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Abstract: The agricultural sector generates approximately 1300 million tonnes of waste annually,
where up to 50% comprising of raw material are discarded without treatment. Economic development
and rising living standards have increased the quantity and complexity of waste generated resulting
in environmental, health and economic issues. This calls for a greener waste management system such
as valorization or recovery of waste into products. For successful implementation, social acceptance
is an essential component with involvement of all local stakeholders including community to learn
and understand the process and objective of the implementation. The agricultural waste product
manufacturing industry is expected to increase with the growing demand for organic food. Thus,
proper livestock and crop waste management is vital for environmental protection. It will be
essential to successfully convert waste into a sustainable product that is reusable and circulated in the
system in line with the green concept of circular economy. This review identifies the commercially
produced crops by-product that have been considered for valorization and implemented green
extraction for recovery. We highlight the importance of social acceptance and the economic value to
agricultural waste recycling. Successful implementation of these technologies will overcome current
waste management problems, reduce environmental impacts of landfills, and sustainability issue for
farm owners.

Keywords: agriculture wastes; value-added metabolites; green extraction; circular economy

1. Introduction

Annually 1300 million tonnes of waste is generated from the agricultural sector.
This number is expected to rise due to increase in demand for agricultural products [1].
Agricultural waste comprises of manure, waste from farm, poultry houses, slaughterhouses
or harvest waste such as fertilizers and pesticides. These wastes are often discarded without
any recovery treatment. Agricultural wastes are regarded as underutilized low-value
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products. Economic development and rising living standards have resulted in increased
quantity and complexity of generated waste making it a major contributor to waste disposal
problems. Thus, recovery through conversion or processing of this waste is a recommended
solution [2].

Agricultural wastes are generally categorized into crop waste; e.g., bagasse, culls
from fruits and vegetables, prunings; livestock waste; e.g., manure, aminal, carcasses;
food processing wastes; e.g., rice husk, wheat straw, jute fiber with crop waste (25–30%)
and animal waste (19–23%) waste making up the largest contributors. On an average,
5.3 kg/day/100 kg live weight (wet weight) of manure is generated in any agriculture
farm [3]. Poorly managed agricultural waste generates biotic and abiotic by-products that
could contaminate or degrade the environment, health and economy. The main cause
of agricultural waste pollution is due to wastage, underutilization, poor awareness and
treatment. Most agriculturists do not realize the importance of waste recycling and its
economic potential [4]. Nowadays, the conversion of agricultural wastes into value added
by-products through valorisation have gained considerable interest due to rising demand
in the market for products with natural additives and stricter environmental regulations [5].
Agricultural wastes such as peels, stems, brans and seeds are generated in large amounts
and is more nutritive compared to the raw material. These components account for more
than 50% of the raw material [6]. Fruit and vegetable wastes are best sources of compounds
such as polysaccharides, protein, phytochemicals, dietary fibre and flavour, known for
their antioxidative, anti-inflammatory, anti-microbial and anti-allergenic properties [7].
Figure 1 shows the various niche areas related to agricultural wastes based on the number
of keyword occurrences from 119 publications obtained from the ScienceDirect database.

Figure 1. Keyword association map of agricultural wastes from 119 publication obtained from
ScienceDirect database.

The importance of agricultural waste conversion into valuable by-products is trans-
lated into various sectors of the market. A recent study quantified the market of products
from agricultural wastes in various sectors; highest at USD 63.3 billion in the beverage
industry, followed by USD 48 billion in the medical industry, a total of USD 100 billion in
the transportation, construction, medical industry and approximately USD 46 billion in
the food and consumer goods sector [8]. Overall, valorisation of agricultural waste can
improve the livelihood of the local communities through more income per harvest [6] while
reducing excessive expenses for waste disposal and minimizing the carbon footprint in the
process of reducing environmental impact [9]. Figure 2 is a simplified diagram of obtaining
value-added by-products from the processing of agricultural input.
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Figure 2. Value-added by-products from the processing of agricultural input.

2. Perception of the Industry and Community in Waste Recycling

Social acceptance is an essential part in the success of implementing waste valorization.
Implementation of a new approach for recycling, fairs better when it includes all local
stakeholders involved in waste generation [10]. The involvement of related parties in
the decision-making process provides a chance to learn and understand the process and
objective of implementation. It provides an opportunity for stakeholders to discuss unseen
problems, create a public consensus on issues, identify possible solutions and uphold
their commitment to the project [11]. This prevents conflicting issues from arising in the
future, promotes mutual agreement among stakeholders [12] and increases the success rate
of implementation.

To garner cooperation of public in recycling programs, it is important to understand
the factors that influence behavior. Sociodemographic factors such as gender, age, income,
and education have been found to be influential in community based programs. A study
by Meneses et al. (2005) [13] determined that women are more likely to be engaged in
household recycling than males. Similarly Li et al. (2012) [14] confirms that gender and
age generate significant differences in household behavior where women and the elderly,
above forty of age, display greater responsibility than men and the young [13].

Education is an important indicator to recycling behavior. Knowledge in waste recy-
cling, reuse, recovery and composting can be achieved through early education. Recent
findings on recycling behavior and attitude suggest that convenience, level of satisfaction
toward recycling services, and economic incentives influence individual behavior and
attitude toward recycling programs [11]. Combination of these characteristics may help to
promote environmentally responsible behavior to support the recycling of wastes. Environ-
mental awareness can be increased through environmental education where specified skills
and expertise necessary to deal with the environmental challenges. It develops attitude,
motivation, commitment to make decisions and take responsible actions [15]. Educated
individuals are likely to engaged in recycling [16]. Handayani et al. (2019) [17] exhibited
that the level of education and knowledge, as well as income level significantly influenced
waste management behavior. The urban community, often individuals with higher educa-
tion and income, are more likely to generate more waste and tendency to manage them
well compared to rural areas.
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3. Valorisation of Agricultural Waste

Agricultural waste valorisation refers to industrial-scale processing of waste through
composting or treatment for reusing or recycling, introduced as a solution to waste disposal
and land-filling activities. It is performed in a larger magnitude to household waste as
agricultural waste generated is non-hazardous, more homogeneous and greater in biomass.
Waste valorisation goes with the concept that any residual material or by-product can be
processed or converted into products and is circulated as long as possible in the production
and consumption pipeline. The interest in waste valorisation among is mainly for the
production of by-products for commercial purposes or as energy sources apart from
an effective solution to waste related issues. Prior to the practice of converting waste
through reuse and recycling into valuable by products, dumping and incineration is
common. The 3Rs concept of Reduce, Recycle and Reuse is the most famous of efforts
in waste management. Eventually, composting is practised to convert household wastes
for agriculture utilization but it is plagued by issues such as scavenging animals and the
lack of effort by society to maintain the composting process. The unpleasant smell makes
composting effort less preferred at society level.

Agricultural-based industries produced vast amounts of residue annually, for instance,
fruit peels form the juice industry, coffee pulp from the coffee industry and husks by the
cereal and oil palm industry. Most agricultural wastes contain high nutritional properties
and are of great value as by-products. Fruit peel and green walnut husks are natural
anti-microbials and compost as a source of nutrient for plants, mushroom waste can be
converted into food products and biofertilizers, while some are used as animal food [3].
Since some wastes are comprised of high amounts of proteins, sugars, and minerals, they
serve potential as raw materials for the conversion and development into other valuable
products. Table 1 lists the various agricultural wastes and the processing method suitable
to maximize their health potentials.
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Table 1. Agricultural wastes and the processing method suitable to maximize its health potentials.

Origin Processing (Part) Bioactivity and Compound Example References

Acorn Milling
• Hulls

Anti-microbial, antioxidant
• Tannin

[18]

Almond Blanching
• Seeds

Antioxidant, anti-microbial, anti-viral, dietary fibre, neuroprotective, photoprotective, prebiotic
• Catechin, kaempferol, isorhamnetin, naringenin, quercetin [19]

Apple Milling
• Peel
Pressing
• Pulp

Anti-cancer, anti-microbial, antioxidant, dietary fibre
• Anthocyanins, catechin, caffeic, dihydrochalcones, epicatechin, hydroxycinnamates, kaempherol,

proanthocyanidins, procyanidins, phloretin glycosides, quercetin glycosides, rutin
[7,20–24]

Apricot Grinding
• Seed
Soaking
• Pulp

Anti-cancer, anti-inflammatory, anti-microbials, antioxidant, dietary fibre
• Amygdalin, b-glucosidase, cyanogenic glycosides, phenolics, tocopherols [7,21]

Avocado Peeling
• Skin, Seed

Anti-cancer, anti-inflammatory, antioxidant, dietary fibre, food additive
• Catechin, chlorogenic acid, cyanidin, epicatechin, gallic acid, hydroxybenzoic, hydroxycinnamic,

procyanidins, Quinic, 1-caffeoylquinic, 3-glucosidecitric, 3-O-p-coumaroylquinic, 4-caffeoylquinic
[7,24,25]

Banana Milling
• Peel, Stalk
Pressing
• Pulp

Anti-microbial, anti-inflammatory, antioxidant, dietary fibre, nutraceuticals
• Anthocyanins, auroxanthin, catecholamine, cyaniding, delphindin, gallocatechin, hydroxycinnamic,

flavonoids, isolutein, lutein, neoxanthin, phytosterols, proanthocyanidins, sterols, triterpenes,
violaxanthin, α-carotene, β-carotene, α-cryptoxanthin, β-cryptoxanthin

[7,22,24–26]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Barley Milling
• Husk

Anti-allergic, anti-cancer, anti-inflammatory, anti-microbial, anti-thrombotic, anti-viral
• Catechins, flavonoids, gallocatechin, cis-ferulic, trans-ferulic, trans-p-coumaric, proanthocyanidins,

procyanidin, tannins, vanillic
[24,27]

Beetroot Peeling
• Peel
Cutting
• Pulp, Crown

Anti-anaemia, anti-cancer, anti-hypertensive, anti-inflammatory, anti-microbial, antioxidant,
food additive
• Betalains, betacyanins, betaxanthin, catechin carotenoids, flavonoids, gallic, tannins

[7]

Carrot Peeling
• Skin
Pressing
• Pulp

Anti-inflammatory, Anti-microbial, anti-mutagenic, antioxidant, anti-viral, dietary fibre
• Anthocyanidin, carotene, carotenoids, flavonoids, lutein, polyphenols, pectin, tannins, α-carotene,

β-carotene, α-tocopherol
[7,22,24]

Cauliflower Cutting
• Leaves, Stem, Curd

Anti-microbial, anti-inflammatory, antioxidant, nutraceuticals, dietary fibre
• Caffeic, ferulic, glucoiberin, glucobrassicin, kaempferol, phenolic, quercetin, sinapic, sinigrin [7,24,28]

Chestnut Milling
• Hull

Anti-microbial, antioxidant
• Tannin

[18]

Cocoa Grinding
• Shell, Skin
Pressing
• Husk

Anti-microbial, antioxidant, dietary fibre, food additives, nutraceuticals,
• Arabinose, apigenin, catechin, epicatechin, epigallocatechin, galacturonic, galactose, gallocatechin,

kaempferol, linarin, luteolin, rhamnose, rhamnetin, protocatechuic C, p-shydroxybenzoic, xylose
[29]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Coffee Milling
• Husk
Roasting
• Pulp

Anti-cancer, antioxidant, anti-viral, hepatoprotective, hypoglycaemic, nutraceuticals
• Anthocyanins, caffeine, caffeoylquinic, chlorogenic acid, dimethoxycinnamoyl quinic, di-

caffeoylquinic, diferuloylquinic, di-p-coumaroylquinic, dimethoxycinnamoyl feruloylquinic,
dimethoxycinnamoyl caffeoylquinic, feruloylquinic, feruloylcaffeoyl quinic, gallic, lignans, rutin,
protocatechuic, p-coumaroyl quinic, p-coumaroyl caffeoylquinic, p-coumaroyl feruloylquinic, p-
coumaroyl dimethoxycinnamoylquinic, tannins

[23,30,31]

Corn Milling
• Bran

Antioxidant, dietary fibre
• Anthocyanins, caffeic, ferulic, p-coumaric, p-hydroxybenzoic, vanillic

[24]

Cucumber Peel Caryophyllene, chlorophyll, pheophytin, phellandrene [25]

Date Pulp, Seed Antioxidant, dietary fibre [24]

Garlic Peeling
• Straw, Husk

Anti-microbial, antioxidant, dietary fibre
• Caffeic, di-ferulic, ferulic, p-coumaric

[7]

Grape Stemming
• Stalk
Pressing
• Skin, Seed, Pulp

Anti-carcinogenic, anti-inflammatory, antioxidant, dietary fibre, neuroprotective, nutraceutical
• Anthocyanins, caffeic, catechins, coumaric, ellagitannin, epicatechin, kaempferol, myricetin, resver-

atrol, rutin, tocopherols, tocotrienols, trans-resveratrol, protocatechuic, quercetin, syringic, vanillic
[9,21–23,32]

Grapefruit Pressing
• Peel (albedo and flavedo),

Rag and pulp, Seed

Anti-allergic, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotic, anti-viral, va-
sodilators
• Neohesperidosides, naringenin

[33]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Green tea Soaking
• Leaves

Anti-microbial, antioxidant
• Catechins, chlorogenic acid, epicatechin, epigallocatechin, epigallocatechin gallate, flavonoids,

gallocatechin, glucosinolates, hydroxycinnamic, sinapic acid, tannin
[18,34]

Guava Peeling
• Skin, Seed

Antioxidant
• Catechin, cyanidin 3-glucoside, galangin, gallic, homogentisic, kaempferol

[25]

Lemon Pressing
• Peel (albedo and flavedo),

Rag and pulp, Seed

Anti-allergic, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotic, anti-viral, va-
sodilator
• Apigenin-6, caffeic, coumaric, ferullic, eriodictyol, neodiosmin, rutinosides, 8-di-C-glucoside

[33]

Lime Pressing
• Peel (albedo and flavedo),

Rag and pulp, Seed

Anti-allergic, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotic, anti-viral, va-
sodilator
• Benzoic, catechin, caffeic, cholorgenic, ellagic, epicatechin, epigallocatechin gallate, eriocitrin,

ferullic, gallic, hesperidin, kaempferol, myricetin, naringin, naringenin, p-coumaric, protocatechuic,
quercetin, salicylic, vanillic

[33]

Liquorice Cutting
• Aerial part, Cortex root

Anti-microbial, anti-inflammatory, antioxidant, anti-proliferative
• Flavonoid, glabridin, isoliquiritigenin, licoricidin, licorisoflavan A [35]

Mandarin Pressing
• Peel (albedo and flavedo),

Rag and pulp, Seed

Anti-allergics, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotics, anti-virals,
vasodilators
• Caffeic, coumaric, ferullic, hesperidin, hesperetin-7-O-glucoside, hesperetin-7-O-rutinoside,

isosakuratenin-7-O-rutinoside, nobiletin, naringenin-7-O-rutinoside, tangeretin

[33]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Mango Peeling
• Skin, Pulp, Seed

Anti-inflammatory, antioxidant, dietary fibre, nutraceutical
• Alkylresorcinols, flavonoids, gallates, gallotannins, hydrolysable tannins, methyl gallate, phenolics,

proanthocyanidins
[7,20,36]

Olive Milling
• Pulp, Seed

Anti-atherogenic, anti-cancer, anti-microbial, anti-inflammatory, antioxidant, antiviral, hypolipi-
demic, hypoglycaemic
• Apigenin, caffeic, hydroxytyrosol, kaempferol, luteolin, luteolin-7-glucoside, lignans, luteolin,

oleuropein, secoiridoid glycosides, tyrosol

[7,23]

Onion Peeling
• Skin
Cutting
• Leaves, Bulb

Anti-cancer, anti-diabetic, anti-microbial, anti-inflammatory, antioxidant, dietary fibre, prebiotic
• Anthocyanins, aglycones, glycosylated, isorhamnetin 3,4’-diglucoside, isorhamnetin 3,4’-glucoside,

kaempferol, quercetin 3,4’-diglucoside, quercetin 4’-glucoside, quercetin 3-glucoside
[7,22,35]

Orange Pressing
• Peel (albedo and flavedo),

Rag and Pulp, Seed

antioxidant, anti-inflammatory, anti-allergics, anti-thrombotics, anti-microbial, anti-viral, va-
sodilators,
• Caffeic, chrologenic, cinnamic, ferullic, p-Coumaric, heperetin, hesperidin, hesperetin-7-O-

rutinoside, hesperetin-7-O-glucoside, Isosakuratenin-7-O-rutinoside, kaempferide, nobiletin, neo-
diosmin, naringenin, naringenin-7-O-rutinoside, naringenin-7-O-neohesperoside, rutin, ruti-
noside, vanillin

[33]

Papaya Grinding
• Peel, Seed

Anti-microbial, antioxidant, food additives
• Carotene, cryptoxanthin, lutein

[22]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Peach Soaking
• Skin
Grinding
• Pulp

Antioxidant
• Persipan, pectin

[21]

Pineapple Milling
• Peel, Stem
Pressing
• Pulp

Antioxidant, dietary fibre, prebiotic, probiotic
• Bromelain, catechin, epicatechin, ferulic, gallic, phenolics

[22]

Pomegranate Milling
• Peel
Pressing
• Pulp, Seed

Anti-cancer, anti-diabetic, anti-inflammatory, anti-microbial, anti-mutagenic, antioxidant
• Anthocyanins, ellagitannins, flavonoids, gallic, punicalagin, punicalin [23,24,37]

Potato Cutting
• Leaves, vines

Peeling
• Peel, tuber
Antioxidant, biofuel, dietary fibre, soluble protein
• Anthocyanin, caffeic, carotenoid, lutein, 5-O-caffeoylquinic, 3-O-caffeoylquinic, 4-O-caffeoylquinic,

4,5-di-O-caffeoylquinic, 3,5-di-O-caffeoylquinic, 3,4-di-O-caffeoylquinic, 3,4,5-tri-O-caffeoylquinic

[38–48]

Rice Dehulling
• Straw
Milling
• Bran, husk

Anti-cancer, anti-inflammatory, antioxidant, dietary fibre, food additive
• Anthocyanins, caffeic acid, cycloartenyl, ferulate, ferulic, niacin, oryzanol, pantothenic, pyridoxine,

phytosterols, tricin, tocopherols, tocotrienols, thiamine, transferulic, triterpene, γ-oryzanol
[24,25,28,49,50]
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Table 1. Cont.

Origin Processing (Part) Bioactivity and Compound Example References

Soybean Soaking
• Husk

Antioxidant, dietary fibre, food additive, nutraceutical
• Anthocyanins, daidzin, chlorogenic acid, ferulic, gallic, genistin, isoflavones, syringic [51]

Sweet potato Cutting
• Leaves, vines
Peeling
• Peel, tuber

antioxidant, biofuel, dietary fibre, phenolic compound, soluble protein
• Anthocyanin, caffeic, carotenoid, lutein, 5-O-caffeoylquinic, 3-O-caffeoylquinic, 4-O-caffeoylquinic,

4,5-di-O-caffeoylquinic, 3,5-di-O-caffeoylquinic, 3,4-di-O-caffeoylquinic, 3,4,5-tri-O-caffeoylquinic
[52]

Tomato Heating
• Peel
Pressing
• Seed, Pulp

Anticancer, anti-cholesterol, antioxidant, dietary fibre, food additive
• Caffeic, chlorogenic acid, β-carotene, ferulic, lycopene, quercetin, quercetin-3-β-O-glycoside,

naringenin glycosylated, rutin
[5,7,22,24]

Wheat Milling
• Bran

Anti-cancer, antioxidant, dietary fibre
• Caffeic, ferulic, gallic, p-coumaric, synergic, vanillic [24]
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4. Potential By-Products from Agriculture Waste

Poorly managed agricultural waste does not provide any form of value, instead they cost
financially more to manage and leads to environmental burden. Conversion of agricultural
wastes into valuable by-products and the technology to produce these products are constantly
developing with consideration of environmental conditions, economic situation and societal
response or acceptance [48]. In line with the ‘Green Chemistry’ principle, agricultural wastes
can be extracted and converted into various applications such as functional food, flavour,
fertilizer or biofuel for industries such as food and beverage, pharmaceutical, agriculture and
renewable energy. Some wastes are comprised of high amounts of nutritional components
such as protein, sugar or mineral, while others can be an important source of bioactive
compounds such as phenolics and carotenoids which contribute to antioxidative properties [6].
Compounds such as essential oil, β-glucans, volatile flavourings or natural colourings are
proposed as health promoting additives in the food industry due to their antimicrobial
and antioxidative properties [6]. Fibres which are made up of polysaccharides and lignins
are crucial in functional foods [28]. Antioxidant and antimicrobial properties exhibited by
compounds such as hydrooxytyrosol in wheat bran for instance is useful during postharvest
processing for packaging or extending shelf life of crops [53]. Husks from cereals are used as
components in bio-composites for packaging. Recently, rice husk is also being used in cow
dung composting for production of fertilizers. The application of agricultural wastes also
extends to production of biofuel as a form of renewable energy and animal feed.

4.1. Phenolics

Phenolics are bioactive secondary metabolites inessential for the survival of plants.
They exhibit antioxidant, antimicrobial, anticarcinogenic and several other beneficial health
effects. In potato peels, polyphenols are enriched as an allelochemical in the tuber to prevent
microbial infection. Potatoes are heavily used therefore generate enormous amounts of
wastes. Processing the peel leads to the extraction of phenolics, which are important
antioxidants. Ferulic, chlorogenic acid and caffeic acid are the most abundant phenolic
acids while gallic acid, protocatechuic acid, coumaric acid, syringic acid, vanillic acid and
p-hydroxy benzoic acid have also been reported from potato peel. The application of
fermentation to break down fermentable sugars on potato waste can trigger the conversion
of starch into valuable compounds with the aid of acids or enzymes while producing
ethanol as a by-product that can be used as biofuel.

Rice bran is one of the most underutilized by-products of rice which can be a source
for anticancer products. Phenolic compounds from rice bran such as caffeic acid, ferulate
and ferulic acid have the potential to prevent a range of chronic diseases such as colon
and human breast cancer. Phenols, tricin and ferulic acid in rice bran have exhibited
apoptosis and inhibition of cancerous cell proliferation [54]. Rice bran also consists of rich
dietary fiber which helps to prevent overeating by inducing the feeling of fullness and help
to maintain weight. The intake of dietary fiber can help lower blood cholesterol, blood
pressure, and enhance humans’ insulin sensitivity [55].

Citrus peel contains antioxidative polyphenolic such as phenolic acids, flavanones,
flavanol, and flavones that can reduce the risk of cancer by inhibiting tumor formation.
Citrus peel extract which contain tangeretin and nobiletin can help reduce cholesterol in the
treatment of hypercholesterolemia and hypertriglyceridemia [56]. Citrus peel also consists
of sudachitin which enhances energy utilization and fatty acid β-oxidation through the
stimulation of mitochondria in skeletal muscle. Sudachitin can be potentially used for its
anti-diabetic and anti-obesity properties [57]. Some citrus peel also consist of the flavone
naringenin, a neuroprotective agent with anti-amnestic function and is also useful in the
prevention of neurodegenerative disease such as Alzheimer’s disease [58]. The antioxidant
and anti-inflammatory properties of hesperidin, naringin, diosmin and apigenin present
in citrus peel also has anti-aging properties and prohibits other degenerative related
diseases [59]. These compounds in the citrus peel can be isolated by solid–liquid as well as
liquid-liquid methods of extraction [60].
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4.2. Alkaloids

The use of herbicides, pesticides, insecticides and the various chemicals in agricul-
ture results in the accumulation of toxins in agricultural waste. Potatoes for example
has toxins in their peel as the primary defence against pathogens [48]. Approximately
140,000 tonnes of peel are generated through the consumption of potatoes, however due to
the toxin composition it is only used as animal feed. Potatoes are rich in steroidal alkaloids.
Characterization and separation of the toxins from agricultural input is necessary for its
conversion in order to obtain value added products that are safe both for human and
the environment. Steroidal alkaloid is a class of toxic secondary metabolite commonly
associated with anti-bacterial, anti-fungal and insect repelling properties [48]. These com-
pounds can cause colic pain, diarrhea, gastroenteritis, vomiting, fever, low blood pressure,
rapid pulse and neurological disorders in human when ingested in high quantities [48].
Among the most common in potatoes are α-solanine and α-chaconine. The presence of
glycosidic chains in these compounds contribute to the cytotoxic effects of these alkaloids
by inhibiting the acetyl cholinesterase enzyme, cellular membrane and calcium transport
as well as able to harm nerve cells at low concentrations of IC50 = 4.1 µM.

4.3. Aroma, Flavour and Fragrance

Extraction of aroma has been done since ancient times but nowadays its extraction is
performed at an industrial scale. Various techniques are applied for the extraction of volatiles
of different nature. The most preferred way to obtain natural aroma from raw material
is through alcoholic extraction and the application of mild temperature. Centrifugation
recovers hydrophobic organic volatiles. The extraction of essential oil can be extracted with
the use of very volatile organic solvents such as hexane or n-pentane. However, nowadays
external enzymes are introduced to enhance metabolic pathways to trigger the production
of more volatiles [48]. Potatoes are known to have a markedly greater ratio of pyrazines
to aldehydes in the peels than the pulp. Pyrazines can reach up to 73% while 2,5- and,
or 2,6-dimethylpyrazine being the most common compound in the peels.

4.4. Production of Food Microorganisms

The utilization of agricultural wastes to produce beneficial microorganisms like bio-
control agents, baker’s yeast, brewer’s yeast or probiotic cultures is rare as these are mostly
processed for their secondary metabolites or microbial proteins. Microbial proteins are
dried microorganisms (bacteria, fungi and algae) extracted to be used as animal feed and
supplement. Potato residues, oil mill wastewater, fruit pomaces, whey, molasses and
lignocellulosic biomass have been applied to produce microbial protein [48].

For the processing of potato peels, Saccharomyces cerevisiae is commonly used for the
production of microbial protein and production of secondary metabolites from raw material
due to its ability to metabolize glucose, fructose and sucrose. The potato wastewater is
used for the production of Bacillus thuringiensis, while potato starch is a suitable medium of
the culture of Schanniomyces alluvius [40]. Other strains, such as Rhizopus oryzae, have been
used to processing potato peels for the production of chitosan [45], Aspergillus niger for the
production of glucoamylase, lactic acid bacteria Lactobacillus rhamnosus for the production of
lactic acid [46], and Bacillus subtilis for the production of biosurfactant [44]. Microorganisms
play a vital role in the valorization of organic material and the diversity of microbes vary
during each stage of conversion. The microbial community profile during various stages of
food waste composting has been comprehensively reviewed by Palaniveloo et al. (2020) [61].

4.5. Organic Fertilizers and Feed

Composting of rice straw along with farm wastes could be used for soil fertility and
suppression of soil-borne diseases. Rice straw incorporated with cattle manure or municipal
sludge was used in rapid composting to produce a higher nutrient fertilizers. Such compost
was integrated in fungicide management practices to reduce synthetic fungicide usage and
leachate discharge [62]. Rice straw contains 34.2% cellulose and 27.9% hemi-celluloses,



www.manaraa.com

Sustainability 2021, 13, 11432 14 of 28

and 10.2% lignin making it a good fodder for animal feeding. Common in Asia, this fodder
undergoes ammonization to increase its urea or ammonia to recommended levels of 4 kg
urea per 100 kg air-dry straw before fed to animals [62].

Rice husk contains 15% carbon, 18% ash, and 67% volatile matter that is formed from
two polyphenolic compounds, silica and lignin. The lignin and silica content enables the
husk to exhibit antioxidant and antifungal properties. The high lignin content is also used
for soil fertilization, while potassium and silicon are used for soil amendment. Rice husk
has also been used as a substitute for wood shavings and sawdust in poultry houses and
litters [49]. Substituting these also have an impact on poultry farm performance where bird
reared on rice husk shows the highest weight gain. The other tough part of rice husk can
also be used as an additive for animal foods and as a source of fiber. Rice hulls can also be
an anti-caking agent to reduce food clumping.

4.6. Nutraceuticals

Citrus peel fiber has been shown to be beneficial for intestinal health and function.
Its dietary fiber consists of cellulose, pectin, hemicellulose, and lignin which plays an
important role in maintaining a balanced dietary fiber intake. The citrus peel fiber is
comparatively better than cereal fibers due to its higher soluble dietary fiber ratio and the
presence of bioactive compounds such as flavonoids, polyphenols, carotenoids, and vi-
tamin C [33]. Dietary fiber originated from fruit by-product have also been associated
with antioxidant properties which can be unbounded by heat treatments to improve the
polyphenolic content such as in gastrointestinal digestion [63]. Regular consumption of
dietary fiber also helps in the prevention, reduction, and treatment of various chronic dis-
eases, such as, diabetes, obesity, cardiovascular diseases, gastrointestinal diseases, and also
cancer [64]. In addition, citrus fiber also lowers blood triglycerides which help in glu-
cose homeostasis [33]. The citrus peel is also beneficial to health due to their antioxidant
properties as well as their capability to retain a high amount of water and oil [65].

Among the coffee by-products which are, coffee pulp, cherry husk, silver skin,
and spent wastes, the coffee silver skin contains the highest amount of total fiber. Coffee
fiber consists of cellulose, hemicelluloses, pectin, lignin, and other polysaccharides. Coffee
fiber has a wide range of potential health benefits such as reducing the risks of obesity,
gastrointestinal diseases, and cardiovascular diseases [66]. Coffee by-product also provides
beneficiary effects of both dietary fiber and antioxidant properties rather than just a fiber
component such as in cereal [67].

4.7. Other Components from Agricultural Wastes

The by-product from washed and rasped potatoes contains proteins (35% of dm) sugar
(5% of dm), minerals (20% of dm) and organic acids (4% of dm) for every 5% dry matter
(dm) [38]. The potato protein comprises of patatin, a protease inhibitor, high-molecular-
weight proteins and is rich in lysine (7.18%) and methionine (1.06%) [38]. Being high
in nutritional value, protein rich agricultural wastes need to be processed to be reused
sustainably. Potato fruit juice for instance is commonly used as fertilizer. Alternatively,
purification of the potato by-product is proposed for the recovery of high-value ingredients.
The use of ion-exchange or adsorption by bentonite precipitates proteins [42].

The introduction of acidic components such a citric acid, ferric chloride or organic
solvent additives promotes precipitation to obtain the soluble protein [39]. Eventually,
after the processing of raw material, the remains need to be considered for recycling.
Potato pulp for instance is valued at approximately 0.75 tons per ton of purified starch
and this varies with the raw material and processes applied. Potato pulp is quantified
to contain starch (37% of dry matter, dm), cellulose (17% of dm), pectin (17% of dm),
hemicellulose (14% of dm), fibers (7% of dm) protein/amino acids and ash (4% of dm
respectively) [43]. Before treatment, it can function as a medium for yeast growth in vitamin
B12 production or be used in biogas production. Partially dried pulp is very suitable as
poultry food to avoid decomposition while dehydrated material can be processed in the
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paper industry [41]. Nowadays, the extraction of galactan-rich rhamnogalacturonan I from
potato pectic polysaccharides is gaining fame for its health benefits [47]. Further application
of potato pulps as raw waste includes its use as fertilizers upon extraction of nitrogen
containing substances, the production of alcohol through fermentation of hydrolysed pulp
and is being considered for incorporation into gluten-free biscuits [68].

The use of agricultural by-products is capable to reduce the cost of enzymes production
at an industrial level that uses submerged fermentation [69]. Agricultural by-products such
as coffee husk, has also been used along with Paecilomyces variotii in the production of caf-
feinase, pectinase, and tannase [70]. The coffee by-products also have been used to produce
enzymes like protease, amylase, and xylanase using fungal organisms such as, Aspergillus
oryzae, Penicillium sp., Aspergillus niger, and Neurosporacrassa [71]. Figure 3 exhibits the
chemical structures of some agricultural wastes metabolites with antioxidative properties.

Figure 3. Chemical structures of some agricultural wastes metabolites with antioxidative properties.

5. Importance of Sustainable Extraction Approaches
5.1. Green Extraction

The food processing industry has observed tremendous growth over the last decade
resulting in significant quantities of wastes being generated [72]. Agricultural wastes,
mainly fruits and vegetables are rich in probiotics, dietary fiber, carotenoids, fatty acids,
phenolic compounds, isoprenoids, lipids, proteins, saponins, and phytoestrogens making
them an important source for development into functional foods, nutraceuticals and
cosmetics. Various parts of these wastes (stem, leaves, peel, seed, and roots) and the
residues from their juices, oils, starch, and sugars contain these compounds in large
quantities [36]. Carotenoids and phenolics are among the key components responsible for
the bioactivity against cancer, as well as inflammatory and cardiovascular diseases [25].
Targeted components as well as transformed by-products such as nutraceuticals, enzymes,
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bioplastics, biofuel are some examples that can be obtained and is of value to the agriculture,
nutraceutical and food industries.

The impact of agricultural waste is rather heightened compared to its production and
consumption [73] as if not disposed of or treated, cause serious environmental hazards.
Untreated rotting waste produces substantial amount of methane gas which contributes
25 times more towards global warming than CO2 [74]. In order to overcome these issues
valorization of wastes into various value-added products or the extraction of bioactive
compounds with various functional benefits is much needed [72]. The use of optimized
extraction protocols aim to maximize the yield of bioactive compounds or nutritional
components to meet the demands of industrial processing while avoiding deterioration and
degradation of functionality of input [75]. Prior to extracting any complex constituent from
a biological source, it has to be released from the cellular matrix into a suitable solvent [76].
Traditional extraction techniques are even commonly used in domestic applications such
as making coffee or tea which involves solid–liquid extraction (SLE) principle by means of
solvent application and leaching. SLE encompasses conventional methods such as Soxhlet
extraction (SE), maceration extraction (ME) and percolation [77].

On an industrial scale, organic solvents extraction technique is commonly utilised [78].
The uneconomical; time, energy and labour intensive and toxic nature of conventional
solvent extraction which requires large amounts of solvents may cause degradation of
target molecules, loss of volatiles coupled, low extraction yield and presence of solvent
residue [78–80] had driven research towards a low-cost, eco-friendly, and efficient extraction
techniques, based on a green philosophy [80,81]. ‘Green extraction’ is defined based on
twelve principles of green chemistry and green engineering [82] from which six principles
of green extraction was established [83,84]. The six principles of green extractions are:
(1) Innovation through varieties and renewable plant resources, (2) Usage of alternative
solvents, (3) Reduction of energy consumption through energy recovery and innovative
technologies, (4) Production of alternative products, (5) Reduction in operations and
development of a sustainable industry, and (6) Application of green extraction.

Under this concept, the conservation of biodiversity is made priority through the uti-
lization of renewable resources and in vitro cultivation. This can be done using techniques
such as plant milking where plants are cultivated in liquid medium to accumulate targeted
chemicals secreted into the medium through external stimulation. Though bound to be
extracted, solvents that are physically and chemically stable with low volatility, easy to use
and recycle, if possible, reusable are utilized, in favour of sustainability and environmental
protection. Supercritical fluids such as CO2 and water, organic salt-based solvents such as
ionic liquids and deep eutectic solvents are considered as green solvents while solvents
such as ethanol, terpenes, glycerol and methyl esters of fatty acids in vegetable oil are
considered as agro-solvents. All extraction and separation process needs to be done in a
energy efficient manner which focused on optimizing production process that will signifi-
cantly reduce the usage of energy and raw material, waste generation, and environmental
impact. This can be approached by the assistance of innovative technology and processes.
The end goal of this principle is to optimize the use of resources sustainably and develop
value-added products free of pollutants such as heavy metals, pesticide residues and heavy
metals mycotoxins, instead of waste through bio- and agro- refinery concepts. The draw-
backs in existing conventional processes and the quality criteria extract must meet, there
is no guarantee of its harmlessness to man and the environment [83,84]. The concept of
green extraction of natural products not only protect both the consumer and environment
but also enhance the competition within industries to be more innovative, ecological and
economical [85]. Figure 4 provides an overview in the application of green principle in
agricultural waste valorization in a circular economy concept.
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Figure 4. The application of green principle in agricultural waste valorization in a circular
economy concept.

There have been numerous successful implementation of the green extraction on an
industrial scale. In the development of the anti-cancer paclitaxel (Taxol®), this compound
was extracted from the bark of the western Yew (Taxus brevifolia) in the 1970’s. Naturally,
the extraction of 1 kg purified taxol, requires 10 kg of dry bark, thus a clinical trial needed
approximately 30 tonnes of bark and is not sustainable. Eventually, the discovery of a
feasible quantity of 10-deacetylbaccatin III (10-DAB III) from the leaves of European Yew
made it a much sustainable source compared to the bark of Taxus brevifolia [84]. In the
extraction of mechanical oil from Jatropha curcas L seeds, the application of green extraction
was done by optimizing the extraction approach. Its learnt that the different energy
input and material throughput effect the volume of oil recovery, therefore optimization by
finding an optimal middle ground between specific energy input and material throughput
maximized oil recovery [86].

The implementation of alternative or solvent-free extraction, such as microwave
hydrodiffusion and gravity (MHG), pulsed electric field, and instantaneous controlled pres-
sure drop have successfully shown to reduce overall extraction cost, reduce solvent related
risks, facilitate in scaling up process, and improve the purity of extracts. These techniques
remove wastewater post-treatment and requires less energy compared to conventional
solvent extraction. MHG have been efficient in both lab and industrial scale extraction
of antioxidants, pigments, and aroma components from plant sources [87]. In the fresh
juice production industry, more than 1 million tonnes of orange peel waste (peel, pulp and
seed) is generated anually and sold as cheap cattle feed. Adoption of green extraction tech-
niques such as wave hydrodistillation and microwave hydrodiffusion and gravity (MHG)
have successfully recovered numerous value added compounds such as pectin, enzymes,
flavonoids, citric acid, ascorbic acid, dietary fibres and essential oils (D-limonene) [84]. Put-
nik et al. (2018) [88] reported the successful extraction of pectin, polyphenols, and essential
oil using the solvent-free ultrasound-assisted extraction (UAE) and microwave-assisted
extraction (MAE) through exploiting in situ water which can be recycled and cost efficient.
The use of UAE was exceptionally more efficient in polyphenols extraction while MAE was
also more efficient at pectin extraction compare to conventional method with higher yield
and a lower extraction time.
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In this section an overview on the applications of green extraction techniques such as
supercritical fluid extraction (SFE), ultrasound-assisted extraction (UAE) and microwave
assisted extraction (MAE) will be discussed as an alternative to the conventional extraction
methods such as Soxhlet extraction (SE), maceration extraction (ME) and percolation.
Figure 5 shows a flow of optimizing extraction and the use of green extraction techniques.
A comparison of SFE, UAE and MAE techniques is also provided in Table 2.

Figure 5. The use of green extraction techniques in optimization of agricultural wastes processing.

5.1.1. Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction is a solid-fluid extraction technique in which fluid in their
supercritical state is employed to solvate the solid matrix and extract the solute contained
within the matrix [89]. Supercritical fluids (SCFs) are substances that are at a pressure and
temperature above their critical values. The basic principle of SFE is that at supercritical
conditions, no liquid-gas phase boundary and surface tension exists. The SCFs behaves as
a single phase, retaining the properties of both gas and liquid at the same time. The fluid
diffuses into the solid matrix like a gas and dissolves active compounds like a liquid [90].
The solvent power of SCFs is the highest for non-polar or slightly polar components and
decreases with increasing molecular weight [91].

Supercritical fluid possesses gas-like properties of diffusion, viscosity, surface tension,
liquid-like density and solvation power. These properties make it suitable to extract
compounds in a short time with higher yield [92]. Slight variations in the temperature
and pressure causes a significant change in properties of SCFs [90] and they can easily
be removed from the solutes by expansion to ambient pressure [91]. A basic SFE system
consists of the following parts: a mobile phase, a pump to pressurize the gas, co-solvent
vessel and pump, an oven that contains the extraction vessel, a controller to maintain the
high pressure inside the system and a trapping vessel. Usually, different types of meters
like flow meter, dry/wet gas meter could be attached to the system [93].

The most common fluid for SFE is carbon dioxide, CO2, favoured due to its non-
toxic, low cost, non- flammable, chemically inert, available in high quantity and quality.
The critical temperature of CO2 is close to ambient at 31 ºC hence, minimising the need
for heating to reach its critical temperature. The high pressure of CO2 of 73 atm is suitable
for lab scale or pilot plant operation set up [90,94]. Extraction with supercritical solvents
is suitable for solute isolating from natural materials, because the extract is obtained at a
relatively low temperature and without any trace of organic solvent. CO2 can be easily
separated from the extract simply by exposing the gas to room conditions (25 ºC, 1 atm) [90].
However, the drawback of using super critical CO2 as a solvent is that it is very non-polar
in nature. It has a polarity comparable to liquid pentane, making it compatible with
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low polarity compounds such as fatty acids, triglycerides, carotenoids and aroma but
unsuitable for the extraction of polar compounds [95]. This limitation can be overcome
by using co-solvents such as ethanol and methanol [95] which is widely used to modify
the polarity of the supercritical fluids and improve the solvating power to enhance its
extraction efficiency by minimizing the interactions between the analyte and the matrix
with respect to targeted biologically active compounds [72].

Compounds reported to be isolated using SFE technique are carotenoids from waste
vegetable matrices such as flesh and peels of sweet potato, tomato, apricot, pumpkin,
peach [96] and polyphenol from Lupinus luteus seed [97]. Reviews on the extraction of
flavors, fragrances and other natural products using SFE has also been previously published
and their vast application in extraction of non-polar compounds such as essential oils,
lipids, carotenes, carotenoids and alkaloids has also been investigated [98–102].

5.1.2. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) uses ultrasound as a pre-treatment or during
solid-liquid extraction (SLE) process. Ultrasonic waves encompasses frequencies that are
above the audible range (up to 20 kHz) and less than microwave frequency (up to to
10 MHz). Ultrasound can be further classified as low-intensity sonication (1 W/cm2) and
high-intensity sonication (10–1000 W/cm2). Low-intensity sonication is commonly em-
ployed for quality assurance and process control as a non-destructive analytical technique,
especially of those involving physiochemical properties, such as structure, composition
and physical state of matter while high-intensity sonication is used for extraction and pro-
cessing applications. The alternating pressure changes causes the formation and collapse
of bubbles in a liquid medium. It is this phenomenon of creation, expansion, and implosive
collapse of microbubbles in ultrasound-irradiated liquids is known as “acoustic cavitation”,
which is he principle driving force of sonication. The implosions generated results in
temperature and pressure changes which causes cell disruption and thinning of the cell
membrane. This process aids the penetration of extraction solvents into the cells and
amplifies the mass transfer of the target compound into the solvent [80].

Factors such as frequency, ultrasonic power, temperature, design of the reactor, extrac-
tion solvents used, solvent to sample ratio, particle size and structure need to be considered
when employing UAE. At low intensities of ultrasonic power, the external and internal
mass transfer resistances are affected while not affecting the product structure. Intermedi-
ate intensity affects the product structure and a further increase in the ultrasonic power can
cause disintegration of the cells. Hence, UAE requires optimization when scaling from a
laboratory set up to an industrial scale while maintaining lowest consumption of monetary
and energy [103]. Ultrasound can also be employed in super critical fluid extraction (SFE)
to produce agitation as mechanical stirrers are not possible in SFE and enhance the mass
transfer of compound of interest from the solid matrix into to the extraction solvent [104].
Compounds such as aroma, antioxidants, pigments, phenol, carotenoids and anthocyanins
have been efficiently extracted using UAE [85,104–106].

5.1.3. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is a method which employs microwave energy
in combination with traditional solvent extraction techniques [107]. During microwave,
solvent to absorbs microwave energy and pass it on as heat to the surrounding molecules.
Solvents with high dielectric constants such as water have a better ability to absorb mi-
crowave energy [108]. In MAE, heating occurs in a targeted and selective manner with
practically no heat being lost to the environment as the heating occurs in a closed system,
unlike conventional heating [109]. A considerable amount of pressure builds up in the
biological material during microwave heating which alters the physical properties of the
tissues thus improving the porosity of the biological matrix which allows better penetration
of the extraction solvent [110].



www.manaraa.com

Sustainability 2021, 13, 11432 20 of 28

Microwaves are non-ionizing electromagnetic waves positioned between the X- ray
and infrared rays in the electromagnetic spectrum with a frequency range between 300 MHz
to 300 GHz [109]. The principle of heating molecules using microwave energy is based
on the direct effect of microwaves on the molecules through ionic conduction and dipole
rotation. Ionic conduction is the electrophoretic migration of ions when an electromagnetic
field is applied. Heat is produced by the resistance of the solution to the flow of ions which
results in friction and thus heat being produced. Dipole rotation is the realignment of
dipoles with the applied field. At the frequency commonly used in commercial systems
(2450 MHz) the dipoles align and randomize at a rate of 4.93 × 109 times per second
and this forced molecular movement results in heat being generated. These two mecha-
nisms take place simultaneously in most applications [111]. During microwave heating,
the hydrogen bond are disrupted promoted by the dipole rotation of molecules which
takes place with related heat discharged. The migration of dissolved ions which intensifies
the penetration of the solvents into the matrix hence facilitating the extraction of target
compounds [109]. The increased pressure also leads to cell swelling and forces the cells to
split [112]. Compounds such as antioxidants, polyphenols, flavonoids, essential oils and
taxanes have been reported to be successfully extracted using MAE [113–118].
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Table 2. Comparison in the characteristics of the various green extraction technique.

Extraction Technique

SFE UAE MAE

Advantage [111]

1. Minimal solvent usage
2. Fast extraction process
3. Fairly selective towards matrix interference
4. Concentrated extract can be obtained
5. Automation
6. Doesn’t require filtration and cleaning up

process
7. Elevated temperature

1. Multiple extraction
2. Low investment

1. Minimal solvent usage
2. Quick and multiple extraction
3. Elevated temperature
4. Moderate investment

Drawback [111]

1. Requires optimization of multiple parame-
ters

2. High investment

1. Requires large volume of solvent
2. May require repeated extraction
3. Requires clean-up step

1. Solvent used should be compatible with
microwave heating

2. Requires clean-up step
3. Time consuming for vessel to cool down

Compounds
Isolated
[85,96–102,104–
106,113–118]

1. Carotenoids
2. Polyphenols
3. Flavors
4. Fragrances
5. Lipids
6. Carotenes
7. Alkaloids
8. Tocopherols
9. Tocotrienol
10. Carotenoids
11. Essential oils

1. Aromas
2. Antioxidants
3. Pigments
4. Phenols
5. Polyphenols
6. Carotenoids
7. Anthocyanins

1. Polyphenols
2. Essential oils
3. Taxanes
4. Antioxidants
5. Flavonoids
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6. Economic and Market Demand
6.1. Economic Analysis

Agricultural wastes from agro-based industries such as palm oil, rubber and wood
processing factories have increased by more than threefold. These residues can be used as
an alternate source for the production of different products like biogas, biofuel, mushroom,
and tempeh as the raw material in various research and industries [119]. The reuse of
agro-industrial wastes as raw materials can help to reduce the production cost and reduce
the pollution load from the environment. The way forward to reduce the agricultural
waste disposal rate is through recycling or waste minimization at the source [120]. The im-
portance of recycling agricultural waste has been widely recognized in both developed
and developing countries. For instance, over 110,000 biogas projects originating from
agricultural waste have been initiated in rural China [121]. The agricultural waste recycling
economy is well accepted in countries like the United States, Germany, the Netherlands,
Korea, Japan, and South Africa, growing in demand and becoming a priority in economic
policy as an investment during the modernization and urbanization [122].

Although utilization of agricultural waste and its by-product contributes positively to
environmental sustainability, for small scale farmers, the process cost of recycling agricul-
tural waste is a major obstacle compared to incinerating which is far more cost-efficient [26].
Lack of government incentives, high cost of agricultural waste disposal, inadequate fi-
nance and equipment are among the major problems faced by the small-scale farmer [123].
As a result, many small-scale farmers are unwilling to be involved in agricultural waste
extraction. Din and Cohen (2013) believes that this is due to lack of public awareness and
community involvement, lack of mandatory and environmental regulations and enforce-
ment. Additionally poor accessibility within the city, collection route system and schedule
distances a small-scale farmers from agricultural waste recycling [124]. The high cost of
disposal is the biggest challenge of all as it involves transportation, distribution, storage,
and facility. This situation has led to chronic waste management problems especially in
the low-income countries where small-scale farmers facing problems with disposing and
recycling agricultural waste [3].

6.2. Market Demand and Economic Value

Agricultural waste and its by-products are defined as non-food based plant or animal
residues that can cause environmental and economic burden in the farming and primary
processing sectors [125]. In the livestock industry, the production of meat, milk and eggs
generates large amounts of waste. If these wastes are not adequately managed, the risks of
water pollution from excess nitrates or carbon, air pollution by greenhouse gas emissions
and soil pollution due to the accumulation of nutrients is evident. Animal wastes are often
associated with health risks to humans and animals if not managed [126]. Nowadays, there
is an increasing demand for agricultural waste products. According to Gontard et al. (2018)
the demand for agricultural waste products is influenced by awareness towards the ben-
efits of agricultural waste products and a growing number of small and medium-scale
manufacturers in North America and Europe. In Asia Pacific and Middle East, the demand
is expected to grow at a slower rate from lack of awareness and loose regulatory framework.
In the biochar industry, manufacturing requires huge capital investment, setting a barrier
to entry to ensure profitability. As a consequence, companies operating at a non-optimal
scale of operation may not survive therefore requires collaboration with research groups
and institutions as established by China, Japan, Brazil, and Mexico.

In time, the agricultural waste product manufacturing industry is expected to increase
with the growing demand for organic food, driving proper livestock and crop waste
management, vital to environmental protection. Thus, circular economy becomes essential
by converting waste into a sustainable health product that is reusable and circulated in
the system. For instance, manures, that is valuable organic fertilizers for maintenance of
soil fertility and crop production can also be used for biogas generation. Similarly, plant
residues can be used as animal feed, to produce biofuels, fertilize the soil and protect it
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from erosion or generate alternative products. In this circular concept, the role of Research
and Development (R&D) industry is crucial to develop product from recycling agricultural
waste to fulfill market demands [126].

7. Conclusions

The valorization of agricultural wastes offers tons of exploitable opportunity in eco-
nomic, environmental, and social aspects. As mentioned in this paper almost all of the
presently commercialized agriculture crops by-products have the potential to be recovered
as a value-added product. Using appropriate extraction method, it is also possible for the
recovery process to be environmental friendly and also to ensure its sustainability in the
industrial process. In addition, it could also create new job opportunities following the
new recovery process chain. The use of agricultural waste is also a powerful tool to tackle
current global issues such as waste disposal, landfill reserve and food shortages. However,
further development still needed to fully integrate the still-evolving valorization system
into an effective sustainable industrial tool. In the same context, there is also possible
synergy between agricultural waste usage in wastewater and solid waste treatment.
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