

media, spectrophotometric analysis of decolourisation and 

enzyme assays (18). Advanced approaches include the 

immobilisation of enzymes, microbial consortia and nano-

supported biocatalysts to enhance stability, reusability and scale-

up of the decolourisation process (17). This review critically aims 

to evaluate the role of extremophiles in azo dye biodegradation, 

focusing on enzymatic mechanisms, nano-biocatalysis and their 

potential applications in efficient, scalable and sustainable 

wastewater treatment. 

Structure of azo dyes and its effects on degradation 

The most common type of synthetic colourant used in the 

manufacture of textiles, food, leather and cosmetic industries is 

the azo dyes, which constitute approximately 60–70 % of all the 

dyes that are produced globally (19). Chemically, they are 

characterised by the presence one or more azo bonds -N=N- that 

are connected to the aromatic rings of benzene or naphthalene. 

These conjugated complexes give azo dyes their vibrant colour 

and exceptional chemical stability, making them industrially 

useful. Based on origin, structure and application, there are 

various dyes such as basic, acidic, reactive, direct, azo, diazo and 

mordant dyes, as shown in Fig. 1. 

 The effectiveness of a wide range of enzyme-mediated 

methods for azo dye degradation primarily relies on the structural 

properties of dyes. The asymmetric structures or multiple 

substituents that induce uniformly were reduced with lower 

reactivity, but the symmetrical electron-distributed azo bonds are 

better reduced (20). The oxidation of phenolic and aromatic 

amine intermediates can be catalysed by the laccases and 

peroxidases, which act in aerobic conditions. The cleavage of the 

ring structure can, in most cases, yield simple organic acids. In 

biological treatment systems, the complete mineralisation of the 

total dye requires the interaction of reductive and oxidative 

enzymes under various redox conditions.  

 The relationship between the structure and the 
mechanism is important not only for optimising the 

bioremediation strategies but also to understand the design of the 

dyes that are more environmental friendly. Biodegradability 

indicators can be correlated to structural parameters such as 

molecular weight, electron density and the nature of substituents, 

which provides a predictive framework to evaluate innovative dye 

formulations. The fact that the electron-withdrawing substituents 

hinder the biodegradation process implies that the dyes that have 

a higher number of electron-withdrawing groups can be designed 

to enhance the microbial breakdown more readily by 

microorganisms without loss of colour. Moreover, by changing the 

structure of dyes to increase their accessibility by microbes, such 

as they host organisms that are capable of surviving in those 

conditions that were once considered uninhabitable (19). 

Ecological and diversity of hot springs extremophiles 

Hot springs are dynamic ecological niches with steep 

physicochemical gradients such as temperature, pH, salinity and 

redox potential, which strongly influence microbial diversity and 

metabolic functions. These parameters not only determine the 

distribution of the extremophiles, but also directly regulate the 

enzymatic activity of the extremophiles in the biotechnological 

application like degradation of azo dyes (21, 22). Thermophiles 

and hyperthermophiles genera such as Thermus, Geobacillus, 

Anoxybacillus, Aquifex and Sulfolobus are highly specialised in their 

metabolic pathways and have a wide range of applications (23).  

 However, the effectiveness of the dye degradation by 

these extremophiles is regulated by several enhancing and 

limiting factors (24). The most effective factors that enhance 

efficiency include the optimal high temperature (50–70 °C) and 

alkaline or moderately acidic pH (depending on the species), 

adequate availability of electron donors (e.g., NADH), presence of 

co-factors and stable enzyme structure such as thermostable 

laccase and azoreductase. Salinity tolerance and intracellular 

protective systems (e.g., compatible solutes such as trehalose and 

ectoine) are also useful in enhancing enzyme stability and 

extending the catalytic activity of enzymes in industrial 

environment (25). Also, the factors that reduce efficiency include 

extreme deviation from optimal pH, temperature and high dye 

concentration, resulting in substrate inhibition, toxic 

intermediates formed during azo bond cleavage, lack of sufficient 

nutrition availability and the presence of inhibitory metal ions or 

contaminants in industrial effluents. Moreover, the enzymatic 

activity may be blocked by a lack of oxygen and the existence of 

harsh redox conditions, especially those that lead to oxidative 

degradation. Studies from Indian hot springs discussed in Fig. 2 

such as Suraj Kund and Manikaran demonstrate that geochemical 

parameters such as temperature and concentration of sulphate 

are key drivers of the microbial activity and degradation potential 

(26). As an example, Anoxybacillus rupiensis has shown over 90 % 

of decolorisation efficiency under the optimised conditions (65 °C, 

pH 9), highlighting the significance of controlled environmental 

parameters (27). Likewise, thermal sources of Geobacillus sp. and                            

Bacillus licheniformis also develop thermostable laccases and 

azoreductase that can degrade aromatic pollutants at high 

temperature and salinity (28, 29).  

 The analyses of the study (Table 1) demonstrate that hot-

spring microorganisms possess incredible metabolic and 

enzymatic abilities and that many of them possess more than one 

extreme characteristic: heat tolerance, resistance to alkalinity and 

saline tolerance. Therefore, the general efficiency of the 

degradation process of azo dyes depends on the interaction 

between environmental factors and microbial physiology. These 

influencing factors are important in optimising large scale 

bioremediation processes using extremophiles.  

Enhancing dye degradation through extremozyme 

properties 

The microbial degradation of synthetic dyes and particularly azo 

dyes, is primarily driven by enzyme-mediated cleavage of 

chromophore bonds. The enzymes such as azoreductase, laccase 

and peroxidase are important for initiating and completing 

decolorisation process. Extremophiles, which are adapted to high 

temperature, salinity and pH are useful sources of robust and 

thermostable enzymes that are able to operate under harsh 

conditions of textile effluents.  Development of efficient and 
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 Table 1. Extremophilic sources and biocatalytic potential of extremophilic sources on azo dye degradation  

Location Microorganism 
Environmental 

Conditions 
Enzymes  

mechanisms 
Applications References 

Yellowstone 
National Park, USA 

Thermus aquaticus, 
Synechococcus sp. 70–90 oC, neutral pH 

Thermostable 
oxidoreductases, 

azoreductase 

• These thermophilic strains are the 
first to characterised that can be 
used as a model to examine 
thermostability and redox potential 
of enzymes. T. aquaticus enzymes, 
like oxidoreductases, are stable at 
extremes of heat and which has 
facilitated the use of enzyme 
engineering in bioremediation. 

(21) 

Suraj Kund and 
Manikaran Hot 
Spring, India 

Anoxybacillus sp., 
Geobacillus sp., Bacillus 

sp. 

60–85 oC, alkaline pH 8
-10, abundant in 

sulphates and 
carbonates 

Laccase, 
peroxidase, 

azoreductase 

• Thermerophilic Anoxybacillus and 
Geobacillus found in Indian 
geothermal springs have exceptional 
tolerance to synthetic dyes and high 
metal concentrations. 

• Their enzyme complexes indicate 
more than 90 % decolorisation of 
reactive dyes under alkali conditions. 

(22, 23) 

Ethiopian soda 
lakes (e.g., Lake 
Shala) 

Haloalkaliphilic 
consortia with 

Halomonas sp. and 
Alkalibacillus sp.. 

55–70 oC, pH 10–11, 
high salt (up to 25  % 

NaCl) 

Multi-enzyme 
complex, e.g., 

azoreductase and 
oxidases 

• Ethiopian soda lakes' extremophiles 
are active in very alkaline, 
hypersaline environments common 
in dye effluents. 

(30) 

Tengchong hot 
springs, China 

herma thermophilus, 
Thermocrinis ruber, 

80 oC, neutral pH 
geothermal runoff 

channels 

Azoreductase and 
thermostable 

oxidoreductase 

• The isolation of T. thermophilus with 
a high level of azoreductase activity 
offers a model system of reductive 
cleavage of complex dye molecules 
at high temperature. 

• Enzyme assays reveal that the rate of 
reduction is increased with cofactor 
loss, which is encouraging to apply to 
high temperature bioreactors de-
polluting synthetic dye waste water. 

(26) 

Pamukkale and 
Central Anatolia 
Springs, Turkey 

Anoxybacillus 
ayderensis SK3-4 

60 oC, pH 9, carbonate
-enriched water 

Bacterial laccase 
and peroxidase 

• A. ayderensis SK3-4 has strong 
oxidation of anthraquinone and azo 
dyes by laccase. Its enzyme system is 
stable during long-term exposure to 
alkaline pH and high salt, implying its 
possible application in continuous 
bioreactors. 

(31) 

Icelandic 
geothermal fields 

Hermoproteus tenax, 
Aquifex aeolicus 

85–95 oC, 
microaerophilic pH 6-

8 

Hydrogenase and 
oxidoreductase 

complexes cross-
reactively to azo 

dye intermediates 

• Hyperthermophiles degrade 
aromatic hydrocarbons and similar 
xenobiotics in an anaerobic 
environment. 

• Their high temperature hydrogenase 
systems aid in the transfer of 
electrons needed to cleave reductive 
dyes in reactors forced to limit 
oxygen. 

(29) 

Iranian and Central 
Indian hot springs 

Bacillus licheniformis, 
Anoxybacillus 

kamchatkensis, mixed 
consortia 

60–75 oC, pH 8-9, silica
-rich deposits 

Laccase, 
peroxidase, 

azoreductase 

• The thermophilic consortia area of 
the geothermal system shows co-
metabolism of a range of azo dyes 
through synergistic enzyme 
cascades. 

• Their metabolic pathways guarantee 
both reduction and oxidation 
processes taking place at the same 
time, allowing total mineralisation. 

(28, 32) 
  

Yellowstone 
Alkaline Pools 
(USA) 

Thermus brockianus, 
Thermus scotoductus 

75 oC, pH 9, alkaline 
siliceous mats 

Thermomax 
oxidoreductases, 

azoreductases 

• Their wide specificity in substrate 
and natural thermostability have 
seen them used as reference 
organisms in the design of industrial 
enzymes. 

(33) 
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Fig. 1. Classification of dyes.  

Fig. 2. Diversity of extremophiles in hot spring.  
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sustainable bioremediation systems are based on their 

biochemical and genetic adaptations, as shown in Fig. 3.  

 Mechanically, azo dye degradation occurs through a 

coordinated enzymatic pathway. Initially azoreductase (flavin-

dependent oxidoreductases) catalyse the reductive cleavage of 

azo bond (-N=N-) using NADH/NADPH as electron donors and 

producing colourless aromatic amines. These intermediates are 

then oxidised by the laccase and peroxidase into less toxic 

compounds, which are further mineralised into more simple end 

products such as CO2 and H2O through downstream metabolic 

pathways (26, 33). This sequential reductive-oxidative mechanism 

ensures effective decolourisation and detoxication. Extremophilic 

and engineered enzymes, primarily azoreductase, laccase and 

peroxidase, highlight their source microorganisms and 

Table 2. Extremophilic enzymes used in azo dye biodegradation and their properties 

Type of enzyme Microorganism Dye type Activity or stability References 

Azoreductase Geobacillus sp. Congo Red, Methyl 
Orange 

•The enzyme shows that it can decolorise more than 85 % in 8 
hr and that the enzyme has a long period of catalysis at 

industrial conditions. 
(34) 

Laccase Anoxybacillus 
ayderensis 

Reactive Blue 19, 
Direct Red 80 

•With the capacity to decolorize Reactive Blue 19 in 12 hr, it has 
great activity even after being exposed to heavy metal ions. 

•The multi-copper oxidase structure facilitates the electron 
transfer and its survival under oxidative pressures. 

(35) 

Peroxidase 
Geobacillus 

stearothermophilus 
Direct Black 22, 

Reactive Red 120 

•The enzyme catalyzes oxidative degradation of high molecular 
weight compounds under thermophilic and slightly alkaline 

conditions and possibly degradation of toxic compounds 
towards less harmful compounds. 

(36) 

Azoreductase Thermus 
thermophilus 

Methyl Red, Orange II 

•The thermophilic enzyme of interest that can be considered an 
archetype is the azoreductase of T. thermophilus, which can be 

used at temperatures close to the boiling water. 

•It's strong hydrophobic interactions and aeurotic and compact 
fluct.h constructions impart an add-on to its amazing resistance 

to thermal denaturation 

(37) 

Laccase Pleurotus nebrodensis Methylene Blue, 
Malachite Green 

•Targeted protein engineering has enabled a recombinant 
mutant of P. nebrodensis laccase to have increased redox 

potential and substrate range. 
(38) 

 

Fig. 3. Biochemical and genetic adaptations driving efficient and sustainable bioremediation.  
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exceptional stability and efficiency in degrading various azo and 

synthetic dyes under harsh industrial conditions, as discussed in 

Table 2. 

 The advantages of using extremozymes is higher than that 

of mesophilic enzymes due to several factors. They are structurally 

stable, with enhanced ionic interactions and hydrophobic cores 

which allow them to remain active at high temperature and 

extreme pH without denaturation. The cofactor efficiency and the 

redox versatility, such as the high NADH/NADPH dependence in 

azoreductase and copper-binding domains in laccase allow them 

to degrade a wide range of structurally different dyes. Also, 

extremophilic microorganisms such as Halomonas and 

Anoxybacillus are tolerant to high salinity, alkalinity and toxic 

contaminants and continue to maintain their enzymatic activity 

under the stress conditions of industrial environment. The 

immobilisation of the enzymes and protein engineering 

contribute to durability and reusability, which is evidenced by the 

engineered bacterial and fungal laccases (39, 40). 

 Genetically, the use of genetic adaptations such as stress-

responsive promoters, codons optimisation and regulation 

operons allow for efficient expression of enzymes under extreme 

conditions. The genes of azoreductase and laccase are regulated 

by transcription factors that are activated under the influence of 

oxidative or thermal distress, which shows an adaptive gene 

regulation system (41). The high-performance biocatalysts have 

expanded by advances in metagenomics that have identified a 

wide range of novel azoreductase from extreme environment (42). 

The integration of high efficiency, structural robustness and 

genetic adaptability makes extremophilic enzymes more 

desirable candidates for the degradation of azo dyes shown in Fig. 

4. They can be immobilised and genetically modified into 

engineered systems and could provide a sustainable and scalable 

solution for wastewater treatment. 

Role of extremophile-biosynthesised nanoparticles and 

nanomaterials in azo dye biodegradation 

The extremophiles show the capability to synthesise functional 

nanoparticles (NPs) with advanced physico-chemical 

characteristics that can enhance the catalytic and adsorption-

based degradation of azo dyes.  The most frequently used 

nanoparticles are silver, gold and iron oxides, as they possess a 

high surface area, controlled reactivity and efficient electron 

transfer properties which make them highly suitable for the 

treatment of wastewater. The combination with enzymes and 

microbial consortia enhances the degree of degradation, stability 

and reusability, which makes hybrid-nano biosystem a 

sustainable substitute to the conventional process.  

 The biosynthesis of metallic nanoparticles is the enzymatic 

or metabolite-mediated reduction of metal ions such as Ag+, Au3+, 

Fe3+ into zero-valent or metal oxide to form stable nanoparticles by 

biomolecular capping of the biomolecules (43, 44). The 

extremophiles, especially thermophiles and halophiles, are able to 

produce more uniform and stable nanoparticles as they are 

adapted to extreme environment (45). The ability of these NPs to 

degrade azo dyes are through adsorption, catalytic reduction and 

electron transfer (46, 47). Nanoparticles composed of iron and 

copper-based adsorb the dyes through either electrostatic or π-π  

interactions and catalysed the azo bond cleavage into colorless 

intermediates further broken down by microbes or enzymes (48, 

49). These systems enhance co-metabolic degradation and 

Fig. 4. Mechanism of azo dye degradation by extremozymes. 
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complete mineralisation of dyes and can be scaled and used long-

term in industries. The microbial synthesis of bio-nanoparticles 

and their role in the degradation of azo dyes catalytic reduction, 

adsorption and nano biocatalysis, is discussed in Fig. 5.  

 These hybrid systems can allow to reach high degradation 

rates (> 90 %) and can undergo multiple reuse cycles, which are 

favourable for industrial applications (50, 51). Compared to the 

conventional physico-chemical methods the extremophiles-

biosynthesized nanoparticles (52, 53) which aligns with green 

chemistry and the principles of the circular bioeconomy. 

Biosynthesis of nanoparticles minimises the need of high-energy 

processes and expensive chemical reducing agents (49, 53). The 

reusability of immobilised enzymes helps in lowering the 

operational costs, increasing degradation efficiency, reducing the 

treatment time and energy input (53). The naturally occurring 

extremophiles decreases the dependency on expensive synthetic 

catalysts. The setup costs for the production of nanomaterials can 

mitigate the long-term advantages such as durability, recyclability 

and reduced chemical usage which makes the nano-biosystems 

economical and sustainable.  

Biodegradation usage: Innovations and problems 

Textile dye biodegradation has reached both laboratory and pilot-

scale but not to full scale industrial application. Batch reactors are 

simple and inexpensive to use in laboratory studies yet uncapable 

of processing continuous industrial effluents (9). Continuous 

bioreactors (packed-bed, membrane UASB) allow long-term 

removal of dyes with increased microbial activity and reduced 

downtimes, but have problems with clogging, biofilm instability and 

enzyme inactivation (54, 55).   

 Magnetic nanoparticles, silica gels, polymer beads or carbon 

nanotubes are used to immobilise the enzyme to enhance stability 

and recyclability. Repeated cycles of dyes such as Reactive Black 5 

and Congo Red using immobilised laccase systems remove > 90 % 

of the dye (56). However, mass transfer limits, high costs of support 

material and enzyme leaching still prevail. Continuous reactors 

(UASB, trickle-bed) are good at 80–90 % COD removal but are 

subject to biofilm shedding, hydraulic shock and fluctuating quality 

of influent. Bioaugmentation is enhanced by mixed microbial 

consortia and genetically engineered strains that have regulatory 

and societal limitations (57). Recent development involves 

thermostable laccase and azoreductase through rational design 

and directed evolution (58), nano-biocatalytic systems (Fe3O4, TiO2, 

graphene oxide) with a combination of adsorption and redox 

catalysis and microbial electrochemical systems that provide 

electrons to enhance reductive cleavage (59). Photo-biocatalytic 

systems provide complete decolorisation as shown in Fig. 6.  

 Further developments must be focus on intensifying the 

process, modular design of reactors and superior way of 

immobilisation. The most promising current method is immobilised 

enzyme nanocomposites in continuous flow modes that have been 

shown to be recyclable, energy efficient and produce minimum 

sludge. 

Future prospects and research directions 

The future of azo dye biodegradation is of huge potential by 

incorporating advanced microbial, molecular and engineering 

 

Fig. 5. Mechanistic of the biosynthesis of nanoparticles and nanomaterials under the extreme conditions.  
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technologies for the textile wastewater in an efficient, economical 

and sustainable manner. Although microbial techniques used 

traditionally have made some gains, they are inconsistent when 

subjected to diverse industrial conditions and therefore require 

creative alternatives. Recent studies focus on extremophile 

biotechnology, omics-driven pathway discovery, bioreactor 

optimisation, nanoscale analysis and techno-economic 

evaluation to build next-generation bioengineered systems of 

treatment (60, 61).  

 The discovery of extremophilic microorganisms with the 

potential to operate at high temperature (typically 45–80 oC), 

salinity and pH (ranging from 4 to 9) provide exclusive enzymatic 

and metabolic opportunities to dye degradation. Microbial 

diversity is present as a small proportion of what is recovered in 

the conventional culturing methods, thus current isolation 

approaches, which include in situ cultivation chambers, diffusion 

bioreactors and microfluidic droplet platforms, enable microbes 

to grow in near natural conditions (61). Millions of simultaneous 

screenings with small sample volume can now be done on high-

throughput microfluidic systems quickly to identify potent dye-

degrading strains and test environmental tolerance (62). 

Automated screening devices also screen microbial behaviour in 

the industrial environment to the point of improving the 

identification of effective extremophilic degraders (63).  

 Omics of degradation can offer molecular information on 

degradation processes. The presence of gene clusters of multi-

heme azoreductase and auxiliary enzymes with high catalytic 

efficiency has been revealed through genomics, transcriptomics, 

proteomics and metabolomics (64). Dye-contaminated soil is 

found to harbour novel oxidoreductases through metagenomic 

studies, whereas proteomics and metabolomics follow the 

detoxification pathways and mineralisation pathways. Such 

results also inform the enzyme engineering process, now 

metagenomic data is used to inform the recombinant expression 

of thermostable laccases and peroxidases and synthetic biology is 

being used to create optimised electron transfer and cofactor 

recycling pathways (65, 66). Integration of multi-omics data and 

machine learning will soon allow prediction of the quantification 

of the degradation kinetics and microbial consortium design. 

 Bioreactor configurations should be optimised to be able to 

translate laboratory success to industry. An MB electrostatic reactor 

(Anaerobic moving bed biomass reactor) has demonstrated high 

colour and chemical oxygen demand (COD) removal at stable 

operation (67) and microbial adaptability to variable dye loads has 

been demonstrated in long-term upflow anaerobic sludge blanket 

(UASB) reactors (pilot-scale) (68). Better results are achieved using 

hybrid reactors, which combine fluidised, packed beds as well as 

membrane reactors because they follow an anaerobic-aerobic 

process sequence (69). The hybrid moving bed biofilm reactor–

membrane bioreactor (MBBR–MBR) configurations also reduce the 

amount of fouling and make it possible to recover nutrients (70). For 

future applications, nanomaterial-based biosensors can be an 

advantage shown in Fig. 7. 

 The biosensors and nano-sensors represent a great 
breakthrough in real-time process monitoring. Biosensors based 

on optical and electrochemical methods can quickly determine 

the level of dye and enzyme activity and nanomaterial-based 

biosensors detect various parameters to control adaptive 

bioreactors (71, 72). Combining with internet of things (IoT), they 

offer remote control and safety of operations. 

 

Fig. 6. Biodegradation of textile dyes using microbes, enzymes and nanomaterials. 
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 Still, economic and environmental impacts are crucial as 

well. Life-cycle calculations suggest that microbial and nano-

based systems are more eco-friendly and energy efficient than 

other traditional approaches, but might take a longer startup or 

may be subject to the ecotoxicity of NPs (73). Hybrid microbial-

nanomaterial systems have the advantage of a trade-off between 

strength and selectivity, but they are sustainable to low-cost 

production and recycling of nanomaterials. The circular economy 

can be scaled and sustained further by policy support, incentives 

of the government such as biomass recovery, enzyme reuse etc. 

(74). The future for the biodegradation of azo dye lies in the 

interlacing of azo dye discovery with omics, real time monitoring 

and cost-effective optimisation. Together these innovations will 

result in smarter, scalable and more eco-friendly treatment 

systems that will meet the industry needs and ecological priorities.  

 

Conclusion  

Extremophiles and their enzymes serve as an efficient and 
sustainable solution for degradation of azo dyes in harsh industrial 

conditions. They are able to mineralise the complex dyes efficiently 

due to their unique mechanisms by azoreductase enzyme which 

reduces the azo dyes bond and oxidative detoxification. 

Extremozymes integrated with nanotechnology in the form of nano

-biocatalytic systems for enhancing the catalytic efficiency, stability 

and reusability of extremophiles. These hybrid approaches are cost-

effective in the long-term industrial scale as they significantly reduce 

the toxic environmental impact of azo dyes by using less energy and 

generating less amount of sludge as compared to conventional 

methods. Enhancement of the extremophiles-biosynthesised nano 

particle systems for large scale application are expected with 

advancements in the omics technology, enzyme engineering and 

development of bioreactor. Overall, the extremophile-based bio-

nanotechnological approaches are a promising pathway towards 

efficient, scalable and eco-friendly wastewater treatment.  
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