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Valorization of Banana Agro-Waste: A Review of Environmental and Industrial Applications

ABSTRACT
In a variety of sectors, bananas are used to make juices and as product additives.  Banana wastes consist of the fruit peels which are usually discarded, rejected or overripe fruits, pseudostems, leaves, inflorescences, and residues such as waste-water which are usually generated during processing and fiber extraction. The peel, a byproduct of bananas, is removed after the fruit has been put to use. There are issues specific to the environment at different levels and in different sectors. Foul-smelling, attracting pests, promoting microbial proliferation, and contributing to soil and water pollution due to uncontrolled decomposition are some of the environmental hazards that can be created when banana wastes are improperly disposed of. The possession of numerous functional groups such as hydroxyl and carboxyl groups which enhances heavy metal adsorption makes banana wastes highly effective, on the other hand, it turns out as suitable raw material for bioplastic production due to high starch content. The use of banana wastes as an affordable solution for a range of environmental issues like wastewater treatment, use as biofertilizer, as bioplastic-film, in bioremediation and energy production; also the removal of heavy metals (Cu, Zn), dyes, and pharmaceutical compounds are covered in this review. These processes support the circular economy and contribute to Sustainable development Goal 13 (climate Action).
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1.0 INTRODUCTION 
While fruits can be found all over the world, some are only available in a few nations. On the other hand, bananas are among the most widely consumed fruits and are cultivated in many nations across the world. Banana is considered the eighth-most important fruit globally, from 135 countries, 148 million tons were produced; It is important for food security and used as a staple food for over 400 million people worldwide (Thangavelu et. al., 2021).
Plantains and sweet bananas are the two varieties of bananas that are members of the Musaceae family. Its species are divided into 50 groups and are diverse around the planet. Cultivated bananas are known by their scientific names, Musa accuminata, Musa paradisiaca, and Musa balbisiana. Averagely, it weighs 125 grams, of which 75% is thought to be water and 25% is dry matter (Hikal, 2022).
Banana is one of the most widely cultivated crops across tropical regions, including Nigeria, where large-scale plantations make it an abundant and cost-effective agricultural resource. Products such as banana chips and banana figs are commonly manufactured by numerous small- and medium-sized enterprises throughout the country (Hassan et. al., 2018). However, these processing activities generate significant quantities of waste, with the peel accounting for approximately 30–40 grams per 100 grams of fruit, which translates to around 200 tons of waste daily—a volume that is projected to increase over time (Hassan et. al., 2018). 
Rattanapan and Ounsaneha, in their study observed some types of waste in banana production, including rejected banana materials, wastewater, empty banana bunches, banana peels (Figure 1), and waste generated from the production process (Rattanapan and Ounsaneha, 2022). Due to increase in population and demand, banana wastes were recorded to have increased with over 353,443 tons per year, during the past ten years (Rattanapan and Ounsaneha, 2022). When banana wastes are allowed to biodegrade naturally, toxic gases are released into the environment while producing foul odour (Housagul et. al., 2014). Banana peels, which make up 35–38% of the fruit, are by-product (Wafaa et al., 2022), used as fertilizer, animal feed and are thrown away, which is a problem for the environment. Making effective use of banana wastes can positively impact both the environment and the economy by reducing greenhouse gas emissions and the carbon footprint (Ganesh et. al., 2021). 
To give plants the nutrients they need to flourish, both organic and inorganic fertilizers are added to the soil. Although organic fertilizers are eco-friendlier and efficient, the expensive cost limits its adoption by farmers. Due to this, banana peels can be used to make an inexpensive, natural fertilizer. Waste materials can either be biodegradable or non-biodegradable; those that naturally break down or decompose and are environmentally- friendly are known as biodegradable wastes while non-biodegradable damage the environment and also takes a long time to break down (Weshah and Al-Hafud, 2023). It has been reported that the use of organic wastes like banana wastes enhances bioremediation of crude oil polluted soil by facilitating soil aeration and raising the water holding ability of the soil (Hatzikiseyian, 2017). In a crude oil polluted environment, there is an imbalance of nitrogen (N) and phosphorus (P), which may retard the growth of microbes (Nwogu et al., 2015); it is therefore of prime importance that appropriate concentrations especially of the two nutrients are maintained in the optimal ratio in order to offset the imbalance caused by high carbon content of crude oil. Banana wastes which have been found to contain N and P (Tavali, 2022) would come handy here to offset this imbalance.
Synthetic fertilizers have been applied as biostimulants over time, for improved bioremediation of sites contaminated by petroleum hydrocarbons. However, unfavourable effects like eutrophication and air pollution were caused by its overuse. Banana peel wastes are currently being investigated within the framework of a circular economy to encourage waste recycling and lessen environmental impact because of their various bioactive qualities and also being used to advance sustainable development objectives. Banana wastes are applied to relieve the environment in some ways, they are: banana fiber has recently been employed by the textile industry to promote the use of natural fiber in the creation of fabrics (Provin et. al., 2024); along with new banana leather, banana fiber is also utilized in the paper, cardboard, and packaging sectors. Paper made from banana fiber has been used to create wallets and artwork (Tewari, et al., 2024). Biodegradable pots, biofertilizers, food preservatives, functional foods, antioxidants, and antimicrobial medication components are just a few of the uses for banana peel waste in the food, pharmaceutical, and agricultural sectors (Manzoor, and Ahmad 2021; Afzal et. al., 2022; Shaukat et. al., 2023; Narwal et. al., 2024). Environmental impact was highly presented by Thailand as carbon footprints and water, with a high volume of banana waste production (Rattanapan and Ounsaneha, 2022).

2.0 BANANA WASTES
After banana production and usage, waste is generated in several categories; this includes wastewater, banana peel, empty banana bunch, the rejected banana material and waste from the production process (Rattanapan and Ounsaneha, 2022). The losses and wastes from banana can reach up to 35% in the supply chain for banana production (Sagar et. al., 2018). In the last decade, an increase in banana wastes was recorded, with over 353,443 tons annually (Rattanapan and Ounsaneha, 2022).  

2.1 WASTEWATER: 
According to Rattanapan and Ounsaneha (2022), the cleaning process of raw material with 511m3 of wastewater annually generates the waste of banana production; from this same study, banana raw material can be rejected as a result of inappropriate weight or unsuitable size and skin. From the selection process alone, about 131,400-350,400 kilograms of bananas were discarded. The study further deduced that during the production process, waste banana peels and empty banana bunches generated was 276,000-360,000 kilograms annually.

2.2 BANANA PEEL 
The banana peel or outer covering that shields the banana fruit, is a fibrous protective layer known for its signature yellow colour that turns brown as it ripens (Figure 1). Banana peel is a by-product of the food processing industry and home consumption. Since it makes up around 40% of the fruit in weight, using or consuming bananas result in a significant annual generation of banana peels (Vu et. al., 2017). Throughout history, it has been utilized in animal feed, cooking, and medicine. Nonetheless, a significant amount is disposed of in landfills as general wastes (Schieber et. al., 2001). According to a study, the aquatic ecology in Costa Rica is out of balance as a result of rejected bananas being dumped in the rivers. Banana biomass's higher carbohydrate content raised the oxygen demand in the rivers, which in turn caused a decline in aquatic life (Zhang et.al., 2005).
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Figure 1: The Banana peel showing its parts 

2.2.1 BANANA PEEL COMPOSITION
According to the findings from Mishra et al., (2023), Banana peels provide other plant micronutrients in varying amounts: calcium (0.18%), magnesium (0.08%), sodium (0.02%) and 5.7% potassium, making them a good source of fertilizer for crops that require large amounts of potassium, including bananas, tomatoes, and peppers. Potassium is present at about 200 mg per fruit in banana skins (Mishra et al., 2023). It also contains primary metabolites like 50% of dietary fiber (10-20% pectin, 6-12% lignin, cellulose 7-9%, 6-9% hemicellulose), 7% crude proteins, 10% crude fat, 3% starch, polyunsaturated fatty acids (linoleic acid, α-linoleic acid), essential amino acids (leucine, phenylalanine, threonine, and valine), micronutrients (calcium, iron, magnesium, potassium, zinc (Korni et. al., 2023). 

2.3 BANANA FIBRE
Investigation and research into the use of natural plant fibers has been on in recent years. The fibers have been recognized as superior to synthetic ones as a result of their renewable source, lightweight composition, enhanced tensile and biochemical characteristics and biodegradable nature; due to the widespread use of bananas globally, banana fiber holds significant importance (Iqbal et. al., 2023, Dhivahar et al., 2025). Banana wastes consists of high-quality fiber that possesses promising qualities for various industrial uses. They include the manufacture of reinforced composite materials for automobiles, textiles, pulp and paper, sanitary pads, food products, aerospace components, construction materials, and many other composite materials (Iqbal et. al., 2023).

3.0 Environmental Impacts and carbon footprints of Banana Wastes 
Awareness of global warming and climate change has increased in the past decades, and led to demand in products with the least carbon footprint or global impact. Life cycle assessment and carbon footprint are two of the environmental indicators used to evaluate the overall environmental impact of the products. The entire product cycle from production to consumption is analysed by life cycle assessment; to understand the overall strategies of the product development to keep it environmentally friendly (Ounsaneha et. al., 2019). In a study by Roibás et. al., (2015), it was noted that the Ecuadorian banana had a carbon footprint of 1.28 tonnes of CO2 per tonne of banana. During banana production, waste disposal of the stems is one of the major contributors to global warming (Rattanapan, and Ounsaneha, 2022). The plantation stage recorded the highest impact, next is the transportation stage in Turkey (Yasin et. al., 2025). An average of ~114 million tonnes of banana wastes are produced worldwide annually (Alzate et. al., 2021). When banana wastes are decomposed naturally by dumping in landfills, greenhouse gases are released (Housagul et. al., 2014).

4.0 ENVIRONMENTAL USES OF BANANA WASTES
When solid wastes are disposed and handled inappropriately, it causes pollution. Discarding of various types of wastes leads to all kinds of environmental pollution which includes air, soil and water pollution like clogging of water drains, stagnant water creation for different organisms like insects breading during summer season (Alam and Ahmade, 2013). Typically disposed of in municipal landfills, banana wastes contribute to environmental challenges. Yet, they can be put to many uses which offer promising potential for environmental sustainability. Harnessing these uses presents an opportunity to convert waste into economically and environmentally valuable processes, thereby addressing environmental concerns through sustainable innovation.

4.1 WASTEWATER TREATMENT 
Adsorption is an interfacial phenomenon in which ions from solution adhere to solid material with which they come into contact, held by chemical and/or physical forces of attraction (Babel and Kurniawam 2003). Adsorption can be classified as physical adsorption or chemisorption. In physical adsorption, the adsorbate molecules physically bond to the surface of the adsorbent via weak van der Waals forces; this process is reversible due to low energy associated with it. Chemisorption occurs when adsorbate molecules interact with the adsorbent surface by chemical bonds (either covalently or ionically); high energy is released, and the process is irreversible because strong bonds are formed semi-permanent (Somorjai, 1994). 
Banana peel has been used as a constituent of bio adsorbents with high adsorption capacity for different types of contaminants due to the presence of hydroxyl, carboxyl, and amino groups (Munagapati et al., 2020); it has also been found to be effective in removing contaminants from wastewater including organic pollutants, dyes, and heavy metals. The removal of copper ions using the isolated antioxidant compounds from banana peels confirm that they can be used as adsorbent (Fouda-Mbanga et al., 2024). Research has shown that it can remove heavy metals and organic chemicals from aqueous solutions. Natural or physically and chemically engineered banana peels are good adsorbent for removing these pollutants from aqueous solutions (Albarelli et al., 2011). 
Banana peels have also been used to purify carcinogenic materials from used frying oil, brightening the oil by adsorbing peroxides (Bhavani et al., 2023). In addition to their adsorptive abilities, banana peel fibers have also been incorporated in commercial spiral-wound reverse osmosis membranes (Moerz and Huber, 2015), while chemically modified banana peels have been used in the development of microporous/mesoporous carbon with intestine-like characteristics for size-selective separation of proteins and potential drug separation and biological macromolecule immobilization (Ali et. al., 2008).
Over the past three decades, nearly all biological systems worldwide in wastewater, groundwater, surface water and sludge have contained pharmaceutical compounds (Caban and Stepnowski, 2021). The ecosystem is affected by a multitude of sources, as well as extensive use of therapeutic agents, making the problem of pharmaceutical pollution difficult to solve (Madhura et al., 2019). In total, about 11,926 pharmaceutically active chemicals, including 713 in wastewater have been detected globally in wastewater effluents and classified as harmful chemicals to aquatic organisms under European regulations (Femina et al., 2021). Al-sareji et al., (2024) demonstrated the synthesis of activated carbon from banana peels as an agro-industrial waste for removing pharmaceuticals: amoxicillin and carbamazepine from various water matrices. Banana peel activated carbon has been found to be a highly effective adsorbent (Figure 2) for removal of amoxicillin and carbamazepine from different waters. It could potentially serve as an inexpensive alternative to expensive materials such as granular, ion-exchange resins, powdered activated carbons, carbon nanotubes, etc., in the treatment of liquid wastes containing organic micro pollutants. 
Ramutshatsha‑Makhwedzha et al. (2022) in their experiment modified with Al3O2@chitosan with   novel banana peel activated carbon (BPAC) and evaluated the adsorption capacity for the removal of cadmium (Cd2+) and lead (Pb2+) from wastewater. Their results stated that the prepared BPAC@Al3O2@chitosan composite material is cost effective, since it is produced from waste banana peels and can be re-utilized. Also, the manufactured material was able to remove Pb2+ and Cd2+ as much as 99.9%. This supports that banana waste is cost-effective and highly effective.
4.2 USE AS BIO-FERTILIZER 
Banana peels are one of the main agricultural waste products with an annual production of 40 million tonnes, or approximately 35% of the weight of all bananas (Mishra et. al., 2023). The opportunities and challenges for the development of banana by-products include their use in sustainable food and non-food operations as thickeners, colorants and flavors, sources of macronutrients and micronutrients, natural cuticles, animal feed, natural fibers, and sources of naturally occurring bioactive composites and bio-fertilizers. Banana peels is a readily available organic waste material that contains various nutrients and other organic compounds that can be used as an effective biofertilizer. Recently, banana skin has been employed as a biofertilizer because it increases crop yields by 25-45% (Mishra et. al., 2023).
In order to improve the soil's morphology, elevate its pH and supply nutrients, alkaline banana peel powder is utilized (Jabbour et. al., 2023, Khanyile et al., 2024)). Compared to chemical fertilizers and chicken manure, organic fertilizers produced from composted banana wastes are thought to be more practical and reasonably priced (Jabbour et. al., 2023). The mortality rate of banana plantations was considerably decreased by solid-state fermentation of banana wastes into soil conditioner that promotes growth and recycling it as fertilizer for banana cultivation (Jabbour et. al., 2023). 
The banana wastes are suitable for anaerobic digestion in which the solid digestate has suitable nutrients to serve as fertilizer because it is organic. This approach also brings added benefits such as the production of high-quality fertilizer to support better farming practices and improved management of banana wastes (Oyaro et. al., 2020).
4.3 USE AS BIO-PLASTIC FILM
Plastics are one of the major contributors to land pollution. Biodegradable and biocompatible polymers have an increasing role in both basic research areas as well as applied research fields around the world. Bioplastics are plastics made from renewable biomass sources, such as agricultural byproducts and food wastes. It is strong, flexible, transparent, a good barrier, heat resistant, and biodegradable. Jangra et al., (2023) reported successful production of bioplastic sheets from banana peels and industrial maize starch with 4% maize starch; water absorption test showed more than 50% increase in water intake for all the films, and all bioplastic films disintegrated within a week during a biodegradability test. 

Plastics are preferred over metals, paper, and other materials due to their advantageous properties, including low weight, cost-effectiveness, and durability. Consequently, they are utilized across nearly all industrial sectors.  In 2017, global plastic consumption surpassed 300 million tons (Arjun et. al., 2023). However, this widespread usage has resulted in significant environmental concerns, with plastic wastes accumulating globally, including in marine ecosystems. Furthermore, the plastic industry faces notable economic and environmental challenges.  According to Veena and Rani (2022), banana peel bioplastic is preferred over conventional plastics as it is biodegradable and therefore environmentally friendly. The main advantage of bioplastics over conventional plastic is that they degrade in environment without creating any pollution. These type of bioplastics would reduce the dependency on petroleum based plastics this versatility of bioplastic plays key role in green applications.
In several countries, bioplastics are primarily used in products such as disposable cutlery, diapers, and packaging materials. It was projected that global bioplastic production in industrial applications would reach 7.8 million tons by 2019, highlighting the strong potential of this sector. Nevertheless, the cost of producing bioplastics from microbial sources remain relatively high compared to those derived from renewable raw materials. As a result, most manufacturers have shifted their focus toward production methods that utilize renewable resources (Machado, 2020). 


4.4 USE AS COMPOST 
Composting is a biological process that facilitates the decomposition of solid organic wastes through the activity of living organisms such as bacteria, fungi, worms, and insects. This transformation results in the production of organic compost, which, when integrated into soil, enhances the availability of macronutrients, secondary nutrients, and micronutrients essential for plant growth. Additionally, compost improves soil fertility and augments the porosity of clay-rich soils, thereby promoting better aeration and water retention (Birhanu and Berisa, 2015)
Banana peel compost serves as a valuable organic fertilizer that enhances soil fertility, supports plant nutrition, and promotes the growth of beneficial microorganisms crucial to root development and overall plant health. Additionally, its use contributes to environmental protection by transforming wastes into productive agricultural input. Given that discarded banana peels may harbor harmful pathogens capable of causing diseases in humans, converting them into compost helps mitigate these health risks (Teshome, 2022). As highlighted by Alam and Ahmade (2013), studying the composting potential of banana peels offers significant benefits for both environmental sustainability and public health. Such research also provides essential direction for future community-based agricultural programs and scientific inquiries.
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Figure 2: The many benefits of Banana peels.

4.5 USE FOR BIOGAS PRODUCTION
Relying on petroleum for power generation is not a sustainable solution due to the volatility of global crude oil prices and the negative climate effects caused by increased greenhouse gas emissions. Additionally, fossil fuels are non-renewable, their reserves are depleting, and their continued use could place a significant strain on foreign exchange in the future. Hence, utilizing agricultural wastes—including banana wastes—offer a viable alternative that can help address environmental, health, and energy challenges. 
4.6 USE AS BIOSTIMULANTS IN BIOREMEDIATION
Bioremediation technology employs microorganisms in an effort to reduce, remove, contain, or alter contaminants in soils, sediments, water, and air. Bioremediation can be defined as the use of microorganisms to destroy or immobilize waste materials (Shanahan 2004) and occurs through mineralization, transformation, or alteration of the dangerous chemicals (Shannon and Unterman 1993). 
Synthetic fertilizers are costly, however, they are a needed input for agriculture in developing countries such as Nigeria. These challenges increased the drive toward environmental sustainability to seek out organic substrates that can be used instead of synthetic fertilizers (Nwogu et al., (2015). In the soil and water environment, biodegradation of hydrocarbons by microorganisms is often limited because of nitrogen (N) and phosphorus (P) deficiency (Abioye et al., (2012).
Therefore, the addition of organic nutrients (biostimulation) or nitrogen-rich inorganic nutrients is another means to enhance bioremediation (Walworth et al., 2007). A variety of high-nitrogen organic substrates are being used as biostimulants; these include corn residues, sugarcane bagasse, yam and banana peels, sawdust, spent brewing grain, rice husks, coconut shells, cow, pig, and poultry manures (Agarry and Jimodu 2013).
Natural bioremediation has been used for centuries in wastewater treatment by civilizations, but the deliberate use for reduction of hazardous wastes is a more recent development. According to Venosa et al., (2002), the most critical factor for oil spill bioremediation is the presence of microorganisms with the correct metabolic capabilities. These microbial communities become adapted and are enriched with certain genes for degradation of hydrocarbons (Lawniczak et. al., 2020). The adapted microbial community can respond to hydrocarbon pollutants in hours (Ren et. al., 2025), show increased biodegradation rates compared to unexposed communities (Ren et. al., 2025), and are considered good indicators of which microorganisms are the most active oil degraders of an environment. Therefore, isolation of high numbers of specific oil degrading microorganisms from an environment is often interpreted as evidence that those microorganisms are also the most active oil degraders of that environment and candidates for bioremediation of petroleum polluted sites.
Since crude oil is composed of a complex mixture of compounds and individual microorganisms can metabolize only a limited number of hydrocarbon substrates, degradation of petroleum hydrocarbons requires bacterial consortia capable of degrading a broader range of hydrocarbons (Al-Saleh and Obuekwe 2009, Bordenave et. al., 2007). The rate of biodegradation depends on the availability of nutrients and other factors that promote biological functions. Politeknik et. al. (2024), concluded that there is high carbon-to-nitrogen ratio in banana peel waste (average value of 39.158%), this could negatively influence its decomposition and nutrient release dynamics. However, due to its richness in carbon, it boosts microbial populations by providing energy for soil microbes. It is therefore an effective biostimulant in agricultural systems because soil structure is improved and nutrients are gradually released (Moreno-Morales et. al., 2024).


4.7 USING BANANA PEELS TO REMOVE HEAVY METALS FROM ACID MINE DRAINAGE 
Mining activities pollute water with heavy metals, which will continue to degrade water quality if remedial actions are not taken (Ashton et al., 2001). In fact, the degradation of water resources is a major environmental problem that the world faces today. The ecological damage caused by this degradation of water resources is a global issue and because water is an extremely important resource in the world, it needs to be protected. Although many treatment technologies exist for the removal of heavy metals from wastewater and acid mine drainage (AMD), most do not remove pollutants completely and some are too expensive with also significant disposal challenges (Hossain et al., 2012). Therefore, there is a need to develop a more effective and affordable technology for removing heavy metals from AMD. An alternative technique that is gaining popularity over recent years is adsorption using agricultural waste; banana peel wastes in particular, which is a low cost environmental friendly bio-material that has been abandoned but has great potential because of its high content of cellulose, hemicellulose, lignin and carboxylic groups capable of adsorbing heavy metals from the solution to the surface. 
Mahlangu et al., (2018) investigated the adsorption capacity of banana peels as an inexpensive adsorbent for heavy metals in synthetic water, actual AMD, and fortified AMD conditions. They concluded that banana peels can effectively serve as a low-cost material for removing zinc (Zn), copper (Cu), and manganese (Mn) from AMD. 
Khairiah et al. (2021) in their study, used banana peel activated carbon (Musa Acuminata) as adsorbents for water contaminated with various heavy metals like Mn, Pb, Zn and Fe; and the dataset is publicized for researchers to enhance the ability of banana peel activated carbon as an adsorbent of heavy metals in the industrial sector.

5.0 CONCLUSION
Recycling Banana peels is a great way to manage trash. The addition of waste value is also important in achieving the Sustainable Development Goals (SDG), particularly SDG 13, Climate Action. Also, while creating value-added products for soil amendment and material development, the valorization of banana-derived wastes aligns with circular economy principles by reducing environmental burden.  Further field-based and experimental studies are recommended to optimize application rates, processing methods, and long-term impacts on soil health and crop productivity, thereby facilitating the large-scale adoption of banana waste-based materials in sustainable agriculture and related industries.
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