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Abstract The production of banana peel by the food-
processing industry is substantial and the disposal of this
waste material has become a matter of concern. However,
recent studies have demonstrated that banana peel is a rich
source of biologically active compounds that can be trans-
formed into valuable products. This review aims to explore
the potential of converting banana peel into valuable prod-
ucts and provides a comprehensive analysis of the physical
and chemical composition of banana peel. Additionally, the
utilization of banana peel as a substrate to produce animal
feed, bio fertilizer, dietary fibers, renewable energy, indus-
trial enzymes, and nanomaterials has been extensively stud-
ied. According to the researches that has been done so far,
it is clear that banana peel has a broad range of applications
and its effective utilization through biorefinery strategies can
maximize its economic benefits. Based on previous studies,
A plan for feasibility of a banana peel biorefinery has been
put up which suggest its potential as a valuable source of
renewable energy and high-value products. The utilization
of banana peel through biorefinery strategies can provide a
sustainable solution for waste management and contribute
to the development of a circular economy.
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Introduction

Bananas (Musaceae) are a tropical fruit that are produced
throughout the year and play a crucial role in providing food
security for many tropical communities [1]. According to
the data from 2012, approximately 101,992,743 tonnes of
bananas were harvested, accounting for 18.2% of the total
fruit production worldwide [2]. The primary use of banana
plant is for its fresh fruits, which are widely consumed and
also utilized in various food processing applications, includ-
ing the production of jam, chips, dried pulps, and alcoholic
beverages such as beer or wine [3]. However, this wide-
spread utilization of bananas in the food industries leads to
a significant amount of waste in the form of banana peels,
leaves, pseudostems, and stalks. Banana peels alone make up
30-40% (w/w) of a fresh banana fruit, which poses a major
challenge for the safe disposal of solid waste [4]. In the past
open burning or landfilling have been the most commonly
used methods for disposing of banana peel waste, but these
practices have negative environmental impacts [5].

Reusing banana peel is crucial from an environmental
standpoint, as is investigating it as a possible raw material
for creating a variety of products with additional value [6].
This would support the global economy and lessen the strain
on the environment. Therefore, there is a growing need to
develop a system or approach to repurpose banana peels and
transform them into valuable and marketable products, or
"wealth from waste." In recent years, various studies have
been conducted to extract and produce beneficial byproducts
from banana peels and these studies demonstrate the poten-
tial for creating different value-added products [7]. This not
only supports the global economy but also helps to reduce
the environmental burden associated with the disposal of
banana peel waste.
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Here, we take a look at a few of those studies that illustrate
the creation of different value-added goods employing these
wastes. Banana peel has been utilized for various industrial
applications including bio-fuel production, bio-sorbents,
pulp and paper, cosmetics, energy related activities, organic
fertilizer, environmental cleanup and biotechnology related
processes [8]. The banana peel is rich in phytochemical com-
pounds than its pulp. The antifungal, antibiotic properties of
banana peel can put to be good use [9]. The peel is used for
home remedy for treating several skin problems including
allergies and skin irritations. The banana peels waste is nor-
mally disposed in municipal landfills, which contributes to the
existing environmental problems [10]. However, the problem
can be recovered by utilizing its high-added value compounds,
including the dietary fibre fraction that has a great potential in
the preparation of functional foods [8].

Physicochemical Composition of Banana Peel

Banana peel constitutes a significant portion of fruit
waste and its complete understanding in terms of physical

Table 1 Chemical composition analysis of banana peel % dry matter
basis

Parameters Value (%) References
Cellulose 12.17+0.21 [96, 101, 115]
Hemicellulose 10.19+0.12
Acid-detergent lignin =~ 2.88 +0.05
(ADL)
Sucrose 15.58+0.45
Glucose 7.45+0.56
Fructose 6.2+0.43
Protein 5.13+0.14
Pectin 15.9+0.26
Ash 9.81+0.42

Table 2 Mineral content of Banana peel

Mineral Value (mg/100 g) References
Potassium 78.1+6.58 [5, 113, 114]
Calcium 19.2+0.00

Sodium 24+0.12

Iron 0.61+0.22

Manganese 76.20+0.00

Bromine 0.04+0.00

Rubidium 0.21+0.05

Strontium 0.03+0.01

Zirconium 0.02+0.00

Niobium 0.02+0.00

characteristics and biochemistry is crucial for optimal uti-
lization. An understanding of these characteristics could
lead to the development of environmentally friendly uti-
lization methods [11]. The composition of banana peel
primarily consists of biopolymers such as cellulose, hemi-
cellulose, lignin, pectin, chlorophyll, fiber, and other low
molecular weight substances [12]. Chemical and elemen-
tal analysis of banana peel has revealed the presence of
lipids, carbohydrates, protein, crude fibers, water-soluble
sugar, phenolic compounds and minerals. Table 1 provides
a quantitative breakdown of these components, while
Table 2 outlines the mineral composition of banana peel.
Results of proximate analysis (Table 3) reveal the high
energy potential of banana peels, with a loss on ignition
of 94% and carbon content of 40%. The nitrogen concen-
tration, which ranges from 4 to 10%, is mainly composed
of crude proteins [13]. The amino acid composition of
banana peel is abundant in threonine, aspartic acid, serine,
glutamic acid, glycine, proline, alanine, valine, cysteine,
methionine, isoleucine, leucine, lysine, phenylalanine, and
arginine, and is subject to variation based on the ripe-
ness of the fruit. The composition of fruit peel waste var-
ies based on factors such as the species and season, with
fat, various extractives, and polyphenolics making up the
remaining portion.

Uses of Banana Peel

Banana peel has a diverse range of uses, both direct and
indirect, primarily as a result of its versatile physical and
chemical characteristics.

Direct Uses of Banana Peel

The direct use of banana peel primarily involves using it
as a feedstock material for animals and as a biofertilizer.
The whole Banana peels can be used as animal feed and
biofertilizers in their natural state, without undergoing any
alterations.

Animal Feed

Banana peel contains a range of micronutrients and amino
acids, which are beneficial for animal health (as shown
in Tables 1, 2). Although heavy metals and antinutrients
are present in banana peel, their concentrations are within
acceptable ranges. Banana peel is an economical source of
feed for animals, but its nutritional value, digestibility, and
antinutrient content can be improved through hydrothermal
processes [14]. The ripe banana peels have higher nutritional
value comapred to ripe and green peels. Lactating cows can
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Table 3 Proximate analysis of Banana peel % dry matter basis

Parameter Value References
Moisture 9.65 [13, 53, 108-112]
Ash 5.01

Volatile matter 85.26

Fixed carbon 0.08

Loss in ignition 94.36

Carbon 40..24

Hydrogen 6.14

Nitrogen 1.38

Sulphur 0.098

have a diet with 15%to 30% of ripe banana peels without
experiencing any negative impact on taste or performance.
Dairy cows were observed to produce more milk when fed
14-21 kg of fresh, ripe banana peel daily. Growing pigs
and rabbits gained weight significantly when 15-30% of
banana peel was added to their diets without any adverse
effects. Feeding zebu with grass and banana peel did not
affect their palatability [15]. Adding banana peel to broilers
diets as a growth promoter had no negative impact on the
broilers’ performance, according to research [16]. Goats fed
with dried plantain peels, a form of banana peel, instead of
maize showed no adverse effects. In Uganda, banana peel is
used as an additional source of feed for cattle, pigs, goats,
and poultry [17]. Hence, using banana peel as a feedstock
material reduces the cost of the diets while serving as a
supplementary food source that promotes weight gain and
development [18, 19].

Biofertilizer

Composting, which is a cost-effective and environmen-
tally friendly method for managing solid waste, has gained
popularity as a means of reducing the growing volume of
fruit peels. Banana peels are increasingly being utilized as a
biofertilizer due to their high content of minerals, vitamins,
and certain micronutrients. Composts, made from materials
such as banana peels, can help improve soil fertility and
quality by providing a source of potassium and nitrogen [20].
The agronomic utility of inoculated banana peels using a
formulation including banana peels plus either cow manure,
earthworms or poultry litter [21]. Studies have shown that
the decomposition of banana peels is faster in aerobic con-
ditions, resulting in a compost that has a higher content of
potassium and nitrogen Additionally, the high alkaline pH
of compost made from banana peels suggests that it may
be able to reduce soil acidity. Vermicompost, which is pro-
duced through the decomposition of banana peels by earth-
worms (Eudrilus eugeniae), is also a valuable biofertilizer.
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It has been shown to enhance nutrient uptake and improve
plant growth and production [22]. The biofertilizers derived
from banana peels are effective organic fertilizers that may
enhance plant growth and production.

Indirect Uses of Banana Peel

Biorefining refers to the transformation of biomass, derived
from living or recently deceased organisms, into a wide
range of products, including fuels, chemicals, energy, and
materials. This concept is inspired by the petroleum refining
industry, where crude oil is processed into valuable products
[23]. One of the simplest and most cost-effective ways to
dispose of banana peels, a common form of biomass, is to
use them as animal feed or compost. However, banana peels
contain several useful chemicals with antioxidant, medici-
nal, and nutritional properties that can be extracted through
biorefining. The resulting products can range from high-
value nanomaterials to antioxidants, phenolic compounds,
and pigments. Moreover, it is feasible to increase the value
of banana peels by employing a biorefinery to produce a
variety of goods. Figure 1 illustrates how banana peel has
been valued. After drying, banana peel may be used as an
immediate source of animal fodder and for the combustion
or gasification of fuel (pyrolysis). The biorefining of banana
peels involves a series of unit processes, including decoction,
separation techniques such as supercritical CO2 extraction,
solvent extraction, and antisolvent extraction. The result-
ing products from these processes include enzymes, protein,
ethanol, biogas, and other valuable substances. Additionally,
activated carbon produced by pyrolyzing banana peel can
be used to create carbon nanotubes and metal composites,
and even for electrochemical applications. After composting
with organic materials, the remaining residue can be used
as organic fertilizer.

Extraction of Most Valuable Compounds

Dietary Fiber Dietary fiber, which is a combination of
both soluble (such as pectins, gums) and insoluble (such
as cellulose, lignin, and certain hemicelluloses) fractions,
has been shown to have a positive impact on human health,
including prevention of diverticulosis, colon cancer, irrita-
ble bowel syndrome, constipation, and cardiovascular dis-
ease. The high concentration of dietary fiber in banana peel
makes it a valuable ingredient for various nutraceutical and
pharmaceutical applications. Pectin, a complex heteropoly-
saccharide primarily composed of galacturonic acid, plays
a significant role in the food, cosmetic, and pharmaceuti-
cal industries due to its properties as a gel-forming agent,
stabilizers or emulsifier [24]. The extraction of dietary fiber
from banana peel using several techniques such as wet mill-
ing with hot water, wet milling with tap water, wet milling,
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and dry milling yielded values of 83.00+0.28, 87.77 +0.35,
89.21+0.85, and 89.35 +0.62 g/100 g of dry matter, respec-
tively [25]. The yield of pectin was observed 3.2%, 17.05%,
and 15% by ultrasonification, liquid—solid extraction with
citric acid (0.5 N, pH 1.7), and hydrochloric acid (0.5 N, pH
1.5), respectively [11]. Pectin extracted from banana peel
has a molecular weight range of 132-573 kDa [26]. previ-
ous research has indicated that low pH extraction methods
result in significant yields of pectin from banana peels [27].

Polyphenols Polyphenols are the most abundant bioac-
tive compounds found in banana peel extracts [28]. These
extracts contain between 0.9 and 3.0 g of total phenolic
compounds per 100 g of dry matter [29]. Different extrac-
tion methods can be used, including vacuum microwaves
(30.6-3.55 mg/g) and ultrasonification (35.1-1.15 mg/g)
[30]. Other extrcation methods include methanol, ethanol,
ethyl acetate, acetone, water, methanol: water, ethanol:
water, and acetone: water extrcation [31]. Additionally,
flavonoids (196.1-6.70 mg/g) can be isolated from banana
peel. The inhibin of DPPH radical (84.5-6.48%) technique
is commonly used to evaluate the antioxidant capacity of
banana peel [32].

Organically produced banana peels have a higher soluble
polyphenol content (1.960.43 mg GAE ml/vegetable extract
(VE) and 3.170.26 mg GAE ml/VE) compared to conven-
tionally cultivated banana peels (3.170.26 mg GAE ml/VE)
[33]. Gallocatechin concentration can also be used to assess
a banana’s antioxidant capability as it is abundant in banana
peel (158 mg/100 g dry weight) [34]. Dopamine, a potent
water-soluble antioxidant, is present in banana peel in an
abundance of 80-560 mg/100 g. Unripe banana peels have
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the highest antioxidant activity and antioxidant enzyme lev-
els compared to ripe and leaky ripe banana peels, but these
levels decrease as the banana fruit matures [29].

Banana peel contains both phenolic (flavanones, cat-
echolamines, flavonols, tocopherols, etc.) and nonphenolic
(carotenes, ascorbic acid, cyanidin) antioxidants [35]. Glu-
tathione is also present in banana peel [36]. Triterpenic
ketones (cycloeucalenone and 31-norcyclolaudenone) are
present in the lipophilic extract of banana peel, along with
substantial amounts of steryl esters (469-24,405 mg/kg) and
diacylglycerols (119-878 mg/kg). The banana peel extract
contains a considerable amount of steryl glucosides, rang-
ing from 273 to 888 mg/kg [37]. However, it is important
to note that some of the lipids in the extract lack phenolic
rings and thus exhibit limited antioxidant activity. The bio-
active compounds that can be extracted from banana peel
include pro-vitamin A components (flavonol gallocatechin,
trans-carotene, and -cryptoxanthin), sterols (campesterol
and stigmasterol), triterpenes (cycloeucalenol, cycloarte-
nol, and 2,4-methylenecycloartenol), and cyclo. The extrac-
tion of these biological substances can be achieved through
various techniques, including vacuum, ultrasonic extraction,
and microwave extraction [38], supercritical CO2 extraction
[39], and liquid extraction [40]. The comprehensive list of
chemicals that can be obtained from banana peel is depicted
in Fig. 2. Thus, banana peel can serve as a valuable raw
material for the production of various bioactive chemicals.

Banana Peels for Generating Energy

Bananas were also evaluated as a bio resource for the renew-
able energy production [41]. Studies suggest that there are
two processes for converting banana peel into energy: ther-
mal and biological (Fig. 3). Direct combustion and supercrit-
ical water gasification are methods used to produce heat and
electrical energy through the thermal process. The energy
content of dry banana peel is estimated to be 18.89 MJ/kg.
Banana peel-based briquettes can also be used to gener-
ate energy source [42]. The biological process, anaerobic
digestion, produces biogas which can be transformed into
electricity. The use of banana peel as a feedstock for energy
production accomplishes two objectives: it produces clean
energy and a sustainable means of solid waste disposal [43].
Using a laboratory batch approach, banana peel combined
with cow manure produced 875-1210 ml of biogas per day,
with a rate of 0.55-0.76 vol/vol/day, comprising approxi-
mately 53%-57% methane [44]. Under mesophilic fermenta-
tion conditions, methane is also generated by co-digesting
(1) banana peel (composition of total solids ranges from 2.5
to 10% w/v) and (2) banana peel mixed with pure or waste
glycerol [45].
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The maximum yield and production rate of biomethane
was found 439 ml/g TVS and 5.31 ml/h at a total solids
concentration of 7.5% [46]. However, to achieve 90% of the
methane output from banana peel, fermentation must occur
for 40-50 days. The anaerobic digestion of banana peel also
results in the production of hydrogen and methane, as well
as volatile fatty acids such as acetic acid4 [47]. The quality
of the methane output is influenced by the size of the banana
peel particles, with research suggesting that the methane out-
put is relatively constant for different banana cultivars with
the same particle sizes [48]. Ethanol, which can partially
replace gasoline and has other uses, can also be produced
from banana peel through the simultaneous co-culturing
Aspergillus niger and Saccharomyces cerevisiae [49]. Other
yeast strains, including S. kluyveri K-6, S. cerevisiae R-2, S.
cerevisiae R-8, S. cerevisiae T-7, and Debaryomyces hanse-
nii B-2, have also been used to produce ethanol from banana
peel [50]. Table 4 provides information on the ethanol yield
for various cultures. Banana peel can thus be utilized as a
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source for alternative energy sources such as ethanol, meth-
ane, biogas.

Medicinal Properties of Banana Peels

Banana peel has been extensively researched for its poten-
tial health benefits. The high concentration of gallocatechin
in banana peel makes it a valuable dietary source for can-
cer and heart disease prevention. The presence of phenolic
compounds, including flavonoids and dietary fiber, in jelly
made from banana peel contributes to its antioxidant poten-
tial and makes it a preferred alternative to tablets and pills
[51]. Research has indicated that the dietary supplement
arabinoxylans from banana peel has potential health pro-
moting properties. A new cell-adhesion inhibitor called 7,
8-Dihydroxy-3-methyl-isochromosome-4 that was isolated
from banana peel may be utilized to treat atherosclerotic
endothelium damage [52]. The antimicrobial properties of
banana peel oil, lipids, phenols, and tannins against Proteus
Vulgaris and Klebsiella pneumonia have also been explored,
making it a potential treatment for certain illnesses [53].
Fresh yellow banana peel extract has been found to be more
effective against both Gram-positive and Gram-negative bac-
teria, as well as possessing strong antibacterial and antial-
lergic properties [54].

Studies with castrated rats have indicated that banana
peel extracts may have potential in the treatment of benign
prostate hyperplasia [55]. The efficacy of a gel made from
unripe banana peel and the alcoholic bark extracts for wound
healing has also been demonstrated in rats [56]. The effects
of banana peel extracts on tissue lipid peroxidation, thyroid
hormones, insulin, and glucose levels have been studied in
male rats [12]. In addition, banana peel has been used to
create a green biopolymer/HAP nanocomposite for poten-
tial use in natural bone replacement [57]. Despite its poten-
tial medical uses, it is important to note the issue of pesti-
cide residue in in commercially grown banana peel, which
requires further attention [58].

Banana Peel for the Production of High-Value
Goods

Protein

Proteins play a critical role in the growth and development
of all living organisms. As a result, the search for alternative
protein sources has become increasingly important, particu-
larly in regions where access to traditional protein sources
is limited. Single-cell protein (SCP) has been identified as
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Culture Ethanol yield References

Co-culture of A. nigar and S. 7.45 [48, 49, 106, 107]

cerevisiae

S. cerevisiae R-2 4.6

S. cerevisiae R-8 72

S. cerevisiae T-7 4.3

S. kluyveri k-6 4.8

D. hansenii B-2 3.6

a promising alternative due to its high protein content [59].
SCP can be produced through the cultivation of various
microorganisms, including Aspergillus oryzae, Rhizopus
oligosporus, and S. cerevisiae, using banana peel as a carbon
source [60]. Additionally, mycelia protein can be produced
through the use of the fungus A. niger and banana peel as a
substrate [61]. The extraction of protein from banana peel
can be accomplished through various techniques, includ-
ing phenol extraction, TCA-acetone precipitation, and TCA
precipitation [62].

Industrial Enzymes

Because banana peel contains significant levels of carbs,
proteins, and fiber, it is a perfect substrate for the manu-
facture of goods with added value [63]. Banana peel has
been identified as a promising substrate for the production
of high-value industrial enzymes. Alpha-amylase, which
is widely used in various industries such as baking, culi-
nary, textile, brewing, detergent, paper, and pharmaceuti-
cals [64], can be produced through solid-state fermentation
(SSF) using bacteria such as Bacillus subtilis and A. niger
produces [65]. Various fungal species have been isolated
from banana peel, including Aspergillus flavus, Aspergillus
niger, Aspergillus fumigatus, Helminthosporium oxyspo-
rum, and P. frequents [66], and their viability for produc-
ing alpha-amylase and amyloglucosidase through SSF has
been evaluated [67]. Additionally, SSF using Trichoderma
long, A. niger, S. cerevisiae, and Trichoderma viride GIM
3.0010 can produce cellulase, which has multiple applica-
tion in the textile, paper and pulp, and food industries[68].
SSF can also produce poly galacturonase and xylanase
using Trichoderma harzianum and Trichoderma virens,
which are commonly used enzymes in the textile, paper,
and pulp industries [69]. The production of polyphenol
oxidase from banana peel can be used to degrade a variety
of phenolic textile colors [70].

The production of enzymes such as cellulase, xylanase,
laccase, and manganese peroxidase by white rot fungus
species is influenced by the presence of various species,
including Current maxima 1BB 681, Coriolopsis polyzoan
38443, Funalia tragic IBB 146, Pycnoporus coccineus

38527, Pleurotus ostreatus, Trametes pubescens IBB 663,
and Trametes Versicolor IBB 897[39]. Triacylglycerols may
be hydrolyzed by the water-soluble enzyme lipase to produce
free acids and glycerol. Lipase, which is useful in the dairy
and food sectors, can be extracted from banana peel using
groundnut oil as the extraction medium [71]. Additionally,
banana peel has been demonstrated as an effective source
of carbon for the production of laccase (copper-containing
oxidases) from P. ostreatus DSM 1833 and Phoma sp. UHH
5-1-03 under both SSF and submerged culture conditions
[72]. Manganese peroxidase can also be produced through
SSF conditions using A. fumigatus (VkJ2.4.5) during the
fermentation of laccase [73].

Nanoparticles

The utilization of banana peel as a source material in the
production of nanoparticles has been widely studied in
recent years. Research has shown that the peel, which is
rich in polymers such as hemicellulose, lignin, and pectins,
can be utilized to produce nanoparticles of palladium, gold,
silver, Mn304, cadmium sulfide, and hydroxyapatite [12]
(Fig. 4). The latter, being the main inorganic component of
natural bone, has several biomedical applications [74]. Addi-
tionally, the use of banana peel extracts has been successful
in combating the pathogenic strain of Pseudomonas aerugi-
nosa through the creation of Au—Ag nanocomposites [75].
Furthermore, various treatments such as chemical bleaching,
alkaline treatment, and acid hydrolysis, as well as enzymatic
hydrolysis with xylanase and alkaline treatment, have ena-
bled the recovery of cellulose nanofibers from banana peel.
These nanofibers, due to their mechanical robustness and
high clarity, have found applications in various industries
such as the pharmaceutical, biomedical, and paper sectors
[76]. Additionally, carbon nanotubes can be created from a
combination of activated banana peel carbon and mineral oil
through the process of pyrolysis [77]. Thus, banana peel has
been shown to be an efficient and environmentally friendly
source material for the rapid and reliable formation of nano-
materials, as it is non-toxic, affordable, and widely available.
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Banana Peel for Treating Wastewater

Banana peel has been reported to have potential in removing
impurities from wastewater, including organic pollutants,
dyes, and heavy metals. Banana peel has been employed as
a component in bio adsorbents and is known to have high
adsorption capacity for various contaminants due to the pres-
ence of hydroxyl, carboxyl, and amino groups [78]. Studies
have shown its effectiveness in removing heavy metals and
organic chemicals from aqueous solutions. An effective
adsorbent for removing these pollutants from aqueous solu-
tions is banana peel, both natural and physically and chemi-
cally engineered [79]. The removal of copper ions using
the banana peels previously isolated from their antioxidant
compounds supports their continued usage as an adsorbent
[80]. Banana peel has also been utilized in refining carci-
nogenic components in used frying oil, increasing the o0il’s
brightness by adsorbing peroxides [81]. Beyond its adsorp-
tive properties, banana peel fibers have been incorporated
in the creation of commercial spiral-wound reverse osmosis
membranes [82], and chemically altered banana peel has
been utilized in creating microporous/mesoporous carbon
with intestine-like properties for size-selective separation of
proteins and potential use in drug separation and biological
macromolecule immobilization [83].

Added Applications

Banana peel has been found to have various unique and
original applications, particularly in the fields of food sci-
ence and technology, materials science, and environmen-
tal sustainability. One of the key components of banana
peel is color pigments such as anthocyanin and lipofuscin
(fluorescent pigments), which can be used as natural food
colorants. The graded shape of banana peel has been dem-
onstrated to have effective energy-absorption properties

Fig. 4 Preparation of nanopar-
ticles using banana peel

METAL SALT
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and can be utilized as a protective layer. At low impact
velocities, this shape is in charge of safeguarding the inner,
soft core of the banana peel [84]. Total starch, digesti-
ble starch, resistant starch, dietary fiber, and soluble and
insoluble dietary fibers composed banana peel flour. The
high phenolic content and strong antioxidant activity of
banana peel flour extracts have been reported, and banana
peel flour has been partially substituted for wheat flour
in the preparation of low glycemic index noodles while
maintaining the same tensile strength and having greater
elasticity values [85]. In addition, banana peel has been
used as a source of materials for high-density Na—Li ion
battery anodes [86] and as an electrode for Li-ion capaci-
tors [87]. The hierarchical porous carbon foam derived
from banana peel has also been utilized as a supercapacitor
and a template for aminophenol furfural resin-zinc com-
plexes. Zn ions may likely align with the hydroxyl and
carboxylic groups found in the pores of banana peel to cre-
ate Zn complexes, which are comparable to metal-organic
frameworks [88]. To create a disk-shaped nonpolar electric
double-layer capacitor employed banana peel [89]. A bio-
sensor was developed by immobilizing tissue homogen-
ates of banana peel onto a glassy carbon electrode surface.
This biosensor is capable of detecting a range of phenolic
chemicals, including pyrogallol, caffeic acid, cinnamic
acid, ascorbic acid, catechol, resorcin, and phenol, witha-
nalysis taking 10—12 min [90]. In the field of materials
engineering, banana peel has been utilized to produce
eco-friendly and cost-effective alternatives to traditional
materials. For example, grounded banana peel has been
utilized to make ply boards as a substitute for expensive
prefabricated wall components [91]. Banana peel has also
been used in the production of brake pads, which serve as
crucial parts of disc brakes, to replace asbestos fiber and
phenolic resin [92]. Additionally, banana peel has been
incorporated into the production of an antibacterial edible
film, which was utilized to package food alongside glyc-
erol as a clove oil and plasticizer as an antimicrobial [93].
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The chemical composition of banana peel has been
explored for its potential uses, including as a source of
alkali-based products in the form of potash and trace ele-
ments [94]. Banana peel has also been shown to have poten-
tial as a natural dye, due to its UV protection and antibac-
terial qualities when applied to cotton [95]. In the field of
aquaculture, the use of banana peel as a growth stimulant for
Macrobrachium rosenbergii beyond the larval stage has been
demonstrated, with the authors recommending its inclusion
in the composition of aqua feed [96].

In terms of materials engineering, the mechanical char-
acteristics of HDPE and epoxy composites reinforced with
banana peel fibers have been found to be enhanced [97].
Additionally, a combination of banana peel charcoal and
various metal salts such as copper nitrate [Cu (NO%)?], alu-
minum oxide (AI?0%), magnesium sulfate or zinc chloride
(ZnCI?) has been utilized to create the metal-carbon com-
posite materials (MgSO* 0.7H20), with the materials being
utilized for hydrogen storage. This research found that Cu-
carbon composites acquired the maximum hydrogen stor-
age capacity (6.06-6.22 wt%) [98]. As a result, banana peel
demonstrates that it is a low-cost and promising bio resource
with a broad variety of uses in many fields.

Suggested Biorefinery for Banana Peel

In this section, a biorefinery strategy is proposed based
on extensive into the physicochemical composition and
potential utilization of banana peel. Dried banana peel
has been found to contain high concentration of valu-
able compounds. including pectin (17.05%) [59], protein
(approximately > 4.32%) [28], and phenolic compounds
(about>3.0%) [99]. Additionally, the peel contains sig-
nificant levels of cellulose and hemicellulose, which can
be converted into sugar [48], and thus into various value-
added products such as ethanol (7.45 v/v) and biogas, which
comprises 53—-57% methane [18]. The proposed banana
peel biorefinery plan is depicted in Fig. 5, and it presents a
potential alternative for the integrated utilization of banana
peel for the production of valuable goods [100]. However,
it should be noted that the application of this strategy is cur-
rently only being tested in laboratory settings and it has not
yet been implemented on a big scale. Future developments
could involve optimizing the product portfolio and incorpo-
rating methods such as multicriteria analysis and multicri-
teria decision analysis to present a more comprehensive and
economically feasible biorefinery plan. Additionally, a mate-
rial balance has been calculated for the proposed banana
peel biorefinery, with 1 tonne of bone-dry, ground-up banana
peel being used as the unit of measurement. This provides a
framework for analyzing the potential viability of the biore-
finery and serves as a basis for future work in this area. Two

distinct pathways have been proposed for the conversion of
banana peel into useful products.

In the first pathway, SSF route is utilized to produce
170 kg of citric acid and 432 kg of protein from 1 ton of
banana peel [98]. After the recovery of valuable compounds,
the residual solid can be utilized as animal feed. The sec-
ond pathway involves the hydrolysis of cellulose to produce
170 kg of pectin [101]. The solid residue is then subjected
to acid—alkali hydrolysis to produce lignin, cellulose, and
hemicellulose, which can be further converted into energy
or valuable compounds [48]. Under pathway 2A, the ligno-
cellulose material can be fermented to produce ethanol with
a yield of 7.45% v/v [40]. This process results in the pro-
duction of 325 m3 of ethanol or 220 m3 of methane [101].
Under pathway 2B, lignocellulose can be processed into var-
ious chemicals, including phenolic compounds, dietary fib-
ers, antioxidants, flavonoids, lipids, ketones, esters, amines,
fatty acids, triterpenes, and pigments, through various unit
operations and processes, such as leaching, liquid extraction,
and fermentation [102].

The cost of establishing a banana peel biorefinery is chal-
lenging to estimate due to the lack of comprehensive cost-
ing literature and studies, which are only available at the
pilot stage. However, the raw material, banana peel, can be
obtained at a low costs, as only administrative costs, such as
collection, drying, and size reduction, are incurred. Assum-
ing no changes are made to other expenses, banana peel can
serve as a low-cost building block for a biorefinery.

Potential Challenges and Future Perspectives

Banana peel holds significant potential for the production of
various value-added goods, existing data on its utilization is
based exclusively on in vitro studies. While in vitro extrac-
tion technologies are widely available, practical applications
remain challenging to implement. The physical, chemical,
and mechanical properties of banana peel are influenced
by various factors such as the starting point, seasonality,
variety, ripening stage, and geographical location. This pre-
sents a significant barrier in standardizing the quality of raw
materials for the banana peel biorefinery. Banana peel has a
high moisture content, which poses challenges in terms of
collection, storage, handling, and transportation. The high
organic matter and moisture content also increase the mate-
rial’s susceptibility to biodegradation, which may lead to
instability [103]. As a result, drying of banana peel prior
to use is necessary, and there is need to develop a simple,
affordable dry that can utilize solar energy, waste heat, or
any other accessible heating source. A continuous, cost-
effective, and practical supply of banana peels is required for
industrial-scale production or the use as animal feed. How-
ever, inadequate handling, processing, and transportation
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[104]. Using banana peel as a feedstock for energy produc-
tion is contingent upon its heating value or energy content.
However, the high moisture content leads to low energy
efficiency. Hence, there is a need for improved technologies
to enhance conversion and tackle the technological and eco-
nomical challenges associated with generating clean energy
from banana biomass [105].

Conclusion

Banana peel, a byproduct of the food industry, has the
potential to be transformed into a range of commercially
viable compounds with therapeutic, nutritional, and anti-
oxidant properties through a series of processing tech-
niques, including drying, fermentation, solvent extrac-
tion, size reduction, and pyrolysis. Despite the promising
results obtained in laboratory experiments, the scalability
of these extraction methods remains a challenge. The con-
sistent availability of raw materials and the need to isolate
specific components are significant obstacles that must be
overcome. The high concentration of phenolic compounds
in the dietary fiber of banana peel has led to its increasing
popularity as a functional food ingredient. These phenolic
molecules are responsible for the antioxidant properties
of banana peel, highlighting its potential for a variety of
applications, including its usage as a feedstock and sub-
strate for the production of nanomaterials, as well as for
generating clean energy and for wastewater treatment.

@ Springer
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