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Abstract: In light of the growing plastic waste problem worldwide, including in agriculture, this study
focuses on the usefulness of both conventional, non-degradable plastics and environmentally friendly
bioplastics in the agricultural sector. Although conventional plastic products are still essential in
modern, even ecological agriculture, the increasing contamination by these materials, especially in a
fragmented form, highlights the urgent need to search for alternative, easily biodegradable materials
that could replace the non-degradable ones. According to the literature, polymers are widely used in
agriculture for the preparation of agrochemicals (mostly fertilizers) with prolonged release. They
also play a role as functional polymers against pests, serve as very useful super absorbents of
water to improve crop health under drought conditions, and are commonly used as mulching films,
membranes, mats, non-woven fabrics, protective nets, seed coatings, agrochemical packaging, or
greenhouse coverings. This widespread application leads to the uncontrolled contamination of soil
with disintegrated polymeric materials. Therefore, this study highlights the possible applications of
bio-based materials as alternatives to conventional polyolefins or other environmentally persistent
polymers. Bio-based polymers align with the strategy of innovative agricultural advancements,
leading to more productive farming by reducing plastic contamination and adverse ecotoxicological
impacts on aquatic and terrestrial organisms. On the other hand, advanced polymer membranes
act as catching agents for agrochemicals, protecting against environmental intoxication. The global
versatility of polymer applications in agriculture will not permit the elimination of already existing
technologies involving polymers in the near future. However, in line with ecological trends in modern
agriculture, more “green” polymers should be employed in this sector. Moreover, we highlight that
more comprehensive legislative work on these aspects should be undertaken at the European Union
level to guarantee environmental and climate protection. From the EU legislation point of view, the
implementation of a unified, legally binding system on applications of bio-based, biodegradable,
and compostable plastics should be a priority to be addressed. In this respect, the EU already
demonstrates an initial action plan. Unfortunately, these are still projected directions for future EU
policy, which require in-depth analysis.

Keywords: agricultural polymers; ecological agriculture; biodegradable polymers; bio-based polymers;
controlled release of agrochemicals; mulching films; functional polymers for agriculture; environmentally
friendly polymers; polymers for agriculture; agrochemicals with prolonged activity; European Union;
EU legal regulations
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1. Introduction

Plastic use in agriculture has increased over the last 70 years to an estimated 12.5 mil-
lion tons annually [1]. Innovations are more crucial than ever in modern, ecological, and
sustainable agriculture. This novel idea pertains to utilizing technology in farming and
agricultural operations to boost yield, sustainability, and efficiency in food production. It
encompasses a wide range of technological fields, including automation, biotechnology,
smart irrigation, and precision agriculture. Significant technological improvements have
also been made in fields like artificial intelligence, modern greenhouse operations, cattle
technology, and indoor vertical farming. For this reason, more and more smart, innovative,
and environmentally friendly materials are required to meet the criteria of ecological and
sustainable agriculture.

Polymeric materials have been employed in agriculture for several decades and have
become an integral part of agricultural practices. They are used in crop protection against
pests and diseases in a variety of forms, including films, fibers, and coatings, making them
necessary components in modern agricultural operations. Agricultural films (mulching
films) protect against weed growth, prevent water loss, improve soil moisture, and enhance
plant growth, thereby improving crop yields. Polymeric films are also successfully used
to line irrigation channels and reservoirs. Agricultural fibers are employed to create crop
covers, weed barriers, and erosion control mats. Polymeric materials like films, bags,
and containers are also employed in packaging to protect agricultural products during
transportation and storage. Unfortunately, these practices generate a huge amount of
non-degradable conventional plastic in the form of micro- and nano-fragments during and
after their use, which can accumulate in soil or surface water, causing negative impacts
at high concentrations (>240 kg/ha) [2]. For this reason, biodegradable polymers have
become more and more attractive from an environmental protection point of view. Bio-
based materials made from renewable raw materials are an alternative to conventional,
environmentally persistent polymers, such as polyethylene (PE), polypropylene (PP), and
polyvinyl chloride (PVC), providing a sustainable solution for plastic waste reduction in the
agriculture area. Obviously, it is impossible to totally eliminate and replace plastic products
in agriculture with biodegradable polymers (for example, membranes for removing runoff
agrochemicals during and after treatment). However, the commitment to green agriculture
without plastics stimulates the technological development of new environmentally friendly
designed polymeric materials [3]. The aim of this study is to review the recent useful-
ness of both conventional (non-degradable) and environmentally friendly (biodegradable)
polymers in the broadly understood agriculture.

2. European Union Regulations on Polymer Materials from the Perspective of
Environmental Protection and Agricultural Policy

Polymers made from renewable raw materials, including biodegradable polymers, are
an important group of materials that could solve both raw material problems and problems
related to plastic waste disposal [4] in the future. These polymers can make a significant
contribution to reducing the environmental burden, not only by reducing the amount of
troublesome plastic waste obtained from petrochemical raw materials, but also indirectly by
reducing the consumption of fossil raw materials, which are still the key fuel used to obtain
classic, non-degradable plastics. Bio-based, biodegradable, and compostable polymers, as
an alternative to the currently dominant conventional plastics, are seen as the antidote to
the existing problems of environmental protection, depleting fossil raw materials (mainly
crude oil), and environmental sustainability [5]. Only in agriculture, 12.5 million tons of
plastic waste is generated annually, leading to the accumulation of huge amounts of macro-
and microplastics in soils or surrounding environments [1]. Consequently, new routes are
constantly being sought to gradually replace the petrochemical raw material base by other
sources, through research into technologies for the production of environmentally friendly
polymeric materials, as well as efforts in materials engineering and recycling.
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This development of research into the use of renewable resources has also been stimu-
lated by the need to find a more systemic approach in the European Union (EU) policy and
legislation, which would form the basis for decisions taken by both the public and private
sectors and which would result in strategies set out in national public policies, closely
linked to the institutional, legal, political, economic, and social system of each country.
Undoubtedly, these actions should lead to ensuring market orientation in order to avoid
any destabilizing developments, as well as having a positive impact on the functioning
of the single market and preventing differences at the national level leading to market
fragmentation. In addition, it is important to integrate environmentally friendly solutions
into the EU legal system on a long-term basis in order to implement environmental policies
that will make the EU economy more environmentally friendly, protect Europe’s natural
resources, and guarantee the health and well-being of EU citizens [6]. A solution favorable
to the concept of sustainable development is expected to be found, aimed at improving
and protecting the environment, e.g., through sustainable production and consumption,
combating climate change, protecting marine resources, reversing the degradation of terres-
trial ecosystems, global cooperation for environmental sustainability [7], sustainable waste
management as well as efficient waste-to-energy conversion. As regards the applications of
polymers of a natural origin, sustainability is linked to the reduction of fossil fuel consump-
tion and plastic pollution. The EU strategy should also focus on adapting the life-cycle of
plastics to a circular economy [8], while minimizing waste and reducing greenhouse gas
emissions. A key objective would be to reduce the consumption of short-life products and
increase the recycling and recovery of plastics [9].

One of the purposes of the EU’s existence is to protect the environment and the
climate [6]. From the point of view of EU legislation on the use of bio-based, biodegradable,
and compostable plastics, it is important that legal work is still being undertaken to
attempt to further regulate these aspects. In order to achieve this, the EU presents an
initial action plan covering the main policies and measures necessary to bring about future
developments in EU environmental and climate law. By means of the Communications,
it only presents preliminary action plans for the time being. Unfortunately, these are still
projected directions for future EU policy, aiming, inter alia, to close loopholes in this area
and to ensure market orientation in order to avoid any destabilizing changes. As the
European Commission (EC) points out, these policies should foster a better understanding
of the challenges and benefits of their application, while basing these assumptions on the
European Green Deal (EGD) [10] action plan for a circular economy [8,11] and the European
strategy for plastics in a circular economy [12]. In addition, the EU Action Plan contributes
to the Pollution Elimination Strategy [13], which aims to reduce the amount of plastic waste
in the sea by 50% and the amount of microplastics released into the environment by 30%
by 2030, as well as the EU Soil Strategy [14], which focuses on preventing soil pollution at
the source.

The desired effect would be to create regulations that would allow conventional plas-
tics to be replaced in whole or in part by producing them from bio-based raw materials that
could decompose at the end of their life-cycle by converting all their organic components
(polymers and organic additives) mainly into carbon dioxide and water, new microbial
biomass, mineral salts, and, in the absence of oxygen, methane [15]. The Commission
stresses that in addition to the properties of the plastic material, the essence must be seen
in the suitable conditions of the receiving environment, as well as being dependent on the
relevant time. Therefore, the biodegradation of plastics should be considered not only in
terms of the properties of the material, but primarily in terms of a “system-property” in
which material-related and environmental factors are equally important.

In the light of these considerations, the first principle when designing new plastics
(inter alia in the agricultural sector) or developing policy measures should be to treat
biodegradation as a “system-property” that takes into account material properties, specific
environmental conditions, and risks. Second, the use of plastics that are biodegradable
in an open environment should be limited to materials where full biodegradability has
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been proven to be within a certain time frame to avoid environmental damage, and to
specific applications where the reduced use or reuse is not a viable option and the full
disposal, collection, and recycling of plastic products is not feasible. In addition, another
challenge faced by ecological agriculture is the additives used to produce biodegradable
or compostable plastics, which should also be safely biodegradable and not harmful to
the environment. It is then important to put in place regulations that create consistent and
scientifically based testing standards and certification systems, an appropriate system of
extended product liability, but also a proper product-labeling system that includes labeling
and instructions for the correct use and disposal of these products and, in the case of
plastics labeled as “biodegradable”, specify the environment for which they are intended
and the required timeframe for their biodegradation, expressed in weeks, months, or years.

2.1. The European Green Deal, a New EU Environmental and Climate Strategy

The European Green Deal is a new strategy for growth, which aims to transform the
EU into a prosperous society with a modern, resource-efficient, and competitive economy
that will achieve zero net greenhouse gas emissions in 2050 and will separate economic
growth from the use of natural resources. It also aims to protect, preserve, and enhance the
EU’s natural capital and to protect the health and well-being of its citizens by, inter alia,
improving the quality of agri-food products and thereby developing ecological agriculture
without environmental risks and negative impacts. At the same time, this transition must
take place in a fair and socially inclusive manner. A number of initiatives are planned as
part of the EGD strategy. Among the most important is a circular economy, which aims to
ensure that raw materials are recycled and reused in the economy instead of, for example,
being landfilled. To this end, the Commission will develop requirements to ensure that
by 2030, all packaging on the EU market will be re-usable or recyclable in a cost-effective
manner, or propose an EU model for the separate collection of waste [10].

In the field of ecological agriculture [16], activities, including legislation, are under-
taken to reduce the use of chemical pesticides and their associated risks and to reduce
the use of fertilizers and antibiotics. The Commission will take action to reduce the use
of pesticides and their associated risks to 50% by 2030. To this end, on 22 June 2022, the
Commission adopted a proposal [17] to review the Directive on the sustainable use of plant
protection products and will promote the greater use of alternative means of protecting
crops from pests and diseases. In November 2023, however, the Parliament rejected the pro-
posal for a regulation on the sustainable use of plant protection products, and in February
2024, the Commission withdrew the proposal in the face of supportive action.

2.2. A European Strategy for Plastics in a Circular Economy

The plastics industry is very important for the European economy and putting more
emphasis on its sustainability can create new opportunities for innovation, competitiveness,
and job creation, in line with the objectives of the renewed EU industrial policy strat-
egy [18,19]. Since 2015, the Commission [20] has made it clear that plastics are of crucial
importance and has committed that it “will prepare a strategy addressing the challenges
posed by plastics throughout the value chain and taking into account their entire life-cycle”.
In 2017, the Commission confirmed that it would focus on the issue of plastics production
and use, and that it would aim for all plastic packaging to be recyclable by 2030 [19].

In order to implement a closed loop throughout the life cycle of plastics, it is important
to find a solution to deal with the problem of generating more and more plastic waste and
releasing it into the environment. According to the EC, one of the main sources of plastic
entering the environment is single-use plastic articles. It is worth noting that the EU has
already taken action by introducing requirements for Member States to adopt measures
to reduce the use of plastic carrier bags [21] and to reduce marine waste [22], as well as to
prevent the environmental impact of certain plastic products [23].
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2.3. EU Soil Strateqy 2030—The Benefits of Healthy Soils for People, Food, Nature, and Climate

Soil protection is one of the elements of the European Green Deal; the proposals
and objectives for soil protection can be found in a number of strategies, such as the EU
Biodiversity Strategy 2030, the Pollution Remediation Action Plan, the EU Climate Change
Adaptation Strategy, and the EU Soil Strategy 2030. The EU Soil Strategy 2030 itself sets out
a long-term vision that all EU soils will be “in good health” by 2050. Unfortunately, there is
still a perceived lack of a comprehensive and coherent soil protection policy framework
across the EU. In addition, the 2006 European Thematic Strategy on Soil Protection has
become outdated as it is not adapted to the current EU policy context and the evidence-
based scientific knowledge available [24]. There is also a risk that, if no action is taken on
soil protection, the EU will fail to meet the European Green Deal and the UN Sustainable
Development Goals, i.e., to achieve the planned climate neutrality and soil degradation
neutrality targets. Furthermore, scientific data show that organic carbon stocks in the top
layers of arable soils are declining, and the extent of wetlands and peatlands in the EU is
steadily decreasing, with around half of the EU’s peatlands now drained and two-thirds of
European wetlands lost irretrievably since the beginning of the 20th century [25,26]. For
this reason, the European Parliament has taken action to protect soils, focusing attention on
defining a framework and specific measures for the protection, restoration, and sustainable
use of soils. Unfortunately, comprehensive and harmonized soil health data from soil moni-
toring are currently lacking. This is because only some Member States have introduced soil
monitoring systems, and even these are fragmented, unrepresentative and unharmonized.
Therefore, the proposal for a Directive provides a soil monitoring framework for all soils
across the EU, while clarifying a common definition of what is meant by healthy soil. The
Directive manifests the current European Commission’s characteristic view that the first
and fundamental environmental problem in the EU is the lack of reliable data. In spite of
existing legislation [27-31] which addresses the problem of soil protection in a partial way,
there is still no legal regulation that addresses the fundamental environmental problem in
the EU, which is the lack of reliable data.

EU efforts will focus first on preventing pollution at the source. As part of this, it
will take action to reduce the deliberate use of plastic microplastics and the unintentional
release of microplastics. In addition, it will develop a policy framework for bioplastics
as well as biodegradable and compostable plastics. The Commission stresses the need
to adopt biodegradability criteria for certain polymers, such as coated substances and
agricultural mulch films, acting, in this regard, in line with the EU Fertilizer Products
Regulation (taking into account the revision of the legal status in this respect). The Regula-
tion explicitly stipulates that by 2026, coated substances and formulation additives must
meet certain biodegradability criteria. Furthermore, it specifies a requirement to assess
the biodegradability of agricultural mulch films in natural soil conditions and aquatic
environments across the EU. In addition, the proposed restriction on intentionally added
microplastics under the REACH (Registration, Evaluation, Authorization, and Restriction
of Chemicals) [32] regards polymers, including biodegradable polymers, as announced in
the Chemicals Strategy for Sustainability [33]. The Commission is considering extending
the registration obligation to certain potentially hazardous polymers [34].

In conclusion, the initiatives taken by the EU to date to prepare Member States for the
implementation of a broader climate and energy policy, which involves the EU’s transition
to a climate-neutral economy and a change in the current approach to soil management,
continue to contribute to the development of successive strategy packages and other
initiatives that establish measurable objectives with a clear timetable for achieving the set
targets for shaping EU legislation that aims to sustainably use and protect agriculturally
used soils. The essence is for EU member states to review implemented agricultural models
and to begin managing soils in such a way as to achieve a higher level of effectiveness in
reducing erosion, improving the drought resistance of soils and enhancing soil biodiversity
in the long term. Undoubtedly, soil protection and the restoration of soil quality have
become some of the objectives of the new European Union policy set out in the European
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Green Deal [35]. Protecting biodiversity, producing high-quality food, reducing the use
of pesticides, caring for soil quality, remediating contaminated soils, increasing carbon
sequestration in soils, and protecting wetlands, mainly peatlands [36], are only parts of the
sustainable use of agricultural soils in the European Union’s policy until 2050.

3. Polymers and Composites for Agriculture
3.1. Non-Biodegradable Polymers in Agriculture

There is no doubt that polymers, due to their unique properties, are very useful in a
wide range of applications and have gained significant attention in recent years. Depending
of the final use of polymers, the structure of these macromolecules’ chain can be altered to
obtain materials with a wide range of properties, such as stiffness, flexibility, elasticity, and
degradability. This versatility allows the development of polymers for use in many indus-
trial branches including construction, automotive, electronics, packaging, or agriculture.
Unfortunately, although these materials are very useful in our daily life, their widespread
use (especially polyolefins) has led to concerns over their impact on the environment be-
cause they are not biodegradable and can persist in the environment for hundreds of years.
Consequently, the accumulation of plastic waste including microplastics has been noticed in
landfills and water reservoirs (especially seawater) in recent years. For these reason, there
is an urgent need to develop more sustainable, environmental friendly polymers that can
be recycled or biodegraded. The degradation of polymers depends both on environmental
conditions and material properties. Temperature, light, oxidation, moisture, the hydrolysis
process, microorganisms, and stress conditions are the main environmental factors deter-
mining ageing and the degradation/(bio)degradation rate of polymers. Polymer properties
like stiffness, elasticity, shape, structure, composition, compatibility, molecular weight,
tacticity, crystallinity, morphology, hydrophobicity, number and type of heteroatoms, and
the type of chemical bound in the main chain are main factors affecting the degradation rate
of polymers. Obviously, biopolymers, bioplastics, or biodegradable polymers like the most
popular polyesters are much more susceptible for (bio)degradation when compared to
classic polyolefins. This is caused by the fact that ester bonds are more susceptible to water
and microbial (enzymatic) activity; therefore, they easily undergo the hydrolysis process
when compared to persistent C-C bonds in polyolefins. For this reason, biodegradable
polymers have a great potential for revolutionizing agriculture because soil is a very active
and dynamic environment, able to (bio)degrade bioplastics or biodegradable polymers to
biomass, carbon dioxide, and water.

In agriculture, most polymers are used for mulching (approximately 13 million
hectares of cultivated areas), covering foil tunnels—both high (more than 700,000 hectares)
and low (900,000 hectares)—and as direct covers (40,000 hectares). Given the problem of wa-
ter scarcity during crop cultivation, irrigation pipes and drip tapes, in addition to mulching
films, help to direct water precisely to the plant roots, improving water use efficiency. In
crop production, seedling plugs and nursery pot trays are frequently utilized. Seedling
plug trays maximize plant growth and enable efficient germination. Furthermore, certain
crops—such as vines and climbing species—require support when being cultivated. Lastly,
plastics are employed to create agricultural packing materials, such as storage containers,
fertilizer bags, and nursery plant trays for transportation [37].

Over recent decades, the environment has been increasingly impacted by the widespread
use and subsequent disposal of plastic materials. Plastic and polymers have been utilized in
countless applications without much thought given to their eventual disposal [38]. Residues
of these substances and all kinds of chemical additives persistently accumulate in soils as a
result of incomplete collection. Despite this, non-biodegradable polymers are still used in
some aspects of agriculture (Figure 1).
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Figure 1. Non-biodegradable/biodegradable polymers for agriculture.

Polyethylene (PE) film is widely used as mulch in agricultural fields to limit weed
growth, retain soil moisture, and increase the soil temperature, which accelerates plant
growth. Another important area where this polymer is widely used is tunnels and green-
houses. PE film is used to cover tunnels and greenhouses, providing protection for plants
against adverse weather conditions, pests, and diseases. Polyethylene is also used in the
production of irrigation pipes and hoses due to its water resistance and flexibility. PE
remains an indispensable material for creating packaging. It is used to produce packaging
for fertilizers and other chemical products used in agrochemistry due to its durability and
chemical resistance [39-42]. Such wide applications are the result of numerous advantages
of the polymer. These include durability, as polyethylene film is resistant to tears, mechani-
cal damage, and weather phenomena. Another advantage is flexibility, which allows its
easy shaping and adaptation to various applications. Due to its chemical resistance, PE does
not react with most chemicals used in agrochemistry, making it ideal for packaging. The
relatively low production cost of polyethylene makes its products economically attractive.
However, the material is not without its drawbacks. These include degradation issues.
PE film is long-lasting and difficult to biodegrade, leading to environmental problems
associated with plastic waste in the soil. Another important issue is its impact on the
soil. The long-term use of polyethylene film can lead to the depletion of soil microflora
and reduced permeability. Prolonged soil coverage with film can adversely affect soil
biodiversity and ecosystem health [40,43,44].

The second dominant thermoplastic polymer that is also widely used in agriculture is
polypropylene (PP). For instance, polypropylene is used to create composites reinforced
with glass fibers, elastomers to increase impact resistance, and antioxidants. Such reinforced
composites exhibit high strength and a modulus of elasticity, making them suitable for
agricultural applications due to their cost-effectiveness and versatile range of uses [45,46].
Polypropylene agrofabrics are used to protect crops from low temperatures, pests, and
excessive sunlight. Thanks to their durability and permeability to water and air, they enable
healthy plant growth, providing better living conditions and increasing reliability during
early plantings or unfavorable weather conditions [47-49]. Bags and packaging made of
polypropylene are used in agriculture as durable solutions for storing and transporting
seeds, fertilizers, and other substances. Thanks to their resistance to mechanical damage,
they provide solid protection for the product both from external factors and during storage
under various conditions [50-52]. Polypropylene nets for wrapping bales of hay and straw
are used to protect these materials from moisture and quality loss. Thanks to their tear re-
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sistance and high flexibility, polypropylene is an ideal material for nets that must withstand
weight and tension during wrapping and protect bales from atmospheric factors [53-55].
Such wide applications of polypropylene are possible due to the numerous advantages of
this material. These include durability and hardness. Polypropylene is durable, flexible,
and resistant to most chemicals, which is important for producing agrochemical packaging
and agricultural tools. Another significant advantage is its impact on soil and plants.
Thanks to its properties, it can be used as part of irrigation systems, offering longevity
and efficiency. Moreover, the use of polypropylene is an economically attractive solution,
especially in the mass production of agricultural tools or packaging. However, PP is not
without its drawbacks. Similar to polyethylene, polypropylene is not biodegradable, which
can lead to environmental problems related to plastic waste in the soil. Polymer fragments
can pose a risk to soil microflora and plant health [48,50,56,57].

In agriculture, PVC (polyvinyl chloride) finds applications mainly through its in-
clusion in photovoltaic systems, known as agrivoltaics. Agrivoltaics is an innovative
approach combining photovoltaic energy production with traditional farming methods. An
example of PVC use in agriculture is agrivoltaic systems that allow the simultaneous pro-
duction of food, water, and energy through crops grown alongside or under photovoltaic
panels [58]. This technique enables the efficient use of agricultural areas and introduces
modern solutions that increase agricultural profits through the production of clean en-
ergy [59]. Additionally, PVC can also be used in irrigation pipes, greenhouse coverings,
and packaging films for agricultural products [60-62]. This is possibly due to the numerous
advantages of this material, such as its durability and weather resistance. PVC is known
for its high durability and resistance to various weather conditions, making it an ideal
material for irrigation pipes, greenhouse coverings, and packaging films for agricultural
products [63]. Furthermore, due to its properties, PVC products are generally lightweight
and easy to install and maintain, reducing labor and maintenance costs on farms [64]. PVC
is also waterproof, providing effective moisture protection for stored agricultural products,
as well as being crucial in irrigation systems [64,65].

Polyethylene terephthalate (PET), as one of the most commonly used packaging
materials in the industry, finds wide applications in both food packaging and bottles for
agrochemicals. PET is recognized as safe for contact with food and beverages by many
regulatory agencies worldwide. It ensures the safe storage of food products without
affecting their taste and quality. Additionally, the high transparency of PET is an advantage
when packaging food products, allowing the easy recognition of the contents by consumers.
PET is also resistant to most acids, bases, and solvents, making it an ideal material for
packaging agrochemicals such as pesticides and liquid fertilizers. It provides the durable
and safe storage of these substances, minimizing the risk of leaks and contamination. PET
is fully recyclable, making it an environmentally friendly choice. Recycling PET bottles and
other packaging helps reduce the environmental burden and demand for raw resources.
Despite these advantages, it is also important to consider potential drawbacks associated
with the widespread use of PET, especially issues related to waste management and the
need for effective recycling infrastructure. Additionally, in the context of agrochemicals,
the total seal and resistance of the packaging are crucial to prevent potential leaks [66-68].

Polystyrene (PS), as a versatile material, finds applications in many sectors, including,
potentially, agriculture. Its primary use is in the production of food containers. Due to its
insulating properties and moisture resistance, polystyrene is often used for food packaging,
which can also be useful for agricultural products [69,70]. Additionally, polystyrene can be
used in precision agriculture, e.g., as a floating material in hydroponic systems, allowing
the easy control of plant growth without the use of traditional soil. Due to its insulating
properties, polystyrene boards can also be used to protect crops from frost [71-74]

Polytetrafluoroethylene (PTFE), due to its exceptional properties, has found wide
applications in various industries, including agrochemistry and agriculture. Its resistance
to chemicals, high and low temperatures, and non-stick properties make it an ideal material
for applications requiring the highest reliability and safety [75-77]. PTFE is often used as a
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material for seals and coatings in the agrochemical industry, where resistance to corrosion
and chemicals is crucial. Equipment used for the production, storage, and transport of
chemicals, such as fertilizers and pesticides, requires seals that do not degrade under the
influence of highly aggressive substances. PTFE seals offer exceptional chemical resistance,
preventing leaks and the contamination of products while extending the equipment’s
lifespan. Additionally, due to its low adhesion properties, PTFE coatings facilitate cleaning
and maintenance, minimizing the risk of contamination by agrochemical residues [75,78,79].
In agriculture, PTFE is also used in the form of films for specialized applications. Thanks to
its resistance to weather conditions, ultraviolet light (UV), and biostability, PTFE films can
be used as advanced greenhouse covers, providing protection for crops against harmful
external factors and extending their growing season. These films, due to their non-stick
properties, are also easy to clean from deposits and contaminants, which is crucial for
maintaining the proportion of light necessary for plant growth. Additionally, PTFE can be
used in irrigation systems, where its coatings can protect pipes from salt and other deposits
that can clog systems and reduce their efficiency [80-84].

Polyamides, also known by the trade name nylon, find various applications in agricul-
ture, benefiting from their strength, flexibility, and resistance to weather conditions and
chemicals [85]. Nylon can be used to produce nets used in fish farming (aquaculture) [86].
Polyamides are also used to produce components used in agricultural irrigation systems,
such as pipes and fittings, where their chemical resistance and high-temperature resistance
are valuable [87]. Nylon fabrics can also be used to produce protective covers for machines
or tarps protecting stored crops [88,89]. In modern agrochemistry, nylon materials can also
find applications in soil moisture sensors or control system components in greenhouses [90].

Polyurethanes (PU) are polymers with a wide range of applications, which have also
found a place in agriculture, mainly due to their versatility, durability, and resistance to
various environmental conditions. Polyurethanes can be hard or flexible, allowing their
use in many different applications [91]. Therefore, polyurethanes are used as protective
coatings for various materials used in agriculture. Thanks to their resistance to abrasion,
chemicals, and weather conditions, they protect metal and wooden structural elements from
corrosion and rot, which is crucial for their long-term use outdoors, e.g., in greenhouse
constructions, foil tunnels, or irrigation systems [92,93]. In agriculture, polyurethane
is used to produce hydrogels, which, when applied to soil, increase its water storage
capacity. This is particularly important in areas with limited water availability or drought
conditions, helping to maintain adequate soil moisture levels, which affects plant growth
and development [94,95].

Polycarbonates (PC) are a group of thermoplastic polymers containing carbonate
groups in their structures. Due to their transparency, impact resistance, and high temper-
ature resistance, polycarbonates find applications in many fields, including agriculture.
One of the main uses of polycarbonates in agriculture is greenhouses. Polycarbonate films
and panels are commonly used as materials for greenhouse walls and roofs due to their
durability, UV resistance, and thermal insulation. These properties help maintain optimal
conditions for plant growth, providing an appropriate temperature and protection from
harmful sunlight and weather conditions [96-98].

Polyvinylidene fluoride (PVDF) is a fluoropolymer known for its high chemical and
thermal resistance and is used in various industrial applications. Due to its ability to form
durable and efficient membranes, PVDF can be used in water treatment systems used in
agriculture, including wastewater treatment and water recycling [99,100]. PVDF can also be
used as a carrier for immobilizing bacteria used in methanogenic fermentation processes of
organic substances, such as propionic acid, which can be applied in bioenergetic processes
related to agriculture [101,102].

Polychlorotrifluoroethylene (PCTFE) is a fluoropolymer characterized by high chem-
ical resistance, excellent electrical insulation, and low gas permeability. One application
of PCTEFE in agriculture could be the production of packaging for agrochemicals, such as
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pesticides or fertilizers. The chemical resistance of PCTFE makes it ideal for the safe storage
and transport of these substances, minimizing the risk of leaks and contamination [103,104].

In summary, despite many advantages, non-biodegradable polymers intended for
long-term use seem unsuitable for applications where plastics are used for a short period
of time and then require disposal, but in some cases, their use is necessary. Additionally,
plastics are often contaminated with food and other biological substances, which poses a
problem in subsequent cleaning. An attractive solution to this problem may be the use of
biodegradable and biorecyclable polymers, which can reduce the release of unacceptable
pollutants into the environment.

3.2. Biodegradable Polymers in Agriculture

In recent years, biodegradable polymers have become a notable alternative to con-
ventional plastic materials in agriculture. Certain biodegradable polymers, including,
poly(vinyl alcohol) (PVA), poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene
succinate-co-adipate) (PBSA), and poly(lactic acid) (PLA), are employed in the formulation
of biodegradable agricultural films (Figure 1). These polymers are engineered to decompose
rapidly and safely in the environment, minimizing the environmental impact of plastic
waste on land and waterways. Beyond waste reduction, the utilization of biodegradable
polymers in agriculture provides various benefits, including enhanced soil health and
increased crop yields [105].

Biodegradation refers to the breakdown of macromolecules by microorganisms, oc-
curring in two distinct steps. Initially, fragmentation takes place, breaking down the
high-molecular-weight polymer chain into smaller units, such as oligomers or monomers,
through processes like hydrolysis, oxidation, or other chemical reactions. The occurrence
of hydrolysis may involve enzymatic or non-enzymatic mechanisms, influenced by en-
vironmental factors and polymer chemical structures. Subsequently, in the second step,
microorganisms mineralize the oligomers and monomers generated in the first step, pro-
ducing carbon dioxide, methane, water, and biomass. The specific products formed can
vary depending on the microorganisms involved and the aerobic or anaerobic conditions
of the process [106].

A biodegradable polymer commonly used in agriculture is poly e-caprolactone (PCL),
a biodegradable semicrystalline linear aliphatic polyester, which is synthesized chemically
from crude oil through the ring opening polymerization of the caprolactone monomer [107].

Polybutylene succinate (PBS) is a thermoplastic polyester with physico-chemical
properties resembling conventional non-biodegradable plastics. While its melting point
surpasses that of other synthetic polymers, it falls short compared to natural polymers,
enabling quicker melting and blending with other materials for film development. However,
its high polymer crystallinity diminishes its susceptibility to degradation by enzymes or
microorganisms [108]. To address this, amorphous domains are introduced into the polymer
through blends with other materials. There are also reports of attempts to use PBS on
mitigating the environmental impact of mass-produced grapevines, an agricultural waste,
by utilizing biochar derived from grapevines along with PBS to create an eco-friendly
bio-composite [109].

Poly(butylene adipate-co-terephthalate) is derived from common petrochemicals,
making it fossil fuel-based. It is formed from a combination of 1,4-butanediol, adipic acid,
and terephthalic acid, resulting in an aromatic—-aliphatic polymer. This unique structure
grants PBAT properties like high elongation at the break, flexibility, stretchability, impact
resistance, and heat resistance, which are ideal for mulch film applications. The presence of
the butylene adipate group enhances its biodegradability in soil, offering an eco-friendly
alternative to traditional plastic mulches. However, PBAT does have drawbacks. It is costly
and susceptible to UV radiation, which can degrade its properties. In field applications,
PBAT can become brittle due to severe cross-linking, limiting its effectiveness, especially
for longer-term use or with certain crops [110].
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Polylactic acid is a biopolymer synthesized by lactic-acid-forming microorganisms
using renewable resources like corn or sugar beet starch. It is commonly a blend of poly
L-lactic acid and poly D-lactic acid, with their ratio affecting properties like the melting
temperature and crystallinity. Although cost-effective on a large scale, PLA remains pricier
than traditional plastics. Despite its brittleness, PLA boasts thermoplasticity, biocompat-
ibility, and processability, making it versatile for various agriculture applications [111].
To address cost and brittleness concerns, PLA is often blended with starch, enhancing its
mechanical properties and reducing the manufacturing expenses [110]. However, blending
PLA with other polymers poses challenges, such as poor compatibility leading to film
defects like wrinkles and tears. Plasticizers are added to mitigate these issues, but some
non-biodegradable options are restricted due to agricultural regulations. Additionally,
commercial PLA production using genetically modified organisms (GMOs) faces regulatory
hurdles in regions like Europe and the USA, limiting its large-scale adoption [112]. Research
is also being conducted into the production of new mats, aphid-repellent fiber mats, based
on Poly(lactic acid)-containing ionic liquids. The development of this type of repellent
based on biopolymers is crucial for safeguarding crops, as well as the health of humans
and animals, especially considering the increasing global population [113].

Polyhydroxy alkanoates (PHA) are aliphatic polyesters synthesized intracellularly
by various bacteria, serving as carbon storage granules. They vary in composition and
structure based on the producing microorganism, carbon source, and fermentation con-
ditions. Over 150 PHA variations exist, with poly 3-hydroxybutyrate (PHB) and poly
3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) being the most common and commer-
cially available [114]. Although PHAs alone lack mechanical strength for mulch films,
blending them with other polymers enhances their performance. Agricultural nets are
also produced in this way. They are crucial in agriculture for various reasons. They en-
hance the crop yield and quality, shield crops from weather-related risks such as hailstones
and wind, and offer protection against birds and insects. Additionally, shading nets help
regulate sunlight exposure, reducing the need for chemical inputs and preventing crops
overheating [115]. They also extend the planting period for crops, particularly for low-light
plants, and serve as substitutes for natural shade, thereby supporting diverse agricultural
practices [116]. PHAs, particularly PHB blends, are effective as controlled-release systems
for agricultural chemicals, slowly dispensing pesticides and fungicides. These blends,
including PHB with PLA, exhibit mechanical properties comparable to polyethylene mulch
films. Furthermore, PHB rapidly degrades in aerobic and anaerobic environments, posing
a minimal environmental impact. Despite their potential, large-scale PHA production
remains costly due to extraction methods from bacterial cells. Efforts to lower production
costs involve utilizing waste materials as carbon sources and developing efficient biological
extraction methods to preserve the polymer’s properties [42]. Table 1 summarizes the ap-
plication possibilities, advantages, and disadvantages of conventional and biodegradable
polymers used in agriculture.

Table 1. Comparison of Conventional and Biodegradable Polymers.

Polymers Application Advantages Disadvantages
Conventional Polymers

Mulching films; Durability; . .

PE Greenhouse covers; Chemical resistance; dES:érﬁngggglepgldl;%ioﬁ
Irrigation pipes Cost-effective & y

Agrivoltaic systems; High durability; Recycling difficulties;
PVC frricati . . h
rrigation pipes weather resistance Cost issues
PP Agrofabrics; Flexibility; Environmental hazards due

Packaging UV resistance to non-biodegradability
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Polymers Application Advantages Disadvantages
Biodegradable Polymers
Biodegradability; . .
PHA Controlled release systems . High production cost
environmental safety
Controlled release systems; Biodegradability; High crystallinity reduces
PBS Mulching films; suitable for blends degradation
Composites &
Controlled release systems; . S . .
PLA Agricultural films; Blodegr.agle}blhty, nght cost;
C . Flexibility Brittleness
ontainers

Natural-Origin Polymers in Agriculture

The structural complexity of plant materials and bacterial biomass provides a large
amount of natural polymers as raw materials. Among natural polymers, the most com-
monly used biopolymers are polysaccharides such as chitin, alginate, starch, and cellulose,
which are characterized by unique properties and are environmentally friendly [117]. Chem-
ically, these polymers consist of monosaccharide units linked by glycosidic bonds, yet their
diverse functional groups and charges confer versatility. Their utilization for agriculture
offers notable advantages, including heightened biodegradability, non-toxicity, widespread
availability, and affordability. Bacteria can utilize carbohydrates to produce polymers, with
polylactic acid (PLA) and polyhydroxyalkanoates (PHA) being notable examples. These
polyester compounds are derived from carbohydrates [38].

Chitosan (CS) is one of the most common natural polysaccharides, produced by the
deacetylation of chitin, which is extracted mainly from the external skeleton of crustaceans,
the cell walls of some bacteria, and fungi [118-121]. It consists of (3-(1—4)-linked D-
glucosamine and N-acetyl-D-glucosamine units.

The use of chitosan formulations in agriculture is diverse, encompassing plant pro-
tection against microorganisms, the stimulation of plant growth, the controlled release of
agrochemicals, pest control, and postharvest applications. Chitosan products can be applied
in various forms such as seed coatings, soil amendments, foliar sprays, or supplements in
hydroponic systems [122]. Due to its multifunctional role in plants, chitosan is increasingly
recognized as a valuable component of polymer matrices for sustainable agriculture. It
is particularly favored as a carrier for agrochemicals, either alone or in combination with
other materials like gum, starch, or alginate, to improve properties for the slow release of
active ingredients [123-126]. Recent attention has focused on chitosan nanoformulations
for agrochemical delivery, offering a sustainable alternative to conventional methods in
crop disease management. Active ingredients are loaded or encapsulated into chitosan
nanoparticles, forming potent biocides. These non-toxic and biocompatible nanoparticles
act as protective barriers, safeguarding plants from the harmful effects of the contained
agrochemicals [127-129].

Alginate, a water-soluble polymer derived from brown algae, consists of 3-d-mannuronic
acid and «-l-guluronic acid monomers, arranged in various proportions. Its ability to
form three-dimensional networks with cations, particularly calcium ions, allows for the
production of gels or films for controlled release applications. Research on alginate-based
composites for agricultural applications has seen a steady increase, with studies focusing
on enhancing the soil water-holding capacity, improving the controlled release of pesticides,
and maximizing soil nutrient utilization [130].

Starch is a common polysaccharide that comes from renewable sources and can be
successfully used as a substitute raw material for plastics based on fossil fuels. Starches
can be extracted from plant sources such as potatoes, corn, rice, wheat, barley, cassava,
etc. It consists of two main components: amylose and amylopectin. Both amylose and
amylopectin are polysaccharides composed of glucose units but linked by different glyco-
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sidic bonds. Amylose is connected by a direct «-(1,4) glycosidic bond, while amylopectin,
in addition to the same main chain as amylose, also contains a branched chain structure
formed by «-(1,6) glycosidic bonds [120,131,132]. A wide geographical distribution, ease
of growth, and low cost have sparked research interest in starch as a biopolymer. It is
characterized by appropriate chemical and physical properties, such as easy dissolution
in solvents and temperature-induced pasting, the ability to gelatinize and retain water,
and the easy optimization of its functional properties. Additionally, this polysaccharide
can be processed by traditional polymer processing techniques such as extrusion and
injection molding in the presence of plasticizers. Despite these advantages, starch features
such as retrogradation, hydrophilicity and brittleness, and low thermal stability limit its
widespread use in industrial applications. Therefore, the modification of the hydroxyl
functional groups on its surface is required to alleviate the above limitations and achieve
the required properties for its use in industrial materials [133].

Cellulose, the primary structural component of plant cell walls, is the most abundant
polysaccharide in nature. It consists of linear chains of D-glucose units linked by 3-1,4
glycosidic bonds. While cellulose is naturally found in plants, it can also be produced by
various microorganisms, including soil-borne bacteria [134-136]. Two crystalline forms of
cellulose exist, I and I3, distinguished by their hydrogen bonding patterns. Bacterial cellu-
lose, primarily in the I form, offers advantages over plant cellulose due to its abundance,
ease of production, and superior properties such as biodegradability, purity, water-holding
capacity, transparency, flexibility, and mechanical strength [137]. These qualities make
bacterial cellulose an excellent candidate for replacing plastic, for example, in mulch films,
as demonstrated in field trials where it improved soil moisture retention and created a fa-
vorable microclimate for plant growth [138]. Composite films of bacterial cellulose can also
be tailored to release nutrients by incorporating fertilizers [139]. Cellulose derivatives can
also be utilized in the development of biodegradable superabsorbent hydrogels, aimed at
optimizing water resources in agriculture, horticulture, and overall, promoting a more sus-
tainable approach to water usage [140]. In addition, the utilization of cellulose biopolymers
as composite matrices for controlled-release (CRF/SRF) fertilizers presents a sustainable
prospect due to their abundance, renewability, and biodegradability [141]. Some research
also reports the possibility of synthesis cellulose-based acrylic acid hydrogel starting from
rice straw as a source for the lignocellulosic material, where cellulose was first isolated after
alkaline-acid pulping treatment followed by a bleaching step with sodium hypochlorite,
resulting in 90.8% holocellulose [142]. However, the main hurdle for large-scale cellulose
production remains its high cost. To address this challenge, researchers are exploring the
use of inexpensive waste materials as substrates for bacterial cellulose production, aiming
to reduce production costs. Additionally, efforts are underway to develop cost-effective
fermentation methods and optimize production processes.

In summary, the use of polymers in agriculture and agrochemistry not only increases
yields and improves crop efficiency, but also contributes to environmental protection. Based
on the topics presented in this section, we conclude that there are many opportunities to
improve the use of polymers in agriculture. It is essential that polymers are used in an
environmentally, technically, economically, and socially sustainable manner. There are
key opportunities to produce polymers with biodegradable and renewable properties for
various agricultural applications.

4. Polymeric Agrochemicals and Related Biocides

Agrochemicals are substances used for controlling plant or animal life to improve
crop production in both quality and quantity. They help reduce competition for crops that
would interfere with harvests. Therefore, to increase agricultural production, it is often
necessary to significantly increase the amount of expensive and toxic chemicals used. The
threats posed by plant protection products to both nature and humans necessitate the strict
regulation of their use. Depending on the method of application and climatic conditions, as
much as 90% of the applied agrochemicals never achieve their target. Inefficiency often



Sustainability 2024, 16, 8439

14 of 90

requires repeated treatments, leading to undesirable side effects for both the plant and the
environment. Controlled release technology is a way to reduce and minimize the problems
associated with the use of excess agrochemicals [143-145].

In addition to improving the effectiveness of some existing agrochemicals, the method
of combining the active ingredient with a polymer has several advantages:

(1) Prolonging the action by providing continuous, smaller amounts of biocides at levels
that ensure their function is fulfilled for a longer period of time.

(2) Reducing the number of applications by achieving a long duration of action in a
single treatment.

(38) Cost reduction due to saving time and costs associated with multiple treatments.

(4) Reducing environmental pollution by eliminating the need to distribute large amounts
of biocides.

(5) Reducing eco- and phytotoxicity by reducing the high mobility of biocides in the soil,
thereby reducing their residues in the food chain.

(6) Increasing the duration of action of non-persistent or less persistent biocides that are
unstable in the environment, thereby protecting them from environmental degradation.

(7)  Enhancing the convenience of using and transporting agrochemicals [146].

This chapter is devoted to presenting the basic types of polymer agrochemicals used
in agriculture (Figure 2).

Polymeric Agrochemicals

=
|

Herbicides

Plant Growth Regulators

Insecticides

Molluscicides

Antimicrobials

Fertilizers

VIV
D& s

Figure 2. Types of polymeric agrochemicals.

4.1. Herbicides

Growing plants for economic purposes requires a constant fight against losses caused
by weeds, which, due to competition for water, sunlight, and soil nutrients, reduce crop
yields. To combat this issue, herbicides are used to selectively kill weeds without harming
the crops.

The main problem with conventional herbicides is that achieving the desired biological
response in plants often requires using larger amounts of herbicides for extended periods
of time. This is due to the need to compensate for losses caused by environmental factors
such as rain, evaporation, leaching, and photodegradation. However, the extensive use of
herbicides is undesirable due to their frequent inclusion in the food chain, posing a danger
to both humans and animals [147-149]. Therefore, in agriculture, it is necessary to improve
production by using smaller amounts of herbicides. This approach helps limit the harmful
impact on the surrounding environment while maintaining high biological activity.

Recently, there has been increasing interest in the use of polymers for the controlled
release of herbicides. This method allows the active ingredients to be released into the
plant in controlled doses, providing optimal amounts required at specific times. Although
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the delivery of herbicides using polymers offers many economic advantages, their use
involves managing excessive amounts of polymer carriers. Since the remaining non-
degradable polymer carrier, after the herbicide content is exhausted, poses a threat to the
environment, efforts have been made to reduce this issue by using biodegradable carriers
for herbicides [143-145].

4.2. Plant Growth Regulators

Plant growth regulators are chemical substances that, by positively affecting the
physiological processes of plant growth, protect crops against environmental stress. They
mainly influence (1) increasing the initiation of flowering, flower and fruit retention, root
growth, the germination rate, tolerance to low and high temperatures, and an overall
increase in yield; and (2) a reduction in the internode length, wilting, and senescence. They
contain various classes: auxins (indole-3-yl acetic acid, 1-naphthylacetic acid, 4-(indol-3-
yl)butyric acid), gibberellins, cytokinins (kinetin, zeatin]), and inhibitors (abscisic acid).
They are applied directly to the plant to beneficially change its life processes or structure,
thereby increasing yields or improving quality. Plant growth regulators are used to modify
the yield by changing the rate of the plant’s reaction to internal and external factors at every
stage of crop development, from germination to aging, including post-harvest preservation.
Polymer-based plant growth regulators are characterized by the ability to release active
groups from the polymer system under certain conditions [143-145].

4.3. Insecticides

Insects present one of the largest animal populations in terms of the number of species
and individuals, and they can be found in all possible environments around the world.
Some species are particularly valuable to humans due to their ability to produce products
such as honey, dyes, and silk. On the other hand, many insects are carriers of diseases
and contribute to the destruction of crop plantations, causing serious health and economic
problems. Insects are common pests of flowers, fruits, and vegetables. Their feeding on
germinating seeds, seedlings, and flowers can cause significant agricultural damage. Fruits
and vegetables can be protected from insect damage by spraying insecticides several times
during the growing season. A number of chemicals used to kill or inhibit the reproduction
of insects are generally called insecticides. These agents interfere with the metabolism
of insects, preventing them from feeding on crops and harvests, and depriving them of
the ability to reproduce. Depending on the purpose, the area of application, and the
physicochemical properties of the chemical substance, insecticides can be used in different
ways. A typical use of insecticides in agricultural crops involves spraying a solution,
emulsion, or colloidal suspension containing an active chemical compound, which may
pose a threat to animals and humans [146-149].

4.4. Molluscicides

The use of conventional molluscicides leads to significant environmental contami-
nation, rendering water toxic for aquatic plants, birds, fish, and mammals, which limits
their practical value. Additionally, achieving effective distribution in moving water is
challenging, often requiring multiple applications. There is a need for more efficient snail
elimination using smaller amounts of molluscicides with a minimal environmental impact
but high biological activity. In recent years, a novel approach has surfaced, involving
the combination of molluscicides with polymeric materials to enhance and improve their
efficiency. This method enables the continuous release of a lethal quantity of toxicant
for controlling snail vectors of schistosomiasis. Not only does this technique extend the
persistence of conventional molluscicide activity, but it also addresses the environmental
and toxicological issues associated with their traditional use. Additionally, it provides the
opportunity to integrate both an attractant and toxicant into the same polymeric matrix,
attracting snails with a species-specific attractant and inducing them to ingest the polymers
containing the toxicant [146].
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Polymeric molluscicides are substances designed to control or eliminate mollusks,
such as snails and slugs, that can be pests in agriculture or horticulture. These compounds
are often formulated using polymeric materials, which can enhance the effectiveness and
persistence of the molluscicide. The polymeric formulations can provide a controlled
release of the active ingredient, prolonging its efficacy and reducing the frequency of
application. The polymeric molluscicides may come in various forms, such as granules,
pellets, or gel formulations. The choice of polymer and formulation depends on factors
such as the specific target mollusk, the environment, and the desired mode of application.

Snail eradication is crucial in schistosomal control procedures aimed at reducing
bilharzial transmissions. Parasites of the genus Schistosoma cause the infectious disease
Schistosomiasis, also known as bilharziasis. The disease is common in tropical and sub-
tropical countries and can lead to serious complications such as pneumonia, hepatitis, and
kidney disease. Next to malaria, bilharziasis is the most serious parasitic health problem
worldwide. Traditional approaches necessitate higher molluscicide concentrations for
rapid snail population reduction, but the World Health Organization (WHO) recommends
combining effective schistosomal drugs with snail control.

Niclosamide is a chemical compound commonly used as a molluscicide. However, the
widespread use of this chemical has led to significant environmental toxicity and economic
consequences. Polymeric molluscicides, created with the integration of molluscicides
with functionalized polymers, have been used against molluscs as a replacement for the
traditional use of niclosamide alone. This is significant in the context of disease control,
as snails often serve as intermediate hosts for parasites that can cause diseases in humans,
such as schistosomiasis [150].

Undoubtedly, molluscicides play a crucial role in controlling schistosomiasis trans-
mission in endemic countries. Ideal molluscicides should meet specific criteria, including;:
(1) high toxicity to snails at low concentrations; (2) minimal acute and chronic toxicity to
non-target organisms; (3) the absence of adverse effects in the food chain; (4) stability for at
least 18 months; and (5) cost-effectiveness and safety for users [151].

4.5. Antimicrobials

Antimicrobials are materials capable of killing pathogenic microorganisms, providing
quality and safety benefits for many materials. They are used to sterilize water, sterilize
soil, and as food preservatives. Antimicrobial polymers, as a class of polymeric biocides,
inhibit the growth of microorganisms such as bacteria, fungi, or protozoa. Additionally,
polymeric biocides can increase the effectiveness of some existing antimicrobials and
minimize environmental problems associated with conventional antimicrobials by reducing
the residual toxicity of the agents, increasing their efficiency and selectivity, and extending
their duration of action. Antimicrobial polymers kill bacteria in several ways: by direct
binding through the adsorption of the cationic antimicrobial polymer onto the negatively
charged bacterial cell wall, resulting in cell wall disruption and cell death, or by depleting
the bacterial food source, preventing the bacteria from reproducing [146,152].

The activity of antimicrobial polymers depends primarily on: (1) the molecular weight
of the polymer, which influences the diffusion of the polymer through the bacterial cell
wall and cytoplasm; (2) ionic strength—most bacterial cell walls are negatively charged,
so most polymeric antimicrobials must be positively charged to facilitate the adsorption
process; and (3) spacer groups—increasing the length of spacer groups between the main
chain and the antimicrobial groups increases the activity of the antimicrobial polymer
by increasing the availability of active sites for adsorption in the bacterial cell wall and
cytoplasmic membrane.

In addition, the industrial production of antimicrobial polymers must meet several
requirements: (a) the antimicrobial polymer should be easily obtainable by techniques at
a relatively low cost; (b) it should be stable for long periods at storage temperature; (c) it
should not decompose during use or emit toxic decomposition products; (d) it should be
insoluble in water to prevent toxicity when used for water disinfection; (e) it must not
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be toxic; and (f) it should have a biocidal effect against a broad spectrum of pathogenic
microorganisms within a short contact time.

4.6. Fertilizers

Fertilizers are compounds used to increase soil fertility by providing nutrients essential
for plant growth. These nutrients can be divided into macronutrients and micronutrients.
The macroelements, i.e., essential elements, include: nitrogen (N), phosphorus (P), potas-
sium (K), as well as calcium (Ca), magnesium (Mg), and sulfur (S). Typically, the first three
elements, called NPK, are the most important. Deficiencies of macroelements in the soil
are generally supplemented by the use of NPK fertilizers such as urea, diammonium phos-
phate (DAP), and single superphosphate (SSP). It is estimated that approximately 40-70%
of nitrogen, 80-90% of phosphorus, and 50-70% of potassium from applied fertilizers is
lost to the environment (losses due to runoff or the escape of gases such as NHj3 into the
atmosphere) and cannot be absorbed by the plant, causing serious environmental and
financial damage [153-155].

Over the past few years, efforts have focused on the use of controlled-release fertilizers
(CRF), primarily because of their environmental and economic benefits. There are many
reports on the controlled release of nutrients and fertilizers, especially urea, as a nitrogen
source. The aim of CRF technology is to increase the efficiency of fertilizers by regulating
the correct dose of nutrients for the plant in the target place and at the right time and miti-
gating environmental pollution. Fertilizers coated with a polymer layer consist of active
ingredients surrounded by a barrier that prevents the fertilizer from quickly entering the
environment. As a result of diffusion through pores or the erosion and degradation of coat-
ings, active ingredients are slowly released. The release rate depends on the composition,
thickness, and cross-linking density of the coating [143-145].

5. Controlled Released Systems in Agrochemistry

Due to the constantly growing world population and the need to meet the demand for
food, it is estimated that global grain production must be increased by at least 70% [156].
Although the use of agrochemicals over the last half century has played a decisive role in
increasing agricultural productivity, recent studies on the long-term effects of pesticides
and fertilizers confirm the deterioration of soil health [157,158].

Conventional agrochemicals cause an initial increase in the concentration, which
quickly drops below the effective level over time due to the degradation, leaching, or
volatilization of the compound. This phenomenon leads to the repeated use of plant
protection products or conventional fertilizers, ultimately resulting in the deterioration
of the soil quality and eutrophication of water bodies [159,160]. In order to supplement
the soil with nutrients, very large amounts of fertilizers in the form of urea, ammonium
salts, nitrates, or phosphate compounds are used in the fields, and extremely high local
concentrations negatively affect crops. Therefore, there is a need to develop new methods
that will make it possible to reduce the amount of chemicals used while maintaining the
desired effect of the active agent for an optimal period of time [161].

In recent years, sustained-release agrochemical technology has emerged as a promising
solution to these problems. A controlled-release system (CRS) is a method by which
active substances are enclosed in carriers and then released onto the target surface in
order to maintain a specific concentration level of this substance for a specified period of
time [143,162]. The undoubted advantages of this system include: reduced doses of the
active substance, which is released at a constant level for a longer period of time, thus
reducing evaporation losses, environmental pollution, and phytotoxicity [143].

CR preparations have been used for years in different industries, including biomedi-
cal [163-165], pharmaceutical [166-169], cosmetology [170,171], food [172-174], and agri-
cultural [175], to deliver biomolecules, drugs, pesticides, and fertilizers. The extensive
experience with biomedical CRSs can help agricultural applications benefit from improve-
ments in controlled delivery.
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5.1. Formulation Technology of Agrochemicals

CRSs of agrochemicals are classified based on their structure and include films, parti-
cles, capsules, porous beads, emulsions, layered systems, fibers, and hydrogels (Figure 3).
Capsules have been and continue to be widely used in the delivery of crop protection
products and play a key role in the development of CRSs [135,176,177].

particle porous bead

film emulsion fibre

Figure 3. Selected types of controlled-release systems most common in agriculture.

Encapsulation is the process of coating or surrounding an active compound to achieve
a more controlled release, protecting the active ingredient from degradation before reaching
its site of action, and reducing the associated side effects that accompany some non-
encapsulated compounds [159,170,173]. The encapsulation process can be carried out
using various techniques, including: solvent evaporation, polymerization, crystallization,
spray-drying, freeze-drying, spray-cooling, emulsification, extrusion, and photo techniques.
Research on encapsulation using polymers and their derivatives is an actively chosen direc-
tion in the development of research in agriculture, based on differences in the size of the
obtained particles. Encapsulation at the microscale (1-1000 pm) is called microencapsula-
tion, while encapsulation at the nanoscale (1-1000 nm) is called nanoencapsulation.

There are different types of microsphere-based systems, such as microcapsules and
microsphere-coated granules. Microcapsules can vary in their core content, which can
include gases, liquids, and solids. Also, the carriers surrounding them can be customized
using various materials such as metal oxides, organic compounds, plastics, and poly-
mers [118]. The release rate of the active ingredient can be controlled by selecting parame-
ters such as the size of the spheres, the thickness of the polymer membrane, porosity, and
the degree of polymer cross-linking [178,179].

Since the use of microcarriers is limited to the soil and plant surfaces, such as leaves or
stems, it was necessary to develop nanocarriers that control the release of agrochemicals
into the plants. The undoubted advantage of nanoparticles is their surface-to-volume ratio,
which is usually the driving force behind their colloidal behavior. They can be synthesized
using organic and inorganic compounds or as a hybrid. Another interesting solution is
to obtain nanoporous structures that have ordered pores throughout the entire volume of
the sphere [180-183]. Nanocarriers promote the release of active substances, which can be
released as a result of a difference in chemical potentials, by diffusion, or the release can be
triggered by the degradation of the shell [184].
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As long-acting preparations based on a carrier and polymer coating ensure high
effectiveness and selectivity compared to conventional plant protection products, these
systems constitute an important perspective for the development of modern agriculture.

5.2. Mechanism of Release of Active Ingredients

An important factor in the design of a CR polymer matrix is its ability to release the
active ingredient at the target site. Depending on the design of the CR device, several
release mechanisms are possible (Figure 4), such as (1) diffusion from the pores; (2) release
due to osmotic pressure; and (3) release by matrix erosion [130,135].

(b)

Figure 4. Schematic illustration of mechanism of release of active ingredients: (a) diffusion through pores,
(b) active substance movement due to osmotic pressure, and (c) release due to polymer degradation.

Diffusion is a common mechanism in which dissolving fluid penetrates the shell, dis-
solves the core, and allows the active substance to leak out through the pores or channels.
The total release depends on the speed of the fluid penetrating the walls of the microcap-
sules, the rate of dissolution of the active ingredient in this fluid, and the rate of leakage of
the substance to the outside. The dissolution rate of the polymer coating directly affects the
release rate of the active ingredient [130,185].

An osmosis-controlled release and swelling-controlled release are based on the flow
of water across a selective membrane. The polymer coating of the microcapsule acts as
a semi-permeable membrane and allows the creation of an osmotic pressure difference
between the inside and outside of the microcapsule. The pressure difference causes the
active ingredient to be lost through the pores in the shell. Swelling-controlled systems are
closely related to cases in which water not only activates drug release, but also influences
the drug release rate. In a broader sense, the term is used to describe systems in which
polymer swelling is one of many mechanisms controlling the release process [135,185,186].

The erosion of the polymer support can occur at the surface or the bulk of the polymer,
or a combination of both, while the degradation process of the erodible device can be
controlled by various factors such as the pH, temperature, pressure, and enzymatic activity.
Furthermore, mechanical triggers, such as sonication, shaking or vortexing, can also release
active substances that are physically bound to the polymer carrier. Surface erosion is the
preferred phenomenon because the release kinetics are repeatable, so the process can be
controlled. However, in this case, only surface active ingredients that are sensitive to water
are protected. Bulk erosion is less predictable and does not protect active ingredients from
the environment, making this process suboptimal for controlled delivery. The combination
of both mechanisms may prove to be an interesting way of delivering substances through
shell erosion.

In practice, erodible materials can be controlled by more than one mechanism (such as
water and active ingredient diffusion, polymer dissolution, swelling, or chemical degra-
dation) and the interaction of these processes can lead to a satisfactory active ingredient
release profile [130,135].
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5.3. Polymer-Controlled Release System

Optimizing the use of agrochemicals along with the development of green herbicide,
insecticide, fungicide, and fertilizer products is essential to reduce harmful impacts on
the environment and human health. In this context, controlled-release plant protection
products may be a promising solution to optimize administration through the sustained
release of active substances, which will prevent pathogen resistance, soil contamination,
and risks to human health [187-189].

So far, agriculture has typically used conventional pesticides as sprays or by their
application to the soil, but the concentration levels used were too high or too low to
be effective in a given location. Too high concentrations cause undesirable side effects
in the target area, while too low concentrations result in poor activity, which makes it
necessary to use repeated doses throughout the growing season. The controlled release of
pesticides is of great importance, improving the efficient use of active ingredients, thereby
reducing environmental pollution. The CR preparations are based on the fact that only
part of the active ingredient is immediately available; however, a significant part of the
active substance is enclosed in the matrix and released slowly over a long period of time
(Figure 5) [143].
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Figure 5. Scheme of controlled release of agrochemicals.

Controlled-release fertilizers (CRF) are promising nanofertilizers that provide nutrients
to plants over an extended period of time, typically weeks to months, improving crop
yields [190]. CRF encapsulate nutrients in nanocarrier materials composed of polymers,
lipids, or inorganic substances. The release process from this type of carrier depends
on environmental factors such as temperature, humidity, pH, the presence of enzymes,
etc., [134,191]. This system, through controlled release, also allows for a balanced and
targeted delivery of nutrients, which leads to a reduction in the doses of fertilizers used
and, consequently, a reduction in the impact of agricultural practices on the environment.
In addition, the use of controlled-release nanofertilizers minimizes the leaching of nutrients,
reducing the pollution of water reservoirs, and limiting eutrophication [134,192].

The use of polymer matrices as carriers for plant protection products may be of par-
ticular importance for controlled release systems. Preparations in polymeric carriers are
characterized by better properties regarding extending the period of activity compared
to non-encapsulated preparations [193,194]. Polysaccharides are macromolecules com-
monly found in nature and composed of monosaccharides, connected by glycosidic bonds.
The sources of polysaccharides are mainly natural organisms, e.g., animals (chitosan),
plants (cellulose, starch, pectin, and gums), microorganisms (dextran), fungi (pullulan
and glucans), and algae (alginate and carrageeans) [195]. Moreover, to compensate for
the shortcomings of the controlled release from natural materials, the use of chemically
synthesized polysaccharide derivatives is also of great importance [196].
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5.3.1. Chitosan

To develop an effective chitosan-based agrochemical formulation, the technique of
encapsulating the active ingredient using ionic or covalent inter/intramolecular bonds or
entrapment in a chitosan polymer matrix can be used [124]. Chitosan-based agrochemicals
can be obtained by various methods, such as emulsion cross-linking, ionic gelation, precipi-
tation, spray-drying, reverse micellar methods, and sieving [197]. Of these, the simplest
and most direct method is the sieving method, but its use produces particles of an irregular
size and shape. The ionic gelation method is also a relatively simple and cheap method of
forming chitosan nanoparticles, and it does not require the use of many chemicals. The
cross-linking method uses negatively charged polyanions to bind to the positive charge
of the protonated amino group of chitosan under acidic conditions. Through this proce-
dure, stable nanoparticle systems can be obtained. However, to obtain stable particles,
cross-linking agents such as glutaraldehyde, alginate, and formaldehyde must be used.
The particle size of such systems can be selected by changing parameters such as the type
of surface agent, the molecular weight of chitosan, the degree of cross-linking, and the
mixing speed. The reverse micellar method allows for obtaining chitosan nanoparticles
of relatively small sizes and uniform size distribution, but it is necessary to use a solu-
tion of a surfactant such as cetyltrimethylammonium bromide, an organic solvent and
a cross-linking agent, which limits its use mainly for cost and time-consuming reasons.
Precipitation methods are based on blowing the chitosan solution using a compressed
air nozzle. The nanoparticles created using this method have low mechanical strength
and irregular shapes. Spray-drying methods are used to produce chitosan powders, dry
granules, and pellets, which are based on adding active ingredients and a cross-linking
agent to a solution of chitosan dissolved in acetic acid. The solution is evaporated in a
stream of hot air, which leads to the formation of the desired nanoparticles [198].

Due to the amphiphilic properties of chitosan, encapsulation with chitosan could
overcome the poor solubility of many agrochemicals in water, contributing to increasing the
possibility of using environmentally friendly formulations. Additionally, the bioadhesive
properties of CS protect the encapsulated active agents, increasing their stability and
ability to be used by plants [199,200]. Therefore, chitosan is the most frequently researched
polymer for the production of nanocarriers of active compounds in agriculture. Chitosan
nanocarriers have been reported to facilitate the delivery of many pesticides [201] and
fertilizers [202,203].

Wang et al. (2021) reported the preparation of a spinosad—chitosan controlled-release
suspension (SCCS). By comparing the commercially available spinosad-in-water emulsion
and the resulting spinosad suspension concentrate, it was shown that the insecticidal
activity of SCCS against Plutella xylostella larvae had the best rapid-acting efficacy as well as
long-term effectiveness, which exceeded 20 days [204].

Also, Wang et al. (2023) produced an eco-friendly formulation of chitosan-encapsulated
chlorantraniliprole (CAP) insecticide based on co-precipitation. The resulting CAP/Chitosan
(CTS) formulation showed high encapsulation efficiency of approximately 75%, and in vitro
release tests showed marked pH and temperature sensitivity. In a toxicity test against
Plutella xylostella larvae, the effectiveness was comparable to that of a commercially avail-
able suspension concentrate [205].

Xu et al. (2024) developed, using the film casting method, carboxymethyl chitosan
films with the controlled release of two pesticides, Avermectin and Spinetoram. The
developed films had different thicknesses and pesticide contents, but were characterized
by the same tendency to release pesticides, which indicates complex release mechanisms
based on the swelling and erosion of the carboxymethyl chitosan-based carrier [206].

Feng et al. (2020) prepared amphiphilic biopolymers by introducing hydrophobic
(7-diethylaminocoumarin-4-yl)methyl succinate (DEACMS) into the main chain of hy-
drophilic carboxymethyl chitosan (CMCS). By the formation of amide bonds, the formed
structures were able to self-assemble into spherical micelles in an aqueous medium. 2,4-
dichlorophenoxyacetic acid (2,4-D) was used as the active ingredient. The release of
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2,4-D from the micelles was promoted by sunlight, during which the coumarin moieties
were cleaved from the CMCS framework, which resulted in a shift of the hydrophilic-
hydrophobic balance and destabilization of the micelles [207]. Maan et al. (2024) synthe-
sized nanopreparations based on chitosan and guargum containing the pesticide chlor-
pyrifos. The researchers obtained spherical nanoparticles (NPs) that showed good stability
when stored at 25 °C for 60 days. Chlorpyrifos nanoformulations cross-linked with glyoxal
showed an almost 25% slower release compared to conventional preparations, dependent
on the diffusion and degradation of the polymer matrix in different pH ranges [208]. Singh
et al. (2022) developed a pesticide formulation using chitosan (CS)-alginate (Alg) and
cenosphere (Cn) composite hydrogel beads to release imidacloprid (IMI). Importantly, the
preparation protected the pesticide against UV radiation. The obtained IMI-CS-Alg-Cn
beads, thanks to their hollow structure and porous cross-linked mesh, had high encapsula-
tion efficiency (80%) and showed a slower release profile under different pH conditions
compared to the commercial preparation [209].

Chitosan nanoparticles can be successfully used as carriers for the controlled release
of fertilizers, and importantly, chitosan is a compound that easily forms complexes with
fertilizer molecules, making them available to plants [134,210].

dos Santos Pereira et al. (2020) prepared microspheres of chitosan and sugarcane
bagasse using the inversion phase method followed by the sorption of fertilizer with
potassium nitrate (KNO3). The release of fertilizer ions was assessed in water and soil and
the plateau state was reached after an hour for all analyzed samples. Since the matrices
acted as the ion carrier, the microspheres released nutrients in smaller amounts than
conventional fertilizers. The released process caused the formation of cavities on the
surface of the microspheres and, particularly visible during the release in the soil, the
process took place by diffusion and depended on humidity. Hence, watering has been
shown to act as a release trigger and control its release profile [211]. Suratman et al. (2020)
developed a glutaraldehyde cross-linked chitosan capsule for coating NPK fertilizer. The
resulting hydrogel granules can absorb significant doses of NPK and release them in a
controlled manner with high efficiency. The researchers also showed that the release profile
of NPK from chitosan capsules was dependent on the soil pH. Comparing two methods,
freeze-drying and air-drying, showed that the particles obtained during freeze-drying
have larger pore sizes, which results in a higher percentage of fertilizer release [212]. Siri
et al. (2021) developed an environmentally friendly nanofertilizer based on chitosan and
activated coir fiber. The analysis of the release profile of plant macroelements—nitrogen,
phosphorus, and potassium (NPK) and the effectiveness of the fertilizer were assessed in
comparison to conventional bulk fertilizers. The developed system was characterized by a
controlled release of macronutrients even after 3 months, while the commercial fertilizer
initially released very rapidly with a negligible release after 30 days. Additionally, pot
tests carried out on rice showed that, compared to fertilizers available on the market, the
developed nanofertilizer significantly increased the crop yield [213]. Jayanudi et al. (2021)
obtained, using the emulsion cross-linking method, a chitosan microsphere filled with urea,
using glutaraldehyde-saturated toluene (GST) as a cross-linking agent. The conducted
research showed that changing the volume ratio between the continuous phase and the
dispersed phase (CP/DP) has a significant impact on the efficiency and cumulative nitrogen
release, and the nitrogen release mechanism from chitosan microspheres was controlled
by diffusion and swelling [214]. Eddarai et al. (2023) reported a chitosan—clay composite
(CSGC) coating material for coating NPK fertilizer. The proposed coating (NPK/CSGC)
improved the mechanical strength of the fertilizer and influenced the soil’s ability to
retain water. The use of slow-release fertilizer and a 50% reduction in the amount of NPK
fertilizers can significantly improve the metabolism of tomatoes, increasing the biomass
and chlorophyll content. The resulting carrier based on chitosan and kaolinite clay can be
an effective way to maintain nutrients in the soil and improve the quality of crops [215].

Ma et al. (2023) used emulsification and cross-linking techniques to obtain chitosan
microspheres as a carrier for urea. The urea encapsulation efficiency was 89%. The
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obtained controlled-release nitrogen fertilizers based on chitosan microspheres showed
promising results in terms of all analyzed physicochemical parameters for the tested
Chinese cabbage, i.e., higher plant height, larger number of leaves, and more favorable
seed germination [216].

5.3.2. Cellulose

To meet the requirements for materials used in the controlled release of agrochemicals,
cellulose always requires various modifications. There are three hydroxyl groups in each
cellulose unit, one primary at C-6 and two secondary ones at C-2 and C-3, and it is through
the hydroxyl groups that chemical modifications can be carried out, e.g., esterification,
etherification, grafting, and cross-linking.

Esterification is the basic method of improving some properties of cellulose, such
as mechanical strength, oxidation properties, hydrophilicity, hydrophobicity, and others.
As esterification reagents, carboxylic acid, carboxylic acid anhydride, and acyl halide are
usually used. Among the most useful cellulose derivatives is cellulose acetate (CA), which
is a commonly used membrane material and is used in controlled release systems [217,218].

Etherification can also improve the properties of cellulose or modify the functions of
cellulosic materials. As ether bonds are much more stable in the basic state than ester bonds,
derivatives of this type can be used in a wider range. Etherified cellulose derivatives such
as carboxymethyl cellulose (CMC), hydroxyethyl cellulose (HEC), and ethyl cellulose (EC),
etc., are commonly used in controlled systems. They have pH-responsive properties and
exhibit surface active properties, while the hydrophilicity and hydrophobicity of cellulose
ether derivatives can be adapted to the needs of agrochemistry [219-221].

Grafting is a convenient method of giving cellulose the properties of other polymers.
Cellulose grafting can occur by combining the cellulose skeleton with active polymer end
groups (graft-to) or by polymerization from the initiation site of monomers on cellulose
(graft-with). The most commonly used method in controlled release systems for agrochem-
icals is to graft hydrophilic monomers, e.g., acrylic acid and acrylamide, onto a cellulose
backbone to produce hydrogels. Also, creating polymer blends of cellulose with other
polymers can have the same effect, but the factor determining the success of mixing is
achieving the good compatibility of the blends [222,223].

The cross-linking process is a way not only to improve the mechanical properties
and release profile, but above all, it causes the materials to swell in water instead of
dissolving. Moreover, cellulose has the ability to create three-dimensional networks as a
result of cross-linking, which may slow down the release process. Cross-linking involves
combining two or more cellulose molecules with the use of a cross-linking agent. The
cross-linking agent contains active groups that can be attached to cellulose through a
chemical reaction, including esterification, etherification, radical polymerization, etc. [218].
Commonly used cross-linking agents are diisocyanate, epichlorohydrin, dicarboxylic acid,
or diacrylate [223-226]. An interesting solution is also cross-linking cellulose with other
polymers such as chitosan, sodium alginate, poly(vinyl alcohol), and others [227-229].

Polymer matrices based on cellulose diacetate as carriers for plant insect repellents and
attractants for the release of citronellol, terpineol, and methyl salicylate were developed
by Mphateng et al. (2022). Matrices of cellulose diacetate and organic clay containing
35% by the weight of active ingredients were prepared by mixing by twin-screw extrusion;
additionally, the active compounds also acted as plasticizers. The matrix acted as a reservoir
of active substances, simultaneously controlling their release into the environment [230].

A microcapsule of nanofibrillated cellulose (NFC) as the shell wall material and
isophorone diisocyanate (IPDI) as the cross-linker filled with chlorpyrifos (CPF-CM) was
obtained by Xiao et al. (2021). The prepared CPF-CM showed approximately 30% charging
efficiency and favorable adhesion to the surface of cucumber and peanut leaves compared
to the conventional preparation. The release and control effectiveness of the CPF-CM
microcapsule against P. xylostella were dependent on the temperature change [231].
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Carboxymethyl cellulose (CMC), as one of the most promising cellulose derivatives,
due to its mechanical strength, viscosity, water absorption, and availability, is one of the
most promising materials in the agricultural sector, allowing not only the fight against
water shortages, but also the targeted supply of agrochemicals [232].

Ma et al. (2020) developed citral-loaded modified chitosan/carboxymethylcellulose
copolymer (CS/CMC) hydrogel microspheres. Citral is an effective agent inhibiting the
growth of various pathogenic fungi, but because it is characterized by high volatility and
chemical instability, its use in agriculture remains limited. Citral was incorporated into
the microspheres by combining the carbonyl group of citral with the amino group of CS,
forming a Schiff base structure. The obtained structures had improved in vitro antibacterial
activity against E. coli, B. subtilis, and S. aureus and showed good in vivo antifungal activity,
reducing the incidence of diseases caused by Botrytis cinerea [233].

Hao et al. (2020), to encapsulate the model pesticide avermectin (AVM), used a graft
copolymer of carboxymethylcellulose (CMC) and diallyldimethylammonium chloride (DM-
DAACQ), i.e.,, CMC-g-PDMDAAC, in which phosphorylated zein (P-Zein) was incorporated.
The obtained AVM-P-Zein/CMC-g-PDMDAAC nanospheres were characterized by high
encapsulation efficiency, and the pesticide release profile can be controlled by changing
monomer ratios and pH values [234].

Zhao et al. (2021) prepared a carboxymethylcellulose (CMC)- and rosin (RS)-based
CMC-g-PRSG carrier for the model pesticide avermectin (AVM). Research has proven that
the developed nanopesticide showed the increased dispersibility and stability of AVM in
water, and importantly, it effectively adhered to the leaves, limiting its losses. Similar to
previous studies, the release profile of this pesticide can be controlled by adjusting the pH.
Additionally, a 3-fold increase in the half-life of AVM was observed, which translates into a
longer period of activity and pest control [235].

Sharif et al. (2021) determined the suitability of carboxymethylcellulose (CMC) as a
matrix in the controlled release of the herbicide bispiribac (BP). The release rates of BP
into aqueous solutions of NazPOy, Na;SOy, and NaCl were measured using a UV spec-
trophotometer. CMC exhibited hygroscopic properties and formed gels, which resulted in a
delayed release, and thus reduced pollution resulting from the overuse of pesticides [236].

Ahmad et al. (2023) developed an environmentally friendly carrier based on cellulose
fibers derived from waste paper, epichlorohydrin (ECH) as a cross-linking agent, and
carboxymethyl cellulose (CMC) as a gelling agent. Urea was used as a model fertilizer.
During the analysis of the urea release from the developed matrix, more than a 30-day
extension of release compared to free urea was observed [237].

Sharma et al. (2023) developed cellulose nanofibers obtained from rice straw, which
were filled with ammonium chloride. The release profile of the obtained cellulose fibers
showed a cumulative release of 58% ammonium ions over 8 days, while the control showed
a release rate greater than 80% over this time. The study serves as the basis for the use of
rice straw cellulose as an alternative to current environmentally harmful practices [238].

Jha et al. (2024) synthesized a hydrogel composed of cellulose nanofibers (CNF) and
carboxymethyl cellulose (CMC) as a carrier for urea. The urea release rate was relatively
slow, and the complete release took approximately 30 days, with effective improvements of
seed germination and plant growth relative to the control and plant samples containing
pure urea [239].

Sultan et al. (2024) reported the carboxymethylcellulose-g-polyacrylamide copolymer
(CMC-g-PAM) as a urea-based fertilizer carrier. The urea-loaded CMC-g-PAM copolymer
exhibited a slow and sustained release regulated by diffusion and dependent on the
environmental pH. The maximum cumulative release percentage was close to 70% at pH 9
and 40% in saline conditions [240].

5.3.3. Alginate

The ionotropic gelation technique is used to prepare the agrochemical preparation
of alginate beads. Alginate beads are produced by adding a solution of sodium alginate
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containing the desired active substance dropwise to a solution of metal ions, which acts as
a cross-linking agent. Although the presented method is a simple and quick method for
obtaining agrochemical preparations, it is associated with a certain limitation, which is the
loss of the active ingredient during the bead preparation process. One way to solve this
problem is to prepare biopolymer beads using alginate, another natural polysaccharide. An
important aspect of using alginate as a carrier for active substances in agriculture is the fact
that it undergoes enzymatic or radiolytic degradation in the soil, creating oligoalginates that
are plant growth stimulators. They have a positive effect on the processes of germination,
shoot elongation, and root growth, which translates into increased yields [130].

Various alginate-based formulations have been used to control pesticides’ release pro-
files. Artusio et al. (2021) synthesized alginate nanoparticles using an inverse miniemulsion
matrix in sunflower oil as a carrier for the hydrophilic herbicide, Dicamba. The developed
stable nanohydrogel particles promoted the sustained release of Dicamba over 10 days.
The nanoformulation of the pesticide slowed down the release rate and exerted a protective
effect on the hydrophilic active substances [241].

Du et al. (2023) developed, using spray-drying technology, dinotefuran (DIN) micro-
spheres with the addition of sodium alginate (SA), gelatin (GEL), and polyvinylpyrrolidone
(PVP). Sodium alginate (SA) is a material that has the ability to immobilize, adsorb, and
displace metal cations, and combining it with other materials can improve its physical
properties. The obtained SA-GEL-PVP system, due to the presence of PVP, shows good
surface activity and a strong ability to form hydrogen bonds and complexes. However,
the improvement of the strong mechanical properties of SA and PVP was achieved by
the addition of relatively elastic gelatin, which additionally affects the water absorption
capacity. The obtained microspheres showed a variable controlled release ability depending
on different temperatures and soil types. In addition, they showed the improved control
of Protaetia brevitarsis larvae during early pesticide applications, with the potential to
control pest outbreaks at high temperatures. Empty microspheres influenced the growth
of cucumber seedlings, prevented soil acidification, increased the nutrient content as well
as the number of beneficial bacteria in the soil [242,243]. Zheng et al. (2021) developed
an intelligent pesticide delivery system in which imidacloprid (IMI) was adsorbed by
polydopamine (PK)-modified kaolin along with calcium alginate, which is a pH-sensitive
protective coating that hinders the release of pesticides from PK. Increasing the adhesion
of the composite to the leaves was achieved by using an amino-silicone oil (ASO) coating.
However, the ability to regulate the release with light was achieved by the addition of a
detonation nanodiamond (DND) and poly(N-isopropylacrylamide) (PNIPAm). The devel-
oped structure (IPKCPD-ASQO) allows the regulation of the IMI release rate depending on
the pH and access to light, allowing it to adapt to the feeding habits of pests with changes
in daylight. The use of the ASO coating affects the viscosity and increases the adhesion of
the beads to the leaf surface, which reduces IMI losses and increases the efficiency of the
system [244]. Xie et al. (2020) developed an environmentally friendly controlled release
system for spirotetramat, a systemic pesticide, in an alginate carrier. Four preparations
were tested: gel beads composed of starch, chitosan, and calcium alginate (SCCA); starch
alginate and calcium (SCA); and chitosan, calcium alginate (CCA), and calcium alginate
(CaA). The SCCA preparation had the highest pesticide entrapment efficiency and the
slowest release rate, allowing the duration of action of spirotetramat to be extended and
environmental contamination reduced [245].

El Bouchtaoui et al. (2022) developed sodium alginate-lignin (SA-L) blends at a low-
cost, a biodegradable coating material for diammonium phosphate (DAP)-based fertilizers.
The use of polymer coatings allowed for the creation of a uniform and compact film on the
fertilizer surface, which improved the mechanical properties and extended the maximum
availability of nutrients. Furthermore, increasing the lignin content had a beneficial effect

on the slow release, exceeding one month, instead of only four days obtained with uncoated
DAP [246].
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Llive et al. (2020), in line with current bioeconomic trends, proposed recycling indus-
trial yerba mate by-products to obtain capsules for designing controlled-release fertilizers.
The capsule matrix consisted of calcium alginate with 83% w/w added yerba mate powder
(YMP). The aim of the research was to investigate the kinetics of the release of mineral
fertilizers containing urea, potassium, and phosphorus, both into soil and water. Retention
and degradation in the soil depended on the structure of the capsules as well as on their
thermal properties, which was related to the content of alginate and YMP. Taking into
account that fertilizers are always exposed to a wide range of climatic conditions, thermal
analysis confirmed the high stability of the obtained systems, regardless of the type of
fertilizer, which has a beneficial effect on the suitability of this type of capsules. The fertil-
izer release profile was assessed for 120 min. The results showed high potassium release
efficiency, which was stable and close to 100% during this time. A plateau effect was also
achieved for urea and phosphorus, with release percentages of 72% and 45%, respectively,
which confirms the effectiveness of the obtained systems and the possibility of their use as
agents for the controlled release of fertilizers [247].

Nooeaid et al. (2024) proposed hydroxyapatite/alginate (NPK-HA / Alg) biocomposite
balls for the release of nitrogen, phosphorus, and potassium using the dropwise and
external gelation method. The addition of HA improved the structural and thermal stability
of the alginate beads. The resulting structures made the prolonged and controlled release of
nutrients in deionized water for 35 days possible. The effectiveness of the biocomposite was
tested for the growth of flowering Chinese cabbage in a controlled greenhouse environment.
The obtained results showed that non-toxic NPK-HA / Alg balls increase the height, number
of leaves, and fresh and dry weight of the plant [248].

A slow-release fertilizer formulation based on alginate was also developed by Stanley
and Mahanty (2020). Urea was introduced as an active ingredient into the hydrogel core
of polyvinyl alcohol and alginate, covered with a calcium carbonate coating. High urea
encapsulation efficiency was achieved for both CaCOs3-reinforced ~24 and plain ~39%
w/w hydrogel matrices, while the release profile into the aqueous phase did not differ
significantly between the two hydrogel variants. The release in soil was characterized by
a two-stage urea release pattern. The first phase is slow, followed by a rapid growth that
may last for hours. Hence, the modified controlled-release hydrogel can be widely used as
a slow-release fertilizer in agriculture [249].

5.3.4. Starch and Its Derivatives

In recent years, there has been great interest in modifying the physical and chemical
properties of starch and its derivatives through graft copolymerization. Starch-grafted
copolymers, e.g., starch-g-polystyrene or starch-g-polyvinyl alcohol, have been synthesized
by generating free radicals on the surface of starch grains and copolymerizing these free
radicals with vinyl monomers. However, these copolymers with vinyl polymer branches
have limited biodegradability due to the presence of a non-degradable portion of the
polymer, although their properties are acceptable in applications. The solution to this
problem is grafting starch with biodegradable polymers such as polylactide (PLA) or
poly(e-caprolactone (PCL). Graft copolymers, such as starch-g-PLA and starch-g-PCL, are
characterized by improved mechanical properties and are capable of completing biodegra-
dation by bacteria or in natural conditions [250].

One of the recent studies concerned the use of SNCs (starch nanocrystals) as promising
nanocarriers due to their stability, ease of preparation, and biodegradability. SNCs with a
stable structure and uniform porosity were obtained by removing the amorphous region of
corn starch using sulfuric acid and ultrasonic treatment. TMX (thiamethoxam) nanoparticles
were obtained as a result of electrostatic interactions with these nanocrystals. Compared to
the TMX suspension (without a carrier), the TMX-loaded SNC carrier showed significantly
higher insecticidal activity against Diaphorina citri, a notorious pest in citrus cultivation.
SNC obtained by the hydrolysis of sulfuric acid and ultrasound can be successfully used as
TMX carriers, thus increasing the degree of its utilization while reducing toxicity to bees.
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This approach is a valuable contribution to the development of environmentally friendly
nanopesticide carriers and the control of pests such as D. citri [251].

The release of one of the most widespread herbicides, glyphosate, on corn starch
microspheres was analyzed by Dong et al. (2021). The results showed that the adsorption
capacities of glyphosate on native corn starch, microporous corn starch, and microporous
corn starch with xanthan gum increased sequentially. During the desorption process,
glyphosate was released in a controlled manner onto microporous corn starch with 0.02%
xanthan gum, with a cumulative release of approximately 60% over 48 h. The obtained
results indicate that microporous corn starch with 0.02% xanthan gum is a good carrier of
glyphosate with a controlled and prolonged release. This study provides useful insight into
the development of high-concentration sustained-release glyphosate formulations [252].

In the study by Fabiyi et al. (2020), a porous starch citrate biopolymer was designed
to release carbofuran. Highly stabilized porous starch citrate biopolymers with porous
structures and gradients suitable for controlled release studies were obtained. The release
rate of carbofuran from the starch citrate biopolymer matrix was much lower than with
a direct application and, despite the slow release, a higher mortality of knot nematode
Meloidogyne incognita and reduced egg hatching were achieved [253].

Our research group grafted PCL onto the surface of dextrin and maltodextrin via
ring-opening polymerization and sequentially prepared polymer blends with previously
developed terpolymers with a chain composed of two blocks, namely an L-lactide/glycolide
copolymer block and a polyethylene glycol (PEG) block. Thanks to this modification, homo-
geneous blends were obtained with better susceptibility to uniform enzymatic degradation,
which resulted in a controlled release process of two soil herbicides, Metazachlor and
Pendimethalin, dependent on the degradation of the polymer carrier. The developed poly-
mer blends containing dextrin and maltodextrin grafting with 10% metazachlor showed
an almost 100% release into the soil within 12 weeks, while mixtures containing 10%
pendimethalin showed an almost 40% release over the same period of time. The release rate
of immobilized herbicides depended on their solubility in water and the composition of the
polymer blends, consistent with the assumption that in the case of agricultural applications,
the release rate of active substances should be optimal during the plant’s growing season
in order to combat weeds in crops [250].

The issue of developing biodegradable composite films with the controlled release of
fertilizers for agricultural applications was raised by Versino et al. (2019). They developed
composite materials from cassava and pomace containing urea as an active substance and
plasticizer. The research analyzed the biodegradation rate of these composites and the
release of urea into the soil. The films consisted of cassava starch with cassava pomace
particles as a strengthening agent, while the urea content ranged from 0 to 50% by weight
based on the starch content. It was shown that the rate of the biodegradation of material in
the soil increased with the increase in the urea content. Weight loss for a film with a urea
content of 50 wt%. was 57%, with an almost complete release of the active substance of
95% after 15 days. The obtained results confirm that composites based on cassava starch
are suitable for designing ecological materials for dosing urea in the soil [254].

An innovative and functional biomass-based fertilizer with a slow, controlled re-
lease was proposed by Sofyane et al. (2021). Various starch acetate/polyvinyl alcohol
(PVA)/ glycerol (GLY)-based biocomposites were prepared to control the phosphorus (P)
and nitrogen (N) release from diammonium phosphate (DAP) fertilizers. Compared to
uncoated DAP granules, in which N is completely dissolved after 95 min, the maximum N
dissolution rate was achieved after 230 min for DAPs coated with a single layer of CF-2
(composition in weight percent of the SA/PVA/GLY 55:28:17), and for DAPs coated with a
double layer of CF-2 after 300 min, which indicates an improvement in slower N release
properties. It is expected that with more detailed research on slow-release nutrient fertiliz-
ers that reduce phosphorus and nitrogen losses, environmentally friendly SA/PVA/GLY
composites can be obtained by adjusting their composition [255].
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Lii et al. (2024), in order to improve the efficiency of biomass use and reduce envi-
ronmental pollution, developed a coating fertilizer system based on starch acetate (SA)
and weakly cross-linked carboxymethyl starch/xanthan gum (CMS/XG). Encapsulated
urea with a diameter ranging from 2.5 to 3.0 mm is characterized by good mechanical
properties and a low moisture content. The nitrogen release profile depended on the coating
thickness and the plasticizer content in the SA film, while the nitrogen release equilibrium
state was achieved within 20 days. Moreover, it was shown that soil mixtures with coated
fertilizers retained more water than the control soil, and the water content increased with
the increase in the amount of coated fertilizer in the soil. The obtained products based on
starch derivatives as coating materials are characterized by a preferred slow release, and
the introduction of natural polymers can improve the efficiency of biomass use, improve
water use efficiency, and, above all, reduce the loss of nutrients [256].

One of the recent studies conducted by the group of Agrawal et al. (2024) presents
biodegradable dextrin-based microgels (PDXE MG) having phosphate-based cross-linking
units for the slow release of urea. PDXE MG was obtained by cross-linking lauroyl-
functionalized dextrin chains with sodium tripolyphosphate. The developed composites
are characterized by the high loading (~10%) and encapsulation efficiency (~88%) of urea.
The functionalization of PDXE MG with lauroyl chains slowed the release of urea in
water (90% in ~24 days) compared to unfunctionalized microgels (PDX MG) (99% in
~17 days). Tests on seed germination and overall plant growth showed a significant
acceleration of corn germination and visible plant growth after the use of Urea-PDXE
MG preparations compared to pure urea fertilizer. These experimental results present the
developed formulation as a potential candidate for moving towards sustainable agricultural
practices [257].

5.3.5. Aliphatic Polyesters

In the context of concern for the environment, replacing plastic products is becoming
a natural choice, and the development of bioplastics has become one of the most frequently
discussed topics in recent years. Aliphatic polyesters are among the most frequently studied
biodegradable plastics due to their potentially hydrolyzable ester bonds, which make them
biodegradable. Polyesters widely introduced for agricultural applications include polylactic
acid (PLA), polycaprolactone (PCL), polyhydroxyalkanoates (PHA), polyhydroxybutyrate
(PHB), polyhydroxyvalerates (PHV), and polybutylene succinate (PBS) and its copolymer
poly(butylene succinate-co-adipate) (PBSA).

Poly lactide is a thermoplastic, completely biodegradable and biocompatible aliphatic
linear polyester, enabling the surface adsorption or encapsulation of a wide spectrum of
bioactive, hydrophilic, or lipophilic ingredients [258-260]. However, despite favorable
properties such as biodegradability and processability, PLA is characterized by high brit-
tleness and often requires another agent to improve flexibility. One of the most practical
methods to overcome this disadvantage is to mix PLA with other polymers and/or plas-
ticizers. Our research group analyzed the impact of one of the most commonly used
plasticizers, poly(ethylene glycol) (PEG), on improving the mechanical, thermal, and mor-
phological properties of PLA and the possibility of using the obtained PLA /PEG blends in
agriculture [261].

In another study, we investigated the potential use of the terpolymer poly(l-lactide-
co-glycolide)—poly(ethylene glycol)—poly(l-lactide-co-glycolide) (PLGA—PEG—PLGA) as
an environmentally friendly polymer carrier for agrochemicals. PEG, as before, acted as a
plasticizer. By slightly increasing the hydrophilicity of the polymer chain, its susceptibility
to hydrolysis also increased, which had an unexpectedly strong impact on enzymatic
degradation in the soil environment [262].

Poly caprolactone is an aliphatic, biodegradable polyester with a linear structure,
[O(CH3)5CO]n, produced from petrochemical products. It is commonly used as a biodegrad-
able packaging material because it can be broken down by microorganisms. Moreover, it
has been shown that it can be degraded by a hydrolytic mechanism under physiological
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conditions. Due to its appropriate physical and biological properties, PCL is also widely
used in the production of biomedical and agrochemical materials. Due to its low melting
point (57-60 °C), its mixtures with agrochemicals can be processed into plant protection
product preparations at temperatures lower than their degradation temperature, using the
extrusion method [263,264].

Polyhydroxybutyrate (PHB) belongs to the PHA family and is a polyester naturally
produced by bacteria of the genus Alcaligenes, Azobacter, Bacillus, and Pseudomonas as a
reserve material. The most widely used organism for the production of PHB is Alcaligenes
euthrocus, which is able to achieve a high reproductive rate with significant accumulation of
up to 80% dry matter. Before extraction, PHB is completely amorphous, and after extraction,
it crystallizes. As a result of the copolymerization of 3-hydroxyvaleric acid with PHB,
poly(3-hydroxybutyrate/3-hydroxyvalerate) (PHBV) copolymers with a 3-hydroxyvalerate
(HV) content ranging from 0 to 90% are obtained, which allows obtaining a material with
modified properties. Since the rate of the hydrolytic degradation of PHB and PHBV under
physiological conditions is slow, the influence of some bacteria and fungi, both aerobic
and anaerobic, such as Pseudomonas, Streptomyces, and Penicillium lilacinus, significantly
accelerates the decomposition of these polyesters [260,265].

PBSA is a thermoplastic aliphatic polyester synthetically produced from 1,4-butanediol,
succinic acid, and adipic acid. In line with the latest emerging trends in agriculture, bio-
based PBSA is currently used in the production of foils, bags, and pots, but also in controlled
release systems of agrochemicals. PBSA exhibits good mechanical and thermal properties
and is easily processed by conventional techniques such as extrusion, injection molding,
and thermoforming. Depending on the comonomer ratio, molecular weight, branching,
and specific environment such as the pH, salinity, temperature, and crystallinity, both
PBS and PBSA are easily degraded in freshwater, seawater, soil, activated sludge, and
compost [266].

The encapsulation of pesticides in biodegradable carriers is currently one of the
main approaches to develop an environmentally friendly and efficient controlled-release
delivery system.

Liu et al. (2016) used the membrane emulsification process to develop polylactide
carriers for the controlled delivery of A-cyhalothrin. Compared to the commercial LC micro-
capsule formulation, the PLA carrier-based microcapsule systems showed a significantly
sustained LC release over a longer period. The studies demonstrated the possibility of
regulating the release of LC as a result of LC diffusion and matrix degradation depending
on the LC content and the size of the microcapsule particles. Preliminary biological tests
against Plutella xylostella revealed that LC-loaded microcapsules showed activity similar to
the commercially available preparation. The developed system is of great importance for
achieving the precisely controlled release of pesticides [267].

Roshani et al. (2016) developed thiram-loaded nanofibers which were successfully
fabricated by the electrospinning technique. Thiram is a pesticide designed to control
fungi and protect crop products. The results confirmed that thiram-containing electrospun
polylactide nanofibers could be used for the controlled release of thiram pesticides over
long periods in agricultural applications [268].

In the study by Takei et al. (2008), a combination of polylactide (PLA) and poly
caprolactone (PCL) was used to immobilize and encapsulate acetamiprid using an O/O
emulsion by the solvent evaporation method. The release of this pesticide from PLA-
based microspheres allowed the release of only a small amount, approximately 18%, while
creating a combination with PCL significantly increased the release percentage to 89%.
Such a low percentage of release from pure PLA may be due to the fact that this material
has strong hydrophobic properties. The addition of PCL with a lower molecular weight
than PLA allowed the structure to loosen and hydrophobicity to decrease [269].

The herbicide metribuzin was successfully released from a PCL-based carrier. Within
7 days, an 81-96% release of initially loaded metribuzin in water and 37-55% release in soil
was achieved. The lower percentage of release in soil is due to the partial degradation of
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the herbicide in this medium. The developed system is a promising approach for obtaining
long-term release preparations for soil applications [263].

Suave et al. (2010) assessed the effectiveness of the controlled release of the malathion
pesticide placed in microspheres of pure poly(3-hydroxybutyrate) and poly(e-caprolactone)
polymers and blends of these polymers. Release tests were performed in an aqueous
environment and malathion was quantified using ultraviolet spectroscopy. The results con-
firmed that the addition of PCL in the mixtures improved the release of malathion, making
it possible to modulate the release of the pesticide in these biodegradable blends [270].

Environmentally friendly slow-release herbicide formulations of metribuzin, Triennuron-
methyl, and fenoxaprop-P-ethyl from a poly-3-hydroxybutyrate (P(3HB) matrix were
developed in the study of Kiselev et al. (2019). The rate of the herbicide release depended
on the degree of their solubility: the rapidly dissolving metribuzin and Triennuron-methyl
were released at a higher rate than the less soluble fenoxaprop-P-ethyl. The development
of a polymer matrix consisting of slowly degraded P(3HB) and natural materials enabled
both the long-lasting action of the preparations in the soil (lasting from 1.5 to >3 months)
and the stable activity of quickly inactivated herbicides, such as Triennuron-methyl and
fenoxaprop-P-ethyl [271].

A series of experimental slow-release pesticide formulations using composites of
degradable poly(3-hydroxybutyrate) polyester and natural materials as a matrix for tebu-
conazole (a fungicide) and metribuzin (a herbicide) were presented in the study of Prud-
nikova and Volova (2019). The experimental formulations gradually released active ingre-
dients into the soil over a two-month period without sudden emissions, maintaining the
long-term protection of plants against pathogens and weeds. The antifungal activity of
tebuconazole was confirmed on model plants of Triticum aestivum infected with a complex
of root rot pathogens (Alternaria, Fusarium, and Bipolaris), while the effectiveness of the
herbicide metribuzin was analyzed on the model weed Melilotus albus. The effects of
the obtained preparations were comparable to the effectiveness of the free forms of these
agrochemicals [272].

Wang et al. (2018) developed a controlled release system azoxystrobin and difeno-
conazole from microspheres constructed from blends of poly(butylene succinate) (PBS) and
poly(lactic acid) (PLA). The obtained microspheres were characterized by a longer sustained
release period than a difenoconazole-azoxystrobin suspension concentrate. The developed
system makes a significant contribution to optimizing the effectiveness of agrochemicals
and minimizing environmental pollution [273].

Biodegradable poly(butylene succinate) microspheres containing the pesticide A-
cyhalothrin were prepared by a phase separation method induced by solvent evaporation.
Studies have shown that different microsphere morphologies affect the encapsulation
efficiency and pesticide release profile. Systems developed on the basis of PBS were char-
acterized by a long release time, with interesting adhesive properties that allowed them
to adhere to the surface of leaves, making them suitable for spraying plant protection
products [274].

Cen et al. (2021) developed a biochar-based controlled-release nitrogen fertilizer
(BCRNF) to improve N availability in maize crops. Biochar-impregnated ammonium
sulfate granules were coated with 3%, 6%, and 10% polylactic acid (PLA). The studies
showed that the PLA coating increased the N content of BCRNF particles to 16%. The PLA
concentration in the coating layer influenced the time, N release rate, and the morphology
and thermal properties of BCRNF. The use of higher concentrations of PLA extended
the N release time. Further research on the BCRNF system will allow for the optimal
synchronization of the time and amount of available N with the N demand in crops [275].

In the study by El Assimi et al. (2021), they proposed a biodegradable coating based
on polylactic acid (PLA) and cellulose acetate (CA) for the encapsulation of diammonium
phosphate (DAP) granules. The introduction of CA reduces the crystallinity of PLA while
accelerating the degradation of the coating in the soil. The retarding effect of the PLA/CA
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system meets the requirements set by European standards, i.e., 20% P released in the first
24 h [276].

Also, El Assimi et al. (2020) presented PCL-based coatings grafted onto guar gum
(GG) and halloysite nanotubes (HNT) for delaying the nutrient release from diammonium
phosphate (DAP). It was shown that the hydrophilic nature of the fillers (GG and HNT)
positively influenced the adhesion between the coating agent and the granule surface (DAP)
and, therefore, DAP granulates were successfully coated by dip coating. The release rate
from the composites (PCL-g-GG and PCL-g-HNT) can be controlled by adjusting the filler
content. The encapsulation treatment used extended the release of N and P to over 50 h
instead of only 2 h in the case of uncoated DAP granules [277].

Also, the same group of Boutriouia et al. (2024) developed coated fertilizer copolymers
grafted with ply(e-caprolactone) and chitosan. CS-g-PCL was applied using a laboratory ro-
tary drum to evenly cover the granulated diammonium phosphate (DAP) fertilizer. Studies
on the degradation of CS-g-PCL in aerobic conditions showed an increase in degradability
compared to pure PCL, while the release of nitrogen and phosphorus was significantly
delayed compared to that observed in the case of conventional DAP fertilizers [278].

In order to improve the uptake of nutrients by plants, polymer compounds based
on biodegradable poly(3-hydroxybutyrate) and montmorillonite clay (MMt) were fused
with KNOj3 and NPK fertilizers. An analysis of the release profile of potassium (K*), nitro-
gen (NH** and NO®"), and phosphorus (PO,437) from the PHB/MMt/ fertilizer complex
showed a lower but longer release of nutrients than in the case of pure fertilizer. Moreover,
it was shown that cations are released faster than anions through their diffusion through
the MMt phase. Additionally, the simple preparation method also ensures the durability of
the entire process [279].

A slow-release fertilizer prepared by melt-mixing poly(butylene succinate) PBS filled
with 30% urea and 5% montmorillonite clay was developed by Baldanza et al. (2018). The
release study was tested gravimetrically and spectrophotometrically. Vegetable growth
analysis was also carried out to assess the development of lettuce (Lactuca sativa L.). The
results showed a 67% increase in the lettuce diameter for the best composite material
compared to the conventional urea formulation, which increased this diameter by 48% [280].
All information about polymers used as carriers for the agrochemicals controlled are
collected in Table 2.

Table 2. Controlled-release pesticide and fertilizer formulations.

Polymer Carrier Active Ingredient Reference
chitosan (CS) Spinosad [204]
chitosan (CS) Chlorantraniliprole [205]
carboxymethyl chitosan (CMCS) %;?;gﬁiggl/ [206]
carboxymethyl chitosan (CMCS) 24-D [207]
chitosan-guargum Chlorpyrifos [208]
chitosan—alginate Imidacloprid (IMI) [209]
chitosan/carboxymethylcellulose (CS/CMC) Citral [233]
chitosan/Bagasse KNO; [72]
chitosan (CS) NPK [212]
chitosan/activated coir fiber NPK [213]
chitosan (CS) urea [214]
chitosan—clay composite (CsGC) NPK [215]
chitosan (CS) urea [216]

cellulose diacetate Citronellol, Terpineol, Methyl salicylate [230]
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Table 2. Cont.
Polymer Carrier Active Ingredient Reference
nanofibrillated cellulose (NFC) Chlorpyrifos [231]
carboxymethylcellulose
(CMC)/diallyldimethylammonium chloride
(DMDAAC)/phosphorylated zein Avermectin (AVM) [234]
(P-Zein)
(P-Zein/CMC-g-PDMDAAC)
Carboxymeth%ﬂlg_lg_slg é%c)/ rosin (RS) Avermectin (AVM) [235]
carboxymethylcellulose (CMC) Bispiribac (BP) [236]
Cellulose urea [237]
Cellulose ammonium chloride [238]
Cellulose urea [239]
carboxymethylcellu(lgls\i—g_—g_%{i%ylamlde copolymer urea [240]
Alginate Dicamba [241]
sodium alglnate(—SgAeFéaElE_%%}l;\)/1nylpyrrol1done Dinotefuran (DIN) [242]
polydopamine-kaolin—calcium alginate—poly(N-
P e e il (A Imidacloprid (IMI) [244]
(IPKCPD-ASO)
starch—chitosan—calcium alginate (SCCA);
starch-alginate—calcium (SCA); chitosan—calcium Spirotetramat [245]
alginate (CCA); calcium-alginate (CA)
sodium alginate-lignin (SA-L) diammonium phosphate (DAP) [246]
Ca(II)-alginate-yerba mate powder (YMP) urea, potassium, phosphorus [247]
hydroxyapatite/alginate (HA /Alg) NPK [248]
polyvm}g)i\/lgc_)ggl) alginate urea [249]
SNCs (starch nanocrystals) Thiamethoxam (TMX) [251]
corn starch Glyphosate [252]
starch citrate Carbofuran [253]
PLGA /PEG- dextrin-g-PCL or maltodextrin-g-PCL Metazachlor Pendimethalin [250]
cassava starch urea [254]
starch acetate (SA)/ pol}?cf;ilrj% alcohol (PVA)/glycerol diammonium phosphate (DAP) [255]
starch acetate (SA)/ Car(bcci\j[}ér;\)e(tg)yl starch/xanthan gum urea [256]
dextrin-based microgels (PDXE MG) urea [257]
PLA A-cyhalothrin (LC) [267]
PLA Thiram [268]
PLA/PCL Acetamiprid [269]
PCL o Mgtribuzin [263]
P Mewbugin Tiennuen eyl and
P(3HB) Tebuconazole, Metribuzin [272]
PBS/PLA azoxystrobin and difenoconazole [273]
PBS A-cyhalothrin [274]
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Table 2. Cont.
Polymer Carrier Active Ingredient Reference
biochar-based controlled-release nitrogen fertilizer ammonium sulfate [275]
(BCRNF) coated polylactic acid (PLA)
polylactic acid (PLA) and cellulose acetate (CA) diammonium phosphate (DAP) [276]
PCL-guar (%%?_é?ééiiléoggﬁ ;ﬁgﬁ’ es (HNT) diammonium phosphate (DAP) [277]
poly(s-cap(r:(él_agc_’ig)élf)—chitosan diammonium phosphate (DAP) [278]
poly(3-hydroxybutyrate) (PHB)-montmorillonite clay (MMLt) KNOj3 and NPK [279]

In summary, polymer-controlled release systems offer significant advantages for ex-
tending the activity period of plant protection products compared to non-encapsulated
preparations. Utilizing natural polysaccharides such as chitosan, cellulose, alginate, and
starch, along with their chemically synthesized derivatives, enhances the controlled release,
biocompatibility, and biodegradability of agrochemicals. Additionally, aliphatic polyesters
such as polylactide, polycaprolactone, poly(hydroxy butyrate), and poly(butylene succinate-
co-adipate) provide versatile and environmentally friendly options through their capacity
for mechanical, thermal, and hydrophilicity improvements. These polymers facilitate
effective and sustainable delivery systems, advancing agrochemical applications and con-
tributing to environmentally responsible agricultural practices.

6. Polymer-Based Materials for Agricultural Runoff Treatment
6.1. Natural Polymers as Adsorbents for Remouval of Pesticides from Agricultural Runoff

Agricultural runoff refers to the water that runs off farmland after rainfall or irrigation.
This runoff is known to contain a variety of pollutants, which can have negative impacts
on the environment, human health, and animal health. The common pollutants present in
agricultural runoff include nutrients such as nitrogen, phosphorus, and potassium, as well
as agrochemicals like pesticides, insecticides, and fertilizers. Other pollutants may include
sediments, heavy metals, bacteria, and antibiotics [281,282].

The elimination of pesticides and their residuals as persistent chemicals from agricul-
tural runoff is a critical concern that warrants attention due to the resultant pollution of
diverse ecosystems. The presence of these hazardous chemicals in agricultural runoff can
have deleterious effects on the environment, leading to the disruption of habitats and the
degradation of the water quality. Therefore, it is imperative to develop effective strategies to
mitigate the release of these harmful substances into the environment. This can be achieved
through the implementation of polymers for removing pesticides from the agricultural
effluent [283]. Polymers, whether derived from natural sources or created synthetically,
have exhibited promise as remediation agents for the treatment of pesticide solutions.

Chitin and chitosan have been tested as adsorbents for the removal of 2,4-dichlorophen
oxyacetate (2,4-D) from aqueous media. The adsorption experiments at various pH values
were effectively carried out by Harmoudi et al. (2014) using chitin and chitosan extracted
from shrimp shells. An electrostatic interaction between protonated chitin/chitosan and
anionic pesticide at pH 3.7 achieved the maximum herbicide removal. Chitin and chitosan
were able to remove 67% and 90% of the pesticide, respectively. Moreover, the pesticide
adsorption on the surface of chitin and chitosan took place at heterogeneous sites [284].

Rissouli et al. (2017) also studied the efficiency of chitin and chitosan from shrimp
shells in relation to the adsorption of the herbicide glyphosate under various conditions.
They noted that glyphosate adsorption was pH-dependent, with an acidic pH being more ef-
fective. Moreover, the Langmuir isotherm was considered to be more suitable for describing
the adsorption behavior. Desorption experiments have shown that chitin can be regener-
ated and reused multiple times, making the adsorption process more cost-effective [285]. In
addition, Rissouli et al. (2016) tested the above-mentioned biopolymers for the removal of
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Linuron from aqueous samples. The results obtained by the researchers demonstrated that
chitin and chitosan are effective adsorbents for removing Linuron from aqueous solutions.
The adsorption kinetics of these materials for the studied pesticide, however, were relatively
slow. The maximum adsorption of the pesticide on chitin and chitosan occurred at pH 5.75.
The adsorption was characterized using both the Freundlich and Langmuir models, and
the corresponding isotherms were well suited to both models [286].

Abdeen and Mohammad (2014) also investigated the use of chitosan as an inexpensive
and readily available adsorbent for the removal of ethoprophos pesticides from aqueous
solutions. The removal percentage of ethoprophos increased from 85.7 to 89.2% as the
adsorbent dose was increased from 0.02 to 0.1 g/100 mL. The obtained kinetic data were
well fitted with the pseudo-second order kinetic model, whereas the Freundlich model
provided the best fit to the isotherm data [287].

The potential of nanocellulose as a nanosorbent for the removal of chlorpyrifos as
a model of an organophosphate insecticide from water was studied by Moradeeya et al.
(2017). They noted that the adsorption process was very fast, reaching an equilibrium
within 60 min. Furthermore, they discovered that 1.5 g/L nanocellulose adsorbed 5 mg/L
of the pesticide in 20 min, yielding a 99.3% efficiency [288].

Insoluble polymers of 3-cyclodextrin, a cheap, environmentally friendly glucose
macrocycle, are also useful for removing pesticides from water via adsorption. Alsbaiee
et al. (2016) tested a porous f3-cyclodextrin polymer for the removal of metolachlor. The
results indicated that the target molecule was rapidly sorbed. By flowing the adsorbate
solution through a thin layer of the prepared material, a percentage removal efficiency
of the pollutant of about 75% was achieved [289]. In turn, Hu et al. (2020) applied a
quaternary ammonium functionalized f-cyclodextrin polymer for the removal of 2,4,6-
trichlorophenol (2,4,6-TCP) from water. They demonstrated that this sorbent could rapidly
adsorb the pollutant, much faster than commercial AC and resins. Furthermore, a (3-
cyclodextrin polymer can be easily regenerated under mild conditions after use, with no
significant decrease in the adsorption performance. In addition, at environmentally relevant
concentrations, the 3-cyclodextrin polymer demonstrated an outstanding performance
(93.9%) in eliminating 2,4,6-TCP from a mixture of contaminants [290].

In order to remove pesticides from contaminated water, various composites based
on biopolymers are frequently applied. Mostafa et al. (2021) described the preparation
and application of a Chitosan/Zeolite-A nanocomposite (CS/ZA) for the successful re-
moval of three organophosphorus pesticides (Acephate (AC), Omthosate (OM), and Methyl
parathion (MP)). This composite was able to successfully adsorb 650.7 milligrams per
gram (mg/g) of AC, 506.5 mg/g of OM, and 560.8 mg/g of MP. These uptake capacities
demonstrate the high efficiency of this sorbent in removing pesticides from an aqueous
environment, even in the presence of other anionic or cationic pollutants. During contin-
uous column studies, the effectiveness of the CS/ZA particles as fixed beds was tested.
The results showed that after treating approximately 7.5 L of polluted solutions, the bed
achieved a total removal rate of 78% for AC, 57.6% for OM, and 74.3% for MP. This sorbent
was highly efficient and recyclable, and its properties could make it well-suited for use
in effective remediation procedures. In turn the Imidacloprid pesticide was found to be
effectively adsorbed on a magnetic chitosan/activated carbon bio-nanocomposite with an
UiO-66 metal organic framework when other pollutants were present. This composite’s
adsorption capacity for the pesticide was 25.2 mg/g [291].

A chitosan/gelatin (CS/Gel) natural polymer composite was utilized for decontam-
inating pesticide wastewater samples, as studied by Attalah et al. (2022). The samples
were created by adding atrazine and fenitrothion to distilled water to simulate large-scale
wastewater treatment. After 120 min, the percentage of model pesticides removed ranged
from 85.65 to 96.45%. The reusability experiments showed that the chitosan/gelatin com-
posite had a pesticide removal efficiency of around 70%, even after its third use [292].
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Zhang et al. (2015) employed the cellulose/graphene composite for the effective
removal of triazine pesticides from water. This composite was created by combining
graphene oxide and dissolved cellulose, then reducing the mixture with hydrazine hydrate.
With the help of an easy-to-use organic solvent, the cellulose/graphene composite could be
recycled with great stability. The composite maintained an adsorption efficiency of over
85% after being recycled six times [293].

Biopolymer-modified montmorillonite (MMT)-CuO composites were tested by Sahithya
et al. (2015) for the removal of dichlorvos [294] and monocrotophos [295] from the aqueous
environment via adsorption. In the case of the chitosan-MMT-CuO composite, under
optimal adsorption parameters (pH 10.0, time = 5 h, temperature = 30 °C, initial con-
centration = 80 mg/L, and adsorbent dosage = 1.5 g/L), a 93.4% removal of dichlorvos
was achieved [295]. For the polylactic acid-MMT-CuO composite, under the following
conditions (pH 6.0, time = 6 h, temperature = 30 °C, initial concentration = 120 mg/L, and
adsorbent dosage = 15.0 g/L), the removal of monocrotophos was 83.9% [296].

Alginate beads with silver nanoparticles were made and investigated by Pal et al.
(2015) for the purpose of atrazine removal. The adsorbent was able to achieve a 96%
removal efficiency for an initial atrazine concentration of 5 mg/L; using 2 g of the adsorbent
resulted in the maximum removal of atrazine from the aqueous solution. Moreover, it was
discovered that the combined adsorbent could be reused for at least 26 treatment cycles,
with easy regeneration using HNO3 [296]. The montmorillonite-alginate beads, prepared
by Etcheverry et al. (2017) for the removal of paraquat, are a type of alginate composite
bead that has been studied for pesticide uptake. The beads, with a montmorillonite content
of 70%, exhibited the best adsorption results, with a maximum adsorption capacity of
0.278 mmol/g [297].

In order to remove different pesticides as a mixture from water, Narayanan et al. (2016)
prepared the carboxymethyl cellulose-nanoorganoclay. The composite removed all of
the pesticides tested, with thiophanate methyl having the highest adsorption rate (99.7%)
and atrazine having the lowest (45.5%) [298]. In a different study, atrazine, imidacloprid,
and thiamethoxam were adsorbed using a composite material made of carboxymethyl
cellulose and an organomodified clay (nanomontmorillonite modified with dimethyl di-
alkyl amine) [299]. The best removal was achieved in the case of imidacloprid, with
thiamethoxam and atrazine following closely behind.

A summary of the natural polymers and biopolymer composites used as adsorbents
for pesticide removal is presented in Table 3.

Table 3. Natural polymers and biopolymer composites as adsorbents for pesticide removal.

Polymer Pesticide Adsorption Process Adsorption Capacity Reference
Parameters (mg/g)
Chitin 24D pH 3.7, contact time = 60 min, 20 mL 25 [284]
Chitosan 4 treated volume, 2.5 g/L dosage 6.2
.. H 3.76-5.04, contact time = 60 min,
hit p ’ v 14.04
C%iti)galn Glyphosate 10 mL treated volume, 35.08 [285]
1.6 g/L dosage
.. pH 5.75, contact time = 120 min, 25 mg
Cﬁﬂggz;n Linuron of chitin and chitosan in 20 mL 251'_9713 [286]
of solution
Chitin 24D pH 3.7, contact time = 60 min, 20 mL 2.5 [284]
Chitosan 4 treated volume, 2.5 g/L dosage 6.2
Chitin pH 3.76-5.04, contact time = 60 min, 14.04
Chitosan Glyphosate 10 mL treated volume, 1.6 g/L dosage 35.08 [285]
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Table 3. Cont.

Polymer Pesticide Adstf)g};;iglétl;;(s)cess Adsorp(téfgn/gC)apacity Reference
.. pH 5.75, contact time = 120 min,
Chitin Linuron 25 mg of chitin and chitosan in 20 mL 591 [286]
Chitosan . 21.73
of solution
. tact time = 24 h, pH 5.48, 100 mL
Chitosan Ethoprophos ir%r;t:(fl Vglnuine, 1.0 gI/>L dosage, ZSI?C 121.75 [287]
Nanocellulose Chlorpyrifos tre. actggt\?gﬁi;rs 2: 0329]?325,‘. aZ g5 efrgg °C 7.24 [288]
-cyclodextrin polymer 2,4,6-TCP Sglolgt/; S?Eﬁé rjté(()l ;ilnm%/ ?&L' 108 [290]
. . Acephate contact time = 480 min, pH 8, 650.7
Chitosan/ Zeolite-A Omthosate 250 mL treated volume, 0.2 g/L 506.5 [291]
p Methyl parathion dosage, 20 °C 560.8
Chitosan/gelatin Atrazine %0{1 ta/cit(ljrg: ; el 2500?112’ 75.19 [293]
composite Fenitrothion 8 8& 36.23 -
treated volume
Cellulose/Graphene pH9, 10 mL treated volume, 3.0 g/L
Composite Ametryn dosage, 25 °C 8.53 [294]
chitosan-MMT-CuO Dichlorvos pH 10, 1.5 g/L dosage, 30 °C 500.0 [295]
composite
olylactic acid -MMT-CuO o
poly composite Monocrotophos pH 6,15.0 g/L dosage, 30 °C 200.0 [296]
. . ime= 14 h, pH 6, 100 mL
Alginate beads with . contact ime s P16,
silver nanoparticles Atrazine treated lfg(g;n::ﬁgég a%[ 1/1 T;edosage, 1.57 [297]
Montmorillonite-alginate four beads, contact time = 6 h,
beads Paraquat pH 5.5, 10 mL treated volume, 25 °C 51.78 [299]
Atrazine 0.333
Butachlor 0.204
Carbendazim 0.667
Carbofuran contact time =4 h, 0.625
I lcarboxymethyl ) Imidacloprid 10 mL treated volume, 0.385 [299]
cellulose-nanoorganoclay Isoproturon 10 g/L dosage 0.227
Pendimethalin 0.313
Thiophanate methyl 0.263
Thiamethoxam 0.345
Imidacloprid contact time =4 h, 2.00
carboxymethyl Thiamethoxam 10 mL treated volume, 1.67 [300]
cellulose-nanoorganoclay Atrazine 10 g/L dosage 143

Overall, the investigation and use of natural polymers as adsorbents offer a hopeful
approach for effectively eliminating pesticides from agricultural runoff. Chitin, chitosan,
nanocellulose, 3-cyclodextrin, and various biopolymer composites have demonstrated
prominent potential in adsorbing different types of pesticides under diverse environmental
conditions. These natural polymers offer several advantages, including cost-effectiveness, a
high adsorption capacity, and reusability, making them suitable for large-scale remediation
efforts. The efficacy of these materials relies on their capacity to be regenerated and
sustain their performance during numerous usage cycles, hence promoting sustainable and
eco-friendly techniques in the management of agricultural pollution runoff.

6.2. (Semi)synthetic Polymers as Adsorbents for Remouval of Pesticides from Agricultural Runoff

Synthetic and semisynthetic polymers are a group of compounds obtained through
various chemical reactions, resulting in a wide range of properties. In the case of removing
pollutants like pesticides, these polymers can be applied in the form of adsorbents, such
as cross-linked networks, pendant/grafted binding groups, or components of composites.
These polymers tend to be more expensive and laborious in preparation; thus, biopolymers
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should be more favored due to their easy access from natural resources and cheap extraction
protocols. On the other hand, (semi)synthetic polymers are characterized by well-defined
structures, which allow the preparation of precise materials for the removal of pesticides
from agricultural runoff/wastewater. These properties enable targeting specific pollutants
and also increase the adsorption capacity and rate of adsorption. Therefore, (semi)synthetic
polymers seem to be an excellent alternative to adsorbents based on biopolymers with
limited capabilities. Figure 6 presents information about the strategies in the designing of
polymer-based adsorbents.

Conjugated or crosslinking

Coprecipitation £
with branched polymer

with nanoparticles

w N
“onmurtace | € d
-

Adsorbent with
photocatalytic activity

Molecularly imprinted
polymers (MIP)

Figure 6. Scheme of strategies towards the designing of polymer-based adsorbents for the removal
of pesticides.

Natural fabrics seem to be a suitable choice as polymeric adsorbents, but they lack a
high sorption capacity. The modification of these materials can result in improved removal
efficiency and selectivity. For instance, the conjugation of polyethyleneimine (PEI) to
cotton or wool increases the binding sites for pesticides. PEI-modified fabrics have been
applied for the adsorption of pirimiphos-methyl and monocrotophos. Pirimiphos-methyl
is characterized by its bioactivity towards a wide range of pests and can protect crops such
as vegetables, maize, sorghum, and fruits. Monocrotophos, on the other hand, is bioactive
towards insects and acts as an acaricide [301]. Both compounds contain phosphorus and
varying amounts of nitrogen, which are linked with the sorption capacity and nitrogen
content in PEl-fabrics (%). More nitrogen in the adsorbent results in a higher sorption
capacity, with the most effective removal observed for pirimiphos-methyl, which contains
more nitrogen than monocrotophos. The studies indicated a remarkably high sorption
capacity of 500-625 mg/g for wool fabrics (with an addition of 10% PEI). These materials
are highly efficient, with reusable cycles, supporting the Langmuir isotherm model and
pseudo-second order kinetics. The addition of PEI increased the sorption capacity by
around three times and accelerated the adsorption process. The molecular mechanism is
based on hydrogen bonding between amino and hydroxyl groups of PEI-fabrics and polar
groups of adsorbates like phosphate or amino groups [302].

The meso-sorbent silica/polyaniline (MSNPs/PANI) composite can also be considered
an effective adsorbent for the removal of pesticides from aqueous environments. El-
Said et al. (2018) applied this composite for the removal of chloridazon from synthetic
solutions [303]. Chloridazon is considered a selective herbicide that easily degrades and
migrates into groundwater, resulting in water contamination and severe illnesses such as
apathy, dyspnea, or paralysis [304]. MSNPs were used as filler/core particles, and PANI
molecules were used as the coating surface. The anilinium ions, characterized with positive
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charges, were deposited onto the negatively charged silica particles through electrostatic
interactions to form the composite. The sorption capacity of the composite was 30.15 mg/g,
which is lower than 75.60 mg/g for activated carbon. Despite its lower sorption capacity
compared to activated carbon, the sorbent performed efficiently for up to seven cycles of
sorption—desorption. The mechanism of adsorption was based on electrostatic interactions
between the adsorbent and adsorbate, as well as the aggregation of adsorbate molecules on
composite surfaces

Another type of composite can be based on iron nanoparticles Fe;O, which are coated
with a -cyclodextrin (3-CD) polymer cross-linked via diphenylcarbonate. In this case,
there are improved sorption properties of nanoparticles due to their strong affinity to
organic molecules through inclusion complexation inside CD’s cavity. This sorbent was ap-
plied towards the removal of aromatic chlorinated pesticides such as 4-chlorophenoxyacetic
acid and 2,3,4,6-tetrachlorophenol. Exposure to these compounds can result in lung irrita-
tion, shortness of breath, or pulmonary edema [305]. The studies indicated the favoritism
of inclusion complex formation with smaller size adsorbate molecules based on a higher
sorption capacity for 4-chlorophenoxyacetic acid than 2,3,4,6-tetrachlorophenol [306].

In order to increase the affinity of nanoparticles or polymers towards organic com-
pounds, the molecular imprinting allows the synthesis of material with a well-designed
structure. So et al. (2018) have prepared surface molecularly imprinted polymers (MIP) on
silica gel particles. The surface-synthesized copolymer was based on cross-linked ethylene
glycol and methacrylic acid [307]. The silica gel particles were the matrix for surface poly-
merization and the template molecules were carbaryl (CBL). CBL easily bioaccumulates
into fruits which results in toxic and harmful foods for humanity [308]. Such a designed
molecular adsorbent is characterized by a good recognition ability and selectivity towards
carbaryl molecules. The selective removal was observed through the comparison of the
adsorption capacity towards other pesticides such as carbofuran (CBF) and metolcarb
(MTMC). The adsorption capacity for CBL was 41.15 mg/g. This value was 5 and 10 times
higher than for CBL and MTMC, respectively. This type of material is characterized by
good sorption properties based on molecularly designed pores targeted towards exact
molecules. This strategy mimics key-hole behaviors which is observed in protein—drug
interactions studies.

The other type of polymeric adsorbent can be obtained through the covalent linking
of polymers with non-soluble compounds like multi-walled carbon nanotubes (MWCNTs).
The esterification of MWCNTs with poly(vinyl alcohol) (PVA) resulted in novel function-
alized MWCNTs and the further cross-linking of PVA on its surfaces via citric acid. The
novel MWCNT/PVA was applied towards the removal of organophosphorus pesticides
(OPPs) like diazinon, chlorpyrifos, pirimiphos-methyl, and malathion, which are described
as quickly degrading insecticides into the environment. All OPPs were efficiently removed
while maintaining stable work during four cycles of sorption-desorption. Presumably,
the molecular mechanism of OPPs’ adsorption was based on hydrogen bonding between
hydroxyl groups of PVA and (thio)phosphates of OPPs [309].

The MWCNTs can be combined with other polymers to form nanocomposites, es-
pecially with adsorptive and photocatalytic properties, to remove pesticides. Shahnazi
et al. (2020) designed molecularly imprinted poly-N-isopropylacrylamide (poly-NIPAM-
coated MWCNTs/TiOy) for the removal of pendimethalin [310]. Pendimethalin (PM) is
a herbicide responsible for a wide range of mutagenic or endocrine-disrupting effects,
disturbing the physiological homeostasis of the liver and kidney [311]. Firstly, the MWC-
NTs were combined with TiO2 to form nanocomposites, which were then modified with
surfaced free radical polymerization of NIPAM and acrylamide as monomers and N,N’-
methylenebisacrylamide (MBA) as a cross-linker. During polymerization, PM was added
as a template for the molecular imprinting process to increase the material’s affinity for this
pesticide. The main factors responsible for the adsorption-photocatalysis were molecular
imprinting /well-designed adsorptive sites for PM and O2.- radicals as the main scavengers,
which degrade PM.
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Sharma et al. (2020) synthesized a nanohydrogel based on chitin-cl-poly(acrylamide-
co-itaconic acid) as an efficient adsorbent of atrazine [312]. Atrazine is a herbicide known in
agriculture for its extremely dangerous mechanism of seizing the electron transport chain,
which causes plant death based on oxidative stress [313]. Chitin was chosen based on its
hydrophilicity connected to the presence of carboxyl and amine groups which increased
its swelling capacity, especially for the monomers’ sorption. The adsorption capacity of
atrazine was estimated to be 204.08 mg/g based on the Langmuir model. The material
was synthesized through microwave irradiation to supply energy for the cross-linking of
acrylamide and itaconic acid. The mechanism of sorption is considered complex due to
many binding sites in the nanohydrogel, electrostatic interactions, and hydrogen bonding
from nitrogen, oxygen, and hydrogen atoms in atrazine. The most effective removal was
observed for up to five cycles of adsorption, with the 6th cycle reduced to 50.8% [312].

Another type of composite can be formed with activated carbon (AC) and cross-linked
-CD using hexamethylene diisocyanate through carbamate species. The CD was applied
as an encapsulating medium for AC, while AC was utilized as an efficient adsorbing particle.
The AC/B-CD composite was used for the removal of cymoxanil (CYM) and imidacloprid
(IMD). Both pesticides are characterized by fungicidal activity as cyanoacetamide oxime
for CYM, and insecticidal activity as a neonicotinoid for IMD, respectively [314,315]. The
sorption capacity was estimated to be around 50 mg/g for both compounds. NaCl or urea
did not interfere with the sorption processes. The sorbent-sorbate interactions are based
on the inclusion complexation inside the CD cavity, hydrogen bonding, and hydrophobic
interactions with AC [316].

All comparative information about the equilibrium uptake capacity, initial concentra-
tions, and other parameters for the adsorbent based on (semi)synthetic polymers can be
found in Table 4.

Table 4. Comparison of equilibrium uptake capacity and other parameters of different adsorbents
for pesticides.

Initial Adsorption
Adsorbent Pesticide Concentration Other Parameters Capacity Reference
[mg/L] [mg/g]
-~ Pirimiphos-methyl 10% of PEI in fabrics, 454.6
PEl-cotton Monocrotophos 100 5h, 5 cycles 333.3 (302]
Pirimiphos—-methyl 10% of PEI in fabrics, 625.0
PEI-wool Monocrotophos 100 5h, 5 cycles 500.0
Natural pH,
MSNPs/PANI Chloridazon 2-100 1h, 30.1 [303]
p 7 cycles
Iron nanoparticles H=9
coated with 3-CD 4chlorophenoxyacetic acid 150 P 1 }: ¢ 125.2 [306]
polymer cross-linked via 2,3 4,6-tetrachlorophenol 8 eveles 17.8
diphenylcarbonate y
MIP on silica gel pH=7,
particles with Carbaryl 30 40 min, 41.5 [307]
templated CBL 8 cycles
Cross-linked PVA with Oflﬁil(ﬂdlaz.%non, 4 cycles,
oot pyrifos,
citric acid on irimiphos—methvl and 0.1 Flow rate at - [309]
MWCNTSs’ surface p p ethyl, 5 mL/min
malathion)
Adsorptive
Poﬁ/}{l\-/\l}\glliﬁlg/i%(i)gted Pendimethalin 10-40 photocatalysis, 35.1 [310]
2 1h, 5 cycles
Chitin-cl-
poly(acrylamide-co- Atrazine 5-30 3 h, 5 cycles 204.08 [312]

itaconic acid)
AC/B-CD composite Imidacloprid 200-500 3 cycles 50 [316]
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6.3. Polymer Membranes in Agriculture

There are several methods for purifying agricultural pollutants, ranging from chemical
methods such as electrocoagulation, electro-oxidation, and photocatalysis to physical
methods such as adsorption, coagulation—flocculation, and membrane technologies [300].
Polymer membranes, due to their structure and pores of various sizes, prevent the entry of
a wide range of contaminants, including compounds with a medium and high molecular
weight, suspended particles, bacteria, and viruses [317]. The use of polymer membranes
for the removal of agricultural contaminants has shown certain advantages over other
traditional processes due to reduced operating costs, low space requirements, minimal
energy consumption, and no chemical additive requirements, making them a promising
technology for the treatment of organic contaminants [318].

Given the wide variety of methods for synthesizing membranes, polymers, and nano-
materials available on the market, the possibilities of obtaining membranes that adapt to
the various variables and properties associated with a specific pollution, e.g., pesticides,
are relatively wide. The hydrophilic properties of polymer membranes and their pore
size depending on the polymers used and their overall effectiveness in removing organic
compounds can be improved by the appropriate selection of the polymer and/or its func-
tionalization [319]. A review of the literature showed that there is a greater number of
studies on the use of polymer membranes for biodegradable and non-biodegradable harm-
ful wastes/pollutants’ removal compared to other types of membranes, and this research
shows an increasing trend.

Currently, over 50 polymers are used to produce membranes, among which the most
commonly used polymers for removing agricultural pollutants are polyacrylonitrile (PAN),
polyethersulfone (PES) [320-322], polysulfone (PSf), polyvinyl alcohol (PVA), polyvinyl acetate
(PVAc), polyvinylidene fluoride (PVDF) [323], and polystyrene (PS) [324,325] (Table 5).

Although polymer membranes have been the subject of research and development for
several decades, they still have some drawbacks that limit their widespread use [317,326].
Most synthetic polymers used to produce membranes are non-biodegradable and have
hydrophobic properties. Unfortunately, the hydrophobicity of these membranes makes
them susceptible to membrane fouling [323,327]. When micropollutants settle on the
membrane surface, water permeability deteriorates. Consequently, this increases the need
for the frequent cleaning of the membrane, thus increasing the maintenance costs of the
membrane system. What is important is that the non-renewable and non-biodegradable
polymers can be harmful to the environment over time. This is because after their half-life,
they are usually disposed of in landfills and sometimes end up in the aquatic environment.
In some cases, these materials burn, leading to secondary pollution [318,328,329].

One synthetic polymer is, among others, polyacrylonitrile, which is considered one of
the preferred synthetic polymers for the production of polymer membranes due to their
cost-effectiveness, exceptional solvent stability, and high mechanical resistance. Other
polymers synthesized include polyurethane with cellulose acetate in blended membranes,
which are typically used for chromium (VI) elimination. Cellulose acetate is a common
filtration membrane due to its hydrophilic nature, good resistance to contamination, and
cost-effectiveness [330]. Polyethersulfone is a widely used commercial material for the
production of polymer membranes due to its several unique properties, such as excellent
chemical and thermal stability, excellent mechanical strength, and the ability to be used
over a wide pH range of 2-12. Despite all the wide applications of polyethersulfone, it
has some drawbacks, such as fouling caused by the adsorption of nonpolar solutes and
hydrophobic molecules or bacteria, which leads to a shorter membrane life. Other problems
are biocompatibility related to aggregation and its neutral state in water [331].

Therefore, the solution to these problems may be technologies based on the use of
biopolymers. Biopolymers, or natural polymers, are among the main materials used in
the adsorption of agricultural pollutants, dyes, heavy metal ions, and other pollutants,
even in low concentrations. Renewable and biodegradable materials are used to produce
them, which is due to the presence of nitrogen and oxygen in their chemical structure [332].
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The use of chitosan-based membranes is a common practice as it is the most preferred
adsorption method due to its excellent kinetics, improved reusability, and practicability of
scale-up [330]. It has an excellent performance in removing heavy metals and pesticides
from wastewater due to the amine functional group that forms surface complexes with
several metal ions. One of the disadvantages of flat chitosan membranes is poor mechanical
resistance. This can be carried out using chitosan in the form of thin-film composites to take
advantage of a good substrate, or it can be embedded in compatible nanomaterials [333].
As a result, other polymers can be blended with chitosan to overcome these problems, and
increase chemical stability and mechanical resistance [334].

In recent decades, significant efforts in the development of polymer nanocomposites
have resulted in nanoscale filling materials. However, the composite is not necessarily
at the nanoscale, as it can be micro- or macroscopic. Such advances have resulted in a
unique combination of nanomaterial properties that include the size, mechanical charac-
teristics, low concentrations required to induce a change in the polymer matrix, and ease
of production because they can be manufactured as a conventional polymer composite.
Moreover, nanocomposite technology shows significant improvement in biodegradability
and significant improvement in mechanical, thermal, and electrical properties. However,
the implementation of nanotechnology in the production of mixed-matrix membranes is as-
sociated with certain challenges, including the high possibility of the agglomeration of fine
particles and difficulties in determining the composition, strength, and functionality of the
interfacial region. Polymer-based nanocomposite membranes appear to be heterogeneous
substances. Their characteristics are influenced by factors that determine the attributes of
traditional composites, namely structure, component properties, interfacial interactions,
and composition [328,335]. It has been reported that many polymers as well as composite
membranes exhibit excellent separation properties in Palm Oil Mill Effluent [336]. Anwar
et al. (2019) synthesized silver nanoparticles, which were used for the coating of hydroxya-
patite (Cas5(PO4)3(OH)) nanotubes [336]. This coated nanofiller was incorporated into the
polyphenylsulfone and nanocomposite membranes were prepared by the phase inversion
technique. Nanofillers were key factors in changing the membrane properties, increasing
the separation efficiency of the membrane. The composite membranes were effective in
removing all organic matter present in the Palm Oil Mill Effluent, and the separation
efficiency of the membrane was so high that it showed potential for industrial applications.
This technology represents a promising development in the field of adsorption membranes,
but still requires further research to be beneficial in water purification applications due to
the above limitations.

The use of nanoadsorbents is a promising technology for the removal of low-molecular-
weight solutes, which is due to their large surface area, large number of adsorption sites,
and fast kinetics. However, nanoadsorbents are produced as fine powders, which causes
separation and regeneration problems, in addition to their high cost and some potential tox-
icity problems resulting from leaching into water bodies [299]. Combining the advantages
of nanoadsorbents and ultrafiltration membranes and overcoming their disadvantages in
water purification remains a challenge.

New trends on adsorptive membranes’ preparation techniques were developed to
overcome the disadvantages of the mixed matrix adsorptive membrane. Porous membranes
are typically used in micro- and ultrafiltration applications, where the main feature is the
pressure acting on the membrane and only the smallest particles pass through it. In the case
of ultrafiltration, the membrane is capable of retaining particles larger than 0.001 um [337].
As with dense nanomembranes, the pore size and arrangement are important features
needed to ensure the mechanical strength.

Sundarrajan et al. (2013) indicated that conventional ultrafiltration membranes can be
integrated into the thin film composites (TFC)-type configurations that consist of three lay-
ers: a microfibrous nonwoven support providing mechanical strength and an ultrafiltration
membrane providing resistance to permeate flow, covered with a thin layer as a barrier layer
to exclude solutes and monitor the flow rate [338]. Another application of microporous
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membranes is membrane distillation microfiltration processes. The microfiltration process
requires hydrophobic membranes that have narrow pore size distribution, good mechanical
strength, and high liquid entry pressure values [339]. The phase inversion technique is
one of the easiest techniques used as a manufacturing method and has the advantage of
achieving a large variety of pore sizes depending on the type and concentration of the
polymer, as well as the precipitation method and temperature. Electrospun membranes are
suitable candidates for microfiltration processes due to their effectiveness in controlling
material and structural properties [339,340].

Nonporous membranes consist of a polyurethane layer between microporous polyethy-
lene layers because porous layers usually provide structural support to thin nonporous
membranes [341]. The most important applications of these membranes include the re-
moval of organic compounds from the environment. Typically, dense-phase materials
(e.g., silicone rubber) are used to design semi-permeable hydrophobic membranes. A very
important aspect of the use of polymer membranes, especially in the case of nanofiltration,
is the precise control of their morphology, as well as chemical, thermal, and mechanical
integrity, in order to completely remove target contaminants without affecting the perme-
ate stream [342,343]. The thin film composite membranes widely used in nanofiltration
applications are designed on an asymmetric porous substrate obtained by the phase in-
version method [344]. Recently, conventional support systems in TFC membranes have
been replaced by electrospun scaffolds, which exhibit excellent interactions between the
barrier and support layers, improving the separation efficiency [340,345,346]. Electrospun
structures offer thin films with good mechanical properties and can also be a reliable option
for forward osmosis, and when combined with electrospun scaffolds, can lead to high flux
due to the interconnected pore structure [347,348].

Opverall, the use of polymer membranes for purifying agricultural contaminants provides
several benefits, including financial efficiency, low energy usage, and positive environmental
impacts. The integration of nanomaterials and biopolymers into mixed matrix membranes
might improve the membrane performance and stability. Biopolymers offer sustainable and
environmentally friendly options as substitutes for traditional synthetic polymers, while
nanocomposites enhance the mechanical and thermal characteristics of membranes. Although
there are some constraints, such as membrane fouling and toxicity problems, progress in
membrane technology and the development of new materials offer great possibilities for
efficiently tackling the increasing concerns around agricultural pollution.

Table 5. Several applications of polymer membranes.

Polymer Materials Membrane Types Application References
carrageenan membrane adsorption and desorption of heavy metals [323]
MgSO,, adsorption and desorption of heavy
TFC b metals (Zn(Il), Co(Il), Cd(II), and Ni(II)), dyes
cellulose/polydopamine mgférrl arrgne’ (methyl blue, methyl orange, Congo red) and oils [343,345,348]
(hexane, cyclohexane, petroleum), 4-nitrophenyl
phosphate, pesticide (avermectin)
hit nanofibrous membrane, removal of heavy metals, dyes, pesticides, less [333]
chitosan nanofiltration membrane cytotoxicity, mutagenicity, and soil sorption o
chitin nanofibrous membrane, removal of organic hydrophobic 1333]
adsorption membranes organic contaminant o
polyacrylonitrile polymer membranes agricultural pollutants, Cr(VI) [348]
polyethersulfone polymer membranes adsorption of nonpolar solutes ar}d hydrophobic [331]
molecules or bacteria
nanocomposite membranes, .
polysulfone nanofiltration membrane fermentation waste, dyes [349,350]
polyvinyl alcohol nanofiltration membrane removal of dyes [324,325]
polyvinyl acetate polymer membranes removal of heavy metals, dyes, pesticides [324,325]
polyvinylidene fluoride polymer membranes water treatment [347]
polystyrene polymer membranes pesticides, validamycin [324,325]
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7. Mulching Films

The utilization of mulching film to enhance the growth and yield of both annual and
perennial crops has been acknowledged for an extended period [42]. Mulching film serves
to retain heat and moisture, alleviate weed and pathogen pressure, and conserve water
and fertilizer. Consequently, the use of mulching film plays a role in promoting sustainable
agricultural production [108]. In addition, the presence of heavy metals in soil can adversely
affect plant growth. Mulches provide a remediation strategy helping to remove heavy
metals from the soil. Organic and plant-based mulch materials form complexes with heavy
metals, converting them into a non-toxic form for plants. Additionally, mulches can serve as
controlled-release composite films embedded with fertilizers, herbicides, or pesticides [106].
This approach enables the gradual and slow release of these substances from the mulch
films, ensuring their constant availability for plant uptake rather than being washed away
after the initial application [105].

There are two types of mulch: organic, composed of organic materials and which are
biodegradable, and inorganic, primarily consisting of plastic-based materials. Both types
have gained popularity in recent years [351]. However, it is worth noting that remnants of
mulch persist in soil and watersheds, forming microplastics capable of absorbing harmful
pesticides, insecticides, and herbicides, thus transporting them into the food chain (Figure 7).
Plastic residues that are persistent accumulate in soils as a result of incomplete collection
after usage. Moreover, mulch sheets may let chemical compounds seep out. In this
regard, the buildup of plastic residues and released additives from many mulch treatments
may have a negative impact on the health and productivity of the soil. Therefore, thin
(<20-25 pm) conventional mulch films are being replaced by certified soil-biodegradable
mulch films. In addition, the extensive use of this type of plastic in agriculture has been
found to alter the physical, chemical, and biological properties of the soil. With conventional
plastics persisting in the environment, plastic remnants gradually accumulate in soil,
breaking down into micro- and nanoplastics (MNPs) and releasing additives, which can
detrimentally affect soil health. Consequently, this can adversely affect plant growth and
crop yields. The impact of plastics on soil properties and fertility largely depends on
the characteristics of the material, including the size, shape, and chemical composition.
Residues from conventional mulch films in soil can impede water infiltration, reduce the
water retention capacity, disturb microbial communities and macrofauna, and diminish
soil fertility [37]. In general, the selection of a suitable mulching material is influenced
by various factors such as the type of materials available, ecological conditions, the color,
thickness, perforations, material availability, cost-effectiveness, and compatibility with the
specific crop being cultivated. Determining the superior option for agriculture remains a
topic of debate, and ongoing research seeks to provide clarity on this matter [352].

Non-biodegradable polymers play a significant role in agriculture, particularly in the
context of plant mulching. Despite the increasing popularity of biodegradable polymers,
conventional polymers are currently widely used.

One of the primary benefits is weed control. Non-biodegradable polymer films ef-
fectively block sunlight, reducing weed growth. This decreases the competition for water
and nutrients, positively affecting the growth and development of cultivated plants. An-
other significant advantage is moisture retention. Using plastic mulch helps maintain soil
moisture, reducing the need for frequent irrigation and decreasing water loss through evap-
oration. Additionally, the temperature regulation of the soil is highly beneficial. Mulching
can influence the soil temperature, raising it during cooler periods and preventing excessive
heating during hot days, which is advantageous for plant growth. It is also worth noting
that plastic films prevent a direct rainfall impact on the soil, reducing the risk of erosion.
Mulching films are also highly effective as a barrier against pests. Under certain conditions,
non-biodegradable polymer mulch can serve as a physical barrier to soil pests, protecting
crops from damage [353-357].
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Figure 7. Materials available for use as mulch films.

However, the use of non-biodegradable polymers comes with several environmen-
tal risks. One of the most widely publicized issues is environmental pollution. Non-
biodegradable polymers do not naturally decompose, meaning they must be removed
from the field and disposed of after the growing season, often leading to environmental
contamination. Similarly, disposal costs are a common problem. Removing and recycling
used plastic mulch generates additional costs for farmers and can be logistically challeng-
ing. Mulching films can also pose a threat to wildlife. Animals can nest in the mulch or
become entangled in plastic remnants, posing a direct threat to wild species. A widely
discussed risk associated with polymer use is the accumulation of microplastics in the soil.
The long-term use of non-biodegradable polymer materials can lead to the accumulation
of microplastics in the soil, which can adversely affect the soil structure and the health
of soil microorganisms. Furthermore, plastic mulching films do not always provide ideal
conditions for plants. Under certain conditions, such as very high temperatures, films can
excessively heat the soil or lead to its drying, negatively impacting plant growth [357,358].

Currently, three main types of non-biodegradable polymers are commonly used for
mulching films. Polyethylene (PE) is the most commonly used material for agricultural
mulching films. Polyethylene is characterized by good mechanical strength, resistance to
weather conditions, and the ability to retain soil moisture. It also effectively blocks sunlight,
limiting weed growth under the mulch [354,358,359]. Polyvinyl chloride (PVC), although
less commonly used due to higher costs and recycling difficulties, is sometimes used for
specific mulching applications requiring greater mechanical strength or specific properties
like transparency [359-361]. Polypropylene (PP), due to its UV resistance and chemical
durability, can be used in agriculture, particularly where long-term mulching is needed,
offering prolonged soil and plant protection [359,362,363].

Given the risks associated with the use of non-biodegradable polymers and their
advantages, primarily low costs, ongoing research aims to develop new solutions. One
such solution involves the use of plastics containing pro-oxidant additives (PAC). These
act like low-density polyethylene but contain chemical pro-oxidants that facilitate break-
down through oxidation in the presence of light. During photo-oxidation, the polymer’s
molecular weight decreases and oxidized groups are introduced, making the material more
susceptible to microbial degradation dependent on oxygen [363,364]. Such plastics are
termed “oxo-degradable”, exemplified by Oxo-PP (oxo-degradable polypropylene) [365].
Although PAC-based mulching films can be as effective in weed control as traditional plastic
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films without negatively impacting soil health, they lack durability and structural integrity,
leading to premature disintegration when used in fields. Their brittleness and lightness
pose challenges, and low ultraviolet radiation can slow their degradation once in the soil.
While they can degrade in the soil, they are not fully biodegradable, leaving fragments
in the soil and water as microplastic sources that can adsorb pesticides, insecticides, and
herbicides, and then enter food chains. Studies show that despite higher costs compared to
polyethylene films, PAC films equally contribute to soil microplastic problems [42,366,367].

Vegetables and other specialized crops can produce sustainably using biodegrad-
able mulch (BDM) films that are used as an alternative of traditional polyethylene (PE)
mulches [368]. After harvest, these biodegradable films can be ploughed into the soil, where
they will fully biodegrade into CO, and microbial biomass in a toxic environment [369].

Biodegradable mulch films have proven effective in weed control in agriculture, con-
tributing to increased agricultural yields. By utilizing BDM, there is potential to reduce
the reliance on fungicides, insecticides, and herbicides, contributing to more environmen-
tally friendly pest and disease management [370]. These films are known to minimize the
weed pressure, ultimately enhancing agricultural productivity. However, the widespread
production of weed mulch films often leads to significant environmental contamination due
to herbicide dispersion in the surrounding areas. Wang et al. devised an environmentally
friendly coating strategy for biodegradable weed mulch films. Their approach involved
adding a herbicide to a poly (vinyl alcohol) water-soluble solution containing dopamine.
Using a low-temperature coating technique, they successfully created effective weed mulch
films on a biodegradable poly (butylene adipate-co-terephthalate)/poly (lactic acid) film [371].

A variation of BDM is the “liquid mulch” technology, which employs an innovative
approach of spraying biopolymer-based protective coatings directly onto the soil instead of
using pre-made films. This process forms a film layer on the soil surface, providing func-
tions similar to traditional mulch while also stabilizing sandy soil surfaces and protecting
topsoil. Liquid mulch technology offers the advantage of requiring simpler equipment and
incurring lower labor costs compared to the application of plastic films [9]. Liquid mulch
is the esterification product of tamarind xyloglucan (TXG) from forestry wastes which
was synthesized with benzoic anhydride (BA). The addition of waterborne polyurethane
and urea increases its mechanical strength and improves its nutritional properties. The
xyloglucan-based liquid mulch has excellent UV protection, a high haze value (approxi-
mately 90%), and retains water at a rate of 80.5%. Tamarind xyloglucan-based liquid mulch
exhibits powerful and diverse optical properties as well as sand fixation functions, indi-
cating its great potential in sustainable agriculture as an alternative to plastic mulch [372].
Opverall, biodegradable mulch films offer numerous advantages for weed control in agricul-
ture, contributing to increased yields while addressing environmental concerns associated
with herbicide use [373].

One of the biodegradable polymers used in the production of mulching films is
PCL [374]. However, PCL mulches exhibit a poor impact and weak tear strength behavior,
with reported challenges in film extrusion. Although biodegradable, poly caprolatone
degrades at a slow rate, prompting its blending with starch or polylactic acid to enhance
biodegradability [375]. Field applications of these blends have shown promising results,
with better degradation observed compared to polyethylene mulches and positive ef-
fects on the root growth and density, crucial indicators of plant growth [376]. Trials have
demonstrated that PCL-starch-based and thermoplastic starch (TPS) mulch films degrade
effectively in various soil types and contribute to soil moisture conservation across di-
verse environmental conditions [377]. A polymer that is also significant in this respect is
polybutylene succinate(PBS). Notably, PBS-based mulch films serve as controlled-release
systems and have demonstrated effectiveness when incorporating various beneficial chem-
ical compounds such as fertilizers or herbicides [42].

In the case of natural polymers, lipids are inherently hydrophobic, rendering them
unsuitable to mulch film applications. Moreover, the fabrication and manipulation of
films composed solely of lipids pose significant challenges, constraining their practical
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utility. The predominant polymers within this category are carbohydrates, predominantly
polysaccharides [111]. These may be synthesized by bacteria or occur naturally in plants
and animals. Studies demonstrate the effectiveness of PLA-starch blends as biodegrad-
able mulch films with superior mechanical strength and water retention. Furthermore,
PLA-based mulch films can function as controlled-release systems, gradually dispensing
embedded chemical compounds to boost plant growth without leaching PLA, which can
be blended with other polymers like poly(butylene adipate-co-terephthalate)}—PBAT—or
polypropylene carbonate (PPC). Blends of PLA /PBAT exhibit improved durability, reduced
brittleness, and lower manufacturing costs compared to pure PBAT or PLA films. Moreover,
PBAT possesses the desirable qualities of stretchability, extensibility, impact resistance,
and heat resistance for usage as a mulch film. Consequently, PBAT-based mulch films are
now commercially produced in many countries, delivering beneficial effects in agriculture.
Moreover, PBAT blends serve as controlled-release systems for fertilizers, fungicides, and
herbicides embedded within the films. This slow release enhances the efficiency and pro-
motes crop production [378]. At this point, it should also be noted that the type of polymer
determines how the mulching film is spread. If the film is composed of multiple types of
polymers, the biodegradation mechanism becomes more intricate. Compared to single-
polymer mulches, these co-polymer blends or mulches may decay more slowly or more
quickly at times. It has been noted that polylactide blends decompose better than mulches
comprised of PLA alone, whereas poly(butylene adipate-co-terephthalate/polylactide)
blends deteriorate more slowly than PBAT mulches [379].

Chitosan can also be formed into films, making it suitable for mulch film production.
Although pure chitosan films may be brittle, the addition of plasticizers like glycerol
enhances their flexibility. In mulching applications, chitosan has demonstrated superior
weed control compared to certain herbicides and can serve as an effective controlled-release
system for fungicides. Additionally, it contributes to soil nutrient levels and has been shown
to enhance plant growth, flowering, and vegetable quality. However, its use can affect soil
temperature dynamics, potentially hindering plant growth, and its production from chitin
is costly. Consequently, despite its benefits, chitin and chitosan are not commonly preferred
as mulch materials due to these drawbacks [380].

Starch is an abundant and inexpensive polymer, its poor water resistance and brit-
tleness hinder its use as a mulching material. Over 33% of starch mulch films degrade
within 55 days, and they tear easily during application. Blending or modifying starch
with glycol, chitosan, or PLA can enhance the elastic strength, but these films are costly
and sensitive to humidity. Despite improvements, their mechanical properties still fall
short of those of plastic mulch films, limiting their agricultural applications. Despite this,
however, there are reports of attempts to use starch in, among other things, the aforemen-
tioned mulching [42]. Biodegradable mulching, particularly starch/chitosan blends, has
been explored as a potential substitute for short-cycle crops like vegetables and flowers,
aiming for fertilizer-free and microbial-based plant growth. These blends exhibit improved
film solubility and stability compared to pure starch films when in contact with soil. The
addition of chitosan enhances the film stability, with no visible cracks observed for up to
45 days, indicating their effectiveness as biodegradable mulch. Moreover, incorporating
renewable materials into starch blends offers sustainable solutions for agricultural mulch.
In another study, composite films made from modified starch, PLA, and natural fibers were
developed for mulching applications [132]. Bio-based polyolefins remain widely used in
agricultural mulching, contributing to environmental sustainability by reducing the need
for pesticides, herbicides, water, and energy. These mulching films typically last for one
growing season or longer, depending on crop types and agricultural practices [381].

Also alginate mulches, created by spraying a sodium alginate solution onto soil where it
cross-links with calcium ions, have shown benefits in promoting plant growth and enhancing
soil microbial populations. Additionally, alginate acts as a biostimulant, improving root devel-
opment, fruit quality, and plant resilience to salt stress. It is also non-toxic, biodegradable, and
has excellent water retention properties. However, the dependency of alginate mulch synthesis
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on soil calcium ions poses a challenge, as films cannot be produced without them. Moreover,
the stiffness of sodium alginate and resulting cross-linked films can lead to tears, allowing weed
growth. Blending with compounds like polyglycerol or hydroxyethylcellulose offers a solution,
but increases production costs, limiting efficacy [42].

The use of mulch films in agriculture offers numerous advantages compared to non-
mulched crop production, which can be classified into improvements in the soil microen-
vironment and economic benefits. The soil moisture content plays a crucial role in plant
growth, and factors such as the wind, high temperature, adverse weather conditions, and
weed infestation can lead to a moisture reduction in the soil. Mulches have been shown
to enhance the soil percolation and water retention capacity, thereby reducing the need
for irrigation [382]. Additionally, mulching materials contribute to salinity mitigation and
aid in soil reclamation by reducing salt toxicity in plants [38]. Mulches also protect the
soil from wind and water erosion, as well as soil compaction, which can negatively impact
crop growth. By breaking the speed of water flow, mulches increase the soil’s infiltration
rate and prevent erosion on slopes or hilly areas. Furthermore, mulch materials mitigate
the effects of weathering, heavy rain, and machinery, ultimately helping to alleviate soil
compaction issues [383].

Despite significant research efforts into developing commercially viable biodegradable
mulch films, the widespread adoption of these materials remains limited. The main barri-
ers to their use include costliness, management difficulties, and the need for specialized
equipment during application. As a result, despite the availability of alternatives to plastic
mulches, they are not being widely embraced by farmers. Governments can play a crucial
role in promoting their use by subsidizing biodegradable mulch films and raising aware-
ness about their benefits compared to traditional plastic options. There is also a pressing
need to develop polymers suitable for mulching across various climatic zones, encom-
passing diverse temperature ranges and soil types to cater to different crop productions.
Finding a material that meets the criteria of good physical characteristics, durability, and
biodegradability poses a significant challenge. While there are established testing methods
for determining mechanical strength, biodegradation analysis still presents questions, par-
ticularly due to limitations in current testing methodologies [42]. Most biodegradability
tests are conducted under controlled laboratory conditions, which may not accurately
reflect real-world soil environments. Additionally, even if a polymer degrades in soil,
the long-term consequences of any residual matter left behind after degradation remain
unclear. Therefore, there is a critical need to develop testing methods that can simulate
field conditions more accurately and assess potential residual effects [384].

8. Superabsorbent Polymers—Hydrogels

Drought is one of the most devastating natural calamities for a country’s economic,
social, and environmental well-being. Long-term droughts have an impact on the soil
ecology, perhaps leading to desertification and soil degradation. This causes significant
water distress, which is exacerbated by inadequate water management, irrigation prac-
tices, soil degradation, and soil with a limited water retention capacity. Effective land
management is the most viable strategy during a drought. When a place with a lot of
rainfall experiences drought, the plants/crops become more vulnerable to water stress than
those that thrive in dry or semi-arid environments. This is especially concerning in recent
decades, when exceptional and harsh weather events have hampered the crop yield in
tropical and subtropical climate zones. As a result, the drought scenario may be defined as
a circumstance in which plants are unable to draw water from the soil and so are under
water stress. Water stress is caused by a combination of the soil’s limited water holding
capacity, fertilizer migration into the deeper layer, and excess surface runoff. Long-term
droughts can lead to desertification, land degradation, and disruptions to the soil ecology.
Drought stress has a high impact on the agricultural environment, threatening global food
security [385]. It has been demonstrated that using superabsorbent hydrogel (SAH) as a
soil supplement can increase the soil structure, water-holding capacity, and plant available
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water content due to its hydrophilic three-dimensional network. Superabsorbent hydrogels
(SAH), also known as water-absorbing polymers (WAP), are 3D polymer networks that
can absorb and retain large amounts of water and solute molecules due to hydrophilic
groups attached to the polymeric backbone [386]. Hydrophilic polymers improve soil
water retention and alleviate water stress. Commercially available SAH on the horticulture
market has a water-absorbing capacity (WAC) of 100-500 g/g [387]. Drought management
studies consider soil qualities such as the water retention capacity, water usage efficiency,
permeability, infiltration rates, erosion, and surface runoff. Previous research has shown
that applying SAH to coarse-textured soil may significantly enhance water retention and
minimize infiltration rates, preventing severe percolation loss [388].

8.1. Attempts to SAHs Classification

Classifying SAHs is challenging due to their large number and structural variety,
which may be overwhelming. SAHs may be categorized based on their manufacturing
techniques and physicochemical features, as shown in Figure 8. Based on their origin,
SAHs are categorized into three categories: natural, synthetic, and hybrid [389].
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Figure 8. General categorizing of SAHs utilizing multiple criteria.

Natural SAHs are derived from natural sources such protein, starch, glycogen, cel-
lulose, and chitin, whereas synthetic SAHs are created by chemical polymerization using
acrylic acid, acrylamide, and methacrylic acid. The hybrid SAH is made of natural and
synthetic polymers bonded together. Hybrid SAH is more biodegradable and absorbs more
water than synthetic SAH. Researchers have developed hybrid SAHs called superabsorbent
hydrogel composites (SHCs) and superabsorbent hydrogel nanocomposites (SHNCs) over
the past few decades. These materials have an excellent swelling capability, salt respon-
siveness, and mechanical properties due to the incorporation of nano- and micro-sized
materials in the polymer framework [390].

For the synthetic SAHs, the literature reports multiple strategies for their production,
depending on their use. Generally, there are four polymerization methods: bulk, solution,
suspension, and graft polymerization, intensively used for synthetic SAH generation. Bulk
polymerization is a simple approach that involves adding a soluble initiator to an undiluted
liquid monomer to produce bulk SAHs. One significant drawback of this approach is
the rapid increase in the viscosity of the reaction mass as polymerization continues. In
the solution polymerization approach, both the monomer and the initiator are dissolved
in a solvent (such as water, ethanol, or benzyl alcohol) to limit the solution’s viscosity
rise. Following the polymerization procedure, the resulting product must be rinsed with
distilled water in order to eliminate the solvent and unaltered monomers. The technique’s
benefit is that the existence of the solvent limits viscosity growth and allows for continuous
heat transmission during polymerization. Suspension polymerization involves dispersing
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the monomer and initiator in an aqueous solution to form a homogenous mixture. To
prevent monomer droplets from coalescing, this approach requires continual stirring. This
method maintains the finished product’s spherical form and makes product separation
simpler than previous procedures. The final product’s particle form and size depend on the
monomer’s viscosity, dispersant type, and agitation speed [391]. Graft polymerization is a
promising technology that involves chemically linking one polymer to another’s backbone
or substrate. SAHs produced by these procedures often have a fragile structure and strong
salt sensitivity. SAHs have several levels of porosity, including non-porous, micro-porous,
macro-porous, and super-porous. The porosity of SAHs is determined by the reaction
temperature and foaming agent used during the polymerization process. SAHs can be
non-ionic, ionic, amphoteric, or zwitterionic depending on the existence of a charge in
the polymer network’s structure. Ionic SAHs are extensively utilized in agriculture, while
non-ionic SAHs are employed for contact lens manufacture. Amphoteric SAHs have
both acidic and basic groups in their polymer network, whereas zwitterionic SAHs have
both cationic and anionic groups and are mainly employed in wound dressings. Xu et al.
(2018) describe a simple and fast formation of biodegradable cross-linking as physical or
chemical in nature [392]. The physically cross-linked networks are not permanent, but
enough to render SAHs insoluble in water. These reversible cross-linked networks are
created by hydrogen bonds or interactions between ionic molecules. Chemical cross-linked
networks are permanently attached to the polymer network. SAH can be classified into
three types based on their monomeric components: homo-polymeric (cross-linked network
of one type of hydrophilic monomer unit), co-polymeric (two or more different monomers
with at least one hydrophilic component cross-linked together), and interpenetrating
(two independent cross-linked synthetic or natural polymer components). The SAHs might
be either biodegradable or non-degradable from the standpoint of decomposition. In nature,
the majority of synthetic SAHSs are not biodegradable. As a result, the current research
focuses on creating various biodegradable co-polymeric SAHs by the hydrophilic polymer
chain’s attachment of a biodegradable waste material (such as yeast, cellulose, starch,
chitosan, or sodium humate) [393,394]. The use of biodegradable SAHs in agriculture can
mitigate the risk that synthetic SAHs pose to the environment.

8.2. Shift to Natural SAHs
Cellulose-Based SAHs for Agriculture

Across sectors, the development of superabsorbent hydrogels is undergoing a revo-
lutionary age. Notwithstanding their benefits, synthetic superabsorbent hydrogels have
caused environmental issues primarily because they are not biodegradable. These mate-
rials cause the long-term contamination of the land and water, which stimulates a move
towards sustainable alternatives. Increasing focus is being paid to environmentally friendly
alternatives, including hydrogels made of natural polymers or biodegradable materials,
which have the same absorbency as their synthetic equivalents, but less of an adverse
effect on the environment. Superabsorbents made of cellulose and sourced sustainably are
becoming more and more popular. Biodegradable polymer hydrogels, naturally occurring
cellulose [395-397], chitosan derivatives [398,399], and substitutes based on starch [400] are
among the innovations. By improving the soil fertility and water retention, acting as strong
hemostatic agents in medicine, assisting in pollution management, and producing envi-
ronmentally acceptable building materials, these materials are revolutionizing agriculture.
Moreover, hydrogels based on cellulose have potential use in depollution [401-403] or high-
tech industries [404,405]. Sophisticated characterization methods help to maximize these
qualities, and the adoption of circular economy principles emphasizes sustainability even
more. The growing interest in environmentally friendly materials such as superabsorbent
hydrogels derived from cellulose is changing a number of sectors, including agriculture.
Their promise for a wide range of applications is highlighted by their biodegradability, high
water-absorption capacity, and adaptability. Hydrogels based on cellulose have become
essential components in agriculture for improving soil fertility and water retention. To
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increase the characteristics of gels, superabsorbent materials based on cellulose and its
functionalized derivatives were created. These materials were augmented with various
additions, including reduced graphene oxide, activated carbon, bentonite, and graphite
oxide, among many others. The term “soil conditioners” is a highly appealing product label
for certain close-to-use uses of cellulose and nanocellulose SAHs. Certain drought-prone
areas have little water availability in their soils, which makes them unsuitable for crop cul-
tivation. In theory, SAH soil conditioners have the capacity to absorb significant amounts
of water, store it, and release it in a controlled manner during dry seasons, Figure 9(al).
Furthermore, SAHs have the ability to function as a fertilizer or transporter of nutrients for
a comparable regulated release. Thus, plants can flourish [406].
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Figure 9. (a) Cellulose SAH: a schematic representation of the mechanism of SAH in agricultural
use (al), the growth of the plants without (left) and with SAH (right) (al’), the state-of-the-art for
designing various material structures with customized fertilizers releasing activity (a2), the semi-IPN
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SAH fertilizer release profile (a3), and the plant growth parameters (a3’,a3”). (b) Nanocellulose SAH:
the cultivation of radish on the Petri dish without (b1) and with (b1’) SAH, and the growth of spinach
in clay loam (b2,b2’) and sandy soil (b3,b3’). Reprinted with permission from ref. [406] Copyright
from Elsevier.

Controlling fertilizer release rates in the soil, where overly rapid delivery rates result
in nutrient dysfunction, is a particular challenge for cellulose SAHs. The architectures
of SAHs have been adjusted (Figure 9(a2,a3)), i.e., by creating double-layered SAHs and
semi-interpenetrating polymer (IPN) networks, in order to modify the rate of the fertil-
izer release. Semi-IPN might consist of two parts: a linear polymer and a cross-linked
polymer (gel network). While a double-layered SAH embeds fertilizer in the core layer
and releases it when the outer layer degrades, it can help create a thicker and stronger gel
network to slow down the fertilizer release. The release patterns of pure fertilizer (APP)
in a single network (cellulose-g-AA) and semi-IPN (cellulose-g-AA/PVA with PVA as
the second polymeric component) were compared by Wang et al. [407]. They found that
semi-IPN showed improved wheat growth (Figure 9(a3’,a3’')) but a slower rate of APP
release (Figure 9(a3)). A unique double-coated multifunctional slow-release fertilizer was
created by Zhang and Yang [408] with urea as the core, ethyl cellulose as the inner coating,
and cellulose SAH as the outer coating. This improved the soil’s ability to hold water and
produced a slow-release nitrogen profile. Applications for nanocellulose SAH in agriculture
have also been reported. When Barajas-Ledesma et al. [409] looked into the effect of TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl)-oxidized nanocellulose on radishes” germination in
Petri plates, they observed that nanocellulose SAH increases the germination index by
30—40% (Figure 9(b1,b1’)). In a later study, a commercial SAP (superabsorbent polymer)
and TEMPO-oxidized nanocellulose SAH were used as soil conditioners for spinach in
sandy and clay loam soils [410]. It is noteworthy that plants exposed to nanocellulose SAH
showed reduced development (“N0.5” in Figure 9(b2,b2’,b3,b3')). The malfunction of the
intended soil amendment capability may have been caused by the high degradability of
nanocellulose. This discovery also clarified why, although cellulose is a small component
(cellulose breakdown did not affect the total soil amendment quality), the cellulose-graft
polymer is now the most used soil conditioner in cellulose SAH. In order to investigate
the effects of various additives, their amounts, and the types of radiation they absorb,
these superabsorbents were tested using electron beam radiation. They displayed potential
in agricultural applications, especially with plants like spinach and crown daisies, and
showed promising results in swelling testing in a variety of solutions. Using a dissolving
method, employing sodium hydroxide and urea, environmentally friendly hydrogels were
successfully created from cellulose recovered from water hyacinths. Sodium tetraborate
decahydrate (borax) was then utilized to create cross-linking between the hydroxyl groups
of the cellulose chains. Boric acid inclusion may give cellulose hydrogels their superab-
sorbent quality. The swelling ratio of the cross-linked cellulose hydrogels could reach
around 900%, whereas the uncross-linked hydrogels had a swelling ratio of only 325%. The
gel percentage of the cross-linked hydrogels significantly increased as the concentration
of borax was raised. Additionally, the hydrogels made of cross-linked cellulose exhibited
antibacterial action against Gram-positive bacteria (S. aureus) [411]. To increase the gel
characteristics, superabsorbent materials based on carboxymethylcellulose were created
and supplemented with graphite oxide, reduced graphene oxide, activated carbon, and
bentonite. In order to investigate the effects of various additives, their amounts, and the
types of radiation they absorb, these superabsorbents were tested using electron beam
radiation. They indicated potential in agricultural applications, especially with plants like
spinach and crown daisies, and showed excellent results in swelling testing in a variety of
solutions. As the carbon materials and polymer gel had strong binding, superabsorbents
incorporating graphite oxide and reduced graphene oxide showed an improved gel fraction
and mechanical strength. These composites promoted better plant development by acting
as slow-release liquid fertilizers [412]. The citric acid cross-linking of hydroxyethyl cellulose
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with sodium carboxymethylcellulose salt resulted in the development of a superabsorbent
hydrogel for agricultural use. This procedure included the synthesis of cellulose nanocrys-
tals by acid hydrolysis. It was determined how the cellulose nanocrystals affected the
hydrogel’s characteristics, such as its 600% swelling rate when 2% citric acid was used as
a cross-linker. Optimizing cross-linkers and nanocrystal dispersion inside the hydrogel
matrix were the main goals in order to improve agricultural water resource utilization [413].
Using cellulose derivatives, a biodegradable superabsorbent hydrogel was created with
the goal of optimizing water resources for agricultural use. The sorption capacity of this
hydrogel was assessed in relation to its pH and ionic strength. Its potential in agricultural
applications was showcased in experimental greenhouses with tomato growing, where it
proved beneficial in efficiently storing and releasing water to the soil and plant roots [140].

9. Agrotextiles and Nonwovens in Agriculture

Agrotextiles, nonwovens, and mats have become an integral part of modern agricul-
ture. These materials are being increasingly used as greenhouse covers, fishing nets, layer
separation in fields, in nets for plants, rootless plants, and protecting grassy areas, packages
for storing grass, fertilizers, seeds, anti-bird nets, weed barriers, crop covers, erosion control
mats for ground and plant water management at the time of scarcity and abundance of
water, or as a twines broadly used to support crops such as tomatoes and cucumbers [414].
The wide range of applications of agrotextiles requires suitable tensile strength and good
permeability and, depending on the final use, they should be fast-biodegradable or non-
degradable (e.g., frost protection covers such as nonwoven spunbond, polypropylene, or
knitted polyethylene strips).

The potential application of agrotextiles has become of great interest in the past
decade because they improve plant and crop health through the reduction of the use of
harmful agrochemicals. They were studied particularly regarding their adsorption ability
of oyster peptide volatile compounds, mulch mats, geotextiles, lines, fishing nets, ropes,
shade fabrics, woven and nonwoven covers for crops, bird protection nets, and antihail
nets [415-420].

Nonwovens as materials with high strength, durability, and elasticity effectively
optimize the productivity of crops, gardens, and greenhouses. They can be used as crop
covers protecting from weather conditions like snow, wind, and rain, as plant protection
materials against herbicides, insects, and frost, weed control fabrics, seed blankets, root
control bags, biodegradable plant pots, landscape fabric, or lawn coverings [421,422].

The properties of nonwoven agrotextiles depend on the type and production condi-
tions, including, above all, what fibers they are made of. Nonwoven fabric can be produced
from natural or artificial fibers as well as their mixtures. Jute is mainly used as a natural
fiber, while the most common choice for nonwoven fabric made from artificial fibers is
polypropylene. Biodegradable products created from renewable raw materials have an
inherent advantage over products that must be initially synthesized and then disposed
of in landfills at the end of their life cycle. Environmentally friendly materials, from the
production of raw materials and production to the distribution and disposal of products,
have a low impact on the environment and are non-toxic [47].

Nonwoven fabrics are materials made of randomly arranged fibers or cut yarns
reinforced by mechanical, thermal, or chemical bonding. The properties of nonwoven
fabrics depend on the weave, type of fibers, and production parameters. Nonwoven
manufacturing systems are either wet-laid, dry-laid, or polymer-laid. Polymer nonwovens
or spun-melt nonwovens are produced using polymer extrusion machines. Once the web is
formed, the nonwoven fabrics can be bonded mechanically, chemically, or thermally. Such
joining methods include needle punching, stitch (mechanical) bonding, chemical bonding,
and thermal bonding.

Chemical bonding techniques involve the application of adhesive binders to webs
along with processes such as saturation, spraying, printing, or foaming to bond the fibers
together, improving the overall stiffness, softness, and water resistance of the final nonwo-
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ven fabric. Additionally, binding agents can also be applied during production to improve
the aesthetics of the surface roughness or to give the fibers fire-resistant properties. A
thermal bonding technique is often used, which involves firstly heating the web to soften
the fusible bonding element and then cooling it to fuse the fibers together. This technique
is characterized by a lower water consumption and reduced environmental impact due
to the possibility of recycling the fabrics. The main methods of fixing the structure of the
fibrous network still include mechanical joining using hydroentangling, stitch bonding, and
needling. Needlepunching is a nonwoven bonding technique that involves mechanically
joining fibers by repeatedly piercing a fibrous mat using a series of barbed needles. It is a
technique particularly used in the case of thick nonwoven fabrics.

The choice of fibers for various applications depends primarily on product specifica-
tions, the demand for composites, and profitability. Natural fibers are characterized by a
heterogeneous surface and their chemical composition shows the presence of multiphase
structures providing hydrophilic or hydrophobic properties, which may still give an ad-
vantage to synthetic fibers, which constitute 60% of the total production of nonwovens.
This fact contributed to the further development of the production of nonwovens from
natural products, emphasizing the global trend of increased sustainable and renewable
production [423-425].

Shi et al. (2024) examined the regeneration ability of octenylsuccinylated starch-
pullulan nanofiber mats after the physical adsorption and thermal desorption of off-odor
compounds in oyster peptides. The pore area and fiber diameter of the regenerated
nanofiber mats gradually decreased, the hydrophobicity gradually increased, and the sur-
face groups changed as the number of cycles grew [416]. Xian et al. 2021 investigated the
feasibility and degradability of recyclable natural cellulose- or protein-based nonwoven
mulches. They found that the crop yield from the best new mulch treatment and the degrad-
able plastic film treatment were similar, provided excellent thermal insulation, inhibited
weed germination, and enhanced the soil moisture retention capacity [417]. Chizhov et al.
(2018) used the electrospinning technique for the preparation of fibrous biodegradable non-
woven materials based on biopolymers (poly-hydroybutyrate and polylactide) and their
mixtures. Obtained fibrous materials had a high water absorption and a high oxidation
rate when compared to mulching films. These features facilitate biodegradation processes
in environmental conditions (more or less five times faster biodegradation), shortening
their service life to less than 1.5 months, which is required from a vegetational plant season
point of view. Polylactide was found to be a stable material for thermal oxidation and
it was present in blend-stabilized PHB. Unfortunately, the application of the nonwoven
technology to develop degradable mulch was found to be a relatively expensive method for
the valorization of various fibers and filaments, especially when made from biodegradable
polymers like PLA, PHB, or their blends [419]. Marczak et al. (2020) worked on the water-
absorbing geocomposite, an innovative technology supporting water management and the
vegetation of plants in environmental engineering and agriculture sectors. Obtained geo-
textiles made from wool and linen or reinforced by jute mesh biodegraded within the first
vegetation season, by their increased water retention capacity, and by their gradual release
of nutrients to the soil enhanced the development of the plant root system [420]. Woolen
geotextiles have been successfully used in agriculture and anti-erosion protection. They
are not only a source of available nitrogen and phosphorus for plants, which are slowly
released during degradation, but also limit evaporation and provide thermal protection
to the soil [426—428]. Moreover, the biodegradation of these textiles stimulates microbial
activity in the soil, reflected in the release of beneficial enzymes into the soil.

Gabrys et al. (2021) examined modified cellulose nonwoven fabric enriched with
potassium nitrate as a fertilizer and coated with polylactide in the tunnel cultivation of
tomatoes. The obtained biodegradable material improved the cultivation of plants by slowly
releasing fertilizer at optimal thermal and water conditions, as well as protecting the soil
against weed growth [429]. Gao et al. (2014) studied the usefulness of nonwoven polyester
fabrics with the covalently bounded organophosphate-degrading enzyme in the process of
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pesticide degradation. The immobilized enzyme demonstrated good effectiveness and may
be successfully used in the bioremediation process. Growing technological innovations in
the fibrous industry create new possibilities for the development of nonwoven fabrics with
better properties targeted at a particular application that can be used as both a temporary
and long-term solution [430].

10. Other Application

Polymers, due to their versatility and properties, have found applications in nearly
every sphere of contemporary life. These long molecular chains, which can be both natural
and synthetic, offer unmatched flexibility in their design, making them indispensable in
many industry sectors. In the food industry, polymers such as polyethylene and polypropy-
lene are crucial for the production of packaging, ensuring the safe and hygienic storage of
food products. The medical field also benefits from the advantages of polymers, utilizing
them in the manufacture of artificial joints, implants, and surgical tools, thereby opening
new possibilities in reconstructive surgery and orthopedics. The automotive sector is not
left behind, where polymers are employed in creating lighter and more durable compo-
nents, contributing to the enhanced energy efficiency of vehicles. These examples merely
scratch the surface as polymers are also integral to electronics, construction, clothing, and
even cutting-edge technologies such as 3D printing and nanotechnology.

Beyond the previously mentioned, polymer materials possess a plethora of other less
obvious applications. Examples are shown in Figure 10.

Micro- and
Nanoplastics

\ A
M\

Protective Artificial
Nets Substrates

Figure 10. Other applications of polymers in agriculture.

10.1. Seed Coating

Seed coating with polymers is an innovative method utilized in agriculture aimed
at improving seed germination conditions, enhancing their resistance to various external
factors and streamlining the sowing process.

Seed coating is a practice in agriculture that involves covering seeds with a layer of
material, such as polymers, to enhance their germination, protect against pests and diseases,
and provide protection against harmful environmental conditions. This process may also
include the application of additional components, such as fertilizers, plant protection
products, or growth stimulators, which are released at the appropriate time and place. Seed
coating is applied to prevent the leakage of metabolites from the seeds, which is especially
important in the context of storing seeds under various conditions. This is achieved by
applying a protective layer in conjunction with suitable packaging, as described by Ingmar
et al. in the context of soybean research [431]. Zhang et al. point to the beneficial properties
of polymers as a seed coating material due to its porosity, water retention ability, and
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nutrient richness. The polymer in seed coating contributes to improved germination, plant
efficiency, and soil health [432]. Samarah and Aldahadha explain that seed coating using
polymers and insecticides helps protect future plants from diseases and pests. Using
an optimal content of polymers combined with the insecticide Gaucho®, results in high
germination and plant emergence rates [433].

The mechanisms of seed coating with polymers utilize various active ingredients, such
as sterilizing agents and insecticides, which significantly improve disease prevention and
pest control for crops, for example, corn, soy, wheat, potatoes, and rice. This process also
results in improved plant germination rates and overall seed quality improvement [434].
Other studies have shown that seed coating using antioxidants and appropriate packaging
materials during storage can affect the maintenance of seed viability and vigor. The best
results were observed when coating seeds with ascorbic acid combined with aluminum
foil packaging, highlighting the importance of these mechanisms in preserving the seed
quality over time [431]. Additionally, in a study conducted by Zhang et al., biochar was
used as a seed-coating material, proving to be an economical and sustainable approach.
Biochar, with its porosity and water retention ability, supports seed germination and
contributes to improved plant growth and soil health [432]. Therefore, seed coating methods
rely on advanced polymers and other active ingredients to provide protection against
mechanical damage and contribute to the application of fungicides, seed coloring, and
nutrient packages, supporting better initial germination and crop development, such as
wheat [431].

The process of seed coating with polymers is thus a highly effective method used in
modern agriculture, enabling the enhancement of the seed quality, increasing the crop yield,
and providing efficient protection against pests and diseases. It significantly influences the
ease and effectiveness of sowing seeds and improves the efficiency of agricultural crops.

The benefits derived from this procedure include, among others:

e Improved Seed Protection: seed coating with polymers provides seeds with better
protection against plant diseases, pests, and fungi, making the seeds more resistant
from the start of growth [435].

e  The Controlled Release of Nutrients: seeds can be coated with polymers containing
nutrients that are gradually released, supplying the necessary substances to the seeds
at a critical moment of their growth [436].

e  Resistance to Adverse Environmental Conditions: seeds coated are also more resistant
to adverse environmental conditions, such as drought or excessive moisture, ensuring
better and more uniform germination [437].

e Increased Seed Viability: coating with polymers can improve the viability of seeds
stored for a long time, thanks to the reduction in moisture loss and protection against
harmful external factors [438].

e Improved Sowing Precision: by standardizing the sizes of coated seeds, greater preci-
sion during sowing can be achieved, leading to a more uniform distribution of plants
in the field [439].

e Improved Germination: coating can effectively improve germination in fields where
environmental conditions are not optimal, giving plants a better start [440].

e  Better Water Consumption Management: some polymer coatings can help maintain
moisture around the seeds, which in turn reduces the demand for water and can
contribute to water savings in agriculture [440].

The primary objective of seed priming is to protect seeds from numerous factors. By
creating optimal conditions for planting seedlings and utilizing successive growth stages,
this process effectively maintains the physiological and sanitary integrity of the seeds. To
safeguard the seeds from harmful influences, chemical agents are commonly employed.
Consequently, this approach efficiently handles potential attacks during germination and
supports the growth and maturation of crops [441]. Various types of polymers can be used
for coating, including biopolymers such as chitosan derived from chitin. Chitosan coatings
can regulate the water uptake, protect against stress factors such as aging and fungal
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invasion, and improve seedling germination under various soil moisture conditions [442].
Some coatings use specific polymers, such as DISCO AG SP RED L-200, combined with
other substances, such as tiram and mycorrhiza, to increase the vigor and yield of seeds,
as observed in studies with soybean seeds [443]. Additionally, the coating may contain
other beneficial additives, such as pesticides, bacterial inoculants, or growth regulators,
for additional seed strengthening. In some cases, the coating process aims to temporarily
inhibit germination [440].

Seed coating with polymers can be achieved through several mechanisms, each tai-
lored to specific seed treatment goals. Various seed coating processes are designed to
provide benefits such as increased germination, protection against pests and diseases,
the targeted delivery of nutrients, and controlled water uptake. Here are some of the
mechanisms used for seed coating with polymers:

e  Dry Coating Process: This method involves mixing seeds with a dry, water-dispersible
polymer powder. Water is then added to achieve a specific polymer-to-water ratio,
creating a film upon drying. The temperature is maintained below the seed degra-
dation point, creating a polymer film around each seed without causing any thermal
damage [439].

e  Fluid Bed Coating: Seeds are suspended and moved in an air stream in a fluid bed
apparatus while the polymer coating is sprayed onto them. This method allows for
uniform coating and quick drying due to continuous movement and airflow [444].

e  Bowl Coating: Similar to candy production, seeds are placed in a rotating bowl, while
polymers and other additives are added. Through the rotation of the bowl, seeds are
uniformly coated, rotating and rolling over each other [445].

e Immersion Coating: Seeds are immersed in a polymer solution, allowing them to
acquire a thin polymer layer. After removal, the polymer solution dries, forming a
continuous film around the seeds [446].

e  Electrostatic Coating: This uses an electric field to attract charged polymer particles to
the seeds. This can lead to a very thin and uniform coating, as the electric field can
attract the coating material to all sides of the seeds [447].

e Encapsulation: this is a more complex process in which seeds are completely sur-
rounded by a polymer matrix, providing significant protection and can also be de-
signed for the slow release of nutrients or other additives as the seedling grows [448].

Each of these mechanisms provides a unique set of benefits and can be optimized
based on the specific needs of the treated seeds, such as the desired release rates of additives,
the level of protection needed, and the environmental conditions in which the seeds will be
planted. The choice of polymer and application technique is key to achieving the desired
outcome in terms of the health, growth, and yield of seedlings.

For seed encapsulation, primarily biodegradable polymers are utilized. Non-biodegrad
able materials are considered too burdensome for the environment. Non-biodegradable
polymers can contaminate soil and aquatic environments, leading to ecological problems,
such as disrupting the balance of natural ecosystems or harming aquatic life. Therefore,
there is growing interest in developing and applying biodegradable alternatives. Despite
certain ecological challenges, seed coating with conventional polymers remains popular
due to its effectiveness in protecting and improving seed germination. However, growing
ecological awareness is pushing research and development towards greener, biodegradable
coating options that could offer similar benefits with a lesser burden on the environ-
ment. Seed coating with biodegradable polymers represents an innovative approach that
integrates the advantages of traditional coating with the principle of sustainable develop-
ment and environmental protection. Unlike conventional (non-biodegradable) polymers,
biodegradable polymer materials naturally decompose under the influence of microorgan-
isms, such as bacteria, fungi, or algae, into natural, non-toxic products, such as carbon
dioxide, water, and biomass. This process reduces potential negative effects on the envi-
ronment, while still providing key benefits to plants. Biodegradable coatings can be made
from a variety of materials, including [449]:
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Polylactic acid (PLA)—popular for its thermoplastic properties and compostability [450].
Starch—used for its naturalness and ability to absorb water [451].
Cellulose—exhibits good mechanics and is fully biodegradable [449].

Proteins, such as gelatin—allow for the creation of fully natural coatings [452].

The use of biodegradable polymers in seed coating is a significant step towards sustain-
able agriculture and environmental protection. The biodegradability of coatings minimizes
the risk of plastic accumulation in soil and water bodies, supporting healthy ecosystems
and limiting the negative effects of plastic pollution. Despite numerous advantages, there
are challenges related to production costs, scalability, and tailoring material properties
to specific applications. Research and development focus on overcoming these barriers,
improving the efficiency of biodegradable coatings, and their availability [439,440,449].
Further innovations in this field may offer even better solutions for seed producers, farmers,
and the environment.

Advanced polymer seed coating is an innovative agricultural technique that enhances
seed germination conditions, protects against pests and diseases, and optimizes the sowing
process by enveloping seeds with polymer layers containing supplementary components.
This process improves the seed viability, crop yield, and environmental sustainability
through mechanisms such as the controlled release of nutrients, resistance to adverse con-
ditions, and enhanced water consumption management. Despite ecological challenges, the
use of biodegradable polymers in seed coating represents a promising avenue for sustain-
able agriculture, offering effective protection while minimizing the environmental impact.

10.2. Soil Erosion Control

The use of polymers for soil erosion control encompasses various types of substances
that effectively reduce soil loss caused by the action of water, wind, and other external
factors. Polymers, such as polyacrylamide (PAM) and polyvinyl alcohol (PVA), have been
utilized in laboratory studies, which demonstrated that PAM is more efficient in reducing
total runoff during initial rainfall events, whereas both polymers yield positive results in
subsequent rainfalls [453]. The employment of biodegradable polymers, such as chitosan
and carrageenan, can enhance the soil stability and resistance against water erosion by
improving the wettability and resistance to runoff in unstable soils [454].

Biopolymers also offer numerous advantages compared to petroleum-based polymers,
including rapid vegetation regeneration and the reduced transport of solids in runoff
water, making them an attractive alternative due to biodegradability, costs, availability,
and logistics [455]. Compared to traditional stabilizers, polymers stand out for their stable
chemical properties and shorter curing time, making them effective in increasing soil
resistance to erosion [456]. Furthermore, in arid and semi-arid regions, the application of
synthetic polymers as soil structure enhancers helps prevent decreases in the infiltration
rates, reduce runoff, and minimize soil losses [457].

An example of a specific application is the use of polyacrylamide (PAM) in controlling
wind erosion in sandy soils, which has impacted the physical and chemical properties of
the soil, including its temporal variability [458]. Another study involved the application of
80 kg/ha PAM on a silty clay loam embankment, which reduced runoff by 86% and soil
loss by 99% during intense storms, remaining effective in controlling runoff and soil loss
through multiple artificial rainfall applications [459]. Polymers, such as PVA, have also
been used in the control of erosion in granulated soils, providing an effective method of
protection [460].

Research suggests that polymers are an effective means for controlling soil erosion,
offering structural stability to soils, improving erosion resistance, and promoting vegetation.
Their application in practice may require an individual adjustment to specific environmental
conditions and soil types.

Applications of Polymers:

e  Soil Structure Stabilization: Polymers, by interacting with soil particles, can enhance
their cohesion and porosity, which improves the water retention and permeability.
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This prevents soil erosion by rainwater or runoff, supporting a healthy environment
for plant root development [461,462].

e  The Creation of a Protective Layer: Some polymers can be applied to the soil surface
to create a protective layer that retains soil particles and increases resistance to erosive
agents. This is particularly useful in areas with steep slopes or where the soil is
exposed to the direct action of wind and water [463].

e Application as Hydrogels: polymer hydrogels can absorb and retain water, not only
reducing the risk of erosion, but also supporting vegetation during droughts by
providing additional water sources [464].

e  Soil Granularity Enhancement: polymers can be used to aggregate fine soil particles
into larger, more stable granular structures, further limiting the risk of erosion [465].

e  The Construction of Barriers to Prevent Erosive Water Runoff: in areas with varied
topographic conditions, polymers can be used to construct small barriers aimed at
slowing down and controlling the directions of rainwater runoff [466].

Examples of Applications:

- The protection of embankments and slopes: applying polymers to stabilize road and
railway embankments, as well as earth mounds, reducing the risk of landslides and
erosion caused by rain and wind [467].

- Hydrologic Engineering: improving soil permeability to ensure effective water drainage,
which is key in reclamation projects and wetland management [468,469].

- Land Reclamation: enhancing soil conditions in degraded areas, such as waste dumps,
mining sites, or decertified regions [470].

However, it should be noted that the use of synthetic polymers involves potential en-
vironmental risks related to their biodegradability and impact on the soil and groundwater.
Hence, there is growing interest in biodegradable polymers, which offer similar benefits
with less of an environmental burden.

In the face of increasing soil erosion, the use of polymers for its protection presents
a promising solution, enabling the integration of production goals with the principles of
sustainable development [471].

Non-biodegradable polymers, used to protect soil from degradation, operate through
various physical and chemical mechanisms that prevent erosion and the loss of the soil
structure and fertility. They are characterized by long-term stability in the environment,
meaning they do not easily undergo biological decomposition by microorganisms. Their use
in agriculture and environmental engineering can significantly contribute to soil protection,
though their durability also leads to increased environmental concern [472—474]. Non-
biodegradable polymers pose a challenge for the environment due to their durability and
resistance to decomposition. The accumulation of these materials in the soil can lead to
potential contamination and affect local ecosystems. Therefore, it is crucial to consider
the use of biodegradable alternatives and develop waste management strategies for used
synthetic polymers [472,473,475,476].

In the context of growing ecological awareness and the need for sustainable develop-
ment, research is evolving on new, eco-friendly polymers and their application technologies
to minimize negative impacts on the environment while retaining benefits for soil and agri-
cultural production. Biodegradable polymers are an innovative solution in protecting soil
from degradation. Their ability to decompose under natural processes, such as the action
of microorganisms, makes them attractive from an ecological perspective. The application
of biodegradable polymers involves various mechanisms that not only limit soil erosion,
but also support its fertility and structure [453,454,456]. While biodegradable polymers
present promising solutions, there are still challenges related to the costs, scalability of
application, and matching material properties to specific environmental conditions. This
requires further research and development to create comprehensive and cost-effective soil
protection methods that are widely available and environmentally friendly [454,458,477].

The use of polymers for soil erosion control offers a versatile solution to environmen-
tal degradation, with diverse mechanisms like the stabilization of the soil structure, the



Sustainability 2024, 16, 8439

59 of 90

creation of protective layers, and the utilization of hydrogels. While non-biodegradable
polymers pose environmental concerns, the shift towards biodegradable alternatives re-
quires further research to address challenges in the cost, scalability, and material properties.
Ongoing research aims to refine eco-friendly polymers and their application technolo-
gies to ensure more effective and sustainable soil protection methods amidst increasing
ecological awareness.

10.3. Tunnel and Greenhouse Protection

Polymers are widely utilized in covers for tunnels and greenhouses, offering both
structural protection and thermal insulation. One example is the use of polymers in tunnel
protection through the injection method, which creates a buffer layer, preventing damage
to the tunnel lining by falling rocks. This method is characterized by its rapid execution
and economic benefits [477-479]. In another application, rolled polyethylene foam with an
adhesive method serves as an effective insulation system in dome homes, protecting the
living space from external conditions similar to those in a greenhouse [480]. Polymers are
also an essential addition to cement used in deep drilling for oil or gas, allowing operations
at extreme depths and temperatures up to 260 °C [481]. Polyimide, due to its low solar
absorption, resistance to environmental factors, and high thermal stability, is suitable
for tunnel and greenhouse covers, as it can withstand harsh conditions and maintain its
properties when cast into thin films [482-485].

Recent advancements in the field of biodegradable polymers emphasize their sig-
nificance as an alternative to non-degradable polymers, with applications based on their
sources, properties, degradation patterns, and applications in 3D printing technology,
including possible use in tunnel and greenhouse coverings [486]. In addition, biodegrad-
able polymers provide sustainable solutions to environmental challenges posed by non-
biodegradable materials, offering durable and eco-friendly alternatives for traditional
plastics in agricultural applications, both for tunnel and greenhouse coverings [487,488].
The application of biodegradable films using lamination and creating layered structures
can enhance their barrier characteristics for oxygen and moisture, which is particularly
important in their use as coverings for tunnels and greenhouses, while also promoting
sustainable environmental development [131,489,490]. In conclusion, biodegradable poly-
mers offer extensive application possibilities in coverings for tunnels and greenhouses
by promoting the durability, sustainable use, and reduction in the environmental impact,
contributing to sustainable agricultural production and crop protection.

Polymers in Tunnel Protection:

- Sealing: One of the primary applications of polymers in tunnels is waterproofing.
Tunnels, especially those constructed underground or underwater, are susceptible to
leaks and water damage. Polymer-based waterproof membranes are applied to the
interior surfaces of tunnels to prevent water ingress. These membranes are flexible,
durable, and adhere well to concrete and other materials used in tunnel construction,
ensuring waterproofness [491-493].

- Structural Reinforcement: Polymers, combined with other materials such as fiberglass
or carbon fiber, are used to create composite materials that can strengthen the structural
integrity of tunnels. These composites can be applied to line tunnel walls or repair and
reinforce areas that may have weakened over time. The high strength-to-weight ratio
of polymer composites makes them an ideal choice for these applications [494-497].

- Corrosion Protection: Tunnels, especially those that carry vehicles or are exposed
to harsh conditions, can suffer from corrosion. Polymer coatings can be applied to
metal components of the tunnel, such as reinforcement bars, to protect them against
corrosion. These coatings act as a barrier between the metal and corrosive elements
such as water and salts [498-500].

In Greenhouse Protection:

- Covering Material: Polymers are commonly used as covering materials in greenhouses.
Polyethylene (PE), polyvinyl chloride (PVC), and ethylene—vinyl acetate (EVA) are just
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a few of the polymers used to produce greenhouse films. These materials are chosen
for their transparency, allowing the maximum penetration of sunlight, durability, and
resistance to environmental factors such as UV radiation and temperature fluctuations.
Furthermore, some polymer films have specific properties, such as light diffusion, for
even plant growth or blocking certain wavelengths to combat pests [501-504].

- Insulation: Polymers also play a key role in greenhouse insulation. Double-layer
polymer films can trap air between them, providing an insulating effect that helps
maintain the internal temperature of the greenhouse. This is particularly beneficial
in cooler climates, where maintaining a constant temperature is critical for plant
growth [501,505,506].

- Disease and Pest Control: Some polymer films used in greenhouses can be treated
with additives that help combat diseases and pests. For example, anti-drip films
reduce the formation of condensation droplets, which can spread pathogens. There
are also polymer films that can reflect UV light, deterring certain types of pests from
entering the greenhouse [232,501,507,508].

The widespread applications of polymers in tunnel and greenhouse coverings en-
compass structural protection, thermal insulation, and environmental sustainability. From
tunnel lining reinforcement to insulation in dome homes, polymers demonstrate versatil-
ity and efficiency, offering rapid execution and economic advantages. Moreover, recent
advancements in biodegradable polymers signal a promising shift towards eco-friendly
solutions, addressing environmental concerns while maintaining durability and barrier
characteristics crucial for tunnel and greenhouse protection. In conclusion, the integration
of polymers, both traditional and biodegradable, underscores their pivotal role in enhancing
agricultural practices, ensuring sustainable production and mitigating the environmental
impact in tunnel and greenhouse applications.

10.4. Packaging

Polymers have had a significant impact on the packaging industry, transforming
it from its basic beginnings into a highly sophisticated and diverse sector. Polymers,
chemical substances of a very high molecular mass consisting of multiple repeating units
called monomers, have found widespread use in packaging due to their versatility and
adaptability [475,509]. The introduction of polymers to the packaging industry has marked
a revolutionary shift from traditional materials such as glass, metal, and paper to more
durable, lightweight, and cost-effective solutions. This transformation began in earnest
in the early 20th century with the development of synthetic polymers like phenoplasts
and, later, polyethylene and polypropylene. These materials enabled the creation of a
wide range of packaging products, from simple containers to complex packaging systems,
fundamentally changing the way goods are stored, transported, and preserved [510,511].

Non-biodegradable polymers, such as polyethylene (PE), polypropylene (PP), and
epoxy resins, are widely used in the packaging industry due to their durability and re-
sistance to environmental factors. For example, polyethylene, known for its flexibility
and strength, is commonly used to produce plastic bags, film packaging, and contain-
ers. Polypropylene, with its high melting point, is ideally suited for packaging products
requiring sterilization at high temperatures. Epoxy resins, known for their excellent adhe-
sive properties and chemical resistance, are used in coatings and laminates for food and
beverage cans [512-514].

In response to environmental concerns in the packaging industry, there has been an
increase in the use of biodegradable polymers. These polymers are designed to naturally
decompose over time, minimizing their impact on the environment. Polylactic acid (PLA)
is a popular biodegradable polymer made from renewable resources, such as corn starch. It
is used in various packaging applications, including disposable cutlery, cups, and film pack-
aging. Another example is polyhydroxyalkanoates (PHAs) produced by microorganisms,
which are used in packaging requiring biodegradability and compostability [509,515,516].
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Polymers play a pivotal role in the packaging industry due to their diverse appli-
cations and advantageous properties. This article delineates several key applications of
polymers in packaging, elucidating their significance in ensuring product integrity and
environmental sustainability.

e Packaging Films: Polymers, such as polyethylene (PE) and polypropylene (PP),
serve as fundamental materials for manufacturing packaging films. These films
find widespread usage in packaging food items, industrial products, and various
consumer goods, owing to their robustness, flexibility, and ability to shield products
from moisture, light, and other external factors.

e  Bottles and Containers: Polymers like polyethylene terephthalate (PET) and polycarbon-
ate (PC) are integral to the production of bottles and containers for beverages, cosmetics,
household chemicals, and more. Their lightweight nature, durability, and resistance to
mechanical damage render them highly favored in the packaging industry.

e  Bags and Sacks: Polyethylene low-density (LDPE) and high-density (HDPE) polymers
are utilized for crafting bags and sacks for shopping, waste disposal, industrial pack-
aging, and beyond. They offer cost-effectiveness, ease of production, and safeguard
products against moisture and contaminants.

e Food Containers: Polymers are also employed in fabricating food containers such as
trays, bowls, and single-use packaging. They ensure hygiene, ease of storage, and
transportation while being adeptly engineered to preserve the freshness and quality
of food products.

e  Pharmaceutical Packaging: In the pharmaceutical realm, polymers feature prominently
in the production of packaging for medications, capsules, patches, and syringes.
Engineered to provide protection against moisture, light, and contaminants, they
facilitate convenient and safe handling for patients [509,517-520].

The significant advantage of utilizing polymers for packaging lies in their recyclability.
The recycling of plastics employed in the packaging industry constitutes a pivotal step
towards environmental protection and waste reduction. The process commences with the
collection of used packaging from various sources, ranging from households and businesses
to collection points. Subsequently, the packaging undergoes meticulous sorting based on
its type and properties, facilitating further processing. Once the packaging is adequately
sorted, it undergoes a shredding process. During this stage, mechanical, chemical, or
thermal methods are employed to shred the packaging into smaller pieces, facilitating
subsequent processing. The shredded materials are then subjected to melting or granulation,
resulting in the formation of liquid raw material or granules. The obtained raw material
is subsequently utilized in the production of new products made from plastics. This may
include the manufacturing of new packaging as well as other plastic articles. Through this
process, it becomes feasible to reduce the consumption of natural resources and limit the
amount of waste ending up in landfills. The recycling of plastics in the packaging industry
necessitates collaboration among various stakeholders, including producers, recycling
companies, and consumers. The promotion of this process can contribute to mitigating
the adverse environmental impact of the packaging industry and support the goals of
sustainable development [521-524].

Polymers have revolutionized the packaging industry, offering versatile and adaptable
solutions that have replaced traditional materials such as glass, metal, and paper. Their
introduction has ushered in a transformative shift towards more durable, lightweight,
and cost-effective packaging options, fundamentally altering the storage, transportation,
and preservation of goods. From non-biodegradable polymers like polyethylene and
polypropylene to environmentally conscious alternatives such as polylactic acid (PLA)
and polyhydroxyalkanoates (PHAs), polymers play a crucial role in ensuring product
integrity and environmental sustainability. Through meticulous recycling processes in-
volving collection, sorting, shredding, and reprocessing, polymers contribute to waste
reduction and environmental protection, underscoring the importance of collaboration
among stakeholders to promote sustainable practices in the packaging industry.
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10.5. Hoses and Irrigation Systems

Polymers play a crucial role in the design and functionality of garden hoses and
irrigation systems due to their unique properties such as flexibility, durability, and resistance
to various environmental factors. These synthetic materials have transformed the way
water is delivered in horticulture and agriculture, offering efficient and flexible irrigation
solutions. Below is a detailed discussion on the use of polymers in garden hoses and
irrigation systems, highlighting their significance in these applications [525-527].

In irrigation systems, polymers are used to create precise and controlled watering
mechanisms, such as drip irrigation lines and sprinkler hoses. These systems are designed
to deliver water directly to the plant’s root zone, minimizing evaporation and runoff,
thereby maximizing the water use efficiency. The use of polymers in these systems aids in
water conservation, an increasingly important factor in areas struggling with water scarcity
or those aiming for sustainable gardening practices [528,529].

One of the most valued characteristics of polymers in garden hoses is their flexibility
combined with exceptional durability. This allows for the easy maneuvering of hoses
around corners, plants, and other obstacles without kinking and breaking. Polymers, such
as polyurethane (PU) and polyvinyl chloride (PVC), are commonly used in the production
of garden hoses due to their wear resistance, enabling hoses to withstand the rigors of daily
use and harsh weather conditions without damage [526,530].

Polymers are inherently resistant to a range of environmental factors, including UV
radiation, extreme temperatures, and chemicals. This resistance is crucial for garden
hoses and irrigation systems exposed to outdoor conditions, where UV rays can cause the
degradation of materials not capable of withstanding such exposure. Polymer-based hoses
maintain their integrity and functionality over time, even when left outdoors in varying
weather conditions, which is essential for reliability and longevity in horticultural and
agricultural applications [525,531].

The versatility of polymers allows for a wide range of customization options in garden
hoses and irrigation systems. They can be designed to various specifications, including
length, diameter, and wall thickness, to suit different needs and pressures related to
irrigation. Additionally, polymers can be formulated to have antibacterial properties,
reducing the risk of algae and bacteria buildup inside the hose, which can deteriorate the
water quality and flow [532,533].

Polymers are integral to the design and functionality of garden hoses and irrigation
systems, offering flexibility, durability, and resistance to environmental factors. These
synthetic materials have revolutionized water delivery in horticulture and agriculture, pro-
viding efficient and adaptable irrigation solutions that conserve water and withstand harsh
conditions. Through precise watering mechanisms like drip irrigation lines and sprinkler
hoses, polymers contribute to water conservation by delivering water directly to plant roots
while minimizing evaporation and runoff. Their flexibility and durability make them ideal
for maneuvering around obstacles without kinking or breaking, while their resistance to
UV radiation and chemicals ensures their long-term reliability and performance, essential
for outdoor use. Furthermore, the versatility of polymers allows for customization options
to meet various irrigation needs, including length, diameter, and antibacterial properties,
highlighting their indispensable role in sustainable gardening practices.

10.6. Protective Nets

The use of polymers in the production of protective nets, especially in agrochemistry,
signifies the substantial application of these materials in agriculture. Protective nets are
essential in safeguarding crops against various external threats, including insects, birds,
excessive sunlight, and harsh weather conditions. Polymers, with their versatile properties,
play a key role in the production of these nets, ensuring they meet the required standards
of durability, effectiveness, and environmental friendliness. Below, we delve into how
polymers are utilized to create and function in protective agricultural nets [534,535].
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Polymers such as polyethylene (PE) and polypropylene (PP) are commonly used in
the manufacture of protective nets due to their high tensile strength and durability. These
materials can withstand various physical loads, including stretching and tearing, common
during installation and prolonged use in crop fields. The proper resilience of these polymer
nets ensures crop protection over an extended period, often across several growing seasons,
without the need for frequent replacement [534,536].

Protective nets made from polymers have the advantage of being both flexible and
lightweight. This makes them easy to handle, install, and dismantle, a key feature for
farmers and agricultural workers who may need to cover or uncover large crop areas. The
flexibility of polymer nets also allows them to be laid over irregular shapes and structures
without damaging the plants they are meant to protect [535,537,538]. Exposure to sunlight
and changing climatic conditions can degrade many materials, but polymers used in protec-
tive nets are often treated or are inherently resistant to UV radiation. This resistance ensures
that the nets maintain their structural integrity and continue to function effectively over
time, even when exposed to direct sunlight for extended periods. Additionally, polymer
nets can be designed to withstand various environmental conditions, such as extreme
temperatures, humidity, and precipitation, making them suitable for use in different cli-
matic zones [536,539,540]. One of the primary functions of protective nets is to deter pests
and diseases. Polymer nets can be designed with specific mesh sizes to prevent insects
and birds from penetrating while allowing air, light, and moisture access to the crops.
This selective barrier minimizes the need for chemical pesticides, contributing to more
sustainable agricultural practices. Moreover, the application of polymers can include the
introduction of antimicrobial properties, further reducing the risk of disease spread among
plants [541,542]. Besides providing physical protection, some polymer nets are tasked with
diffusing light and moderating the temperature, creating a microclimate more favorable for
plant growth. By controlling the amount and intensity of the sunlight reaching the plants,
these nets can help prevent problems such as sunburn and heat stress, promoting healthier
and more productive crops [543,544].

In conclusion, polymers are essential components in the production of protective
agricultural nets, offering a versatile solution to crop protection challenges. By providing
a physical barrier against pests and diseases, moderating environmental conditions, and
promoting sustainable agricultural practices, polymer-based nets contribute significantly
to enhancing the crop yield and quality.

10.7. Artificial Substrates

The application of polymers in the production of artificial substrates for plants presents
a fascinating utilization of these versatile materials, bridging the field of materials science
with botany. Artificial substrates play a crucial role in various gardening and agricultural
practices, serving as an alternative to natural soil for plant growth and support. Polymers,
due to their wide range of properties and the possibility of customization through specific
additives, play a significant role in the development and efficiency of these substrates.
Let us delve into the key aspects of utilizing polymers in creating artificial substrates for
plants [545,546].

In the subsequent stages of plastic production, various additives such as stabilizers or
modifiers are often necessary. This adaptability of polymers is crucial in creating artificial
substrates. By adding specific stabilizers or modifiers, manufacturers can tailor the physical
properties of polymer-based substrates, such as porosity, water retention, and aeration, to
meet the specific needs of different plant species. This ability to precisely tune substrate
properties ensures that plant roots have access to the right amount of water, air, and
nutrients, promoting healthier growth and development [546].

Another advantage of polymer-based artificial substrates is the possibility of a con-
trolled nutrient release. By incorporating nutrients directly into the polymer matrix or
coating polymer particles with slow-release fertilizers, manufacturers can create substrates
that provide plants with sustained nutrition. This controlled release mechanism ensures a
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steady supply of essential nutrients to plants over time, optimizing growth and reducing
the likelihood of nutrients leaching into the environment [463,546].

10.8. Micro- and Nanoplastics

Micro- and nanoplastics are gaining attention in various fields, including agrochem-

istry, where they can bring benefits, but also raise concerns about health and the environ-
ment. The application of micro- and nanopolymers in agrochemistry includes:

Delivering nutrients and plant protection agents—micro- and nanoplastics can be
used as carriers for the controlled release of nutrients and plant protection agents.
Thanks to their small sizes, these particles can more easily penetrate the soil and reach
plant roots, allowing for a more efficient delivery of nutrients or pesticides directly to
the plant, reducing losses and limiting negative environmental impacts.

Improving soil properties—microplastics can be added to soil to enhance its physical
properties, such as water retention or structure. They can help maintain soil moisture,
which is beneficial in dry regions and may reduce the need for frequent irrigation.
Supporting plant development—some studies suggest that nanoplastics can affect
plant growth and development. For example, they may support root growth or
improve plant resistance to abiotic stresses, such as drought or salinity [547-549].

Micro- and nanoplastics can enter the environment in various ways, especially in the

context of agrochemistry. Here are some key pathways through which these tiny particles
can enter the environment.

Use in agrochemical products:

Plant protection products and fertilizers: Micro- and nanoplastics are sometimes
added to plant protection products and fertilizers as carriers of active substances or to
improve product properties, such as increasing stability or the controlled release of
ingredients. During their application in fields, some of these plastics can be directly
introduced into the soil.

Soil property modification: In some cases, microplastics are intentionally added to
soil to improve its structure or water retention capabilities. These plastics can degrade
over time into even smaller nanoplastics, which more easily penetrate the soil and
groundwater [549-552].

Loss during production and transport:

Loss during production: micro- and nanoplastics can be released into the environment
during the production of agrochemicals due to leaks, breaches, or improper waste
disposal.

Loss during transport: during the transport of agrochemical products, microplastics
can be accidentally released into the environment, for example, through leakage or
dispersion as a result of an accident [550,551,553].

Degradation of plastic materials used in agriculture:

Plastic covers and mulch: Various types of plastics, such as for creating polytunnels,
windbreaks, or as mulch on cultivated fields, are widely used in agriculture. These
materials degrade over time, leading to the formation of micro- and nanoplastics that
can be carried by the wind and water.

Irrigation systems: plastic components of irrigation systems, such as pipes and drip
emitters, can erode over time, releasing microplastics into the soil and water systems.
Washing off from cultivated fields: micro- and nanoplastics can be washed off from
cultivated fields by rain or during irrigation, making their way into surface and
groundwater, and from there, they can enter the wider environment, including seas
and oceans.

Impact on biota: micro- and nanoplastics can be ingested by animals, including
insects, soil worms, and microorganisms, which may lead to their accumulation in
food chains [356,554-556].
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Despite potential benefits, there are also serious concerns about the use of micro-
and nanoplastics in agrochemistry. The accumulation of micro- and nanoplastics in the
environment and their potential impact on human health and ecosystems are subjects of
intense research. Implementing appropriate waste management practices, developing more
sustainable production and application methods for agrochemicals, and seeking biodegrad-
able alternatives to plastics are crucial in minimizing this phenomenon [554,555,557,558].
Current research focuses on assessing the impact of micro- and nanoplastics on the envi-
ronment and human health, as well as developing biodegradable alternatives that could
minimize the negative effects of their use. Regulations regarding the use of these materials
in agrochemistry continue to evolve as we deepen our understanding of their potential
effects [557,559-561].

Polymers constitute a vast sector encompassing a range of materials with highly
diverse properties. None are without flaws, yet they present a variety of advantages
listed in Table 6. Researchers continue to develop new synthetic materials with innovative
properties and applications. New prototypes emerge daily, and while the applications of
polymers mentioned previously do not fully exhaust the subject, they provide an overview
of the extensive use of plastics in today’s world.

Table 6. Advantages and disadvantages of utilizing polymers in agriculture.

Application Advantages Disadvantages References
Seed protection; )
Enhanced germination; Environm%ﬁi;si’concerns
Seeds Coating Targeted ddelivery '?jf ngtrients Potential risk to soil microflora; [432,435-440]
and pesticides; Technology dependence.

Increased sowing efficiency.

Soil stabilization:; Environmental implications;

. Costs;
Soil Erosion Control Enhanc%iu‘;\;fﬁ;‘ re'tentlon, Effectiveness limitations; [453,454,461-466]
Vi t'l’tty, Application challenges;
ersatiity. Potential removal issues.
Weather resistance; De anggst;ion'
Tunnel and Greenhouse Thermal insulation; Ventil tg limit t i [477-479,482,483,491,492,495,
Protection Pest and disease protection; entriation imittations; 496,498-500]
Ease of installation Maintenance;
’ Challenges.
Lightweight; Disposal challenges;
. Corrosion resistance; Environmental impact;
Packaging Versatility; Degradation issues; [509-511,513,516]
Low production cost. Potential health hazards.
Flexibility; Environmental impact;
. Corrosion resistance; Potential health hazards;
Hoses and Irrigation Systems Lightweight; Repair difficulties; [525-527,530-532]
Mechanical durability. Temperature limitations.
Weather resistance; Costs;
. Flexibility; Disposal challenges;
Protective Nets Durability; Potential animal hazards; [534-537,540,543]
Ease of installation. Susceptibility to damage.
" Costs;
Contrzlrlcévsfisggfeo,SItlon Potenftial retention of
Artificial Substrates Durability; chemical substances; [545,546]
Hveieni ditions: Water and air
yglenic con itions; permeability limitation;
Lightweight. Environmental concerns.
Versatility of applications; Environmental pollution;
. . Lightweight; Bioaccumulation;
Micro- and Nanoplastics Durability; Public health risks; [548-550,555,556,559,560]

Ease of forming. Biodiversity disruption.
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11. Conclusions

In conclusion, this review highlights the significant impact of both traditional, non-
degradable plastics and environmentally friendly bioplastics, such as poly(vinyl alcohol),
poly(butylene adipate-co-terephthalate), poly(butylene succinate-co-adipate), poly(lactic
acid), or starch-based polymers, on the agricultural sector in the face of the global plastic
waste crisis. Polymers are effectively used in smart-carrier systems for agrochemicals
with prolonged release, functional polymers for pest control, and super absorbents to
enhance crop health under drought conditions. They are also widely utilized as mulching
films, membranes, mats, non-woven fabrics, protective nets, seed coatings, agrochemical
packaging, and greenhouse coverings. These applications, along with their being in artificial
substrates for sustained nutrient delivery, demonstrate the essential nature of polymers in
agriculture and packaging industries.

It is essential to consider that approximately 12.5 million tons of plastics, including
7.5 Mt of plastic films, are used annually in agricultural production globally, accounting for
around 3.5 percent of the global plastic production (359 million tons) [1]. In Europe alone,
plastic consumption in agriculture has increased from 4.3% in 2018 to 4.9% in 2022 [562].
Given their extensive use and limited sustainable alternatives, it is unlikely that polymers
can be entirely eliminated in the near future to prevent soil and surface water plastic
pollution, despite concerns about their toxicity and persistence.

However, some synthetic and semi-synthetic polymers, such as chitosan, nanocellu-
lose, and (3-cyclodextrin, exhibit high adsorption capacities for removing organophosphate
pesticides (glyphosate, ethoprophos, and chlorpyrifos) and triazines (atrazine) from agri-
cultural runoff. These materials demonstrate potential as alternatives to conventional
adsorbents like charcoal and some biopolymers. The review also discusses the poten-
tial of bio-based materials as viable alternatives to conventional polyolefins and other
environmentally persistent polymers.

Bio-based polymers align with innovative agricultural advancements aimed at increas-
ing productivity while reducing plastic contamination and minimizing adverse ecotox-
icological impacts on both aquatic and terrestrial ecosystems. Compostable bioplastics
with their global production capacity are projected to rise from 2.2 million metric tons in
2022 to 7.4 million metric tons by 2028 [563]. The global market value of bioplastics is
expected to reach USD 1353.3 billion by 2033, a significant increase from USD 96.6 billion
in 2023 [564,565]. These trends highlight the need for integrating bio-based and sustain-
able polymers into agricultural practices to curb plastic waste. Moreover, 175 countries
have agreed to negotiate a legally binding Plastics Treaty (UNEA-5.2) to address plastic
pollution, reflecting global commitment towards sustainable solutions in the agricultural
sector [566-568]. Despite these advancements, there is a pressing need to adopt more
“green” polymers to align with ecological trends in modern agriculture. This strategic shift
towards sustainable materials presents a significant opportunity to foster a more productive
and environmentally responsible agricultural sector.

It is also recognized that it is necessary to undertake law-making work on the cre-
ation of uniform regulations of EU law that would guarantee environmental and climate
protection on the issues discussed in the publication. In light of the considerations made,
a desirable outcome would be the creation of such legal regulations that would allow
conventional plastics to be replaced in whole or in part by producing them from bio-based
raw materials that could decompose at the end of their useful life. All the EU actions taken
so far should result in future changes to EU environmental and climate law.
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Abbreviations and Acronyms

PE polyethylene SCCA starch—chitosan—calcium alginate
PP polypropylene SCA starch alginate—calcium
PVC polyvinyl chloride CCA chitosan—calcium alginate
EU European Union CaA calcium alginate
EC European Commission SA-L alginate-lignin
EGD European Green Deal YMP yerba mate powder
Registration, Evaluation, Authorisation, . .
REACH ang Restriction of Chemicals NPK-HA/Alg hydroxyapatite/alginate
PVA poly(vinyl alcohol) HA/Alg hydroxyapatite/alginate
PBAT poly(butylene adipate-co-terephthalate) SNCs starch nanocrystals
PBSA poly(butylene succinate-co-adipate) T™X thiamethoxam
PLA poly(lactic acid) PEG polyethylene glycol
PCL poly e-caprolactone
PBS polybutylene succinate GLY glycerol
PHA polyhydroxy alkanoates CF-2 :ﬁ?ggjﬁ@;;&‘g‘;lgg ;g (ir7cent of
PHB poly 3-hydroxybutyrate CMS/XG carboxymethyl starch /xanthan gum
PET polyethylene terephthalate PDXE MG biodegradable dextrin-based microgels
PS polystyrene PDX MG unfunctionalized microgels
PTFE polytetrafluoroethylene PHV polyhydroxyvalerates
oly(l-lactide-co-glycolide)—oly(ethylene
PU polyurethanes PLGA—PEG—PLGA glyzol)_poly (1_1‘0; Cyﬁ de_co_glygoh dZ)
PC polycarbonates HV 3-hydroxyvalerat
PVDF polyvinylidene fluoride LC A-cyhalothrin
PCTFE polychlorotrifluoroethylene BCRNF b{ochar—base.d . controlled-release
nitrogen fertilizer
uv ultraviolet light GG guar gum
GMOs genetically modified organisms HNT halloysite nanotubes
PHBV poly 3-hydroxybutyrate-co MMt montmorillonite clay
-3-hydroxyvalerate
CSs chitosan CS-g-PCL poly(e-caprolactone)-chitosan
SRF slow-release fertilizers 2,4,6-TCP 2,4,6-trichlorophenol
CRF controlled-release fertilizers CS/ZA chitosan/zeolite-A nanocomposite
WHO World Health Organization AC acephate
NPK fertilizers with nitrogen,. oM omthosate
phosphorus, and potassium
DAP diammonium phosphate MP methyl parathion
SSP single superphosphate CS/Gel chitosan/gelatin
CRS controlled-released system (MMT)-CuO biopolymer-modified montmorillonite
CR controlled release PEI polyethyleneimine
SCCS controlled-release suspension MSNPs/PANI meso-sorbent silica/polyaniline
CAP chitosan-encapsulated chlorantraniliprole B-CD -cyclodextrin
CTS CAP/Chitosan CD cyclodextrin
DEACMS  7-diethylaminocoumarin-4-yl)methyl succinate ~MIP imprinted polymer
CMCS carboxymethyl chitosan CBL carbaryl
2,4-D 2,4-dichlorophenoxyacetic acid CBF carbofuran
NPs nanoparticles MTMC metolcarb
Alg alginate MWCNTs multi-walled carbon nanotubes
Cn cenosphere OPPs organophosphorus pesticides
IMI imidacloprid poly-NIPAM poly-N-isopropylacrylamide
GST glutaraldehyde-saturated toluene NIPAM N-isopropylacrylamide
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between the continuous

CP/DP phase and the dispersed phase PM Pendimethalin
CsGC chitosan—clay composite MBA N,N’-methylenebisacrylamide
AC activated carbon
CA cellulose acetate CYM cymoxanil
CMC carboxymethyl cellulose IMD imidacloprid
HEC hydroxyethyl cellulose PAN polyacrylonitrile
EC ethyl cellulose PES polyethersulfone
NEC nanofibrillated cellulose PSf polysulfone
IPDI isophorone diisocyanate PVAc polyvinyl acetate
TFC thin film composites
CS/CMC chitosan/carboxyme MNPs micro- and nanoplastics
thylcellulose copolymer
AVM avermectin PAC pro-oxidant additives
DMDAAC  diallyldimethylammonium chloride Oxo-PP oxo-degradable polypropylene
CMC-g-PD  carboxymethylcellulose/diallyl .
MDAiC dimeth};lamrr}:onium Chloridey BDM biodegradable mulch
P-Zein phosphorylated zein TXG tamarind xyloglucan
RS rosin BA benzoic anhydride
BP bispiribac TPS thermoplastic starch
ECH epichlorohydrin PPC polypropylene carbonate
CNF cellulose nanofibers SAH superabsorbent hydrogel
MCg carboxymeth.ylcellulose—g— WAP water-absorbing polymers
-PAM polyacrylamide copolymer
DIN dinotefuran WAC water-absorbing capacity
SA sodium alginate SHC superabsorbent hydrogel composite
GEL gelatin SHNC superabsorbent hydrogel nanocomposite
pPVP polyvinylpyrrolidone IPN semi-interpenetrating polymer
PK polydopamine modified kaolin APP patterns of pure fertilizer
ASO amino-silicone oil SAP superabsorbent polyme
DND detonation nanodiamond PAM polyacrylamide
PNIPAm poly(N-isopropylacrylamide) EVA ethylene—vinyl acetate
IPKCP imidacloprid /polydopamine-modified
D-ASO kaolin/amino-silicone oil/detonation LDPE low-density polyethylene
nanodiamond/poly(N-isopropylacrylamide)
HDPE high-density polyethylene
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