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Abstract: Banana is the second-highest fruit produced in the world and is a staple food
for over 400 million people. Only 40% of the crop is utilised, leading to 114 million tonnes
of banana waste annually. Banana peel constitutes about ~40% of the whole fruit, and
it is considered a domestic and food industry waste. It is enriched with macronutrients,
micronutrients and bioactive compounds, which can provide antioxidant, anti-microbial,
antibiotic, pharmaceutical and nutraceutical properties. Banana peels also have higher
nutrient value than banana pulp, and they are used in traditional medicines to treat diabetes,
diarrhoea, inflammation, ulcers, burns and cough. Given its diverse bioactive properties,
banana peel waste is now being explored within the framework of a circular economy to
promote waste recycling and reduce environmental impact. This review highlights the
nutritional and health properties of banana peel while providing opportunities for waste
reduction. Potential applications of banana peels include anti-cancer and anti-fungal agents,
biosorbents, natural emulsifiers, reducing agents, biofertilisers, food industry ingredients
for bakery products, natural preservatives and food fortification. Exploring banana peel
waste potential not only contributes to sustainable waste management but also enhances
environmentally friendly innovation for the benefit of human health and the environment.

Keywords: banana waste; banana peel; bioactive compounds; phytochemicals; circular
economy; waste recycle; food fortification

1. Introduction
Fruit and vegetables are essential parts of the human diet. The recommended daily in-

take of vegetables is five servings, and for fruit, it is two servings. The Banana (genus Musa)
is one of the most important fruits and belongs to the Musaceae family. The genus Musa
has over 50 species, and its varieties are differentiated based on the way of consumption
(cooking, dessert or fresh) [1]. After citrus, banana is the highest-produced fruit globally [2]
and ranked fourth in agricultural commodity production after rice, wheat and milk [3,4]. It
is usually grown in 150 countries of tropical and sub-tropical regions of the world [5]. India
is the highest banana-producing country, with ~34.5 million tonnes of bananas in 2022,
which is one-third of the total global production [6,7]. The production in India was almost
three times that in China (~11.8 million tonnes), which is the second largest producer of
banana, followed by Indonesia (~9.2 million tonnes) (Figure 1) [7]. Overall, Asia contributes
51% towards banana production, followed by the Americas (24%). Oceania only covers
1.2% of the total banana production in the world. According to the Australian Banana
Growers Council, Australia produced 362,000 tonnes of bananas in 2020/2021. The most
common varieties grown in India, the Philippines and Ecuador belong to the sub-groups
Cavendish or Gros Michel [8,9].
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In tropical and subtropical regions, banana cultivation is a source of nutrition and a 
major contributor to the national and local economy in the producing countries. Globally, 
15% of the bananas are exported to non-producing countries to provide nutritional 
diversity in those areas [10,11]. For instance, in Ecuador and Costa Rica, banana and 
banana products are the second largest agricultural commodities [10]. Banana is evaluated 
on different external and internal factors for export. The outer appearance is based on the 
peel colour, fruit shape and size, as well as the defects on the peel. The fruit quality 
parameters are taste, sweetness, texture, aroma, shelf-life and nutritional values of the 
fruit [12]. Therefore, banana export is difficult and is limited. Moreover, removal of debris 
or dust from the fruit, blowing of adjacent leaves and rubbing of petioles also lead to high 
surface scarring and physical damage to the fruit [12]. This ultimately leads to a reduced 
export of banana. 
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is also used in the paper, cardboard and packaging industries, along with novel banana 
leather. Banana fibre has been used to make paper, which is then used to make wallets 
and paintings [14]. Some applications of banana peel waste include use in agriculture, 
food and pharmaceutical industries, such as biodegradable pots, biofertilisers, food 
preservatives, functional foods, antioxidants and anti-microbial drug ingredients [4,15–
21]. Innovative extraction techniques such as microwave-assisted extraction, ultrasound-
assisted extraction, and pulse-electric-field extraction using deep eutectic and compressed 
solvents are now suggested for the isolation of bioactive compounds from peels. These 
novel techniques provide time- and energy-efficient extraction and a higher yield of 
bioactive ingredients [22]. For example, pulse-electric-field extraction had a higher 
phenolic compound concentration extracted from Kepok banana peel than the solvent 
extraction method [23]. However, more research is needed to test novel technologies to 
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In tropical and subtropical regions, banana cultivation is a source of nutrition and a
major contributor to the national and local economy in the producing countries. Globally,
15% of the bananas are exported to non-producing countries to provide nutritional diversity
in those areas [10,11]. For instance, in Ecuador and Costa Rica, banana and banana products
are the second largest agricultural commodities [10]. Banana is evaluated on different
external and internal factors for export. The outer appearance is based on the peel colour,
fruit shape and size, as well as the defects on the peel. The fruit quality parameters are
taste, sweetness, texture, aroma, shelf-life and nutritional values of the fruit [12]. Therefore,
banana export is difficult and is limited. Moreover, removal of debris or dust from the fruit,
blowing of adjacent leaves and rubbing of petioles also lead to high surface scarring and
physical damage to the fruit [12]. This ultimately leads to a reduced export of banana.

The utilisation of banana peel waste is becoming popular to progress toward sus-
tainable development goals. Recently, banana fibre has been used by the textile industry
to promote natural fibre used in fabric production [13]. Moreover, banana fibre is also
used in the paper, cardboard and packaging industries, along with novel banana leather.
Banana fibre has been used to make paper, which is then used to make wallets and paint-
ings [14]. Some applications of banana peel waste include use in agriculture, food and
pharmaceutical industries, such as biodegradable pots, biofertilisers, food preservatives,
functional foods, antioxidants and anti-microbial drug ingredients [4,15–21]. Innovative
extraction techniques such as microwave-assisted extraction, ultrasound-assisted extraction,
and pulse-electric-field extraction using deep eutectic and compressed solvents are now
suggested for the isolation of bioactive compounds from peels. These novel techniques
provide time- and energy-efficient extraction and a higher yield of bioactive ingredients [22].
For example, pulse-electric-field extraction had a higher phenolic compound concentration
extracted from Kepok banana peel than the solvent extraction method [23]. However, more
research is needed to test novel technologies to evaluate the yield efficiency of bioactive
compounds from banana peel and their impact on the environment. Further studies are
required to understand the full potential of banana peel and increase the efficacy of utilising
this waste for practical application in the circular economy.

The concept of circular economy has gained popularity with the increased amount of
food and agro-waste and its harmful disposal to the land. It is defined as reusing or reducing
waste by recycling it into useful products and valuable resources. The eco-innovation
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strategy aims at a ‘zero waste’ economy [24]. The horticulture products, including mango,
apple, banana, citrus, grapes, watermelon, onion, tomatoes, potatoes, cabbage, broccoli,
eggplant and cucumber, are sources of agro-waste as seeds, shells, leaves, pseudo stem,
pomace, rind and pulp [25]. The agro-waste is a source of many valuable biochemicals and
natural resources such as polyphenols, carbohydrates, fibre, prebiotics, protein, pigments,
vitamins and lipids. Innovative strategies are now being explored to valorise waste. For
example, polyphenols, flavonoids and vitamin C from citrus peels are used as antioxidants,
anti-bacterial agents, food packaging and food fortification. Apple pomace is used in the
food industry to make ice cream, biscuits, muffins, mayonnaise and crackers and in the
pharmaceutical industry as a stabilising agent and nanoparticles [26]. Banana peel is also
used for waste valorisation in a similar way to promote the circular economy strategy. This
review highlights the potential of banana peel waste as a valuable resource, emphasising its
diverse applications across industries while contributing to sustainability, waste reduction
and innovative product development.

2. Dessert Bananas and Cooking Bananas
Banana is a perennial crop that is produced around the year. On average, a fruit

weighs 125 g, which constitutes ~75% water and the rest is dry matter [27]. The colour of
the fruits varies from red to purple and yellow depending on the ripening stages [27].

On a culinary basis, banana production is divided into two categories: dessert bananas
and cooked bananas (plantains). The pulp of dessert bananas is firm when unripe and
soft during maturation [28]. Therefore, these fruits are eaten raw after ripening or cooked,
baked, dried and ground for flour. Moreover, they are also processed to make vinegar,
starch and chips. This group belongs to M. acuminata or hybrid Musa × paradisiaca or M.
sapientum (M. acuminata × M. balbisiana) Morton. Almost 56% of global banana production
is for the dessert category, and ~97% of the banana export is for this variety [29]. Cavendish
is the most popular cultivar of this group [30]. Cooking bananas are harvested at the
green stage and can be used in different dishes and to make starch. The consumption
and popularity of banana sub-groups are differentiated by region, cultivar and sugar
concentration. Dessert banana has higher demand worldwide whereas cooking banana is
mostly consumed in developing countries such as Africa and Southeast Asia [31]. In Asia,
cooking varieties are usually from sub-groups of the cultivar “pisang awak” [31]. Cooking
bananas are usually larger and angular, with more starch than dessert bananas.

On the basis of ploidy and genome, bananas are grouped as diploid, triploid or
tetraploid. Triploid bananas are cultivated the most in the world. The culinary groups
are developed by intra- or inter-hybridisation between two ancestors, i.e., M. acuminata
Colla (A genome) and M. balbisiana Colla (B genome) [32]. The genomic groups of dessert,
plantains and cooking bananas are AAA, AAB and ABB, respectively [31,33].

3. Banana Composition and Waste
Banana fruit is important economically and nutritionally for food security and it is a

staple food for 400 million people around the world [34]. Banana ranks second highest in
the fruit category after citrus and fourth most important crop after rice, wheat and corn [3,4].
The consumption of banana has increased with the changes in dietary patterns, especially
for increasing fibre intake, which is an essential nutrient. Uganda was the country with the
highest per capita banana consumption in 2023. The average intake per person was ~300 kg
per year in Uganda, followed by Papua New Guinea, with ~120 kg per person consumption
every year. Other higher consumers of the banana per capita are Samoa, Rwanda, Laos,
Burundi, Dominica and Peru [7]. The vast popularity of the banana is due to their high
nutritional value and soft texture. Banana is enriched with fibre, sugars, vitamin B6, vitamin
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C, manganese, amino acids, and phenolics such as gallic acid, catechin, epicatechin, tannins
and anthocyanins [35]. It is a low-fat food with a high energy content [35].

The waste produced from banana includes deformed, small size and rotten fruit, peel,
leaves, pseudo stem parts such as flowers and underground stem (rhizome). Banana peel
constitutes ~40% of the fruit and pseudo stem parts make up 60% of the total plant biomass.
Harvesting of each tonne of banana fruit generates about 3 tonnes of pseudo stem, 150 kg
of rachis, 480 kg of leaves and 100 kg of rejected fruit waste [36]. Some on-farm ways to
reuse the waste include putting waste fruit in feedstock with rice bran, molasses, legumes
and grasses. The stalk can be chopped or fed directly to the animals [37]. Banana peel is
also used as animal food and added to the feedstock of monkeys, poultry, goats, livestock,
poultry, etc. [27]. Pseudo stem, leaves and fruit stalks are also used as mulch or composted
for manure [37]. However, the conventional ways of banana waste management are now
discouraged because of increased environmental concerns and the spread of plant diseases.
One of the main reasons for banana wilt spread is the application of manure or mulch from
infected banana plants into the banana field [38]. Over the last decade, increased consumer
demand for banana has also increased waste production to ~114 million tonnes every year.
Only about 40% of the total banana crop is used and the rest is treated as waste biomass [2].
The percentage of losses and waste in the supply chain can reach up to 35% [39]. The banana
supply chain is affected by several challenges at each stage that ultimately contribute to waste
and loss. Different challenges in each stage are outlined in Figure 2 [40].

Apart from losses at plantation and harvest stages, the banana is prone to many
postharvest losses because of its climacteric nature. The metabolic processes, such as
respiration and transpiration, continue after harvesting, making it more perishable [41].
Therefore, temperature plays a key role during the storage of banana which is suggested to
be kept at 13 ◦C at both green and ripen stages. Banana is prone to chilling injury at lower
temperatures (below 10 ◦C) and rapid ripening above 14 ◦C [41,42]. It is physiologically
sensitive and gets easily damaged due to mishandling during harvesting and postharvest
stages. Moreover, mechanical damage can cause bruises and injuries on the peel, which
appear as brownish-black spots on the skin [43]. The fruit might be unacceptable for the
market due to the discolouration of the skin. The mechanical damage to the fruit can
further cause changes in chemical composition, sugar content, weight loss, colour change,
softening and browning of fruit, weight loss, and ultimately, economic loss.
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3.1. Carbon Footprint and Environmental Impacts of Banana Waste

With the increased awareness of climate change and global warming, consumers are
now demanding products with the least carbon footprint or global impact. Environmental
indicators such as life cycle assessment and carbon footprint are used to evaluate the
overall environmental impact of the products. Life cycle assessment helps to understand
the overall strategies of the product development to keep it environmentally friendly by
analysing the whole product cycle from production to consumption [45]. According to
a study, the Ecuadorian banana had a carbon footprint of 1.28 tonnes of CO2 per tonne
of banana [46]. The life cycle assessment of Ecuadorian banana from different stages of
the supply chain indicated that the growing stage is the major contributor towards the
carbon emission (193.94–220.37 kg CO2 equivalent/tonnes banana) [47]. In Turkey, the
highest impact is at the plantation stage, followed by the transportation stage. The waste
disposal of the stems is also one of the major contributors to global warming by banana
production [5]. On average, ~114 million tonnes of banana waste is produced globally
every year [2]. Natural decomposition of this banana waste releases greenhouse gases
when it is dumped in landfills [48].

3.2. Banana Peel

Banana peel is a by-product of the food processing industry and household consump-
tion. Peel is the outer layer or covering that protects the soft, edible part or pulp of the fruit.
It consists of ~40% of the total fruit weight, thus banana consumption or use leads to the
production of large quantities of banana peel waste every year [49]. It is estimated that
around 36 million tonnes of banana peels are produced every year [49]. Traditionally, it
has been used for cooking and medicinal purposes, as well as in animal feed. However, a
large portion is treated as general waste and discarded in landfills [50]. A study revealed
that in Costa Rica, the disposal of rejected bananas in the rivers has caused an imbalance in
the aquatic ecosystem. The oxygen demand in the rivers increased because of the higher
carbohydrate content in banana biomass, leading to the reduction of aquatic animals [51].

Due to the environmental impact, banana peel waste is now being explored for its
potential antioxidant, anti-microbial, antibiotic, pharmaceutical and nutraceutical proper-
ties [52]. Previously, it has been used to treat ulcers, burns, diarrhoea, inflammation, cough
and diabetes [53].

3.2.1. Nutritional Composition of Banana Peel

Cultivar, variety and ripening stage of the fruit define the nutrient composition of
banana peel. Banana peel composition is variable based on these above factors and contains
crude protein (2–8%), crude fat (3–11%), carbohydrate (3%) and polyunsaturated fatty acids
such as linoleic acid [54]. Table 1 represents the comparison of the proximate composition of
peels between the two categories (dessert and cooking) and different cultivars. Banana peels
from various cultivars and groups were analysed to compare their nutrient composition. As
shown in Table 1, the ripening stage and banana type significantly influence carbohydrate
content, including starch and sugar. In the unripe stage, carbohydrates primarily exist as
starch. However, as ripening progresses, starch molecules undergo hydrolysis, converting
into soluble sugars and leading to an increased total soluble sugar content in ripe banana
peels [55]. Moreover, plantain peel has an amylose percentage of starch ranging from 22%
to 38%, which makes it less sweet and more resistant to starch hydrolysis [56].
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Table 1. Differences between the proximate composition of banana peel from dessert banana and
cooked banana.

Component
(% of Dry Matter)

Dessert Banana Peel Plantain Peel (Cooking Banana)

Cavendish [57] M. sinensis [58] Yangambi Km5 [59] French Clair [57] M. paradisiaca [58] Big Ebanga [59]

Total dietary fibre 43.2 (green)
49.7 (ripe) 4.17 49.9 (green)

47.9 (ripe)
32.9 (green)
46.9 (ripe) 4.06 35.9 (green)

37.3 (ripe)

Crude protein 6.3 (green)
8.1 (ripe) 2.48 6.9 (green)

7.9 (ripe)
8.3 (green)
9.1 (ripe) 2.23 8.1 (green)

8.6 (ripe)

Starch 11.1 (green)
3.3 (ripe) - 14 (green)

2.6 (ripe)
35.4 (green)
3.2 (ripe) - 39.3(green)

0.1 (ripe)
Other soluble
sugars

3.7 (green)
32 (ripe)

67.29 (total
sugar)

1.4 (green)
33.2 (ripe)

1.7 (green)
42.2 (ripe) 68.57 (total sugar) 4.3 (green)

38.3 (ripe)

Cellulose - - 15.2 (green)
15.6 (ripe) - - 6.4 (green)

6.1 (ripe)

Crude fat 3.8 (green)
5.7 (ripe) 1.24 6.3 (green)

10.9 (ripe)
4.6 (green)
5.9 (ripe) 1.10 2.2 (green)

3.6 (ripe)

Lignin - - 7.3 (green)
13.3 (ripe) - - 7.9 (green)

15 (ripe)

Ash 9.6 (green)
12.8 (ripe) 3.95 10.4 (green)

10.7 (ripe)
8.8 (green)
8.2 (ripe) 2.23 6.4 (green)

7.4 (ripe)

Amino acids 4.3 (green)
4.6 (ripe) - - 5.8 (green)

5.6 (ripe) - -

Banana peel is enriched with essential macronutrients and micronutrients. It comprises
Ca, K, Mg, P, Zn, Fe, Cu, Mn and amino acids such as leucine, valine, phenylalanine and
threonine. Banana peel is also enriched with pectin (10–21%), lignin (6–12%), cellulose
(~6–15%) and hemicellulose (6.4–20%) [60]. The most abundant mineral is P, followed by
Na, Ca, Fe and Mg in the peel of Musa sapientum [61]. Their concentrations (mg/100 g) in
the peel were found to be 211.3, 115.1, 59.1, 47.0 and 45.5, respectively [30,61]. In another
study, K content was highest in the peel of M. sinensis, followed by Ca and P (1708.6, 40.9,
28.62 and 27.84 mg/100 g, respectively) [58]. Thus, the abundant minerals found in the peel
are P and K. However, the results vary across the studies depending on the type of banana,
its maturation stage and the method used for respective analysis [44,58,61]. The major
minerals found in banana pulp are K, Mg, P and Na, while peel has higher concentrations
of P, Ca, Na, Mg and K, as shown in Table 2.

However, the concentrations of these elements were observed to change in differ-
ent studies depending on the species, cultivar and maturation stage. A study revealed a
lower Fe concentration in three banana varieties: Pachabale (10 mg/100 g), Nendranbale
(4 mg/100 g) and Yelakkibale (3.33 mg/100 g). However, they observed a Ca concentra-
tion of 44.68 mg/100 g in Yelakkiale banana peels. Vitamin C (17.83 mg/100 g), tannins
(1073 mg/100 g), phytic acid and oxalates were also higher in the Yelakkiale variety [62].
Table 2 describes the difference in mineral composition between banana pulp and banana peel.

Table 2. Differences between mineral composition of banana pulp and peel.

Minerals Banana Pulp (M. sinensis)
mg/100 g [44]

Banana Peel (M. sinensis)
mg/100 g [58]

Banana Peel (M.
sapientum) mg/100 g [61]

Banana Peel
(Musa ABB)
mg/100 g [44]

P 15.47 27.84 211.3 283.1
Fe 0.06 0.07 47 2.72
Mg 29.39 28.62 44.5 138.12
K 350.39 1708.6 4.39 3502.5
Ca 4.64 40.9 59.1 142.9
Na 7.73 9.28 115.1 43.1
Zn 0.15 0.39 0.033 1.64
Cu 0.10 0.06 0.51 0.007
N 273.88 344.79 397.5 -
Mn 0.18 0.35 0.702 0.85
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3.2.2. Traditional Uses of Peel and Pulp

Banana pulp, peel and plant are being used as traditional and local medicine in many
cultures in Asia, Africa, Oceania and America [63]. The peel of ripened bananas can be used
as an antiseptic for wounds to release pain and swelling [64]. It can be wrapped directly
on the injury site, with the inner layering touching the skin. In Brazil, banana peels have
traditionally been used to treat burn injuries [65]. Peel can also be used to soothe warts and
mosquito bites by rubbing it onto the skin [53]. Banana tree is also used for the treatment
of anaemia. Psudo-stem is used to treat diarrhoea in children in the form of sweetened
juice. The flower of banana is used to treat eye problems and pulmonary diseases [65]. In
Asian countries such as India and Pakistan, bananas have been used to treat inflammation,
gastrointestinal tract disorders, gastritis, diarrhoea, diabetes and cough. A study reported
that a banana diet is used subsequently for children during diarrhoeal episodes [66]. In the
Philippines, different parts of the plant are used to treat different ailments. For example,
young leaves are used for fever and headache, fruit is used for diarrhoea and juice is
used for abdominal pain. Banana is also used for depression, anaemia and blood pressure
because of their higher content of omega-3/omega-6 polyunsaturated fatty acids, Fe and K,
respectively [53,67,68]. The vitamins B6 and B12, Mg and K in bananas help the body in
nicotine withdrawal and hence can help to quit smoking. Moreover, the high fibre content
helps to treat constipation, and high sugar helps to treat hangovers, heartburn and ulcers
because of its antacid potential [53].

3.3. Bioactive Compounds in Banana Peel

The composition of banana peel is a complex matrix of many important primary
and secondary metabolites, such as phytochemicals, antioxidants, anthocyanins, amines,
carotenoids and catecholamines (Figure 3) [69,70].
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Bioactive compounds in banana peels are secondary metabolites with therapeutic
potentials, such as antioxidant effects. Phenolic compounds and carotenoids are the main
phytochemicals found in banana peels [71]. Health benefits associated with these com-
pounds are highlighted below. Phenolics, carotenoids, flavonoids and biogenic amines
found in ripened and raw bananas are valuable components that can support health ben-
efits [72]. Banana pulp also contains catecholamines (such as serotonin and dopamine),
tryptophan and indole compounds [73].
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3.3.1. Phenolic Compounds

Phenolic compounds, such as gallic acid, catechin, epicatechin, tannins and antho-
cyanins, are present in the pulp and peel of banana. Flavonols are the main flavonoids
found in the banana, including quercetin, myricetin, kaempferol and cyanidin [74]. These
flavonoids have shown many health benefits in several research studies [75–77]. Flavonoids
are associated with antioxidant, anti-microbial and anti-inflammatory properties, which are
important in preventing cardiovascular diseases, cancer, diabetes and obesity. Flavonoids
serve as protective scavengers against the reactive oxygen species and free radicals formed
from oxygen that cause ageing and several illnesses [74]. The most abundant flavonoids
present in the banana peel are quercetin, myricetin, kaempferol, rutin and cyanidin. Galo-
catechin was found to be 158 mg/100 g in banana peel, which is the most potent component
for antioxidant activity in the peel [78]. A study identified rutin as the most abundant
flavonol in the banana peel of the red Yade variety, followed by kaempferol-3-rutinoside
and quercetin-deoxyhexose-hexoside (~500 µg/g dry matter, ~175 µg/g dry matter and
~75 µg/g dry matter, respectively) [79].

3.3.2. Carotenoids

Due to their distinctive physiological properties, such as their role as pro-vitamins
and as antioxidants, particularly in the scavenging of singlet oxygen, carotenoids have
positive effects on health [80]. These are important for performing activities such as pro-
vitamin A, antioxidants, cell communication, improved immunity, UV skin protection and
macula protection [80]. Carotenoids have been extensively researched for their potential to
reduce the risk of illnesses, notably several cancers and eye conditions that were becoming
increasingly prevalent across the world. Carotenoids are helpful in preventing cancer,
cardiovascular diseases, cataracts and macular degeneration [81]. These are one of the most
significant groups of plant pigments, which are categorised as oxygenated hydrocarbon
derivatives and pure hydrocarbons (carotenes, xanthophylls). These are by-products of the
isoprenoid biosynthesis pathway, and their primary functions in plants are as antioxidants
and auxiliary pigments for photosynthesis [80]. Major carotenoids identified in banana peel
were lutein, α-carotene, β-carotene, β-cryptoxanthin and lycopene, ranging between 159.66
to 2553.51 µg/100 g among 14 different banana cultivars. Lutein concentration was highest
in the unripe peel [82]. A study observed that banana peel is enriched with pro-vitamin A
carotenoids such as trans-β-carotene, trans-α-carotene and cis-β-carotene with ~175, 165
and ~92 µg/g dry weight, respectively [83].

3.3.3. Biogenic Amines

Biogenic amines are nitrogenous substances created by the amination of aldehydes and
ketones or the decarboxylation of amino acids. It has been demonstrated that banana peel
and pulp contain biogenic amines such as serotonin, dopamine and norepinephrine [70].
Biogenic amines are essential for cell survival and the proper functioning of metabolic
pathways, such as the synthesis of proteins and hormones and cell replication [84]. How-
ever, the excessive accumulation of biogenic amines can lead to cell toxicity and cause food
poisoning, diarrhoea, vomiting, headaches, hypertension and carcinogenesis [85].

Banana peel is also enriched with tyrosinase, which is a biocatalyst that produces
3,4-dihydroxyphenyl-l-alanine (L-DOPA). L-DOPA is important as it is the precursor of
dopamine and helps in the treatment of Parkinson’s disease, a neurodegenerative disorder
with reduced dopamine in brain cells. The use of L-DOPA alleviates dopamine by taking
the precursor tyrosine across the blood-brain barrier and helps to manage the symptoms
of Parkinson’s disease [86]. Other bioactive amines present are spermidine, serotonin
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and putrescine. The biogenic amines make banana peel a useful source for maintaining
cholesterol metabolism and cardiovascular diseases [15].

3.3.4. Phytosterol

In functional foods, phytosterols are naturally occurring plant sterols that have a
number of favourable health-promoting benefits, including decreasing blood cholesterol
and reducing intestinal absorption of dietary cholesterol. They also have anti-cancer effects
and modulate the immune system [87].

Other bioactive compounds found in the banana peel are sterols and triterpenes, such
as β-sitosterol, stigmasterol, campesterol, cycloalkanol, cycloartenol and 24-methylenecy
cloartanol [88]. Some studies observed the total phenolic content in banana peels of
15 varieties at different ripening stages. It ranged from 29.02 to 61.00 mg gallic acid equiva-
lent/100 g for unripe banana peels and 60.39 to 115.70 mg gallic acid equivalent/100 g for
ripe banana peels [89]. Another study identified total phenols and total flavonoids to be
highest with 80% methanol extraction with concentration at 17.89 mg/g dry weight and
21.04 mg/g dry weight of banana, respectively [90]. The total tannin concentration was
found to be 24.2 mg/g. Tannins are important for many medicinal traits such as anti-cancer,
antioxidant, anti-inflammatory and anti-bacterial properties.

4. Potentials of Banana Peels
4.1. Antioxidant Activity

Antioxidants are substances that remove free radicals from the body. One of the finest
sources of antioxidants is banana peel. It has high concentrations of bioactive substances
such as phenols, carotenoids, flavonoids, saponins and tannins [91]. The presence of
antioxidant enzymes, including ascorbate peroxidase, catalase, peroxidase and superoxide
dismutase, as well as estragole, hexadecenoic acid, ethyl ester, epicatechin and gallocatechin
were detected using gas chromatography and mass spectroscopy in banana peels [92]. The
banana peel’s high concentrations of dopamine, L-DOPA and catecholamines promote
antioxidant action [93]. Using the peels from Musa acuminata, a semisolid jelly was created
to investigate and assess the antioxidant activity of the banana peel. Because the peel
itself serves as the gelling component, commercial pectin was omitted from the jelly’s
formulation. The commercial jelly only has a 65% free radical scavenging activity, but the
jelly with a 7% concentration of banana peel has an 84% free radical scavenging activity [94].

4.2. Anti-Bacterial Activity

Because germs are becoming more resistant to the present anti-bacterial treatments,
new anti-bacterial agents are now needed. To create novel anti-bacterial agents, researchers
are looking at plant materials [95]. The banana peel has anti-microbial effects against both
Gram-positive and Gram-negative bacteria such as Escherichia coli, Salmonella enteritidis and
Pseudomonas aeruginosa [91]. Gram-positive species such as Staphylococcus aureus, Bacillus
subtilis and Bacillus cereus are impacted by banana peels. Peels are also active against
Salmonella typhi, Micrococcus luteus and Klebsiella pneumonia [90,96]. Aggregatibacter actino-
mycetemcomitans and Porphyromonas gingivalis are two periodontal infections that the banana
peel effectively inhibits. Compared to dried peels, fresh banana peels exhibit the largest
zone of inhibition against these microorganisms [97]. Moreover, unripe bananas were
observed to have higher anti-bacterial activity due to the content of bioactive compounds
such as polyphenols, flavonoids, tannins, alkaloids, terpenoids and glycosides [97]. These
anti-bacterial metabolites impact the cell membrane of bacteria, which leads to irregular cell
shapes and, ultimately, cell death [98]. A study observed the constricted nature of banana
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peel tannins, which are effective on bacterial peptidoglycan and proteins, thus causing
reduced bacterial activity [99].

4.3. Anti-Fungal Activity

Even the synthetic antibiotic agent falls short over the entire spectrum of anti-microbial
action. Therefore, the creation of natural antibiotics with broad-spectrum action is neces-
sary [100]. Banana peels can provide a suitable solution as they can inhibit the growth of
a large variety of bacteria and fungi. Tannins, alkaloids, saponins and flavonoids from
banana peels can provide these anti-microbial actions [101]. Some of the fungi impacted
by banana peels are Aspergillus niger, Aspergillus flavus, Penicillium digitatum, Fusarium
oxysporum, Candida albicans, Saccharomyces cerevisiae and Penicillium citrinum. Due to their
effects against Aspergillus oryzae and Rhizopus stolonifer, banana peels can also be used as a
preservative to prevent food spoilage [91].

4.4. Anti-Cancer Activity

Cancer is the leading cause of death worldwide. The efficacy of commercially available
anti-cancer medications is declining as a result of rising resistance and excessive cytotoxicity.
To treat and prevent cancer, new medicines are investigated [102]. The development of
new treatment strategies will benefit from the examination of plant secondary metabolites
for their anti-cancer capabilities [102]. Plant-based anti-cancer interventions have been
investigated with positive impacts in reducing cancer-related pathologies. Flavonoids and
phenols from plant sources are beneficial for the treatment of cancer, as shown in in vitro
studies [102]. Due to the abundance of phytochemicals in banana peels, it has shown
positive responses as an anti-cancer agent [102].

Tannins are also an important bioactive group of compounds that are enriched with
anti-cancer properties. Banana peel contains tannins and studies have identified up to
~24 mg/g concentration in the peel [90]. Banana peel extracts have been used to study
anti-cancer properties in vitro. Some of the cell cultures used include breast cancer cell
line (MCF-7), human colorectal carcinoma (HCT-116) tumour cell lines and the human
umbilical vein endothelial cells (HUVEC cell) [103]. The hexane extract of banana peel
and pulp showed the highest efficacy while showing the greatest toxicity against HCT-116
(62%) and MCF-7 (61%) cell lines. In contrast, aqueous and ethanolic extracts exhibited
minimal anti-proliferative activities against these cell lines. Notably, all extracts showed
negligible cytotoxicity toward normal cell lines, indicating selective action against cancerous
cells [103].

The banana is a rich source of carotenoids, and some members of this group, such
as lycopene, have anti-cancer activity against prostate cancer in men [83]. It is suggested
that higher carotenoid concentration in the diet is effective in preventing cancer, diabetes
and cardiovascular diseases [104]. Phytosterols are also effective anti-cancer agents against
colon, prostate and breast cancer [105]. The n-hexane extract of banana peel effectively
inhibited the growth of colon cancer cells due to its potent anti-angiogenic properties [103].

4.5. Other Properties

Banana peel has been identified to have anti-diabetic properties. In a study, rats were
orally treated with banana peel extracts from M. sapientum, M. paradisiaca, M. cavendish and
M. acuminata to test glucose tolerance [106]. The results showed that peels have the capacity
to lower blood glucose concentrations. Moreover, it has been suggested that banana peel
has enhanced α-amylase inhibitory activity (~81% at 1000 µg/mL) when compared with
lemon and pomegranate peels [107].

The anti-ulcer impacts of banana peels have also been observed. The extract of tepal
and peel was tested against ulcer index, gastric wall mucus, and pH and volume of
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gastric juice in ulcer-induced animals. Banana tepal and peel were subjected to a cold
extraction technique using methanol and concentration of phytochemicals, along with
the determination of anti-ulcer activity on Swiss albino mice. The extracts of banana
tepal were found to be enriched with glycosides, phenols and saponins, while the peel
had higher flavonoids. Therefore, preventive effects against indomethacin- and pylorus
ligation-induced ulcers by ~69 and ~43% were observed, respectively [108]. Moreover, the
extract reduces the gastric juice volume, strengthens the gastric wall mucous and decreases
the acidity of gastric juice [108]. Leucocyanidin, a compound present in banana peel, was
found to be preventive against ulcers [74].

4.6. Pectin Extraction from Banana Peel

Components sourced from natural sources are preferred over synthetic ones for various
formulations due to their non-toxic, non-irritating and inexpensive nature [109]. Pectin is a
polymer that occurs in nature and includes α-(1,4)-linked D-galacturonic acid units. Pectin
interacts with other cell constituents to give plants their mechanical strength [110]. Pectin
is most frequently used as an emulsifier, stabiliser and gelling agent. It is seen as a very
important component due to its outstanding stabilising and emulsifying abilities [111].

4.7. Banana Peel Extract as a Reducing Agent in the Formulation of Silver Nanoparticles

Silver has a crucial function in metallic nanoparticles as an inorganic anti-bacterial
component. Silver nanoparticles may be made for various purposes. The preparation
techniques include electrochemical, green chemistry, simple procedure and sono-chemical
breakdown of silver complexes [112]. The most common and simple method for produc-
ing silver nanoparticles is the reduction of metal salts. Several chemical reducing agents
are used, such as hydrazine, sodium citrate, sodium borohydride, ascorbic acid, ammo-
nium formate and dimethylformamide, to produce stable and variably structured silver
nanoparticles in an aqueous solution [113,114].

Silver nanoparticles are produced using expensive, time-consuming, energy-intensive
and hazardous physical and chemical procedures. Therefore, there is an unmet need for a
practical alternative to the plant extract-based method of manufacturing silver nanoparti-
cles [115]. Because it tends to change silver ions (Ag+ to Ag0), banana peel extract can be
utilised as a reducing agent to produce silver nanoparticles. Silver nitrate (AgNO3) was
reduced using banana peel extract to create silver nanoparticles [116]. Surface plasmon
resonance (SPR) bands, a unique visual property of noble metals, are present. Banana peel
extract is reportedly utilised to biosynthesise silver nanoparticles, which have a clearly
discernible SPR band. These biosynthesised nanoparticles have high anti-bacterial activity
and successfully help against clinically isolated multidrug-resistant human infections [117].
Compared to Gram-positive bacteria, Gram-negative bacteria are more resistant to them.
These nanoparticles also possess powerful anti-fungal and anti-bacterial capabilities [118].

5. Other Uses of Banana Waste
5.1. Lignocellulosic Biomass for Ethanol Production

Agricultural waste from crops such as wheat straw, rice husk and corn stover is used
for ethanol production from lignocellulosic waste. The banana is among the top-produced
fruit [119] and researchers are now investigating the bioconversion of their waste into
ethanol. Almost 2.13 tonnes of fresh lignocellulosic waste is generated with every tonne
of banana production [120]. The waste parts include pseudo stem, leaves and rachis. The
ethanol production from waste depends on different factors such as time, temperature,
pH, particle size and fermentation process [121]. The optimum conditions for enzymatic
conversion of banana waste into ethanol were identified in a study [122].
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5.2. A Biosorbent of Water Pollutants

With the industrial revolution, water pollution has also increased and many harmful
pollutants are released into water without proper treatment [123]. Industries release heavy
metals, dyes, pesticides, chiral chemicals, pharmaceuticals and oil particles into the aquatic
environment [124]. These pollutants are causing severe threats to human and aquatic life
because of their carcinogenic properties. The reproductivity of fish is affected by some
elements, even at very low concentrations (1.0 ng/L) [125]. There are several treatment
methods being used to decontaminate the water, such as reverse osmosis, filtration, solvent
extraction, chelation, ozonation, skimming, adsorption and electrophoresis. Adsorption by
activated carbon is one of the most effective methods, but its application is limited due to
its high cost [126]. Natural and synthetic adsorbents can be used as alternatives, such as
biochar, clay, inorganic materials, chitosan and carbon nanotubes [127,128]. Although effi-
cient, these materials mostly have complicated and expensive procedures for preparation,
enhancements and regeneration. Moreover, these processes release secondary pollutants
and are non-biodegradable [128]. Hence, biomass materials are now being explored for
use in the adsorption of water contaminants as they are easily available, eco-friendly,
biodegradable and less expensive [129,130]. The biosorbents effectively being tested are
rice husk, banana peel, corn cob, potato peel, coconut husk, cocoa pod, orange peel and
sugarcane bagasse [131,132].

Banana peel waste is getting attention to be explored as a biosorbent because it is
available all over the world. The overall efficiency of banana peel as an adsorbent depends
on factors such as water pH, temperature, contamination level, time of treatment and
dosage, reusability, regeneration, thermodynamics and kinetics [133–135]. It has been
observed that lower pH values are suitable for decontaminating anionic pollutants and
high pH solutions for cationic compounds. The optimum time was 1 h of treatment, and
banana peel is an effective biosorbent over a range of temperatures. It can undergo both
exothermic and endothermic reactions, making it suitable for use in both tropical and
temperate regions [136]. Biosorbent made from banana peel was tested for oil spill removal.
The peel biosorbent can be reused up to 10 times after treating it with mechanical action and
n-hexane to remove the absorbed oil [137]. Banana peel has been used to decontaminate
many metals such as Cd, Cu, Pb, Fe, Sr, Zn, Ni, Mn and many dyes such as methylene
blue, amido black, Congo red, etc. [128]. Further studies are required to make banana peel
a more efficient biosorbent, focusing on the reusability of biomass, effectiveness on more
pollutants such as Hg and As, and commercialising it on higher industrial scales [128].

5.3. Use of Banana Peel in Food Sector

The utilisation of agricultural by-products in functional food production has gained
significant attention. Banana peel, rich in fibre, essential nutrients, minerals and bioactive
compounds, holds promising potential for use as a value-added ingredient in functional
foods [138]. Banana peel from ripe and unripe fruits are used to improve the nutritional
value of food products such as noodles, jelly, meat and bakery products. Banana peel flour
is used as a food fortification ingredient as it is enriched with antioxidants and dietary
fibre [139].

Steamed bread was prepared by using 30% green banana pulp flour as a wheat flour
substitution. The mineral comparison showed higher Mg, K, Na and Ca content than
normal wheat bread, along with higher total dietary fibre and resistant starch. However,
the elasticity and chewiness were negatively impacted because of the inconsistency of
gluten in the pulp flour [140]. Moreover, the study also used 10% yellow banana pseudo-
stem flour and observed an increase in the crust lightness, crumb, total phenolic content,
ash and dietary fibre of the banana bread [140]. In another study, 10% yellow banana peel
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flour was used as a substitute for wheat flour to make chapati bread. The peel chapati bread
was softer because of the reduced tear force and high water absorption. The total phenols
and flavonoids were also enhanced in peel flour bread compared to the control. The sensory
evaluation did not show a significant difference between the acceptance of 10% banana
peel flour bread and wheat bread [140]. Another study observed the physiochemical and
sensory properties of Egyptian Baladi flatbread made with 5% and 10% banana peel flour
as a substitute for wheat flour. It reported higher protein, ash and fat content in banana peel
flour bread than in normal wheat flour bread [141]. Moreover, the carbohydrate content
decreased from 75% to 50.5% and 44.34%, respectively [141]. The acceptance of banana
peel bread was also found to be similar to wheat bread. So, bread with low carbohydrate
and enhanced fibre and phenolic content is also proposed as a better alternative for blood
glucose control, insulin resistance and obesity [142]. Functional biscuits prepared with
5%, 10% and 15% banana peel flour had improved dietary fibre (~16–37%), ash, moisture
content and phenolic composition. The biscuits with 10% peel flour were more accepted by
the sensory panelists because of the better colour, taste and texture [143].

Banana peel is a good source of xylitol, which is a naturally produced 5C sugar in
plants and is used as a sweetening agent in food products. It has 40% less calories and
75% less carbohydrate than sucrose [4]. Xylitol obtained from banana peel was used in
rusk preparation, and it decreased the water activity of the rusk, thus prolonging its shelf
life. It also had a good acceptance score [144]. A study used banana peel powder at
3, 6, 9, 12 and 15% in cakes and compared the nutritional, organoleptic, anti-microbial
and antioxidant properties. The results indicated that cake was fortified with enhanced
nutrients and fat, ash, protein and amino acids. The texture and taste analysis also showed
no significant difference, which means the banana peel cake was accepted as much as the
regular cake [145]. Further, the addition of 10% peel powder to the cake mix increased the
foam stability and acceptance [146]. Another study proposed adding 15% peel flour for
the best organoleptic qualities and 30% for fortification purposes in the cake [147]. Banana
peels can also be a good ingredient in gluten-free products.

Banana peel powder was used to enhance the fibre content of the chicken sausage. The
results showed positive improvement in the fibre and mineral composition of the sausage,
with a decrease in total fat from 9.18% (control chicken sausage) to 7.6% in banana peel
sausage [148]. Banana peel water extract (2%) was used to produce ground chicken patties
and it improved the free radical scavenging activity in the patties [149].

Banana peel is also used as an edible packaging material. It was observed to have
similar tensile strength as polyethylene because of its higher fibre content with inorganic
nutrients, which improved its mechanical properties. Moreover, these films are degradable
and can be composted, offering an environmentally friendly solution [150].

6. Limitations and Future Opportunities
Banana peel has been studied extensively for its potential antioxidant and anti-

microbial properties because it has high concentrations of bioactive compounds. However,
most of the studies are conducted in vitro, and hence, there is a lack of practical applica-
tion. The storage, handling, transportation and processing of banana peels also present
challenges due to their high moisture content and organic molecules. These factors cause
degradation and instability of the peel [151]. Hence, research is required to address a
modern and sustainable technology for enhancing the efficiency of banana peel process-
ing and its use in food, pharmaceuticals, agriculture, bioprocessing, paper and textile
industries. Utilising banana peel waste as a natural resource contributes to environmental
sustainability and human health while supporting the principles of a circular economy.
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The addition of waste value also plays an integral role in the Sustainable Development
Goals (SDG), especially SDG 2 Zero Hunger, SDG 9 Industry, innovation and Infrastructure,
SDG 12 Responsible Consumption and Production, and SDG 13 Climate Action. The use of
banana peel as a functional food ingredient for preservation and fortification contributes
towards the zero hunger, good health and well-being goals. Technological advancements in
processing and using peels for biorefinery, bioprocess, bioethanol production and bioplas-
tics promote sustainability and environmentally friendly innovations. The value addition
to waste and the utilisation of its bioactive potential to maximum capacity supports SDG
12 and, ultimately, SDG 13, as these actions will reduce greenhouse gas emissions from
waste in landfills. Therefore, integrating banana peels into various industries promotes
economic growth, environmental sustainability and public health (Figure 4).
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7. Conclusions
Food waste and by-products have been recognised as sustainable sources of nutrients.

Banana, as one of the important fruits consumed globally, provides banana peel as a
source of many bioactive nutrients, such as carotenoids, phytosterols, carbohydrates and
biogenic amines, along with many micronutrients and macronutrients. These components
can serve as functional and nutritional ingredients in various industries, including food,
pharmaceuticals, nutraceuticals, agriculture and bioprocessing. Food fortification with
banana peels to provide nutrients can help with improving food security and improving
health outcomes. Further, banana peels can also serve as the ingredients for biofuels and
bioproducts that can help recycle waste from banana production, thus contributing to
the circular economy. Overall, banana peel can serve as a raw material for value-added
products in food, agriculture, bioprocess and nutraceutical industries, thus providing
sustainable and environmentally friendly solutions for this waste.
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