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Abstract: Nowadays, the world is facing a general problem of resource overconsumption and
waste overproduction: to address these two issues, the United Nations delivered the 12th Sustain-
able Development Goal (SDG), which has the objective of ensuring sustainable consumption and
production patterns. Currently, polymers are present in every aspect of our lives and have the
disadvantage of mostly coming from fossil sources and causing pollution when disposed of the
wrong way. Agriculture plays a key role in the overall world environmental issues, being responsible
for the creation of between 13 and 21% of global greenhouse gas (GHG) emissions. Moreover, it
represents a continuously growing field, producing large amounts of waste. These residues can
cause serious environmental concerns and high costs when disposed. However, agri-food waste
(AFW) is a natural source of natural biopolymers, such as lignin, cellulose, pectin, and starch, but
can also be used as a substrate to produce other non-toxic and biodegradable biopolymers, such as
chitosan, polyhydroxyalkanoates (PHAs), and polylactic acid (PLA) through microbial fermentation.
These polymers find applications in agricultural practices such as mulching films, soil stabilizers,
hydrogels, nanocarriers, and coating for seeds, fruits, and vegetables. The employment of AFW
in the production of non-toxic, sustainable, and biodegradable biopolymers for their agricultural
utilization is an example of a virtuous circular economy approach that could help agriculture to be

more sustainable.

Keywords: agri-food waste; biopolymers; agriculture; biomass; lignin; cellulose; pectin; chitosan;
PLA; PHA

1. Introduction

In 2023, EU Bioplastics reported that biopolymer global production capacity is ex-
pected to reach 7.43 million tons by 2028; however, the market demand corresponds to 400
million tons per year. The large difference between biopolymer supply and demand shows
the need for raw material alternatives at sustainable costs to increase production [1]. This
is also the reason why plastics of fossil origin are still widely used. Therefore, reducing
the consumption of fossil fuels and using renewable and environmentally safe resources
will probably be the main advantage of bioplastics, along with the possibility of biodegrad-
ability at the end of their life [2]. While biopolymers offer an alternative to fossil-based
materials, their production still demands substantial energy input, largely sourced from
fossil fuels. One approach involving renewable energy usage relies on the implementation
of an integrated system, using AFW-derived energy to power the process (e.g., through
AFW incineration to produce steam and electricity) [3].

Worldwide, around 1.3 million tons per year of food produced for human consump-
tion is lost or wasted and this is equivalent to a third of all food produced [4]; for this
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reason, the United Nations has delivered the 12th sustainable development goal (SDG),
which aims to ensure sustainable consumption and production patterns [5]. These losses
occur during the processing of fruits and vegetables, as substantial amounts of pulp, stalks,
peels, or seeds are generated and are destined for disposal [6]. These undervalued materials
are rich sources of biopolymers, such as polysaccharides, proteins, and dietary fiber, as
well as other valuable functional molecules such as tannins, flavonoids, polyphenols, and
fatty acids [7]. Recently, the reuse of agri-food waste (AFW) as a raw material to obtain
biopolymers for application in agriculture has gained increasing interest. Biopolymers
with varying purity degrees and properties can be obtained through microbiological fer-
mentation or biotechnological processes, as well as by treatment of biomass waste with
enabling technologies to shorten the extraction/conversion times. The employment of
sustainable, promising processes for sustainable agricultural operations may help to solve
the dual challenges of waste management and natural resource conservation. Utilizing
renewable resources, such as AFW, for biopolymer production offers the advantages of
lower dependence on fossil fuels, resource recovery, and waste management [8]. The use
of AFW mitigates the emission of greenhouse gases (GHGs) [9], for example, the GHG
emissions from synthetic plastics production range between 1.8 and 3.55 (t CO, eq./t
plastic). Comparatively, for polylactic acid (PLA), the GHG emissions range between
0.4 and 1.3 (t CO; eq./t plastic) [10]. Furthermore, the production of biopolymers from
waste aligns with the principles of the circular economy;, as this process transforms AFW
into value-added products, minimizing the environmental impact and promoting efficient
use of natural resources. Biopolymers deriving from AFW are indeed a renewable, often
biodegradable, non-toxic, and environmentally friendly alternative to polymers obtained
from non-renewable sources, such as petroleum [11,12]. However, the production cost of
PLA is higher compared to conventional plastics: it costs between 1.31-2.02 € to manufac-
ture petroleum-based plastics, meanwhile polyhydroxyalkanoates (PHA) and PLA cost
between 4.00-12.02 € and 0-2.0 €, respectively [13].

In the agricultural sector, biopolymers derived from AFW have several applications,
including mulching films, hydrogels (for water, biocides and/or biostimulants accumu-
lation, and controlled release), soil stabilizers, and, lastly, coating for seeds, fruits, and
vegetables [14,15]. The potential of using biopolymers to address the urgent challenges
of both waste management and agricultural sustainability promises to promote a more
resilient and environmentally conscious agricultural system. The sourcing of new, sus-
tainable raw materials for biopolymer production and the examination of the practical
implications of using them in agriculture are essential to advance sustainable agricultural
practices in the 21st century [2].

The purpose of this review is to define and investigate the potential of AFW to produce
biopolymers for agricultural applications; thus, for the sake of this review, only polymers
directly deriving from agri-food waste or from microorganisms fed with agri-food waste
will be explored. The proposed approach includes: (i) the identification of sustainable
strategies to mitigate the environmental issues related to waste disposal, (ii) the process
and technologies used to recover higher yields, and (iii) how the biopolymers can lead to
higher crop yields and better preservation of fruits and vegetables, among other benefits.

2. Sources of Biopolymers
2.1. Lignin: Extraction Methods and Applications in Agriculture

Lignin is a high molecular weight aromatic biopolymer (Figure 1) that can be found
mainly in the woody stems of plants, but it is also a component of plant cell walls [16]; this
characteristic makes lignin one of the most abundant polymers on earth. This polymer
is mainly composed of the monomeric moieties of sinapyl alcohol, coniferyl alcohol, and
p-coumaryl alcohol.
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Figure 1. Lignin chemical structure.

Valorization of lignin, a complex organic polymer found in the cell walls of plants,
refers to the processes of converting it into higher-value products. Traditionally, lignin has
been considered a by-product of the paper and pulp industry [17], often burnt for energy
or used as a low-value filler in various applications. Nonetheless, with increasing interest
in sustainable and renewable resources (pruning waste, straw, stalks, and bagasse), there
has been growing attention towards finding more valuable uses for lignin.

Overall, lignin valorization holds great promise for reducing the environmental im-
pact of industries relying on lignocellulosic biomass, creating new revenue streams and
contributing to the development of a more sustainable bioeconomy. Biorefineries mainly
using food industry waste are gaining importance in lignin production. Indeed, the only
way to make a biorefinery economically viable encompasses the valorization of all the
waste components, including lignin.

However, developing cost-effective and scalable processes aimed at the creation of
a market for lignin-derived products is still challenging. Lignin has been explored for
different applications in the medical, pharmaceutical, and electrochemical fields and as a
plasticizer [18]. Moreover, depolymerized lignin is a platform chemical that can potentially
substitute aromatic chemicals deriving from the fossil-fuel industry [18,19]. Delignification
usually aims to remove lignin from a lignocellulosic biomass, obtaining a relatively pure
holocellulose fraction for further purposes and lignin as a by-product. The literature
displays a lot of different delignification methods, such as alkaline, acid delignification,
organosolv process, autohydrolysis, or enzymatic methods [20]. The lignin pyrolysis
method has also been explored to obtain lignin biochar. Although biochar may have
agricultural applications, it is important to note that lignin biochar is usually exploited
as a filler/additive for biocomposites, rather than biopolymer itself. Additionally, the
roasting method is not effective in reducing GHG emissions [21]. The possibility to further
valorize the lignin for different applications paved the way for research aiming to improve
delignification processes through combination with green technologies such as microwave,
ultrasound (US), or steam explosion, affording higher lignin yields with reduced extraction
time. Recently, solvents such as ionic liquids, natural deep eutectic solvents (NaDESs), and
dioxane have also been investigated for lignin extraction [20].

Delignification techniques employed in recent studies are shown in Table 1, where the
best yields were found coupling alkaline delignification with other different pretreatments.
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Table 1. Delignification processes.
Yield Yield on
Entry Delignification Method on Total . o Ref.
RN Biomass (%)
Lignin (%)
Hydrothermal prehydrolysis +
Alkaline delignification 65.0 N/A
Hydr.othermal Prel}ydrglysm + 372 N/A
Dioxane delignification
Phosphotungstic acid prehydrolysis + )
! (Nicotiana tabacum) stalks Alkaline delignification 67.4 N/A (22]
Phospho’Fungstlc ac.1d Pljeh}fdrolysm + 455 N/A
Dioxane delignification
Alkaline delignification 60.6 N/A
Dioxane delignification 35.6 N/A
US ChLA Assisted (60-120 min) N/A 40-50
o US ChLAGly Assisted (60-120 min) N/A 27.96-33.38
2 Grape (Vitis vinifera) stalks US ChLevA Assisted (60120 min) N/A. 73.99-72.31 (23]
US Alkaline Assisted (60—120 min) N/A 30.05-25.05
3 Alkaline extraction 73.76 N/A [24]
Autohydrolysis + Organosolv
Corn (Zea mays) cobs Delignification 760 N/A 25
4 Autohydrolysis + Alkaline 23]
LT 93.0 N/A
Delignification
5 Waste of pineapple Laccase from Pleurotus djamor 78.5 N/A [26]

(Ananas comosus) leaves

N/A: not available.

Indeed, Liu et al. (Entry 1) [22] observed that hydrothermal prehydrolysis promoted
the depolymerization of lignin macromolecules, facilitating the delignification process. It
was also observed that lignin obtained by alkaline delignification has a lower molecular
weight and a higher content of hydroxyl groups, making it an interesting source of value-
added functional bio-based materials. In addition, Fialho et al. (Entry 4) [25] successfully
removed 93% of lignin from corncobs by coupling autohydrolysis with alkaline delignifica-
tion, which was also more selective in lignin removal compared to dioxane delignification.
Another advantage of a two-step delignification process is the fractionation of lignocellu-
losic components, as the first step of both the reported studies successfully removed and
fractionated the hemicellulose fraction from the biomass. Conversely, corncobs treated
solely with alkaline delignification afforded a lower delignification yield (Entry 3) [24].

The enzymatic treatment of pineapple leaf waste was reported in Entry 5 [26], pre-
senting an effective removal of lignin from the biomass with high selectivity (78.5%);
unfortunately, the lignin-rich fraction obtained was not characterized.

Ultrasound-assisted (UA) delignification using NaDES as green solvents is also an
interesting route to explore; in Entry 2 [23], different NaDES were tested with different
extraction times (60 to 120 min). When US technology was used in combination with
NaDES, a higher delignification time was required; however, higher yields were achieved.
This phenomenon probably occurred because NaDES are viscous and need more time
for an optimal mass transfer. Overall, chlorine chloride-levulinic acid (ChLevA) afforded
the highest yield of delignification and had a similar extraction yield at 60 and 120 min.
Unfortunately, the recovery of lignin extracted with NaDES was very low (30 and 10 mg)
for ChLA (choline chloride-lactic acid) and ChLevA, respectively, starting from 2.5 g of
grape stalks, while for ChLAGly (choline chloride-lactic acid-glycerol), no lignin was
recovered. This is probably caused by the depolymerization of lignin promoted by the
treatment; moreover, NaDES could act as strong solubilizers towards lignin, preventing its
precipitation, because deep eutectic solvents (DES) possess a very high polarity and can
form H-bonds with the -OH moieties of lignin. This makes DES very efficient in lignin
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solubilization, however lignin isolation from the extract can be difficult, owing to the strong
interaction with the solvent. However, the lignin precipitated from NaDES extraction was
found to be less modified and presented a more cross-linked structure when compared to
lignin obtained with alkaline treatment.

Lignin derived from food waste or agri-food by-products serves various purposes,
categorizable into agricultural and food industry realms. In the agricultural field, lignin is
a widely explored biopolymer, particularly for its application in soil enrichment.

This is because lignin’s intrinsic resistance to biodegradation makes it a durable
contributor to soil organic matter [27]. Additionally, it integrates into a diverse range
of polymers utilized in various materials, including those in outdoor applications like
greenhouse construction and irrigation systems [28]. Moreover, lignin serves as a versatile
agent, functioning as a dispersant, surfactant, insecticide [29], fungicide [30], antibacterial
agent [31], or fertilizer [32]. Moreover, in the food industry, lignin finds utility as an additive
in food packaging materials, enhancing their properties [20].

Poor mechanical properties of lignin make it unsuitable for direct plastic applications,
however lignin added to other biopolymers can also improve the characteristics of the
polymeric compound, since the chromophores naturally present in lignin absorb UV light
and provide UV resistance to the composite [33-36]. Moreover, the addition of lignin
has been proved to improve the thermal stability [37] and the tensile strength of other
biopolymers, such as polylactic acid (PLA) [38]. The addition of lignin nanoparticles
to a bioplastic derived from Kappaphycus alvarezii has been found capable of enhancing
surface roughness, water barrier, hydrophobicity, and antimicrobial properties of the
polymer, making it a perfect candidate for fruit packaging [39]. Overall, the incorporation
of lignin in plastic biopolymers provides better performances, making them perform well
as mulching films. Many works present in the literature investigated the functionalization
of polymers with lignin, mainly for their strong antimicrobial characteristics [40,41]. All
the characteristics mentioned above make lignin a perfect additive to polymers used for
mulching films, food packaging, and fruit and vegetable coatings.

2.2. Pectin: Importance and Applicability as Biopolymer

Pectin is a heteropolysaccharide mainly composed of methylated D-galacturonic
acid units (Figure 2); this biopolymer can have a different composition, length, degree of
esterification, and ramifications. The different characteristics that pectin can undertake are
directly linked to the natural variability of the polymer. Pectin is present in all plant tissues,
but it is particularly abundant in fruit peels and pomace; for this reason, peels are the part
used more often for pectin extraction, with being citrus peel the most common AFW source
for commercial manufacturing of pectin [42].

00H it 00CH, OH
0
Y
X on OH Ol on 0,
0 0 *
0 0
H
H

COOCH, 0 COOH

Figure 2. Pectin chemical structure.

Pectin can be extracted using different methods: the most used one is the extraction
under conventional heating (70-100 °C) and acidic conditions (pH 1.5-2.5) [43]. After
the extraction step, pectin is usually isolated through ethanol precipitation. However, in
conventional processes, pectin yield is lower compared to novel techniques [44].

In Table 2, some recent works on pectin extraction from biomass are reported. The
yields and quality of pectin, measured by the degree of esterification, vary depending on
the plant source, cultivar, growth conditions, and part of the plant being extracted.
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Table 2. Pectin extraction methods and yields.

Yield on Biomass

Entry Biomass Extraction Method dw. (%) Ref.
Apple (Malus sp.) pomace 16.68

1 Citrus reticulata peel SWE 21.95 431

2 Pomegranate (Punica UAE + citric acid 31.89 [46]

granatum) peel
3 Grape (Vitis vinifera) pomace UAE + citric acid 25.46 [47]
Citrus maxima peel (albedo Albedo: 5.57

4 and flavedo) MAE +HCI Flavedo: 3.09 [48]
MAE + HS04 2.43

5 Ananas comosus (L.) peel Hot bath extraction + H,SOy4 2.00 [4]

6 Orange (Citrus x sinensis) Hot bath extraction + HCl 18.73 [50]

peel (albedo)

PUAE + HAE 20.32

7 Onion (Allium cepa) waste HAE 16.22 [51]
PUAE 9.83

d.w.: dry weight.

For instance, subcritical water extraction (SWE) reveals different optimal extraction
temperatures for apple pomace and citrus peel. The yield for apple pomace is 16.68% and
for citrus peel is 21.95%, achieved through extractions at 150 °C and 120 °C, respectively.
(Entry 1) [45]. In Entries 2 [46] and 3 [47] pectin was extracted from grape pomace and
pomegranate peels using similar protocols, but the yield on pomegranate peel is 1.25 times
higher in comparison to grape pomace. Furthermore, it can be noticed in Entry 4 [48]
that the yield obtained from Citrus maxima albedo is significantly higher compared to the
one of flavedo. The extraction method also influenced the amount of pectin recovered:
for example, in Entry 5 [49] the yield of pectin on ananas peel was higher by 21.50%
using microwave-assisted extraction (MAE) compared to conventional conditions (Table 2,
Entry 1).

The usage of different methods and technologies to valorise AFW as a source of pectin
represents a promising path, since pectin has different agricultural applications, such as
an antimicrobial agent [52] that will help in the biotic control of the soil and will promote
growth of crops; used as a hydrogel to retain water, thus helping to maintain soil moisture;
and it is also used as a biopolymer to cover fruits, increasing its shelf-life. Therefore, AFW
represents a low-priced source of this polysaccharide. For instance, pectin can be applied
directly in the agricultural field as a hydrogel agent for drought stress management. A
common virulence factor of plant pathogenic bacteria and fungi is the ability to produce
pectinases, so plant pathogenic microbes can degrade pectins [53]. However, it has been
found that the addition of agricultural waste polysaccharides improved plant growth and
increased plant resistance against soil-borne pathogens [54]; additionally, pectin was found
to be beneficial to Flavobacterium, a common plant holobiont [55].

Sayed et al. [56], for example, fabricated a guar gum-pectin/polyacrylamide/ZnO
super absorbent hydrogel with satisfactory water retention and adequate biodegradation in
soil, and Sharma et al. [57] created pectin nanoparticles which showed good performance
in the retention of soil moisture. Applying a cascade treatment to orange peel, Figueira et al.
(Table 2, Entry 6) [50] were able to obtain pectin with high anhydruyronic acid content and
hesperidin, a high added-value compound. Sen et al. [51] (Table 2, Entry 7) observed that
the combination of pulsed ultrasound assisted extraction (PUAE) and hot acid extraction
(HAE) brought the highest yield on onion waste biomass compared to the two methods
used separately.

Pectin is also a very important polysaccharide for fruit coating; Pholsin et al. [58]
used cocoa shell powder as a raw material to recover the pectin, that was then used to
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coat tomatoes and was found to be more successful in maintaining the fruit characteristics
compared to both the control and edible coating without pectin. Edible pectin films for fruit
protection can also be functionalized with antimicrobial agents to enhance the protection
against fruit pathogens, because the pectin does have bacteriostatic properties; in plants
they serve as a barrier that protects them from biotic and abiotic stress [59] and pectin-
derived saccharides have been found to exert antimicrobial activity [60]. Thus, pectin
coating functionalized with trans-cinnamaldehyde was able to reduce weight loss, keep
the firmness of the fruit, and reduce pericarp browning while maintaining the taste of
rambutan [61].

2.3. Starch: A Promising Biopolymer for Agricultural Applications

Starch is a promising polysaccharide deriving from abundant renewable sources;
for certain applications, it can be a valid replacement of traditional plastics. Starch is
synthesized by most plants as an energy reservoir, stored in granular form within the
cytosol of plant cells. This biopolymer is mainly composed of amylose and amylopectin;
this latter forms the main crystalline parts, while the amorphous regions are formed by
branches of both. The starch chemical structure can be seen in Figure 3 [62].

—n

Figure 3. Starch chemical structure.

Most AFW could pose as a valuable source of starch; indeed, there are several works
in the literature that report its extraction from various residual biomasses (Table 3).

Table 3. Starch extraction techniques and biomass sources.

Yield on Biomass

Entry Biomass Extraction Method aw (%) Ref.

1 Plantain (Musa x paradisiaca) peel waste Ascorbic ac1c}) solution 23.8-32.5 [63]
(1 to 5%)

2 Litchi (Litchi chinensis) seed 0.16% sodium bisulfite 214 [64]
solution

3 Cassava (Manihot esculenta) peel Sodium acetate buffer 30 [65]

Cassava (Manihot esculenta) bagasse Sodium acetate buffer 7.5
4 Pineapple (Ananas comosus) stem Wet milling 30 [66]
5 Mango (Mangifera indica) kernel UAE in 1% sodium 54 [67]

bisulfite solution

Hernandez-Carmona et al. [63], for example, observed that increasing the concentra-
tion of ascorbic acid from 1% to 5% w/v increased the extraction of starch from 23.8% to
32.5%. Kaur et al. (Table 3, Entry 2) [64] found that the highest starch recovery from biomass
was obtained using a temperature of 30 °C and an extraction time of 11 h; moreover, the
modification of extracted starch with citric acid caused a depletion of swelling power,
solubility, and amylose content, coupled with an increase in water absorption capacity.
Cassava peel yielded more starch compared to bagasse (Table 3, Entry 3) [65], and this
starch was also more thermostable. Starch extracted from pineapple stem was compared
to a commercial one, and was found to have a higher amylose content, gelatinization
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temperature, gelatinization enthalpy, and pasting temperature, making it thermoplastic
(Table 3, Entry 4) [66].

Mieles-Gomez et al. (Table 3, Entry 5) [67] extracted starch rich in phenolic com-
pounds with UAE; the employment of this technology enhanced the water-holding capac-
ity, solubility, oil-holding capacity, and swelling power of starch, when compared to the
polysaccharide obtained with conventional extraction.

Starch can be employed in agriculture for the creation of mulch films showing bene-
ficial characteristics, such as maintaining soil moisture, preventing soil erosion, limiting
the growth of weed species, and regulating solar radiation [62—-68]. Additionally, it can
be used for the encapsulation of biocontrol bacteria [69]; this encapsulation protects help-
ful microorganisms that can prevent the cultivated plant from biotic and abiotic stresses.
Starch can also be employed in the construction of superabsorbent polymers for irrigation
optimization and controlled release of biocides and biofertilizers [70].

2.4. Cellulose: A Resourceful Biopolymer in All Its Forms

Cellulose is the most common polysaccharide in the world. The chemical structure can
be seen in Figure 4: traditionally obtained from plants, it is formed by S-D-Glucopyranose
molecules [71]. Nowadays, there is a growing interest in the use of bacterial cellulose
(BC), which is characterized by the absence of lignin and hemicellulose, allowing for
the avoidance of the downstream purification process. Another advantage is that BC is
generally endowed with a high crystallinity and water holding capacity. Furthermore,
bacteria are a more sustainable source compared to plants because they do not require
extensive land use, which disrupts natural habitats. Additionally, bacteria can feed on
waste, making them an environmentally friendly option [72]; however, its high production
costs are a strong discouragement for its employment [73].

oH OH
HOH,C HOH,C

OH

o
o
1
N
o
(=
)
o
L«
Q
=
o
&
o
2
)
=

OH CH,OH OH CH,OH
- —Jn

Figure 4. Cellulose chemical structure.

Cellulose is present in the materials market in various derivative forms, such as methyl
and ethyl cellulose, carboxymethyl cellulose (CMC), cellulose acetate, cellulose sulphates,
amino celluloses, and hydroxypropyl methylcellulose. Cellulose can be present in crys-
talline, semicrystalline, or amorphous form, in nano or microparticles and in nanofibrils:
each of these types of cellulose has its peculiar characteristics and can be used in the
production of different materials [74].

As is evident in Table 4, cellulose purification is usually preceded by a deligni-
fication step and is often achieved by bleaching the sample or treating it under mild
acid/alkaline conditions.

Palm leaves (23.5% of lignin) treated with alkaline hemicellulose removal followed by
bleaching yielded a final cellulosic solid with a relatively high degree of purity (87.12%)
and crystallinity (69.9%) (Table 4, Entry 1) [75]. By carrying out the cascade removal of
hemicellulose and lignin, Fialho et al. (Table 4, Entry 2) [25] obtained a final solid with a
glucan content of 77% after both organosolv and alkaline delignification.

The production of CMC from young and mature coconut coir is reported in Entry 3,
reporting an improvement in the characteristics directly proportional to the number of
bleaching times; it was also documented that mature coconut coir yields more cellulose
and more CMC compared to the young ones [76].
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Table 4. Cellulose purification from agri-food waste.
Entry Biomass Purification Method Cellulose (%) Characteristics Ref.
1 Palm (Arecaceae sp.) Alkaline H,O, N/A 87.12% purity, [75]
leaves hemicellulose removal Delignification crystallinity of 69.9%
Hemicellulose removal by Organosolv 77 90% enzymatic
) Corn (Zea mays) autohydrolysis Delignification hydrolysis yield [25]
cobs Hemicellulose removal by Alkaline 77 89.2% enzymatic i
autohydrolysis Delignification hydrolysis yield
Mature Coconut 79.88-80.43%
(Cocos nugfem L) ) NaClO, /acetic acid 60.76-45.78 CMC yield from
3 coir Alkaline hemicellul d H,0, cellulose 76
Young Coconut pretreatment cmicetiuiose an 1 to 3 times [76]
810 lignin removal 70.67-74.76% CMC
(Cocos nucifera L.) 50.34-40.76 .
. yield from cellulose
corr
L . . . . Selectivity of
4 Bamboq (Bambusa Ligninolytic enzymes producing fungl (Paracremonium N/A delignification [77]
vulgaris) culms sp. LCB1 + Clonostachys compactiuscula LCN1) ~10
5 Melzubd.ubza woody Enzolv method 5 20% incre.age in (78]
iomass crystallinity
N/A: not available.

Cellulose purification can also be done with biological methods involving, for example,
the use of a consortium of two ligninolytic fungal strains with very low levels of cellulase
activity (Table 4, Entry 4) [64], or with thermosolvent laccase enzymes combined with
steam treatment and ethanol (Table 4, Entry 5) [78].

As mentioned before, cellulose can be also obtained in the form of BC, considering
that BC-forming microorganisms can grow on AFW. Recent works focusing on BC pro-
duction from waste are detailed in Table 5, revealing relatively modest yields and final
titers. Future research efforts should concentrate on optimizing fermentation conditions to
increase BC yield, as feeding waste biomass to bacteria is not enough to make the process
economically feasible.

Table 5. BC from waste biomass.
Yield % (g Final
Entry Biomass Pretreatment Microorganism Cellulose/g . Ref.
. Titer (g/L)
Biomass)
Orange (Citrus x sinensis) UAE diluted acid Komagatacibacter
1 & . . sucrofermentans 5.82 N/A [79]
processing waste hydrolysis DSM 15973
o Mango Mangiferaindica) g ocid hydrolysis  Achromobacter S3 N/A 122 [80]
peel waste
3 Olive (Olea europaea) Mild aci(.i treatment.+ Novaceff‘imonas 9.60 0.68 (73]
pomace enzymatic hydrolysis hansenii 53582

N/A: not available.

In this context, another cost-cutting strategy is the approach adopted by Karanicola
et al. (Table 5, Entry 1) [79], as an alternative to fermentation optimization. This approach
was aimed at the full utilization of the biomass, which entailed the extraction of valuable
compounds such as essential oils and pectin before the fermentation; using this method, the
cost of the entire process is supported by the obtainment of multiple value-added molecules
from biomass.

Cellulose and its derivatives possess numerous applications in agriculture, as they
have been employed for the controlled release of fertilizers [81] and essential micronu-
trients [82]. Another use of cellulose is as a fruit coating agent for ripening delay [83] or
as a hydrogel for drought management [84,85]. Moreover, mulch films obtained with a
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CMC-PVA (polyvinyl alcohol) blend were able to degrade within two months [86], while
those formed with CMC and soybean protein, compared with high density polyethylene
(HDPE), led to an increased germination of cabbage seeds [87]. The production of mulch
films was also found to be feasible in combination with antimicrobial elements such as
silver nanowires for an enhanced crop protection [88].

2.5. Chitosan, an Important Adjuvant for Plant, Fruit, and Seed Protection

Chitin is the most abundant amino polysaccharide present in the world; it is formed
by N-acetylglucosamine (GlcNAc) residues [89], and it is present in nature in crystalline
forms of a, B, and 7y-chitin. Traditionally, the main source of chitin is the crustacean waste
deriving from the fishing industry [90], but it is not as sustainable as fungal chitin. Chitosan
is a direct derivative of chitin obtained usually by alkaline deacetylation [91]; the result is
a copolymer formed by {3 (1-4) linked D-glucosamine (GlcN) units. Chitosan (Figure 5)
is characterized by a variable percentage of GIcNAc residues, as deacetylation is never
complete. Chitin, and consequently chitosan, can be extracted from fungal waste biomass
as a secondary product; in addition, fungi can also successfully grow on agri-food waste.

Chitin chemical struture

Chitosan chemical structure
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Figure 5. Chitin and chitosan chemical structure.

Tayel et al. [92] successfully extracted chitosan from Aspergillus niger fungal waste
following the production of citric acid, a common food additive. Mucor circinelloides was
able to grow on sugar bagasse hydrolysate and corn steep solids, and a total of 1.36 g/L of
chitosan was extracted from the fungal biomass [93]. Habibi et al. [94] obtained chitosan
from Aspergillus terrerus grown using apple waste as the sole carbon source. Corn steep
liquor and Cassava wastewater were used as a carbon and nitrogen source by Mucor
subtilissimus UCP 1262 and Lichtheimia hyalospora UCP 1266; the chitosan extracted from the
deriving fungal biomass exhibited a deacetylation degree >80%, comparable to commercial
chitosan [95].

In each of the papers mentioned, the fungal biomass first underwent an alkaline
treatment, then chitosan was extracted from the alkali-insoluble fraction using a mild
acid treatment.

The antimicrobial properties of chitosan are useful in agriculture, as they can be
employed to increase the shelf life of fresh fruit [93,96]. Moreover, chitosan can also
be used in seed protection, since it facilitates the attachment of the biological priming
agent Trichoderma asperellum to the seed [97], therefore significantly increasing seedling
germination and inhibiting diseases [98]. Chitosan nanoparticles can also be used for the
controlled release of herbicides, as they have been successfully used to encapsulate imazapic
and imazapyr to reduce their toxicity and increase the efficacy of the treatment [99].

2.6. Polyhydroxyalkanoates (PHAs): A Versatile and Biodegradable Bioplastic

Chemically, PHAs are polyesters consisting of hydroxyalkanoate monomers linked
by ester bonds. The general chemical structure of PHAs can be seen in Figure 6. PHAs
are biopolymers naturally produced by several bacteria and archaea and stored under the
form of granules inside the cell as a reserve carbon source. The specific chemical structure
of PHAs can vary widely depending on the microbial species producing them, the carbon
source provided during cultivation, and the environmental conditions. To synthetize PHAs,



Appl. Sci. 2024, 14, 4089

11 of 21

these microorganisms usually use glucose or fatty acids as a substrate: AFW can be a good
and cheap source of these compounds, thus representing a good strategy for cutting costs,

given that PHA is 15 times more expensive than petroleum-based plastics [100].
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Figure 6. Polyhydroxyalkanoates chemical structure.

Some recent works are reported in Table 6.

Table 6. PHA production from agri-food waste.

Entry Biomass Pretreatment Culture Comments Ref.
Dephenolization and
microbial pretreatment Mixed
Olive (Olea europaea) (acidogenic . 22% of COD converted
1 . 4 culture—activated . [101]
mill wastewater fermentation) for lud in PHA
conversion of COD studge
in VFA
. . Mixed microbial 76'3 o PHA.
2 Corn (Zea mays) straw Microwave-assisted culture from dair dw/Biomass dw in 3 L [102]
Y acid saccharification . Y bioreactor—420 mg/L
industry waste . .
final concentration
Mixture of molasses . Cupriavidus necator 2.03 g/L final
3 and olive oil Acid pretreatment DSM 428 concentration of PHA [103]
liqﬁgil}ir;;ﬁcilg)gal‘il;ne Pseudomonas 237.9 mg/L of PHA
4 (Saccharum officinarum Alkaline pretreatment monteilii BCC19149 f.l na}l titer unglgr [104]
optimized conditions
L.) bagasse
Y SFP/FW
. -1
. . Mixed 0.79 gCOD-gCOD
5 Fruit waste Acidogenic culture—activated Y PHA/SFP [105]
fermentation lud 0.98 gCOD-gCOD !
sudge Y PHA/FW
0.45 gCOD-gCOD !
6 Potato (Solanum Acid hydrolysis Bacillus circulans 232 mg/L of PHA [106]

tuberosum) peels waste

MTCC 8167

final titer

Campanari et al. [101] (Table 6, Entry 1) utilized a multi-stage process in which
they selected PHA-storing microorganisms under feast and famine (FF) conditions in a
sequencing batch reactor (SBR) and found out that the PHA production is widely influenced
by the selection of PHA producers, which is in turn influenced by the organic loading
rate (ORL). Verdini et al. (Table 6, Entry 2) [102] used corn straw saccharified with the
aid of microwave technology and obtained a greater yield during scaling up in a stirred
tank 3L bioreactor, compared to a shake flask. Moreover, the authors were also able to
determine the specific PHA that was being produced, which was poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV). Similarly, Kag et al. (Table 6, Entry 6) [106] saccharified a
waste biomass to accumulate PHA, however they obtained a lower final titer.

Razzaq et al. [103] (Table 6, Entry 3) determined that the type of PHA monomer is
influenced by the selection of the substrate, as C.necator usually produces short-chain
length PHAs, but with the mixture that they used as a substrate (without the addition
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of a nitrogen source), they were able to produce medium-chain length PHAs. In Entry
4 [104], P. monteilii was grown on sugarcane bagasse black liquor through a two-phase
fermentation: (i) optimization of cell growth in batch configuration, (ii) pulse-feeding in
fed-batch configuration, with the C:N ratio finely tuned to maximize the production of
PHA. During the growth phase, the percentage of PHA in the total cell concentration was
less than 1%; however, in the accumulation phase this percentage was increased to 12.8%.

Matos et al. [63] (Table 6, Entry 5) proposed a three-step valorization of fruit waste
on a pilot scale: the first step aimed to convert the biomass into soluble fermentation
products (SFP) through fermentation, then the SPF media, rich in butyrate, was fed to
the second and third steps. The second step was aimed at microbial culture selection
to improve PHA yield, and the third step involved PHA accumulation. Overall, the
process was able to afford a remarkable maximum PHA content of 80.5% and a storage
yield of 0.98 gCOD-gCOD~!; the overall process yielded 0.45 gCOD-gCOD~!. A more
complex fermentation set-up, comprising the separation of SPF production step and the
PHA creation, and the accumulation step can dramatically improve the PHA yield.

The usage of PHAs in agriculture has been explored mainly as mulch films [107,108];
for this application, PHA is usually blended with other biodegradable components to im-
prove its processability. For example, the addition of medium-chain length PHA increased
the processability of PLA [109] and slowed down its biodegradation rate [108]. It was
found that the addition of a small percentage of UV stabilizer drastically slowed down the
degradation rate of polybutylene adipate terephthalate (PBAT)/PHA mulching films when
subjected to accelerated aging test (AAT). On the other hand, the addition of a hydrolysis
resistant additive was found to be ineffective in protecting the mulching film from degra-
dation [110]. Othman et al. [111] tested different combinations of PHA /polycaprolactone
(PCL) films for active mulching purposes and found them to be a good and biodegradable
alternative to traditional ones, as they improved rice seed germination.

2.7. Polylactic Acid (PLA): A Non-Toxic Alternative for Mulching Films and Food Packaging

PLA is a biopolymer with properties like those of conventional plastics deriving from
fossil fuels; the PLA chemical structure can be seen in Figure 7. Since the properties of PLA
are better when the polymer consists exclusively of the stereoisomer L- (L-LA) [112], the
cheaper way is trough fermentation. Lactic acid (LA) can derive from the fermentation
catalysed by a wide range of microorganisms that can, consequently, grow on and exploit a
wide range of substrates; for this reason, a broad spectrum of AFW finds its usage in this
stream of production. The optimization of the use of AFW as fermentation substrates to
produce LA is crucial for both a waste valorization approach and for the cost reduction
of the process [113]. Before the fermentation step, the biomass typically undergoes a
pre-treatment, which may be physical, biological, chemical, or a combination of these
methods: this is because agricultural by-products, which are usually lignocellulosic, need
to be delignified and saccharified for the microorganism to use them as substrates [114].
Alternatively, the process needs to employ a microorganism with both the capacity to
degrade complex lignocellulosic biomasses and to produce LA; this approach is called
consolidated bioprocessing (CBP) [115].

? CH,
07T/C\°/C\

H ’ L

CH, no

0

Figure 7. Polylactic acid chemical structure.
In Table 7, some of the agricultural waste biomasses that have been investigated as

substrates to produce LA are reported. In this case, different microorganisms can afford
different yields of LA.



Appl. Sci. 2024, 14, 4089 13 of 21
Table 7. Biotransformation of biomass in LA.
. Biomass cp . LA Titer
Entry Biomass Pretreatment Saccharification LA Producer Yield (g/L) Ref.
L Steam Enzymatic sac-  Lactobacillus rhamnosus 0.98
! Grape (Vitis vinifera) stalks explosion charification IMC501 g/g Glu 20 [116]
. . . . . 0.71
2 Olive (Olea europaea) pits Diluted acid (H,SOy4) Bacillus coagulans DSM2314 ¢/g OPH 61.3 [117]
Sugarcane (Saccharum Hydrothermal . 0.66
3 officinarum L.) bagasse hydrolysation Bacillus coagulans DSM2314 g/g SBH 524
Potato (Solanum tuberosum) . 0.039
4 peel waste Rhizopus oryzae (CBP) ¢/g PPW 3.14 [118]
Clostridium
5 Corncob (Zea mays) Alkali thermocellum Geobacillus 0.74 51.36 [119]
Residue pretreatment ApyrF:p2638- stearothermophilus 2H-3 g/gCR ’

BGL

An example of this was the study elaborated by D’Ambrosio et al. [116] (Table 7,
Entry 1) where a maximum theoretical yield of LA from glucose was obtained; however, the
LA yield calculated on the starting biomass was affected by a lower yield in the previous
step (38.1%, enzymatic saccharification). Entries 2 and 3 [117] report a non-sterile B.
coagulans DSM2314 fermentation that led to satisfying yields when fermenting xylose-rich
hydrolysates; in fact, they were very similar to the one obtained when fermenting pure
xylose (0.77 g LA /g Xyl); moreover, the lack of sterility is an advantage as it greatly reduces
operation costs.

Liu et al. [119] (Table 7, Entry 5) followed a different path when treating corncob
residue, as they applied an alkali delignification followed by a whole-cell enzymatic
saccharification with C. thermocellum ApyrF: p2638-BGL, an engineered strain with en-
hanced B-glucosidase activity [120]. The saccharified fraction was then fermented by G.
stearothermophilus 2H-3, a contaminant strain found in corncob residue that can produce
high quantities of LA with very little substrate competition by other fermentation products.
Another advantage of this fermentation method is that saccharification and fermentation
can be carried out in a one-pot successive fermentation.

Despite the advantage of not requiring additional pre-treatments, CBP with R.
oryzae [118] (Table 7, Entry 4) afforded a much lower LA final titer and yield on biomass,
but it is worthy to note that this bioprocess mainly aimed to produce bioethanol, which
was obtained with a final titer of 18.83 g/L.

Overall, to enhance the competitiveness of PLA compared to fossil-derived plas-
tics, a thorough optimization process is required, encompassing biomass pre-treatment,
fermentation parameters, and, ultimately, the selection of bacterial and fungal strains [121].

PLA, being both biodegradable and non-toxic, is a particularly useful biopolymer in
agricultural applications. To be specific, PLA has been widely investigated in its role in the
formation of mulch films [122] and food packaging [123] and has been proposed for the
construction of shade nets and greenhouse covers [124].

The use of lignocellulosic waste such as wood flour [125,126], cork [125], rubber wood
sawdust [127], bark [128], spinach stems, tomato pomace, cocoa shells [122], and orange
peels [129] as fillers in PLA films successfully improved its mechanical characteristics.

Poly (lactic acid) (PLA) is a biodegradable, bio-based polymer that has attracted a lot
of attention as an alternative to conventional petroleum-based plastics [112]. However, it
is not the only sustainable alternative. Others include polybutylene succinate (PBS) and
polybutylene adipate terephthalate (PBAT), which have several advantages and limitations
compared to PLA [130,131].

PBS is a biodegradable polyester that has properties similar to polypropylene. It is
derived from succinic acid and 1,4-butanediol, which can be produced from renewable
resources. PBS offers good thermal and mechanical properties, making it suitable for
various applications, such as packaging films, bags, and disposable items. One advantage
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of PBS over PLA is its greater flexibility and strength, which can be an advantage in certain
applications. However, PBS biodegrades at a slower rate than PLA and can be more
expensive to produce [130].

PBAT, on the other hand, is another biodegradable polyester that is often used in blends
with PLA to improve its flexibility and strength [132]. PBAT is synthesized from adipic
acid, 1,4-butanediol, and terephthalic acid, all of which can be obtained from renewable
resources. PBAT offers good flexibility and elongation properties [132], making it suitable
for applications that require elasticity [131], such as compostable bags and films [130].
Compared to PLA, PBAT generally has better elongation at break and toughness. However,
depending on the specific formulation, it may have lower stiffness and heat resistance than
PLA [130].

Although both PBS and PBAT offer advantages over PLA in terms of certain mechan-
ical properties and flexibility, they can also present challenges, such as slower biodegra-
dation rates, higher production costs, and potential compatibility issues in blends [130].
In addition, the choice between these polymers often depends on application-specific
requirements, including mechanical performance, biodegradability, and cost considera-
tions. However, PLA is currently most used in agricultural applications due to its high
biodegradability and biocompatibility, making it more suitable for sustainable agricultural
applications [130].

3. Sustainable Strategies and Future Challenges for AFW Disposal

The sustainability of agricultural supply chains has become a priority concern in recent
years, driven by growing awareness of environmental issues, resource scarcity, and the
need to feed a growing world population [133].

The challenge at hand involves managing waste generated throughout the supply
chain, from farm to fork. Innovative waste management models are emerging as important
tools to address this issue and improve the sustainability of food supply chains [31]. AFW
recovery holds great potential for economic, social, and environmental benefits. Many
countries around the world have implemented food and waste recovery strategies. The
reuse of AFW encompasses the conversion into useful products, such as biofuels and
chemicals [134]. To achieve this goal, various methods have been exploited to add value
to AFW, including pyrolysis, anaerobic digestion, decomposition, chemical and thermal
treatment, solid catalysis, extraction, and fermentation [31,135].

Biorefineries are an innovative approach to waste management in the agricultural
food supply chain, aiming for the complete utilization of all the components of AFW.
This goal represents an environmentally friendly solution, as it encompasses advanced
biochemical and biotechnological processes to convert organic waste streams into high-
value products such as biofuels, biochemicals, and bioplastics. By utilizing by-products that
would otherwise be discarded, biorefineries not only reduce waste, but also contribute to
the development of a more sustainable and resource-efficient supply chain. Governments
play a critical role in facilitating the transition to innovative waste management models in
agri-food supply chains. By implementing supportive policies, regulations, and financial
incentives, policy makers can encourage investment in sustainable waste management
infrastructure, drive research and development of waste reduction technologies, and create
a favourable environment for innovation and collaboration [136].

The development toward the sustainability of food supply chains depends on the
adoption of innovative waste management models that prioritize resource efficiency, min-
imize waste generation, and create value from waste streams. Converting agricultural
waste into potential valuable products and closing the loop aligns with the principles of
the circular economy in agriculture and requires collaboration among all actors in the food
supply chain.

Adopting a circular economy approach, harnessing technological advances, promoting
biorefineries and by-product recovery, fostering collaborative partnerships, engaging con-
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sumers, and providing policy support and incentives is crucial to build resilient, sustainable,
and environmentally friendly agri-food supply chains.

4. Conclusions

Fossil-based plastics represent one of the greatest problems of this last century; being
fabricated from non-renewable resources and being (mostly) non-biodegradable, they
contribute to GHG emissions and pollution both at the beginning and at the end of their
life [137].

This review explores the feasibility of converting AFW into biopolymers and the
possible employment of this in agriculture as mulch films, hydrogels, biocides, biostim-
ulants, soil stabilizers, and for seed, fruit, and vegetable coatings [14,15]. Biopolymers
can represent a good alternative to fossil-derived plastic, as they are renewable and often
biodegradable. Replacing conventional plastics with biopolymers is desirable, as it repre-
sents a significant step towards sustainability, given the ubiquitous use of polymers across
various industries.

The agricultural sector, and, more broadly, the food industry, would be one of the first
fields to benefit from the use of biopolymers, as they can help mitigate the environmental
footprint of an industry already heavily impacting the environment. Moreover, the em-
ployment of biopolymers would improve the safety of the food produced, as microplastics
are a potential health hazard that is becoming more and more alarming [138]. Further-
more, the capacity of biopolymers to biodegrade helps to simplify the agricultural process
(e.g., mulching films composed by biopolymers do not have to be removed anymore since
they naturally biodegrade). However, some gaps still need to be filled for biopolymers
to be considered a valid commercial alternative to fossil-based plastic; further research
should be done on the improvement of mechanical properties of biopolymers. Indeed,
since they are often too fragile for their intended use, mixtures of biopolymers pose as
a feasible alternative to modulate the polymer features, making them suitable for the
intended application.

According to an economic point of view, the employment of AFW helps with cutting
the cost of operations, but not enough to compete with traditional plastic biopolymers.
An overall process optimization is necessary to improve employment and popularity of
biopolymers in the agricultural field. The employment of a cascade process where more
than one compound is produced from AFW can help to cut the cost of production, by
producing value-added products. In processes where microbial production is concerned,
optimization of the fermentation parameters and genetic strain improvement are crucial
for the economic feasibility of the process.

Future actions should focus on researching ways to optimize processes, in order to
make them more economically viable and more environmentally friendly. Each region
should focus on local AFW production to reduce costs and greenhouse gas emissions caused
by transportation. Furthermore, investing in renewable energy sources, such as solar or
wind energy to enhance AFW, can further strengthen sustainability efforts, ensuring that
our actions can pave the way for a greener and more sustainable future.

When the process of converting AFW into biopolymers is optimized and scaled at
the industrial level, the costs of the final product will be reduced, and biopolymers can
become more competitive than traditional plastic, thus making the agro-industrial sector
more sustainable.
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Abbreviations

AFW Agri-food waste

NaDES Natural deep eutectic solvents
UA Ultrasound assisted

Us Ultrasounds

ChLA Choline chloride-lactic acid

ChLevA Choline chloride-levulinic acid
ChLAGly Choline chloride-lactic acid-glycine

PLA Polylactic acid

SWE Subcritical water extraction

MAE Microwave assisted extraction

PUAE Pulsed ultrasound assisted extraction
HAE Hot acid extraction

BC Bacterial cellulose

CMC Carboxymethyl cellulose

PVA Polyvinyl alcohol

HDPE High density polyethylene
GIcNAC N-Acetylglucosamine

GIcN Glucosamine

FF Feast and famine

SBR Sequencing batch reactor

ORL Organic loading rate

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
SFP Soluble fermentation products
PBAT Polybutylene adipate terephthalate
AAT Accelerated aging test

PCV Polycaprolactone

LA Lactic acid

GHG Greenhouse gases
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