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Abstract: Plant food production generates a lot of by-products (BPs). These BPs are majorly dis-
carded into the environment, polluting it, or into landfills where they just decompose, providing no
benefit and taking up storage space, causing financial costs. These plant BPs are biodegradable, but
reusing them may provide a better outcome and profit. The vast majority of plant-based food BPs are
polysaccharide polymers like gums, lignin, cellulose, and their derivatives. It is possible to utilize
plant food production waste, like banana peels, leaves, pseudostems, and inflorescences, to produce
bioethanol, single-cell protein, cellulase, citric acid, lactic acid, amylase, cosmetics, fodder additives,
fertilizers, biodegradable fibers, sanitary pads, bio-films, pulp and paper, natural fiber-based compos-
ites, bio-sorbents, bio-plastic, and bio-electricity in the agro-industry, pharmaceutical, bio-medical,
and bio-engineering fields. Moreover, the use of banana BPs seems to be a way of dealing with many
issues in underdeveloped countries, providing a clean and ecological solution. The suggested idea
might not only reduce the use of plastic but also mitigate waste pollution.

Keywords: natural fibers; environmental sustainability; banana; polysaccharides; bio-based economy

1. Introduction

Bananas are the most cultivated fruit worldwide, and their production is projected
to grow further. The main reason for this is their versatile usage in cuisine in banana
producing countries and the high demand for affordable fruits for import. On the other
hand, there are some factors limiting the production and commerce, like product shortages
caused by harsh weather; high fertilizer costs in 2022 and early 2023; fruit losses; prevention
and fighting costs regarding plant diseases, mainly Banana Fusarium Wilt Tropical Race 4;
and losses and additional costs regarding the prevention of illegal substances being placed
inside banana containers exported from Latin America [1].

Approximately 135 million tons were produced worldwide in 2022, exceeding water-
melons (100 million tons), apples (96 million tons), oranges (76 million tons), and grapes
(75 million tons) [2]. India leads in the world banana production; however, only about
0.04% are exported. The rest are consumed locally. The reason for this is the aggressive
competitiveness of other exporters and their fruit’s high quality, which India cannot always
meet. Moreover, banana production in India is not reliable: rapid changes in production
have been reported. Also, the population of India is rising quicker than banana production
growth [3]. The leading exporting countries are Ecuador, the Philippines, Costa Rica,
Guatemala, Colombia, and the Dominican Republic, which account for about 60% of the
world export [1,4].

The banana palm is a perennial herb. After bearing fruit, its above-ground parts—the
pseudostem, leaves, inflorescence, and fruit stalks—die, leaving space for suckers to grow
as a new plant. This cycle can theoretically last forever. Considering the amount of
harvested fruit, for each ton of bananas produced, 2—4 times the weight of banana by-
products (BPs) is created, depending on the variety, leaving a significant load of BPs. This
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is about 220 tons of BPs per hectare per year. Some of these BPs like pseudostems and
leaves may be left to rot, making a natural fertilizer. The young shoots, pseudostem piths,
and inflorescence may be consumed by the indigenous people of Southeast Asia and the
Indo-Malaysian Region; however, this is rather uncommon due to the BPs unpleasant
taste [4-6]. In developing countries with a human development index < 0.8, [7] like India,
bananas are a main component in diets but also a main source of income and essential
cultural and rite paraphernalia [8]. A map of developing countries and the countries with
notable banana production has been developed (Figure 1). The benefits of banana peel
usage have been suggested by many authors, but no practical applications have been
provided [9]. Many natural polysaccharide by-products in general have applications, e.g.,
antioxidant, antitumor, immunomodulatory, antimicrobial, antiulcer, and hypoglycemic
activities and as prebiotics [10] and substrates for bio-fuel [11]. Starch, found in bananas,
mainly unripe, may be a source of dietary fiber. As the fruit ripens, the starch breaks
down into simple sugars, which may be used for fermentation [12]. Moreover, numerous
trials have concluded that there are no harmful phytochemicals in banana fruit and BPs;
therefore, the utilization of the presented fruit and BPs seems safe, cheap, beneficial, and
feasible [4].
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Figure 1. Developing countries according to the World Population Review [7] (yellow color), the
countries of Asia, Africa, Australia, and Latin and South America with notable banana production
(blue color), and countries which meet both criteria (green color). Own figure according to Atlas
Big [13].

2. Banana By-Product Utilization

The banana plant’s pseudostem and leaves are mostly discarded as waste. According
to Sellin et al. [6], for every 1 ton of bananas harvested, 1.5 tons of leaves and 2.5 tons
of pseudostem are produced. However, these BPs can be utilized in various ways. The
composition of banana BPs is presented in Table 1.
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Table 1. Selected chemical compound composition of different banana BPs. m expressed as % molar
proportion; % expressed as % ash. Own table according to Cordeiro et al. [14] and Oliveira et al. [15].

Compound Inflorescence Leaf Sheaths Leaf Blade Petioles/mid rib Pseudostem Rachis
Arabinose 51m 7.5m 155 m 49m 9.1m 41m
Cellulose 15.7 m 37.3m 20.4 31.0m 34-40 m 31.0m
Galactose 29m 22m 3.8m 1.1m 25m 1.7m

Glucose 79.8 m 742 m 60 m 68.1m 74.0m 31.8m
Holocellulose 20.3m 49.7 m 32.1m 62.7 m 60-65 m 379 m
Lignin 10.7 m 13.3m 243 m 18.0 m 12.0m 10.5m
Mannose 22m 1.5m 23 m 15m 1.3 m 29m
Rhamnose 0.7 m 0.8 m 0.9m 0.8 m - 0.7 m
Xylose 9.3 m 13.8 m 17.5m 23.6m 13.1m 140 m
Ash 26.1% 19.0% 19.4% 11.6% 14.0% 26.8%
Calcium 0.6% 5.5% 8.0% 32.3% 7.5% 0.6%
Magnesium 0.5% 1.9% 1.1% 2.9% 4.3% 0.3%
Phosphorous 0.7% 0.9% 0.7% 0.7% 2.2% 1.7%
Potassium 23.1% 21.4% 11.6% 9.4% 33.4% 28.0%
Silicon 7.8% 2.7% 24.9% 7.0% 2.7% 1.2%
Pentosans 8.0 m 124 m 12.1 m 16.2 m - 8.3 m
Proteins 32m 19m 8.3 m 1.6m - 20m
Starch 26.3m 8.4 1.1m 0.4m - 14m

The pith of banana plants’ pseudostem and unripe discarded fruit are a good source
of starch, pectin, and cellulose. Starch isolated from banana BPs is notably resistant to the
influence of heat and amylase. Its water solubility, retrogradation, and swelling properties
are low; thus, banana BPs surpass modified and unmodified corn starch slightly regarding
physicochemical properties [16]. Pectin obtained from banana peels show a slightly lower
methoxyl composition and gelling quality compared to peels from citruses like pomelo or
lime. Despite the slightly lower gelling quality of pectin, it can also be used as a dietary
fiber source, making banana peels a worthy source of this dietary compound. On the
other hand, banana peels contain more dietary fiber than plantain peels, and both of these
peels can produce a similar or higher amount of dietary fiber compared to other plants.
Moreover, the extraction of pectin and dietary fiber from banana BPs can reduce the need
for importing these substances into banana producing countries. Pectin extracted from
bananas consists of neutral sugars (galactose, arabinose, rhamnose) and galacturonic acid.
The quality of the extracted pectin depends on the method used and the ripeness of the
fruit [4,17-19]. Pectin extraction from banana peels is presented in Figures 2 and 3.

Khamsucharit et al. [20] used the mentioned method to extract pectin from the peels
of five banana varieties within three genomic groups, namely Kluai Khai and Kluai Leb
Mu Nang of the Musa (AA) group, Kluai Hom Thong of the Musa (AAA) group, and
Kluai Nam Wa and Kluai Hin of the Musa (ABB) group. The pectin yield varied at about
16.24%, 24.08%, 17.31%, 15.89%, and 19.48%, respectively, which is similar or even higher
compared to the pectin extracted from the most commonly used substrates—citrus peels
and apple pomace (19.25% and 10.91%, respectively). Moreover, all banana peel pectin was
characterized as high-methoxyl type, being similar to citrus peel and apple pomace pectin.
Pectin extracted from the Kluai Nam Wa variety was the purest, meeting the criteria for a
food additive.

Banana peel may also be utilized in carboxymethyl cellulose (CMC) production—a
popular and versatile thickening agent, texture modifier, and emulsifier used in the food,
cosmetic, pharmaceutic, personal and health care, paint, paper processing and pack-
aging industries. The process of extracting CMC from banana peels is presented in
Figures 4 and 5 [21].
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Sample

l

Homogenization in boiling ethanol
(solid/liquid ratio 1:10 w/v)
80% final ethanol concentration
t =20 min

l

'Filtcring through a nylon cloth
washing with 70% ethanol

l

Washing consecutively with
95% ethanol, 3 times
acetone, 3 times

l

Vacuum drying|
T=40°C
overnight

l

Alcohol insoluble solids
(AIS)

Figure 2. Isolation of alcohol insoluble solids (AISs) from a sample, e.g., banana peels. AISs are
required for further pectin extraction. Own figure according to Khamsucharit et al. [20].

The yield of raw banana peel cellulose was about 14% (% dry basis). The raw banana
peel cellulose was characterized by powder grains bigger than banana peel CMC gains. The
grains were flake-shaped and of a brown-yellow color. In the case of CMC, the extraction
time of 4 h provided the highest yield—about 152.65%. A shorter extraction led to a lower
yield because of an incomplete process, and a longer extraction caused the degradation of
banana peel CMC, also causing a lower yield [21].

Unripe, green bananas are most often discarded as waste or become animal feed. Such
an approach is not economical, since about 70-80% of banana (without skin) dry weight
is starch, which can be extracted for further processing in the food, pharmaceutical, or
beauty industries. One of the most important factors defining starch content is the banana
plant’s genomic group. Generally, plants with a high proportion of M. balbisiana (B genes)
accumulate more starch than plants with a high proportion of M. acuminata (A genes). Starch
is a valuable substance in cosmetics production, providing a smooth feel to the products and
acting as a stabilizer, thickener, or a talcum substitute. Thanyapanich et al. [22] evaluated
the percentage yield of starch from Musa acuminata (Musa AAA; Hom Khieo) and Musa
sapientum L. (Musa ABB; Namwa) unripe banana plant varieties. The yield was 16.88% and
22.73%, respectively. The amylose content was 24.99% and 26.23%, respectively. Starches
from both banana varieties showed a B-type crystalline structure, and their gelatinization
temperature was at about 77 °C. For cosmetic purposes, both starches provided a smooth
feel and acceptable spreading properties. Moreover, starch may be used as a substitute
for talcum without any sensorial changes if the starch concentration does not exceed 15%
(w/w). The process of starch extraction from unripe banana fruit is presented in Figure 6.
The unripe banana is firstly cut into cubes, then blended with a sodium sulfite solution for
10 min. The cubes remain immersed at a 1:2 ratio with a sodium sulfite solution. Next, the
mixture is filtered and centrifuged to obtain precipitated starch, which needs drying in dry
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conditions. The dry starch is crushed into a powder with a mortar and pestle and sieved
until the final product is finished. Banana BPs may also be converted into biomass, which
may be further processed into bioethanol used in the cosmetics industry [19,23].

AlS
m=10g

|

Heating
with 200 mL (solid/liquid ratio 1:20 w/v)
of 6% citric acid solution

[ Cooling to room temperature |

Centrifuging
rpm = 8000
t=10 min

Supernatant

Filtering
Whatman No. 1 filter paper
to remove impurities

Dispersing in an equal volume of
95% ethanol containing 0.05 M HCI

l

Stirring
t =5 min

|

Precipitating
t=24h

l

Precipitate

l

Washing
3-4 times
with 95 % ethanol

Drying
T=40°C
to constant weight

l

Grinding
to pass 100-mesh sieve

l

Final product
Pectin

Figure 3. Extraction of pectin from AISs (e.g., banana peel AISs). Own figure according to Kham-
sucharit et al. [20].
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Cutting
into small pieces

l

Drying in an oven
t=24h

|

Soaking
100 g of dried banana peel
in 0.5 M NaOH
t=24h

|

Heating
t=4h
T=100°C
Stirring occasionally to remove the lignin

l

Delignified banana peel

Bleaching two times
with 6% hydrogen peroxide
t=1h
T=90-100 °C

Cellulose pulp

Hydrolisis
with 2.5 M hydrochloric acid
t=1h
T=60-70 °C

|

Washing
with distilled water until neutral pH

|

Drying
t=24h
T=60°C

Sieving through a No.40 mesh sieve

Dried cellulose

Figure 4. Extraction of dried cellulose from banana peels. Dried cellulose in an essential substrate for

banana peel CMC extraction. Own figure according to Suchaiya et al. [21].
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2 grams of dried banana peel cellulose

Dissolving
with 30 ml of isopropanol,
10 ml 30% NaOH solution
t=2h
T=80°C

Swelled cellulose

Stirring
with 3 g of sodium monochloroacetic acid
t =4 h (until carboxymethylation process is completed)
T=80°C

Coagulating in methanol

Filtration

Drying the residue in an oven
t=24h
T=60"°C

Final product — CMC powder

Figure 5. Extraction of CMC from dried cellulose of banana peel. Own figure according to
Suchaiya et al. [21].

Bananas, plantains, and their products are significant to the people of Colombia.
These fruits and products are widely used raw because of their high starch and potassium
contents; moreover, they are an important ingredient in soups, fried slices, traditional
dishes, and sweet or sour snacks made for export and local consumption. Such extensive
consumption of bananas and plantains causes a large amount of BPs like peels. These
BPs may be used as a source of starch. There are two main methods of extracting starch
from plantain pulp—dry and wet—with an extraction yield of about 49.62% and 56.76%,
respectively. One way of wet extracting starch from banana BPs is a method suggested by
Hernandez-Carmona et al. [24]. The procedure for extracting starch from green plantain
(Musa paradisiaca) peels is shown in Figure 7. This starch may be used in the paper, textile,
pharmaceutical (as an excipient), adhesive, food, and polymer industries and as a coagulant
for water filtering.
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Unripe banana

Cutting into cubes

Blending
with 1% sodium sulfite (w/v) solution to immerse the peel at a 1:2 ratio (w/v)
Maximum speed
t=10 min

Filtration
with 200 mesh sieve and white cloth

Centrifuging
rpm = 8500
t=5min

Precipitated starch

Drying in a hot air oven
T=40°C
overnight

Dried banana starch

Grinding using mortar and pestle

Sieving with a 125 um mesh

Final product
Banana starch

Figure 6. Extraction of starch from unripe banana. Own figure based on Thanyapanich et al. [22].

Raw, unripe plantain fruit contains about 70-80% starch (dry basis), while the peel
alone contains up to 50%. As the plant matures, the starch present in the fruit breaks down
to simpler sugars. The sugar content in ripe plantains and bananas may reach up to 21%.
The technology suggested by Hernandez-Carmona et al. [24] provided a yield of up to
48.5%, average 29%, (of dry basis) depending mainly on the antioxidant concentration—the
highest ascorbic acid concentration led to the highest yield. The reason for this is the
stabilizing effect of antioxidants on the starch—ascorbic acid prevents the breaking down
of the starch to simple sugars. The purity of the starch was about 57.52 to 69.9%.
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Plantain (Musa paradisiaca) peel
m=150g

Washing
to remove impurities

Immersion in NaClO 1% (v/v) solution
t=2 min

Disinfection

Slicing into 4 mm pieces

!

Immersion in ascorbic acid 5% solution
t=5min

Mashing with a grinder

Filtering and washing
(4 times, each in 150 ml H,0)

Decatnting into glass separating funnels
t=24h

Vacuum filtraton
Grade 3 general-purpose qualitative BOECO filter discs
(110 mm), 5-10 pum pore size

Drying
t=10h
T=40°C

Sieving

Final product
Starch

Figure 7. Wet extraction of starch from plantain peels. Own figure according to Hernandez-
Carmona et al. [24].
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Another noteworthy banana BP is its flower. It contains plenty of proteins (10-12.5%
dry weight), dietary fiber, vitamins (like vitamin C), flavonoids (mainly quercetin), and
biologically active compounds, e.g., tannin and «-tocopherol. The people of Sri Lanka,
Malaysia, the Philippines, and Indonesia consume banana blossoms in the form of curry,
in salads, or boiled. Moreover, they can be incorporated into canned food, pickles, and
dehydrated vegetables [25].

Inflorescences contain enough starch to make it worth obtaining and can be used in
the pharmaceutical and food industries [15].

Due to the presence of colorful anthocyanins, flower buds can be used to produce
cheap, moderately stable food colorings. Moreover, anthocyanins are proven to be beneficial
for human health [4].

According to Tin et al. [26], male banana flowers contain epigallocatechin and its
derivatives, which are classified as nutraceutical compounds. Epigallocatechin-3-gallate
has been confirmed to prevent diabetes, cancer, cardiac disease, lung disease, and neuro
degenerative disease [27].

Banana flower and chicken meat can be mixed together to create a new product with
an enhanced color, aroma, taste, texture, overall desirability, and pro-health effect due to
the presence of antioxidants [28]. Banana flower extracts can be used to enrich pork burgers
and sausages, slowing lipid oxidation [29,30].

About one-third of the weight of a whole banana fruit is the peel, which is commonly
disposed of as general waste [31] or into landfills [32]. The composition of banana peel is
presented in Table 2.

Table 2. Banana peel composition of dessert bananas (AAA and AAB variety); % (w/w), * dry weight.
Own table based on Archibald [33]; Lustre et al. [34]; Adisa and Okey [35]; and Anhwange et al. [36].

Compound Peel
Moisture 83.50%

Total sugar 29%
Cellulose 8.40%
Fructose 6.20%

Sucrose 2.60%
Glucose 2.40%
Proteins 1.80%
Fat 1.70%
Starch 1.20%
Maltose 0%
Potassium (K) 78.10 + 6.580 * mg/100 g
Manganese (Mn) 76.20 + 0.001 mg/100 g
Sodium (Na) 24.30 £0.120mg/100 g
Calcium (Ca) 19.20 + 0.001 mg/100 g
Iron (Fe) 0.61 £ 0.001 mg/100 g
Rubidium (Rb) 0.21 £ 0.050 mg/100 g
Bromine (Br) 0.04 £ 0.001 mg/100 g
Strontium (Sr) 0.03 £0.010 mg/100 g
Niobium (Nb) 0.02 £ 0.001 mg/100 g
Zirconium (Zr) 0.02 £ 0.001 mg/100 g

2.1. Utilities

The pseudostem is used to make knit fabric [37] and various types of paper, e.g., paper
boards. Leaves are widely used as a material for baskets, mats, food wrappers, tablecloths,
and tableware and by rural people as an umbrella. To prevent bats and birds from feeding
on the banana fruit, old leaf coverings are utilized. Dried leaves are used as a substrate for
subsoil for oyster mushroom cultivation. In India, the leaves are essential for traditional
rituals and rites [8].
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Fibers may be used to produce water purifiers [8], which seem especially important in
the developing countries of Africa (mainly Chad, Niger, the Central African Republic, and
South Sudan) and Asia (mainly India) [38], where waterborne diseases are common [39].
The leaf blades, floral stalks, leaf sheaths, and rachis contain a lot of ash and thus can be
used as an alkali ingredient in soap production [40]. The pseudostem pith is used as an
absorbent for textile dyes present in wastewater [41]. This may be especially useful in
Bangladesh, where textile manufacturing is notable, and textile dye pollution is present
in water reservoirs [42]. Modified pseudostem may be used as an efficient Pb** and Cd?*
sorbent [43].

It is possible to use pseudostem fibers to manufacture biodegradable nanocellulose
plastic and films [44] or to strengthen thermoplastic composites [45]. This seems especially
important in Tanzania, Vietnam, South Africa, India, Costa Rica, China, and Chile, where
marine plastic pollution is a confirmed issue [46].

Fibers isolated from banana pseudostem are used as a raw material in traditional
clothes and handicraft production [47].

The inner part of banana pseudostem is consumed with salt and spices in India after
heat treatment in water [48].

2.2. Animal Feed

The leaf meal, fresh leaves, fresh foliage, dried leaves, and dried pseudostem of
bananas and plantains are used as a fortifying compound or as a partial replacement for
more expensive ingredients in animal feed [49]. Leaves have a low partition factor, high ATP,
and high microbial biomass, thus making them a suitable feed for ruminants [50]. Moreover,
banana root intake contributes to lower coccidiosis infections in rabbits, reducing the fecal
egg count after 14 days of treatment [51]. Such treatment may find use in countries like
Kenya [52] and Indonesia where rabbits are bred and coccidiosis infections are common [53].

Due to the high amount of protein, lipid, carbohydrate, fiber, and essential minerals
like potassium, sodium, calcium, iron, and manganese, banana peels are a valuable material
for fodder production [36]. Using banana peel subsoil to grow micro-fungi obtains biomass
enriched with protein and fatty acids in a solid mixture [54]. Such an enrichment allows for
the production of high-nutritional feed from low-quality materials [55].

Banana peels may be used to make livestock feed, replacing more expensive ingredi-
ents like soybean or cassava [36,56].

2.3. Bioactive Compounds

Banana pseudostem, leaves, and roots contain enzymes such as phosphorylase, y-
amylase, phospho-hexo-isomerase, acid and alkaline invertase, sucrose synthase, sucrose
phosphate synthase, and acid and alkaline phosphatase [57]. Starch phosphorylase has
industrial importance. It is used to produce modified starch, novel glucans, and glucose-
1-phosphate (Glc-1-P). Glc-1-P is especially noteworthy because of its applications—it is
utilized for glucan, glucuronic acid, and trehalose synthesis as a substrate and has medical
purposes including cardiotherapy since it is a cytostatic compound and an ingredient
in antibacterial, anti-inflammatory, and antitumor agents. Glucans and their modified
forms made of Glc-1-P are used in raw materials in starch processing industries, food
and drink manufacturing, food additives, and biodegradable plastics [58]. The process of
phosphorylase (fractions containing phosphorylase activity) extraction from unripe banana
is complex and requires many precise steps; thus, it is explained in Figure 8.
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Unripe banana (Musa acuminata Colla. cv. Nanicao) fruits |

I Peeling and slicing I

Extraction
in 6 parts of 50 mM Hepes-KOH (pH 7.5) containing 20 mM EDTA, 20 mM
cysteine, 1% polyvinylpyrrolidone MW 40,000 (PVP-40), and 1 mM benzamidine

|

Centrifuging
t =50 min
RCF (G-force) = 8000; r =not specified

| Supernatant (crude extract) |

Fractioning with ammonium sulfate (30-60%)
t=10 min
RCF = 8000

Dialysis
in 20 mM Tris buffer (pH 7.5) containing 1 mM benzamidine (buffer A)

Appling the dialized fraction to DEAE-cellulosel

l

Washing to remove unbound proteins
with buffer A and 0.15 M NaCl

| Phosphorylase fractions |

|Eluting with 0.7 M NaCl in buffer A

| Concentrating by ammonium sulfate (85% saturation) |

Loading the dialized extract onto HR 5/5 Mono Q column and equlibrating with buffer A

I

Eluting the protein with a linear KCI gradient (0-0.5 M) in buffer A

I

Pooling fractions containing phosphorylase activity and loading onto Sephacryl S-300
column equlibrated with buffer A +0.15 M NaCl

Fractions containing phosphorylase activity

Figure 8. Extraction of phosphorylase from unripe banana (Musa acuminata Colla. cv. Nanicao) fruits.
Own figure based on da Mota et al. [59].
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Da Mota et al. [59] extracted two different forms of phosphorylase from unripe banana
(Musa acuminata Colla. cv. Nanicao) fruits—phosphorylase I and phosphorylase II. The
characteristics of both compounds are presented in Table 3.

Table 3. Characteristics of phosphorylase I and II obtained from unripe banana (Musa acuminata Colla.
cv. Nanicao) fruits. Own table based on da Mota et al. [59].

Phosphorylase I Phosphorylase II
KClI concentration for extraction 0.125-02M 0.25-0.35M
Subunit size [kDa] 90.6 112
Native molecular weight [kDa] 155 290
Low affinity towards
Affinity High affinity towards branched glucans;
branched glucans the highest affinity and specificity for
maltopentaose and maltohexaose
Form Dimer Dimer
Isoelectric point [pH] 5.0 N/E

Other characteristics

Similar to the cytosolic phosphorylases
from other plant tissues

N/E

N/E

Has an ability to attack starch granules
when associated with a-amylases

Carbohydrates present in banana BPs can be fermented to obtain lactic acid [60]. Lactic
acid is mainly produced by lactic-acid-bacteria-type species Lactobacillus delbrueckii. Lacto-
bacillus delbrueckii are important because of their significant resistance to food processing
conditions, like a high concentration of sodium chloride (up to 6%) and storage at low
temperatures (4 °C) for 28 days, and notable tolerance for acid and bile salt conditions [61].
Lactobacillus delbrueckii produce very high amounts of lactic acid when enhanced with bio-
augmentation and the enzymatic hydrolysis of substrates for microbiological mediums—
0.65 8/ gtotal sugars and 0.72 g/ giotal sugars, respectively. However, simple pH standardization
to 6.2 alone yields a significant proportion of lactic acid—0.57 g/ gtotal sugars- Lactobacillus del-
brueckii can efficiently convert a variety of raw materials, including agro-industrial wastes
like banana BPs, into lactic acid. This not only helps in reducing production costs but also
aids in waste management. The utilization of household bio-waste and other low-cost
substrates for lactic acid production has been demonstrated to be effective and sustain-
able [62]. Agricultural wastes, including banana residues, contain a variety of nutrients
that are beneficial for microbial growth. This can lead to higher yields and productivity
of lactic acid during fermentation processes. The presence of both hexose and pentose
sugars in these residues can be effectively utilized by genetically modified microorganisms,
enhancing the overall efficiency of lactic acid production [63,64]. The production of lactic
acid from banana peel, including the exact steps and waste products of this process, is
shown in Figures 9 and 10. To provide a clear view and better understanding, the processes
have been presented as graphs. Banana peels were used as a source for reducing sugar
production, yielding about 18 g per 1 L of enzyme cocktail. Next, the reducing sugars
were used as a carbon source for Lactobacillus delbrueckii lactic acid bacteria, providing 28 g
of lactic acid per 1 L of inoculum mixture. The process was described as very effective,
suggesting that banana BPs are a valuable ingredient for lactic acid production [65].
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Banana peel 0.5 g
to 5 mL deionized water
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Figure 9. Extraction of reducing sugars from banana peel as an essential step for the lactic acid
production process. Own figure based on Martinez-Trujillo et al. [65].

The pseudostem is also abundant in polyphenols and flavonoids including ferulic
acid—a valuable antioxidant [66]—gentisic acid, (+)-catechin, protocatechuic acid, caffeic
acid, and cinnamic acid [67]. The mentioned compounds exhibit antimicrobial, antioxida-
tive, neuroprotective, chemopreventive, anticancer, and antiproliferative properties [4].
Present glucooligosaccharides and D-allulose boost the growth of probiotic bacteria. Addi-
tionally, D-alluloze has very few calories [68]. Ethanol extracts from the pseudostem exhibit
antihyperglycemic properties in rats [69].

Cavendish banana leaves contain a membrane-bound enzyme of 9-LOX, which can be
used to obtain oolong tea, melon, and fruity resembling flavors if pickled or treated with
soybean oil or linoleic acid [70].

The highest concentration of phenolics is in the raw peel; thus, the peels should be
processed fresh [71]. The peel is also a notable source of pectin [72], saponins, sterols, triter-
penes ([3-sitosterol, stigmasterol, campesterol, cycloeucalenol, cycloartenol, 24-methylene
cycloartanol) [73], aromas like isoamyl acetate which is mostly used in banana flavor-
ing [74], flour [75], and banana oil (amy! acetate) [8]. Peel extracts can be used as a reducing
and stabilizing agent in the green acquisition of silver [76] and gold nanoparticles [77].
Recovering such valuable compounds may benefit developing countries with an additional
source of income, where poverty is an issue.
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with a loopful of L. delbrueckii culture
into 100 mL of MRS medium

|

Incubating Minimum medium = [g/L]:
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Fermentation in a stirring tank bioreactor
t=24h
T=40°C
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Filtration through a Whatman paper I

Final product
lactic acid

Figure 10. Lactic acid production process from reducing sugars extracted from banana peels. Own
figure based on Martinez-Trujillo et al. [65].

2.4. Snacks

Banana plant parts may be incorporated into dessert products and sweets to increase
their sensory and functional properties. The inflorescence may be mixed with gram, wheat,
potato, corn flour, and cocoa powder to obtain various snacks like laddu, plain cakes, nut
chocolate, nuggets, biscuits, or dark chocolate [78]. Banana flower water extracts can be
used to brew a soft drink rich in phenolic compounds, which was proven beneficial for
breastfeeding, postpartum, and post-cesarean women [79].

A notable amount of banana fruit is lost during the manufacturing and post-harvesting
processes. To prevent this, unripe bananas can be processed into much more stable flour.
Green banana flour contains enough antioxidants and essential minerals to fortify deficient
food products [80,81]. This is used to enrich cassava crackers and fish crackers, which are
considered poor nutrition-wise [82].

Banana peels may be incorporated into many snacks like gluten-free cakes, waffle
cones, gluten-free rissoles, biscuits, cereal bars, and jelly. Doing so increases the fiber,
polyphenol, and antioxidant content without a notable impact on the texture, flavor, aroma,
and overall acceptability [83].

The male buds, pseudostem, and unripe fruit can be used in the production of chips,
figs, instant drinks, flour, jam, candy, dehydrated slices, and preserves [8].
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2.5. Fuel

Banana plant pseudostem and leaves can be used to produce fuel briquettes. Such
biomass fuel is cheap to produce and provides about 17.10 MJ/kg of energy regarding
leaves and 13.70 MJ /kg for the pseudostem. This solution seems advantageous for India,
Indonesia, Thailand, Pakistan, Ghana, and South Africa, where fossil fuels are not easily
available for the poorest people or are expensive [84]. The downside of such biomass pellet
production is the emission of greenhouse gasses, e.g., methane; however, methane with
other produced gasses (CO, Hj) can be used in further power generation [6].

The pseudostem may be used to produce hydrogen and bioethanol due to a significant
carbohydrate content [85].

Considering the high amount of cellulose, banana peels make for a cheap bio-substrate
for fuels, organic acids, enzymes, sugars, ethanol, xylanases, laccase, and xylitol and can
be used as a base for edible mushroom cultivation [9]. Moreover, carbonized peel may be
utilized as hierarchically porous activated carbon scaffolds for energy storage applications,
either as high-performance activated banana peel /NiCo,0j electrode materials for super-
capacitor applications or as an activated banana peel/ Ni/graphene composite for Li/S
batteries [86].

The combination of many BPs, mainly the peel, pseudostem, and leaves, shows
promising results in manufacturing briquettes for heating and energy generation. Such fuel
provides about 12-22 MJ/kg of energy, meaning impressive combustibility. In this case,
banana peels act not only as a combustible polysaccharide source but also as a binder for
the whole briquette, making it easy to mold [86].

Another way of providing energy is the use of microbial fuel cells (MFCs). An MFC
is a bio-electrical device capable of transforming chemical energy provided by organic
matter into electrical energy using catalytic reactions performed by microbes. An MFC may
be utilized as an alternative to fossil fuels. According to Singh et al. [87], banana (Musa
acuminata) peel slurry may be utilized as a substrate for MFCs, generating a maximum
voltage of 0.20 V and a current of 0.112 mA regarding potassium dichromate catholyte
and 0.42 V and 0.55 mA, respectively, regarding potassium ferricynide catholyte. Utilizing
banana peels in MFCs helps to reduce waste and provides an eco-friendly and cost-effective
method for energy production. MFCs powered by banana peel waste are an emerging
technology for bio-electricity production [88].

Using banana BPs as fuel helps to reduce the need to burn wood and therefore reduces
deforestation, which benefits natural ecosystems [4].

2.6. Traditional Medicine and Disease Prevention

Peels can be used as medicine to treat dysentery [89], burns, anemia, diarrhea, in-
flammation, diabetes, cough, snakebite, and excess menstruation [9]. The consumption of
banana peel helps with healing stomach ulcers, thickens the mucous membrane layer in the
stomach [90], helps in overcoming depression due to the presence of tryptophan, mitigates
anemia because of its high iron content, and stabilizes blood pressure due to a significant
potassium content and a low sodium chloride content [89]. Moreover, banana peels are
abundant in fructooligosaccharides, which stimulate beneficial bacterial growth in human
intestines [91]. Unripe banana peel can be eaten to treat diarrhea [89] and vomiting [92].
Such properties of banana peel seem useful in, e.g., Tanzania, where some medicine is
counterfeited and access to drugs is limited, especially in remote areas [93], or in China,
Brazil, Venezuela, Iran, Iraq, and Jordan, where medicine shortages have been reported [94].
Moreover, consuming banana peel is safe regarding anti-nutritive compounds including
oxalate, phytate, and hydrogen cyanide, whose level is below the permissible limit of
0.5-3.5mg/g [9].

Banana peels contain dietary fiber and phenolic compounds, which exhibit antioxidant,
antimicrobial, and antibiotic properties [9]. Phenolics are beneficial for human health,
preventing cardiovascular disease, cancer, diabetes, and obesity [95,96], and are used
to inhibit lipid oxidation and fungal and bacterial growth in food [97]. Banana peels
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contain 547 mg gallic acid equivalent/g dry matter (mg GAE/g DM) phenolics [98,99],
which is 1.5-3 times more than in the flesh [100]. Another phenolic compound found in
banana peels—caffeic acid [101]—at a concentration of 0.2 mg/mL is capable of completely
inhibiting the growth of Aspergillus flavus and Aspergillus parasiticus fungi, which produce
aflatoxin [102]. There is a high rate of aflatoxin food contamination in developing countries,
especially in sub-Saharan Africa. Aflatoxin poisoning is dangerous not only to locals but
also to people who benefit from the imported food [103]; therefore, extracting the caffeic
acid seems reasonable there.

2.7. Bio-Sorbents

Banana peels have been proven to work well as a cheap (about 10 times cheaper than
activated coal) sorbent for heavy metals (lead, chromium, cadmium, copper, zinc) [104-106],
radioactive materials [107], fluoride, pesticides [108], nitrate [109], carbon, sodium, alu-
minum, calcium, magnesium, and potassium salts or cations [110].

Banana pith may be used to sorb lead, copper, chromium, and zinc ions from electro-
plating waste and synthetic solutions [111].

Banana plant stalk can be used to manufacture bio-sorbents like acid-activated banana
stalk, base-activated banana stalk, and raw banana stalk, which are used to adsorb lead (III)
from aqueous solutions [112].

Lignocellulosic biomass obtained from banana plants’ bark, pseudostem, leaves, and
peels can be used to sorb pollutants of gaseous form like H,S, N,O, NO,, NHz, CO,, SO2,
and VOCs (volatile organic compounds). Moreover, sorbents from various banana wastes
are utilized in metal ion, pesticide, water-soluble radioactive nuclide, and inorganic anion
removal [113].

This may be useful in Bangladesh, China, Mexico, Egypt, Cambodia, and India, where
heavy metal water pollution makes drinking or cooking with the water unsafe [27].

2.8. Natural Preservatives and Antimicrobial Compounds

Ethanolic extracts of banana peels exhibit antimicrobial properties. Compounds
extracted from peels from Nigeria suppressed Bacillus sp., Escherichia coli, Pseudomonas sp.,
Klebsiella pneumoniae, Staphylococcus aureus, and Streptococcus sp. [114]. Moreover, ethanolic
extracts inhibit the growth of Lactococcus garvieae and other strains, which attack freshwater
fish. This is potentially useful in prawn disease prevention [115] in developing countries
like India, where prawn farmers struggle with prawn bacterial diseases [116]. Ethyl acetate
and ethanol extracts obtained from peels from Bangladesh suppressed Gram-positive
bacteria—Bacillus subtilis, Bacillus megaterium, Staphylococcus aureus, and Sarcina lutea—and
Gram-negative bacteria—Salmonella paratyphi, Pseudomonas aeruginosa, Shigella boydi, and
Vibrio mimicus [117]. The preservative potential of the mentioned extracts has been proven
to be similar to synthetic preservatives like butylated hydroxytoluene (BHT) and butylated
hydroxyanisole (BHA) [118,119]. Despite food spoilage not being a significant issue in
the rural areas of developing countries, people in big cities in, e.g., India, Pakistan, and
Bangladesh struggle to keep food fresh because of limited access to power sources like
fossil fuels [120]. Moreover, producing natural preservatives may be a novel source of
income for the mentioned countries.

3. Banana By-Product Utilization Disadvantages

There are some disadvantages that limit the utilization of banana BPs. Fresh BPs have
a significant moisture content often exceeding 80%, which makes them prone to spoiling,
and thus require moisture elimination procedures and the use of preservatives, causing
transportation, storage, and manufacturing costs to increase [49]. To partially overcome
this disadvantage, it is suggested to use the peel of the ripest bananas, as water migrates
from the peel to the fruit as ripening occurs [8].

Regarding animal feed, the processing costs of the BPs may even exceed the value
of the final product; thus, BPs can be incorporated into other dry fodder ingredients to
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reduce the production costs [121,122]. Another method of reducing the moisture content
is microbial processing. Vacuum-drying is used to prevent nutrient loss while reducing
moisture. A combination of both methods has also been suggested [123].

Given the abundance of the banana species, it is easy to assign some unique properties
to all bananas, which is incorrect. Many works have shown different results regarding the
chemical compounds in bananas [114]; thus, local research should be carried out to identify
unique properties. This, however, may be costly.

Each time a washing process occurs in a technology utilizing banana and plantain BPs,
a large amount of wastewater is produced—e.g., about 100 L per kg of plantain peel starch.
This, however, can be managed by physicochemical treatment with aluminum salts—Al,O3
and Al (SO4)3—combined with coagulation, flocculation, and decanting. This procedure
not only provides another useful BP—cellulose—but also reduces the water consumption
(treated water recycling) and reduces wastewater effluent volume [20].

4. Banana By-Products as Fibers

One of the most useful banana BPs is banana fiber. The composition of banana fiber
is presented in Table 4. The most important characteristics of banana fiber include the
following: high durability (average strength of 3.93 ctN/dtex), 3% elongation, light weight,
medial length of 50~60 mm, medial fineness of 2386 Nm, ability to absorb and release
water freely, ability to be spun in various ways like ring spinning, open-end spinning, bast
fiber spinning, and semi-worsted spinning, and biodegradability. Banana fiber mechanical
properties are presented in Table 5. The banana fiber can be produced manually, giving
a rather low yield of 500-600 g per 8 h per worker. To increase the yield, machine tech-
nology can be introduced. The idea of parallel banana farming and BP management was
introduced for Bangladesh by Mohiuddin et al. [124]. This may be especially important in
developing countries which plan to start banana plantations and will inevitably face BP
management [124].

Table 4. Composition of banana fiber. Own table based on [124].

Compound Content, %
Cellulose 50-60
Hemicelluloses 25-30
Lignin 12-18
Pectin 3-5
Water-soluble materials 2-3
Fat and wax 3-5
Ash 1-1.5

Table 5. Mechanical properties of banana fiber. Own table based on [125,126].

Mechanical Property Value
Density 1-1.5 g/m?3
Elongation at break 4.5-6.5%
Young’s modulus 20 GPa
Microfibrillar angle 11 deg
Lumen size 5 mm
Average strength 3.93 cN/dtex
Medial fineness 2386 Nm

Banana pseudostem is a source of natural fiber consisting mainly of cellulose but also
of hemicellulose, lignin, and pectin. The fiber is located in the sheaths of the pseudostem.
Out of the 1418 sheaths present in the pseudostem, the inner 4-6 sheaths make the softest
fibers, the middle 6-8 sheaths constitute soft, lustrous fibers, and the outer 4-6 sheaths
make coarse fibers. Banana fiber exhibits satisfactory mechanical properties, similar to,
e.g., glass fiber. It is the strongest natural fiber, light in weight, resistant to combustion,
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and biodegradable. Despite its assets, raw banana fiber is of little use. Most often it is
woven into more complex structures like yarn and then ropes, fabric, and finally clothes
and apparel, or it is a part of composites. It is used as a compound for making lamp stands,
car underfloor protection panels, or banknotes [127].

Banana fibers are used to produce woven composites. One of these is a composite of
natural banana fiber and epoxy. The banana epoxy composite was capable of withstanding
stress in the x-direction up to 14.14 MN/m? and in the y-direction up to 3.398 MN/m?. Con-
sidering the Young’s modulus, the obtained values were 0.976 GN/ m? and 0.863 GN/m?
for the x and y-directions, respectively. To bend the composite beam by 0.5 mm, the
maximum required load was 36.25 N considering the three-point bend test. The banana
epoxy composite shows high stability during various tests. This is expected to be useful in
Malaysia, since a lot of village residents use woven banana fibers as a resource in producing
household utilities [12].

Banana fiber has many uses, especially in countries where bananas are grown. The
majority of banana fiber is utilized to craft ropes and cordage due to the fiber’s high resis-
tance to sea water and its innate buoyancy. Other uses include wall drilling cables, fishing
nets, lines, mats, composite materials, packaging, eco-friendly fabrics, sheets, fine cushion
covers, neckties, bags, table cloths, curtains, rugs, sanitary napkins, paper pulp, sacks, hand-
bags, textiles, baskets, wall hangings, floor mats, decorative papers, and socks [8,128-130].
Banana fiber is particularly useful in textile production. It is resistant to alkali, chloroform,
acetone, formic acid, phenol, and petroleum ether. In comparison with other fabrics like
cotton or chemical fibers, banana fiber is lustrous and exhibits significant water absorption.
Moreover, it rarely causes any irritation to skin and is environmentally friendly. In Japan, it
is used in traditional outfits like the kimono and kamishimo [131].

Bio-fibers like banana fiber have some limitations. Due to their high moisture absorp-
tion ability, it is often difficult to combine them with hydrophilic polymers [125]. This
however can be overcome by pH and temperature treatment and pulping. Banana fiber
paper made this way was reported to exhibit lower water absorption than wood pulp
paper [132]. Another way to produce paper with banana fiber is to soak the fiber in water,
making pulp. Then, the pulp is bleached using Trichoderma and Pythium fungi treatment
for 3-5 days. These fungi break bonds between lingo-cellulosic complexes, causing lignin
and hemicelluloses to be removed from the matrix. This whole process contributes to the
increased brightness and softness of the final product and makes pulping easier. Next, the
pulp is washed to remove fungi, making it ready for the main step—beating. The last step
is to add any necessary additives, which enhance the strength and texture and make the
paper less prone to wetting and puncturing. The additives include starches, polysaccharide
resins, and natural gums. This paper is mainly used for manufacturing shopping bags,
file sheets, visiting cards, greeting cards, invitation covers, scribing pads, envelopes, art
paper, or printing paper [112]. This is especially useful in countries where wood paper
is limited and banana BP pollution is notable, like Pakistan. Pakistan faces a problem
with wood shortages due to very little forest areas and progressing deforestation. Since
Pakistan produces a notable number of bananas, it seems reasonable to replace wood paper
with banana BP paper [133]. Photographs of selected products made of banana fiber are
presented in Figures 11-13.
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Figure 11. Fabric made of banana palm fiber. (1) Banana fabric made using a handloom and (2) a
powerloom. (3) Banana fabric mixed with organic cotton. Reproduced from [134] and modified with

kind permission from (Agriculture Information).

Figure 12. Various products made of banana fiber—(1) indoor decoration, (2) a cleaning brush,
(3) paper, (4) a lamp, (5) a basket, and (6) ropes. Reproduced from [135] and modified with kind
permission from Ecosilky.
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Figure 13. Various banana fiber products. Reproduced from [136] and modified with kind permission
from Musa Pacta.

Unripe plantain peels may be used for nanofiber production. Tibolla et al. [137]
introduced a composite made with cellulose nanofibers from discarded banana peels. The
diameter and length were 10.9 nm and 454.9 nm for the chemical process and 7.6 nm and
2889.7 nm for the enzymatic process, respectively. This is a way to utilize unripe fruit in
Brazil, which are discarded as waste [137].

5. Conclusions

Bananas and plantains are among the most important fruits worldwide. Enormous
production comes with a great deal of BPs often discarded as waste. Banana BPs are mostly
a source of natural polysaccharide polymers such as gums, lignin, cellulose, hemicellulose,
lignocellulose, or fiber. These polymers are used to manufacture bio-sorbents, bio-fuel,
briquettes, or biogas, in biodegradable fabrics and everyday items, and to enrich deficient
food in dietary fiber. However, other BPs can be used to overcome many social, health,
ecological, and financial issues present in developing countries. The significant obstacles
to complete BP utilization are the shortage of money, unqualified staff, and the lack of
technical background. This leads to a situation where the insufficiency of means causes the
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piling up unutilized BPs, while unutilized BPs may be a solution to overcome the lack of
means. Given this, fair external investment might be a solution to the presented problem,
helping developing countries to develop.

The future of banana BPs shows promise. There are many opportunities to consider
in the upcoming years. Due to global warming, the climate of some areas will change.
These changes can be predicted, and, in some cases, new plant species may be required to
fight deforestation and desertification. One such plant may be the banana palm due to its
high-temperature requirements. Moreover, banana palms provide shade and shelter for
other plants and small animals.

Another novel application for banana BPs may be incorporating banana fiber into
modern clothing. Since people worldwide are more and more concerned with renewable
and eco-friendly solutions including apparel, the utilization of biodegradable banana fiber
may interest clients and manufacturers. This may also increase the demand for banana BPs,
giving jobs to people in developing countries and reducing banana BP pollution. Moreover,
banana fiber is a great component in innovative composites. It may be possible to develop
fabrics with new properties, exceptional strength, or resistance to crumpling.

Since banana leaves and inflorescences contain aroma compounds, it may be worth
considering bio-elicitation. Using bio-elicitors may increase the amount of aroma and flavor
compounds extracted from the leaves and inflorescences, making the process more efficient
and profitable.

Banana peel is a valuable source of polysaccharides, which may be used for the
production of reducing sugars. Reducing sugars can then be used for the production of
other compounds like lactic acid. Given this, it seems reasonable to use other banana palm
BPs like the pseudostem or unripe fruit as a source of reducing sugars, since these BPs
contain high amounts of polysaccharides.

Author Contributions: Conceptualization, R.W.; investigation, R.W.; writing—original draft prepa-
ration, R.W.; writing—review and editing, B.G.S.; visualization, R.W.; supervision, B.G.S.; funding
acquisition, B.G.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: No new data were created.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. FAO. Banana Market Review—Preliminary Results 2023. Rome. Available online: https://openknowledge.fao.org/server/api/
core/bitstreams/db25a6ba-e947-4755-b5f0-cb1ee643f266 / content (accessed on 14 May 2024).

2. FAO. Agricultural Production Statistics 2000-2022. Rome. 2023; Available online: https://openknowledge.fao.org/items/a514
cd44-6613-4ada-b899-bbd408c41151 (accessed on 14 May 2024).

3. Nayak, AK; Nahar, S. Growth, instability and export performance of banana in India—An economic analysis. Agric. Ind. 2018,
74,25-33.

4. Padam, B.S; Tin, H.S.; Chye, EY.; Abdullah, M.I. Banana by-products: An under-utilized renewable food biomass with great
potential. JFST 2014, 51, 3527-3545. [CrossRef]

5. Kamdem, I; Hiligsmann, S.; Vanderghem, C.; Bilik, I.; Paquot, M.; Thonart, P. Comparative biochemical analysis during the
anaerobic digestion of lignocellulosic biomass from six morphological parts of Williams Cavendish banana (Triploid Musa AAA
group) plants. World |. Microbiol. Biotechnol. 2013, 29, 2259-2270. [CrossRef]

6.  Sellin, N.; de Oliveiraa, B.G.; Marangonia, C.; Souzaa, O.; de Oliveirab, A.P.N.; de Oliveiraa, TM.N. Use of banana culture waste
to produce briquettes. Chem. Eng. 2013, 32, 349-354. [CrossRef]

7. World Population Review. Available online: https://worldpopulationreview.com/country-rankings/developing-countries
(accessed on 21 January 2023).

8. Mohapatra, D.; Mishra, S.; Sutar, N. Banana and its by-product utilisation: An overview. J. Sci. Ind. Res. 2011, 69, 323-329.

9.  Vu, H.T,; Scarlett, C.J.; Vuong, Q.V. Phenolic compounds within banana peel and their potential uses: A review. JFF 2018, 40,

238-248. [CrossRef]


https://openknowledge.fao.org/server/api/core/bitstreams/db25a6ba-e947-4755-b5f0-cb1ee643f266/content
https://openknowledge.fao.org/server/api/core/bitstreams/db25a6ba-e947-4755-b5f0-cb1ee643f266/content
https://openknowledge.fao.org/items/a514cd44-6613-4ada-b899-bbd408c41151
https://openknowledge.fao.org/items/a514cd44-6613-4ada-b899-bbd408c41151
https://doi.org/10.1007/s13197-012-0861-2
https://doi.org/10.1007/s11274-013-1392-3
https://doi.org/10.3303/CET1332059
https://worldpopulationreview.com/country-rankings/developing-countries
https://doi.org/10.1016/j.jff.2017.11.006

Fibers 2024, 12,72 23 of 27

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

Khatib, M.; Giuliani, C.; Rossi, F.; Adessi, A.; Al-Tamimi, A.; Mazzola, G.; Di Gioia, D.; Innocenti, M.; Mulinacci, N. Polysaccharides
from by-products of the Wonderful and Laffan pomegranate varieties: New insight into extraction and characterization. Food
Chem. 2017, 235, 58-66. [CrossRef]

Rezi¢, T.; Presecki, A.V.; Kurtanjek, Z. New approach to the evaluation of lignocellulose derived by-products impact on lytic-
polysaccharide monooxygenase activity by using molecular descriptor structural causality model. Bioresour. Technol. 2021,
342,125990. [CrossRef]

Aquino, C.E; Salomao, L.C.C.; Ribeiro, S.M.R.; De Siqueira, D.L.; Cecon, P.R. Carbohydrates, phenolic compounds and antioxidant
activity in pulp and peel of 15 banana cultivars. Rev. Bras. Frutic. 2016, 38, e-090. [CrossRef]

Atlas Big. Available online: https://www.atlasbig.com/en-gb/countries-by-banana-production (accessed on 14 January 2023).
Cordeiro, N.; Belgacem, M.N.; Torres, 1.C.; Moura, ].C.V.P. Chemical composition and pulping of banana pseudo-stems. Ind. Crop.
Prod. 2004, 19, 147-154. [CrossRef]

Oliveira, L.; Cordeiro, N.; Evtuguin, D.V; Torres, I.C.; Silvestre, A.].D. Chemical composition of different morphological parts
from ‘Dwarf Cavendish’banana plant and their potential as a non-wood renewable source of natural products. Ind. Crop. Prod.
2007, 26, 163-172. [CrossRef]

Zhang, P.; Whistler, R.L.; BeMiller, ].N.; Hamaker, B.R. Banana starch: Production, physicochemical properties, and digestibility—
A review. Carbohydr. Polym. 2005, 59, 443-458. [CrossRef]

Emaga, T.H.; Roberta, C.; Ronkart, S.N.; Wathelet, B.; Paquot, M. Characterization of pectins extracted from banana peels (Musa
AAA) under different conditions using an experimental design. Food Chem. 2008, 108, 463—471. [CrossRef]

Emaga, T.H.; Roberta, C.; Ronkart, S.N.; Wathelet, B.; Paquot, M. Dietary fibre components and pectin chemical features of peels
during ripening in banana and plantain varieties. Biores Technol. 2008, 99, 4346—4354. [CrossRef] [PubMed]

Sharif Hossain, A.B.M. Nano-particle preparation from lingo-cellulose based banana peel biomass as a tool of nano-biotechnology.
Glob. |. Biol. Agric. Health Sci. 2015, 4, 19-21.

Khamsucharit, P.; Laohaphatanalert, K.; Gavinlertvatana, P.; Sriroth, K.; Sangseethong, K. Characterization of pectin extracted
from banana peels of different varieties. FSB 2018, 27, 623-629. [CrossRef]

Suchaiya, V.; Choochouy, N.; Chokboribal, J.; Khammee, T.; Nueangnun, K.; Jaroennon, P. Effects of reaction time on degree of
substitution, yield and morphology of carboxymethyl cellulose from banana peel. J. Phys. Conf. Ser. 2022, 2175, 012033. [CrossRef]
Thanyapanich, N.; Jimtaisong, A.; Rawdkuen, S. Functional properties of banana starch (Musa spp.) and its utilization in
cosmetics. Molecules 2021, 26, 3637. [CrossRef]

Rana, G.K; Singh, Y.; Mishra, S.P.; Rahangdale, H.K. Potential use of banana and its by-products: A review. Int. |. Curr. Microbiol.
App. Sci. 2018, 7, 1827-1832. [CrossRef]

Hernandez-Carmona, F.; Morales-Matos, Y.; Lambis-Miranda, H.; Pasqualino, J. Starch extraction potential from plantain peel
wastes. |. Environ. Chem. Eng. 2017, 5, 4980-4985. [CrossRef]

Mostafa, H.S. Banana plant as a source of valuable antimicrobial compounds and its current applications in the food sector.
J. Food Sci. 2021, 86, 3778-3797. [CrossRef]

Tin, H.S.; Padam, B.S.; Chye, FY.; Abdullah, M.I. Study on the potential of antimicrobial compounds from banana/plantain
by-products against foodborne pathogens. In Proceedings of the National Biotechnology Seminar, Kuala Lumpur, Malaysia,
24-26 May 2010.

Chowdhury, A ; Sarkar, J.; Chakraborti, T.; Pramanik, P.K.; Chakraborti, S. Protective role of epigallocatechin-3-gallate in health
and disease: A perspective. Biomed. Pharmacother. 2016, 78, 50-59. [CrossRef]

Novidiyanto, N.; Enardi, O.P; Devriany, A.; Pratiwi, A.P,; Airuni, M. Acceptability and antioxidant activity level of shredded
banana flower-chicken meat. Amerta Nutr. 2020, 4, 299-306. [CrossRef]

Schmidt, M.M.; Kubota, E.H.; Prestes, R.C.; Mello, R.O.; Rosa, C.S.; Scapin, G.; Ferreira, S. Development and evaluation of pork
burger with added natural antioxidant based on extract of banana inflorescence (Musa cavendishii). CYTA |. Food 2016, 14, 280-288.
[CrossRef]

Rodrigues, A.S.; Kubota, E.H.; da Silva, C.G.; dos Santos Alves, J.; Hautrive, T.P.; Rodrigues, G.S.; Campagnol, P.C.B. Banana
inflorescences: A cheap raw material with great potential to be used as a natural antioxidant in meat products. Meat Sci. 2020,
161, 107991. [CrossRef]

Vu, H.T,; Scarlett, C.].; Vuong, Q.V. Optimization of ultrasound-assisted extraction conditions for recovery of phenolic compounds
and antioxidant capacity from banana (Musa cavendish) peel. ]. Food Process. Preserv. 2016, 41, €13148. [CrossRef]

Schieber, A.; Stintzing, F.C.; Carle, R. By-products of plant food processing as a source of functional compounds—Recent
developments. Trends Food Sci. Technol. 2001, 12, 401-413. [CrossRef]

Archibald, ].G. Nutrient composition of banana skins. JDS 1949, 32, 969-971. [CrossRef]

Lustre, A.O.; Soriano, M.S.; Morga, N.S.; Balagot, A.H.; Tunac, M.M. Physico-chemical changes in ‘Saba’ bananas during normal
and acetylene-induced ripening. Food Chem. 1976, 1, 125-137. [CrossRef]

Adisa, V.A.; Okey, E.N. Carbohydrate and protein composition of banana pulp and peel as influenced by ripening and mold
contamination. Food Chem. 1987, 25, 85-91. [CrossRef]

Anhwange, B.A.; Ugye, T.J.; Nyiaatagher, T.D. Chemical composition of Musa sapientum (banana) peels. Electron. ]. Environ. ].
Agric. Food Chem. 2009, 8, 437-442.


https://doi.org/10.1016/j.foodchem.2017.05.041
https://doi.org/10.1016/j.biortech.2021.125990
https://doi.org/10.1590/0100-29452016090
https://www.atlasbig.com/en-gb/countries-by-banana-production
https://doi.org/10.1016/j.indcrop.2003.09.001
https://doi.org/10.1016/j.indcrop.2007.03.002
https://doi.org/10.1016/j.carbpol.2004.10.014
https://doi.org/10.1016/j.foodchem.2007.10.078
https://doi.org/10.1016/j.biortech.2007.08.030
https://www.ncbi.nlm.nih.gov/pubmed/17931857
https://doi.org/10.1007/s10068-017-0302-0
https://doi.org/10.1088/1742-6596/2175/1/012033
https://doi.org/10.3390/molecules26123637
https://doi.org/10.20546/ijcmas.2018.706.218
https://doi.org/10.1016/j.jece.2017.09.034
https://doi.org/10.1111/1750-3841.15854
https://doi.org/10.1016/j.biopha.2015.12.013
https://doi.org/10.20473/amnt.v4i4.2020.299-306
https://doi.org/10.1080/19476337.2015.1099118
https://doi.org/10.1016/j.meatsci.2019.107991
https://doi.org/10.1111/jfpp.13148
https://doi.org/10.1016/S0924-2244(02)00012-2
https://doi.org/10.3168/jds.S0022-0302(49)92146-3
https://doi.org/10.1016/0308-8146(76)90004-2
https://doi.org/10.1016/0308-8146(87)90057-4

Fibers 2024, 12,72 24 of 27

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Velumani, A.; Kandhavadivu, P.; Parthiban, M. Influence of blend proportion on mechanical properties of banana/cotton blended
knit fabric. IJFTR 2021, 46, 41-47.

Ritchie, H.; Roser, M. Clean Water and Sanitation, 2021, Our World in Data. Available online: https://ourworldindata.org/clean-
water-sanitation (accessed on 20 January 2023).

Faeth, P.; Weinthal, E. How access to clean water prevents conflict. Solut. J. 2012, 3, 70-76.

Udosen, E.O.; Enang, M.I. Chemical composition and soaping characteristics of peels from plantain (Musa paradisiaca) and banana
(Musa sapientum). GJPACR 2000, 6, 79-82. [CrossRef]

Yavuz, O.; Aydin, A.H. Removal of direct dyes from aqueous solution using various adsorbents. Pol. ]. Environ. Stud. 2006, 15,
155-161.

Mia, R.; Selim, M.; Shamim, A.M.; Chowdhury, M.; Sultana, S.; Armin, M.; Hossain, M.; Akter, R.; Dey, S.; Naznin, H. Review on
various types of pollution problem in textile dyeing & printing industries of Bangladesh and recommandation for mitigation.
JTEFT 2019, 5, 220-226. [CrossRef]

Sheng, Z.; Shen, Y; Dai, H.; Pan, S.; Ai, B.; Zheng, L.; Zheng, X.; Xu, Z. Physicochemical characterization of raw and modified
banana pseudostem fibers and their adsorption capacities for heavy metal Pb?>* and Cd?* in water. Polym. Compos. 2018, 39,
1869-1877. [CrossRef]

Faradilla, RH.; Lee, G.; Roberts, J.; Martens, P; Stenzel, M.; Arcot, J. Effect of glycerol, nanoclay and graphene oxide on
physicochemical properties of biodegradable nanocellulose plastic sourced from banana pseudo-stem. Cellulose 2018, 25, 399-416.
[CrossRef]

Vishnu Vardhini, K.J.; Murugan, R.; Surjit, R. Effect of alkali and enzymatic treatments of banana fibre on properties of
banana/polypropylene composites. J. Ind. Text. 2018, 47, 1849-1864. [CrossRef]

Alpizar, F; Carlsson, F; Lanza, G.; Carney, B.; Daniels, R.C.; Jaime, M.; Ho, T.; Nie, Z.; Salazar, C.; Tibesigwa, B.; et al. A
framework for selecting and designing policies to reduce marine plastic pollution in developing countries. Environ. Sci. Policy
2020, 109, 25-35. [CrossRef]

Kennedy, J. Bananas and people in the homeland of genus Musa: Not just pretty fruit. Ethnobot. Res. Appl. 2009, 7, 179-197.
[CrossRef]

Sogi, D.S. Value-Added Processing and Utilization of Banana By-Products. In Handbook of Banana Production, Postharvest Science,
Processing Technology, and Nutrition, 1st ed.; Siddiq, M., Ahmed, J., Lobo, M.G., Eds.; John Wiley & Sons Ltd.: West Sussex, UK,
2020; Volume 10, pp. 191-206. [CrossRef]

Colovi¢, D.; Rakita, S.; Banjac, V.; Duragi¢, O.; Cabarkapa, I. Plant food by-products as feed: Characteristics, possibilities,
environmental benefits, and negative sides. Food Rev. Int. 2019, 35, 363-389. [CrossRef]

Amarnath, R.; Balakrishnan, V. Evaluation of the banana (Musa paradisiaca) plant by-product’s fermentation characteristics to
assess their fodder potential. Int. |. Dairy Sci. 2007, 2, 217-225. [CrossRef]

Matekaire, T.; Mupangwa, ].E; Kanyamura, E.F. The efficacy of banana plant (Musa paradisiaca) as a coccidiostat in rabbits. Int. J.
Appl. Res. Vet. Med. 2005, 3, 326.

Ogolla, K.O.; Chebet, ].; Gathumbi, PK.; Waruiru, R.M.; Okumu, P.O.; Munyua, W.K;; Kitala, P.; Gichure, ].N.; Wanyoike, M.M.;
Mailu, S.; et al. Farmer practices that influence risk factors, prevalence and control strategies of rabbit coccidiosis in Central
Kenya. Livest. Res. Rural. Dev. 2017, 29, 1-20.

Hamid, P.H.; Prastowo, S.; Kristianingrum, Y.P. Intestinal and hepatic coccidiosis among rabbits in Yogyakarta, Indonesia. Vet.
World 2019, 12, 1256. [CrossRef]

Essien, J.P.; Akpan, E.J.; Essien, E.P. Studies on mould growth and biomass production using waste banana peel. Bioresour. Technol.
2005, 96, 1451-1456. [CrossRef]

Rathore, R.S.; Garg, N.; Garg, S.; Kumar, A. Starch phosphorylase: Role in starch metabolism and biotechnological applications.
Crit. Rev. Biotechnol. 2009, 29, 214-224. [CrossRef]

Hong, K.J.; Lee, C.H.; Kim, S.W. Aspergillus oryzae GB-107 fermentation improves nutritional quality of food soybeans and feed
soybean meals. J. Med. Food 2004, 7, 430—435. [CrossRef]

Tartrakoon, T.; Chalearmsan, N.; Vearasilp, T.; Meulen, U.T. The nutritive value of banana peel (Musa sapieutum L.) in growing
pigs. In Proceedings of the Deutscher Tropentag, Berlin, Germany, 14-15 October 1999.

Baijal, M.; Singh, S.; Shukla, R.N.; Sanwal, G.G. Enzymes of the banana plant: Optimum conditions for extraction. Phytochemistry
1972, 11, 929-936. [CrossRef]

Da Mota, R.V.; Cordenunsi, B.R.; Do Nascimento, ].R.; Purgatto, E.; Rosseto, M.R.; Lajolo, EM. Activity and expression of banana
starch phosphorylases during fruit development and ripening. Planta 2002, 216, 325-333. [CrossRef] [PubMed]

Idrees, M.; Adnan, A.; Malik, F.; Qureshi, F A. Enzymatic saccharification and lactic acid production from banana pseudo-stem
through optimized pretreatment at lowest catalyst concentration. EXCLI J. 2013, 12, 269-281. [PubMed]

de Jesus, L.C.L,; Santos, R.C.V.; Quaresma, L.S.; Américo, M.E,; Rodrigues, T.V.; Freitas, A.d.S.; Campos, G.M.; Dutra, J.d.C.E;
Barroso, FA.L.; Laguna, J.G.; et al. Health-Promoting Effects and Safety Aspects of Lactobacillus delbrueckii: A Food Industry
Species. Trends Food Sci. 2024, 150, 104605. [CrossRef]

Tsapekos, P.; Alvarado-Morales, M.; Baladi, S.; Bosma, E.F,; Angelidaki, I. Fermentative production of lactic acid as a sustainable
approach to valorize household bio-waste. Front. Sustain. 2020, 1, 4. [CrossRef]


https://ourworldindata.org/clean-water-sanitation
https://ourworldindata.org/clean-water-sanitation
https://doi.org/10.4314/gjpas.v6i1.16081
https://doi.org/10.15406/jteft.2019.05.00205
https://doi.org/10.1002/pc.24140
https://doi.org/10.1007/s10570-017-1537-x
https://doi.org/10.1177/1528083717714479
https://doi.org/10.1016/j.envsci.2020.04.007
https://doi.org/10.17348/era.7.0.179-197
https://doi.org/10.1002/9781119528265.ch10
https://doi.org/10.1080/87559129.2019.1573431
https://doi.org/10.3923/ijds.2007.217.225
https://doi.org/10.14202/vetworld.2019.1256-1260
https://doi.org/10.1016/j.biortech.2004.12.004
https://doi.org/10.1080/07388550902926063
https://doi.org/10.1089/jmf.2004.7.430
https://doi.org/10.1016/S0031-9422(00)88435-6
https://doi.org/10.1007/s00425-002-0858-6
https://www.ncbi.nlm.nih.gov/pubmed/12447547
https://www.ncbi.nlm.nih.gov/pubmed/26966423
https://doi.org/10.1016/j.tifs.2024.104605
https://doi.org/10.3389/frsus.2020.00004

Fibers 2024, 12,72 25 of 27

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Huang, J.; Wang, J.; Liu, S. Advanced fermentation techniques for lactic acid production from agricultural waste. Fermentation
2023, 9, 765. [CrossRef]

Tian, X.; Chen, H.; Liu, H.; Chen, J. Recent advances in lactic acid production by lactic acid bacteria. Appl. Biochem. Biotechnol.
2021, 193, 4151-4171. [CrossRef]

Martinez-Trujillo, M.A.; Bautista-Rangel, K.; Garcia-Rivero, M.; Martinez-Estrada, A.; Cruz-Diaz, M.R. Enzymatic saccharification
of banana peel and sequential fermentation of the reducing sugars to produce lactic acid. Bioprocess Biosyst. Eng. 2020, 43, 413-427.
[CrossRef]

Mohd Sharif, N.S.A.; Thor, E.S.; Zainol, N.; Jamaluddin, M.F. Optimization of ferulic acid production from banana stem waste
using central composite design. Environ. Prog. Sustain. 2017, 36, 1217-1223. [CrossRef]

Saravanan, K.; Aradhya, S.M. Polyphenols of pseudostem of different banana cultivars and their antioxidant activities. ]. Agric.
Food Chem. 2011, 59, 3613-3623. [CrossRef]

Sharma, M.; Patel, S.N.; Sangwan, R.S.; Singh, S.P. Biotransformation of banana pseudostem extract into a functional juice
containing value added biomolecules of potential health benefits. Indian J. Exp. Biol. 2017, 55, 453-462.

Ramu, R.; Shirahatti, P.S.; Zameer, F.; Nagendra Prasad, M.N. Investigation of antihyperglycaemic activity of banana (Musa sp.
var. Nanjangud rasa bale) pseudostem in normal and diabetic rats. J. Sci. Food Agric. 2015, 95, 165-173. [CrossRef]

Kuo, ].M.; Hwang, A.; Yeh, D.B.; Pan, M.H.; Tsai, M.L.; Pan, B.S. Lipoxygenase from banana leaf: Purification and characterization
of an enzyme that catalyzes linoleic acid oxygenation at the 9-position. J. Agric. Food Chem. 2006, 54, 3151-3156. [CrossRef]
[PubMed]

Morais, D.R.; Rotta, E.M.; Sargi, 5.C.; Schmidt, E.M.; Bonafe, E.G.; Eberlin, M.N.; Sawaya, A.C.H.F,; Visentainer, ].V. Antioxidant
activity, phenolics and UPLC-ESI (-)-MS of extracts from different tropical fruits parts and processed peels. Food Res. Int. 2015,
77,392-399. [CrossRef]

Oliveira, T.1.S.; Rosa, M.F.; Cavalcante, FL.; Pereira, P.H.F.,; Moates, G.K.; Wellner, N.; Mazzetto, S.E.; Waldron, K.W.; Azeredo,
H.M. Optimization of pectin extraction from banana peels with citric acid by using response surface methodology. Food Chem.
2016, 198, 113-118. [CrossRef]

Eixenberger, D.; Carballo-Arce, A.E.; Vega-Baudrit, ].R.; Trimino-Vazquez, H.; Villegas-Pefiaranda, L.R.; Stobener, A.; Aguilar,
F.; Mora-Villalobos, J.A.; Sandoval-Barrantes, M.; Bubenheim, P.; et al. Tropical agroindustrial biowaste revalorization through
integrative biorefineries—Review part II: Pineapple, sugarcane and banana by-products in Costa Rica. Biomass Convers. Biorefinery
2022, 14, 4391-4418. [CrossRef]

Ji, L.; Srzednicki, G. Extraction of aromatic compounds from banana peels. Acta Hortic. 2015, 1088, 541-546. [CrossRef]
Alkarkhi, A.F; bin Ramli, S.; Yong, Y.S.; Easa, A.M. Comparing physicochemical properties of banana pulp and peel flours
prepared from green and ripe fruits. Food Chem. 2011, 129, 312-318. [CrossRef] [PubMed]

Ibrahim, H.M. Green synthesis and characterization of silver nanoparticles using banana peel extract and their antimicrobial
activity against representative microorganisms. JRRAS 2015, 8, 265-275. [CrossRef]

Vijayakumar, S.; Vaseeharan, B.; Malaikozhundan, B.; Gopi, N.; Ekambaram, P.; Pachaiappan, R.; Velusamy, P.; Murugan, K,;
Benelli, G.; Kumar, R.S; et al. Therapeutic effects of gold nanoparticles synthesized using Musa paradisiaca peel extract against
multiple antibiotic resistant Enterococcus faecalis biofilms and human lung cancer cells (A549). Microb. Pathog. 2017, 102, 173-183.
[CrossRef]

Aehla, PF; Vijayalakshmi, D.; Suvarna, V.C.; Yatnatti, S. Processing of banana blossom and its application in food product. Int. J.
Curr. Microbiol. App. Sci 2018, 7, 1243-1250.

Amornlerdpison, D.; Choommongkol, V.; Narkprasom, K.; Yimyam, S. Bioactive compounds and antioxidant properties of
banana inflorescence in a beverage for maternal breastfeeding. Appl. Sci. 2020, 11, 343. [CrossRef]

Ovando-Martinez, M.; Sayago-Ayerdi, S.; Agama-Acevedo, E.; Goiii, I.; Bello-Pérez, L.A. Unripe banana flour as an ingredient to
increase the undigestible carbohydrates of pasta. Food Chem. 2009, 113, 121-126. [CrossRef]

bin Ramli, S.; Alkarkhi, A.EM.; Yong, Y.S.; Easa, A.M. Physicochemical Properties of Banana Flour as Influenced by Variety and
Stage of Ripeness: Multivariate Statistical Analysis. Nong Ye Ke Xue Yu Ji Shu 2010, 4, 69.

Wang, Y.; Zhang, M.; Mujumdar, A.S. Influence of green banana flour substitution for cassava starch on the nutrition, color,
texture and sensory quality in two types of snacks. LWT 2012, 47, 175-182. [CrossRef]

Kraithong, S.; Issara, U. A strategic review on plant by-product from banana harvesting: A potentially bio-based ingredient for
approaching novel food and agro-industry sustainability. J. Saudi Soc. Agric. Sci. 2021, 20, 530-543. [CrossRef]

Lockwood, M. Fossil fuel subsidy reform, rent management and political fragmentation in developing countries. New Political
Econ. 2015, 20, 475-494. [CrossRef]

Zhang, Y.; Gao, Z.; Song, N.; Li, X. High-performance supercapacitors and batteries derived from activated banana-peel with
porous structures. Electrochim. Acta 2016, 222, 1257-1266. [CrossRef]

Ahmad, K.K; Sazali, K.; Kamarolzaman, A.A. Characterization of fuel briquettes from banana tree waste. Mater. Today Proc. 2018,
5,21744-21752. [CrossRef]

Singh, D.; Singh, A.; Sengar, M.; Singh, S.; Mishra, V.; Singh, D.; Mishra, A.; Shankar, R.; Giri, B.S. An eco-friendly approach for
bioelectricity production through microbial fuel cell using Musa acuminata as waste biomass. J. Indian Chem. Soc. 2024, 101,
101180. [CrossRef]


https://doi.org/10.3390/fermentation9080765
https://doi.org/10.1007/s12010-021-03672-z
https://doi.org/10.1007/s00449-019-02237-z
https://doi.org/10.1002/ep.12560
https://doi.org/10.1021/jf103835z
https://doi.org/10.1002/jsfa.6698
https://doi.org/10.1021/jf060022q
https://www.ncbi.nlm.nih.gov/pubmed/16608245
https://doi.org/10.1016/j.foodres.2015.08.036
https://doi.org/10.1016/j.foodchem.2015.08.080
https://doi.org/10.1007/s13399-022-02721-9
https://doi.org/10.17660/ActaHortic.2015.1088.99
https://doi.org/10.1016/j.foodchem.2011.04.060
https://www.ncbi.nlm.nih.gov/pubmed/30634232
https://doi.org/10.1016/j.jrras.2015.01.007
https://doi.org/10.1016/j.micpath.2016.11.029
https://doi.org/10.3390/app11010343
https://doi.org/10.1016/j.foodchem.2008.07.035
https://doi.org/10.1016/j.lwt.2011.12.011
https://doi.org/10.1016/j.jssas.2021.06.004
https://doi.org/10.1080/13563467.2014.923826
https://doi.org/10.1016/j.electacta.2016.11.099
https://doi.org/10.1016/j.matpr.2018.07.027
https://doi.org/10.1016/j.jics.2024.101180

Fibers 2024, 12,72 26 of 27

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Verma, M.; Mishra, V. Bioelectricity generation by microbial degradation of banana peel waste biomass in a dual-chamber S.
cerevisiae-based microbial fuel cell. Biomass Bioenergy 2023, 168, 106677. [CrossRef]

Kumar, K.S.; Bhowmik, D.; Duraivel, S.; Umadevi, M. Traditional and medicinal uses of banana. J. Pharmacogn. Phytochem. 2012,
1,51-63.

Imam, M.Z.; Akter, S. Musa paradisiaca L. and Musa sapientum L.: A phytochemical and pharmacological review. . Appl. Pharm.
Sci. 2011, 5, 14-20.

Kurtoglu, G.; Yildiz, S. Extraction of fructo-oligosaccaride components from banana peels. GUJS 2011, 24, 877-882.

Rabbani, G.H.; Teka, T.; Zaman, B.; Majid, N.; Khatun, M.; Fuchs, G.J. Clinical studies in persistent diarrhea: Dietary management
with green banana or pectin in Bangladeshi children. Gastroenterology 2001, 121, 554-560. [CrossRef]

Hollein, L.; Kaale, E.; Mwalwisi, Y.H.; Schulze, M.H.; Holzgrabe, U. Routine quality control of medicines in developing countries:
Analytical challenges, regulatory infrastructures and the prevalence of counterfeit medicines in Tanzania. TrAC 2016, 76, 60-70.
[CrossRef]

Acosta, A.; Vanegas, E.P.,; Rovira, ]J.; Godman, B.; Bochenek, T. Medicine shortages: Gaps between countries and global
perspectives. Front. Pharmacol. 2019, 10, 763. [CrossRef] [PubMed]

Boots, A.W.; Haenen, G.R.; Bast, A. Health effects of quercetin: From antioxidant to nutraceutical. Eur. J. Pharmacol. 2008, 585,
325-337. [CrossRef]

Cheng, ].C.; Dai, E; Zhou, B.; Yang, L.; Liu, Z.L. Antioxidant activity of hydroxycinnamic acid derivatives in human low density
lipoprotein: Mechanism and structure-activity relationship. Food Chem. 2007, 104, 132-139. [CrossRef]

Delgado, A.M.; Issaoui, M.; Chammem, N. Analysis of main and healthy phenolic compounds in foods. J. AOAC Int. 2019, 102,
1356-1364. [CrossRef]

Gonzélez-Montelongo, R.; Lobo, M.G.; Gonzalez, M. Antioxidant activity in banana peel extracts: Testing extraction conditions
and related bioactive compounds. Food Chem. 2010, 119, 1030-1039. [CrossRef]

Hernandez-Carranza, P.; Avila-Sosa, R.; Guerrero-Beltran, J.A.; Navarro-Cruz, A.R.; Corona-Jiménez, E.; Ochoa-Velasco, C.E.
Optimization of antioxidant compounds extraction from fruit by-products: Apple pomace, orange and banana peel. J. Food
Process. Preserv. 2016, 40, 103-115. [CrossRef]

Sulaiman, S.E; Yusoff, N.A.M.; Eldeen, L. M.; Seow, E.M.; Sajak, A.A.B.; Ooi, K.L. Correlation between total phenolic and mineral
contents with antioxidant activity of eight Malaysian bananas (Musa sp.). . Food Compos. Anal. 2011, 24, 1-10. [CrossRef]
Kanazawa, K.; Sakakibara, H. High content of dopamine, a strong antioxidant, in cavendish banana. J. Agric. Food Chem. 2000, 48,
844-848. [CrossRef]

Aziz, N.H.; Farag, S.E.; Mousa, L.A.; Abo-Zaid, M.A. Comparative antibacterial and antifungal effects of some phenolic
compounds. Microbios 1998, 93, 43-54. [PubMed]

Jallow, A; Xie, H.; Tang, X.; Qi, Z.; Li, P. Worldwide aflatoxin contamination of agricultural products and foods: From occurrence
to control. CRFSFS 2021, 20, 2332-2381. [CrossRef]

Memon, J.R.; Memon, S.Q.; Bhanger, M.I.; Memon, G.Z.; El-Turki, A.; Allen, G.C. Characterization of banana peel by scanning
electron microscopy and FT-IR spectroscopy and its use for cadmium removal. Colloids Surf B Biointerfaces 2008, 66, 260-265.
[CrossRef] [PubMed]

Memon, J.R.; Memon, S.Q.; Bhanger, M.I; El-Turki, A.; Hallam, K.R.; Allen, G.C. Banana peel: A green and economical sorbent
for the selective removal of Cr (VI) from industrial wastewater. Colloids Surf B Biointerfaces 2009, 70, 232-237. [CrossRef]

Castro, R.S.; Caetano, L.; Ferreira, G.; Padilha, PM.; Saeki, M.].; Zara, L.F.; Martines, M.A.U.; Castro, G.R. Banana peel applied to
the solid phase extraction of copper and lead from river water: Preconcentration of metal ions with a fruit waste. Ind. Eng. Chem.
Res. 2011, 50, 3446-3451. [CrossRef]

Oyewo, O.A.; Onyango, M.S.; Wolkersdorfer, C. Application of banana peels nanosorbent for the removal of radioactive minerals
from real mine water. . Environ. Radioact. 2016, 164, 369-376. [CrossRef]

Getachew, T.; Hussen, A.; Rao, V.M. Defluoridation of water by activated carbon prepared from banana (Musa paradisiaca) peel
and coffee (Coffea arabica) husk. IJEST 2015, 12, 1857-1866. [CrossRef]

Reddy, C.A.; Prashanthi, N.; Babu, PH.; Mahale, ].S. Banana peel as a biosorbent in removal of nitrate from water. Development
2015, 2, 94-98. [CrossRef]

Kamsonlian, S.; Suresh, S.; Majumder, C.B.; Chand, S. Characterization of banana and orange peels: Biosorption mechanism. Int.
J. Sci. Technol. 2011, 2, 1-7.

Low, K.S.; Lee, CK.; Leo, A.C. Removal of metals from electroplating wastes using banana pith. Bioresour. Technol. 1995, 51,
227-231. [CrossRef]

Ogunleye, O.0.; Ajala, M.A.; Agarry, S.E. Evaluation of biosorptive capacity of banana (Musa paradisiaca) stalk for lead (II)
removal from aqueous solution. J. Environ. Prot. 2014, 5, 1451. [CrossRef]

Sumiyati, S.; Huboyo, H.S.; Ramadan, B.S. Potential Use of Banana Plant (Musa spp.) as Bio-sorbent Materials for Controlling
Gaseous Pollutants. In Proceedings of the 4th International Conference on Energy, Environment, Epidemiology and Information
System (ICENIS 2019), Semarang, Indonesia, 7-8 August 2019.

Mordi, R.C.; Fadiaro, A.E.; Owoeye, T.E; Olanrewaju, 1.O.; Uzoamaka, G.C.; Olorunshola, S.J. Identification by GC-MS of
the components of oils of banana peels extract, phytochemical and antimicrobial analyses. Res. J. Phytochem. 2016, 10, 39-44.
[CrossRef]


https://doi.org/10.1016/j.biombioe.2022.106677
https://doi.org/10.1053/gast.2001.27178
https://doi.org/10.1016/j.trac.2015.11.009
https://doi.org/10.3389/fphar.2019.00763
https://www.ncbi.nlm.nih.gov/pubmed/31379565
https://doi.org/10.1016/j.ejphar.2008.03.008
https://doi.org/10.1016/j.foodchem.2006.11.012
https://doi.org/10.5740/jaoacint.19-0128
https://doi.org/10.1016/j.foodchem.2009.08.012
https://doi.org/10.1111/jfpp.12588
https://doi.org/10.1016/j.jfca.2010.04.005
https://doi.org/10.1021/jf9909860
https://www.ncbi.nlm.nih.gov/pubmed/9670554
https://doi.org/10.1111/1541-4337.12734
https://doi.org/10.1016/j.colsurfb.2008.07.001
https://www.ncbi.nlm.nih.gov/pubmed/18760572
https://doi.org/10.1016/j.colsurfb.2008.12.032
https://doi.org/10.1021/ie101499e
https://doi.org/10.1016/j.jenvrad.2016.08.014
https://doi.org/10.1007/s13762-014-0545-8
https://doi.org/10.17148/IARJSET.2015.21020
https://doi.org/10.1016/0960-8524(94)00123-I
https://doi.org/10.4236/jep.2014.515138
https://doi.org/10.3923/rjphyto.2016.39.44

Fibers 2024, 12,72 27 of 27

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

Rattanavichai, W.; Cheng, W. Dietary supplement of banana (Musa acuminata) peels hot-water extract to enhance the growth,
anti-hypothermal stress, immunity and disease resistance of the giant freshwater prawn, Macrobrachium rosenbergii. Fish Shellfish.
Immunol. 2015, 43, 415-426. [CrossRef]

Subasinghe, R.P. Epidemiological approach to aquatic animal health management: Opportunities and challenges for developing
countries to increase aquatic production through aquaculture. Prev. Vet. Med. 2005, 67, 117-124. [CrossRef]

Preeti, J.; Mahmood, H.B.; Khondker, R.H.; Sitesh, C.B. Antibacterial and antioxidant activities of local seeded banana fruits. AJPP
2011, 5, 1398-1403. [CrossRef]

Devatkal, S.K.; Kumboj, R.; Paul, D. Comparative antioxidant effect of BHT and water extracts of banana and sapodilla peels in
raw poultry meat. JFST 2014, 51, 387-391. [CrossRef]

Kurhade, A.H.; Waghmare, ].S. Effect of banana peel oleoresin on oxidative stability of sunflower and soybean oil. J. Food Process.
Preserv. 2015, 39, 1788-1797. [CrossRef]

Hammond, S.T.; Brown, ].H.; Burger, ].R.; Flanagan, T.P; Fristoe, T.S.; Mercado-Silva, N.; Nekola, ].C.; Okie, ].G. Food spoilage,
storage, and transport: Implications for a sustainable future. BioScience 2015, 65, 758-768. [CrossRef]

Walker, P. Food Residuals: Waste Product, by-Product, or Coproduct. In Food Waste to Animal Feed, 1st ed.; Westendorf, M.L., Ed.;
Iowa State University Press: Ames, IA, USA, 2000; pp. 17-30. [CrossRef]

Sugiura, K.; Yamatani, S.; Watahara, M.; Onodera, T. Ecofeed, animal feed produced from recycled food waste. Vet. Ital. 2009, 45,
397-404. [PubMed]

Kwak, W.S,; Kang, J.S. Effect of feeding food waste-broiler litter and bakery by-product mixture to pigs. Bioresour. Technol. 2006,
97,243-249. [CrossRef]

Mohiuddin, A.K.M.; Saha, M.K.; Hossian, M.S.; Aysha Ferdoushi, A.F. Usefulness of banana (Musa paradisiaca) wastes in
manufacturing of bio-products: A review. Agriculturists 2014, 12, 148-158. [CrossRef]

Ramesh, M.; Atreya, T.S.A.; Aswin, U.S.; Eashwar, H.; Deepa, C. Processing and mechanical property evaluation of banana fiber
reinforced polymer composites. Procedia Eng. 2014, 97, 563-572. [CrossRef]

Bhatnagar, R.; Gupta, G.; Yadav, S. A review on composition and properties of banana fibers. Int. J. Sci. Eng. Res. 2015, 6, 49-52.
Vigneswaran, C.; Pavithra, V.; Gayathri, V.; Mythili, K. Banana fiber: Scope and value added product development. J. Text. Appar.
Technol. 2015, 9, 1-7.

Sapuan, S.M.; Leenie, A.; Harimi, M.; Beng, Y.K. Mechanical properties of woven banana fibre reinforced epoxy composites.
Mater. Des. 2006, 27, 689-693. [CrossRef]

Preethi, P,; Balakrishna Murthy, G. Physical and chemical properties of banana fibre extracted from commercial banana cultivars
grown in Tamilnadu State. Agrotechnol 2013, 11, 1-3. [CrossRef]

Kulkarni, A.G.; Satyanarayana, K.G.; Rohatgi, PK.; Vijayan, K. Mechanical properties of banana fibres (Musa sepientum). J. Mater.
Sci. 1983, 18, 2290-2296. [CrossRef]

Soiraya, B.; Phuenpipob, C.; Duangkamol, T.; Siripun, A.; Theeramongkol, P. The Development of Green Packaging from Banana Fiber
for Instant Food Products; Intellectual Repository at Rahamangala University of Technology: Phra Nakhon, Thailand, 2012; pp. 3-4.
Zou, E; Tan, C.; Zhang, B.; Wu, W.; Shang, N. The Valorization of Banana By-Products: Nutritional Composition, Bioactivities,
Applications, and Future Development. Foods 2022, 11, 3170. [CrossRef] [PubMed]

Nazir, N.; Olabisi, L.S.; Ahmad, S. Forest wood consumption and wood shortage in Pakistan: Estimation and projection through
system dynamics. Pak. Dev. Rev. 2018, 57, 73-98. [CrossRef]

Agriculture Information. Available online: https://www.agricultureinformation.com/ (accessed on 20 April 2024).

Ecosilky. Available online: https://ecosilky.com.vn/en/ (accessed on 20 April 2024).

Musa Pacta. Available online: https://musapacta.com.vn/ (accessed on 20 April 2024).

Tibolla, H.; Pelissari, FM.; Menegalli, F.C. Cellulose nanofibers produced from banana peel by chemical and enzymatic treatment.
LWT 2014, 59, 1311-1318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.fsi.2015.01.011
https://doi.org/10.1016/j.prevetmed.2004.11.004
https://doi.org/10.5897/ajpp11.294
https://doi.org/10.1007/s13197-011-0508-8
https://doi.org/10.1111/jfpp.12413
https://doi.org/10.1093/biosci/biv081
https://doi.org/10.1002/9780470290217
https://www.ncbi.nlm.nih.gov/pubmed/20391403
https://doi.org/10.1016/j.biortech.2005.02.008
https://doi.org/10.3329/agric.v12i1.19870
https://doi.org/10.1016/j.proeng.2014.12.284
https://doi.org/10.1016/j.matdes.2004.12.016
https://doi.org/10.4172/2168-9881.S11-008
https://doi.org/10.1007/BF00541832
https://doi.org/10.3390/foods11203170
https://www.ncbi.nlm.nih.gov/pubmed/37430919
https://doi.org/10.30541/v57i1pp.73-98
https://www.agricultureinformation.com/
https://ecosilky.com.vn/en/
https://musapacta.com.vn/
https://doi.org/10.1016/j.lwt.2014.04.011

	Introduction 
	Banana By-Product Utilization 
	Utilities 
	Animal Feed 
	Bioactive Compounds 
	Snacks 
	Fuel 
	Traditional Medicine and Disease Prevention 
	Bio-Sorbents 
	Natural Preservatives and Antimicrobial Compounds 

	Banana By-Product Utilization Disadvantages 
	Banana By-Products as Fibers 
	Conclusions 
	References

