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Abstract
Food is a must for all life to survive. Global food production has increased owing to population augmentation, increasing the 
generation of food and agricultural residues. Agro-wastes are important sources of natural compounds such as biopolymers 
that can be used to develop value-added products contributing to replacing synthetic compounds. Biopolymers like pectin, 
starch, and chitin, have multiple functional properties, useful to improve the sensorial properties of foods, and provide a 
sustainable alternative to conventional materials in food processing and packaging. Researchers and the industrial sector 
have successfully converted agricultural residues into valuable edible biopolymers with prebiotic potential, antioxidant, 
and antimicrobial properties by using emerging technologies such as ultrasound, microwave-assisted extraction, enzymatic 
hydrolysis, fermentation, and/or bioconversion. The variation of the extraction conditions using emerging technologies 
allows the modification of the structural properties of the polymer giving a wide range for their application in the food sector. 
Besides, the incorporation of Industry 4.0 in these processes allows the optimization, automatization, and obtention of high 
yields of polymers of improved quality. This review highlights the potential of emerging technologies to convert agricultural 
waste into valuable biopolymers to promote a greener and more innovative food sector.
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1  Introduction

The constant growth of the global population promotes the 
increment in food processing demand, rising the amount 
generation of food processing residues [1]. Over the past 50 

years, agriculture has become more productive than ever, 
producing 23.7 million tons of food per day, producing 
around 250 million tons each year of waste biomass [2]. 
Agricultural by-products are materials that are generated 
during agricultural production or processing but are not the 
primary target products. These materials are often consid-
ered waste or residues, but they can be valuable resources 
that can be utilized for various purposes [3–5]. The type of 
crops grown, the area, and the agricultural methods all affect 
the kind and amount of agro-waste generated annually [6]. 
Food and Agriculture Organization of the United Nations 
estimated that global agricultural production produces about 
5 billion tons of crop residues per year [7]. However, the 
actual amount of agro-waste is difficult to quantify due to the 
absence of comprehensive data in many countries.

Agro-waste can have both beneficial and negative effects. 
On the plus side, agro-waste can be utilized as a source of 
biomass for the generation of energy, such as biogas or bio-
fuels, as well as for the development of functional foods, 
functional or intelligent packaging, and organic fertilizer. 
Instead, if agro-wastes are not managed properly, they can 
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lead to environmental problems such as soil degradation, 
water pollution, and greenhouse gas emissions. Agro-wastes 
can also serve as a breeding ground for pests and diseases, 
leading to the spread of plant pathogens [6, 8]. Concern over 
the disposal issues has sparked interest in the research into 
the valorization of waste streams. Valorization lessens the 
amount of waste produced while also having a positive envi-
ronmental impact [1, 3]. By recycling agricultural wastes 
into economically viable goods with added value, society 
may not only encourage waste recovery but also increase 
its profits [1, 9].

In the last years, efforts have been made to find alterna-
tive materials that can be labeled as “green” to meet the 
growing demand for sustainable products. These contrib-
ute to the replacement of synthetic compounds or high-cost 
natural compounds. Green materials provide opportunities to 
valorize the agro-waste which is highly valuable, attending 
the sustainable production trend [3, 10]. A growing interest 
is being shown in the extraction and use of biopolymers 
because of their biodegradability/compostability and bio-
compatibility. Biocompatible polymers have the potential 
to address sustainability and safety concerns in the food 
industry, while also improving efficiency and functionality 
without introducing harmful substances into the food system 
[11, 12]. Additionally, biopolymers made from these wastes 
have a wide range of chemical and mechanical characteris-
tics and can be applied in a variety of ways such as biode-
gradable packaging [13, 14], coatings [15], protect active 
compounds [16], and biocontrol agents [17], and to develop 
functional foods [18]. There are two basic categories into 
which biopolymers can be placed: (1) polymers produced by 
living organisms like bacteria, plants, and animals, and (2) 
polymers produced chemically as a result of the biological 
conversion of amino acids, sugars, natural fats, or oils [19]. 
These are available in high amounts in natural sources such 
as agro-waste. In addition to the aforementioned effects of 
improper waste management, the use of conventional solvent 
extraction also harms the environment. For these reasons, the 
food industry and scientific sector are in a constant search 
of solutions to the replacement of synthetic compounds and 
the use of agro-wastes by green processes [20, 21]. However, 
it is complicated for the food industry sector to maintain a 
continuous supply of natural polymers obtained from agro-
waste using emerging technologies due to the unmet demand 
and underdeveloped commercialization of these sustainable 
materials. While there is growing interest in eco-friendly 
alternatives to traditional polymers, the widespread adop-
tion of biopolymers from agro-wastes is hindered by various 
factors. These include limited awareness among consumers 
and industry stakeholders, technical challenges in optimizing 
extraction and processing methods, and the need for stand-
ardized quality control and regulatory frameworks [22, 23]. 
Addressing these gaps through comprehensive research and 

collaboration between academia, industry, and regulatory 
bodies is essential to bridge the divide between the current 
state of knowledge and the practical implementation of agro-
waste-derived biopolymers in the food sector [24].

Following this idea, every alternative implemented for 
biodegradable polymer production can improve sustainabil-
ity and contributes to circular economy models. This review 
serves as a comprehensive source of insights into the trans-
formative potential of emerging technologies for converting 
the vast amount of agricultural residues into valuable biopol-
ymers. The scientific advances, challenges, and opportuni-
ties associated with this process were highlighted, providing 
a deeper understanding of how biopolymers from agricul-
tural waste can give a better opportunity to integrate them 
into the food industry. This knowledge enables researchers, 
policymakers, and industry stakeholders to take informed 
decisions, promoting research and development efforts, and 
driving the adoption of innovative, environmentally friendly 
materials in the food sector. In essence, this review points 
the way to a future where the sustainable use of agricultural 
waste plays a central role in improving the resilience and 
efficiency of the food industry, minimizing its environmental 
footprint into the circular economy concept.

2 � Agricultural by‑products

Agro-wastes are plentiful in nature and high in carbon con-
tent, making them desirable renewable substrates for the 
synthesis of biopolymers for a variety of technological appli-
cations. Agricultural wastes include lignocellulosic biomass, 
agro-industrial effluents, and residues from bioconversion 
processes [10]. These by-products can be classified into 
several categories based on their origin and characteristics. 
Some common categories of agricultural residues include (i) 
plant wastes which are generated after harvesting or pruning 
crops, such as straws, stalks, leaves, husks, and shells. These 
residues can be processed to extract cellulose, lignin, and 
hemicellulose; (ii) animal by-products are generated dur-
ing the transformation of animal products, such as meat, 
dairy, and leather, including bones, skin, blood, feathers, 
and fat, which are a source of collagen, gelatin, and fatty 
acids; (iii) food processing wastes are produced during the 
processing of agriculture products, such as fruits, vegetables, 
grains, and oilseeds. They can be processed to obtain pectin, 
fiber, and oils; and (iv) waste from agro-industrial process-
ing, which is generated during the processing of agricultural 
products into value-added products, such as biofuels, bio-
plastics, and biochemicals. Other agricultural by-products 
that do not fit into the above categories, such as weeds, inva-
sive species, and residues from bioenergy production are 
used for animal feed, fertilizer, or fuel and the extraction 
of natural dyes, antioxidants, and bioactive compounds [6, 
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8, 10, 25]. Most of these are used for animal feed and bio-
fuel production. However, proper structural modifications 
of these residues can lead to obtaining biopolymers with 
improved properties [19, 26, 27].

The accessibility of starting materials/precursors, which 
should be reasonably priced and easily accessible in signifi-
cant quantities, is necessary for the production of bio-based 
polymers from agro-wastes. Due to their massive production 
capacities and share of global output, the two largest econo-
mies in the world, China and India, could take the lead in 
the manufacture of fruit- and vegetable-based biopolymers 
[4]. The general process to obtain and apply a polymer in 
the food industry follows the next steps, identification of the 
source, a clear idea of the properties of the polymer, selec-
tion of the extraction technique and conditions, assessment 
of methods for their incorporation in a food process (Fig. 1).

3 � Methods biopolymer for extraction: 
influence on structure and properties

The potential for using agro-industrial wastes as primary or 
secondary feedstocks for the fermentation or extraction of 
biopolymers is immense [3]. Biopolymers created from agri-
cultural waste have a wide range of chemical and mechanical 
properties, making them ideal for several applications [26, 
28]. To recover biomass polymers, numerous alternative 
processing methods have been carefully designed. Biopoly-
mers are often created in one of three ways: directly from 

biomass, such as certain polysaccharides and proteins; by 
microorganisms; or from genetically engineered bacteria 
[29]. Some conventional and novel methods used to extract 
polymers from agro-waste are reviewed in more detail in the 
following sections.

3.1 � Traditional methods to extract polymers 
from agro‑wastes

Acids, bases, and surfactants are used in chemical extraction. 
The most popular chemical process for obtaining biopoly-
mers is alkaline extraction using sodium hydroxide. Addi-
tionally, it has been proven to be a successful approach for 
the breakdown of chemical bonds to solubilize hydrophobic 
proteins [29]. The nature and selectivity of interactions with 
the cell wall are determined by the used solvent, efficiency 
disruption is highly dependent on it. Due to the incomplete 
knowledge of the affinities of each solvent to various mac-
romolecules, it is difficult to predict the mechanism involved 
in a chemical extraction [30]. Pre-treatment of biomass is 
essential for its use; it is important to consider the relation-
ship between the structure and function of the biopolymer 
or other polymers that are derived from the same source, 
such as lignin and cellulose [31]. Source influences poly-
mer extraction more significantly than polymer type. For 
instance, a demineralization process is needed to remove 
calcium carbonate, which makes up 30 to 50% of crab shells, 
to extract chitosan from the shells. The extraction requires 
large amounts of chemicals, including acids and alkalis (in 

Fig. 1   Valorization of agro-wastes by emerging technologies and potential applications in the food industry
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concentrations ranging from 30 to 50%, w/v), high process-
ing temperatures (> 100 °C), and extended processing dura-
tions. While no demineralization procedure is necessary if 
the source is a fungal cell wall because fungal mycelia have 
a lower concentration of inorganic elements. As a result, 
extraction needs for mildly alkaline and acidic (0.1–0.2 N) 
conditions as well as temperatures between 100 and 120 °C 
for a brief time (1 h) are required for extraction [12, 32].

Since solvent extraction yields positive outcomes and 
more sustainable procedures are being developed, new and 
alternative solvents with ecologically friendly profiles are 
continually needed. Deep eutectic solvents (DESs) have 
become more popular in the extraction industry as a result. 
These are a new class of compounds known as DESs, which 
can comprise a wide range of anionic and/or cationic species 
and are composed of Lewis or Brønsted acids and bases, 
which are distinguished by large depressions in their melting 
temperatures relative to their neat constituent components 
[33, 34]. Some DESs are already safe because they are made 
of gentle ingredients. However, several amides and polyols 
with minimal inherent toxicity, including urea, glycerol, 
ethylene glycol, fructose, and erythritol, can make various 
formulations of type III eutectics. Metal salts with their 
innate toxicity are present in all types I, II, and IV eutec-
tics. Fractions rich in cellulose and lignin were obtained 
from chestnut residues using a mixture of chlorine chloride-
oxalic acid dihydrate. Compositional analyses show that the 
contents of cellulose/hemicellulose and lignin are consist-
ent with reports in the literature. The scientists concluded 
that another method for valuing these leftovers is to fully 
use chestnut shells by employing safe and environmentally 
friendly solvents, such as DES [33].

The use of proteolytic bacteria or enzymes provides a 
greener alternative to chemical extraction [35]. The most 
popular method for breaking down the cell walls is enzyme-
assisted extraction. To choose the best enzyme to break 
down certain macromolecules using this technique, one 
should be aware of the complexity and composition of each 
source, which could reduce the process’s efficiency [29, 36]. 
The protein hydrolysates also contained bioactive peptides 
that might be employed in animal feed as emulsifiers and 
growth accelerators [37]. The yield and purity of biopoly-
mer obtained by chemical extraction can be increased by 
including enzymes in the process. The rod-shaped cellu-
lose nanocrystals obtained from sugarcane bagasse by acid 
hydrolysis (H2SO4 solution, 64% w/w; 1:10 g/mL cellulose: 
diluted H2SO4 at 45 °C for 60 min) had lengths between 250 
and 480 nm and diameters between 20 and 60 nm. While 
X-ray diffraction and thermal examination found that cel-
lulose nanocrystals had higher crystallinity (72.5%) than 
chemically pure cellulose (63.5%) but showed inferior ther-
mal stability, the elemental analysis revealed 0.72% sulfur 
impurity. Lab-extracted cellulose has the potential to be 

nano-reinforced into bio-nanocomposite for industrial appli-
cations because of the high crystallinity (72.5%) [38].

Some advantage of the use of enzymes for chitin extrac-
tion is the obtention of polymers that have higher molecu-
lar weight compared to those chemically obtained [39]. By 
employing a demineralization process (1 M HCl, ratio 1:30, 
75 min at room temperature) followed by deproteinization 
(3 M NaOH, ratio 1:30, 75 min at room temperature) and 
finally the decolorization step (50% NaOH, ratio 1:50, 90 
°C for 50 min), α-chitosan was extracted from shrimp shells 
(Penaeus monodon), which significantly inhibit the growth 
of the human ovarian cancer cell line PA-1 [40]. α-Chitosan 
is less reactive than β-chitosan to cellulase hydrolysis due 
to its higher crystallinity and structural properties which are 
strongly affected by deacetylation degree (up to 60%) and 
molecular weight [41]. The proper selection enzyme is a key 
point in the properties of the polymer. Agree with this, jack-
fruit leaf protein hydrolysates obtained with pancreatin had 
a high content of essential amino and hydrophobic amino 
acids, due to a higher degree of hydrolysis. Besides, the 
lower β-sheet fractions and high β-turn contents improved 
the emulsifying properties in comparison to the hydrolysates 
obtained with pepsin [42]. As a result, enzymes are crucial 
in the extraction of biopolymers from a variety of sources, 
including biomass, bacteria, and marine species (Table 1). 
Biopolymers have intricate structures that can be broken 
down by enzymes into smaller, easier-to-manage molecules, 
making separation and purification easier. Additionally, they 
can be utilized to change the extracted biopolymers’ char-
acteristics, expanding the range of applications. Finally, 
the extraction effectiveness can be increased by combin-
ing enzymes such as cellulase, xylanase, viscozyme, and 
lysozyme to degrade these structures. This results in better 
yields than chemical extraction because natural sources are 
complex and can be composed of several polymers.

3.2 � Microwave‑assisted extraction (MAE)

MAE is a promising technique for the extraction of biopoly-
mers from various sources, which is based on microwave 
irradiation, which directly activates the majority of mole-
cules with a dipole rotation or ionic conductivity. As a result 
of the material’s interactions with the electromagnetic field, 
the temperature will increase quickly [29, 51]. To facilitate 
mass transfer and the subsequent extraction of the desired 
chemicals, H-bonds are broken and dissolved ions move 
into the biomass, increasing solvent permeation into the 
biomass; resulting causes the biopolymers to expand and 
rupture, releasing more extractable material [29]. MAE has 
gained popularity as a potent method for quick and effective 
chemical synthesis [52] and extraction of natural compounds 
[53]. Because the reaction mass is heated in three dimen-
sions using this technique, the process can be finished in a 
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matter of minutes rather than hours or even days. [44, 51]. 
This indicates that, when compared to conventional extrac-
tion techniques, MAE uses less time and energy throughout 
the extraction process. For large-scale extraction operations, 
this can result in significant cost savings and lessen the pro-
cess’s negative effects on the environment.

As in any extraction process, the used conditions during 
MAE will have an impact on the structure of the biopoly-
mer [54]. The extraction process for pectin involves sev-
eral physicochemical steps that are regulated by variables 
like pH, temperature, time, and solvents [55, 56]. Recently, 
conventional heat reflux extraction (HRE, temperature: 70, 
80, or 90 °C, time: 90, 120, or 150 min; pH: 1.4, 1.5, and 
1.6) and MAE (power: 470, 550, or 630 W; time: 4, 5 or 6 
min; pH: 1.8, 1.8 or 2.4) were assessed for pectin extraction 
from tobacco. The obtained yield was 11.27 and 8.88% for 
HRE and MAE, respectively. FTIR and esterification tests 
showed that predominantly esterified pectin was obtained in 
both extraction techniques [56]. Pectin from leftover lime 
peel is extracted using various acids (hydrochloric or citric 
acid) using HRE or MAE. The results confirmed that pectin 
obtained by MAE had a larger equivalent weight and esterifi-
cation degree than pectin prepared by conventional process, 
with a strong band of about 1730 cm−1 owing to methyl 
esterified uronic carboxyl groups [57]. The pectin produced 
by MAE can be categorized as high methoxyl pectin with a 
quick gel setting. With increasing solid concentration, the 
rheological characteristics of the pectin solution from both 
heating methods improved. These rheological properties and 
pectin’s capacity to absorb water may or may not be advanta-
geous depending on the intended applications. The qualities 
of pectin are always lost when the frequency is excessive. By 
altering the extraction procedures as well as the extraction 
parameters, particularly the purifying methods, it is possible 
to increase the end product’s quality and purity. Even so, 
MAE is a substitute to shorten the time required for pectin 
extraction with appropriate polymer characteristics [45, 56, 
57]. Therefore, MAE offers several advantages over tradi-
tional extraction methods, including higher extraction rates, 
reduced extraction time and energy consumption, and the 
ability to extract biopolymers from a wide range of sources.

3.3 � Pressurized fluid‑assisted extraction

3.3.1 � Supercritical fluid extraction (SFE)

A substance that exhibits a high density (akin to that of liq-
uids), low viscosity (like a gas), and zero surface tension is 
known as a supercritical fluid. It exists above its critical tem-
perature (Tc) and pressure (Pc), providing the possibility of 
being employed for several purposes. The main factors that 
affect the SFE include pressure, time, feed, CO2 flow rate, 
and the use of co-solvent [58, 59]. Depending on the matrix 

and the target components, there may be different optimal 
extraction conditions. Consequently, it is common practice 
to optimize the extraction parameters utilizing experimen-
tal designs [58]. High-temperature, high-pressure water is 
used to extract natural substances below its critical point 
(Tc = 374.15 °C, Pc = 22.1 MPa) utilizing subcritical water, 
an environmentally beneficial process. Subcritical water’s 
physicochemical characteristics change as the temperature 
rises. The diffusion coefficient increased as the water tem-
perature rose, but the dielectric constant, viscosity, and sur-
face tension all gradually decreased. As a result, subcritical 
water can act like methanol or ethanol [60]. The fact that 
water is harmless makes it better suited for the extraction of 
compounds that can be safely consumed by people or other 
animals. This is the main benefit of subcritical water extrac-
tion from natural sources. Additionally, the liquid waste 
produced after extraction does not need to be disposed of 
if organic modifiers are not utilized. However, the greatest 
drawback of subcritical water extraction is the possibility of 
analyte deterioration due to the high temperature [60, 61]. 
Subcritical water extraction of sodium alginate recovered 
from Himanthalia elongata, produced a polymer of low con-
tent of β-D-mannuronic acid and as a consequence a low 
β-d-mannuronic acid/α-l-guluronic acid ratio resulting in 
intermediate strength gelling matrices without compromis-
ing thermal or viscoelastic stability [62].

When cells are exposed to supercritical carbon dioxide 
(SC-CO2) their pH drops, their membrane is altered, and 
internal components are released [63]. Carbon dioxide has 
several advantages over other substances, including the fact 
that its critical temperatures (31 °C) and pressure (72.8 
bar) are straightforward to obtain [64, 65]. In addition to 
this, SC-CO2 enables the extraction of the polymer with-
out affecting its structure and properties, as occurs in the 
extraction with solvents, which interact with the H-bonds of 
the molecule separating the polymer chains. The extraction 
of cellulose by SC-CO2 followed by mild acid hydrolysis 
has been proposed as an effective technique for the obten-
tion of these polymers from plant biomass in the nearby 
future [59]. Pectin extracted from cacao pod husk by HRE 
with citric acid or subcritical water, either with or without 
pre-treatment with SC-CO2 extraction of phenols. A higher 
yield (10.9%) was achieved under subcritical conditions in 
a period that was three times shorter than that of conven-
tional extraction (8%); besides, the pectin showed a higher 
molecular weight (750 kDa). Methyl esterification degree 
and galacturonic acid were comparable (36 and 55%, respec-
tively) in both methods. Furthermore, compared to subcriti-
cal water extraction, pectin recovered by citric acid showed 
a 2-fold higher amount of impurities. Pectin composition 
and structure barely showed any signs of previous supercriti-
cal treatment, demonstrating the treatment’s effectiveness. 
Hence, SFE with CO2 and water can be successfully used for 
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the extraction of phenols and pectin from cacao husk [66]. 
SC-CO2 breaks H-bonds between hemicelluloses and cel-
lulose promoting cell wall porosity and improving its exhi-
bition for successive pectin extraction, without damaging 
monosaccharides such as galactose which has been related 
to anticancer activity [64, 67].

3.3.2 � High‑pressure homogenization (HPH)

HPH has the potential to be a successful technology because 
it can operate in wet conditions without the requirement for 
prior drying. By using pumps to speed up the liquid flow and 
create stresses (such as cavitation and shear forces) as the 
liquid passes through the homogenization valve, cell walls 
are disrupted [68]. However, high rates of cell lysis are, dif-
ficult to obtain with high-shear homogenization devices, and 
a significant amount of the energy absorbed is transferred 
to heat, which is undesirable for heat-sensitive extracts like 
proteins. Additionally, because of the method’s high energy 
input requirements, it is primarily recommended for recover-
ing items with high economic value [69, 70]. HPH promotes 
hydrolysis, esterification, etherification, and polymerization 
in UAE [69]. The okara soybean was subjected to HPH at 
various intensities to extract the protein and soluble fiber. 
The breakdown of the structure, which is accompanied by a 
gradual pH reduction due to the release of organic acids and 
polyphenols formerly contained in cotyledon cells, causes 
the solubility to rise as the intensity rises [71]. Potato peel 
wastes were subjected to HPH, and the polymer obtained 
displayed an increment in the content of galacturonic acid 
while decreased esterification degree, (galacturonic acid + 
arabinose)/rhamnose ratio, and molecular weight in com-
parison to unpressurized samples. The pectin that had been 
treated with HPH showed better emulsifying properties and 
higher viscosity. The morphological characteristics demon-
strated the degradation of pectin side chains brought on by 
pressure treatment. The findings indicate that HPH is a suc-
cessful method for converting potato peel waste pectin into 
a thickening or stabilizing ingredient [50]. High-pressure 
mechanical stresses caused the pectin’s branched chains to 
break down, weakening the bond between the molecules [70, 
72]. In agreement, HHP has been compared with the enzy-
matic process to de-esterified commercial pectin. At 400 
MPa, 45 °C/15 min esterification degree was reduced from 
65.32 ± 0.64 to 28.08 ± 1.39%, whereas 120 min was neces-
sary by the enzymatic process to reach a similar result (26.64 
± 1.00%). Pectin modified by HHP had greater viscosity 
and homogenous gelation, resulting in gels with improved 
viscoelastic properties. The viscosity-average and molecu-
lar weight showed that HHP does not affect the molecular 
weight, suggesting that this technique is efficient for produc-
ing low methoxyl pectin [73].

3.4 � Ultrasound‑assisted extraction (UAE)

The extraction using UAE or ultrasonication is based on 
the generation of intense shock waves that create microbub-
bles in the liquid medium. Cavitation phenomena promote 
the expansion and violent collapse violently of the micro-
bubbles, generating shock waves with high energy that 
increase the temperature and pressure resulting in cell wall 
disruption. When all these elements come together, cells 
are effectively disrupted, but not specifically, and intracel-
lular chemicals are subsequently released as a result [74, 
75]. Besides, certain reactive hydroxyl radicals like H+ and 
OH- may be produced during the process and may interact 
with biomolecules. Thus, some molecules should be sup-
plied to the medium (such as nitrogen) to avoid damage 
caused by reactive free radicals [76]. Ultrasound (US) has 
been demonstrated to be a technique that allows obtaining 
chitin and chitosan of higher quality than the obtained by 
chemical method [77]. In the case of pectin, several sources 
have been tested using ultrasound. The use of this technique 
resulted in a 20% higher yield of extracted pectin and an 
enhanced molecular weight average when compared to the 
chemical extraction of pectin from grape pomace under the 
same conditions (75 °C for 60 min and pH 2.0) [59]. The US 
at different times (15 min) at 60 °C demonstrated to provide 
a higher yield (~ 5%) than the conventional technique (1440 
min) in the obtention of pectin from tomato wastes. Both 
techniques provide esterified pectin, but the conventional 
extraction gave lower pectin quality factors such as meth-
oxyl, and anhydrobiotic acid contents and degree of esterifi-
cation. Which are important parameters in the gelling prop-
erties of pectin. Additionally, the extracted pectin increased 
in the L parameter, indicating that the lightness samples may 
have a favorable sensory impact on food applications [46].

The US can be used to modify the structure of these 
natural polymers by breaking down their chemical bonds, 
thereby improving their solubility, reactivity, and functional-
ity [49, 78]. This technique can be used to modify the chemi-
cal groups of polymers derived from agro-wastes in several 
ways, including (i) esterification of natural polymers, such 
as cellulose and hemicellulose. This process introduces new 
chemical groups, such as carboxyl or acetyl groups, which 
can improve the solubility, reactivity, and functionality of 
the polymers [78]; (ii) etherification is the introduction of 
chemical groups, such as methyl or phenyl groups, which 
can improve the solubility and reactivity of the polymers. 
US-assisted etherification of lignin with methyl iodide can 
produce methylated lignin, which has improved solubility 
and can be used as a dispersant in various applications, such 
as coatings, adhesives, and composites [79]; (iii) hydrolysis, 
US can break down the polymers into smaller molecules, 
such as monosaccharides, which can be further processed 
into various chemicals, such as biofuels and platform 
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chemicals. US hydrolysis of hemicellulose from sugarcane 
bagasse with dilute sulfuric acid can produce xylose, a five-
carbon sugar that can be used as a feedstock for the pro-
duction of xylitol, a low-calorie sweetener [80]; and (iv) 
polymerization of natural monomers, such as lignin-based 
monomers, into polymers with desired properties. This pro-
cess can produce novel polymers that have improved prop-
erties, such as thermal stability and mechanical strength. 
For example, US-assisted polymerization of lignin-based 
monomers with acrylic acid can produce lignin-acrylic acid 
copolymers, which have good thermal stability and can be 
used as coatings and adhesives [81].

Owing UAE uses a lot of energy and is insufficient on 
its own to completely extract proteins, this approach is not 
practical for use on a wide scale [82]. For this, it can be 
combined with other extraction techniques to polymer obten-
tion from agro-wastes [47]. US and maceration followed by 
pancreatin enzyme for 180 min were tested to determine 
their effect on the leaf jackfruit hydrolysates. US hydro-
lysates showed a higher amount of essential amino acids; 
instead, maceration hydrolysates showed a higher content of 
hydrophobic amino acids. The high amount of polar groups 
improves the solubility, emulsifying, and foaming proper-
ties of hydrolysates obtained by the US [83]. Rice straws 

were heated using the US-reflux technique to extract the 
cellulose fibers, the yield was 1.3 more with this method in 
comparison with alkali extraction and just required 1.5 h. 
Additionally, while applying this technique, cellulose fibers 
showed a somewhat higher degree of purification compared 
to alkali extraction while retaining a comparable degree of 
crystallinity and aspect ratio, as well as a higher level of 
hydrophilicity and a lesser inclination to clump. The US 
heating method enables the production of active extracts that 
are rich in antioxidant chemicals and have a variety of uses 
in the food business. As a result, it is possible to fully value 
agricultural waste [48]. In addition to extraction, US can 
be used to modify the chemical groups of natural polymers 
derived from agro-wastes, thereby improving their proper-
ties and expanding their applications in various industries. 
In general, the use of green alternatives for the extraction of 
polymers, enables the obtention of a biopolymer of higher 
quality and purity, hence, with better properties than the 
obtained by the traditional reflux or heat system (Fig. 2).

3.5 � Microbial activity

Microbial transformation is one of the most studied alterna-
tives for the obtention of polymers from agro-wastes. This is 

Fig. 2   Effect of green technologies on pectin obtained from agro-wastes compared with traditional reflux system. US, ultrasound; MAE, micro-
wave-assisted extraction; HHP, high hydrostatic pressure; SFE, superfluid extraction
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possible because the high amount of carbon allows microbial 
growth. Agro-wastes by themselves or in combination with 
other polymers or chemical compounds can be employed as 
a substrate for the development of a variety of value-added 
goods through several microbial pathways [84, 85]. A pos-
sible method for producing high-value goods like nutraceuti-
cal foods is microbial fermentation. In this regard, the most 
popular whey valorization agents are yeasts and lactic acid 
bacteria (LAB) [86, 87], because of their great proliferative 
potential in acidic conditions and high proteolytic activity 
[86, 88]. Whey proteins are hydrolyzed by LAB cell mem-
brane proteases to produce extracellular oligopeptides that 
may have biological effects when consumed, adding value to 
fermented meals. Purified peptides produced by Pediococcus 
acidilactici SDL1414 from whey might be utilized to create 
functional meals that are antihypertensive or as nutraceu-
ticals or supplements to treat hypertension because these 
peptides were able to inhibit 84.7 ± 0.67% of the activity of 
the angiotensin-converting enzyme [88]. Proteolytic LAB 
and yeast cultures can ferment whey to produce probiotic-
enhanced functional meals that are rich in bioactive peptides 
or they can serve as a trustworthy and efficient substitute 
for animal sources of protein in human diets. In addition 
to making polyalkenoates and peptides, bacteria are crucial 
for the synthesis of cellulose. It has lately been employed in 
the manufacture of bio-paper enhanced with lysozyme. The 
final solution gives the enzyme a wider range of operating 
temperatures and greater thermal stability, retaining its func-
tion for up to 80 days without any additional storage. When 
S. aureus and E. coli were exposed to bio-paper, their growth 
was inhibited by 82 and 68%, respectively [89]. Microbial 
fermentation is a popular method for the production of 
biopolymers with a wide range of applications in various 
industries. This technique can be used to produce multiple 
biopolymers sequentially and can be made more sustainable 
by using industrial waste as a feedstock. Empirical modeling 
of batch fermentation kinetics can help understand the pro-
duction process and optimize yield. In general, the microbial 
production of biopolymers has the potential to provide a 
sustainable and eco-friendly alternative to petroleum-based 
plastics.

4 � Importance of polymers from agro‑waste 
into the food industry

Biopolymers, such as xanthan gum and chitosan, can be 
used as thickeners and emulsifiers in the food industry, 
being a sustainable alternative to synthetic thickeners and 
emulsifiers. They are effective at improving the texture 
and stability of food products by preventing ingredient 
separation and controlling viscosity [90]. Xanthan gum is 
a polysaccharide, produced by the bacterium Xanthomonas 

campestris during sugar fermentation, with great thicken-
ing properties widely used in a range of food products, 
including sauces, salad dressings, dairy products, and 
baked goods. When added to these products, xanthan 
gum forms a gel-like structure that helps to maintain the 
desired texture and viscosity. It is also an effective emulsi-
fier, helping to stabilize oil-in-water emulsions [91]. Oth-
erwise, chitosan is a natural thickener and emulsifier in 
the food industry for its ability to absorb water and form a 
gel-like structure. Chitosan can be used to enhance texture 
and stability in items including dairy, drinks, dressings, 
and sauces. Additionally, it is prized for its antioxidant and 
antibacterial qualities, which can increase the shelf life of 
food goods [92]. In the food sector, the use of biopoly-
mers as thickeners and emulsifiers offers a sustainable and 
healthier substitute for synthetic additives. [90].

Otherwise, natural polymers also can be successfully 
used to increase the durability of thermoplastic and ther-
mosetting polymer matrices and help replace glass fibers in 
the creation of natural films, coatings, and packaging [93, 
94]. The use of food packaging-based biopolymers such as 
starch is extensive in the food industry because they do not 
change the organoleptic properties of the coated food [95, 
96]. Additionally, the cross-linking capabilities of polyva-
lent cations are frequently used to enhance the cohesive-
ness, stiffness, and mechanical resistance of natural films 
and coatings, notably, those composed of alginate [97, 98]. 
Food packaging or edible coatings made of alginate has 
an excellent gas barrier, which slows the pace of enzy-
matic browning [99], whereas chitosan allows the obten-
tion of films with great control of gas exchange (O2 and 
CO2) and inhibitory activity against several pathogenic 
and spoilage microorganisms. These properties make this 
polysaccharide very important to the extent of the shelf 
life of fresh and minimally processed foods [100, 101]. 
Concerning to collagen and gelatin films have good trans-
parency, adherence to the food products, and mechanical, 
and barrier properties against O2 and CO2, being possi-
ble their manufacture by extrusion or dipping processes. 
The hydration degree increases the flexibility of this kind 
of film, for example, gelatin can absorb water up to 10× 
increase in volume, producing film instability [102]. These 
coatings serve as good encapsulating matrices for chemi-
cal substances or probiotic microorganisms or transporters 
of active compounds [103]. Biopolymers are one of the 
most important study areas in the development of natural 
polymers, due to providing a reliable alternative for the 
replacement of synthetic compounds. However, the devel-
opment of a formulation that can be applied to several 
foods is complicated. Because of their mechanical and gel-
ling characteristics, biopolymers’ stability and reactivity 
to chemical and physical conditions are highly dependent 
on the source and extraction technique [23, 104].
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4.1 � Electrohydrodynamic processes 
as an alternative to the use of natural polymers 
in the food industry

The electrohydrodynamic atomization technique produces 
continuous micro- or nanoscale materials without the need 
for mechanical or thermal energy. Electrospray and electro-
spinning are the two techniques in the electrohydrodynamic 
process that produce fibers and particles, respectively [105]. 
The main difference between electrospray and electrospin-
ning’s fundamental setups and principles is how the emit-
ted jet moves while traveling through the external electrical 
field. The rheological characteristics (viscosity, surface ten-
sion, and chain entanglement behaviors) of the precursor are 
primarily influenced by the molecular weight and concentra-
tion of the polymer, which may cause a transition between 
electrospinning and electrospray upon the addition of poly-
mers to the precursors [106]. Depending on the rheological 
properties of the solution and the processing parameters, the 
cross-sectional size and shape may fluctuate. Five different 
types of structures, including hollow, porous, aligned, core-
shell, and multilayer coaxial fibers, are made using electro-
spinning [107, 108]. Micro- and nanostructures with sizes 
ranging from 2 nm to several micrometers may be created 
using a variety of polymers [94, 109, 110].

The electrospinning procedure may often be broken down 
into four sequential steps: (i) pressurizing a pressurized con-
tainer or a syringe pump to charge the liquid droplet, which 
will give enough electrohydrodynamic resistance [111]. One 
the droplet is formed it is exposed to the electric field. A 
liquid structure called a Taylor cone is produced when the 
surface of the droplet becomes charged as a result of the 
electrostatic field’s influence and/or the injection of charges 
from an electrode [112]; (ii) charged jet extension along a 
straight path; electrical bending instability development and 
jet thinning in the presence of an electric field; and solidifi-
cation and collection of the jet as solid fibers on a grounded 
collector [113, 114]. In addition, since this process is ongo-
ing, longer fibers are produced compared to those produced 
using conventional chemical or physical techniques [115]. 
Adjusting the process settings and/or developing unique 
electrospinning equipment, tunable morphologies, and struc-
tures can result in the required qualities. The preparation of 
organic nanofibers using food grade solvents, the limited 
variety of polymers used in this technique, the lack of thor-
ough research on the structure and functionality of nanofib-
ers, and the high cost of manufacturing are all barriers to 
the electrospinning process’s use in the food industry [116, 
117]. Additionally, it is still difficult to obtain homogeneous 
electrospun nanofibers with diameters less than 10 nm [117]. 
Despite this, electrospun micro- and nanostructures are 
appealing for novel applications in drug delivery, agricul-
ture, food packaging, biomedical engineering, air filtration, 

energy production and storage, environmental protection, 
and photonic and electronic devices due to the unique prop-
erties of electrohydrodynamic processes [117–119].

Due to its capacity to create materials with enhanced 
structural and functional qualities, electrohydrodynamic 
processing is given high importance in the development of 
active food packaging (Table 2). One of the main advantages 
of these techniques is the possibility of applying the nano-
structures added of additives or active compounds directly 
on the surface of the food [119, 126]. The characteristics of 
electrospun fibers can be modified to give functional capa-
bilities, such as antioxidant and antibacterial, increasing the 
shelf life quality and nutritional content of perishable foods 
[109, 110]. Electrospun fibers are flexible for their applica-
tion in the food business. In contrast to conventional meth-
ods (casting, bushing, and atomization), electrospun fibers 
offer advantages in the production of active packing and 
coating systems, including the improvement, stabilization, 
and control of the release of active compounds as well as 
extremely sensitive, quick, and dependable responsiveness 
under real-time changes [115]. A multilayer bio-paper made 
of two electrospun layers of poly(3-hydroxybutyrate-co-
3-hydroxy valerate) impregnated with cellulose nanocrys-
tals on the inner surface of one of the layers has recently 
been developed. Only by impregnating the material with 
nanocrystals did the oxygen barrier qualities dramatically 
increase, indicating that this material is a promising substi-
tute for the creation of environmentally friendly food pack-
aging [127]. Despite their advantages, active and intelligent 
electrospun fibers for perishable foods are currently being 
researched and are not frequently used in commercial prod-
ucts. The commercialization of electrospinning lab-scale 
innovations may be accelerated by their industrial valida-
tion [115].

5 � Challenges and opportunities in the use 
of biopolymers from agro‑waste 
in the food industry

Biopolymers from agro-waste have numerous opportunities 
in the food industry, including the development of sustain-
able and biodegradable packaging materials, functional food 
ingredients, and thickeners and emulsifiers. However, their 
use also poses several challenges such as ensuring their 
purity, yield, and functionality. The extraction of biopoly-
mers from agro-waste can be complex, and variations in the 
composition and processing of agro-waste can affect the 
quality and performance of the biopolymers. Factors such 
as the season, soil type, processing method, and storage con-
ditions can have an impact on yield and purity. Addition-
ally, the functionality of biopolymers from agro-waste can 
be affected by factors such as temperature, pH, and ionic 
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strength [31, 62]. These factors can influence the molecular 
conformation of the biopolymers, which in turn affects their 
rheological properties and performance as thickeners and 
emulsifiers. Improvements in extraction methods and quality 
control measures can help overcome these challenges. This 
includes the development of standardized extraction pro-
tocols and the use of analytical techniques to assess purity 
and functionality. Additionally, there is a need for research 
to understand how variations in agro-waste composition and 
processing affect the quality and performance of biopoly-
mers [23, 128]. The conjunction of these factors is one of 
the main key points that limit the use of biopolymers in the 
food industry. Another challenge is consumer acceptance 
and market demand. Biopolymers from agro-waste are still 
relatively new and unfamiliar to many consumers, and there 
is a need to educate and raise awareness about their benefits 
and potential applications. Product development and market-
ing efforts can help increase demand for biopolymer-based 
products [23, 129]. Despite these challenges, biopolymers 
from agro-waste offer several opportunities in the food 
industry. Biopolymers are sustainable and biodegradable, 
making them an environmentally friendly alternative to 
traditional synthetic additives. They also offer functional 
benefits such as improving the texture and stability of food 
products and can be used in the development of sustain-
able food packaging materials. Advancements in extraction 
methods, product development, and sustainability efforts can 
help overcome these obstacles and promote the widespread 
adoption of biopolymers from agro-waste.

In recent years, the field of biopolymer extraction from 
agro-waste has been propelled into a new era of efficiency, 
precision, and sustainability, thanks to the integration of 
the concepts belonging to Industry 4.0. Industry 4.0 is the 
realization of digital transformation based on the integra-
tion of digital technologies, automation, and data exchange, 
bringing real-time decision-making, improved productiv-
ity, flexibility, and agility. Some of the concepts included 
in this revolution are the Internet of Things (IoT), Big Data 
Analyses, 3-D printing, cloud computing, machine learning, 
artificial intelligence (AI), robotics, and sustainable manu-
facturing [10, 130].

The use of these technologies enables the analyses of the 
intricate relationships between extraction parameters, extrac-
tion methods, source, and desirable polymer characteristics. 
The harnessing of the computational power of Industry 4.0 
tools allows analyzing the vast datasets generated by differ-
ent studies around the world to identify patterns and pin-
point optimal extraction conditions [10]. Employing big 
data analyses, matching learning, AI, IoT, and robotics, it is 
possible to establish the optimal conditions for biopolymers 
extraction, considering all the associated factors (extrac-
tion techniques, optimal solvent choices, and suitable agro-
waste sources) and minimizing the waste. Besides, these 

tools facilitate the creation of predictive models that offer 
insights into potential outcomes based on varying input 
parameters; serving as invaluable decision-support tools, 
enabling researchers to anticipate biopolymer yields under 
different conditions [131]. Data analyses by statistical tools 
have been widely used to optimize the extraction and predict 
the behavior of natural polymers. The tensile of fiber based 
on strength kenaf fibers, basalt fiber, and nanographene was 
optimized considering the best response to this property 
reducing the amount of polymers. The optimal conditions 
were established at 1.626 g consisting of 15% kenaf fiber and 
1.5% of graphene nanoparticles that produced fibers with 
an elastic modulus of 3.5126 GPa [132]. The integration 
of Industry 4.0 into the process of biopolymer production 
accelerates innovation and fosters the discovery of novel 
biopolymers with a wide application range.

Besides, the incorporation of sensors and monitoring sys-
tems into the extraction process enables continuous data col-
lection and analysis in real time, ensuring that the extraction 
process proceeds according to plan. Facilitating the iden-
tification of any deviation or anomaly trigger immediate 
adjustments, maintaining consistent quality and yield [130]. 
As the automatization level increases, the level of human 
intervention is reduced, which can contribute to minimiz-
ing errors, and guarantees a reliable and efficient extrac-
tion workflow. Besides, the capability to analyze chemical 
compositions, molecular structures, and physical properties 
that provide these tools ensures consistent quality control 
of extracted biopolymers. Sensors, data collection, and data 
analyses in real-time enable the optimization and monitoring 
of processes like solid fermentation employing Aspergillus 
niger, which was utilized to boost the antioxidant activity of 
bioactive compounds derived from Citrus reticulata peels, 
which can be used for the development of functional foods 
[133]. On the other hand, the use of artificial intelligence and 
machine learning has allowed the development of several 
apps (Cheaf, EatChaFood, LeftoverSwap, and Fridge Pal) 
to manage the supply chain of foods and leftovers reducing 
and contributing to reducing waste [10]. The integration of 
the concepts of Industry 4.0 into the biopolymer extraction 
process from agro-waste represents a paradigm shift in sus-
tainable material production contributing to a more sustain-
able and ecologically balanced future.

Agro-wastes are crucial to the circular economy, a type of 
economy that encourages resource reuse and recycling while 
attempting to reduce waste. Agro-waste can be utilized in 
the circular economy for a variety of purposes, such as the 
extraction of high-value compounds, production of biomass 
energy, biodegradable materials, and animal products [134, 
135]. Concerning this, the worldwide bioplastics market 
was worth USD 10.2 billion in 2021, and it is predicted 
to increase at a compound annual growth rate (CAGR) of 
17.1% between 2022 and 2030. A rise in health-related 
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awareness, along with expanding of emerging economies 
such as Asia Pacific, leads to higher demand for bioplastics 
throughout the forecast period [136]. Whereas for the same 
period, it was expected that the global functional foods mar-
ket expand at a CAGR of 8.5%; its estimated value in 2021 
was USD 280.7 billion. The market is anticipated to develop 
due to the rising demand for food additives that are nourish-
ing and fortifying. The COVID-19 pandemic has had little 
impact on this industry [137]. Otherwise, the best way to 
achieve agro-waste valorization is by the implementation 
of biorefinery. This possibility of the obtention of products 
to several industrial sectors reduces production costs [138].

The industrialization of agro-wastes has contributed to 
circular economy development, which promotes the efficient 
use of leftover biomass and by-products for the creation of 
products with additional value, with a focus on recycling and 
reusing materials to protect environmental viability. Reduced 
greenhouse gas emissions, use of renewable resources, and 
valorization of waste biomass from agriculture, forestry, 
fishing, and aquaculture are some of the advantages of a 
circular economy [22, 139]. The utilization of agro-indus-
trial wastes as the main raw material for the production of 
bioproducts is an ideal choice to attain the ultimate objec-
tive of a circular economy and Sustainable Development 
Goals (Fig. 3). A closed-loop waste management system is 

built using the 7Rs (redesign, reduce, reuse, repair, renew, 
recover, and recycle) in a circular economy [139, 140]. How-
ever, polymer extraction by emerging technologies generates 
leftovers, which can be used in fermentative process in the 
bioenergy, biofertilizer, and biochar production to continue 
with the generation of added value products into a circular 
economy scheme in fermentative processes, in the bioenergy 
generation, as biofertilizers, and in the biochar production to 
continue with the generation of added value products into a 
circular economy scheme [139, 141].

Despite the efforts of scientists and businesses, manag-
ing agricultural residues is a significant environmental and 
financial problem. Because there are not enough prediction 
tools, it is challenging to provide policymakers and end users 
with precise instructions. The Life Cycle Assessment (LCA) 
method is used to determine how products and services affect 
the environment [142]. According to LCA, similar waste 
valorization could provide significantly different outcomes 
depending on the particulars of the planned procedures. Addi-
tionally, certain waste-based products are competitive with 
and often even superior to traditional procedures [143]. How-
ever, its applicability has a data constraint due to inventory 
statistics for agricultural waste being inexistent or difficult to 
obtain, while the second obstacle is the low effectiveness of 
conversion methods for agricultural residue. Finally, the lack 

Fig. 3   Impact of agro-waste valorization in the Sustainable Development Goals (SDG)
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of regulatory laws on this topic and in the management of the 
products generates during agro-waste management represents 
the third issue in this area [6, 23]. With the constant technol-
ogy evolution linked to research, these challenges should be 
effectively resolved. Furthermore, additional difficulties such 
as transportation, agro-waste costs, and so on may be effi-
ciently addressed by applying comprehensive supply chain 
management together with supporting analyses. While the 
establishment of policies gradually reduce the obstacles con-
nected with political, economic, and target market [6]. Agro-
wastes can be integrated into the circular economy through 
various ways of reducing waste and environmental impact 
while promoting sustainable development.

6 � Conclusions

Agro-industrial wastes or residues are rich in polymers and bio-
active compounds consequently; they can be considered “raw 
material” for other industrial processes. Biopolymers including 
proteins and carbohydrates are one of the main products that 
can be obtained from agro-wastes and provide and added value 
to food products. However, these compounds are available by 
themselves but can be extracted by conventional processes and 
emerging technologies. Following the concept of green process 
and achieving sustainable manufacturing are necessary to use 
technologies that have a low impact on the environment, such 
as HPE, SFE, MAE, enzymes, green solvents, and so on that 
allow to maintain or improvement the properties of the com-
pounds, contributing to the replacement of petroleum-based 
compounds. Optimum extraction conditions should be selected 
based on mass yield and according to the desired structural 
and functional features for the specific applications of the 
polymers. Natural polymers are widely used in the food sector 
to extend the shelf life of products and protect the bioactive 
compounds. In line with this, electrohydrodynamic processes 
are used to facilitate the use of natural polymers in the food 
industry through the development of smart packaging, edible 
coatings, and encapsulating active compounds for the formu-
lation of new functional foods. The conjunction of all these 
factors contributes to the development of the circular economy. 
Proper agro-waste management can help to minimize negative 
impacts while maximizing its potential as a valuable resource. 
However, to achieve this effectively, it is important the imple-
mentation of regulatory policies and the generation of data to 
facilitate the analyses and real estimation of the real impact of 
the obtention of added value products from agro-wastes.
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