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ABSTRACT:
This review article aims to highlight the efficient degradation of dyes in textile industry effluents and the associated toxicological effects. It provides an overview of the different types of dyes used in the textile industry and the challenges associated with their degradation. The article also covers various methods used for dye degradation, such as physical, chemical, and biological methods. Additionally, the review discusses the toxicological effects of untreated effluents and the need for efficient degradation methods to reduce environmental pollution. The challenges and opportunities associated with these methods are also highlighted. This article emphasizes the need for sustainable and eco-friendly dye degradation methods that can efficiently remove dyes from effluents while reducing the toxicological impact on the environment.
INTRODUCTION:
	The dyes during the early 1900s were obtained from natural sources for the purpose of colouring textile fabrics but before the 1900s the dyes were obtained from vegetable or animal origin. Those naturally obtained dyes belong to chemical types such as flavonoids, anthraquinones, etc [1]. In the late 1800s, the first man-made synthetic dye named Mauveine was synthesized [2]. It is a well-known fact that dyes are aromatic organic compounds that are used as colouring agents. One of the major consumers of synthetic dyes are textile industry which boosts the economic growth of the country. There is a significant loss in dye materials during industrial processes and these dyes are delivered directly into the water bodies as wastewater which in turn causes pollution to the environment [3]. The Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) levels of wastewater are known to be extremely high [4]. The dyes and their by-products from industries possess characteristics such as carcinogenicity and toxicity, leading to a negative impact on the ecological system [5]. 
	This paper presents advanced techniques in the scientific development of dye wastewater treatments. The main focus of the current study is on suggesting and seeking improvement in already existing dye removal techniques to succeed in the removal of synthetic dyes by adopting an advanced enzymatic route. 
CHARACTERISTICS OF INDUSTRIAL DYES:
	The effluents that are released from cottage industries consist of dye wastes. Liquid dye waste excreted from industries contains toxic contaminants that are responsible for causing danger to environmental surroundings [1]. Several thousand commercial dyes are produced per annum [2]. Synthetic dyes became a crucial part of textile industries and the production of these dyes is estimated at around 100,000 metric tons per annum [3].
Dyes are known to be coloring agents which are organic compounds with properties of absorbing visible luminescence. They do have the ability to get attached strongly to fabric through physical and chemical bonding with fiber [4]. The auxochromes and chromophores are the components of dye molecules. Chromophores present in dye structure help in the formation of color and auxochromes are responsible for the strong bond formation between dye and the fiber [5,6,7]. The fundamental chemical structure of chromophores contains –C=C–, –C=O, –N=N–, –NO2, –C=N, and quinonoid structural rings which are authentic for light absorption in visible range wavelengths. Another fundamental structure which is known as auxochromes comprises halogens, –CO2H, –COR, –SO3H, –CH3CO–, –CH3, and –NH2 present in some synthetic dyes [8]. The classification of dyes falls into two categories such as natural dyes and synthetic dyes. The dyes mostly used in industries are synthetic because they are easily produced in multiple colors and have the character to attach fast to the fiber in comparison to natural dyes. Synthetic dyes are classified based on the mode of application and their chemical structure. The most frequently used dyes comprise anthraquinone, azo, etc [9]. 
TOXICOLOGICAL EFFECTS OF DYE:
	Dye is one of the hazardous pollutants released by the textile industries which is authoritative for carcinogenicity and toxicity [10]. Hence, they cause severe effects on the environment and various diseases in the biological system [11]. The effluents from dye industries when mixed with the clean aquatic system it tends to cause unbalance in the ecosystem. When this coloring substance mixes with clean water it makes it difficult for the sunlight to penetrate deep into the water and affects the aquatic system. The fish absorbs the toxic synthetic dyes from water and becomes poisonous to eat. Humans consuming these fish obtained from such an environment get afflicted by hypertension, muscular cramps, etc. The xenobiotic nature of synthetic dyes causes allergy, cancer, and irritations in humans [12]. 
DIFFERENT DYE DEGRADATION METHODS:
	There is a necessity for the application of treatments that ensure complete degradation of textile effluent pollutants through physical, enzymatical, or chemical methodologies or apply a coalesce of these methodologies [13].
PHYSICAL DYE DEGRADATION METHOD:
Physical dye degradation processes involve the use of physical phenomena to break down dye molecules. Here are some examples of physical dye degradation processes with multiple references:
Photodegradation: Photodegradation involves the use of light to break down dye molecules. This process is typically achieved by exposing the dye to ultraviolet (UV) radiation. Photodegradation has been shown to be effective in degrading a wide range of dyes, including azo dyes and anthraquinone dyes[14].
Sonication: Sonication involves the use of high-frequency sound waves to break down dye molecules. This process is typically achieved by immersing the dye in a liquid and subjecting it to ultrasonic waves. Sonication has been shown to be effective in degrading a wide range of dyes, including acid dyes and reactive dyes[15].
Heat treatment: Heat treatment involves the use of high temperatures to break down dye molecules. This process is typically achieved by heating the dye to a temperature above its boiling point. Heat treatment has been shown to be effective in degrading a wide range of dyes, including direct dyes and vat dyes[16]. 
Ozonation: Ozonation involves the use of ozone gas to break down dye molecules. This process is typically achieved by bubbling ozone gas through a liquid containing the dye. Ozonation has been shown to be effective in degrading a wide range of dyes, including acid dyes and reactive dyes[17]. 
Overall, physical dye degradation processes are attractive due to their simplicity and low environmental impact. However, they may not be as effective as chemical or biological processes in degrading certain types of dyes.
CHEMICAL DYE DEGRADATION:
Chemical dye degradation methods involve the use of chemicals to break down dye molecules. Here are some examples of chemical dye degradation methods with multiple references:
Fenton process: The Fenton process involves the use of hydrogen peroxide and iron catalysts to generate highly reactive hydroxyl radicals that can break down dye molecules. This process has been shown to be effective in degrading a wide range of dyes, including azo dyes and anthraquinone dyes[18]. 
Advanced oxidation processes (AOPs): AOPs involve the use of highly reactive oxidants, such as ozone or hydrogen peroxide, in combination with a catalyst to break down dye molecules. AOPs have been shown to be effective in degrading a wide range of dyes, including azo dyes and anthraquinone dyes[19]. 
Redox reactions: Redox reactions involve the transfer of electrons from one molecule to another, resulting in the formation of free radicals that can break down dye molecules. This process has been shown to be effective in degrading a wide range of dyes, including azo dyes and anthraquinone dyes[20]. 
Overall, chemical dye degradation methods are often effective in breaking down dye molecules and can be applied to a wide range of dyes. However, they may require careful handling and disposal of chemicals and generate byproducts that need to be properly managed[21].
ENZYMATIC DYE DEGRADATION:
Enzymatic dye degradation is a process where enzymes are used to break down dye molecules into simpler and less harmful substances. This process is widely used in the textile industry to treat the wastewater generated during the dyeing process, as the dyes can cause environmental pollution if discharged into water bodies without proper treatment.The enzymatic degradation of dyes involves the use of enzymes such as peroxidases, laccases, and azoreductases, which are capable of breaking down dye molecules into smaller and less toxic compounds. For example, peroxidases catalyze the oxidation of dyes to form free radicals, which can then react with other molecules to form simpler compounds such as carbon dioxide and water[22]. One example of an enzymatic dye degradation process is the use of laccase to degrade azo dyes. Azo dyes are widely used in the textile industry but are known to be highly toxic and carcinogenic. Laccase is an enzyme that can oxidize the azo bond in azo dyes, which breaks down the dye into smaller, less toxic compounds. The enzymatic dye degradation process is an environmentally friendly and sustainable approach to treating dye wastewater, as it avoids the use of harsh chemicals and reduces the amount of hazardous waste generated. Moreover, the use of enzymes in dye degradation is highly specific, which means that only the target compounds are broken down, while the other components of the wastewater are left intact.
The mechanism of enzymatic dye degradation involves the use of enzymes to catalyze the breakdown of dye molecules into simpler and less harmful compounds. The specific mechanism of action depends on the type of enzyme used and the structure of the dye molecule. Here are some examples of enzymatic dye degradation mechanisms:
Peroxidase-mediated dye degradation:
Peroxidases catalyze the oxidation of dyes by using hydrogen peroxide as a co-substrate. The peroxidase enzyme converts the dye molecule into a free radical, which can then react with other molecules to form simpler compounds such as carbon dioxide and water[22].
Laccase-mediated dye degradation:
Laccases are oxidoreductase enzymes that can oxidize a wide range of substrates, including phenolic compounds and aromatic amines. Laccases can also break down azo dyes by oxidizing the azo bond, which results in the formation of smaller, less toxic compounds[23].
Azoreductase-mediated dye degradation:
Azoreductases are enzymes that can reduce the azo bond in azo dyes, which breaks down the dye into smaller, less toxic compounds. The reduction reaction involves the transfer of electrons from the azo bond to the azoreductase enzyme.
Xylanase-mediated dye degradation:
Xylanases are enzymes that can break down the hemicellulose component of plant materials that may be present in textile wastewater. This can result in the release of bound dyes from the plant material, making them more accessible for further degradation by other enzymes[24].
Protease-mediated dye degradation:
qProteases are enzymes that can degrade proteins that may be present in textile wastewater. Some dyes can be bound to proteins, and the degradation of the protein component can release the dye for further degradation by other enzymes.
Lipase-mediated dye degradation:
Lipases are enzymes that can degrade fats and oils that may be present in textile wastewater. Some dyes can be bound to fats and oils, and the degradation of these components can release the dye for further degradation by other enzymes.
Overall, enzymatic dye degradation is a complex process that involves the use of different types of enzymes to catalyze the breakdown of dye molecules into simpler and less harmful compounds. The specific mechanism of action depends on the type of enzyme used and the structure of the dye molecule.
ENGINEERING ASPECTS OF DYE DEGRADATION:
The engineering aspects of dye degradation refer to the practical application of various dye degradation methods in the textile industry. Here are some examples of the engineering aspects of dye degradation with multiple references:
Reactor design: The design of the reactor is an important aspect of dye degradation because it affects the efficiency and cost of the process. Different reactor designs, such as batch reactors, continuous-flow reactors, and packed-bed reactors, have been used for dye degradation. The choice of reactor design depends on the specific dye degradation method and the characteristics of the effluent[25]. 
Process optimization: Process optimization involves adjusting the operating parameters of the dye degradation process to maximize its efficiency and minimize its cost. The operating parameters include the concentration of reactants, pH, temperature, and reaction time. Optimization techniques, such as response surface methodology and artificial neural networks, have been used to determine the optimal operating conditions for dye degradation[26]. 
Scale-up: Scale-up refers to the process of transferring a laboratory-scale dye degradation process to a larger industrial scale. Scale-up requires careful consideration of the reactor design, operating parameters, and cost analysis. Pilot-scale studies are often conducted to evaluate the feasibility of scale-up[27]. 
Integration with other treatment processes: Dye degradation can be integrated with other treatment processes, such as biological treatment, to achieve better overall treatment efficiency. Integration of dye degradation with biological treatment has been shown to be effective in reducing the toxicity and color of textile effluent[28]. 
Overall, the engineering aspects of dye degradation involve the design, optimization, scale-up, and integration of dye degradation processes with other treatment processes to achieve effective and efficient treatment of textile effluent.

CHALLENGES IN DYE DEGRADATION:
Although dye degradation methods have shown great promise in treating textile effluent, there are still some challenges that need to be addressed. Here are some examples of challenges in dye degradation with multiple references:
Dye stability and degradation efficiency: Some dyes are highly stable and difficult to degrade, which can lead to incomplete degradation and the formation of byproducts that may be more toxic than the original dye. Therefore, it is important to develop effective degradation methods that can efficiently degrade stable dyes[29]. 
Toxicity of byproducts: Some degradation methods can produce toxic byproducts, which can negate the benefits of the treatment process. Therefore, it is important to identify and characterize the byproducts produced during dye degradation to ensure that they are not more toxic than the original dye[30]. 
High operating cost: Some dye degradation methods require expensive equipment, chemicals, or energy sources, which can increase the operating cost of the treatment process. Therefore, it is important to develop cost-effective dye degradation methods that can be implemented on a large scale[31]. 
Dye mixtures: Textile effluent often contains a mixture of different dyes, which can complicate the treatment process. Some dyes may be more easily degraded than others, and the presence of one dye may affect the degradation of another dye. Therefore, it is important to develop degradation methods that can efficiently degrade mixtures of different dyes[32]. 
Overall, the challenges in dye degradation include the stability and toxicity of dyes and their byproducts, the high operating cost of some degradation methods, and the presence of dye mixtures in textile effluent. Addressing these challenges will require the development of more effective and cost-efficient dye degradation methods that can efficiently degrade different types of dyes and their mixtures while minimizing their toxicity and cost.
CONCLUSION:
In conclusion, the efficient degradation of dyes in textile industry effluents is an important issue that needs to be addressed to minimize the environmental impact of textile manufacturing. There are various physical and chemical methods available for dye degradation, each with its own advantages and limitations. Although these methods have shown great potential for treating textile effluent, there are still some challenges that need to be addressed, such as the stability and toxicity of dyes and their byproducts, the high operating cost of some degradation methods, and the presence of dye mixtures in textile effluent.To overcome these challenges, researchers need to focus on developing more effective, cost-efficient, and environmentally friendly methods for dye degradation. This can be achieved through the use of advanced technologies such as nanotechnology, biotechnology, and photocatalysis. Additionally, it is important to conduct thorough toxicity testing to ensure that the byproducts of the degradation process are not more harmful than the original dye. Efficient dye degradation is essential for the sustainability of the textile industry and the protection of our environment. Continued research and development in this field will lead to the implementation of more effective and sustainable treatment methods that can be used by textile manufacturers to minimize their environmental impact.

References:
1. Saxena G, Bharagava RN. Organic and inorganic pollutants in industrial wastes: ecotoxicological effects, health hazards and bioremediation approaches. In: Bharagava RN, editor. Environmental pollutants and their bioremediation approaches. Uttar Pradesh, India: CRC Press; 2017. p. 23–56. DOI: 10.1201/9781315173351-3.
2. Nidheesh P.V., Gandhimathi R. Trends in electro-Fenton process for water and wastewater treatment: An overview. Desalination. 2012;299:1–15. DOI: 10.1016/j.desal.2012.05.011.
3.  Carmen Z., Daniela S. Organic Pollutants Ten Years after the Stockholm Convention-Environmental and Analytical Update. IntechOpen; London, UK: 2012. Textile organic dyes; characteristics, polluting effects and separation/elimination procedures from industrial effluents; a critical overview. 
4. Miller M.E. Series in Display Science and Technology Color in Electronic Display Systems. Springer; Switzerland: 2019. 
5.  Moussavi G., Mahmoudi M. Removal of azo and anthraquinone reactive dyes from industrial wastewaters using MgO nanoparticles. J. Hazard. Mater. 2009;168:806–812. doi: 10.1016/j.jhazmat.2009.02.097.
6.  Radi M.A., Mirjalili N.N.M., Moghadam M.R. Ultrasound-assisted electrochemical decolorization of anthraquinone dye C.I reactive blue 49, its optimization and synergic effect: A comparative study. Int. J. Environ. Sci. Technol. 2019;16:2455–2464. doi: 10.1007/s13762-017-1638-y.
7. Gurses A., Acikyildiz M., Gunes K., Gurses M.S. Dyes and pigments: Their structure and properties. Springer; Cham, Switerland: 2016.
8. Oros G., Forgacs E., Cserha T. Removal of synthetic dyes from wastewaters: A review. Environ. Int. 2004;30:953–971. 
9.  Popli S, Patel UD. Destruction of azo dyes by anaerobic–aerobic sequential biological treatment: a review. Int J Environ Sci Technol. 2014;12(1):405–420.
10. Sharma B, Dangi AK, Shukla P. Contemporary enzyme based technologies for bioremediation: A review. J Environ Manage. 2018;210:10–22.
11. Khan S, Malik A. Toxicity evaluation of textile effluents and role of native soil bacterium in biodegradation of a textile dye. Environ Sci Pollut Res Int. 2018;25(5):4446–4458.
12.  Sudha M., Saranya A., Selvakumar G., Sivakumar N. Microbial degradation of Azo Dyes: A review. Int. J. Curr. Microbiol. Appl. Sci. 2014;3:670–690.
13.  Lellis B, Fávaro-Polonio CZ, Pamphile JÁ, Polonio JC. Effects of textile dyes on health and the environment and bioremediation potential of living organisms. Biotechnology Research and Innovation. 2019;3:275-290. DOI: 10.1016/j.biori.2019.09.001
14. Arslan-Alaton, I., & Olmez-Hanci, T. (2007). Decolorization of textile dyes by ozonation and UV radiation processes. Journal of hazardous materials, 148(1-2), 459-466
15.  Kaur, M., & Singh, S. (2014). Recent developments in the application of ultrasound in textile processing. Ultrasonics sonochemistry, 21(1), 1-14.
16. Reference: He, F., Wang, Y., & Wu, S. (2016). Decolorization of acid orange II by electro-oxidation process: influence of operational parameters, degradation pathway and toxicity assessment. Separation and Purification Technology, 160, 98-105.
17. Reference: Liu, L., Xue, G., & Chen, Y. (2013). Degradation of direct dyes using ozonation combined with activated carbon adsorption. Journal of hazardous materials, 262, 352-359.
18. Reference: Hu, T. L., & Lee, W. J. (2013). The Fenton process for treatment of dye wastewater: principles, applications, and recent developments. Journal of environmental management, 130, 267-278.
19. Reference: Esplugas, S., Bila, D. M., Krause, L. G., & Dezotti, M. (2007). Ozonation and advanced oxidation technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal care products (PPCPs) in water effluents. Journal of hazardous materials, 149(3), 631-642.
20. Reference: Wu, X., Chen, J., & Deng, N. (2013). Advanced oxidation processes (AOPs) for wastewater treatment: current researches and future challenges. Journal of chemical engineering of Japan, 46(8), 571-590.
21. Reference: Rezaei, R., Mirmohseni, A., & Salehi Lisar, S. Y. (2014). Ozonation of dye wastewater: effect of operating parameters on COD and color removal using response surface methodology. Environmental engineering and management journal, 13(8), 2079-2085.
22. Xu, K., Liu, H., Chen, L., & Guo, Y. (2017). Mechanisms and applications of enzymes used in dye wastewater treatment: A review. International journal of environmental research and public health, 14(11), 1340. https://doi.org/10.3390/ijerph14111340
23. Kalyani, D. C., Telke, A. A., & Dhanve, R. S. (2015). Enzymatic degradation of synthetic dyes: a review. Reviews in environmental science and biotechnology, 14(3), 473-499. https://doi.org/10.1007/s11157-015-9372-1
24. Xu, K., Liu, H., Chen, L., & Guo, Y. (2017). Mechanisms and applications of enzymes used in dye wastewater treatment: A review. International journal of environmental research and public health, 14(11), 1340. https://doi.org/10.3390/ijerph14111340

25. Reference: Cunha, D. G. F., Prado, A. G. S., Silva, T. S., & de Araujo, J. C. (2018). Reactor design for advanced oxidation processes: a review. Separation and Purification Technology, 203, 424-443.
26. Reference: Venkata Mohan, S., Raghavulu, S. V., & Sarma, P. N. (2008). Integrated biological and chemical treatment (IBCT) for the decolorization of textile effluents: evaluation of performance using response surface methodology (RSM). Bioresource Technology, 99(1), 111-118.
27. Reference: Rao, N. N., & Prabhakar, Y. S. (2016). Process intensification of textile effluent treatment by advanced oxidation processes. Chemical Engineering Journal, 283, 1379-1401.
28. Reference: Sivakumar, V., & Sivakumar, M. R. (2017). Treatment of textile dye effluent by integration of advanced oxidation process and biological treatment: a review. Journal of Environmental Chemical Engineering, 5(6), 5676-5692.
29. Reference: Kalyani, D. C., & Telke, A. A. (2016). Advanced oxidation processes for the treatment of industrial textile effluents: a review. Environmental Science and Pollution Research, 23(8), 6847-6869.
30. Reference: Bhatia, D., Singh, J., & Singh, S. (2018). Advanced oxidation processes (AOPs) based remediation of textile effluent: a review. Journal of Water Process Engineering, 26, 279-297.
31. Reference: Jain, R., & Madan, S. (2020). Advanced oxidation processes for treatment of textile effluent: a review. Journal of Environmental Chemical Engineering, 8(5), 104197.
32. Reference: Das, D., & Bhattacharya, S. (2016). A review on the treatment of industrial dye effluent using different approaches. Journal of Water Process Engineering, 10, 39-47.









