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Abstracts

Textile industries release large quantities of synthetic dyes into water bodies, causing severe ecological and health concerns due to their toxic, carcinogenic, and recalcitrant nature. Conventional treatment methods such as physical and chemical processes, are often costly, inefficient, and environmentally unsustainable. Recently, plant-derived oils have emerged as promising eco-friendly alternatives for dye degradation. Oils from Pongamia pinnata and Lagenaria siceraria are rich in fatty acids and bioactive phytochemicals that can stimulate microbial metabolism, enzymatic activity, and adsorption processes, thereby enhancing dye decolorization and degradation. Studies indicate their potential to support the breakdown of complex dye molecules, particularly azo and anthraquinone dyes, making them valuable natural biostimulants in wastewater treatment. This review provides a comprehensive discussion on the taxonomy, phytochemistry, and bioremediation potential of P. pinnata and L. siceraria, with a focus on their role in textile dye degradation. It also highlights research gaps and future directions to promote the integration of these plant-based resources into sustainable wastewater management strategies.
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1. Introduction 
Degradation of textile dyes represents a critical and complex challenge in environmental science and engineering. The textile industry, a major driver of the global economy, is also one of the largest water consumers and a significant contributor to aquatic pollution. Residual dyes in textile effluents are often highly colored, toxic, and resistant to biodegradation, making them a major source of environmental contamination (Singh G B et al., 2024). These dyes reduce light penetration in water, thereby inhibiting photosynthesis, and release mutagenic and carcinogenic by-products that threaten aquatic ecosystems and public health (Hashemi and Kaykhaii, 2022).
Synthetic dyes are widely used not only in textiles but also in food, cosmetics, paints, paper, polymers, beverages, and pharmaceuticals. It is estimated that approximately 34 million tons of dyestuffs are produced annually worldwide, with textile production accounting for a significant proportion (Mishra S & Maiti A, 2018). During dyeing and finishing processes, about 20–30% of the applied dyes are discharged into wastewater, making the textile sector one of the leading sources of water pollution. Such dye pollution disrupts the balance of aquatic ecosystems by causing oxygen depletion, reducing water transparency, and lowering gas solubility.  (Vinayak A et al., 2022)
The textile industry relies on thousands of synthetic dyes to impart color to fabrics. However, more than one-third of these dyes are not absorbed by the fibers and are instead discharged into wastewater effluents. These toxic and potentially carcinogenic compounds pose a serious threat to the environment by contaminating natural water bodies, diminishing their aesthetic value, and disrupting aquatic biodiversity, while also raising significant concerns for human health (Eslami H et al., 2019). Given their toxic effects on aquatic ecosystems and carcinogenic risks to human populations, dyes released from industrial effluents must be effectively removed before discharge. Conventional physicochemical treatment methods have been applied to remove dyes, but they are often neither environmentally sustainable nor economically feasible. In contrast, biological approaches offer an eco-friendly, cost-effective, and efficient alternative. (Bharathi D et al., 2024)

Azo dyes, characterized by nitrogen–nitrogen double bonds (–N=N–), represent the most extensively used class of dyes. While they provide vibrant colors and stability, their breakdown products, particularly aromatic amines, are often carcinogenic (Alsantali et al., 2022). Direct exposure to dyes can also cause skin irritation and allergies, while long-term contact may induce genetic mutations and other health complications (Sadeghzadeh Ahari J et al., 2024). Therefore, effective treatment of textile dyes before their discharge into water bodies is essential to safeguard environmental and human health.
Dye degradation can be achieved through three main approaches: physical, chemical, and biological methods. Physical methods, such as adsorption and membrane filtration, use materials like activated carbon to capture dye molecules. Advanced separation processes, including reverse osmosis and nanofiltration, are also employed to remove dyes from wastewater (Lewis C 2020). Chemical methods involve the application of oxidizing agents (e.g., ozone, hydrogen peroxide) to break down dye molecules, as well as photocatalysis, which uses light and catalysts such as titanium dioxide to degrade dyes (Adane T, 2021). Biological approaches encompass microbial degradation by bacteria, fungi, and algae; phytoremediation, in which plants absorb and metabolize dyes; and enzymatic processes, where enzymes such as laccases and peroxidases catalyze dye breakdown (Bhardwaj & Singh., 2021). Although these techniques are widely studied, many are costly, less efficient, and generate hazardous by-products. Consequently, increasing attention has been directed toward biological methods due to their eco-friendly and cost-effective nature. 
Several synthetic dyes pose a significant environmental concern. Congo red, a diazo dye, appears red in alkaline conditions and blue in acidic media. Its structure contains aromatic amines that contribute to its toxicity, leading to various diseases (Singh & Dwividi, 2021). Methylene blue, a thiazine dye, is toxic, carcinogenic, and non-biodegradable. Exposure to this dye can cause nausea, headaches, chest pain, profuse sweating, and even mental confusion (Sharma J et al., 2021). Malachite green, a triphenylmethane dye, has widespread applications in textiles, aquaculture, and biological staining. However, it persists in ecosystems due to its toxicity and stability, exerting severe effects on aquatic organisms. In fish and other aquatic life, malachite green can cause acute and chronic toxicity, resulting in mortality, reproductive dysfunction, and developmental abnormalities. Conventional dye removal techniques are often inadequate for eliminating all classes of dyes, particularly reactive dyes. These dyes contain multiple functional groups that form strong covalent bonds with textile fibers, making them highly resistant to degradation and difficult to remove from wastewater. Prolonged exposure has been reported to cause mutagenesis, teratogenicity, carcinogenesis, and respiratory toxicity. Therefore, the treatment and safe removal of such dyes from wastewater remain an urgent priority for both environmental and public health protection. (Srivastava S, 2004)
To address these limitations, several studies have explored the biodegradation of different dyes using a variety of biological approaches. For instance, crude extracts and purified laccase from Pleurotus nebrodensis have been applied for dye removal (Aslam et al., 2021). Similarly, malachite green has been treated using Limonia acidissima shells as adsorbents (Sinha et al., 2021) and with Trichoderma species (Sharif et al., 2022), while Congo red removal has been demonstrated through adsorption by ackee apple seeds (Bello et al., 2013). This review highlights the biodegradation of textile dyes using oil samples from Pongamia pinnata and Lagenaria siceraria. It discusses the composition of their extracts, the underlying enzymatic mechanisms, and their potential role as sustainable, plant-based agents for eco-friendly dye degradation.
Ethnobotanical Description 
This Review explores the potential of two specific plant-derived oils, karanja oil and dudhi oil, as a novel approach for textile dye degradation. Karanja oil, obtained from the seeds of Pongamia pinnata (L.), and dudhi oil, extracted from the seeds of Lagenaria siceraria (bottle gourd), are both non-edible vegetable oils rich in long-chain fatty acids and bioactive phytochemicals. Their hydrophobic nature enables interaction with hydrophobic dye molecules present in textile effluents, facilitating pollutant sequestration and microbial degradation.
[bookmark: _Hlk209179696]Pongamia pinnata, commonly known as the karanja tree, is a leguminous species belonging to the family Fabaceae and the order Fabales. Oil of Pongamia pinnata (Legumnosae; Pappilonaceae) is a non-edible oil of Indian origin. It is found mainly in the native Western Ghats in India, northern Australia, Fiji, and in some regions of Eastern Asia (El-Rahman A.A.A et al., 2022). This medium-sized (max ht. 18 m) tree is found almost throughout India upto an altitude of 1200 m. It grows fast and matures after 4–7 years, yielding fruits which are flat, elliptic and ∼7.5 cm long. Each fruit contains 1 to 2 kidney-shaped brownish-red kernels. The oil content of the kernel is 30–40% (Lakshmikanthan, 1978). Farmers in Karnataka, a southern Indian state, currently use poongamia oil to power generators that water their farms (Shrinivasa, 2001). It is well-liked since it is inexpensive and readily available. Traditionally, its extracts have been used in folk medicine, while its oil has served as a raw material in biofuel production and industrial formulations such as offset printing inks (Saravanakkumar et al., 2024). Although its direct application in textile dye degradation has only recently gained attention, research indicates promising potential. Karanja oil contains a diverse array of phytochemicals, including karanjin, pongamol, flavonoids, and long-chain fatty acids (Mandar S et al., 2015). These compounds enhance microbial metabolism and stimulate oxidoreductive enzymes such as laccases, peroxidases, and azoreductases, which play a central role in dye degradation. Mechanistically, the oil promotes cleavage of azo bonds (–N=N–), facilitates electron transfer processes, and accelerates the enzymatic transformation of chromophoric groups. Studies have demonstrated high degradation efficiencies, often exceeding 70–90%, for dyes such as Congo red, methylene blue, and reactive black when microbial systems are supplemented with karanja oil (Carrascal-Hernández D C et al., 2025, Hashim A et al., 2025). The underlying mechanism involves both microbial uptake of dye molecules, mediated by improved membrane permeability, and accelerated enzymatic transformation of chromophoric groups. These findings suggest that P. pinnata oil could serve as a sustainable biostimulant in eco-friendly wastewater treatment strategies, offering an effective alternative to chemical oxidants in dye effluent remediation (Mandar S. Gaikwad et al., 2015).
 Lagenaria siceraria (Molina) Standl., commonly known as bottle gourd, dudhi, calabash, or lauki, is a cucurbitaceous vegetable of prominent nutritional, medicinal, and industrial importance. Originated in Africa, it is now widely distributed across tropical and subtropical regions, including India, China, Southeast Asia, and South America (L G et al., 2024). It is also considered one of the earliest domesticated plants, historically valued not only as a food source but also for its hard-shelled fruits, which were traditionally used as utensils and storage containers. The species thrives in warm climates, with India being a major centre of cultivation and consumption. Taxonomically, L. siceraria belongs to the Kingdom Plantae, Order Cucurbitales, Family Cucurbitaceae, Genus Lagenaria, and Species siceraria. Its broad genetic diversity and adaptability have enabled successful cultivation across diverse agro-climatic zones (Mashilo J et al., 2021, Zahoor M et al., 2021). Lagenaria siceraria oil is extracted from the seeds of the bottle gourd. There is limited information available regarding its use in textile dye degradation. However, the oil's composition, which includes fatty acids and other bioactive compounds, suggests potential for various applications, including in the field of bioremediation. The oil's composition consists of fatty acids and other bioactive substances, pointing to possible uses in several fields, including bioremediation (Prajapati R P et al., 2010).
Beyond its nutritional role, L. siceraria has shown considerable promise in environmental applications, particularly in textile dye remediation. Extracts and biomass from its fruits, peels, and seeds are rich in phytochemicals such as flavonoids, phenolic acids, saponins, and cucurbitacins (Qaderi A.M et al.,2023), which impart antioxidant and redox-mediating properties (Chen J et al., 2023). These compounds facilitate microbial and enzymatic degradation of synthetic dyes, including azo and anthraquinone dyes, by enhancing cleavage of chromophoric bonds and destabilizing recalcitrant structures. In addition, activated carbon and adsorbents derived from L. siceraria peels have demonstrated high efficiency in removing dyes such as methylene blue, crystal violet, and Congo red from aqueous effluents, with reported removal rates of 70–95% (Divekar P.A et al., 2023). The underlying mechanisms involve surface adsorption, hydrogen bonding, electrostatic interactions, and synergistic enzymatic oxidation. Also, L. siceraria represents a dual-purpose species as a food crop and as a sustainable resource for eco-friendly dye effluent remediation, making it a strong candidate for integration into future wastewater treatment strategies (Saeed M et al.,2022)

Phytochemical Composition Relevant to Dye Degradation
Pongamia pinnata, a leguminous tree widely distributed in tropical and subtropical regions, is recognized for its rich reservoir of bioactive phytochemicals that contribute to diverse pharmacological and environmental applications. Among its secondary metabolites, flavonoids, terpenoids, alkaloids, tannins, saponins, and phenolic compounds have been reported in significant amounts. These phytochemicals not only play a defensive role in plant physiology but also possess strong redox properties that can be harnessed for environmental remediation, including the degradation of textile dyes (Sukanya Devi & Bhaarathi Dhurai., 2023).
[bookmark: _Hlk209183636]Phenolic compounds and flavonoids in P. pinnata are vital in dye degradation due to their ability to donate electrons and hydrogen atoms, thereby initiating redox reactions that break down complex dye molecules. Flavonoids such as karanjin and pongamol, which are characteristic furanoflavonoids of P. pinnata, exhibit strong antioxidant and electron-shuttling properties (Jahan , Md et al., 2021). These compounds can enhance the degradation of azo and anthraquinone dyes by facilitating the cleavage of chromophoric groups. In addition, terpenoids and tannins contribute to the destabilization of dye structures through adsorption and complexation, further promoting decolorization (Figure 1) (Sukanya Devi, Bhaarathi Dhurai 2023).
The oil extracted from P. pinnata seeds, rich in karanjin and pongamol, also demonstrates catalytic potential in dye degradation when used in combination with microbial or photocatalytic systems (V. Gore & P. Satyamoorthy., 2000). These phytochemicals may act as mediators, improving electron transfer between dye molecules and degrading agents. Such bioactive compounds, therefore, play a dual role: acting as natural reducing agents and as co-factors in enzymatic or microbial systems employed for bioremediation (Muqarrabun L.M. Al et al., 2013). Overall, the phytochemical profile of P. pinnata provides a sustainable basis for eco-friendly degradation of synthetic dyes, making it a promising candidate in green textile wastewater treatment (S. Mahli et al., 1989).
Lagenaria siceraria (commonly known as bottle gourd) is a well-known cucurbit plant valued for its nutritional, medicinal, and environmental significance. In recent years, increasing attention has been given to its oil as a potential green resource for environmental remediation, particularly in the degradation of synthetic textile dyes. With industries generating large volumes of dye-laden wastewater that poses severe ecological risks, eco-friendly and low-cost alternatives such as L. siceraria oil have become attractive solutions (Lleola A.D et al. 2019).
The oil derived from the seeds of L. siceraria is rich in a diverse array of phytochemicals, including fatty acids (linoleic acid, oleic acid, palmitic acid, and stearic acid), sterols, phenolic compounds, and minor bioactive constituents (Sosnowska D et al., 2022). Five isoprenoids present in all investigated landraces were 1-Dodecene, 2,3-Dimethyldodecane, E-15-Heptadecenal, Eicosane, and Tridecane, 6-propyl (Buthelezi L G et al., 2024). These molecules possess redox-active properties that allow them to interact with and destabilize complex dye structures. Fatty acids in the oil not only act as surface-active agents, enhancing solubilization of hydrophobic dye molecules, but also provide reducing equivalents that participate in electron transfer reactions (Buthelezi L.G., et al., 2023). Phenolic compounds, on the other hand, act as antioxidants and free radical scavengers, initiating the breakdown of chromophoric bonds in dyes such as azo, anthraquinone, and triphenylmethane classes (Saeed M., et al., 2022).
In practical terms, L. siceraria oil can either be used directly or in synergy with microbial and photocatalytic systems. When incorporated into bioremediation processes, its phytochemicals act as mediators that accelerate the enzymatic reduction of dye molecules. The adsorption potential of oil-derived compounds also helps trap dye molecules, leading to faster decolorization. Studies suggest that bottle gourd oil extracts facilitate the cleavage of azo bonds (–N=N–) and other chromophores, which are responsible for the intense coloration and stability of synthetic dyes (Al-Bahadily D.H.C et al., 2019). As these bonds are disrupted, dyes lose their structural integrity and gradually mineralize into less toxic or colorless end products (Figure 2).
[image: ]
Figure 1: Mechanism of Flavonoids in dye degradation  

From a sustainability perspective, L. siceraria oil provides a dual benefit: it comes from an easily cultivable, traditionally consumed plant, and its application supports eco-friendly wastewater treatment. Unlike harsh chemical treatments, which generate secondary pollutants, the use of bottle gourd oil for dye degradation aligns with the principles of green chemistry and circular bioeconomy. Thus, L. siceraria oil stands as a promising natural alternative for addressing one of the major challenges in textile effluent management.

Comparative illustration of Biotransformation and enzymatic mechanisms 
Plant-derived biomolecules from Lagenaria siceraria (bottle gourd) and Pongamia pinnata (Karanja) have emerged as promising eco-friendly resources for the biotransformation and enzymatic degradation of these dyes. Their effectiveness lies in the synergistic action of phytochemicals and enzyme-mediated processes that collectively destabilize and mineralize dye molecules. Both L. siceraria and P. pinnata contain diverse phytochemical constituents such as fatty acids, phenolics, flavonoids, alkaloids, and terpenoids which play key roles in dye degradation. These molecules initiate biotransformation by donating electrons or hydrogen atoms, thereby destabilizing chromophoric bonds such as azo (–N=N–), carbonyl (C=O), or anthraquinone linkages (Plazas E et al., 2019). In L. siceraria oil, fatty acids like linoleic and oleic acid facilitate solubilization and interaction with hydrophobic dye molecules, while phenolic compounds enhance oxidative cleavage (Hashim A et al., 2025). In P. pinnata, karanjin, pongamol, and flavonoid derivatives act as redox mediators, triggering the breakdown of aromatic rings and enhancing dye decolorization (Mashilo et al., 2016).
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Figure 2: Enzymatic dye degradation by the phytochemicals of plants into simpler substances (Hashim A et al., 2025)
The enzymatic contribution of these plants is central to their dye-degrading activity. Extracts and associated microbial consortia supported by these plants exhibit a variety of oxidoreductases and hydrolases: Laccases, Copper-containing oxidases that catalyze the oxidation of phenolic and non-phenolic substrates, leading to the breakdown of dye chromophores. Laccases are especially effective against azo and anthraquinone dyes. Peroxidases, as lignin peroxidase and manganese peroxidase, which utilize hydrogen peroxide to oxidize complex aromatic compounds, resulting in dye decolorization and fragmentation of aromatic structures 
(Z.I. Sajid et al., 2012). Oxidoreductases, these enzymes facilitate electron transfer, enhancing reductive cleavage of azo bonds, yielding amine derivatives that are further metabolized into simpler compounds (Chen J et al., 2023). Lipases and esterases, present in oil extracts, enhance the solubilization of hydrophobic dye molecules, making them more accessible for enzymatic attack. In yeast and bacterial systems associated with these plants, these enzymes work in concert with plant-derived metabolites, enabling complete mineralization into non-toxic products such as CO₂, H₂O, and simpler organic acids (Figure 2).
In L. siceraria, the primary mechanism involves fatty acid-assisted solubilization, followed by phenolic-driven oxidation and peroxidase-mediated cleavage of chromophores. This sequence ensures both decolorization and degradation.  Also, P. pinnata, the flavonoids and karanj in derivatives act as electron shuttles, enhancing azo bond cleavage and facilitating laccase activity. The combination of plant metabolites and enzymatic systems accelerates aromatic ring fission, ultimately leading to mineralization (Chen J et al., 2023 ). The integration of biotransformation and enzymatic mechanisms in L. siceraria and P. pinnata represents a sustainable approach to textile effluent treatment. Unlike chemical methods, which often generate secondary pollutants, these plant-based strategies align with the principles of green chemistry by being biodegradable, low-cost, and environmentally safe.

Conclusion 
Textile dye degradation remains difficult due to the dyes’ structural complexity and resistance to conventional treatments. While Pongamia pinnata and Lagenaria siceraria oils show promise as natural biostimulants, challenges such as variability in oil composition, lack of mechanistic insights, and scalability hinder their wider use. Future research should focus on optimizing oil extraction, integrating these oils with microbial or enzymatic systems, and testing their performance in real textile effluents. With deeper understanding and industrial validation, plant-based oils can become sustainable, eco-friendly alternatives for managing dye pollution. The growing challenge of textile dye pollution demands eco-friendly and sustainable solutions beyond conventional treatment methods. Oils derived from Pongamia pinnata and Lagenaria siceraria have shown promising potential in enhancing microbial and enzymatic degradation of synthetic dyes due to their rich phytochemical composition and bioactive properties. While research remains limited, existing evidence highlights their ability to stimulate dye decolorization and degradation, positioning them as natural biostimulants in wastewater remediation. Further investigations on mechanisms, large-scale applicability, and integration with advanced biotechnological approaches will be essential to fully realize their potential as green alternatives for textile dye degradation.
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