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Abstract

Food loss and waste is a major issue affecting food security, environmental pollution, producer profitability, consumer prices,
and climate change. About 1.3 billion tons of food products are yearly lost globally, with China producing approximately
20 million tons of soybean dregs annually. Here, we review food and agricultural byproducts with emphasis on the strate-
gies to convert this waste into valuable materials. Byproducts can be used for animal and plant nutrition, biogas production,
food, extraction of oils and bioactive substances, and production of vinegar, wine, edible coatings and organic fertilizers.
For instance, bioactive compounds represent approximately 8-20% of apple pomace, 5-17% of orange peel, 10-25% of
grape seeds, 3—-15% of pomegranate peel, and 2—-13% of date palm seeds. Similarly, the pharmaceutical industry uses
approximately 6.5% of the total output of gelatin derived from fish bones and animal skin. Animals fed with pomegranate
peel and olive pomace improved the concentration of deoxyribonucleic acid and protein, the litter size, the milk yield, and
nest characteristics. Biogas production amounts to 57.1% using soybean residue, 53.7% using papaya peel, and 49.1% using

sugarcane bagasse.
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Introduction

One-third of the food that was initially intended for human
consumption is lost or wasted annually in the production and
supply chain, amounting to approximately 1.3 billion tons
globally. A significant amount of food wasted and lost sug-
gests that the food system is inefficient, which is detrimen-
tal to food security, the environment, producer profits, con-
sumer prices, and climate change. Recent consumer demand
for more eco-friendly products has increased awareness of
the need to utilize the food industry’s waste products in ways
that could benefit the economy and reduce their pollution-
causing effects (Orozco et al. 2023; Yang et al. 2022). Due
to greenhouse gas emissions, climate change is characterized
as a change in climate patterns (Osman et al. 2023; Osman
et al. 2021). Global warming has been primarily attributed
to greenhouse gas emissions, which cause the earth’s atmos-
phere to trap heat. The primary sources of these emissions
are human activity and natural processes. Natural systems
include forest fires, earthquakes, oceans, permafrost, wet-
lands, mud volcanoes, and volcanoes, while human activi-
ties primarily involve energy generation, industrial activities,
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and those associated with forestry, land use, and land-use
change (Fawzy et al. 2020; Osman et al. 2021).

Burning or disposing of food wastes in a manner that
increases heat emissions is one of the human activities
that exacerbate the climate change crisis (Fawzy et al.
2020). Consequently, the topic of by-product utilization
is crucial considering the current pro-environmental and
eco-friendly tendencies, as well as the numerous inter-
national laws in place. In addition, from a technological
standpoint, incorporating these materials into existing
production processes may increase final product value or
reduce production costs (Orozco et al. 2023; Yang et al.
2022). Furthermore, from an economic perspective, the
circular economy concept encourages appropriate strat-
egies for managing and valorizing these by-products to
reduce pollution and promote sustainable bio-economy
growth among industries, as well as the design and emer-
gence of new revenue streams (Goémez et al. 2021). Con-
sequently, several options exist for overcoming or reducing

Fig.1 Applications for food
and agricultural by-products.
Among the food applications

of food and agricultural by-
products are the extraction of oil
and bioactive compounds, the
production of vinegar and wine,
and the production of edible
coatings. Food and agricultural

by-products can be utilized to Fruit and
produce biofertilizer, biogas vegetables
slurry, biochar, and bottom waste

ash. Food and agricultural l

Cereals, nuts,
and seeds
by-products

the potentially negative environmental effects of food or
food agro-industrial by-products, including the extrac-
tion of oil and bioactive compounds, the production of
vinegar, edible coatings, cosmetics, animal feed, biogas,
and organic fertilizers, among others (Fig. 1) (Peng et al.
2023; Rashwan et al. 2023; Schieber et al. 2001; Toldra
et al. 2021).

Therefore, this review aims to describe critically and
comprehensively the most significant routes for converting
food agro-industrial by-products into valuable products.
Consequently, this review has the potential to be a signifi-
cant contribution to multiple fields, such as food production,
pharmaceuticals, agriculture, animal nutrition, and biogas
production. Consequently, the novelty and advancements of
our review are the discussions of the best routes to convert
food and agricultural by-products into valuable and econom-
ically viable products that can mitigate their negative effects
on food security, the environment, producer profits, and con-
sumer prices, as well as their contribution to climate change.

Food and agriculture by-products

Meat, dairy,
fish, and egg
by-products

Sugar production
by-products

by-products can be used to pro-
duce animal supplements and
silage. It is possible to produce
cosmetics, pharmaceuticals,

and chemicals by recycling

both food and agricultural by-
products. Food and agricultural
by-products are extensively used
to generate renewable energy,
such as biogas

Food application
(production of vinegar,
oil, edible coatings, and
bioactive compounds)

Cosmetics, pharmaceuticals,
and chemicals products
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By-products sources

Throughout the many stages of food production, the agro-
food business produces thousands of tons of “wastes”.
These “wastes” are typically made up of skins, peels,
seeds, leaves, and other inedible fractions that are thrown
away because they have little nutritional value, contain
dangerous compounds, or have insufficient sensory quali-
ties. The vast volumes that are produced yearly and their
high-water activity, which encourages microbial pro-
liferation, are the main causes of serious environmental
concerns (éolovic’ et al. 2019; Uyeh et al. 2021). The
Food and Agriculture Organization of the United Nations

reports that 1.3 billion tons of food are lost or wasted each
year worldwide (FAO 2011).

Most of these by-products come through the processing
of cereals, fruits, vegetables, meat, fish, and eggs, as shown
in Fig. 2 (Colovic’ et al. 2019; Ondarza and Tricarico 2021a,
b; Jayathilakan et al. 2012; Luithui et al. 2019; Rashwan
et al. 2021; Raamsdonk et al. 2023). Therefore, recycling
these by-products or wastes into valuable products can over-
come the potential environmental concerns that result from
these wastes. Many valuable products can be produced from
human-inedible agricultural and agro-industrial by-products,
such as oil, vinegar, extraction of bioactive compounds, edi-
ble coatings, cosmetics, animal feed, biogas, organic ferti-
lizers, and others (Peng et al. 2023; Schieber et al. 2001;
Tawfik et al. 2022; Toldra et al. 2021).

By products of dairy processing

- Milk, cheese, yogurt,
and butter wastes, and others

By-products of
fruit processing

- Apple pomace - Date palm seeds
- Citrus fruits peel and pomace

- Grape seeds and pomace

- Mango peel and seed
- Others

By-products of
vegetable processing _

- Tomato pomace

- Red-beet and
carrot wastes

- Potato and sweet
potato wastes

- Cucurbitaceae wastes

- Onion and garlic peels

- Others

By-products
and wastes of
food processing

By-products of meat,
fish, and egg processing
- Animal bons and skins
- Fish bons and skins
- Slaughtering blood
- Meat fat and scraps
- Eggshell waste
- others

By-products of
sugar production

- Bagasse

- Molasses

- Beet pulp

- Sugar cane tops
and leaves

- Sugar beet tops
and leaves

- Others

By-products of cereals processing

- Wheat bran and germ

- Rice polish and germ

- Crushed maize and germ - Soybean meal
- Soybean hulls - Quinoa wastes - Others

Fig.2 Potential sources of food processing by-products and wastes.
The processing of fruit can generate numerous by-products, including
apple pomace, grape pomace, fruit peels, and fruit seeds, among oth-
ers. Vegetable processing by-products include tomato pomace, peels,
seed, onion, and garlic peels, among others. Most cereal by-products
consist of wheat bran and germ, rice polish and germ, soybean meal,

and quinoa bran. Sugar cane bagasse, sugar cane molasses, sugar
cane tops, sugar beet pomace, and sugar beet tops are the by-prod-
ucts of sugar production. Several by-products, including bones, skin,
blood, fat, and eggshells, can result from processing meat, fish, and

€ggs
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To summarize, there are many sources of food and agri-
cultural by-products, such as by-products of cereals, fruits,
vegetables, meat, fish, and egg processing, where around
1.3 billion tons of food products are lost worldwide every
year. About 20 million tons of soybean dregs in China are
produced yearly.

Potential applications of by-products
Food production applications

In recent years, with the increasing concern about health
and environmental protection, the by-products of edible
plants have gradually become the most important resource
in food production. These by-products can not only cost food
processing but also pollute and waste resources. However,
although these by-products have great potential to be used
in food production, there are still many challenges and limi-
tations in actual production. This section aims to discuss
the current situation of the application of edible plant by-
products in food production, the existing problems, and the
future direction to provide a valuable reference for related

Fig. 3 Potential applications

of edible plants by-products. It
consists primarily of five appli-
cations: oil and vinegar produc-
tion, bioactive compounds, food
additives, and edible coatings.
Peels, seeds, fruits, and flowers
are the primary sources of raw
materials for this production
among edible plants. With

the aid of relevant industrial
extraction technologies, various
valuable new products can be
obtained by utilizing these by-
products in their natural state
or after proper pretreatment.
Mechanical pressing, supercriti-
cal fluid extraction, ultrasonic-
assisted extraction, microwave-
assisted extraction, ionic

liquid extraction, and microbial
fermentation extraction are the
primary extraction methods
used in these applications
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research. Figure 3 shows the classification of potential appli-
cations using by-products of edible plants.

Oil production

Today, which emphasizes sustainable development and
environmental protection, the production of oil from the
by-products of edible plants is a topic of great interest. Tra-
ditional methods of producing oil usually use many chemical
processes, which not only pollute the environment but also
have low resource utilization. In contrast, the rational use
of edible plant by-products can not only reduce waste in
the production process but also improve the efficiency and
quality of oil production, thus achieving the goal of sustain-
able development. This section presents the status and future
trends of research on the application of edible plant by-prod-
ucts in edible oil production from three aspects: types of by-
products, oil production processes, and production effects.
The parts with high oil content are the by-products of edible
plants, seeds, fruits, and flowers. These oils can be extracted
by mechanical pressing or solvent extraction (Kishikawa
et al. 2015). However, these adversely affect human health
because they need to use a lot of solvents and energy and
produce a lot of waste and pollutants (Hanif et al. 2019).

Bioactive

Edible plant
by-products

Food
%} Additives
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To overcome these problems, many researchers began to
explore new ways to produce oil.

Microbial fermentation is a new kind of microorganism
that can transform the by-products of edible plants into oils
and fats (Vargas et al. 2020). These micro-organisms include
yeasts, bacteria, and fungi. Various types of oils and fats,
such as triglyceride phospholipids and triglycerides, can be
produced efficiently by microbial fermentation. These oils
can be used in biodiesel, bio-lubricating oil, and biodegrad-
able plastics (Yeboah et al. 2021). Another emerging tech-
nology is the use of supercritical fluid technology (Zhou
et al. 2021). Supercritical fluids can extract oils and fats from
edible plant by-products under high pressure and high tem-
perature, which is more environmentally friendly and effi-
cient than mechanical pressing or solvent extraction. Studies
have shown that supercritical fluid extraction can achieve
higher oil production in a shorter time while also generating
wastes and pollutants (Ahangari et al. 2021; Uwineza and
Waskiewicz 2020). For example, Zuo et al. (2008) and Alva-
rez et al. (2019) found that the extraction rate of isoflavones
from soybean oil by supercritical carbon dioxide could reach
87.3% while avoiding solvent residue and improving purity.

In addition, others are used to produce oil from edible
plant by-products, such as ultrasonic-assisted extraction,
microwave-assisted extraction, and ionic liquid extraction.
They can achieve efficient extraction of target substances by
accelerating intermolecular interaction. These effects on oil
production are one of the important directions of biofuel pro-
duction (Ullah et al. 2019). For example, Kostas et al. (2020)
used ultrasonic-assisted extraction to extract oil from olive
cake and found that the extraction rate increased by about
30% compared with solvent extraction. Hu et al. (2019) used
a microwave-assisted extraction method to extract oil from
Camellia oleifera seeds, and it was found that the oil yield
was nearly 11% higher than that of extraction, and the waste
yield was also increased to a certain extent. Figure 4 sum-
marizes the main extraction methods used to produce oil
from the edible plant by-products.

In terms of research, peanuts are a common food crop,
and their shells are as rich in oil as the fruit. Studies have
shown that oil can be extracted from peanut shells by super-
critical fluid extraction techniques, and these oils can be
used to produce edible oils (Celebi et al. 2022; Imran et al.
2022). In addition, by-products from edible plants such
as olive pomace, coconut shells, and grape seeds are also
widely used in oil production. For example, coconut oil can
be extracted from coconut shells by mechanical pressing,
which is rich in chain fatty acids that can promote fat metab-
olism in the body and are beneficial for maintaining good
health (Osman 2019). Mechanical pressing and supercritical
extraction methods can be used to obtain edible oils from
grape seeds, which are rich in oleic acid and antioxidants
that help maintain health and prevent cardiovascular disease

(Souza et al. 2020; Martin et al. 2020). In addition, for some
regional by-products of edible plants, such as the husks of
Ephedra spp. and the kernels of dates, the production of
oils from them can also meet the needs of the food industry
(Guenaou et al. 2021; Liu et al. 2020).

In addition to the use of existing edible plant by-prod-
ucts for oil production, the possibility of using new edi-
ble plant by-product resources for oil production has also
been demonstrated. For example, coffee bean residues, as
a waste product of coffee bean use, are crushed, screened,
and dehydrated, based on which oil can be extracted, usually
by supercritical carbon dioxide extraction and supercritical
methanol extraction, resulting in coffee oil with a strong
coffee flavor and rich in beneficial components such as caf-
feine and tannins (Alvarez et al. 2021; Dong et al. 2021).
These components make coffee oil potentially useful for a
wide range of applications in everyday cooking and food
processing. At the same time, the production of coffee oil
from coffee bean by-products can also effectively reduce
the waste of coffee beans and the associated environmental
pollution problems.

In conclusion, using edible plant resources to produce
oil is a kind of edible production and an important way of
comprehensive utilization of plant resources. Tables 1 and
2, respectively, summarize the main edible plant resources
that can be used in oil production at present, and the main
methods for oil extraction from edible plant by-products.
Microbial fermentation and supercritical fluid extraction are
widely used in current research, and the utilization of new
edible plants is also being explored and studied. However,
in the future, more research is needed to optimize these and
develop more efficient and environmentally friendly produc-
tion technologies to promote oil production from the by-
products of edible plants.

Vinegar production

Vinegar is a popular condiment and can be used in vari-
ous dishes and drinks. Although most vinegar is made by
alcoholic fermentation, the technology of producing vinegar
from by-products of edible plants has attracted more and
more attention in recent years (Prisacaru et al. 2021). This
technology can not only utilize the waste of by-products but
also produce high-quality vinegar. The by-products of edible
plants are an important source of raw materials in vinegar
production. Some widely used plant by-products include
apple pomace, banana skin, peanut skin, and grape skin.
These plant by-products have nutrients such as high fiber,
sugar, protein, and minerals, which can be used for vinegar
fermentation (Kandylis 2019). In addition, the production of
these by-products is also very large. Effective use of these
by-products can improve resource utilization efficiency and
help protect the environment.
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Fig.4 Primary techniques for extracting oil from by-products of
edible plants. Mechanical pressing refers to the physical squeezing of
edible plant by-products by a stationary mechanical device to extract
the oil. Ultrasonic-assisted extraction, microwave-assisted extrac-
tion, and ionic liquid extraction all require the grinding of by-product
raw materials into ash, followed by separating oil components using

Nowadays, more and more researchers are beginning to
pay attention to the technology of producing vinegar by-
products of edible plants. For example, apple pomace is
a by-product of apple processing, which is rich in pectin,
cellulose, and other nutrients and can be used to produce
vinegar. At present, apple pomace is proved that it could be
used as a raw material for vinegar, among which a typically
one is found by Du et al. (2019), who reported that vinegar
prepared by apple pomace fermentation under the condition
of controlling temperature and pH value could achieve not
only high acid production and flavor score but also achieve
significant production cost, which has a good application
prospect (Guiné et al. 2021). Banana peel is also a common
by-product of processing, which is rich in nutrients such
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Supercritical fluid extraction

an ultrasonic probe, microwave reactor, or ionic liquid. Supercritical
fluid extraction is the separation of oil from liquid or solid using fluid
in a thermodynamic state with a temperature greater than the critical
temperature and a pressure greater than the critical pressure. Using
microorganisms, microbial fermentation extraction refers to the con-
version of plant by-products into oils

as potassium and vitamin C and can also be used to pro-
duce vinegar. In recent years, the banana peel has also been
reported as a by-product of edible plants that can be used for
fermentation to prepare vinegar. At the same time, the prepa-
ration technology and product quality were also discussed
(Prisacaru et al. 2021). For example, Hikal et al. (2022)
reported that vinegar with higher yield and taste could be
continuously fermented using banana peel as raw material.

Similarly, peanut peel is a by-product of peanut process-
ing, which is rich in dietary fiber, polyphenols, and other
nutrients, and has good edible and medicinal value. In recent
years, some attempts have been made to prepare vinegar
from peanut skin, and some progress has been made. For
example, Quintana et al. (2021) found that vinegar with
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Table 1 Types of principal edible plant resources that can currently be used in oil production, with representative plants and their respective
characteristics

Resource Representative plants Characteristics References

Traditional edible plants Olive’s dreg The oil yield is between 20% and 30%

Coconut oil is rich in medium-chain fatty acids, which have many
benefits to the human body, such as improving immunity and car-
diovascular health

Espinola et al. (2021)

Coconut shell Wallace (2019)

Grape seed Grape seeds are rich in polyphenols and antioxidants. The edible oil ~ Kapcsandi et al. (2021)
they produce can lower cholesterol levels and the risk of cardiovas-
cular disease
Regional edible plants  Shells of ephedra, The oil obtained is also sufficient for consumption and with nutri- Guenaou et al. (2021)

Nucleus of jujube tional value

Food crops Peanut peel Shells contain up to 40% oil, which can be used to produce edible oil ~ Apekshita et al. (2021)

New edible plants Coffee bean ground It has a strong coffee flavor and is rich in beneficial ingredients such Alvarez et al. (2021)

as caffeine and tannins, making it of high food value

They can be divided into traditional edible plants, regional edible plants, food crops, and new edible plants based on the origin of their raw
materials. The by-products of traditional edible plants are primarily plant fruits; the by-products of food crops are primarily the seed coat and
rhizome; and the by-products of new edible plants are primarily plant fruits and seeds

Table 2 Principal advantages and disadvantages of oil extraction from edible plant by-products at present

Methods Advantages Limitations References

Hanif et al. (2019), Kishikawa et al.
(2015)

It needs to use a lot of solvents
and energy, and it will also
produce a lot of waste and pol-
lutants, which will adversely
affect human health

Mechanical pressing, solvent
extraction

Traditional and mature ways have
been widely used

Supercritical fluid extraction It can produce higher oil and fat
in a shorter time, and it can also

produce waste and pollutants

The need for professional equip-
ment and qualified operators
may cost the production

Ahangari et al. (2021), Uwineza
and Waskiewicz (2020)

It can achieve efficient extraction Ullah et al. (2019)
of target substances and reduce

the influence on the environment

Ultrasonic-assisted extraction,
microwave-assisted extraction,

ionic liquid extraction
Microbial fermentation extraction It can efficiently produce various

types of oils and fats

Vargas et al. (2020), Yeboah et al.
(2021)

The most common extraction techniques are mechanical pressing, solvent extraction, supercritical fluid extraction, ultrasonic-assisted extraction,
microwave-assisted extraction, ionic liquid extraction, and microbial fermentation extraction. Traditional extraction methods include mechani-
cal pressing and solvent extraction. Several new extraction techniques exist, such as supercritical fluid extraction, ultrasonic-assisted extraction,
microwave-assisted extraction, ionic liquid extraction, and microbial fermentation extraction. The latter has superior extraction efficiency and

environmental friendliness but has a higher production cost

peanut peel and banana peel as raw materials could also
achieve satisfactory yield and quality requirements. In addi-
tion, grape skin is a by-product of wine processing, which is
rich in polyphenols, minerals, and other nutrients, so it can
also be used to produce vinegar. Studies have shown that
polyphenols rich in grape skins have good antioxidant and
anticancer effects and can improve the nutritional value of
vinegar (Caponio et al. 2022). In recent years, attention has
been paid to the potential of using grape skins to produce
high-quality vinegar. For example, Debajyoti and Kumar
(2023) found that vinegar made from grape skins and wine
residues could not only be commercialized but also have
strong antioxidant activity under controlled fermentation
conditions. In addition to the plant by-products described

above, many other edible plant by-products can also be used
to produce vinegar, such as grapefruit peel, persimmon resi-
due, and papaya peel. These by-products also contain rich
nutrients with utilization value (Gohil et al. 2022). At pre-
sent, the related research is gradually deepening to explore
the application of more edible plant by-products in vinegar
production. Table 3 summarizes the by-product resources
and characteristics of the main edible plants that can be used
to produce vinegar at present, as well as the related repre-
sentative research progress.

In summary, the production of vinegar from the by-
products of edible plants has the following advantages: (1)
Reducing the waste and using by-products to produce valua-
ble food; (2) Improving the efficiency of resource utilization;
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(3) The vinegar produced has high quality and unique fla-
vor and nutritional components. However, this technology
also has some shortcomings, such as: (1) The collection and
treatment of raw materials need to invest more manpower,
material resources, and financial resources; (2) Produc-
tion is relatively more complex and requires more techni-
cal and equipment support. In addition, as this technology
is still in its initial stage, some technical problems remain
to be solved, such as microbial contamination and stability
in production (Kumari et al. 2022). In the future, with the
continuous development of vinegar production technology
from edible plant by-products, it can be predicted that it will
become an important production and bring positive benefits
in conservation and resource utilization (Boistean 2021).
At the same time, it is also necessary to further improve
and optimize the production and equipment of this tech-
nology to solve technical problems and improve production
efficiency and product quality to meet markets’ demands.
In addition, the promotion and publicity of this technology
should be strengthened to promote consumers’ awareness
and acceptance of this environmentally friendly, healthy, and
high-quality food.

Extraction of bioactive compounds

Bioactive compounds refer to chemical substances with spe-
cific biological activities and pharmacological effects. These
compounds can come from different sources, such as plants,
animals, and microorganisms. The activities and pharma-
cological effects of bioactive compounds include but are
not limited to antioxidant, anti-inflammatory, antibacterial,
anti-tumor, and lowering blood pressure and blood sugar.
These compounds can be used in producing and research-
ing industries such as medicines, health products, and foods
(Cruz et al. 2022; Rashwan et al. 2022). There are different
kinds and contents of bioactive compounds in the by-prod-
ucts of edible plants, such as peel, seed coat, seed shell, and
leaf. The extraction of bioactive compounds includes water
extraction, alcohol extraction, supercritical fluid extraction,
microwave-assisted extraction, and ultrasonic extraction
(Parra et al. 2021; Patra et al. 2022).

Water extraction is a kind of extraction with the charac-
teristics of simple, environmental protection, and low cost,
which is widely used in the extraction of natural products.
Water extraction usually involves the steps of mixing raw
materials with water and submerging them under high tem-
perature or high pressure to extract, concentrate and separate
the target compounds. However, some limitations of water
extraction include low extraction efficiency, long extraction
time, and easy decomposition (Fan and Gao 2022). Alco-
hol extraction is widely used in the extraction of natural
products, which has the advantages of high extraction effi-
ciency, fast extraction speed, and low extraction temperature.

Organic solvents such as ethanol and methanol are often
used as extractants, and different technical parameters and
operating conditions are adopted to achieve the extraction
and separation of target compounds. However, some disad-
vantages of alcohol extraction include that it is easy to lead
to residues of extractant and may produce toxic products
(Lefebvre et al. 2021).

In contrast, supercritical fluid extraction is efficient based
on physical and chemical characteristics. It uses high pres-
sure and temperature conditions to change the solvent into a
supercritical state and has the advantages of high efficiency,
environmental protection, fast speed, and little residue.
This kind of supercritical solvent are usually non-polar sub-
stances such as carbon dioxide, methane, and propane, and
the control of operation parameters and extraction condi-
tions greatly influences the extraction effect. For example,
Muangrat and Jirarattanarangsri (2020) proved that operat-
ing parameters and extraction conditions could control the
extraction efficiency by using supercritical carbon dioxide
to extract y-linolenic acid from Camellia oleifera’s seed oil.
However, it also has some limitations, including high equip-
ment cost and high technical requirements (Gallego et al.
2019; Molino et al. 2020). In addition, microwave-assisted
extraction is also a fast and efficient extraction, which has
the advantages of accelerating extraction speed and improv-
ing extraction efficiency and solvent dosage. This is often
done by heating the sample together with the solvent under
a microwave field to rapidly dissolve the target compound
in the solvent. For example, Boli et al. (2022) extracted
the total phenols from olive leaves by microwave-assisted
extraction, which was found to increase the extraction speed
by an average of 1.5 times and also reduce the amount of sol-
vent. However, some disadvantages of microwave-assisted
extraction include the need for high-pressure reaction ves-
sels to be heated easily (Wen et al. 2020). Table 4 summa-
rizes the main advantages and limitations of current use for
extracting bioactive compounds from by-products of edible
plants.

At present, the use of by-products of edible plants to
extract bioactive compounds is under investigation with an
upward trend, which mainly focuses on improving extraction
efficiency, the purity of compounds, and extraction costs.
Through continuous research, researchers have found many
effective extracts and successfully applied them to extract
different bioactive compounds. For example, Peanparkdee
and Iwamoto (2019) used ultrasonic-assisted extraction tech-
nology to extract polyphenols from rice straws and evaluated
their antioxidant activity in the study of rice residues. The
results showed that ultrasonic-assisted extraction was effec-
tive, and the antioxidant activity of polyphenols was higher.
Pokkanta et al. (2022) also extracted polyphenols from rice
husks by ultrasonic-assisted extraction and verified their pro-
tective effect on vascular endothelial cells by experiments.

@ Springer
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It is indicated that rice residue is a potential bioactive com-
pound resource that can be extracted effectively by a series
of related technologies.

In addition, tea residues were also considered as a poten-
tial source of bioactive compounds. In China, Shang et al.
(2023) extracted flavonoids from tea trees’ flowers using
microwave-assisted extraction technology, which proves
that it has antioxidant and antibacterial activities. While in
Indonesia, Djuardi et al. (2020) extracted tea polyphenols
from tea dregs and proved them to have anti-inflammatory
and antioxidant activities through experiments. Meanwhile,
grape residue has been extensively studied, with researchers
focusing on polyphenolic compounds. According to reports,
Averilla et al. (2019) extracted resveratrol from grape skin
using ultrasonic-assisted extraction technology and proved
its antioxidant and anti-diabetic effects through experiments.
At the same time, An et al. (2023) extracted proanthocyani-
dins from grape seeds and demonstrated that it could help
to promote the proliferation of cancer cells and promoting
tumor cell apoptosis.

It is also interesting to note that the olive tree (Olea
europaea), one of the most widely cultivated fruit trees in
the Mediterranean, is a potential source of bioactive com-
pounds in addition to providing edible olive fruit (Abdal-
lah et al. 2023). Olive trees are usually pruned in winter,
and the branches, after pruning, contain many polyphenols
and flavonoids. It is reported that olive pruning extract has
significant antioxidant, antibacterial, and anti-inflammatory
effects and low toxicity (Khwaldia et al. 2022). Esmeeta
et al. (2022) investigated the inhibitory effect of olive prun-
ing extract on human breast cancer cell lines and compared
it with a chemotherapy drug (paclitaxel). The results showed
that olive pruning extracts had the same anticancer effect
as paclitaxel but had little effect on healthy cells. Calvano
and Tamborrino (2022) compared olive pruning extract
with green tea polyphenols and found that olive pruning
extract had stronger antioxidant and anti-inflammatory
effects. However, it is worth noting that the extraction of
olive pruning is cumbersome, and the yield of the extract is
low, which limits the possibility of large-scale production.
In addition, the pruning and yield of olive trees are also
affected by several factors, such as seasonal age and geo-
graphical location, which also bring some uncertainties to its
application (Gonzalez et al. 2022). Table 5 summarizes the
main research progress of extracting bioactive compounds
from by-products of edible plants in recent years.

In general, the advantages of extracting bioactive com-
pounds from the by-products of edible plants are as fol-
lows: firstly, the by-products of edible plants can be fully
utilized, which would not waste resources; Secondly, the
extracted bioactive compounds can be used in the fields of
medicine, health care products and food, and have high eco-
nomic value and social value; Finally, using technologies

such as supercritical fluid extraction can make the produc-
tion more environmentally friendly by using organic solvents
(Ramos et al. 2019). However, there are also some problems
in this application, such as how to choose the extraction,
improve the extraction efficiency, and ensure the purity of
the extracted compounds, which need to be solved through
continuous research and improvement (Khawli et al. 2020).
It can be predicted that the public’s demand for bioactive
compounds will increase with the improvement of people’s
health awareness. Therefore, the use of extracting bioactive
compounds from edible plant by-products can be used to
reduce waste accumulation and landfilling costs. Valoriza-
tion of these by-products could also encourage innovation,
present business opportunities, and ultimately generate
income from previously expensive waste material (Pandey
2019; Rashwan et al. 2023). At the same time, it is worth
exploring more efficient and environmentally friendly
extraction and continuing to find new bioactive compounds
to provide better protection for human health and life.

Food additives

Food additives refer to chemical substances or products
used to change food’s physical, chemical, biological, and
nutritional characteristics, including preservatives, pig-
ments, sweeteners, spices, sour agents, and stabilizers. The
use of food additives can improve the taste, color, shelf
life, safety, and other characteristics of food, to meet the
needs and expectations of consumers (Williams and Phillips
2021). Rich bioactive substances such as polysaccharides,
proteins, and phenolic compounds in the by-products of
edible plants have certain nutritional and health care func-
tions and can be applied to producing related food additives
(Faustino et al. 2019; Rashwan et al. 2020). The extraction
used in this application mainly includes water extraction,
acid-base extraction, microwave-assisted extraction, and
others. Among them, water extraction is one of the most
commonly used extractions, which has the characteristics of
simplicity, safety, and environmental protection; Acid—base
extraction is suitable for extracting proteoglycan and other
substances; Microwave-assisted extraction has the advan-
tages of fast, high efficiency, and energy saving (Kumar et al.
2021; Xiang et al. 2022). At present, many studies on food
additives produced from by-products of edible plants have
been carried out all over the world, and abundant achieve-
ments have been made.

As one of the important research areas of food additives,
researchers in Europe have carried out a series of studies.
For example, Patocka et al. (2020) reported on the extrac-
tion of apple pectin from apple peel and its application in
the production of a food additive containing two to three
times more dietary fiber than in apple pulp, which provided
a new way for resource utilization of apple peel. Although
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Table 5 Recent advances in extracting bioactive compounds from plant by-products

Raw materials Extracts Methods

Results References

Camellia oleifera’s seed - linolenic acid

extraction

Olive leaf Total phenols

tion

Rice residue Polyphenol compound

tion

Tea residue Flavonoids (extracted from

tea flowers) tion

Tea polyphenols (extracted
from tea residue)

Grape residue Resveratrol (extracted from
grape skin) tion

Proanthocyanidins
(extracted from grape

seeds)
Olive tree pruning Substances with biological

activity

Supercritical carbon dioxide Operating parameters and

Microwave-assisted extrac-

Ultrasonic assisted extrac-

Microwave-assisted extrac-

Traditional extraction

Ultrasonic assisted extrac-

Traditional extraction

Traditional extraction

Muangrat and Jirarattana-
extraction conditions rangsri (2020)
can control extraction

efficiency

Compared with the current  Boli et al. (2022)
method, the extraction

speed is increased by 1.5

times on average, and the

amount of solvent is also

reduced

The antioxidant activity of
the polyphenol com-
pounds was higher than
those from traditional
extraction methods

Peanparkdee and Iwamoto
(2019)

Experiments verified the
protective effect on vascu-
lar endothelial cells

Pokkanta et al. (2022)

Its antioxidant and anti-
bacterial activities were
verified

Shang et al. (2023)

Its anti-inflammatory and
antioxidant activities were
proven

Djuardi et al. (2020)

Its antioxidant and antidia-
betic effects were proven

Averilla et al. (2019)

Its anticancer activity was An et al. (2023)

verified

It was found that it had the
same anticancer effect as
paclitaxel and had little
effect on healthy cells

Esmeeta et al. (2022)

Calvano and Tamborrino
(2022)

Compared with green
tea polyphenols, it has
stronger antioxidant and
anti-inflammatory effects

Bioactive compounds are extracted from the by-products of edible plants, which are primarily fruits, seeds, branches, leaves, and residues. Also
abundant among the extracted bioactive compounds are various alcohol compounds, phenolic compounds, and organic acids. Extraction pro-
cesses include both conventional and cutting-edge techniques, such as supercritical fluid extraction, microwave-assisted extraction, and ultra-
sonic-assisted extraction. These bioactive compounds have diverse effects, including antioxidant, antibacterial, anti-inflammatory, anti-disease,

and anti-cancer properties

the research results in Europe are abundant, there are still
some shortcomings, such as the lack of diversity of research
objects, which need to further expand the research scope
and strengthen cooperation. While in North America, the
research on food additives is also active, and many research-
ers have also explored the related application. For example,
Dean (2020) reported that polyphenols were extracted from
peanut peel and applied to meat products and found that
they had good antioxidant and fresh-keeping effects. In addi-
tion, Nasir et al. (2022) researched extracting cellulose from
mung bean hull and found that it can be used as an emulsifier
and stabilizer with wide application prospects. However, the

@ Springer

research results in North America also have shortcomings,
such as the lack of systematicness and comprehensiveness,
which is needed to further expand the research scope and
strengthen cooperation.

In addition, Asia, which is also rich in edible plants, is
another important research area for producing food additives
from by-products of edible plants. In Asia, many related
by-products have been used to produce food additives, such
as soybean dregs, red jujube dregs, and medlar dregs. These
by-products not only come from a wide range of sources
but also have high yields, so they have potential commercial
value (Jiang et al. 2021; Rashwan et al. 2020). For example,
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soybean dregs are a common by-product of edible plants in
China and Japan. About 20 million tons of soybean dregs
in China are produced yearly. At present, researchers have
used it to produce a variety of food additives such as soy-
bean dregs polysaccharides, cellulose, and protein. These
additives can be used in many food fields, such as bever-
ages, dairy products, bread, and cakes (Kamble and Rani
2020; Zhou et al. 2019). Besides soybean dregs, jujube dregs
and medlar dregs are also potential by-product resources.
Researchers have found that they are rich in polysaccharides,
flavonoids, and phenolic acids, which can be used to produce
healthy foods, functional foods, and nutritional supplements.
At present, there have been reports on the production of
polysaccharide phenolic acid and other food additives from
jujube dregs and medlar dregs (Chen et al. 2023; Farahani
et al. 2022). Table 6 and Fig. 5 summarize the recent reports
on the main research achievements in producing food addi-
tives from by-products of edible plants.

On the other hand, some new by-products of edible plants
have also aroused the interest and concern of scholars. Cof-
fee grounds, for example, are by-products generated from
coffee beans, which are usually regarded as wastes, but
still contain various bioactive substances such as alkaloids
and triterpenoids (Franca and Oliveira 2022). Therefore,
researchers began to pay attention to the potential of coffee
grounds as food additives. Gongalves et al. (2019) evaluated

polyphenols extracted from coffee grounds and applied them
to the oxidative stability of whey protein isolate. The results
showed that coffee grounds polyphenols could significantly
improve the oxidative stability of whey protein isolate and
its antioxidant capacity was equivalent to that of catechol,
a commonly used synthetic antioxidant. Chatzimitakos
et al. (2023) extracted polyphenols from coffee grounds
and applied them to bread making. The results showed that
polyphenols from coffee grounds could significantly improve
bread’s antioxidant capacity without affecting bread’s tex-
ture and sensory quality. However, coffee grounds will be
affected by different factors, such as the acidity of coffee
preparation and polyphenol composition, so the application
of coffee grounds as food additives needs more research
(Bondam et al. 2022).

In addition, the cortex of fruits rich in many nutrients is
usually regarded as waste. However, nutrients such as die-
tary fiber and vitamins contained in fruit peels have impor-
tant physiological functions and antioxidant properties (Suri
et al. 2022). For example, grape skin polyphenols can signif-
icantly improve the oxidative stability of fresh meat products
without affecting the sensory properties of meat quality, so
it is considered as a very potential food additive. Szmechtyk
et al. (2021) found that adding it to fresh beef could prolong
its shelf life (about 20 h) and improve its antioxidant and
antibacterial properties. Sridhar and Charles (2021) have

Table 6 Research progress of food additives produced by by-products of edible plants in different regions in recent years

Regions Raw materials Extracts

Results References

Europe Yogurt waste Polysaccharide substance

Apple peel Pectin
North America Peanut skin Polyphenol compound
Mung bean shell Cellulose
Asia Soybean dregs Polysaccharides, cellulose, protein

Jujube residue,
Medlar residue

Polysaccharides, flavonoids, phe-
nolic acids

It has good stability and emulsifi-
ability and can be used as a food
additive

The dietary fiber content is two to
three times higher than in apple
pulp and can be used in the pro-
duction of related food additives

Pop et al. (2022)

Patocka et al. (2020)

It has good antioxidant and fresh-  Dean (2020)
keeping effects when applied to

meat products

It can be used as an emulsifier and Nasir et al. (2022)
stabilizer and has a wide applica-
tion prospect

These additives can be used in
many food fields, such as bever-
ages, dairy products, bread, and
cakes

These ingredients can produce
healthy foods, functional foods,
and nutritional supplements

Zhou et al. (2019), Kamble and
Rani (2020)

Chen et al. (2023), Farahani et al.
(2022)

In Europe, polysaccharides in yogurt waste and flavonoids in apple peel were used to produce food stabilizers and emulsifiers and lactic acid
bacteria, respectively, as active food additives. In North America, researchers extracted food preservatives from peanut peel polyphenols and
emulsifiers or stabilizers from mung bean shell cellulose. In Asia, researchers extracted polysaccharides, cellulose, and protein from soybean
dregs and polysaccharides, flavonoids, and phenolic acids from jujube and medlar dregs to produce flavor enhancers and nutritional additives,
respectively. Rich in edible plant resources, Europe, North America, and Asia are also important regions for extracting food additives from the

by-products of these plants

@ Springer
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Fig.5 Research for food additives produced from edible plant by-
products. As food additives, stabilizers and emulsifiers can be derived
from polysaccharides in yogurt waste and cellulose in mung bean
shells. Apple peel pectin is utilized in the production of dietary fiber,
a type of bioactive food additive. Food additives derived from poly-
saccharides, cellulose, and protein in soybean dregs and polyphenols
in peanut peel can be used to enhance the flavor of baked goods and
the freshness of meat, respectively. The polysaccharides, flavonoids,
and phenolic acids in jujube residue and medlar residue can be used
to produce food additives with health benefits

shown that it can be used to replace synthetic antioxidants
to produce healthier and safer foods. In addition, Amorim
et al. (2019) reported that polyphenols in grape skin can be
used to produce cakes, bread, and other foods rich in anti-
oxidants to enhance their nutritional value. Although some
substances in grape skins have wide application prospects
in the field of food additives, there are still some challenges
and limitations. First, the high cost of mass production limits
its wide application in the food industry. Secondly, grape
skin’s safety and toxicological characteristics should be fur-
ther studied to ensure its safe application in food. In addi-
tion, it is necessary to further study the interaction between
grape skin polyphenols and other food components to better
control their effects on food (Andrade et al. 2019).

From the above research results, it could be seen that
Europe, North America, and Asia, which are rich in edible

@ Springer

plant resources, are also important regions for extracting
food additives from the by-products of such plants. It is
worth noting that although results show that extracting food
additives from by-products of edible plants is potential, there
are also some challenges and limitations (Ueda et al. 2022).
First, the composition and properties of by-products of dif-
ferent plants may vary greatly, so it is necessary to study
each by-product in detail to determine the extraction and
suitable application fields. Secondly, because the extraction
of food additives from by-products is still in the exploratory
stage, there may be some technical problems in the extrac-
tion, such as low yield and high cost. In addition, some
by-products of edible plants may need special treatment
to extract effective food additives, making the extraction
complicated and costly (Andrade et al. 2023). In addition,
although this application is regarded as environmentally
friendly and feasible, there may be some limitations in prac-
tice. For example, extraction may consume a lot of water and
energy and also produce some wastes and pollutants, which
may have a certain impact (Aparicio 2021). Therefore, it is
necessary to consider these feasibility problems when apply-
ing this method to actual production.

In general, extracting food additives from the by-products
of edible plants is a promising way. It can make use of these
by-products resources to avoid waste and pollution, and at
the same time, provide more sustainable and healthy choices
for the food industry. However, more research and work are
still needed to overcome the technical challenges and limita-
tions of applying this method to practical production.

Edible coatings production

Edible coatings are a chemical widely used in food packag-
ing and food processing. Its purpose is to protect the qual-
ity of food, prolong the shelf life of food and improve the
appearance of food. Edible coatings need to comply with rel-
evant hygiene and regulations to ensure that they are harm-
less to human health. In recent years, the by-products of edi-
ble plants have been rich in various beneficial compounds,
such as polysaccharides, proteins, and phenolic pigments,
and they are used to produce and prepare food-grade coat-
ings (Suhag et al. 2020). At present, many edible coatings
can be extracted from edible plant by-products. For example,
acid, base, or enzyme are used for extraction, or modern
technologies such as supercritical fluid extraction, ultrasonic
extraction, and microwave-assisted extraction are used for
extraction (Yong and Liu 2021). In terms of application,
researchers have successfully extracted edible coatings from
various edible plant by-products, which have good applica-
tion prospects in food packaging and processing.

In this status, Ledn et al. (2018) used mango by-prod-
ucts (peels and seeds) to form a biodegradable food-grade
coating with good permeability antioxidant properties,
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and better hydrophobicity. Experimentally, fresh peaches
coated with this coating were found to produce signifi-
cantly less ethylene and carbon dioxide and consume less
oxygen compared to uncoated peaches. Jodhani and Nata-
raj (2021) prepared a food-grade coating by using extracts
from aloe vera gel and lemon peel and tested it for phys-
icochemical and biological properties. The results showed
that bananas with this coating showed less weight loss and
good hardness, no serious deterioration, and great preser-
vation of biomolecules such as sugars, organic acids, and
ascorbic acid in them; at the same time, without refrigera-
tion, the shelf life of the bananas was extended by 9 days
compared to the control group, thus gaining considerable
acceptance in the market. Deepika et al. (2022) explored
the application of technology using grape vines as feed-
stock. They also prepared a new type of edible paint by
extracting ingredients such as cellulose and tannins. The
research results show that the coating exhibits good sta-
bility and processability at different temperatures and has
good water and oil repellency. Table 7 summarizes the
main research progress in producing edible coatings from
edible plant by-products in recent years.

In conclusion, using edible plant by-products to pro-
duce food-grade coatings has many advantages. First, the
discharge of this kind of waste meets the requirements of
protection and feasibility; Secondly, the coating made of
natural substances is harmless to human health; In addi-
tion, plant by-products are rich in nutrients, which can also
improve the nutritional value of food. However, there are
still some challenges in the current research, such as high
costs and unstable processes (Basumatary et al. 2022). In
the future, it is necessary to further explore economical

production and conduct more in-depth research on the
safety and stability of these coatings.

Cosmetics, pharmaceuticals, and chemicals
applications

Cosmetic, pharmaceutical, and chemical applications could
be new trends to reuse by-products (Crini et al. 2019). For
instance, a variety of substances, such as plasminogen,
fibrinogen, fibrinolysin, serotonin, kalikreninsa, and immu-
noglobulins, are separated from the blood that represents
as a by-product resulting from slaughterhouses (Young and
Lawrie 1974). Besides, many blood products are utilized
in the laboratory as nutrients for tissue culture media, an
essential component of blood agar, and peptones for micro-
biological usage (Kurbanoglu and Kurbanoglu 2004). Fur-
thermore, inedible fat can be used to produce cosmetics,
whereas creams, lotions, and bath treatments made from fats
are used on the hands and body. Plasticizers, lubricants, and
softeners can all be made from rendered fats and used to
polymerize rubber and plastic (Toldr4 et al. 2021).
Moreover, the pharmaceutical business uses around
6.5% of the overall output of gelatin, which can be derived
from the bones and skin of fish and animals. In which, most
of the gelatin is used to make the outer shell of capsules.
Besides, gelatin can be used to produce medicated tablets
and pastilles as a binding and compounding agent, which is
considered a key component of protective ointments such
as zinc gelatin for treating ulcerated varicose veins. Whip-
ping gelatin into a foam, treating it with formaldehyde, and
drying it result in a sterile sponge that is used in surgery as
well as to directly implant a drug or antibiotic into a specific

Table 7 Main research progress of by-products of edible plants used in producing edible coatings in recent years

Raw materials Extracts Preparing methods

Research results References

Aloe vera gel and lemon peel Pectin
dients

Mango rind and seed Pectin

By mixing with other ingre-

Based on the raw material
solution, it is prepared
by adding glycerine and

This coating exhibits good
moisture, fat, and acidity
stability and has good oxida-
tion resistance

Jodhani and Nataraj (2021)

It shows good permeability to  Leon et al. (2018)
oxidation and better hydro-
phobicity

antioxidants, then stirred

and cooled

Grapevine Ingredients such
as cellulose and

tannin

By a specific reaction under
the action of cellulose

The coating exhibits good
stability and workability at
different temperatures and
has good waterproof and
oil-proof properties

Deepika et al. (2022)

Aloe vera gel and lemon peel can be used to produce edible coatings. The former has excellent moisture retention and oxidation resistance,
whereas the latter has excellent freshness retention and nutritional value. Pectin extracted from Mango rind and seed can produce a coating that
is both stable and resistant to oxidation. Similarly, other possible by-products from edible plants can also can be used to produce an edible coat-
ing with enhanced food stability, a high nutritional value, and a long shelf life. Cellulose and tannin in grapevines can be used to produce a coat-

ing with excellent water- and oil-repellent properties
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area (Jayathilakan et al. 2012). Additionally, the bioactive
substances found in olive by-products have an intriguing
mineral composition, significant antioxidant activity (par-
ticularly for oleuropein), and a distinctive fatty acid profile.
Thus, olive by-products can be used in the field of skincare
products and cosmetics, as those bioactive compounds can
fulfill a real cosmetic function and activity (Rodrigues et al.
2015).

By-products of cork also can be repurposed as promising
ingredients in topical products that may be used in a variety
of pharmaceutical and cosmetic applications, such as the
prevention of skin aging and skin depigmentation activity,
or as a supplement in the treatment of acne and inflamma-
tory skin processes (Carrigo et al. 2018). A day cream with
enhanced benefits and sun protection features was created
using cocoa husk extracts with significant antioxidant and
antiradical activity (Gaji¢ et al. 2023). The extracts in this
study were distinguished by their high concentrations of
total proteins (10-27%), total phenols (37-45 mg of gallic
acid equivalents/gram), and total flavonoids (14-21 mg of
rutin equivalents/gram). Moreover, the potassium, sodium,
and calcium mineral concentrations were 41-60, 0.8—1.2,
and 2.5-5.9 mg/100 g, respectively. Total antioxidant activ-
ity was between 14 and 20 mg of ascorbic acid equivalents
per 100 g of dry weight, while antiradical activity against
2,2-Diphenyl-1-picrylhydrazyl and 2,2’ -azino-bis(3-ethylb-
enzothiazoline-6-sulfonic acid) radicals had the half maxi-
mal inhibitory concentration values of 11-13 and 7-9 g/mL,
respectively. To demonstrate the safety of the newly devel-
oped product based on subcritical water extracts of the cocoa
hull, the prepared facial cream was examined concerning
fundamental quality characteristics for cosmetic products
(Gajic¢ et al. 2023).

To summarize, the pharmaceutical business uses around
6.5% of the overall output of gelatin, which can be derived
from the bones and skin of fish and animals. Besides, olive
by-products can be used in the field of skincare products and
cosmetics, as those bioactive compounds can fulfill a real
cosmetic function and activity. Moreover, a day cream with
enhanced benefits and sun protection features was created
using cocoa husk extracts with significant antioxidant and
antiradical activity.

Animal nutrition application

Ruminant animals can transform nutrients from by-products
and forages that are indigestible to humans into food that
humans can eat. In which these animals can digest fibrous
forages and feeds because of the bacteria in their rumen,
which are not used by people or animals with monogastric
stomachs like pigs. Thus, feeding animals’ by-products are
the greatest way to turn these wastes into valuable products
and lessen environmental problems (Ondarza and Tricarico
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2021a, b; Raamsdonk et al. 2023). For instance, canola and
soybean meals (80% of the bean) are often used as the main
source of protein in dairy diets after producing canola and
soybean oil for human consumption. Besides, around half
of the corn grain used to make ethanol or human food is
left over for animal feed (Ondarza and Tricarico 2021a, b).

As a potential prebiotic supplement for hens, lignin
from sugarcane bagasse was added at 1% (weight/weight)
to commercial chicken feed and studied in two feed forms:
mash and pellets (Fangueiro et al. 2023). Regarding the
physical characteristics of the pellets, lignin increased the
cohesiveness of the pellets, indicating a higher resistance
to breakout, and lignin reduces the propensity of the pel-
lets for microbiological contamination. In terms of prebiotic
potential, mash feed containing lignin promoted the growth
of Bifidobacterium more than mash feed without lignin or
lignin-containing pellet feed (Fangueiro et al. 2023). Fur-
thermore, in the complete diets of growing ram lambs, the
authors used sweet sorghum bagasse that was processed into
an expander extruded. They discovered that feeding sweet
sorghum bagasse processed significantly increased the aver-
age daily gain of ram lambs. Furthermore, feed conversion
efficiency (kilogram/kilogram gain) and cost Rupees per
kilogram live weight gain were higher in sweet sorghum
bagasse processed-fed lambs than in pre-slaughter weight
(Kumari et al. 2023).

Another study examined the effects of sugarcane bagasse
as the sole source of roughage on the digestibility, com-
position, and production of milk in breastfeeding buffaloes
and microbial protein. According to the findings, adding
sugarcane bagasse to rations enhanced in vitro dry matter
digestion and organic matter digestion degradability com-
pared to the control. With improved ruminal fundamentals,
the complete substitution of barley straw with sugarcane
bagasse 40% greatly raised the nutritional digestibility coef-
ficient. Compared to control buffaloes, buffaloes given 40%
sugarcane bagasse had higher milk component yields, 4%
fat-corrected milk and plasma proteins, and lower plasma
creatinine and cholesterol (Abd El-Mola and Elnesr 2022).
The effects of supplementing pomegranate peel and olive
pomace on rabbit doe reproductive and oxidative state were
investigated. Compared to the control, feeding animals a diet
containing 4.5% pomegranate peel significantly increased
the serum levels of gonadotropic hormones and oestra-
diol-17 two hours after mating, on the 20th day of lactation,
and after weaning. It also significantly increased proges-
terone levels at mid-pregnancy and prolactin on the 10th
day of lactation. The results also showed that animals fed
with pomegranate peel at a 4.5% concentration and a blend
of pomegranate peel and olive pomace showed substantial
improvements in total deoxyribonucleic acid, protein con-
centration, litter size, milk yield, and nest characteristics
(Bakeer et al. 2022).
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To summarize, following the production of canola and
soybean oil for human use, canola, and soybean meals (80%
of the bean) are frequently employed as the main source
of protein in dairy diets. Furthermore, around half of the
corn grain used to manufacture ethanol or human food is left
behind for animal feed. Adding sugarcane bagasse to meals
improved in vitro dry matter digestion and organic matter
digestion degradability.

Plant nutrition application

Currently, increased efforts are being placed on process-
ing locally available agro-industrial by-products and

Biomass power plant

Biogas

Carbon-rich

product Liquid by-
product
Solid by- .
product Bioenergy

by-products

Solid by- *
product

Biochar

Bottom

. . h
Lime- and potassium- as

rich product

Fig.6 Bioenergy by-products such as biochar, bottom ash, and biogas
slurry play a significant role in promoting soil remediation and plant
nutrition. The incorporation of these by-products into the soil can
result in numerous advantages. First, they can increase the soil’s
organic carbon (OC), phosphorus (P), nitrogen (N), calcium (Ca),
sulfur (S), potassium (K), aluminum (Al), and iron (Fe) levels. Sec-
ond, they can enhance soil water retention and aggregation, as well

Enhance chlorophyll
fluorescence

A strong alkaline
product (over pH 7.5)

nutrient deficiencies

transforming them into value-added products that can con-
tribute to the sustainability of agroecosystems (Jiang et al.
2021). Several studies have proposed various low-cost bio-
energy by-products (such as biochar, bottom ash, and biogas
slurry) as a good solution for soil remediation and a useful
source of plant nutrition (Fig. 6) (Ehaliotis et al. 2005; Sat-
tar et al. 2023).

Biochar, a solid carbonaceous material produced by
pyrolysis (less than 700 °C), is a carbon-rich and stable
organic material (Kim et al. 2018; Pandey et al. 2020). Bio-
char application can increase long-term soil carbon storage
(Keith et al. 2011), reduce soil acidity (Wang et al. 2014),
improve soil water-holding capacity (Li et al. 2019), and

Enhance photosynthesis and
chlorophyll pigments

Increase biomass
accumulation

Increase
leaf area

Improve water
holding capacity

Enhance root

Compensate
growth

Improve soil
aggregations

as neutralize soil pH, ultimately enhancing soil quality. In addition,
bioenergy by-products can stimulate plant growth by promoting root
development and boosting chlorophyll fluorescence, photosynthesis,
chlorophyll pigments, biomass accumulation, and leaf area. These
advantages can lead to improved plant health and yield, ultimately
benefiting agricultural practices and the sustainability of ecosystems
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increase crop yields (Hu et al. 2021), especially in nutrient-
poor soils (Xie et al. 2013). It also has the potential to neu-
tralize soil pH ands serve as a source of essential nutrients
and a soil conditioner to improve overall soil health (Wang
et al. 2023). Due to its liming potential and nutrient-rich
characteristics, bottom ash can also be used as a soil amend-
ment to offset soil nutrient deficiencies and thus boost plant
development (Vassilev et al. 2013). The combined appli-
cation of biochar and ash has been shown to improve soil
physicochemical properties and increase soil fertility (Sat-
tar et al. 2023). Biochar and ash exhibit increased chemical
activity toward inorganic and organic compounds in the soil
environment, highlighting their potential application in the
remediation of chemically degraded soils (Laird et al. 2010).

Biogas slurry, on the other hand, is a liquid by-product
formed from the anaerobic digestion of organic wastes such
as crop straw, animal manure, and municipal waste (Chen
et al. 2022). Biogas slurry can be used to promote resource
conservation, soil health improvement, and climate change
mitigation by reducing intensive mineral fertilizers use (Hae-
fele et al. 2011). The use of biogas slurry as a soil amend-
ment improves soil fertility by reducing soil erosion, improv-
ing water infiltration and nutrient cycling, and mediating air
permeability (Whitman et al. 2011). The alkaline nature of
biogas slurry (pH higher than 7.5) helps to reduce soil acid-
ity when applied to acidic soils (Zhang et al. 2010). Thus,
the incorporation of biochar, ash, and biogas slurry into the
soil has the potential to alter soil acidity and neutralize soil
pH, which would improve root growth and increase pho-
tosynthetic and photochemical activities, leading to higher
plant growth and yield (Fig. 6) (Sattar et al. 2023).

Furthermore, several other by-products have recently
been evaluated as sources of plant nutrition. Phosphogyp-
sum, a by-product of fertilizer production from phosphate
rock, has been suggested as an amendment to improve soil
health and increase crop yields due to its rich content of key
elements such as phosphorus, calcium, and sulfur (Hanafi
et al. 2021). Recent studies have highlighted the potential
of manufacturing organic fertilizer from soy whey, a nutri-
ent-rich by-product produced during tofu processing, as an
enriched nitrogen resource for plant growth (Chua and Liu
2019; Dai et al. 2021). This, in turn, could contribute to the
win—-win effect of sustainable production for both the soy
products industry and plant nutrition (Dai et al. 2023). Lig-
nocellulosic plant residues have been shown to have a posi-
tive effect on soil fertility and plant growth (Alokika et al.
2022). Excreted coffee grounds have also been suggested as
an organic soil amendment leading to improved soil fertility,
increased soil microbial diversity, improved structural stabil-
ity of soil aggregates, improved water-holding capacity, and
reduced bulk density (Mata et al. 2022).

When added to soils, mining by-products can be a source
of multiple nutrients essential to plant growth (Ramos et al.
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2020). This practice could be a cost-effective solution for
providing nutrients while providing a value-added option for
the sustainable disposal of rock mining by-products (Medei-
ros et al. 2021). Another feature is that agro-industrial by-
products can be slowly composted to produce xenobiotic-
free and nutrient-rich composts (Ehaliotis et al. 2005). If
no turning occurs, the thermophilic stages of composting
can continue for weeks, releasing heat into the environment
(Tiquia et al. 2002). This heat could instead warm shallow-
rooted plant roots (Ehaliotis et al. 2005). For instance, the
application of agro-industrial by-products from the olive
mill (leaves and pomace) warmed the rhizosphere of cucum-
ber plants during an extended in situ composting process
conducted beneath the plants’ root systems (Ehaliotis et al.
2005).

To summarize, the initial research results indicate the
possibility of producing organic fertilizers from agro-indus-
trial by-products, which can be a viable alternative to chemi-
cal fertilizers. Furthermore, the bioenergy by-products offer
positive attributes that make them suitable for improving
soil health and promoting plant growth. In this regard, we
advocate further research to assess the economic and social
viability of locally manufacturing these by-products as soil
amendments.

Biogas production application

Biogas is a mixed gas produced by microbial decomposition
of biomass under anaerobic conditions. Its main components
are methane (50-75%) and carbon dioxide (25-50%), and it
also contains a small amount of hydrogen, nitrogen, oxygen,
and hydrogen sulfide. Biogas is a kind of renewable energy
that is widely used in power generation, heating, and fuel
fields (Abanades et al. 2022). In biogas production, the by-
products of edible plants can replace biomass as raw mate-
rials, which not only can discharge pollutants but also can
produce renewable energy. Figure 7 summarizes the pro-
duction process of biogas and generates the advantages and
disadvantages of utilizing biogas resources.

In this process, the by-products of edible plants usually
need to be pretreated, such as crushing, adding water, and
heating. The treated by-products can be mixed with water,
and then the biogas digester passes through the correspond-
ing biogas generation. Currently, two main production meth-
ods are used in the application: anaerobic fermentation and
bio-methanation. In anaerobic fermentation, by-products of
edible plants are first added to anaerobic reactors and then
produced by a series of microbial metabolic reactions. In
bio-methanation, the by-products of edible plants are first
converted into reaction raw materials, and then bio-metha-
nation reactions are carried out to produce biogas (Kasinath
et al. 2021; Obaideen et al. 2022).
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Fig.7 Advantages and disad-
vantages of biogas resources

Process of biogas production and application

as well as the biogas produc- Energy Food Anaerobic digester
tion method. First, animal
husbandry, plant, and food crops waste

residues are gathered in a sta-
tionary container for anaerobic
fermentation. Subsequently,
fermented biogas resources will
be stored in another container
and converted into electric-

ity and heat energy for human
consumption as needed. The
advantages of biogas resources
include environmental friendli-
ness, low cost, and a reduced
greenhouse effect. However,
biogas resources have disadvan-
tages such as a small scale, few
technological advancements,
the presence of pollutants, and
its inapplicability to densely
populated areas

s

Heat

Electricity

o0

Biogas storage

Advantages of biogas

1. Biogas is eco-friendly. 2. Provide employment by biogas plant.

3. Biogas generation produces organic fertilizer.

4. It is simple and low-cost technology.

5. It reduce greenhouse effect.

Disadvantages of biogas

1. Biogas is not attractive in large scale. 2. Contains impurity.

3. Less suitable for dense metropolitan.

4. Few technology advancement.

In recent years, researchers in many countries have been
exploring the application of by-products of edible plants in
biogas production. Szilagyi et al. (2021) found that by-prod-
ucts from tomato processing (tomato peels and pomace) can
be good symbiotic substrates with maize straw for biogas
production in continuous anaerobic fermentation. Similarly,
Muenmee and Prasertboonyai (2021) investigated the poten-
tial of different types of fruit waste (durian shells, dragon
fruit peels, and pineapple peels) in combination with other
food waste to produce biogas in a series of experiments. It
was found that co-fermentation of durian shells and food
waste increased methane production and reduced start-up
time compared to conventional single food waste fermen-
tation. In addition, Narendra et al. (2021) investigated the
potential of mixing Durva grass, common in rural India, with

mango peel to produce biogas and experimentally demon-
strated that a specific combination (10% mango peel +50%
Durva grass + 10% livestock residue + 30% water) resulted in
8.5 cubic meters of biogas and 72.3% methane yield, which
is of good energy utilization value.

On the other hand, several new edible plant by-products
have also proved to be useful for biogas production. One
noteworthy application is the use of coffee bean residues
for biogas production, which are generally discarded as
waste after use but can be a very promising but almost unex-
plored substrate for biogas production. Vanyan et al. (2022)
obtained high biogas yields under anaerobic and weakly
alkaline conditions (pH approximately 7.5) by combining
coffee bean residues with alcoholic waste in their study.
In addition, Lotisa et al. (2022) investigated the ability to
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produce biogas from soya bean residue, papaya peel, and
sugar cane bagasse in batch experiments and analyzed the
methane production from biogas produced from different
feedstocks using gas chromatography. The results showed
that biogas produced from soya bean residue, papaya peel
and sugarcane bagasse had good production efficiency
with methane yields of 57.1, 53.7, and 49.1% respectively.
According to the research results, using the by-products of
edible plants as raw materials for biogas production has
a series of advantages: (1) Possibility: the by-products of
edible plants are renewable resources that can replace fossil
energy; (2) Environmental protection: Using it as biogas raw
material can discharge pollutants and have a positive effect
on protection; (3) Economy: compared with the use of new
raw materials such as biomass energy, the production cost
can be reduced, and the economic benefit can be improved.
However, at the same time, its use inevitably has some disad-
vantages, such as high treatment costs and the need to solve
the problems of odor and waste treatment (Petrovi€ et al.
2022; Scano et al. 2021). Generally, in the future, with the
output of edible plant by-products, the application of edible
plant by-products as biogas raw materials will expand gradu-
ally. At the same time, the related technology and equipment
will be continuously upgraded to improve the efficiency and
economy of biogas production. In addition, some research
on new power generation technologies using biogas is also
underway, which will further promote the application of
edible plant by-products in biogas production (Valenti and
Porto 2019).

In conclusion, by-products from edible plants have a
wide range of promising applications in biogas production.
However, there are differences in the biodegradability, gas
production, and quality of by-products from various edible
plants (Ravindran et al. 2022). Therefore, in practical appli-
cations, the by-products of different edible plants need to be
analyzed and screened to select the appropriate by-products
and suitable treatment methods to maximize biogas produc-
tion and quality. In addition, there are some advantages and
disadvantages of edible plant by-products in biogas produc-
tion at the same time, and future research should give suf-
ficient consideration and attention to these aspects and try
to propose more effective treatment options.

Conclusion

The utilization of food and agricultural by-products is an
important subject to discuss, given the current pro-envi-
ronmental and pro-ecological trends, as well as the diverse
legal regulations around the globe. Every year, one-third
of the food intended for human consumption is lost or
wasted during production and distribution. Significant
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food loss and waste are indicative of an inefficient food
system, which negatively affects food security, the envi-
ronment, producer profitability, consumer pricing, and cli-
mate change. Approximately 1.3 billion tons of food are
lost annually on a global scale, and China alone produces
20 million tons of soybean dregs annually. Consequently, a
variety of applications can be utilized to address the issue
of food and agricultural by-products. These applications
include food production, pharmaceuticals, animal nutri-
tion, plant nutrition, and energy production (biogas). In
food applications, the by-products of food and agricul-
ture can be recycled for the extraction of oil and bioactive
compounds, which can be used as food additives, as well
as the production of vinegar, wine, and edible coatings.
Among the food applications, the extraction of bioactive
compounds is considered the best option for recycling food
and agriculture by-products, where the bioactive com-
pounds represent approximately 8—20% of apple pomace,
5-17% of orange peel, 10-25% of grape seeds, 3—-15% of
pomegranate peel, and 2-13% of date palm seeds. Moreo-
ver, the pharmaceutical business uses around 6.5% of the
overall output of gelatin, which can be derived from the
bones and skin of fish and animals. Besides, animals fed
with pomegranate peel at a 4.5% concentration and a blend
of pomegranate peel and olive pomace showed substantial
improvements in total deoxyribonucleic acid, protein con-
centration, litter size, milk yield, and nest characteristics.
Additionally, the initial research results indicate the possi-
bility of producing organic fertilizers from agro-industrial
by-products, which can be a viable alternative to chemical
fertilizers. Besides, biogas produced from soybean residue,
papaya peel, and sugarcane bagasse had good production
efficiency with methane yields. Therefore, this work can
pique the interest of scientists and industry professionals.
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