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Abstract
Dyes are extensively used in textile, leather, paper, plastic, cosmetic, and food industries, and during the staining process a large amount of dye components is discharged into the environment through industrial effluents. Because of their complex aromatic structures and high chemical stability, many dyes resist biodegradation and persist for long periods in natural ecosystems. Their contamination in water bodies reduces light penetration, which disrupts the photosynthesis process and alters dissolved oxygen levels, ultimately affecting aquatic biodiversity. Some types of dyes, especially azo and anthraquinone dyes, can degrade under environmental conditions and produce carcinogenic and mutagenic secondary compounds that pose serious risks to aquatic life, soil quality, and human health. This review emphasizes the major classes of dyes, the pollutants generated from dye-based industries, their environmental impacts, and associated health hazards. Moreover, the paper highlights various dye removal techniques using both conventional and advanced technologies, and discusses their advantages, limitations, and future prospects for developing sustainable, eco-friendly, and economical methods to mitigate the effects of dye pollutants on the environment.
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1. Introduction
A wide range of organic compounds acts as dyes that widely employed in development of color on textile, (Ahmed, et. al., 2024 & Alegbe et.al., 2024) paper (Berry, T.,1998, Das, S. et.al., 2023) leather, plastics, food products, cosmetics and pharmaceuticals (Kumari, U. 2024, Liaqat, M. et.al, 2025 & Oguanobi, N.C., et.al., 2025). Because of their worldwide demand continuously increases that caused the development of industrialisation and advance synthetic stains having durability, brightness and economically applicable. There is more than one lac of different stains are worldwide use recently while annual production of dyes are more than seven lac tonnes among these about 10-15% of dyes directly passed into the atmosphere during the synthesising, staining and finishing progressions (Radhakrishnan, S. et.al., 2024).             
The widely use of synthetic stains has increased substantial atmospheric issues (Kumar, et.al. 2025). Almost dyes contain complex molecular structures with aromatic molecules that facilitate them to restrict the natural degradation mechanism through the effect of sunlight, oxidation and microbial activities (Hongyu, T., et.al.,2024). So that unprocessed of moderately treated effluents with dyes frequently released into the water system which caused severe ecological conflicts (Islam, M.M.,2024). Though very small concentration of dyes responsible for the make intense color to water that minimise the penetration of light, affect the activity of photosynthesis and it also affects the aquatic life (EL-SADAAWY, M.M. et.al., 2024 & Verma, R.K., et.al, 2022). Moreover, some kinds of dye especially azo, anthraquinone and alkaline dyes generates toxic, carcinogenic, mutagenic secondary products via chemically or biologically decomposition (Al-Tohamy, R. et.al.,2022 & Goswami, D. et.al., 2024).  
Pollution produced by dyes affects not only aquatic ecosystem but it also disturbs soil value and development of plants and human life (Methneni, N., et.al.,2021) some stains and its intermediates have accumulation properties (Pham,V.H.T., 2023 & Waheed, S., 2004) so it easily accumulates in biological tissues hence it caused long term toxicity, allergic response, organs damage and some other health issue. Since the insistent behaviour and extensive use of dyes, considerate their atmospheric effects and the procedure of contamination is important (Gita, S., et.al., 2017 & Datta, P. et.al., 2022).
The aims of this review to deliver a complete summary about the types of dye, dye pollution source, their atmospheric and health influences and recent advancements in technologies used in dye removal. By summarizing prevailing research, this review stresses the need of economical, supportable treatment approaches and development of biodegradable dye’s substituents to mitigate atmospheric degradations.     
2. Classification of Dyes
Dyes can be classified based on chemical structure, application method, and ionic nature shown in Figure 1(Alegbe, E.O., 2024 & Yadav, C.K. 2023).
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Figure 1: Classification of dyes
2.1. Based on source
2.1.1. Natural dyes: 
The dyes which are derived from plants, animals and minerals (Negi, A., (2025 & Yadav, S., 2023).
2.1.1.1. Vegetable dyes: (Bishal, A., et.al. 2023)Some dyes obtained from plants e.g. indigo dyes obtained from Indigofera plants and logwood that structure and color is given in Figure 2 (Chin-Chun, L. et.al., 2021)
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Figure 2: Structure and color of indigo dyes

2.1.1.2. Dyes from Animals: There are coccal dye (red/orange) or Tyrian purple dyes are derived from insects or shellfish, the structure and color of Tyrian dyes (Alashkar, A. et.al., 2021 & Apau, E. et.al., 2025) are shown in Figure3. 
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Figure 3: Chemical structure and dying of Tyrian purple (Alashkar, A. et.al., 2021 & Apau, E. et.al., 2025)

2.1.1.3. Mineral dyes:  Yellow -orange dyes are isolated from minerals of iron buff (Ameen,S.S.M et.al., 2025).
2.1.2. Synthetic Dyes: These class of dyes derived artificially, their primary source is coaltar and petrochemicals (Liaqat, M. et.al. 2025 & Negi, A. 2025).
 In these types of dyes containing a wide variety that employed in textile, paper and food.
2.2. Classification on the basis of application methods:
These are of following types of dyes as:
2.2.1. Acid dyes: These class of dyes are anionic in nature and soluble in water, having acidic groups in the structure (Al-Zawahreh, K. 2025 & Singh, K. et.al., 2025) Basically, it used for dyeing of protein fibres as wool and silk, these are also applied for dyeing nylon and certain altered acrylics (Bokhari, T.H. et.al., 2024). These dyes used in form of acidic solution hance it bonds with the positively charges that available in fibres and attached with ionic linkage, hydrogen bond or van der Waals forces. Though its known are acid dyes hence no essential of pH for dyeing, their chemical structure and colour are representing in Figure 4. 
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Figure 4: Chemical structure of Acid Blue 78 dye and their colour (Elzahar, M.M.H. et.al. 2023)
2.2.2. Basic dyes: These types of dues containing cationic nature basically it applying for the staining of anionic materials acrylic fibres, woods, silk treads, jute and paper (Negas, A. et.al., 2023 & Tolkou, A.K. et.al., 2024). Commercially it used in textile industries for exciting colors on certain threads (Sukmana, H. et.al., 2023). These dyes also applied into the staining of paper, leather, plastics, and dyes to the biological microscopic substances and it produce bright shaded color (Kumar, A. et.al. 2021 & Sohaib, M. Et.al., 2024) that chemical structure and color shown in Figure 5.
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Figure 5: Chemical structure and color of Basic blue 9 Methylene Blue dye (Kumar, A. et.al. 2021).
2.2.3. Direct dyes: These class of dyes are water soluble colorant that can be used without any mordent to the substances like cotton, rayon, silk or paper, the dying application of these dyes are very simple, basically neutral and slightly basic bath facilitate it economical for staining cellulosic and proteins fibres. Therefor commonly direct dyes have very low wash fastness and may necessitate an aftertreatment to enhance their stability (Ishegbe, J. E. et.al., 2014).
2.2.4. Reactive dyes: These types of dyes containing reactive groups that can make a stable covalent bond to the nucleophilic sites on fibres of cotton, wool and silk this means that the dyes make them integral parts of fibers as a result in admirable colorfastness and stability. Some dyes contain a chromophore as bridging and reactive groups which produce color during dying processes. These dyes are soluble in water and make permanent covalent bond with substrates, because of their brilliant wash and light fastness it widely used as stains (Elsisi, H. et.al.,2025). These are applying for dying clothing, home textile and concert costume with common process including use dyeing, release printing and inkjet printing (Kushwaha, R. et.al., 2025)
2.2.5. Vat dyes: These dyes are insoluble in water it generated more stable and colorfast shades on cotton fabrics. During dying process first of all chemically reduced these dyes that converts into water soluble form after that it used on fiber then it oxidised in presence of atmospheric oxygen or oxidising agents then it again coverts into water insoluble form hence color locked into the substance. (Naveed, M., et.al., 2025 & Shrwardi, M.H.S. et.al.2023). After treatment the dyes substances washed at high temperature hence removed unfixed dye and finally produced true shade. 
2.2.6. Disperse dyes: These types of dyes are synthetic and water insoluble that applied to dying for polyester and acetate like synthetic fibres. During staining process in disperse in water with the help of dispersing representative that facilitate in penetration and colouration of dyes in hydrophobic fibers (Iria C-T. et.al. 2025). This method required high temperature and thermosol staining and it represents good shining and wash fastness, representing them ideal toward clothing, technical textiles and digital printing. 
  2.3. On the basis of chemical structure: Such class of dyes classified on the basis of functional groups that responsible for their color and the chromophore present in their moieties:  
2.3.1. Azo dyes: These types of dyes are a group of synthetic organic compounds in which on azo (-N=N-) groups is available in their structure (Alzain, H. et. al., 2023) shown in Scheme 1, which are universally adopted as colorants. They are considered by their capability to produce an extensive range of colors, from yellow to blue and it synthesised by diazotization and coupling process. Because of their wide adaptability, they are frequently applied in textile, food, cosmetics and the pharmaceutical industries. Though, few azo dyes can be injurious, it can release secondary product which are potentially carcinogenic aromatic amines, foremost its embargos on certain kinds in consumer products (Benkhaya, S., et.al., 2020 & Qasim, S.H. et.al. 2025) 
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Scheme 1: Synthetic route of azo dyes
2.3.2. Nitro dyes: These dyes are generally representing as “O-Nitro dyes” that synthesized by using nitro compounds it seems that it is first synthetic dyes their synthetic routs is given in Scheme 2. There are at least on nitro functional group is available in their chemical structure and are recognized as a hue of yellow, brown, orange and green dyes. Picric acid, Martius yellow and Naphthol yellows S, are an example of nitro compounds that historically were applied for the staining wool and silk (Bommel, M.R.V. et.al., 2025 & Haleem, A. et.al, 2023).
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Scheme 2: Synthetic routs of Nitro dyes
2.3.3. Quinone dyes: These hues of dyes represent as “o quinone dyes” and it refers to ortho-quinone dyes. These types of dyes contain a basic o-quinine or o-benzoquinone structure, it means that two carbonyls’ groups are available in adjacent on a benzene rings, synthesis and color of this dye given in scheme 3. These class of dyes are a part of bigger quinone family and are recognised for their color, aimed at their color, resultant from the prolonged conjugation of their ring arrangements. Some examples are as Naphthoquinones with two fused rings, compounds lawsone active compounds present in henna dyes, Anthraquinones three fuse rings compounds Alizarine a red dye derived from madder plants (Dulo, B. et.al.,2021). 
       [image: ]
Scheme 3: Synthetic mechanism and color of Alizarin dye.
3. Sources of Dye Pollution: There are some major sources of dyes pollutants:
3.1. Textile industries: The simultaneous growth of the population increased the needs of human beings, which led to industrial development, with textile industries playing a key role. These industries produce a variety of valuable products. To make these products durable and attractive, various dyes are used for staining. Several classes of dyes are used for dyeing textile products, among which 10–15% of dyes, especially azo dyes, do not fix to the fibers and easily pass into the water. As a result, untreated or partially treated wastewater is discharged after dyeing into local rivers or water reservoirs, causing environmental pollution. Other chemical additives used as supporting substances in dyeing and finishing processes, along with heavy metals applied in dye production, are also released into the environment through wastewater. This leads not only to water pollution but also to soil and air pollution (EL-SADAAWY, M. M. et.al., 2024, Dutta, P. et.al., 2022 & Dutta, S. et.al., 2024)
3.2. Pulp and paper mills: Dyes are also substantial contaminants produced from pulp and paper mills, causing water pollution through the release of stained effluents containing both synthetic and natural dyes. This wastewater also carries several other detrimental contaminants, including synthetic organic compounds such as dioxins, furans, and chlorophenols, which belong to the organochlorine group, as well as heavy metals and volatile organic compounds. These pollutants are toxic in nature; they alter water quality, reduce oxygen levels, and damage aquatic life, ultimately affecting human health and ecosystems (Ren, J. et.al. 2022 & Singh, P. et.al., 2019).
3.3. Leather tanning: In the leather industry, leather tanning units are highly important, as leather dyeing occurs in this stage. For this process, various dyes are used that are synthesized from different organic compounds, many of which are harmful to life. Major dye pollutants are produced during the re- tanning, dyeing, and finishing stages. A substantial portion of the chemicals applied in the tanning process, including dyes and pigments, is not completely absorbed by the leather, and the remaining portion is discharged into water (Ardila-Leal, L.D. et.al., 2021 & Bhardwaj, A. et.al. 2023).
The types of dyes commonly used in the tanning process include:
3.3.1. Azo Dyes: More than 60% of the colorants used in the leather industry are azo dyes. These dyes contain –N=N– groups, and after degradation, they produce aromatic amines that have carcinogenic characteristics products (Benkhaya, S., et.al., 2020 & Qasim, S.H. et.al. 2025).
3.3.2. Metal-Complex Dyes: Most leather dyes are composed of metal-complex dyes; therefore, their wastewater often contains heavy metals such as chromium (Abhisek, K. et.al., 2025 & Kumar, M. et.al., 2025)
3.3.3. Other Dyes: Some other dyes, such as anthraquinone dyes (Dulo, B. et.al.,2021)., triphenylmethane dyes (Lu, X. et.al., 2023) (e.g., Crystal Violet, Malachite Green), nitro dyes (Bommel, M.R.V. et.al., 2025 & Haleem, A. et.al, 2023)., and indigoid dyes (Chin-Chun, L. et.al., 2021), are also used and pose toxic risks.
3.4. Cosmetic and Pharmaceutical Industries; Several major synthetic organic dyes are widely used in various industries, including cosmetics and pharmaceuticals (Kadam, S.et. al., 2024) These dyes belong to a few important chemical classes, such as:
3.4.1. Azo Dyes:  This is the largest group of dyes, characterized by having at least one –N=N– (azo) group. Examples include Sunset Yellow, Tartrazine, and Allura Red, which are used as colorants in foods, drugs, and cosmetics (Benkhaya, S., et.al., 2020 & Qasim, S.H. et.al., 2025).
3.4.2. Triphenylmethane Dyes: This class includes dyes such as Malachite Green and Crystal Violet, which are used in pharmaceuticals as antiseptics, particularly in veterinary medicine. These dyes have a higher toxic potential and are associated with genotoxic effects (Lu, X. et.al., 2023).
3.4.3. Anthraquinone Dyes: Brilliant Blue and other anthraquinone dyes are used in foods, pharmaceuticals, and cosmetics. They are known to exhibit neurotoxic properties (Dulo, B. et.al.,2021).
3.4.4. Phthalocyanine Dyes; These dyes show excellent colorfastness and chemical stability and are used to produce blue and green shades. They often contain copper and nickel ions; thus, their effluents may be contaminated with these heavy metals (Christie, R. et.al., 2021).
3.4.5. Printing and Dyeing Operations: Dyes used in printing and dyeing processes frequently contain heavy metals such as chromium, lead, and mercury. These metals are carcinogenic, can cause cancer in humans, and also adversely affect aquatic ecosystems (Oladimeji, T.E. et.al., 2024).
3.5. Food Coloring Industries: Dyes used in food-coloring industries may contain heavy metals, aromatic amines, and other toxic compounds. Consequently, their waste effluents often contain pollutants such as heavy metals and aromatic amines (Kavitha, G. et.al., 2025).
4. Environmental Effects of Dyes
During the staining process about 20% of dyes pigments are not attached with fabrics of substances which release into the atmosphere, hence it caused adverse effect of various systems as:
4.1 Water Pollution
Unadsorbed dyes directly enter the water system through wastewater produced during the staining process. Most of the components in dye effluents are colored compounds that form a colored layer on the surface of water, reducing the penetration of light into water bodies. Poor light availability decreases photosynthesis in aquatic plants, disturbing the balance of dissolved oxygen and affecting microbial activity essential for natural biodegradation. These effects alter the aquatic ecological system (Bommel, M.R.V. et.al., 2025 & Haleem, A. et.al, 2023).
4.2 Toxicity to Aquatic Organisms
Wastewater containing dye pigments is present in dissolved form and also has the ability to accumulate within living organisms through bioaccumulation and biomagnification. These contaminants pass into aquatic plants and animals through respiration and consumption of contaminated plants. Dyes enter the bodies of fish through respiration and by feeding on infected aquatic plants. These dye pollutants can damage the gills, liver, and kidneys of aquatic organisms; they are also fatal to plankton and affect the entire food chain (Bommel, M.R.V. et.al., 2025 & Haleem, A. et.al, 2023)..
4.3 Soil Pollution
Contaminated water containing dye pigments, when discharged untreated into agricultural fields, leads to the accumulation of contaminants in the soil matrix. This alters soil pH, adversely affects soil fertility (Bommel, M.R.V. et.al., 2025 & Haleem, A. et.al, 2023), and hinders seed germination. Some dyes contain heavy metals such as chromium, cadmium, and lead, which accumulate in soil and crops. These metal ions then reach herbivorous animals and enter the food chain. Such metals show toxicity to both plants and animals, causing severe damage to living organisms. They may also cause cancer in animals and human beings (Benkhaya, S., et.al., 2020 & Qasim, S.H. et.al., 2025)..
4.4 Air Pollution
Various dyes release volatile organic compounds during manufacturing and staining process it caused photochemical smog that passed into the bodies through and respiration that also cause respiratory irritation (Rofi, M.R.I. et.al. 2025).   
4.5 Human Health Impacts
Most of the dyes are organic compounds and few dyes also contains heavy metals which can be easily degrade that produce secondary products, these products can caused adverse effects on living being e.g. azo dyes after degradations form aromatic amines that shows carcinogenic and mutagenic behavior and also causes skin irritation, dermatitis, allergic reaction, respiratory problems and along term exposure of theses dyes damaged liver and kidney (Kavitha, G. et.al. 2025 & Kishore, R. et.al., 2021).
5. Tenacity and Degradation of Dyes
The availability of aromatic ring, electron withdrawing and donating groups, -SO3H, -Cl, -NH2 substituents enhanced the stability of synthetic dyes. Generally insufficient degradation occurs through biodegradation and sunlight exposure that facilitate long term atmospheric contamination (Kumbhar, G.B. et al., 2025). 
6. Dye Removal Process 
For the mitigation of adverse effects on living being, it is necessary to removal of dyes contaminants from atmosphere. There some common methods are frequently used as:
6.1 Conventional Methods: In this process some basic methods are applied in these methods as: 
6.1.1. Coagulation–flocculation: In this method foreign materials are used as coagulants and flocculants. It involved process coagulants and flocculants favour the formation of smaller contaminants into bigger form that easily coagulate then it can easily remove by filtration process, it is effective but produces sludge (Nath, A. et.al. 2021, Nath, A. et.al. 2022 & Mishra, A. et.al. 2021).
6.1.2. Activated carbon adsorption: the contaminated dyes contaminants easily adsorbed on the surface of activates charcoal that are easy for removal of contaminants, this method is highly effective but expensive (Nath, A. et.al. 2021 & Nath, A. et.al. 2022).
6.1.3. Chemical oxidation (ozonation, chlorination): in this process dyes components easily oxidized by the using of suitable oxidants, it is fast process but may produce harmful byproducts Zhang, E. et.al., 2004).
6.1.4. Membrane filtration: this process utilized by using suitable membrane that hold the dyes pollutants molecules, although it has high removal efficiency but costly and prone to fouling (Jadwiga Sójka-Ledakowi c.z. et.al., 1998 & Nath, A. et.al. 2021).
6.1.5. Biological treatments:  in this method utilized substances derived from natural sources which eco-friendly but slow and ineffective for recalcitrant dyes (Nath, A. et.al. 2022 & Sohaib,M. et.al., 2024).
6.2 Advanced and Emerging Methods
Some advance process applied for the removal of dyes residue available in atmosphere that make healthy environment as
6.2.1. Advanced oxidation processes (AOPs): Most of the dyes consists of organic compound which can easily oxidise by using suitable oxidants as UV/H₂O₂, Fenton, photocatalysis that produce reactive radicals to degrade dyes completely (Ismail, O. et.al., 2025).
6.2.2. Nanomaterials as adsorbents: for the removal of dyes pollutants as Magnetic nanoparticles, graphene oxide, bio-nanocomposites which facilitate a wide surface area and facilitate adsorption and make easy to removal (Tamjidi et.al., 2024).
6.2.3. Biodegradation using microbes: This process is healthy for atmosphere in which dyes degradation facilitate through the bacteria, fungi, algae capable of breaking dye molecules (Singh, A. et.al., 2022).
6.2.4. Polymeric and natural adsorbents; Some natural occurring substances as Chitosan, cellulose derivatives, polysaccharides are applied as the natural adsorbents that facilitate to adsorption of dyes on the surface of adsorbents which can easily remove form the environment (Nath, A. et.al. 2021, Nath, A. et.al. 2022 & Mishra, A. et.al. 2021).
6.2.4. Low-cost adsorbents: It more important process in which developed the low-cost adsorbent as activated agricultural wastes like rice husk, sawdust, bagasse (Gargiulo, V. et.al., 2024).
7. Regulations and Environmental Standards
There are numbers of national and international agencies are working for the protection of environment for pollutants contaminants of dyes release into the atmosphere. International environmental agencies emphasize (Ramani, V. et.al., 2024 & Wu, Y. et.al., 2023) that strict discharge that ideals for color and COD/BOD, use of cleaner creation technologies, acceptance of zero-liquid-discharge (ZLD) systems and promotion of green dyes and biodegradable colorants.
8. Future Perspectives
The researchers have challenges for production of biodegradable and non-toxic dyes, that utilize microbial groups for enhanced degradation. Development of Green approaches are utilized for dye synthesis, Integration of AI-based monitoring in wastewater treatment and globular economy: recycling and reuse of dyes in industries
9. Conclusion
Dye pollution has become a serious environmental challenge due to the wide use of synthetic dyes and their persistent, toxic nature. Their release into water bodies affects aquatic ecosystems, soil quality, and human health. Although several treatment techniques exist, many are costly, inefficient, or environmentally unsustainable. Therefore, developing eco-friendly, cost-effective, and highly efficient methods for dye removal is essential. Future research must focus on advanced materials, green technologies, and biological approaches to minimize environmental impacts and ensure sustainable wastewater management.
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