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Abstract: The exponential growth of agricultural output is a result of the increasing world population.
Agro-wastes are now acknowledged as an alternative material for the manufacture of renewable,
inexpensive, and sustainable bio-composite-based products. Huge amounts of agricultural produce
are often lost owing to a lack of processing facilities or storage space. Agriculture wastes contain a
significant concentration of carbohydrates as well as various multifunctional groups and organic
substances, such as polymeric proteins. Interestingly, nanotechnology provides better potential to
transform agricultural wastes easily into valuable and cost-effective products, removing the need to
utilize noxious chemicals, which can create a variety of health and environmental difficulties. Recently,
there has been an increase in interest in eco-friendly nanomaterial (NM) production techniques that
utilize extracts generated from agricultural waste. Such nanoparticles (NPs) have been extensively
studied for numerous uses, including antibacterial agents, water purification, the breakdown of
industrial colours, and many others. Consequently, the purpose of this review is to investigate the
different sources, characteristics, and nano-management of agro-waste; valuable NMs derived from
agro-waste; and their possible applications.

Keywords: agro-waste; nanomaterials; waste recycling; characterization; synthesis

1. Introduction

Agriculture makes the biggest contribution to the economy of a resource sector around
the world. It is estimated that Canada makes 36.1 metric tonnes of waste each year, which
is 10 metric tonnes more per person than the United States. Every year, Canada makes
about 1.33 billion metric tonnes of waste, of which 1.12 billion metric tonnes are industrial
waste [1]. As of 2020, the United States uses approximately 4532 trillion British thermal
units (TBtu), or about 4.9 percent of its total primary energy consumption. Wood and wood-
derived biomass accounted for about 2101 TBtu, while biofuels (mostly ethanol) provided
2000 TBtu, and municipal garbage generated 430 TBtu [2]. The United States produced
the most biofuels of any country in the world in 2020, with production estimated to reach
1347 petajoules [3]. Agriculture is the primary source of food, trash, greenhouse emissions,
and energy in every region of the world. Agriculturally based industries produce a lot of
garbage as a result of their operations. Non-consumable plant portions are referred to as
agro-waste, while edible parts are the primary source of energy for humans [4]. Biological
oxygen demand (BOD), chemical oxygen demand (COD), and suspended solids are all
significant in this vast volume of agro-waste [5]. A lack of effective disposal of these types of
waste items can harm the earth’s surface and groundwater, which in turn contributes to all
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forms of pollution. A large portion of garbage is still unutilized and disposed of improperly,
which only exacerbates the problem. A variety of agricultural and industrial processes
generate low-cost by-products from all over the globe. This aids in the creation of value-
added products from those remnants. There is still a lot of untapped potential in many
cases, but nothing practical is being made out of it. Burning, dumping, or uncontrolled
land filling are the most common disposal methods for agro-industrial waste that hasn’t
been processed or repurposed [6]. These unprocessed wastes contribute to global warming
by emitting a variety of greenhouse gases. As a result, the usage of fossil fuels generates
greenhouse gases (GHG) [7]. There are numerous possible uses, including the creation of
biotechnological products, the synthesis of NPs, and the generation of manure and biofuels,
among others (Figure 1).
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Agricultural wastes, which can include horticultural, aquatic, or culinary wastes, con-
tain vital bio-chemicals such aslignin, cellulose, chitin, and polyphenolic compounds [8].
By simple pyrolysis, some of the compounds can produce carbon dots, whereas the con-
stituents of other compounds act as reducing, stabilizing, and capping agents during
the creation of NPs [9]. Because of the economical, environmental, and technological
advantages, the fabrication of NMs using agro-waste as substrates is quickly gaining
popularity [9]. These NPs are prepared using a combination of mechanical and chemical
processes, including crushing, grinding, alkali, bleaching, and acid treatments [10]. The
morphology of nanoscale biopolymers is studied using AFM, SEM, and TEM [11]. Re-
searchers are examining the functional group modifications and crystallographic structure
of nanoscale biopolymers using FTIR and X-ray diffraction, respectively [12].

In recent years, nanotechnology has reached nearly every zone of technology ranging
from clinical, commercial, agricultural, and even residence old utilities, and has hugely
facilitated the evolution of current technology. Applications of NPs and nanotechnology
have been introduced in recent years in the agricultural and food sectors in order to increase
overall sector productivity [13,14]. Nanotechnology is a branch of science that deals with
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materials with sizes between 1 and 100 nm [15]. The role of nanotechnology in agriculture
and environmental protection is expanding. Agro-waste, which includes weeds such
as Gloriosa superba, Medicago sativa, Cyperus rotundus, and Tinospora cordifolia, as well as
agricultural residues including ricehusk, soy, and coconut shell, wheat straw, banana peel,
orange peel, and pomegranate peel, has been utilized to create nanostructures. Genetically
modified organisms (GMPs), atomically modified organisms (AMOs), animal products,
insecticides, farming methods, and many other possibilities to study with significant
potential to revolutionize the agriculture scenario globally will all benefit from nanotech
research in agriculture [16,17]. One of the primary goals for potential applications has
been to control the particle size, shape, and crystalline nature of the NPs that are produced
through the synthesis of NPs [18]. NPs serve as a connection between large-scale materials
and the atomic or molecular structures that compose them. Because of this, they are
excellent candidates for applications in a variety of fields, including medicine, catalysis,
electrochemistry, biotechnology, and the detection of trace substances [19]. In order to
prepare NPs with a variety of morphologies and sizes, various synthetic methods have
been utilized [20]. Although these methods have produced superior NPs, there is still a
need for a fundamental understanding of how to improve the manufacturing process [21].
This understanding could be utilized on an industrial and commercial scale to produce
products that are better constructed, have a longer lifespan, are cleaner, safer, and more
intelligent. Some examples of these types of products include communication technology,
medicines, transportation, agriculture, and industrial products. As a result, the primary
focus is on the design of NPs using methods that are not harmful to the environment.
These provide solutions to the growing problems that are associated with concerns over
the environment. This review investigates the characteristics of agro-waste, valuable NMs,
and their possible applications.

2. Nanomaterials and Nano-Management of Agro Wastes

Agro-waste comes in various forms. It can be divided into two primary types, namely
agricultural residues and residues from the agricultural industry [22]. Further agricultural
residues comprise two types, namely process residues (Husk, Bagasse, Molasses, etc.) and
field residues (stems, seeds, stalks, etc.). Agricultural industry waste means commercial-
level produce waste such as orange-peel, tea, potato-peel, pineapple-peel, groundnut oil
cake, sugarcane, soybean oil cake, cotton, coffee, cereal, chocolate, fruits and vegetables,
etc., all contribute significantly to waste. These waste materials can be utilized to make
biofuels as well as organic solvents like ethanol, acetone, and butanol. Additionally,
pineapple leaf fibre is being researched as a fibre glass replacement [23]. Another illustration
of lignocellulosic waste that is a sizable representative is waste from the production of
wine [24]. There are many examples where agro-wastes are used as a replacement for
fossil fuel and the manufacturing of NMs. Agro-waste is also environmentally friendly and
sustainable. A further method would involve removing these wastes from the environment
by utilizing NPs. NPs can be used, for instance, to eliminate airborne pesticides like
Malathion and Chlorpyrifos [25]. There are several classes of nanofillers available in various
nations for spot maintenance, such as removing photocatalytic contaminants from water
using titanium oxide nanoparticles as a filter [26].

In current decades, the management of agro-waste has become a major concern, and
numerous processes have been developed for dealing with organic wastes, including
the use of compost and organic fertilizers, biochar, and the removal of environmental
pollutants. Some agro-waste cannot be posted, like oils, due to their low economic value
and ability to reduce landfill waste. Consequently, the agro-waste management system has
evolved since the last century due to the advancement of our civilization [27]. In order to
achieve low emissions, low consumption, and high efficiency, agricultural wastes should
be managed following the principles of the three Rs (i.e., reduce, reuse, and recycle) [28].
Multiple studies evaluated the utilization and management of agro-waste from various
perspectives, including:
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(a) Manufacturing of nano-silica or Si-nanoparticles [29–32];
(b) Nano-cellulose production as a precious pharmaceutical component [33];
(c) Biochar production [34–39];
(d) High-performance super-capacitor manufacturing using porous nano-carbon [40] or

graphene oxide [41].

On the other hand, numerous studies, including the following publications, have
addressed the management strategies for agro-waste:

(a) Waste management in agriculture and food processing [42];
(b) Agro-waste and its environmental impact, as well as management approaches [43];
(c) Applications of antimicrobial/antibiotic resistance to agricultural waste [44];
(d) Producing agro-composites for use in packaging [45];
(e) Using agro-waste ashes to make asphalt binder [46];
(f) The bioconversion of certain agricultural waste products into α- amylase [40], ligno-

cellulolytic enzymes [47,48];
(g) Bioenergy production [49], like the biodiesel from raw nano-sized sugar beet agro-

industrial waste [50], biogas [51–53], pellets [54], and biofuel [55];
(h) Using an extract from agro-waste, like pineapple peels, sugarcane bagasse, and banana

peels for the biogenic platinum [56];
(i) Placing agro-waste in concrete instead of natural aggregate [57];
(j) Adsorbents or nano-adsorbents made from agri-food industry waste for heavy metal

removal from the environment [58];
(k) Development of composting [59–61];
(l) Utilizing agricultural and horticultural byproducts in biorefining processes [62,63];
(m) Creating bioactive compounds from waste products of the food industry [64–66];
(n) Manufacturing of cementitious additives [67];
(o) Creating unbaked earthen blocks [68];
(p) Nano-cellulose production from agricultural waste for cosmetic formulations [69] for

ingredients in medicine [33].

3. Different Sources of Agro-Waste

Agro-waste is the leftover output of agricultural activities, such as the processing and
manufacture of vegetables, fruits, poultry, meat, and dairy products [70]. There are four
main types of agricultural waste: livestock manure, agricultural sector manure, fruit and
vegetable manure, and crop residues and byproducts [71].

3.1. Crop Residues

In the field, crop leftovers like stovers, straws, leaves, seed pods, and so on are the
primary sources of agro-waste. As the most plentiful and cheap organic waste, these crop
wastes can be easily transformed into a wide range of high-value products [72]. The three
primary crop by-products that are utilized to produce bioethanol globally are wheat straws,
corn stovers, and rice straws, which are available all year long. Only a small portion is used
to produce biofuels or as animal feed, and the remainder is burned, leading to significant
environmental issues [73]. Among these three primary agricultural leftovers, rice straw is
one of the utmost promising and valuable biomasses globally, with an annual production of
approximately 732 million tonnes, and Asia being the leading producer [74]. It is estimated
that 355.35 million metric tonnes of wheat straws are produced each year in the world,
making wheat straw the majority of the waste recovered from wheat [75]. Corn stover
is one of the most promising crop residues for making lingo-cellulosic ethanol, with an
envisioned manufacturing of four tonnes consistent with acre and a global manufacturing
of approximately 128 million tonnes per 12 months. Agro-waste is also made up of crop
residues from oats, sorghum, and barley [76].
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3.2. Agricultural Industry Wastes

Waste produced during the preparation of crops for industrial use is the second
category of agro-waste. This includes waste products from the extraction of oil or juice,
such as sugarcane bagasse, fruit and vegetable peels, and fruit marc/pomace. It also
includes products from meat processing facilities and slaughterhouses, such as meat, eggs,
chicken skin, and animal fat [77]; starch residue from the starch industry; de-oiled seed
cakes from the edible oil industry; and molasses/black treacle from the sugar industry.
Among many agro-industry wastes, sugarcane bagasse is the most prevalent. This bagasse
is the dry pulpy fibrous residue generated by enterprises following the extraction of juice.
About 180 million tonnes of sugarcane bagasse are thought to be available in the world [78].
Orange peel, apple pomace, and fruit wastes from the production of fruit juice, cider,
and other food processing units are other examples of agro-industry wastes. Products
from non-food agro-industries like de-oiled seed cakes from non-edible oil plants like
Pongamia pinnata and Jatropha curcas are also included in the category of agro-industry
waste [79].

3.3. Livestock Wastes

Millions of rural households around the world rely on livestock and crop production
for a living. It is feasible and popular in some communities to use animal dung as a source
of energy to produce biogas or to simply make manure cakes for burning [80]. Typical
examples include using animal slurry as fuel for combined heat and power generation,
burning chicken litter as fuel, and digesting animal slurry. However, in many instances,
these projects are only financially viable if a market can be found for the heat produced (e.g.,
for use at nearby manufacturers) and the by-products (e.g., fertilizers for farms). Waste heat
can be used on the farm or in neighboring areas where it can be reticulated or piped [81].

3.4. Fruit and Vegetable Wastes (FVWs)

FVWs are residual fruits and vegetables that have not been processed. Examples
include tomatoes, oranges, mangoes, jackfruit, pineapple, bananas, and many more. FVWs
produced by wholesale markets and the food processing sectors are huge [70]. These organic
wastes are also extremely perishable, which raises serious concerns about environmental
pollution. According to statistics, about 15, 32, 6.5, and 1.8 million tonnes of trash are
produced from the production, packaging, distribution, and consumption of fruit and
vegetables in the US, China, Philippines, and India, respectively [70]. Currently, roughly
5.6 million tonnes of FVWs are manufactured annually in India and dumped outside of
cities [82].

4. Composition of Agro-Wastes

The compositional study of feedstock focuses primarily on lignocellulosic content,
such as cellulose, hemicellulose, and lignin, and biochemical content, such as total carbo-
hydrates, protein, lipids, etc. Bio-alcohols are produced as a result of the greater cellulose
and hemicellulose content. Approximately 30% to 50% of cellulose and 20% to 38% of
hemicellulose make up the crop residues. In contrast, the lignin concentration of crops
ranges from 7% to 21%. Depending on the varied sources of origin, agro-processing wastes
comprise a wide range of cellulose (21% to 45%), hemicellulose (15% to 33%), and lignin
(5% to 24%). Rice bran waste contains just 5% lignin and has been demonstrated to be a
viable feedstock for bioethanol production. Prior to ethanol production, however, high-
lignin-content sugarcane bagasse must be processed for lignin removal [83]. Bio-hydrogen,
biogas, and alcohols can be produced from a carbohydrate-rich substrate because of their
quick breakdown. Between 40% and 85% of the total solids in industrial wastes are made
up of carbohydrate compounds. Similarly, livestock wastes such as cattle manure have a
carbohydrate content of 50–60%, making it an excellent fuel for biogas production because
of its abundance [84]. Similarly, the protein and lipid levels of various agricultural waste
feedstock are critical for determining their biogas potential [85]. Nano-biotechnology has
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been utilized in the field of antimicrobial research in order to delve into the depths of
scientific complexities that are contained within the boundaries of medical practice. It
has been demonstrated that NPs possess powerful antimicrobial properties, which allow
them to combat superbugs that are highly resistant to antibiotics. In order to produce NPs
that are capable of destroying multidrug-resistant bacteria and fungi, scientists have taken
advantage of the synergy effect created by the relationship between the precursor (metal)
and plants (capping/reducing agent). Table 1 displays the anti-microbial characteristics of
NPs that were manufactured from agricultural by-products.

Table 1. Anti-microbial activities of NPs synthesized from agro-waste.

NPs Synthesised Agro-Waste Activities Reference

Silver-NPs
(Ag-NPs) Cocoa pod husk

Anti-bacterial activities against E. coli,
K. pneumoniae, Streptococcus pyogenes,

Staphylococcus aureus,
Pseudomonas aeruginosa, Anti-fungal
activities against Aspergillus flavus,

A. fumigatus, and A. niger

[86]

Silver-NPs (Ag-NPs) Waste vegetable peel Anti-bacterial activities against E. coli,
and Klebsiella pneumonae [87]

Zinc Oxide-NPs (ZnO-NPs) Green tea leaves
Anti-bacterial activities against E. coli,

S. aureus, and Anti-fungal activities
A. niger

[88]

Zinc Oxide-NPs (ZnO-NPs) Rice bran Anti-bacterial activities against E. coli,
S. aureus, and P. auruginosa [89]

Silver-NPs (Ag-NPs) Pomegranate peel Anti-bacterial activities against
S. aureus, P. aeruginosa, and E. coli [90]

Silver-NPs (Ag-NPs) Root extract of Echinops
echinatus

Anti-bacterial activities against E. coli,
S. aureus, and P. auruginosa [91]

5. Bio-Synthesis of NMs from Agro-Wastes

Utilizing agricultural waste resources is a sustainable technique of synthesis that
allows for the efficient management and usage of plant wastes and biomass [92]. NPs have
been successfully synthesized by varieties of agro-wastes like corn cob, rice bran, fruit
seeds, wheat bran, peels, palm oil mill effluent, etc. [16,93,94]. NPs production can occur
intracellularly or extracellularly. The size and type of NPs are greatly influenced by the
synthesis time, growth temperature, and pH [95]. These agricultural wastes are a rich source
of biomolecules like proteins, phenolics, and flavonoids that can act as reductant agents
in the environmentally friendly production of various metal NPs. Agro-waste has been
used in several biotechnological techniques to enhance the nutritional properties through
solid-state fermentation (SSF), the production of enzymes [96], organic acids [97], and as
renewable materials for the production of biogas [98]. The synthesis route of NPs from agro-
waste is shown in Figure 2. NPs can be created using a wide range of methods as of right
now. However, they can be created using the “top-down” and “bottom-up” approaches,
which are the two basic techniques. The first method uses a top-to-bottom strategy to break
larger particles down into progressively smaller dimensions and a variety of forms; such
processes include mechanical milling, laser ablation, chemical etching, electrochemical
explosion, lithography, attrition, etc. The second strategy is a bottom-up strategy in which
smaller components are used to make larger NPs such as atoms, monomers, and molecules,
etc. The constituent atoms and molecules that make up a structure come together and
self-assemble precisely where they are needed in the bottom-up method. A variety of
processes, including pyrolysis, plasma, chemical vapor deposition, the sol–gel process,
spinning, biological methods, atomic condensation, etc., use a bottom-up approach, shown
in Figures 2 and 3.
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5.1. Inorganic-Based NMs
5.1.1. Gold Nanoparticles (Au-NPs)

Although gold has always been a subject of fascination, the development of nano-
technology has dramatically increased the number of uses for metal. Au-NPs in particular
have high levels of biocompatibility and non-toxicity. Since gold is not oxidized, it can
also be used for long-term biomedical applications. It has been discovered that Au-NPs
enhance the therapeutic and sensing functions of proteins and antibodies. Au-NPs have
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been investigated for a variety of uses, including anti-coagulant, bio-imaging, anti-oxidant,
thrombolytic, anti-cancer, photo-thermal, fluorescent, catalytic, bio-labelling, anti-bacterial,
and bio-sensing. Numerous physical and chemical processes have successfully produced
well-defined Au-NPs, but they are expensive and require the use of toxic materials. Ad-
ditionally, the chemical manufacture of Au-NPs may cause hazardous compounds to
adhere to the surface of the particles, which could have detrimental effects in medical
applications [86,99]. Therefore, creating NPs from microbes or plant-based materials can
be advantageous. Biomolecules released by biomass act as a reducing and capping agent,
resulting in the creation of NPs that are more biocompatible and removing the need for
abrasive chemical processes. Agro-wastes, such as banana and custard apple peels, which
are abundant in phenolic components like lignin and pectin, are currently being inves-
tigated for the creation of various NPs [100,101]. As the population grows, so does the
demand for agro-industry products to fulfill the rising demand; massive volumes of food
products are created, producing significant amounts of agro-industrial waste in the process.
To create and characterize Au-NPs, scientists used watermelon rind extract [102]. The
produced Au-NPs showed strong synergistic action and anti-bacterial efficacy against
food-borne pathogens. Additionally, it demonstrated strong anti-oxidant and proteasome
inhibitory activity. The production of Au-NPs using agro-wastes is therefore presented
as an environmentally friendly method, making them a possible candidate for usage in
biomedical, pharmaceutical, cosmetic, food, and drug delivery applications [103].

5.1.2. Palladium Nanoparticles (Pd-NPs)

Pd-NPs have also been synthesized from Annona squamosa peel extract. In this exper-
iment, 10 mL of aqueous extract and 80 mL of 1 mM palladium acetate were combined
and heated to 60 ◦C for 4 h. XRD, UV-Vis spectrophotometer, and TEM were used to
characterize the produced particles. Pd-NPs with an average size of 100 nm and spherical
form were confirmed. The watermelon rind aqueous extract was used as a capping and
reducing agent for Pd-NPs. The importance of the extract’s polyhydroxyl groups in the
synthesis of Pd-NPs was further established. The Pd-NPs with a mean size of 96.4 nm and
a polydispersity index of 0.243 exhibited potential industrial catalytic application by the
Suzuki coupling of aryl halide with phenylboronic acid at ambient temperature [104,105].

5.1.3. Platinum Nanoparticles (Pt-NPs)

Dauthal and Mukhopadhyay [106] have reported employing Punica granatum peel
extract for the production of Pt-NPs with a size between 16 and 23 nm; the produced
particles were crystalline and spherical. The particles’ negative zeta potential showed that
they were very stable. The capping and stability of the produced particles were due to,
according to the FTIR study, peel extract polyphenolic compounds and their quinones,
which contain hydroxyl and carbonyl functional groups. By eliminating the man-made
contaminant 3-nitrophenol by NaBH4, the particles demonstrated good catalytic activity.
The creation of polydispersed, spherical, 23 ± 2 nm-sized TiO2-NPs was another successful
application of the Annona squamosa extract [107].

5.1.4. Silicon Nanoparticles (Si-NPs)

The second most common element on Earth, after oxygen, is silicon, and agriculture
has begun to place a high value on this element [108]. Si is regarded as a transitional
element for plants, falling somewhere between an essential and non-essential category
because it is not only necessary for plant existence but also provides adequate benefits when
present [109]. These NPs have the ability to interact with plants both directly and indirectly,
resulting in morphological and physiological alterations that impart stress resistance. This
enhances plant growth, boosts biomass, changes architecture and physiology, modulates
tissue differentiation, activates defense mechanisms, and aids in acclimating to stressful
situations in plants [110]. When administered at varying concentrations, Si-NPs displayed
anti-stress benefits against moderate to severe drought stress in Hawthorns (Crataegus sp.) [111].
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The seedlings’ responses varied depending on the concentration. Increased membrane
electrolyte leakage; relative water content; improved photosynthetic capacity; and higher
concentrations of chlorophylls, carotenoids, and proline are some of these consequences.

The use of nano-SiO2 by accumulating proline increased tolerance in saline environ-
ments by maintaining ionic balance, enhancing the antioxidant system, and increasing the
level of different phytopropanoids, which in turn caused osmotic adjustments. Further-
more, silicon dioxide nanoparticles are demonstrated to improve water use effectiveness,
stomatal conductance, transpiration rate, and lowered chlorophyll degradation during
salt stress, resulting in tolerance to external insult [112]. The epicuticular wax layer has
undergone major alterations, and the main cause is salt stress [113].

Surprisingly, strawberry plants treated with nano-Si had superior epicuticular wax
thickness and structure than salt-stressed plants [114]. Another study that looked at the
effects of nano-Si to reduce salt stress on sweet pepper plants found substantial differences
between them and their bulk equivalent [115]. The plants received low concentrations of
nano-Si (1.0 & 2.0 cm3/L) via irrigation for weeks, which improved the leaves and fresh
weight. On potato plants subjected to various salt stresses, the SiO2-NPs concentration-
dependent impact was also noted (NaCl, 50 & 100 mM). Both a lower concentration
(50 mg per liter) and a greater concentration (100 mg per liter) of the NPs allowed them
to demonstrate improved stress reduction [116]. However, smaller concentrations were
discovered to be more beneficial. This research significantly provides a better perspective
on the positive and negative influence of NPs, challenging the preconceptions that only
hazardous elements of NMs exist. As a result, before using NPs in any sector, it is necessary
to first investigate their properties [117].

In times of external stress, plant hormones are essential for promoting better adaptabil-
ity to a variety of shifting environmental conditions. Gibberellin, a plant growth hormone,
plays a key role in how plants respond to a variety of abiotic challenges, such as drought,
shade, flooding, and cold temperatures, mostly by slowing down plant development and
shifting the emphasis to coping with stress. By using NMs, plant hormones can also be
delivered to the plant [110]. For instance, the Arabidopsis thaliana plant was tested using
Mesoporous Silica-NPs that contained abscisic acid [118]. The prolonged hormone re-
lease was clearly demonstrated, and the seedlings’ capacity to withstand drought was
also strengthened.

5.1.5. Silver Nanoparticles

Nanotechnology has piqued the curiosity of many people because of its numerous uses
in technological domains. Metal NPs such as silver, gold, iron, zinc, cadmium, graphene,
and platinum have been employed in optical, catalytic, antibacterial, and biological activi-
ties. Because of their unique qualities, such as shape, size, optical, electrical, and magnetic
properties, silver nanoparticles are widely used in coated materials, sensingmaterials,
electrical components, antimicrobial applications, and composite fibres [119]. NPs have
superior physiochemical capabilities because of their high volume ratio to surface area ratio,
which can be employed for a number of applications such as antibacterial, antioxidant, and
industrial wastewater treatment [120]. Researchers have been inspired to create NPs via
physical, chemical, and biological means since the attributes of NPs are mostly based on
their structure, size, and biological composition. Physical and chemical methods typically
cost money and demand a lot of energy, pressure, and heat [121]. The chemicals used in
the process are potentially dangerous to the environment and poisonous. As a result, there
is a constant need for the creation of eco-friendly processes for producing NPs without the
use of dangerous chemicals. There are now several ways to create NMs, but due to their
many uses, particularly in the removal of dangerous and harmful compounds, biological
processes are becoming increasingly significant [122]. Plant extract is frequently used to
create metal and metal oxide NPs because it has capping and reducing properties [123].
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5.2. Carbon-Based NMs
Carbon Nanoparticles (C-NPs)

The production of C-NPs using currently used technology is known to require consid-
erable use of premium feedstock’s in addition to expensive catalysts and required energy
to drive C-NPs synthesis. A common technique for producing C-NPs on an industrial
scale at a large scale is chemical vapor deposition (CVD), which is known to use a variety
of costly supplies of ethylene and carbon monoxide [124]. The majority of developing
nations contribute agricultural fibre, and they also use a significant percentage of their
agricultural waste as fuel. Goods like rice husk, groundnut shell, bagasse, and coconut
fibre are used, and India contributes over 400 tonnes of agricultural waste on its own. It is
recognized that the above-mentioned agricultural waste items can produce carbon com-
pounds with nanostructures. C-NPs can be used for a variety of things, such as capacitors
and high-performance electrode materials for batteries; they are also well-known for being
employed as spectacular photo-luminescent materials [125]. For C-NPs that have a higher
surface area, efficient molecule binding is achievable. One of the processes for producing
activated carbon has been called carbonization, and it involves raising temperatures to
600–900 ◦C while using inert gases like argon and nitrogen to produce activated carbon
from raw materials like coal, nutshells, and wood. Another method is called “oxidation,”
which involves heating the carbonised material at a temperature between 600 and 1200 ◦C
in the presence of oxidizing gases such as oxygen, carbon dioxide, or steam [126,127]. Black
carbon might technically be used to describe carbon measured by light absorption [128].
It is recognized that various sources produce various forms of carbon. Diesel engines
and the burning of wood and coal on a domestic and industrial scale using heavy oils
are the main sources of black carbon emissions. These are made by burning agricultural
waste that remains after forest fires. The formation of a point defect in a diamond particle,
continuing laser ablation of graphite with oxidation and functionalization, and thermal
degradation of organic compounds are all required for the creation of C-NPs using ion
beam radiations [129–131].

5.3. Composite-Based NMs
5.3.1. Zinc and Nickel Oxide Nanoparticles

Rambutan peels were used to create biogenic zinc oxide nanocrystals in the follow-
ing ways: zinc nitrate hexahydrate was reacted with Rambutan peel extract at 80 ◦C for
two hours to produce the zinc ellagate complex. The zinc ellagate complex was sub-
sequently oven dried for 8 h at 40 ◦C and then calcined at 450 ◦C in a muffle furnace
to produce zinc oxide nanocrystals. Standard characterization investigations, including
XRD, SEM-EDX, XPS, and FTIR, were used to establish that the p-track conjugation effect
of zinc oxide nanocrystals promoted polyphenol production. Because of the growing
ZnO nanocrystals’ adsorption on the cotton surface, the cotton fabric treated with zinc
oxide nanocrystals showed exceptional anti-bacterial activity against E. coli (18.5 mm) and
S. aureus (23 mm) [132].

According to a related study, Yuvakkumar et al. [133] also successfully synthesized
nickel oxide (NiO) nanocrystals using rambutan peels to produce nickel–ellagate complexes
for the first time. The extract’s polyphenols helped nickel nitrate hexahydrate transform
into NiO nanocrystals. The strong antibacterial activity of 25 and 35 mm against E. coli
and S. aureus, respectively, were demonstrated using cotton fabric coated with synthetic
NiO crystals.

5.3.2. Iron Oxide (Fe3O4) Magnetic Nanoparticles

The extracted rind of watermelon was used in a reaction of sodium acetate and
iron chloride with constant stirring at 80 ◦C for three hours to produce Fe3O4 magnetic
nanoparticles [134]. UV-Vis spectrophotometer, AFM, XRD, DLS, FTIR, and TEM were used
to describe the spherical-shaped biogenic particles, which ranged in size from 2 to 20 nm
and had a strong magnetic response. With extremely good yields of 94%, the particles
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created by the extract’s polyphenols showed exceptional catalytic activity in the synthesis
of 2-oxo-1,2,3,4-tetrahydropyrimidine derivatives. The creation of iron oxide magnetic
nanoparticles using plantain peel extract was also reported by Venkateswarlu et al. [135] in
a similar manner. Using common analytical methods, the biogenic particles were identified.
The particles had a sphere-like form and were evenly scattered. Their size, as determined by
TEM, was less than 50 nm. The bio-produced Fe3O4 magnetic nanoparticles had a saturation
magnetization of 15.8 emu/g and demonstrated exceptional magnetic properties [136]. The
different synthesis of NMs by agro-waste is shown in Table 2.

Table 2. Synthesis of NMs by agro-waste.

Extract Types
of NPs Size (nm) Shape Applications Ref

Annona squamosa peel Ag 35 Irregular and
spherical

Anti-bacterial,
anti-cancer, and

anti-diabetic
[137,138]

Garlic clove Silver 4 to 22 Globular Anti-microbial [86,139]

Citrullus lanatus rind Silver 17.95 ± 0.15 Globular

Biomedical, cosmetic,
pharmaceutical, food

preservation, and
packaging industries

[86,140]

Various commercially
available tea/

coffee extracts
Ag 20 to 60 Spherical Anti-microbial [86]

Psidium guajava (guava) Ag 100–500 Granular Anti-fungal,
anti-bacterial [86,141]

Musa paradisiaca
(banana peel) Ag Large nanoclusters Anti-microbial [86]

Emblica officinalis
(Indian gooseberry) Ag 10–20 Spherical Anti-bacterial [86,142]

Sorghum sp. (bran) Ag 10 Quasi spherical Biomedical and
pharmaceutical [86]

Tanacetum vulgare
(tansy fruit) Ag 16 Spherical - [86]

Citrus peel Ag 5–20 Spherical Biomedical [143]

Ananas comosus
(pineapple) Ag 5 to 35 Spherical

Anti-oxidant,
anti-bacterial,

anti-diabetic, and
cytotoxicity

[86,144]

Citrus sinensis
(orange peel) Ag 3 to 12 Spherical Anti-fungal [86,145]

Citrus unshiu
(mandarin peel) Ag 5 to 15 Globular Biomedical [86,143]

Carica papaya (pawpaw) Ag 60 to 80 Globular Anti-bacterial [86,146]

Carica papaya (pawpaw) Ag 15 Cubical Larvicidal and
antibacterial [86,147]

Daucus carota
(black carrot) Ag 4.33 to 17.55 Globular Anti-microbial [86,148]

Cocoa (Theobromacacao)
pod husk Ag 4–32 Spherical Anti-bacterial [149]

Cocos nuciferacoir extract Ag 23 ± 2 Spherical Larvicidal [150]
Cola nitida seed shell Ag 5–40 Spherical Anti-bacterial [151]

Cola nitida pod Ag 12 to 80 Spherical Anti-fungal [152]
Groundnut peel Ag 20–50 Spherical Larvicidal activity [153]

Lemon peel Ag 17.3–61.2 Spherical Anti-dermatophytic [154]

Oak fruit hull extract Ag 40 Spherical Cancer
therapy [155]
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Table 2. Cont.

Extract Types
of NPs Size (nm) Shape Applications Ref

Pomegranate fruitpeel Ag 5–50 - Anti-bacterial [156]

Rambutan peel Ag 132.5 ± 43 Hexagonal Scavenger of free
radicals [157]

Teak waste Ag 28 Spherical Antibacterial [92]

Wheat bran xylan Ag 20–45 Spherical Anti-oxidant and
fibrinolytic activities [158]

Egg shellmembrane
(ESM) Au 25 ± 7 Spherical Biosensing [159]

Egg shellmembrane Au <20
Spherical,

hexagonal, and
triangular

Bioimaging and
biolabelling [160]

Grape waste Au 20–25 - Medical [161]

Jatropha waste Au 14
Triangular,

hexagonal, and
spherical

Anti-bacterial [162,163]

Beta vulgaris
(sugar beet pulp) Au 10

Spherical,
spherical, and

rods

Bionanocatalytic
activity [86,164]

Tanacetum vulgare
(tansy fruit) Au 11 Triangular - [86]

Emblica officinalis
(Indian gooseberry) Au 15–25 Spherical - [86]

Cicer arietinum L. (bean) Au Micro-scale Trigonal Biomedical [86,165]

Citrullus lanatus rind Au 20 to 140 Spherical Anti-bacterial and
anti-oxidant potential [86,166]

Grape (stalk, skin, and
seed waste) Au 20 to 25 Quasi spherical Anti-oxidant [86,167]

Rice bran Au 50 to 100 Spherical Biomedical and
catalysts [86,168]

Pyrus sp. (pear) Au 200 to 500 Hexagonal and
triangular

Gene therapy,
phytonanotherapy,
pharmaceuticals,

biosensors,
biological imaging,
anti-microbial, and
anti-proliferative

activities

[86,169]

Mangifera indica
(mango peel) Au 6.02 to 18.02 Globular Pharmaceuticals [86]

Moringa oleifera flower Au 28 Spherical

Anti-bacterial,
anti-oxidant,

anti-diabetic, and
anti-cancer

[170,171]

Cola nitida pod Ag-Au 12–91 Rod Anti-fungal [172]
Cola nitida (seed shell) Ag-Au 10 to 40 Spherical Dye degradation [172]

Watermelon rinds Fe3O4 2–20 Spherical Catalyst [134]

Tea waste Fe3O4 5–25 Cubes and
pyramids

Batteries and
super-capacitors [86,173]

Rambutan peel NiO
nanocrystal 50 - Anti-bacterial [132]

Punica granatum peel Pt 16–23 Spherical Catalyst [106]
Lignin Pt 16–20 Spherical Biomedical [86,174]

Citrullus lanatus
(watermelon) rind Pd 96 Spherical Catalytic activity [104]

Musa paradisiaca
(banana) peel Pd 50 Jagged shape Anti-oxidants and

anti-microbial [86,175]
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Table 2. Cont.

Extract Types
of NPs Size (nm) Shape Applications Ref

Lignin Pd 16–20 Spherical Anti-oxidants and
anti-microbial [86,176]

Various commercially
available tea/
coffee extract

Pd 20–60 Spherical Catalytic [86]

Citrus sinensis
(orange) peel MgO 29 Spherical Photocatalytic and

anti-microbial [86,177]

Musa paradisiaca
(banana) peel Mn3O4 20–50 Spherical - [86]

Rambutan peel ZnO
nanocrystal - - Anti-bacterial [178]

5.3.3. Titanium Dioxide Nanoparticles (TiO2-NPs)

There are other NPs that exert their effects through different pathways including gene
regulation but we have only discussed the anti-oxidative actions of those NPs that scavenge
reactive oxygen species (ROS) produced in response to stress in plants. As an illustration,
TiO2-NPs exposure (0.01%) enhanced the amount of chlorophyll and biomass by inducing
anti-oxidant enzyme activities, which reduced malondialdehyde and hydrogen peroxide
and boosted the formation of proline and soluble carbohydrates, maintaining the osmotic
equilibrium [179,180]. Similar to this, nano-titanium dioxide was able to promote the
expression of a certain important non-coding or nonsense RNA thought to be crucial to the
mechanism of resistance to abiotic stress [181].

Lack of water poses a serious problem for plant production because it reduces plant
vigour and severely harms crops. By raising the movement of the nitrate reductase (NR)
enzyme, which in turn promotes the accumulation of osmolytes, nano-TiO2 can help
the plant’s hydration status [182]. Nitric oxide (NO) is produced as a result of the en-
hanced NR enzyme activity, and this in turn triggers the creation of proline and glycine
betaine(GB) [183]. TiO2-NPs frequently exhibit a defensive mechanism against stress in
plants that is both enzymatic and non-enzymatic. It is interesting to note that TiO2-NPs are
recognized for controlling other enzymes like glutamate hydrogenase and glutamine syn-
thase, which results in the accumulation of additional nutrients and the creation of essential
oils [184]. In order to assess the impact of nano-titanium dioxide (0, 50, 100, and 200 mg/L)
on Moldavian balm (Dracocephalum moldavic) plants cultivated under aggravated salinity
stress, Gohari et al. conducted a greenhouse experiment (0, 50, and 100 mM NaCl) [185].
Under standard conditions, the plants treated with TiO2 (100 mg/L) produced 1.19% more
of the essential oil’s geranial, zcitral, geranyl acetate, and geraniol. This suggested that
aromatic plants could be protected from the stress situation by directly altering the profile
and composition of their essential oil production. Another investigation on medicinal plants
demonstrated that the effects of drought stress were lessened by adding methyl jasmonate
(200 M), salicylic acid (100 M), and titanium dioxide nanoparticles (20 ppm) [186]. The out-
comes indicate that this improves water stress tolerance by enzymatic and non-enzymatic
anti-oxidant defense systems.

5.3.4. Silica-Nanoparticles (SiNPs)

Wastes created by various agricultural activities are one of the cheapest sources for
the synthesis of SiNPs, and different agricultural waste comprises around 50–90% SiO2.
Because of the lower cost of raw materials and higher silica content, agro-waste has the
potential to be used for the large-scale manufacture of SiNPs. For the extraction of bound
silica from agricultural waste, several physical, chemical, and biological processes are used.
The extraction of silica from its source is required for the commercial manufacturing of
SiNPs. Figure 4 depicts various sources that could be employed as precursor materials
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(clay, industrial waste, algal biomass, and plant biomass, for example) in the production
of SiNPs. The conditions maintained at the time of synthesis dictate the size of NPs,
and the size of SiNPs typically ranges from 10 to 500 nm [187]. Three different forms
of SiNP were found in one study when analyzing the bioavailability of SiNPs in invivo
conditions: short rod (NSR), long rod (NLR), and spherical (NS) [188]. In a study conducted
by a different team of researchers, NSR and NLR shapes were also confirmed [189]. The
additional geometries in which SiNPs can be made include nano-ribbons, nano-helices,
nano-tubes, and nano-zigzags [190]. However, in order to achieve the smallest interfacial
surface area, amorphous SiNPs often take on the most common spherical shape [191]. In a
work conducted by Akhayere et al. [192], spherical magnetic SiNPs with an average size of
162 nm were obtained from barley husk waste and utilised to remove petroleum, and its
byproducts from water sources also discovered spherical SiNPs in corn cobs [193]. Because
of their spherical form, these NPs tend to agglomerate, allowing pollutants to be effectively
absorbed at different layers.
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Numerous precursors serve as pollutants on the surface of value-added products
derived from biological substrate digestion [194]. Therefore, silica extraction employing
biological agents has gained popularity in recent years [195]. Biological approaches for NP
extraction are recommended over thermal and chemical procedures due to their reduced
toxicity, environmental safety, and speed and ease of isolation [196]. As a result, numerous
researchers have concentrated on the biological synthesis of nano-silica as a unique way
for the production of different NMs. In one study, California red worms were used to
decompose rice husks and create micro silica [197]. The worms were fed rice husks for five
months; following which, the humus they expelled was neutralized with calcium carbonate
and calcined at various temperatures (500, 600, and 700 ◦C) prior to being digested with
a mixture of HCl and HNO3 in a ratio of 1:3. Depending on the calcination temperature,
nano-silica between 55 and 250 nm in size was generated. According to these studies, in
order to obtain a single NP, the calcination temperature must be less than 600 ◦C [195].
To create NPs, they used a combination of biological, chemical, and physical methods.
Aside from that, a recent study has indicated that proteins derived from marine diatoms
and sponges, such as silaffins, silicatein, and polyamines, are important biomolecular in
the biomimetic silicification process and can be used to synthesize SiNP [198]. Silaffins
and long-chain polyamines (LCPAs) form the key important factor in the bio-silicification
process, converting silicon ions to nano-silica [199]. A stage in the extraction of nano-silica
from rice straw is shown in Figure 5.
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6. Characterisation of NMs from Agro-Wastes
6.1. Fourier Transform Infrared Spectroscopy (FTIR)

In FTIR spectroscopy, energy and matter interact with one another. It is feasible
to determine the functional groups that are present and describe the sample’s chemical
structure by recording the quantity of absorbed energy and comparing it to a database.
Non-destructive and highly effective, FTIR spectroscopy can be used to study the chemical
and physical characteristics of lignocellulosic biomass [200]. There are three main parts
that make up plant fibre: cellulose, lignin, and hemicellulose. Alkanes, esters, aromatics,
ketones, and alcohols with diverse functional groups that contain oxygen make up the
majority of these materials. FTIR has been extensively used in the literature to confirm
the removal of amorphous sections like hemicellulose and lignin from the fibre matrix
after chemical treatments like alkali treatment and bleaching or to evaluate if extracted
cellulose nanofibres contain any lignin or hemicellulose [201]. In the past, scientists have
studied at the infrared spectra of cellulose, hemi-cellulose, and lignin [202,203]. An FTIR
spectroscopic examination of isorafibres after being untreated, alkaline-treated, bleached,
and acid-treated was reported by Chirayil et al. [204]. They discovered a peak in the spectra
of all fibres at 3300 per cm, which corresponded to the OH stretching vibrations of the
hydrogen-bonded hydroxyl group and indicated the fibres’ hydrophilic inclination [205].

The peak at 1630 per cm was caused by the bending mode vibration of the water [206].
The peak at 1228 per cm in raw fibre was caused by the smelly skeletal vibration of
lignin [207]. On the FTIR investigations of the CNs made from banana peel by means
of enzymatic treatment, Lima et al. [208] came to similar conclusions. They were able to
demonstrate that the enzymatic treatment was successful in removing hemicellulose and
lignin from the matrix of the fibres. The bulk of the lignin in the banana peel cellulose
nanofibres was reportedly eliminated using bleaching, as reported by Zope et al. [209]. After
bleaching, the vibrations at 1525 per cm (aromatic ring vibrations), 1238 per cm (guaiaryl
ring breathing with stretching C=O), and 761 per cm (C-H deformations) vanished. Karimi
et al. [210] studied the FTIR of unbleached (UBNF) and bleached (BNF) kenaf bast cellulosic
fibre samples and found that neither UBNF nor BNF samples contained lignin. Techniques
employed for NP characterization are shown in Figure 6.
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6.2. X-ray Photoelectron Spectroscopy (XPS)

XPS, also referred to as electron spectroscopy, is a technique for chemical study [211].
XPS has been utilized for surface analysis on a wide variety of materials [212]. XPS provides
quantitative and chemical state data from the surface of the studied material [213]. The XPS
studies of cellulose nanofibres have been reported in very few works. Ahola et al. [214]
looked at the chemistry of model films made from cellulose nano-fibrils using XPS. They
made skinny and soft native cellulose model films by spin-coating cellulose nano-fibril
dispersions on silica substrates. They discovered that the percentage of identified substrate
material (nitrogen/silicon) rises in both model films relative to the standard, indicating
that the surface has been coated by cellulose nano-fibrils. Zuo et al. [215] also investigated
the surface chemical composition of nano-fibrillated cellulose aero-gels and films prior to
and after coating with perfluorodecyl trichlorosilane (PFOTS). The CMC fibrils’ surface
counterions were determined to be carbon, oxygen, and trace levels of sodium, while
fluorine and silicon were present in the modified samples. They determined that PFOTS
had interacted with cellulose.

6.3. Measurements of the Zeta-Potential of Agriculture-Based NPs

The zeta-potential is a significant aspect of cellulose nanofibre suspension stability. It
denotes the degree of repulsion in dispersion among adjacent, similarly charged particles.
The zeta-potential measurements of cellulose nano-fibre (CNs) suspensions obtained from
banana peels were reported by Dominic et al. [216]. They expanded the number of CN
passages in the high-pressure homogenizer and obtained highly stable CN aqueous suspen-
sions in water with zeta potential values between 16.2 and 44.2 mV. They reported the scale
and zeta capability values of CNs obtained with the aid of various quantities of passages
in a high stress homogenizer. Similar consequences for CNs removed from banana plant
wastes had been suggested [217]. They reported zeta capacity values that ranged from
−20 to −40.31 mV. Surattanamal et al. [218] observed that the zeta ability of nanofibres
acquired by means of chemical treatment and enzymatic remedy were −16.2 and 25.5 mV,
respectively. They observed that enzymatic remedy produced cellulose nanofibres with
the best zeta capacity that were greater electrically than the ones produced with the aid
of chemical treatment. Li et al. [219] investigated the hydrophilicity of rice, waxy maize,
wheat, and potato starch by measuring their water contact angles. The zeta-potential of
starch granules was determined to be −20.5, −19.1, −20.4, and −4.2 mV for rice, waxy
maize, wheat, and potato starch, respectively. With an increase in dispersion pH from 2.07
to 11.96, the zeta potential of starch nanocrystals studied by Wei et al. [220] was found to
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decrease from −6.7 to −34.5 mV. They also found that as the pH of the dispersion increased,
the distribution peaks of the starch nanocrystals grew wider.

6.4. Thermal Analysis of NPs Obtained from Agro-Waste

Decomposition, melting, polymerization, crystallization, and oxidation are just some
of the chemical changes that can be detected through thermal analysis. Thermal analyses
are methods that have been developed to determine the kinetics of the thermal degradation
and the thermal transformation of agricultural waste NPs, both of which can be used to
define the operating conditions for employing these materials in fields as diverse as the
chemical and the environmental.

6.4.1. Nanocellulose and Micro Cellulose Derived from Agro-Waste

Raw pineapple leaves were subjected to alkali treatment, bleaching, acid treatment,
and neutralization to extract micro cellulose. Ogah et al. investigated the thermal stability
of various agro-nanofibres (rice hull, corncob, flax shive, walnut shell) in order to deter-
mine the decomposition of cellulose, hemicellulose, and lignin [221]. Thermo gravimetric
measurements were taken at heating rates between 5 and 20 ◦C per min. The agricultural
fibres’ weight loss and derivative losing weight curves demonstrated that the first step
correlates to moisture evaporation, with hemicellulose degradation occurring next between
180 and 300 ◦C because of its brittle branched-chain structure. Because of its thermally
stable linear chain structure, cellulose decomposes between 290 and 360 ◦C. Lignin is the
final decomposition from 300 to 500 ◦C. The highly cross-linked and complex structure
accounts for the wide temperature range of its decomposition. The use of diverse agri-
cultural wastes for the extraction of nanocellulose is regarded as a sustainable strategy,
with these wastes classified as lignocellulosic biomass, which mostly contains lignin, cel-
lulose, and hemicellulose [222]. Nanocellulose extraction from lignocellulosic biomass
is typically separated into two stages. The first stage involves extracting hemicellulose,
lignin, and other non-cellulosic components from biomass. The second step is to remove
nanocellulose from cellulosic fibrils using various chemical, biological, and mechanical
approaches [223]. Figure 7 depicts a flow chart of a short nanocellulose extraction approach
from lignocellulosic biomass.

6.4.2. Cellulose Nanofibrils (CNF)

Microwave liquefaction was used by Xie et al. [224] to study the characteristics of
cellulose nanofibrils obtained from bamboo. In a nitrogen atmosphere, 2 mg of the sample
were heated to 800 ◦C at a rate of 20 ◦C/min. The weight loss curves that were obtained
demonstrate typical results of the literature with various steps, as mentioned above in the
study by Xu et al. [225]. The maximum decomposition rate temperature can be determined
from the weight loss curve’s derivative; this can be computed using a formula called the
derivative of time (Tmax). The temperature at which the cellulose in the original bamboo
begins to break down is known as the Tmax. For the microwave-liquefied residue sample
at 25 ◦C, the derivative weight loss curve allows for the observation of the decline in
this temperature. This decline can be explained by the bamboo’s fragmented structure
during microwave treatment. It is essential to employ losing weight curves and their
related derivative weight loss curves in order to understand the events that may happen
during heat therapy. Endoglucanase pre-treatment enhances the disintegration of cellulosic
wood fibre pulp into cellulose nanofibres, according to Padhi et al. [226]. Lima et al. [208]
extracted cellulose nanofibres from banana peel bran using chemical treatment (alkaline
treatment, bleaching, and acid hydrolysis) and enzymatic treatment (alkaline treatment
and xylanase hydrolysis). Chemically and enzymatically treated nanofibres had average
diameters of 10.9 and 7.6 nm and lengths of 454.9 and 2889.7 nm, respectively [227]. They
demonstrated that the NPs that were separated from both treatments may be used as
reinforcement in composites.
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6.4.3. Nanocrystals and Nanofibres

Robles et al. [228] present a case study for the nanocrystals of chitin and cellulose. As
the weight loss peak moves to elevated temperature, this indicates that the composite’s
thermal resistance has improved. Different studies are about the decomposition of cellu-
lose/starch [229,230], but as shown by Sun et al. [231], thermal analyses are also utilized to
assess nanocrystals and nanofibres derived from agricultural wastes in order to determine
decomposition processes and temperatures.
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6.4.4. Parameters of Kinetics

Numerous authors have demonstrated that kinetic variables of agricultural waste NM
thermal decomposition can be estimated from thermal analysis [100,102–104]. Equation (1)
can be used to describe the rate of thermal decomposition.

dα
dt

= k(T)f(α) (1)

where t is the period of time required for the reaction to occur, k(T) is a constant, and f(α) is
a function that changes depending on the type of material being converted. The current
conversion factor is expressed as shown in Equation (2):

α =
w0 − wt

w0 − wf
(2)

with w0 representing the initial sample weight, wt representing the mass sample weight at
time t, and wf representing the final sample weight. The mgs are the unit of measure for all
sample sizes. The reaction rate constant is determined by the Arrhenius equation and can
be expressed as shown in Equation (3):

dα
dt

= Aexp
(

Ea

RT

)
f(α) (3)

where A, Ea, and R denote the pre-exponential factor, activation energy, and constant of
ideal gas, respectively.

From Equations (1)–(3) and some integration, as Henrique et al. describe, it is pos-
sible to calculate the kinetic parameters [232]. The authors employed two approaches,
Kissinger and Flynn-Ozawa, to find out the conversion and activation energy of cellulose
nanocrystals taken from clean mango seeds, Eucalyptus urograndis, and cellophane. An
example of cellulose nanocrystals that were extracted from clean mango seeds shows that
the activation energy can be very different for the same rate of conversion, depending on
how the extraction was done. The Arrhenius parameters and activation energy of tropi-
cal lignocellulosic agro wastes were determined using three iso-conversional techniques,
Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), and Friedman [233]. It was
also shown that the breakdown of cellulose, hemicellulose, and lignin followed a second
order kinetic model. It was described how these models can be applied to the process of
wood degradation during pyro-gasification [234].

6.5. Morphological Characterisation of NPs Derived from Agro-Waste

Morphology explores the specifics of material systems into sorts of normal shapes
so that it will realize how various materials interact with each other. Morphology is also
connected with macroscopic qualities, and the microstructure of polymers is associated with
both the conformation and morphology of the polymer. There are numerous techniques for
characterizing bio-based NMs that could be used to calculate their volume, shape, and size
distribution. TEM and AFM are the typical microscopic techniques.

6.5.1. Atomic Force Microscopy (AFM)

In an AFM, the physico–chemical characteristics of a sample are found by moving
a sharp probe on a cantilever over the sample and watching how the cantilever moves
as a laser beam reflects off of it. AFM gives accurate and precise information about the
size of cellulose nano-fibrils, as well as their morphology, surface topography, mechanical
properties, and ability to stick to other things [235,236]. Nano-cellulose particle thickness;
lateral connections between nano-fibrils; nano-scale morphology and roughness; porous
network structure, mechanical, optical, and permeability properties; and the shape parame-
ter of individual particles may all be determined by this method. It has been found that the
roughness of cellulose’s surface affects its flow characteristics contact angle, hydrophilicity,
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and local mass transfer, as a membrane. AFM may also be used to analyse the nanoscale
particle size distribution of cellulose fibres [237,238], and AFM images of nano-cellulose
from many resources and the advantages of AFM are used in determining changes caused
by various factors. AFM images of (A) starch nanocrystals, (B) cellulose nanocrystals, and
(C) chitin nano-whiskers are depicted in Figure 8.
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whiskers. Figure 8A–C reprinted with permission (copyright © 2023, 2013, and 2014, Elsevier Ltd.,
Amsterdam, The Netherlands) from Espino-Pérez et al. [239], Liu et al. [240], and Salaberria et al. [241].

6.5.2. Transmission Electron Microscopy (TEM)

The image of TEM plays a crucial role in cellulose micro-fibril and nanocrystal mor-
phological studies. TEM has traditionally been the method of choice for visualizing the
morphology of individual or grouped CMCs [242]. Variation in transmitted and diffracted
beam intensity due to microstructural changes on the electron route that alter diffraction
conditions is the origin of image contrast. The TEM images of (A) starch nanocrystals,
(B) chitin nanocrystals, and (C) cellulose nanocrystals are shown in Figure 9. However, there
are a few things to keep in mind when using TEM to characterize NPs. It is critical to check
whether a satisfactory dispersion of NPs has been obtained while characterizing TEM.
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7. Application of NMs Derived from Agro-Wastes
7.1. Nano-Biosensors

Nano-biosensors (NBSs) are analytical tools with a minimum dimension of 100 nm or
less [123]. NBSs are created to monitor plant fractions, soil, water, and NPs as well as nan-
otubes, nanowires, or nanocrystals in the agro-ecosystem [246]. In comparison to current
analytical sensors and biosensors that integrate biological element detection with chemical
or physical principles, NBSs provide a powerful tool by utilizing the physico–chemical
characteristics of NMs. A transducer transforms biological data into a signal that an electri-
cal component can produce. With this capability, an agronomist can accurately and quickly
monitor the crops’ nutritional and water needs as well as any early signs of disease [247].
For plant science research, high-resolution crop monitoring with nano-biosensors may
be a highly helpful instrument [248]. The real-time continuous measurement of plant
metabolites and hormones will provide unprecedented levels of insight into and control
over plant biosynthetic pathways [249].

7.2. Use of Nano-Fertilisers

Despite great expectations, the industrial manufacturing of nano-fertilizers on a wide
scale and their use has not yet materialized. This is unquestionably a result of the unclear
legislative direction. For instance, the European Union is actively working on developing a
legislative and regulatory framework. Another contentious point is that, unexpectedly, it
is simple to confirm that research has ignored macronutrients in favour of micronutrients
when we examine the current literature. This is notable since crop output is actually
primarily impacted by N, P, and K nutrition—despite the fact that microelements are crucial
to plant metabolism [250].

In conclusion, there are still a lot of high expectations to live up to. According to
international and national organizations (FAO, UNEAP, USEPA, and EEA) concerned with
sustainable agricultural development and food security, applied research on nanotechnol-
ogy in agriculture should be reoriented in accordance with clear priorities [251]. One of
these priorities is unquestionably the creation of N and P nano-fertilizers.
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7.3. Nano-Fungicides

The majority of agricultural damage, including that to important crops such asrice,
wheat, barley, groundnuts, and cotton, is caused by fungi [252]. These illnesses have an
impact on society since they severely reduce crop productivity and the economy. Fungicides
that are commonly used can reduce these losses, but they can harm biodiversity because
they target a wide variety of living things. As a result, we must consider other strategies
to improve the management of fungal diseases. The creation of NPs as a successful tactic
against fungal diseases is one of the greatest methods. Ag-NPs are frequently utilized
for disinfection due to their antibacterial characteristics [253]. The efficiency of Ag-NPs
and Ag-ions against the plant-pathogenic fungi Magnaporthe grisea and Bipolaris sorokiniana
was tested in an experiment. When used for three hours, the ionic and nanoparticulate
versions dramatically lessened the severity of the condition and were effective against
the fungi [254]. Both Cu-NPs and Ag-NPs have the ability to inhibit the growth of the
fungi Alternaria alternata and Botrytis cinerea. Rhizopus stolonifer, Fusarium oxysporum, and
Mucor plumbeus are all susceptible to the antifungal effects of ZnO-NPs and MgO-NPs [255].
Two common pesticides, zineb and mancozeb, were enclosed in a MWCNT-g-PCA hybrid
material; mancozeb was confirmed to be a more useful fungicide against A. alternate [256].

7.4. Adsorbents

Rice husk, an agricultural by-product, was used as a precursor for the synthesis of
silica NPs [257]. XRD and SEM were utilized to investigate the specific characteristics of
synthesized NPs [258]. As an adsorbent, Fe3O4@n-SiO2 nanoparticles were used to remove
Cr(VI) from an aqueous solution [259]. Results showed that Cr (VI) ion removal was greatest
at a pH of 2.0. As the initial concentration of Cr(VI) was increased from 1.36 × 10−2 M
to 2.4 × 10−2 M, a corresponding decrease in removal (%) was observed [259]. After
regeneration, the adsorbent was found to significantly remove Cr (VI) for up to six cycles
(>60 ± 0.8%). However, it loses efficiency with each cycle, and its adsorption efficiency
drops from 91.56 to 61.65 ± 0.08% from the first to sixth cycle [259]. Regeneration suggests
that using this adsorbent for chromium-rich water/wastewater can result in cost-effective
treatment.

7.5. Catalyst

Gupta et al. [260] reported the use of pine needles in the synthesis of nanocomposites
of nanocellulose and NiFe2O4 nanoparticles. These nanocomposites were created by first
synthesizing carbon nanofibres (CNF) from pine needles, then silanising these nanofibres
(SCNF) with tetraethyl orthosilicate. Ni (II) and Fe(III) solutions were mixed into the
aqueous CNF or SCNF mixture. After adjusting the pH of this mixture to 7.5 and stirring it
for 2 h, it was hydrothermally treated at 160 ◦C to make nanocellulose/NiFe2O4 nanocom-
posites. Researchers found that SNCF-supported NiFe2O4 (NiFe2O4@SCNF) works well
as a catalyst for the oxidative breakdown of Remazol Black 5 (RB5) and the reduction of
nitrophenols. Titanium oxide nanoparticles with a size of 10 nm that were supported on
hazelnut shell- or olive residue-activated carbon were recently prepared by Donar and col-
leagues [261] for use as a photocatalyst in the photodegradation of methylene blue. Honey
pomelo peel-derived porous carbon was utilized in the synthesis of NiCo2O4 nanocom-
posites by Guo et al. [262]. After mixing a solution of Ni(II), Co(II), and urea with porous
carbon and then subjecting the mixture to treatment at 120 ◦C, carbon-supported NiCo2O4
nanosheets were produced.

7.6. Battery

The lower-temperature carbothermal or magnesiothermic reduction of amorphous
silica found in rice husks could produce crystal silicon for use in battery materials (such as
lithium-ion batteries) [263]. The conventional method of manufacturing silicon results in
higher costs than alternative methods. As a result, a significant amount of effort is being put
towards the development of a process that is low in cost, high in volume, and commercially
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viable for producing high-purity silicon for use in electrical applications [264]. Numerous
methods have been devised for extracting silicon from rice husk. By making silicon anode
materials from biomass resources, the battery industry can make good use of agricultural
waste products. As a result, it is believed that silicon anode materials with a nano/micro-
hierarchical structure, in which CNTs are tightly intertwined between the RH-derived Si
nanoparticles, are the best possible anode materials for lithium-ion batteries [263].

7.7. Health Risks and the Toxicological Impact of NPs in Agriculture

There has been a lot of study into the risks and health effects of NM, but we still
don’t understand them very well. There is currently no uniform set of standards for
the management of risks associated with the use of NPs in the agri-food industry. To
ensure nano-safety, unified regulatory frameworks have been developed with a particular
emphasis on safety-by-design synthesis methods [265]. To transfer information among
diverse nanotechnology sectors, fields such as risk communication, risk management,
policymaking, and risk assessment among many stakeholders are required. Generally, nano-
safety researchers use a two-way strategy. The first strategy is to comprehend toxicity to
human health, which is primarily directed at organisms, tissues, and cells. Secondly, groups
worry about potential threats to their health from the environment. These communities are
mostly concerned with different elements of the tree of life [266]. After that, research on
the safety of NMs in plants has focused on the direct or intentional contact of food crops
with specific NMs (like nano-insecticides, nano-fertilizers, and nano-herbicides), as well as
indirect or unintentional exposure [267]. The fundamental consideration before utilizing
NPs in any field is their physical and chemical characteristics, since these may directly affect
their potential environmental and health dangers, hence limiting their actual potential as a
useful entity. The size and concentration of the NPs are the most essential aspects from the
standpoint of toxicity [268]. In light of the extensive research showing that NPs as small
as 5 nm can easily pass through cell wall pores and as small as 20 nm can pass through
plasmodesmata, it is reasonable to assume that NPs in the lower size range can enter plants
more quickly and cause greater phytotoxicity even at lower concentrations [269]. The
potential transfer from roots to shoots is hampered, as in the case of bigger size graphene
oxide, and the bioaccumulation is lowered [270].

Recent studies have also demonstrated that phytohormones are crucial to the signaling
of the external insult response. A hormone imbalance in plants is suggested by the NPs’
reduction of auxins, cytokinins, and salicylic acid, which has an impact on the metabolism
as a whole [271]. When NP concentrations are extremely high, photosynthesis may be
substantially hampered, maybe even leading to plant death. According to numerous
research, exposure to NP has significantly reduced or inhibited plant development [272].

In light of the above-mentioned data, it is apparent that a number of parameters must
be taken into account before realizing the beneficial exploitation of NPs in the agricultural
system. The interaction between plants and soil is what drives agricultural productivity;
hence it is crucial to understand the physicochemical properties of the soil system. It is
thought to be the primary sink for NPs; therefore, any interactions between NPs and the
soil’s constituents could have a significant effect on how they turn out [273]. It has been
discovered that increasing toxicity is caused by pH, organic content, and cation exchange
capacity. For example, pH 5.5 loamy clay soil showed negligible toxicity to ZnO-NPs even
at 2000 mg/kg concentration, whereas loamy clay soil with pH 7.34 showed considerable
toxicity at 45.45 mg/kg concentration [274]. Furthermore, soil organic matter has an
important role in changing the safety concerns of the NPs, as evidenced by the lowered
toxic effects of the zinc oxide nanoparticles when given with Alginate at a dosage of 400 to
800 mg/kg [275]. The biomass of plants is significantly reduced when ZnO-NPs are used
in isolation, though. In addition, NPs have a direct effect on the structure of the microbial
community of soil in a dose-dependent way, as seen by DNA fingerprinting analysis, which
revealed declining taxa of Bradyrhizobium, Bradyrhizobiaceae, and Rhizobiales [276]. However,
favourable benefits for Sphingomonadaceae and Streptomycetaceae were also predicted. It
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is noteworthy to see that NPs are increasing the taxa of the community linked to the
breakdown process of organic pollutants and biopolymers while decreasing the taxa of
the community linked to nitrogen fixation [277]. Ag-NPs also showed a dose-dependent
effect on Rhizobium’s and Azotobacter’s nitrate-reduction activity, with a 0.3 ppm increase
in Azotobacter’s activity [278]. The majority of environmental-based nano safety research
has focused on preventing unintentional NP releases into the environment during the
production, use, and disposal of agriculture-related nanoproducts. Studies comparing the
relative toxicity of NPs-dialuminium dioxide at ZnO (15 nm), bare-ZnO (10 nm), and ZnO
at KH550 (20 nm) on grown green peas have been conducted (Pisum sativum). Zn levels
in seeds and roots were greater in plants treated with Al2O3 at ZnO-NP (1000 mg/kg for
65 days) compared to bulk and other Zn-NP exposure [279]. Photosynthetic pigments
(Chl-a and carotenoid) rose considerably, but protein and carbohydrate content remained
essentially constant throughout all treatments, with the notable exception of Al2O3 at
ZnO-NP [280]. Similarly, a very high concentration of ZnO-NPs (1000 mg/L) had no effect
on seed germination or root elongation. Cu and Ag-NPs, on the other hand, hindered
zucchini root growth (Cucurbita pepo) [281]. Plant biomass and transpiration rate were
drastically reduced when exposed to Ag-NPs at concentrations of 500 and 100 mg/L,
respectively [282].

Indeed, the direct release of NMs into the environment through agro-nanotechnologies
and the incorporation into the human exposure pathway via the food supply chain is theo-
retically possible. Because of the potential movement of NMs via the food chain, which
is the present problem with agricultural nano-chemical application, safety assessment is
critically needed. There are several ways for humans to be exposed to nano-agrochemicals,
including increased requirement for food crops, huge food waste in affluent sectors, and
other agricultural operations (food crops are harvested both before and after) [283]. Fur-
thermore, because plants are widely consumed, they provide a substantial opportunity to
ease the transfer of NPs to different tropic levels and, ultimately, they are important in the
food chain since they are mostly ingested by different trophic microorganisms, animals,
and humans [284].

It is critical to comprehend the single health notion, particularly in the context of
agricultural nanotechnology. Previous studies and reports focused on the need for seeing
modern health concerns via a single health concept cannot be minimized; this must be
understated. Furthermore, many peer-reviewed journals portray their study findings as
evidence of the need for a unified health approach. We must also recognize the outstanding
efforts of various international organizations (FAO and WHO, etc.) devoted to promoting
the concept of one health and raising awareness of its significance [285].

8. Future Perspectives

NMs have shown a growing interest in agricultural activities, likely as a direct result
of the expanding research and innovations in science and engineering. NMs have also been
shown to be useful in anaerobic digestion, and as such, they have the potential to be useful
in the conversion of agro-biomass. In general, nanotechnology has the potential to promote
and drive the next revolutions in agricultural structures; however, there is a paucity of data
on the effects that these NM-enhanced agricultural structures may have on human health
and the environment. Concerns have been raised regarding the effects that may result from
the interactions of these NMs with foods that have been packaged. Additional research is
required to address these concerns about people’s health.

9. Conclusions

The disposal of agro-industrial and other solid wastes is another major concern in
developing nations. It has been discovered that one method for effectively managing waste
is to make use of agro-waste products as a source for the synthesis of nanostructured
materials. It is imperative that the contemporary strategies for the synthesis of agro-waste-
based, cost-effective, and environmentally friendly graphene oxide compounds receive



Agronomy 2023, 13, 561 25 of 36

adequate emphasis. Emerging techniques for the utilization of agro-waste and biopigments
have the potential to play a significant role in the environmentally friendly synthesis of
various NPs. In the applications of NMs for water treatment, bioimaging, and medication
delivery, it is always essential to utilize clean materials rather than trash that could intro-
duce hazardous chemicals. In other words, biomass wastes that may release toxins are
not appropriate sources for NMs or substrates, particularly in nanotechnologies related
to health and the environment. This article summarizes the various sources, character-
istics, and nano-management of agro-waste. Additionally, it discusses the bio-synthesis,
morphological characterization techniques, and applications of various agro-based NPs.
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