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Polymers are a class of soft materials with numerous and versatile mechanical and chemical properties that can be
tuned specific to their application. Agriculture is an expanding area due to the requirement for indispensable food to
meet the demands of a growing global population. Consequently, development of technology to improve the quality of
the soil and agriculture manages is still under development. Intelligent agricultural supplies (controlled or slow release
agrochemicals and superabsorbents) and biosorbents contribute to an expanding niche using technology from polymers.
This review elucidates the state-of-the-art and will discuss some important aspects of using polymers in intelligent
fertilizers, as well as superabsorbent, biosorbent and biodegradation processes in agriculture that are environmentally,

technically, socially, and economically sustainable.
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1. Introduction

The main growing, harvesting, and processing
practices in agriculture were markedly achieved through
the exploitation of natural resources, such as water and
soil, combined with the excessive use of agrochemicals!'?,
The high demand for fresh water, increasing manufacturing
costs of agrochemicals as well as heightened awareness of
their ecological adversities have rightfully shed light on
these unsustainable practices. Developments in materials
science and technology, however, have contributed to the
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improvement of soil conditions, nutrients, as well as water and
plant management. Polymers are a class of versatile materials
that have been used in many agricultural applications due
to the ability to engineer application-specific polymers=!,
Depending on their uses, lifetime and economic viability,
different classes of polymers have been used extensively
in agriculture™*® With regard to this review, our aim is
to demonstrate how polymer science impacts agricultural
technology and practices concerning four major applications:
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(i) controlled delivery systems; (ii) heavy metal removal
in soil and water; (iii) superabsorbents; and (iv) trends in
polymer biodegradation.

Figure 1 is a panoramic overview of literature based on a
bibliography search in Science Direct based on a period of ten
years using “polymer agriculture”, “polymer agriculture and
controlled-release”, “polymer agriculture and superabsorbent”
and “polymer agriculture and biosorbent.” There is a clear
increase in the quantity of studies that investigate general
polymer applications in agriculture, however, the more specific
and novel themes of controlled-release, superabsorbent and
biosorbent are evidently publication deficient. Hence, this
overview demonstrates the importance and optimism for
the study on polymers and their application in agriculture.

2. Controlled Delivery of Agrochemicals by
Polymeric Matrices

An important point in agriculture is to supply nutritional
needs of plants, which ranges from macronutrients such as
N, P, K, Ca, Mg and S to micronutrients such as B, Cl, Co,
Cu, Fe, Mn, Mo, Ni and Zn"!. However, these nutrients are
often not available in the environment at sufficient levels

for good plant growth. Thus, the use of agrochemicals
is essential in agriculture, as fertilizers, herbicides and
pesticides. On the other hand, as knowledge of the lifecycle
of agrochemicals has increased, concern over how some
undesirable environmental impacts, including bioaccumulation
processes in the food chain and potential contamination of
neighboring ecosystems have also grown more relevant!*l.

The development and use of agrochemicals combined
with polymeric materials has been an alternative to this
problem in order to deliver agrochemicals into the soil to
directly fulfill the nutritional needs of plants without causing
contamination®!. The combination of agrochemicals and
polymers can be classified as physical or chemical processes.
For example, control over the rate of release is physical
while how chemical is stabilized within the polymer matrix
is a chemical mechanism. The biological and chemical
properties of the agent and its physiochemical interactions
help to direct selection of the best system to release the active
agent!¥. In addition, the release profile is classified into two
classes, slow- and controlled-release systems. Slow-release
fertilizer (SRF) relates to the mechanism itself that delays
the release, compared to controlled-release which depends
on the type of mechanism to liberate the nutrient into the
environment!!'“!'), Controlled-release fertilizer (CRF) has
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Figure 1. Literature review of polymer applications in agriculture, including controlled-release, superabsorbent and biosorbent practices.
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known factors that influence the rate and pattern of release,
hence they can be controlled"®'>"], The pattern of release
in water of slow- and controlled-release materials have
been reported!!>1416],

The concept controlled nutrient release is not a recent
innovation. In 1962, Oertli and Lunt!'” published their study
about controlled-release of fertilizer minerals by membrane
encapsulating!'®!, and in 1971 Allan et al.' reported on
controlled-release of pesticides. Their seminal work has
had a dramatic influence on the field and development of
the technology continues to grow as shown in Figure 1.

Controlled-release materials used to acrylic-based
organic polymers, such as acrylamide!'”. Through time,
environmentally green materials were proposed as
alternatives to encapsulate agrochemicals, such as inorganic
soil components including clay minerals®” or calcium
carbonate®'l. Recent studies have introduced the concepts of
nanotechnology to improve the release mechanism through
the use of nanoparticles. In chemical terms, three types of
material are being used to develop this technology: organic
polymers, inorganic compounds and polymers, and hybrid
materials or composites??.

As previously described, polymers that are most frequently
employed to encapsulate agrochemicals are acrylamide-based
gels. Other polymers include: natural rubber; polyethylene
(PE); copolymers of VC-acrylic acid esters and copolymers
of cyclopentadiene with a glyceryl ester of an unsaturated
fatty acid; polysaccharides; and cellulose-based materials*.
Herbicides, which are the most frequently used agrochemicals,
are often employed as pendant groups in polymers. Examples
include: pentachlorophenol (PCP), 2,4-dichlorophenoxyacetic

acid (2,4-D) and 4-chloro-2-methylphenoxyacetic acid®®’;
fertilizer with NPK (nitrogen, phosphorous and potassium),
urea, KNO,, Ca,CO,; and fertilizer with micro and macro
nutrients (phosphorus, potassium, manganese, zinc, copper,
molybdenum, boron and others) produced according to the
agronomical needs (type of crop and soil)*; and pesticides
as bifenthrin, tebuconazole, chlorpyrifos and atrazine!®!.

Primary studies have reported that fabrication of
controlled-released materials has been made exclusively with
synthetic polymers. More recent studies, on the other hand,
are concerned with the application of biodegradable polymers
and their composites as materials for controlled-release of
agrochemicals in soill®**. Table 1 shows some polymers
that have been studied as matrices for controlled-release
in agriculture in the past ten years.

2.1 Advantages and disadvantages of controlled-release

There are many advantages of controlled-release materials
such as regular and continuous nutrient supply to plants,
lower frequency of applications in soil, reduced nutrient
loss due to leaching, volatilization and immobilization,
mitigation of root damage by high concentration of salts,
greater convenience over handling fertilizers, contribution
to the reduction of environmental pollution by NO,’, and
improved ecological health to agricultural activity (less
contamination of groundwater and surface water) and
reduction in production costs?**43,

Despite the increased development of controlled-release
materials and their many advantages, use of them is much
more regulated compared to conventional agrochemicals

Table 1. Polymers and agrochemical used into slow/controlled-release materials.

Agrochemical used Polymer used Reference

Chitosan

Urea Polyhydroxybutyrate (phb), ethyl cellulose 125271
Polyethylene, polyvinyl acetate, polyurethane, polyacrylic, polylatic acid

KH,PO, Chitosan, gellan gum 28]
Chitosan

NPK Cellulose, natural gum, rosin, waxes [29-31]
Paraffins, ester copolymers, urethane composites, epoxy, alkide resins, polyolefines,

CaH,P,0, Chitosan 132]
Chitosan

KNO, Chitosan-clay (montmorillonite) 33-35]

Xanthan

Paraquat ([(C,H,N),]Cl,) Alginate, chitosan

136]

Hexazinone (C,H, N,O,)

1N Chitosan — clay

[371

Clopyralid (C,H,CLNO,) (montmorillonite)

2,4-d (CH,CLO,) Polysaccharides

2-chloro-;4-chloro-

Cellulose, agarose, dextran, alginates, carrageenans, starch, chitosan, gelatin,

2,4,5-Trichloro- phenoxyacetates Albumin

Validamycin (C,;H,NO,,)

207735

Polystyrene, polyacrylamide, polymethylacrylate, polyamides, polyesters,

[6.11,38]

Bifenthrin (C,,H,,CIF,0,)

Polyanhydrides, polyurethanes, amino resins, polycyanoacrylates

23722
Chlorpyriphos (C,H, C1,NO,PS)

Bifenthrin (C,;H,,CIF,0,)

237722

Azadirachtin (C,;H,,0 )
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due to their high fabrication prices™. Furthermore, there are
others disadvantages that need to be overcome, for example,
said materials are known to release nutrients prematurely
and quickly (burst effect), which can damage the plant or
result in a non-releasing during high crop demand periods.
Further, controlled-release materials can be a problem
because of unwanted residues of synthetic materials on the
ground, which can affect the soil acidity!?!.

Another disadvantage to the use of controlled-release
might occur during the material development process due
to the lack of standard methods to validate the nutrient
release profile from laboratory scale to field conditions,
and the difficulty to measure the impacts of the nutrients
into the soil'”. Various simulations and experimental
tests have been widely investigated in order to model the
release mechanism. It is also known that by Fick’s First
Law of Diffusion, the mechanism of controlled-release of
agrochemicals is governed by diffusion coefficients and coat
thickness. In other words, there is a relationship between
the rate of solute diffusion of the material and the rate of
water/vapor permeation through the materiall*45!,

There have been several studies regarding mathematical
models of controlled-release since 1979 when Jarrell and
Boersma modeled urea delivery from sulfur-encapsulated
particles in soil conditions!*®.. Their materials were porous
and preserved with a polymeric coating. Upon application,
however, the soil conditions and microorganisms of the
ecosystem degraded the polymeric material, thereby exposing
the more vulnerable layers. Still, nutrient diffusion through the
pores was influenced by temperature and soil water content.

As described in the previous study, the release mechanism
is frequently divided into three periods. First is the lag period
or initial stage, wherein almost no release is detectable.
The second period occurs once a constant-release is achieved
and the third period begins once a gradual decay or release is
observed!'?, Still, despite the aforementioned disadvantages
related to standard methods to evaluate release profiles,
controlled-release materials are promising for improved
agricultural management.

3. Superabsorbent Polymers and Their Applications
in Soil

Aside from fertilizers, all agricultural processes require a
maintenance system of irrigation in order to provide enough
nutrients to the soil. In arid areas, irrigation processes are
particularly expensive, thereby making certain polymer
materials unfeasible. As a result, the use of superabsorbent
polymer (SAP) hydrogels has become an attractive alternative
to circumvent this problem because they supply the necessary
cost reductions and continuous irrigation characteristic of
this procedure. In the presence of water, SAPs are able to
swell and hold aqueous solutions, maintaining the humidity
of the soil for longer periods. Surprisingly, the utilization
of SAPs for agricultural processes has only been recently
discussed in the Academy!*7.

Literature extensively describes the use of SAPs
for biological applications, such as contact lenses!*$->%,
baby diapers and female hygienic tampons!®'*2. Most
recently, SAPs have appeared as an excellent alternative
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to drug encapsulation for delivery systems?33. Previous
applications derived from the swelling property of SAPs,
which guarantees large capacity of water absorption, have
fortified the potential for biocompatibility™. Erickson®”!
first reported the application of a SAP as a soil conditioner.
Redenbaugh®® in turn studied its functionality to encapsulate
and slowly release agrochemicals in the soil. Moreover, the
origin of SAPs is closely related to its applicability; i.e.
SAPs’ properties deserve further research and development
as a promising field of study.

As a positive contribution to this expanding field, the aim
of'this review is to provide an overview of SAPs, focusing in
particular on their agricultural applications. For this purpose,
we will briefly describe the characteristics of a SAP, and
explore literature regarding its use as a soil conditioner and
its application for controlled-release of fertilizers.

3.1 Superabsorbent polymer hydrogels

Superabsorbent Polymer (SAP) hydrogel is defined as
a lightly crosslinked three-dimensional polymer network,
usually composed of ionic monomers, whose property of
interest is the capacity of swelling in the presence of aqueous
or biological fluids®?. The density of chain crosslinking
creates an expressive amount of free volume between the
polymer network, which in turn, combined to the presence
of huge number of hydrophilic groups, can absorb and
hold large quantity of water, on the order of 10 to 1000 g/g
(1.000-100.000%)1.

The water holding and swelling capacity of a SAP can
be explained by a multi-step mechanism. The first step
comprises the hydration of hydrophilic groups present in
the polymer network with strong bonds to water. Secondary
weaker bonds are made with water by the interaction
between water and the exposed hydrophobic groups. As a
next step, physical or chemical crosslinks minimize the
effect of osmotic forces that would lead to infinite dilution
of the polymer network, and for this reason, the network
retains additional water’®” .

SAPs are mainly classified according to their origin,
crosslinking nature, and their responsive mechanism.
Considering its origin, a SAP can be natural, synthetic or
a hybrid. Regarding its crosslinking structure, a SAP is
chemically crosslinked, which forms covalent bonds between
the polymer networks resulting in a permanent state, or
physical crosslink in which polymer networks are bonded
through intermolecular forces, such as ionic interactions,
hydrogen bonds, or Van der Walls forces. The responsive
mechanism of a SAP is either conventional or induced by an
external stimulus. A conventional SAP will not have altered
swelling equilibrium under environmental stimulus, for
example, changes in pH, temperature, or electric field. On the
other hand, Samchenko et al.®!! calls a stimulus responsive
SAP a smart or intelligent hydrogel, as these materials adapt
their swelling equilibrium to environmental conditions.
Applications based on reversible swelling/deswelling can
be modulated based on chemical, biochemical or physical
responses and are dependent on environmental conditions,
such as high ionic conductivity, high permeability and
sorption capacity.
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3.2 Superabsorbent polymer hydrogels as soil
conditioners

The appearance of SAP hydrogels as soil conditioners
dates back to the 1980s when the first patents describing
the application of hydrogels were published. Erickson®”)
patented a method for improving the water retention and
aeration capacity of soil matrixes by inserting polymeric
films with water-swelling properties in soil. The films could
be produced from several polymer-based materials, such as
alkyl acrylate (i.e. methyl, ethyl, propyl and hexyl acrylates),
alkyl methacrylates (including butyl, hexyl, octyl, and decyl
methacrylate), and omega hydroxyalkyl acrylates (comprising
2-hydroxyethil acrylate and hydroxymethyl acrylate).
The discovery of this film has presented alternatives to the
previous use of absorbent powder added directly to the soil,
which can cause noteworthy problems as the particles shift
positions with soil management, causing sealing effects in
the soil. By adding the absorbent polymer in film format,
it can be twisted, crumpled, or chopped and positioned in
the soil in a way to avoid sealing effects and improve its
water retention capacity!®?,

Callanghan et al.l” tested polyacrylamide and poly(vinyl
alcohol) as superabsorbent polymers applied on drought
affected soils in Sudan. They proved that poly(vinyl alcohol)
was able to increase the field capacity of the soil by 22%, and
both polymers increased the period of plant survival in the
conducted nursey experiments, providing evidence for the
economic importance of SAPs. Aside from polyacrylamide
and poly(vinyl alcohol), Woodhouse and Johnson!®®! tested
a starch-copolymer on the growth of barley and lettuce in
coarse soil. Their observations were that as the percentage
of SAPs for water retention increased, the longer the period
until plants reached their wilting point.

Stahl et al.l®¥ was the first to study the rate of
biodegradability of superabsorbent copolymers made from
polyacrylamide and polyacrylate as well as pure polyacrylate
in soils. They estimated the degree of biodegradability
based on the mineralization of the polymers, which was
measured by the release of CO, produced by biodegradation
reaction. As Shuterland et al.! had previously proven,
microorganisms naturally present in the soil were not able
to biodegrade the introduced polymers. For this reason, their
research was conducted in a way to investigate potential
microbes in order to maximize the rate of biodegradability.

In the past few years, research has been performed in
order to investigate different kinds of polymeric composites
that would increase the efficiency of SAPs in improving
soil conditions. Islam et al.) for example, used granular
polyacrylamide under moderate and deficient irrigation
conditions. They proved that the presence of SAPs was able
to increase irrigation’s efficiency in 8.1% under moderate
exposure to drought, and 15.6% under higher drought
condition. Moreover, they noticed that the presence of
granular polyacrylamide was able to reduce the activity of
antioxidant enzymes, which under drought stress produced
oxygen radicals responsible for harming the plant’s capacity
of carbon fixation and, consequently, its growth. Therefore,
in the presence of polyacrylamide SAPs, plant growth was
satisfactory even under lower irrigation conditions.
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Sharma et al.”) described the synthesis of interpenetrating
polymer networks based on poly(aspartic acid) whose
characteristic of interest is the elevated capacity of biodegradation.
Furthermore, they suggest that improving the synthetic route
through the incorporation of biochemical cross-linkers,
or charged functional groups to hydrophilic biopolymers
would increase the material’s capacity to biodegrade as
well as increase its absorbency. However, neither of those
synthetic routes resulted in a fully biodegradable material.

Cannazza et al.®® in turn, applied cellulose-based SAPs
as an environmentally friendly alternative to acrylate-based
SAPs. They used derivatives of carboxymethyl cellulose
sodium salt and hydromethyl cellulose as starting materials
for the synthesis of the cellulose-based hydrogels. Posterior
tests showed an efficiency of swelling, water retention
and soil conditioning very similar to those obtained with
acrylate-based SAPs.

Dragan!®! described the studies of interpenetrating polymer
networks (IPN) hydrogels based on biopolymeric materials,
such as, chitosan, alginate, starch, and other polysaccharides.
Chauhan and Mahajan"" apud Dragan!® described the
use of IPN based on a combination of biopolymers with
poly(methacrylamide) for metal ion sorption in aqueous
solution. They noticed that the sorption capacity of the
material drastically increased after inserting cellulose
derivatives in the polymer network.

Besides soil conditioning or metal ion sorption, SAPs
can also be employed for slow- release of fertilizers in the
soil. Zhan et al."" reported the synthesis of a SAP combining
groups of polyvinyl alcohol with phosphoric acid (H,PO,)
through esterification. In this case, the material had the
property of not only absorbing and retaining water, but
also of releasing phosphate fertilizer. However, the study
only tested the swelling capacity and release properties in
an aqueous environment, not in soil, the latter showing a
release of 79% of the material in 28 days!”". The mechanism
of release could be explained for the swelling of the hydrogel
material when immersed in water, such as the hydrolysis
of pendant phosphate groups of the polymer network.
Consequently, the dissolved phosphate groups diffused out
of the hydrogel due to a difference of concentration gradient
inside and outside the material>®!.

Liang et al." on the other hand, tested the entrapment
of NPK inside a poly (acrylic acid co-acrylamide)/kaolin
clay superabsorbent composite. The addition of clay to
the synthetic polymer was an attempt to reduce costs and
improve the material’s swelling capacity. In the described
work, Liang et al.? also tested the swelling capacity and
the release mechanism in aqueous medium. They established
a temperature dependent release mechanism showing that
as temperature increased, the higher the solubility of the
nutrient and the faster its release.

Although the addition of clay to a synthetic material
can enhance its properties and diminish costs of production,
environmental concerns caused by non-biodegradable
materials added to the soil are still issues to overcome. In this
context, researchers are focused on finding environmental
friendly materials that can fulfill human economic necessities
without amplifying waste accumulation. Jamnongkan and
Kaewpirom!™! for example, synthetized and tested three
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different hydrogels: the first based on poly(vinyl alcohol),
the second based on a combination of poly(vinyl alcohol)
and chitosan and the last composed only of chitosan. They
tested the swelling capacity of the three materials in soil
and the hydrogel made of PVA alone was the one that
guaranteed the best soil conditioning. With regard to the
release capacity of potassium in the soil, the pure chitosan
hydrogel was most promising.

At this point the reader may recognize the necessity to
advance the use of hydrogels in agriculture, as well as the
discovery and synthesis of environmental friendly materials,
such as biopolymers, with high biodegradability in soil.
Although the necessity to maintain impressive swelling
capacity with combined fertilizer release properties still
constitutes diverse challenges, the new era of chemistry
research guided by green chemistry principles can lead to
novel discoveries in this immerging area of materials and
agriculture science.

4. Metal lons Removal from Water and Soils

Metal ions can be classified into three different categories:
toxic metals, such as Hg, Cr, Pb, Zn, Cu, Ni, Cd, As, Co,
and Sn; precious metals, including Pd, Pt, Ag, Au, and Ru;
and radioactive metals, like U, Th, Ra, and Am"*. Some of
these metals can be coupled to agrochemicals, such as to
fertilizer, insecticides and herbicide, and then released into
the soil. The soil itself, with no addition of agrochemicals,
is an essential and natural source of nutrients for plants and
other living organisms, consequently, trace amounts of metal
ions occur naturally in the soil’s composition, functioning
as important micronutrients. These metal ions are mainly
classified into essential micronutrients (Fe, Zn, Mn, Ca, Na,
K, Cu, and Mo), beneficial micronutrients (Co, Ni, and V),
and non-essential micronutrients (Cd, Cr, Hg, and Pb)!7>7¢!,

However, the enforcement of intensive agriculture has
resulted in abusive techniques that are combined with the
massive use of agrochemicals solely to increase profit and
productivity. Due to this fact, an enormous amount of organic
and inorganic toxic contaminants, namely metal ions, are
deposited daily into soils, rivers, and groundwater!’”. Such
problems with metal ions are threatening because these
ions are cumulative and do not degrade naturally in the
environment. Hence, their toxicity can cause severe ecological
damage that can be harmful to human, other animals,
insects, etc. through the consumption of contaminated water
and/or food”®, In this context, concern over soil and water
pollution has stimulated scientists to develop techniques
that are fundamentally aimed to circumvent or mitigate
ecological harm as well as cleanse current ecosystems that
are already threatened”. Perusing the literature, one might
notice the abundance in the quantity of publications that
address methods for the removal of heavy metal pollution
in aqueous environments, compared to a few articles that
address techniques for decontamination of soils.

One method for the recovery of contaminated areas
involves polymeric biosorption: biosorption being a biological
property characteristic of microbial biomass, which has been
adopted into biomimetic-type techniques for the binding
heavy metals even from very dilute solutions. Biosorption
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is a technique of bioremediation whose application has been
studied in both water and soil systems as an alternative for
metal ions removal. This technique is able to remove either
organic or inorganic pollutants through ionic exchange.
Research results highlight the high capacity of sorption and
the low cost of this method®.

Besides biosorption, polymers have also been commonly
used as sorbent materials of toxic elements arising from
agrochemicals as a way to decontaminate water and soils®'l.
To better understand the mechanism of sorption by a polymer
it is necessary first to identify the functional groups that are
present in the material. Metal ions are absorbed on the surface
of the polymeric material due to their chemical affinity for
certain functional group®. Polysaccharides such as cellulose,
chitin, chitosan and exobiopolymers are a group of polymers
most commonly applied for the purpose of metal sorption
due to their ionizable carboxylic acid, alcohol, amine and
amide functional groups for ionic bonding!®!$3841,

Additionally, natural fiber extracted from sugarcane
bagasse, green coconut fiber, and bamboo fiber, have also
been applied as biosorbents. The main advantage of these
materials is they are generally industrial and/or agricultural
residues, low cost, and easily recovered. Such crude fibers
are mainly composed of cellulose and hemicellulose which
possess acidic groups responsible for the sorption of metal
ions!®,

Focusing on the metal decontamination of soils as
phytoremediation and rhizoremediation, research involving
biopolymers, such as polysaccharides, as adsorbents is
still ongoing and the development of materials capable of
decontaminating affected areas with high efficiency and
low cost, is still active!®l,

Pal and Paul®, in turn tested the use of exopolymer
films for the remediation process of contaminated water.
Exopolymers are extracellular substances originating from
microorganisms in the form of biofilms, which are capable
of absorbing metal ions through electrostatic interactions.
Their results showed that zinc, copper, chromium, cadmium,
cobalt, nickel and CrO metals were absorbed most efficiently.

In aqueous environments, the methods of metallic ions
removal have thus far been based on biological treatments,
such as filtration, electrochemical treatment, chemical
precipitation, ion exchange, membrane technologies, and
adsorption over active coal’%"!. However, current studies
are investigating novel applications for the use of recycled
biomass as feedstock for the development of heavy metal-
absorbing biomaterials in aqueous environments. Such
agricultural residues include sugarcane bagasse, which
has gained much attention for application in this field due
to its abundance in several regions from Brazil®*l. Table 2
presents other commonly studied biomasses and their
sorption capacity.

Besides soil, Table 2 shows the biomass and polymer
constituent relationship and its relation with the metal ions in
water adsorption. It can be observed that among the materials
used as biosorbents, cellulose is the most commonly used
metal ion “sequestrant,” because of cellulose’s abundant
surface hydroxyl groups that can be functionalized to possess
more polar or ionizable pendant groups for enhanced ion
exchange for decontaminating water.
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Table 2. Examples of biomass feedstock and associated polymer compositions for ion removal.

Biomass Polymer Sorption capacity* ions removed Reference

36.3 1 (C Cu(Il

Sugarcane bagasse ash 45% cellulose, 28% hemicellulose and 18% lignin me g (Cw) u(Ih 188]
4131 mg g (Cr) Cr(IIT)

Bagasse sugar beet Cellulose and pectin 185 mg g'! TI(IT) 1891

Green coconut shell Fibers (polysaccharide) 2296 mg g’ Cr(VI) 190]

Chitosan polysaccharide 36.8 mg g Pb(IT) o1
26 mg g (Pb) Pb(IT)

Sawdust polysaccharide 22.5mg g (Cu) Cu(Il) 192]
19.75 mg g (Zn) Zn(IT)

Microalgae: Spirulina platensis Cellulose — polysaccharide 100.39 mg g Cr(VI) 193]
30.0mg g (C Cr(I1L

Rice straw Cellulose, hemicellulose and lignin mg g’ (Cr) o(th) 1941
22.5mg g"' (Cu) Cu(Il)
2.18 -1 (Pb Pb(II

Banana peel Cellulose, hemicellulose, lignin and pectin mg g (Pb) D 193]
571 mg g’ (Cd) cd(
6.12mg g' (Cu) Cu(Il)
4.53 (Z Zn(11

Cotton fiber Cellulose, hemicellulose and lignin me g (Zn) n(ID 1961
822 mg g (Cd) cd(m
21.62 mg g (Pb) Pb(1I)

Scolymus hispanicus L (Plant) Cellulose — polysaccharide 54.05 mg g Cd(n) 7]
50.50 mg g' (M Mg(IT

Fungus - Fusarium verticillioide ~ polysaccharide gg’ Mg) &b 198]
92.59 mg g (Ca) Ca(II)

*Maximum Amount of Solute Retained in the Adsorbent in Balance (qe).

As mentioned before, several materials are being applied
as biosorbents for removal of metallic ions from aqueous
environments. Hence, literature frequently presents tests of
new materials for metal depollution of hydric resources whose
properties are developed in way to increase efficiency and
lower costs. On the other hand, publications regarding the
research and development of materials for soil remediation
are still scarce. The reasoning for this may be explained by
the fact that removal of heavy metals from soil may also
adversely impact micro or macronutrient populations for
plants, which causes the vegetables’ roots to absorb or adsorb
metal ions according to its necessity through a mechanism
called phytoremediation.

5. Trends of Biodegradable Polymer materials in
Agriculture Application

The degradation of organic chemicals in the environment
is known as biodegradation, in which the compounds are
mainly converted into mineralized forms and redistributed
through carbon, nitrogen and sulphur cycles by micro-organism
activities® !, Natural and/or biodegradable polymers are
still a requisite to overcome some problems concerning
environmental aspects of polymer applications in agriculture.
As seen before, synthetic polymers are most commonly used
for agricultural applications, either in intelligent agrochemicals
or superabsorbents, which severely creates large quantities
of non-biodegradable waste and soil contamination.

Polymer biodegradation is a very comprehensive and
recent area of research; however, the connection with the
polymers application in soil on agriculture context is still
incipient in the literature. Several reviews with reference
to degradation processes of polymers in soil and aqueous
medium have been published!'”"12l. However, few discussions
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have accomplished polymer degradation from agrochemicals
encapsulated in a polymer matrix.

Additionally, some difficulties have been pointed
out to find a polymer with both long accurate release
control and a high rate of biodegradation under the mild
conditions of agricultural fields!'®. Some reports present
the biodegradation matrix used in controlled-release of
drugs!!%194 Watanabe et al.l'% studied the influence of
the Tg on release and biodegradation of urea coated with
polycaprolactone based polyurethanes. According to the
authors the biodegradation characteristic was affected by
the glass transition temperature and the recrystallization
of polyurethane membrane. Nevertheless, few works have
dealt with the relationship between polymer applications in
agriculture and their biodegradation in soils under natural
conditions. Ge et al.l'’l used biodegradable polyurethane
as ammonium sulfate fertilizer coating and subsequent
biodegradation studies were performed. They suggested that
the contribution of the PU matrix on the initial release stage
occurs by the diffusion process and an additional release
is associated with degradation in the last stage. However,
they did not perform the release and biodegradation tests in
the same conditions to better understand the whole process.
Saruchi et al.!'% evaluated the influence of acrylic acid based
hydrogel on the soil fertility. Additionally, they investigated
the release properties of potassium-containing hydrogel;
however, no information was discussed about the polymer
biodegradation in a presence of fertilizer.

Biodegradation studies have also been performed on
superabsorbent polymers. Ye et al.l'® prepared a degradable
superabsorbent material based on a silicate/acrylic-based
polymer. They proposed a hydrolysis process from Si-O-C
bonds in aqueous solution which degraded the hybrid
hydrogels in a matter of days. Wilske et al.l'"”) characterized
the biodegradability of SAP based on polyacrylate for
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four agricultural soils and at three temperatures. Detailed
results suggest that the polyacrylate main chain degraded
in the soils, if at all, at rates of 0.12-0.24% per 6 months®*.
Further, Sthal et al.[* studied the rate of biodegradability of
superabsorbent copolymers made out of polyacrylamide and
polyacrylate, and pure polyacrylate in soils. They estimated
the degree of biodegrability based on the mineralization
of the polymers, measuring the released CO, produced
by biodegradation reactions!®¥. As Shuterland et al.l®) had
previously proved, the microorganisms naturally present in
the soil were not able to biodegrade the added polymers.
For this reason, the following research was conducted in a
way to investigate potential microbes in order to maximize
the rate of biodegrability.

6. Final Consideration and Perspectives

Based on the survey of topics presented in this study,
we conclude that there is ample opportunity to enhance the
application of polymers in agriculture. It is imperative that
the use of polymers be in a way that is environmentally,
technically, socially, and economically sustainable in practice.
Key opportunities exist to produce intelligent polymers
with biodegradable and renewable properties for various
agricultural applications.
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