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ABSTRACT 

	Banana peels (BPs), an agricultural waste, have significant nutritional and bioactive properties that are largely unexplored. Recent research emphasizes their conversion into biofertilizers as a promising approach for sustainable soil enhancement and waste reduction. This mini-review summarizes progress in BP composition, valorization methods, and microbial strategies for nutrient recycling. Key insights from recent studies indicate that BPs are abundant in potassium, phenolics, amino acids, and dietary fiber, making them suitable for use as organic fertilizers and biostimulants. Techniques for preparation, including pyrolysis to biochar, aqueous extraction, and blending with other agricultural residues, greatly affect nutrient availability and plant growth results. Supporting microbial communities speed up decomposition, improve nutrient mineralization, and inhibit pathogens. The combination of banana peel-based fertilizers with beneficial microbes can foster circular bioeconomy models, decreasing dependence on chemical fertilizers and lessening environmental effects. Nonetheless, the optimization of fermentation conditions, standardization of nutrient levels, and establishment of regulatory frameworks continue to pose significant challenges.
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1. Introduction
Global agricultural demand has increased dependence on synthetic fertilizers, whose excessive use contributes to eutrophication, greenhouse-gas emissions, and soil degradation. The valorization of agrowastes into biofertilizers presents a sustainable alternative within the circular bioeconomy paradigm. Banana (Musa spp.) ranks among the world’s top five food crops, generating approximately 36 million tons of peel waste annually (Zaini et al. 2022). Conventionally discarded in landfills, these peels produce methane and leachates that threaten environmental safety (Khanyile et al. 2024). Their rich composition of carbohydrates (59–67 %), fiber (20–50 %), and essential minerals such as potassium and calcium provides a valuable substrate for microbial conversion and nutrient recovery.
Microbial management of agricultural residues offers additional ecological benefits through carbon sequestration, nutrient cycling, and disease suppression (Kannan and Kalapirran, 2022). Hence, combining banana peel valorization with microbial bioprocessing could yield dual benefits of waste reduction and soil fertility enhancement.


2. Nutritional and Bioactive Composition of Banana Peels
Banana peels exhibit a wide range of chemical diversity, containing polyunsaturated fatty acids such as linoleic and α-linolenic acid, essential amino acids including leucine, lysine, and isoleucine (Table 1), as well as a notable amount of dietary fiber (47–53 %) (Zaini et al. 2022). Additionally, they contain phenolic compound particularly rutin, catechin, gallic acid, and ferulic acid which provide significant antioxidant properties. These bioactive compounds indirectly promote plant growth by enhancing soil microbial health and mitigating oxidative stress in plants. Mineral analysis indicates that banana peels are abundant in potassium (~476 mg/100 g), calcium (~323 mg/100 g), and phosphorus (~122 mg/100 g) (Khanyile et al. 2024). These minerals are crucial for root development, enzyme activation, and osmotic balance. This nutrient profile makes banana peels a viable foundation for organic fertilizers that can compete with traditional NPK formulations. Furthermore, the presence of phenolic antioxidants and alkaloids offers antimicrobial and allelopathic benefits, helping to suppress phytopathogens and improve plant growth.
3. Valorization Pathways for Biofertilizer Production
Several methods have been explored for converting banana peels into biofertilizers (Khanyile et al. 2024) as shown in Table 2 and Fig. 1.
Banana peels can be converted into biofertilizers through several environmentally sustainable valorization pathways that significantly influence nutrient availability, soil properties, and crop productivity. Thermal conversion through pyrolysis under limited oxygen yields a carbon-rich biochar that improves soil aeration, water retention, and cation-exchange capacity while stabilizing organic carbon (Khanyile et al. 2024; Islam et al. 2019). Composite blending of dried banana peels with other agricultural residues, such as orange peels, eggshells, cow dung, or tangerine peels, produces synergistic nutrient profiles that enhance soil fertility and provide balanced macro and micronutrients (Khanyile et al. 2024; Rinni & Diana Putri, 2023). Aqueous and solvent extraction methods generate liquid fertilizers enriched with potassium, calcium, and phenolic antioxidants that are particularly effective for foliar application, improving nutrient uptake and conferring natural pest resistance (Zaini et al. 2022; Khanna et al. 2019). Additionally, fermented formulations prepared through microbial inoculation with beneficial strains such as Bacillus, Azotobacter, and Trichoderma accelerate organic matter degradation and release bioavailable nitrogen, phosphorus, and potassium, with composting studies showing high K (>10 % w/w) and Total nitrogen (>2 %) from banana peel composts (Rinni & Diana Putri, 2023). This bioconversion process also reduces antinutritional compounds such as tannins and oxalates, improving the safety and overall efficiency of banana peel-based biofertilizers (Zaini et al. 2022). Experimental studies report enhanced germination rates and plant height in green pea, okra, and fenugreek when soils were supplemented with dried or decomposed BP fertilizers. For instance, decomposition in soil for two months produced optimal nutrient release and 75 cm plant height in Pisum sativum (El Barnossi et al. 2022). Liquid extracts accelerated seedling emergence due to higher soluble K and Ca availability.
Recent advances emphasize integrating spectroscopic characterization (FTIR, NMR, X-ray) to monitor molecular changes and standardize nutrient profiles (Khanyile et al. 2024). Such tools enable consistent fertilizer quality and predict nutrient-release kinetics under diverse soils.

4. Microbial Roles in Agricultural Residue Decomposition
Microbial consortia comprising bacteria, fungi, and actinomycetes play a pivotal role in transforming lignocellulosic residues into humus and bioavailable nutrients (Kannan and Kalapirran, 2022). Cellulolytic and ligninolytic strains such as Trichoderma harzianum, Bacillus subtilis, and Pseudomonas fluorescens degrade cellulose, hemicellulose, and lignin fractions in banana peel and other crop residues.
Microbial inoculation hastens carbon mineralization, increases available nitrogen and phosphorus, and suppresses soilborne pathogens through antagonistic metabolites. Synergistic consortia using Rhizobium, Azospirillum, and phosphate-solubilizing bacteria enhance root colonization and nutrient uptake. Studies demonstrate that integrating microbial biofertilizers with BP compost improves soil enzyme activities (dehydrogenase, urease) and boosts crop productivity by 20–30 % compared to untreated controls.
Furthermore, microbial biotransformation reduces anti-nutritional factors such as oxalates and tannins (Zaini et al. 2022), enhancing the safety of peel-based amendments.

6. Conclusion
Banana peel valorization epitomizes sustainable agriculture by transforming a ubiquitous waste into a potent nutrient source. Co-cultured with microbial consortia, it represents a viable pathway to close nutrient loops, enrich soil fertility, and reduce dependence on synthetic fertilizers. Bridging process optimization with microbial biotechnology can unlock the full potential of banana peels within circular bioeconomy frameworks. 



5. Challenges and Future Perspectives
Despite the promising results, the widespread use of biofertilizers derived from banana peels still encounters considerable challenges that need to be resolved prior to broad implementation. The primary limitation is the inconsistency in chemical composition, as variations in genotype, season, and ripeness affect the nutrient, phenolic, and bioactive compound profiles of banana peels (Zaini et al. 2022; Khanyile et al. 2024). This inconsistency complicates the production of standardized biofertilizer products. Moreover, optimizing processing is crucial, as the parameters of drying, fermentation, and decomposition significantly influence the rate of organic matter mineralization and nutrient release. Developing standardized processing protocols can guarantee consistent fertilizer quality and reliable field performance (Islam et al. 2019; Kannan and Kalapirran, 2022). Regulatory and policy obstacles also delay the commercialization of these biofertilizers. Numerous developing areas still lack clear regulations for the registration of microbial inoculants, quality assurance, and organic certification (Khanna et al. 2019; Kitundu et al. 2025). Additionally, economic viability is a major issue, as most valorization technologies currently rely on energy-intensive pretreatments and centralized facilities. Implementing low-cost, decentralized bioprocessing systems and community-scale composting units could help to surmount these challenges and foster circular bioeconomy practices (Rinni & Diana Putri, 2023). Future research should focus on creating integrated biorefineries that can transform banana peels and various agricultural residues into multiple value-added products, including biofertilizers, biostimulants, and bioenergy. Advanced omics-based technologies, such as metagenomics and metabolomics, can elucidate the complex interactions between microbial communities and intricate substrates, facilitating the design of targeted microbial formulations for effective residue conversion (Singh & Mehta, 2025).


Data availability 
All the data analysed during the study are included in this article. 
Declarations Conflict of interest 
The authors declare that they have no competing interest. Consent for publication All co-authors consent to the present version of the manuscript for submission for publication.


Table 1. Nutritional and mineral composition of banana peel
	Component
	Range / Concentration
	Reference

	Carbohydrates
	59–67 %
	

Zaini et al. 2022

	Dietary fibre
	47–53 %
	

	Protein
	0.9–7.8 %
	

	Lipids
	1.2–11.6 %
	

	Phenolics (total)
	47 mg /g 
	

	Potassium
	475.6 mg/100 g
	
Khanyile et al. 2024

	Calcium
	323 mg/100 g
	

	Phosphorus
	122.5 mg/100 g
	



Table 2. Valorization pathways and crop responses to banana peel–based fertilizers
	Method
	Process
	Crop/Test
	Outcome
	Reference

	Soil decomposition (2 months)
	150 g BP in soil
	Pisum sativum
	Germination 83 %, height 75 cm
	Ei Barnossi et al. 2022

	Liquid extract
	Solvent extraction of dried BP
	Fenugreek
	Fast growth, higher biomass
	Mercy et al. 2014

	Biochar
	Pyrolysis at 400 °C
	Tomato
	Improved soil pH, yield ↑ 10 %
	Zaini et al. 2022

	Composite (banana + orange + eggshell)
	Dried & mixed powders
	Okra
	Increased leaf area & chlorophyll
	Hussein et al. 2019



Table 3. Microbial consortia and functional roles in agricultural residue degradation
	Microbe
	Functional Role
	Target Residue
	Benefit
	References

	Trichoderma harzianum
	Cellulose degradation, pathogen suppression
	Banana peel, crop stubble
	Improved N/P availability
	Harman et al. 2004; Singh et al. 2018

	Bacillus subtilis
	Phosphate solubilization, enzyme secretion
	Banana peel compost
	Enhanced plant growth
	Vessey, 2003; Kumar et al. 2020

	Pseudomonas fluorescens
	Siderophore and auxin production
	Crop residues
	Biocontrol & root stimulation
	Weller, 2007; Raaijmakers et al. 2010

	Rhizobium + Azospirillum
	Nitrogen fixation
	Mixed residues
	Improved root nodulation
	Bashan & de-Bashan, 2010; Bhattacharyya & Jha, 2012

	Actinomycetes spp.
	Lignin oxidation
	Lignocellulosic waste
	Faster compost maturity
	Goodfellow & Williams, 1983; Zhang et al. 2016
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Fig.1. Types of usage of Banana peel as biofertilizer
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