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Preface

This Reprint gathers current advances in the design, development, and application of hydrogels
and hydrogel-derived materials that help to improve the sustainability of agriculture and water
use. The subject of this work focuses on innovative gel-based solutions that contribute to
environmental protection, sustainable resource management, and the mitigation of pollution in soil
and water systems. The scope encompasses fundamental research, material synthesis, structural
characterization, mechanistic studies, and field-oriented applications using natural, synthetic, or
hybrid networks capable of responding to complex environmental challenges.

The aim of this Reprint is to bring together scientific contributions that demonstrate how
hydrogels can provide functional, economic, and ecologically responsible alternatives for water
remediation, soil conditioning, contaminant sequestration, the controlled release of nutrients, or
the improvement of agricultural productivity. The purpose of assembling these contributions is to
highlight the interdisciplinary advances that connect polymer chemistry, biotechnology, engineering,
and environmental sciences, and to stimulate further research in order to establish sustainable
technological solutions.

The motivation for preparing this scientific work stems from the growing awareness that water
scarcity, soil degradation, and the presence of emerging contaminants are critical global issues with
direct impacts on food security, ecosystem resilience, and public health. Hydrogels represent a
versatile platform for addressing these problems due to their tunable physicochemical properties,
ability to interact with a wide range of molecules, and compatibility with renewable feedstocks and
circular economy principles.

This Reprint is aimed at researchers, practitioners, industry professionals, and policymakers
interested in advanced biomaterials, agroenvironmental technologies, water treatment systems, and
sustainable development strategies. It aims to serve as both a scientific reference and a source of
inspiration for those seeking to develop innovative approaches to mitigating environmental pressures

through material science.

Daniel A. Palacio, Manuel Francisco Melendrez Castro, and Gustavo Cabrera Barjas
Guest Editors
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Abstract

Functional hydrogels have significant potential for applications in the pharmaceutical,
agricultural, and environmental sectors. This study focuses on the synthesis of polyam-
pholytic hydrogels through free radical polymerization using functionalized chitosans. The
chitosan was modified with mono and disulfonic groups at different temperatures (25 °C
and 60 °C) and reaction times (1, 8, 24 h), followed by further modification with glycidyl
methacrylate to introduce vinyl groups into the polymers structure. The modified polymers
were analyzed using proton nuclear magnetic resonance, Fourier transform infrared, scan-
ning electron spectroscopy, thermogravimetric analysis, and solubility tests. Specifically,
0.74 mmol/g and 1.58 mmol/g of the primary amine groups available in the chitosan chain
(out of a total of 4.93 mmol/g) were substituted with mono- and disulfonic groups, respec-
tively. Following treatment with glycidyl methacrylate, 3.39 mmol/g and 2.21 mmol/g of
the remaining primary amine groups in the mono- and disulfonic polymers, respectively,
were substituted. The hydrogels obtained by the modified polymers at optimal conditions
of 1 h and 25 °C, were characterized by the techniques already mentioned in addition to
rheological tests, and water absorption studies across different pHs. The hydrogels demon-
strated potential for environmental remediation, particularly in adsorptions of ciprofloxacin
(CPX) and copper (Cu?*) from aqueous solutions at pH 7, achieving adsorption efficiencies
of 24-25% for CPX and 83% for Cu®*. The results suggest that the synthesized hydrogels
could provide an eco-friendly and efficient solution to challenges in wastewater treatment.

Keywords: chitosan; sulfonation; polyampholytic hydrogels; copper removal; ciprofloxacin
removal

1. Introduction

Hydrogels (HGs) are three-dimensional structures composed of high molecular weight
hydrophilic polymers that are either physically or chemically cross-linked, providing
them with a high capacity for water absorption. This property makes them desirable for

Gels 2025, 11, 622 https://doi.org/10.3390/gels11080622
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applications across various fields, including environmental remediation, tissue engineering,
regenerative medicine, drug administration, and absorbent materials, among others [1,2].
In particular, hydrogels with polyampholytic properties have aroused special interest
in environmental remediation. This is because polyampholytic HGs combine intrinsic
characteristics of this type of materials such as porosity, with the ability to participate
in interactions such as hydrogen bonding, van der Waals and electrostatic forces, cation
exchange and complex formation, which improves their potential for the adsorption of
pollutants [3]. Among the polymers used to obtain this type of hydrogels, the following
stand out: polyacrylamide, cyclodextrin, chitosan, polyacrylate, and cellulose, because
their combination has polyampholytic properties conferred by the combination of anionic
and cationic polymers. Others are obtained from the functionalization of these polymers
with compounds such as 1,3-diaminopropane, 1,4-diaminobutane, graphene oxide, among
others [4-9].

Chitin stands out as the second most abundant natural polymer and one of the
high molecular weight polymers used to obtain functional HGs. It has a linear structure
composed of poly[3-(1-4)-2-acetamide-2-deoxy-D-glucopyranose] [10]. Through the partial
deacetylation of chitin, chitosan is obtained, a linear cationic polysaccharide consisting of (3-
(1-4)-2-deoxy-2-amino-D-glucopyranose (D-glucosamine) and (3-(1-4)-2-deoxy-2-acetamido-
D-glucopyranose (N-acetyl-D-glucosamine) units [11]. Chitosan has been widely studied in
various fields due to its unique properties, including biodegradability, hemocompatibility,
biocompatibility, and antimicrobial activity, which make it suitable for numerous biological,
chemical, and medical applications. The distinctive structure of chitosan, containing
reactive amino and hydroxyl groups, allows for extensive chemical modification that
enhances its solubility and reactivity in different environments [12,13].

Extensive research has been conducted to develop chemical, physical or enzymatic
modifications to chitosan to enhance or introduce new properties that can be applied across
diverse fields, including food, pharmaceutical, biotechnological, medical, textile, paper,
agricultural, and environmental applications [11,14,15]. Several chemical modification
strategies have been explored, depending on the desired applications and properties to be
improved. For instance, modifications such as alkylation, acylation, hydroxyalkylation,
carboxyalkylation, phosphorylation, azidation, and thiolation have been explored [16-18].

The research described here used reductive amination to enhance the absorption
of different contaminants through chitosan functionalization. Specifically, our aim was
to modify chitosan with sulfonic acid groups to provide anionic charge, supported by
previous studies showing the effectiveness of these functional groups in the adsorption of
pollutants [19-21]. The objective was to improve the solubility of chitosan at basic pH and
allow the formation of polyampholytic HGs with characteristics that favor their adsorbent
properties and interactions with contaminants. Although the sulfonation approach has
been widely explored for biomedical applications and the development of ion exchange
filters, most research has focused on the synthesis and characterization of these chitosan
derivatives, with less emphasis on their use. Therefore, in this research we propose to go
beyond what has already been reported in the literature on the chitosan functionalization,
obtaining hydrogels with polyampholytic characteristics conferred by the incorporation of
anionic functional groups, for the removal of contaminants in aqueous matrices [19,21,22].

The hypothesis of the present work is that the modification of chitosan with an-
ionic groups, to obtain polyampholytic hydrogels, favors its ability to absorb different
types of contaminants in aqueous media. This strategy represents a significant advance by
combining the versatility of sulfonic groups with the water retention properties and biocom-
patibility of chitosan, thus offering an innovative and effective solution to environmental
challenges related to water purification. This is particularly relevant in Chile, a country
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that faces increasing pressure on its freshwater resources due to mining, agriculture, and
population growth, all of which contribute to the presence of persistent pollutants in surface
and groundwater systems. In order to explore the first application of the polyampholytic
hydrogel, two representative contaminants of concern in Chile were selected, Cu?* and
ciprofloxacin (CPX), whose cationic and ampholytic nature, respectively, could favor their
electrostatic and hydrogen bonding interaction with the hydrogel. CPX is a broad-spectrum
antibiotic, which is used in both humans and animals, ranking among the best-selling
therapeutics in Chile [23]. Its metabolism is incomplete, so generally a large percentage
of the dose is excreted through the urine and feces [24,25], thereby contaminating aquatic
ecosystems. This contamination can result in the generation of resistant bacteria, insertion
into the food chain and adverse effects such as an impact on the trophic abundance of some
species after only one month of exposure [26-28].

Regarding metal ions, Chile is one of the countries with the highest copper production
worldwide, with the potential for copper ion accumulation in the environment and its
contamination of the food chain. Copper can bioaccumulate, leading to negative health
effects such as an increased rates of cancer [29-31]. Consequently, researchers have de-
signed various HG-type materials based on polymers such as lignin, cellulose, graphene
or chitosan to adsorb copper ions [32-37]. In Chile, copper-related pollution is especially
critical in regions such as Antofagasta and Atacama, where mining wastewater has led
to elevated concentrations of heavy metals in rivers and aquifers, posing significant risks
to both environmental and human health [38]. The development of hydrogels capable of
selectively capturing such metals from contaminated waters aligns with the country’s need
for accessible and efficient water treatment technologies.

To evaluate the hypothesis, this work begins by describing the preparation of sul-
fonated polymers through reductive amination, applying different reaction times and
temperatures ranging between 1 and 24 h and 25 to 60 °C, to choose those with higher
degrees of functionalization. The best conditions were found to be one hour of reaction
at 25 °C, reaching a DS of 15 and 32%. The resulting polymers were then modified with
glycidyl methacrylate (GMA), to incorporate vinyl bonds that would participate in the
subsequent free radical polymerization to form the hydrogels. Free radical polymerization
is a relatively simple, versatile, and low-cost crosslinking method [39]. These polyam-
pholytic hydrogels were characterized by FTIR, TGA, and SEM, demonstrating 20 to
21 times the initial mass increase in swelling processes. Finally, the introduction of sulfonic
groups into chitosan significantly enhances its water solubility and swelling properties,
which makes it particularly suitable for environmental applications such as heavy metal
and pharmaceutical removal from water. Our findings suggest that these materials have
the potential to address challenges in wastewater treatment, offering an eco-friendly and
efficient solution.

2. Results and Discussion
2.1. Functionalization of CTS with Sodium Sulfonates
2.1.1. Characterizations by FTIR, TH-NMR, and TGA

The chitosan derivates modified with 2-formylbenzylsulfonic (FB1S) and 4-formyl-1,3-
benzenedisulfonic (FB2S) under different time and temperature conditions were initially
characterized by FTIR spectroscopy to determine whether the evaluated parameters, such
as temperature and reaction time, led to the effective functionalization of the biopolymer.
The FTIR spectra are shown in Figure 1 following the nomenclature proposed in Table 2,
according to the modification conditions. The results reveal two characteristic bands for
both FB1S and FB2S, indicating the successful functionalization of the polymer. The first
notable signal was observed at 1450 cm~!, corresponding to the bending vibrations of the
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substituted amine groups (Figure 2¢,d). Additionally, a series of peaks attributed to the
stretching of the S=O bond from the sulfonic groups appeared between 1170 and 1190 cm !
in the spectra of the functionalized derivatives [40-42].
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Figure 1. FTIR spectra for CTS and CTS modified with sulfonic groups. (a) Polymers obtained by
modifying CTS with FB1S. (b) Polymers obtained by modifying CTS with FB2S.
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Figure 2. 'H-NMR spectra of polymers modified with sulfonic groups. (a) Polymers obtained by
modifying chitosan with FB1S. (b) Polymers obtained by modifying chitosan with FB2S. (c) Expected
structures of the polymers modified with FB1S. (d) Expected structures of the polymers modified
with FB2S.

'H-NMR spectra of the biopolymers are shown in Figure 2, where the analysis of two
regions of the spectra supports the functionalization of the CTS. First, new peaks appeared
between 7.1 and 7.5 ppm corresponding to the protons on the aromatic group. In addition,
functionalization resulted in peaks between 4.2 and 4.5 ppm, corresponding to the benzylic
protons [43,44]. These results qualitatively indicated that all the conditions evaluated led
to a modification of the CTS. To quantify the degree of substitution (DS), Equation (1) was
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used where the integrals of the peaks corresponding to the aromatic protons (Ar), the
proton from the alpha ring adjacent to the secondary amine (H,) or primary amine (Hy ),
as well as the degree of deacetylation of the starting chitosan (DDA) and the number of
aromatic protons, being 3 and 4 for FB1S and FB2S, respectively, were considered [44]. The
results obtained are presented in Table 1. It was determined that the conditions that lead
to higher degrees of modification were one hour of reaction at 25 °C, reaching a DS of
15 and 32% for CTS1S and CTS2S, respectively. Thus, CTS1S remains structurally with
4.19 mmol of residual primary amino groups, while CTS25—with 3.35 mmol/g of primary
amine groups.

%DS = (Ar/n)/((Hy + Hy')/DDA) x 100 1)

Table 1. Results obtained by TH-NMR spectroscopy, SEM-EDS, and TGA for biopolymers modified
with mono- and disulfonic groups under different time and temperature conditions.

Samples 1h—25°C 1h—60°C 8h—25°C 8h—60°C 24h—25°C 24 h—60 °C
) %DS @ CTS1S 15 11 13 11 11 8
H-NMR o/ pga 1825 32 21 26 2 39 16
%SP CTS1S 12.29 9.76 2.77 8.73 4.74 11.11
SEM-EDS %S P CTS2S 11.15 13.13 7.86 10.98 12.21 14.83
TCA %Wt ¢ CTS1S 21 20 18 13 16 17
%Wt € CTS2S 2 11 13 19 14 16

2 Degree of substitution.  Percentage of sulfur. ¢ Percent of weight loss of mono or disulfonic aryl.

The degrees of substitution determined by 'H-NMR spectroscopy were complemented
by energy-dispersive X-ray scanning electron microscopy (SEM-EDS) analyses. Specifically,
the percentages of the elements of interest such as carbon, nitrogen, oxygen, and sulfur
were quantified (Table 1), where the average results of random points in the samples of the
polymers are presented. Sulfur was of special interest, as a quantitative indicator of the
degree of functionalization. The heterogeneity of the sample makes it difficult to establish
comparisons between the results of both techniques, since the modification with sulfonic
groups depends on the distribution and availability of the amino groups. However, it was
observed that the polymers with higher percentages of sulfur (%S) were prepared with a
reaction time of 1 h at 25 °C.

In TGA (See Figure 3), the curves obtained allowed the identification of the stages
in which the polymers degraded, where the gradients in weight percentage represented
abrupt changes in weight loss over specific temperature intervals. Figure 2 shows the
results obtained for the modified polymers, in comparison with the commercial CTS
sample. For CTS, the decomposition was evident in two steps—the first, with a maximum
rate at 54 °C, corresponding to the loss of water, and the second at 297 °C associated with
the decomposition and carbonization of the sugar ring of the CTS. On the other hand, all
modified CTS samples decomposed in three steps.

The first step, corresponding to the loss of water was observed at temperatures less
than 70 °C. The second step had a maximum rate of mass loss between 260 and 290 °C, and
was attributed to the decomposition of the CTS sugar ring as well as the amine and sulfonic
functional groups. Finally, the decomposition step corresponding to the organic residues of
chitosan and the aryl groups occurred between 340 and 440 °C [12,17]. The results obtained
show a thermal stability associated with the electrostatic interactions produced by the
modification of sulfonic groups [12,17].
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Figure 3. Results obtained by thermogravimetric analysis of the modified polymers at different time
and temperature conditions. (a) CTS1S polymers. (b) CTS2S polymers.

Table 1 shows the percentages of weight loss obtained from the analysis of the TGA
graphs, corresponding to the third step, attributed to the modification by the aryl-sulfonated
groups for each of the samples, with the objective of contrasting the weight losses for
products obtained using different reaction conditions. In both cases, the greatest weight
losses associated with the aryl groups were obtained for polymers prepared using the
conditions of 1 h and 25 °C.

2.1.2. Solubility

Solubility is one of the properties of interest in chemical processes, particularly sol-
ubility in water, since aqueous solubility helps minimize the use of organic solvents that
contribute to environmental pollution [45,46]. The solubility of commercial chitosan has
been reported as a function of the degree of deacetylation of the polymer, as it is related to
the number of deacetylated units, going from insoluble chitin (deacetylation < 50%) to a
chitosan soluble in acidic aqueous media (pH < 6.5), which is attributed to the protonation
of the amino groups [47]. In this research, we sought to determine the influence of the
degrees of modification arising from the different synthesis conditions on the solubility of
the CTS.

The absorbance results obtained as a function of pH are shown in Figure 4, and are
complemented by Figure S3, constructed from the transmittance results. In Figure 4, a
significant difference can be seen in the absorbance between the two CTS derivatives, with
the polymer modified with FB1S (CTS1S) being soluble at basic pH and in most cases
insoluble at acidic pH, contrary to CTS, which at pH > 6 is insoluble, due to the high
formation of hydrogen bonds and generating curling. For the polymers obtained from
the modification with FB2S (CTS2S), solubility over a wide range of pH values is evident,
resulting from introduction of the disulfonated aryls.

The solubility behavior can be associated with the presence of sulfonic and amino
groups simultaneously, giving the polymer polyampholytic behavior. The solubility at
basic pH is justified by the presence of sulfonic groups (pKa = ~2.5), while at a pH below
5.0, the amino groups of chitosan are protonated [18,47]. However, the differences between
one group of modifications and the other can be attributed both to the degree of modi-
fication and consequently the availability of amino groups that favor solubility at acidic
pH, the effect of the 7t-7t interactions of the aryl groups, and the repulsions between the
sulfonic groups, which allows the solubility to be preserved in the case of CTS2S in all pH
ranges [21].
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Abs

Overall, it was possible to achieve different degrees of modification to CTS under
different conditions of temperature and reaction time. The qualitative and semiquantitative
analyses lead to the conclusion that 1 h and 25 °C are the conditions that give rise to
polymers with a higher degree of modification, which means lower economic expenses in
terms of energy and time, thus favoring a friendlier process.
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Figure 4. Absorbance results for polymers modified with sulfonic groups. (a) Polymers obtained by
modifying chitosan with FB1S. (b) Polymers obtained by modifying chitosan with FB2S.

2.2. Preparation of Polyampholytic Hydrogels

Starting from the chitosan modified using the conditions of 1 h and 25 °C, the modifi-
cation was continued to introduce methacrylate groups for radical polymerization. CTS1S
and CTS2S were reacted with GMA at pH 6 and 50 °C for 24 h. The 1H-NMR spectroscopic
analysis of the resulting polymers CTSV1S (monosulfonic) and CTSV2S (disulfonic) poly-
mers showed the appearance of new peaks between 5.0 and 5.5 ppm corresponding to the
methacrylate groups (Figure 5a).

The NMR analysis agreed with the FTIR analysis (Figure 5b), where three bands of
interest were identified, the first two corresponding to the C=C stretching signals between
560 and 630 cm ! and 1325-1396 cm ! [48,49]; and the third, associated with the stretching
of OH between 3200 and 3700 cm~!. Methacrylation with GMA can result from two
different mechanisms, transesterification or opening of the epoxide ring, the latter being the
preferred one in acidic media. The reaction results allow us to conclude that the mechanism
is the opening of the epoxide rings by the amino groups (still available) and the alkoxy
groups. Nucleophilic attack by the amino groups is preferred, with 81 and 66% of the
remaining primary amino groups of CTS1S and CTS2S, respectively, functionalized with
the GMA. Following treatment with glycidyl methacrylate, 3.39 mmol/g and 2.21 mmol/g
of the remaining primary amine groups in the mono- and disulfonic polymers, respectively,
were substituted. It evidences an occupation of the GMA by the available amino groups of
3.39 mmol/g of amine for CTS1S and 2.21 mmol/g of amine for CTS2S, which leads to a
greater modification of the GMA in the CTS1S.The degree of modification with glycidyl
methacrylate (GMA) was calculated using the relationship between the integrals of the
NMR signals, and the protons of GMA and CTS [20,49].

After confirming the modifications with GMA, given the presence of alkene carbon
signals, the CTSV1S and CTSV2S were polymerized under free radical conditions to obtain
the HGCTS1S and HGCTS2S hydrogels, respectively, (Figure 5d). Figure 5b shows the
decrease in the signals associated with the vibrations of the C=C bonds for the HG spectra
compared to the spectra of the CTSV1S and CTSV2S polymers, arising from their con-
sumption in the radical polymerization [50]. The process of obtaining the polyampholytic
hydrogel is summarized in Figure 6.
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Figure 5. (a) '"H-NMR spectra of CTS and GMA modified polymers. (b) FTIR spectra for CTS,
GMA-modified polymer and obtained hydrogels. (c) TGA and DTG polymer modified with GMA
and hydrogels obtained. (d,e) Image of the hydrogel at the end of the reaction and after drying,
respectively.
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Figure 6. Preparation of HGCTS1S and HGCTS2S. CTS: 4.93, CTS1S: 1.13, CTS2S: 3.35, CTSV1S: 0.79,
and CTSV2S: 1.13 mmol/g of primary amine, respectively.

The results of the TGA carried out for the sulfonated macromonomers and the hydro-
gels after several days of drying are shown in Figure 5c. In general, the modified polymers
(CTSV1S and CTSV2S) and the hydrogels present similar behaviors to each other with three
stages of thermal decomposition and differ from what was observed for the commercial
CTS sample, which only shows two stages as mentioned in the previous section. The first
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stage corresponds to the loss of water, which in the case of the HGs, is larger in magnitude
based on the derived thermogravimetry (DTG) (Figure 5c), as a result of the increased
hydrophilic capacity of the materials. The second loss for the polymers occurs at 240 and
260 °C, and for the HGs at 305 and 284 °C for HGCTS1S and HGCTS2S, respectively. The
differences in behavior for the polymers versus HGs can be attributed to variations in
intermolecular interactions. In the case of the polymers, sulfonation can interfere with
the formation of hydrogen bonds, whereas in the HGs, these units are now covalently
intertwined, favoring thermal stability, which is evident in the residual mass obtained for
the HG [50,51].

To evaluate the water absorption capacity, swelling tests for the hydrogels were
carried out at four different pH values. Figure 7a shows the degrees of swelling (W) for
each hydrogel at different pH values after 24 h, with the HGCTSI1S being the one that shows
a greater water absorption capacity (20 to 21-fold the initial mass), reaching in almost all
cases double those achieved by the HGCTS2S. These results can be associated with both the
degree of sulfonate functionalization, which affects the hydrophilicity of the material, and
therefore its water absorption capacity, and the degree of cross-linking of the materials. This
is related to the degree of modification with GMA, associated with a greater availability of
vinyl bonds that participate in the radical addition reaction.

B HGCTS1S

I HGCTS2S

I

204 L

(a)

Figure 7. (a) Swelling degrees of hydrogels as a function of pH (3, 5, 7, and 9). Images achieved with
SEM (30x and 300 x) for the (b) HGCTSIS and (¢) HGCTS2S. 2.3. Application in Pollutant Removal.

The swelling was also corroborated by images obtained by high-resolution scanning
electron microscopy (SEM) (Figure 7b,c), with which the surface morphology of the HG was
characterized. Greater roughness was evident in the case of HGCTSI1S, associated with a
greater degree of modification as has already been reported in other investigations [52-54],
in this case, corresponding to the addition of benzyl monosulfonate and disulfonate groups
to the main column of chitosan. This is consistent with the results obtained from BET and
BJH analyses, which reveal significant differences in the porous structure of the HGCTS1S
and HGCTS2S hydrogels, despite their synthesis. HGCTS1S has a surface area of 2.88 m? /g
and an average pore size of 8.79 nm, placing it within the mesoporous range according
to the IUPAC classification. In contrast, HGCTS2S displays a very low surface area of
only 0.04 m? /g and no detectable pore distribution, suggesting a compact or non-porous
structure from the perspective of nitrogen adsorption analysis.
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Rheological studies of the complex modulus account for the total resistance against
the applied deformation (Figure S4), revealing better stability of HGCTSI1S, compared to
HGCTS2S. This is related to the functionalization of amino groups after modification with
GMA, so the availability of vinyl groups that participate in radical polymerization favors
cross-linking, reflected in a greater storage modulus (G’). A higher G’ implies enhanced
elasticity and mechanical integrity, which are essential for the hydrogel to maintain its
three-dimensional network during practical use, especially under repeated compression
or handling. Although it is known that greater cross-linking generates a lower water
absorption capacity, in this case, the low stability of HGCTS2S could impact an absorption-
desorption balance, which reduces the degree of swelling.

Specifically, HGCTSIS, with its higher crosslinking density and elastic modulus, is
expected to show better regeneration efficiency due to its ability to retain its structure over
multiple cycles. Furthermore, its increased swelling favors interactions such as hydrogen
bonding and hydrophobic interactions. In contrast, the denser and stiffer network of
HGCTS2S could limit the accessibility of active sites, affecting its adsorption efficiency.
Taking into account that both materials were developed under the same conditions, from
the methacrylation process to obtaining the hydrogel, the variations in stability and water
absorption capacity can be attributed to steric impediments given the presence of more
sulfate groups. This is attributed to steric hindrance resulting from the higher number of
disulfonate groups, which can restrict the mobility of the polymer network [55-57].

A first approach to the possible applications of these materials for the removal of
different types of contaminants in aqueous matrices was carried out by performing re-
moval tests on two types of contaminants of interest present in aqueous systems: the
antibiotic CPX and Cu?*. These tests were carried out at pH 7 in order to emulate natural
conditions and based on previous studies where this pH is reported as optimal for the
removal of Cu?* and CPX species in aqueous media [58-61]. The removal percentages
achieved after three hours of contact for these contaminants are presented in Figure 8b.
The results showed significant differences between CPX versus Cu?*, with the adsorp-
tion percentages achieved for Cu?* being considerably higher (61.8 4- 1.8-83.7 & 0.3%)
than for CPX (25.0 & 0.01-24.4 4 0.01%). To further explore the influence of pH on CPX
adsorption and evaluate the applicability of the hydrogels under variable environmental
conditions, additional adsorption tests were carried out at pH 3, 7, and 9. The results,
shown in Figure 8c, indicate that pH has a moderate but significant effect on CPX removal
efficiency. For HGCTSIS, the highest adsorption was observed at pH 3 (28.9 £ 1.06 %),
with a slight decrease at pH 7 (25.0 £ 1.59 %), and further reduction at pH 9 (20.5 £ 1.59
%). In contrast, HGCTS2S showed 19.9 & 0.79 % at pH 3, a maximum at pH 7 (24.4 + 2.23
%), and 20.1 & 2.83 % at pH 9.

The slightly better performance of HGCTSIS at this pH may be due to lower steric
hindrance compared to HGCTS2S. At pH 7, CPX adopts a zwitterionic form where elec-
trostatic interactions are minimized and other mechanisms, such as hydrogen bonding
or hydrophobic interactions, could dominate. At pH 9, the antibiotic becomes negatively
charged, which may result in repulsion from the negatively charged hydrogel surfaces,
explaining the drop in removal efficiency.

In order to understand the removal mechanism, experiments were carried out for the
determination of the zero charge point (pHzcp) for both the chitosan hydrogel (HGCTS)
and for each of the sulfonated chitosan-based hydrogels as presented in Figure 8a. The
results obtained suggest that the modification with sulfonic groups considerably modifies
the pHzcp, being 6.4, 5.0, and 3.9 for HGCTS, HGCTS1S, and HGCTS2S, respectively. Since
pHzcp is the pH at which the value of the net surface charge of the adsorbent is zero, it is
understood that below this point, positive charges predominate, and above these, negative
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charges predominate. The results confirm the significant increase in the arrangement of
negative charges on the surface of the material associated with the presence of mono and
disulfonic groups, being greater in the case of the latter.
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Figure 8. (a) Point of zero charge curve of hydrogels. (b) Retention percentages and chemical
structures of the aqueous contaminants studied. (c) Ciprofloxacin removal percentage at different
pH values.

The pHzcp results correlate with the results of the percentage of removal achieved by
each of these materials, because the differences in the retention of the two contaminants
by the hydrogels can be attributed to their different chemical structures and properties of
each contaminant. On the one hand, CPX has pKa values of 6 and 8.7, with an isoelectric
point of ~7.1 so at pH 7 the antibiotic molecule is largely in the zwitterionic state [41,62], so
repulsive or neutral electrostatic interactions may dominate. In the case of the copper ion,
according to its speciation, at pH 6 it is present mainly as a free Cu®* ion in solution and
in a lower percentage as CuSOy [63]. Taking into account the pHzcp, it can be concluded
that the density of anionic charges in the material given the modification with sulfonic
groups provides the material with anionic characteristics at pH 7, so that copper ions (Cu?*)
benefit by achieving greater retention. Additionally, the differences between both hydrogels
are attributed to the fact that HGCTS2S has a greater availability of anionic groups than
HGCTSIS (also evidenced in pHyzcp), so the adsorption of contaminants in the cationic
state such as Cu?* is favored over that of zwitterionic species such as CPX in which they
could be impeded by electrostatic repulsions.

These results allow us to know that the modification of chitosan with sulfonic groups
favored not only the solubility and water absorption capacity and therefore its swelling, but
also when applied preliminarily for the removal of contaminants, it favors the adsorption
of contaminants of a cationic nature such as Cu?*. As a result of this research, it is also
suggested to continue exploring the applications of this type of materials, evaluating
different functionalization relationships to enhance the polyampholytic behavior of the
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hydrogel, such as evaluating different modifications to obtain higher percentages in terms
of the elimination of fluoroquinolone antibiotics.

3. Conclusions

This study successfully demonstrated the synthesis of polyampholytic hydrogels from
chitosan derivatives functionalized with mono- and disulfonic groups. The hydrogels
displayed excellent swelling properties and high adsorption efficiencies for copper ions,
making them promising candidates for the removal of heavy metals from wastewater.
The best degrees of modification with mono- and disulfonic aryl groups were achieved in
1 h at room temperature, compared to longer time periods or higher temperatures. The
hydrogel that demonstrated greater water absorption capability was the hydrogel with
aryl-monosulfonate groups, which underwent twice as much swelling as the disulfonic
one. This swelling may be associated with differing degrees of functionalization with the
sulfonic acids and the cross-linkable methacrylate moieties, as corroborated by 'H-NMR
spectroscopy, EDS, and TGA studies. For the CPX and Cu®* removal studies, the aryl-
disulfonic chitosan hydrogel favored the adsorption of copper with 83% removal compared
to 62% in the case of the hydrogel with aryl-monosulfonate groups. For the CPX at pH 7.0,
a removal degree of 25% was achieved, with its lower removal efficiency compared to Cu?*
attributed to its zwitterionic rather than cationic state. In conclusion, the modification with
anionic groups allowed the preparation of polyampholyte hydrogels, which showed that
they can be materials with potential use in the processes of eliminating mainly cationic
contaminants of organic and inorganic origin in aqueous systems. It is important to
note that this study represents an initial approximation of the hydrogel’s potential as an
adsorbent for ciprofloxacin and copper ions. Further investigations, including detailed
kinetic and isotherm analyses, will be essential to optimize the adsorption performance
and fully elucidate the adsorption mechanisms. These studies will be conducted in future
work to provide a comprehensive understanding of the hydrogel’s capabilities under
various conditions.

4. Materials and Methods
4.1. General Materials and Procedures

To obtain the zwitterionic polyelectrolyte, chitosan 98% w/w (CTS) was used with
a deacetylation degree of 79.7% (4.93 mmol/g of amino groups) calculated conducto-
metrically, ash percentage of 0.2-0.9%, and molar mass of 150-300 kg/mol, supplied by
Quitoquimica (Chile). Sodium cyanoborohydride 95% (NaBH3CN), 2-formylbenzylsulfonic
acid sodium salt 95% (FB1S), 4-formyl-1,3-benzenedisulfonic acid 97% (FB2S), glycidyl
methacrylate (GMA) 97%, and ammonium persulfate (APS) were purchased from Sigma-
Aldrich, Chile. Also, 1 M NaOH, 0.1 M HCl, N,N,N’,N'-tetramethyl ethylenediamine
(TEMED) 99%, and methanol (99%) were purchased from Merck, Chile. Glacial acetic acid
(99.8%) was obtained from Winkler Ltd., Chile.

4.2. CTS Characterization: Potentiometric Measurement of Deacetylation Degree (DDA)
Determination, and 13C-NMR

The polymer (0.2 g) was dissolved under stirring in 5 mL of HCI (1.0 M). Then,
450 mL of 0.001 M NaCl was added and stirred to achieve a uniform solution. This
solution was titrated conductometrically with 60 mL of standardized 0.1 M NaOH. The
titration was carried out by discharging 0.5 mL of 0.1 M NaOH for each measurement.
Measurements were performed by using Thermo Scientific Orion 5-Star Plus (Thermo
Scientific, Waltham, WA, USA). The DDA of CTS was calculated using Equation (2) [64,65].
(Figure S1, Equation (2)). The '3C NMR spectra were detected by 0.1 M CF;COOD as
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solvents, and the NMR spectra was analyzed by MestReNova software v14.2.3-29241
(Figure S2) [43,66,67].

DDA = (CNaOH X AVNaOH X 16)/(mCTS X 0.0994) (2)

DDA = degree of deacetylation

Cnaon = NaOH concentration (M)

AVnaon = volume difference between the two inflection points (L)
mcrts = mass of the analyzed chitosan (g)

4.3. Functionalization of CTS with Sodium Sulfonates

The modification of chitosan (CTS) with sulfonic groups (Figure 9) was carried out
by reductive amination [24,48]; varying the time (1.0, 8.0 and 24.0 h) and temperature
(25 and 60 °C) at a fixed molar ratio of 1.5 equivalents of sulfonic acid/available amino
group, 100 and 80 mg of CTS were dissolved in 10 mL of a 1% (v/v) aqueous acetic acid
solution and subsequently 9 mL of methanol were added for modification with FB1S
and FB2S, respectively. After obtaining a homogeneous mixture, FB1S (0.74 mmol) and
FB2S (0.59 mmol), dissolved in 1 mL of water, were added to separate flasks. The reaction
mixture was stirred for 3 min and then finally 60 mg of NaBH3CN are added, followed by
stirring for 1, 8 or 24 h, at temperatures of 25 or 60 °C. The product was then dialyzed for
four days using a cellulose membrane regenerated (Sigma-Aldrich, St. Louis, MI, USA)
with a molecular weight cut-off of 12-14 kDa. Finally, the modified polymers were frozen
and then lyophilized for 24 h.
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Figure 9. Synthesis of benzyl monosulfonate and disulfonate derivatives CTS1S and CTS2S.
Table 2 shows the codes that refer to the different conditions explored.

Table 2. Codes referring to the different time and temperature conditions used to prepare polymers
modified with mono- and disulfonic groups.

1h25°C 1h60°C 8h25°C 8h60°C 24h25°C 24h60°C

FB1S CTS15-1 CTS1S-2 CTS1S-3 CTS1S-4 CTS1S-5 CTS1S-6
FB2S CTS25-1 CTS2S-2 CTS2S-3 CTS25-4 CTS25-5 CTS25-6
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The modified CTSs obtained were characterized by 'H-NMR spectroscopy, dissolving
10 mg of polymer in 600 uL of 0.01 M NaOD. Through EDS analysis, the percentage
composition of carbon, oxygen, nitrogen, and sulfur was determined by scanning electron
microscopy (JEOL JSM 6010 Plus/LV SEM, JEOL Ltd., Tokyo, Japan) after the samples
were coated in gold with LUXOR Gold Coater equipment. Thermogravimetric analysis
(TGA) was carried out using a Netzsch TG 209F1 iris 220-12-0045-L instrument (NETZSCH-
Gerdtebau GmbH, Selb, Germany) with nitrogen flow, in a range of 25 to 550 °C, with a
heating rate of 10 °C min~—!. Fourier transform infrared (FTIR) spectroscopy was performed
using a Perkin Elmer 1760-X spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA)
with a range 4000-400 cm ! and using a KBr pellet of the material.

To determine the solubility as a function of pH, a turbidimetric technique with an
ultraviolet-visible (UV-Vis) spectrophotometer (UVmini-1240, Shimadzu, Tokyo, Japan)
operating at a wavelength of 660 nm was carried out. Solutions (2 mg-mL~1) of the chitosan
sulfonate derivatives were prepared in 0.01 mol L~! NaOH, and then the pH was adjusted
from 11.0 to 3.0 with the addition of 0.05 mol L~ HCL.

4.4. Preparation of Polyampholytic Hydrogels

Preparation of the hydrogels was carried out in two stages: (i) synthesis of the
methacrylate-functionalized macromonomer modified with sulfonic groups and (ii) prepa-
ration of the hydrogels via free radical polymerization. To synthesize the macromonomer,
0.5 g of either the chitosan with mono (CTS1S) or disulfonic (CTS2S) groups was dissolved
in 50 mL of water and the pH was adjusted to 6 using HCI (0.1M). The reaction was heated
to reflux at 50 °C and then 1.5 mL of glycidyl methacrylate (GMA) was added slowly
dropwise under vigorous stirring until a homogeneous solution was obtained. Stirring
(200 rpm) was maintained for 24 h [50,68], and then the polymer was purified by dialysis,
using a regenerated cellulose membrane with a molecular weight cut-off of 12-14 kDa for
3 days with water exchange every ~4 h. Then, the sample was frozen and lyophilized. The
products were characterized by TGA, FTIR spectroscopy, and 'H-NMR spectroscopy.

The hydrogels were prepared by dissolving 1.0 g of the mono- or disulfonic
macromonomer (CTSV1S or CTSV2S, respectively) in 25 mL of 1 M NaOH in a Schlenk tube.
This solution was stirred until a homogeneous mixture was obtained, and then 200 mg of
the N,N-methylenebisacrylamide (BIS) cross-linker was added while stirring vigorously.
Once homogenized, nitrogen was bubbled through the solution for 10 min and then 100 mg
of ammonium persulfate (APS) as an initiator was added with constant stirring, followed
by 100 mg of TEMED as a catalyst. The solution was heated at 50 °C resulting in gelation
after ~30 min and then the heating was continued for 4 h to allow all the reagents to [50].
The resulting gel was washed extensively with water until a neutral pH was achieved, and
then it was dried at 30 °C for 24 h, and finally pulverized and sieved, to produce particles
with diameters between 100 and 280 pum.

4.5. Characterization of Polyampholytic Hydrogels

The materials obtained were characterized by TGA and FTIR. Additionally, the mor-
phologies were observed by scanning electron microscopy (SEM-mapping; JEOL JSM 6010
Plus/LV SEM, JEOL Ltd., Tokyo, Japan), freezing and lyophilizing the fully swollen hydro-
gels, to subsequently coat them in gold using the low-vacuum sputter coating technique.
Finally, swelling tests were carried out in water at 4 different pH values (3.0, 5.0, 7.0, and 9.0),
weighing dry hydrogel pieces and placing them in water, to determine swelling percentages
after 24 h (Equation (3)) [69,70]. The swelling was then calculated using Equation (3).

W= (Wy — Wo)/Wo ®)
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W = Degree of swelling
Wy = Dry weight
W¢ = Weight over time

Additionally, rheological tests were carried out using parallel plates (DHR-3/TA
instruments rheometer, TA Instruments, New Castle, DE, USA) ETC/20 mm standard,
using oscillatory scanning measurements at a temperature of 25 °C, frequency of 1 Hz and
deformation of 0.001 to 500% in triplicate to determine the Storage modulus, Loss modulus,
Complex viscosity, and Complex modulus.

Finally, the pH of the zero charge point (pHzcp) of the hydrogels obtained was
determined. For this, 0.1 M NaCl solutions with pH between 3 and 9 (adjusted with HCl
or NaOH) were prepared. Then, 10 mL of these solutions were taken, and 0.08 g of each
hydrogel was added. The suspensions obtained were stirred for 24 h. Then, the dispersions
were filtered and the final pH of the solutions was determined. The pHyzcp value of the
hydrogels was found from the intersection of the final pH vs. initial pH curve with the
abscissa.

4.6. Application of the Hydrogels to Adsorption of Ciprofloxacin and Copper lons
in Aqueous Systems

The application of the polyampholytic hydrogels for the adsorption of contaminants
in aqueous systems was carried out at pH 7 from a 20 mg L~ solution of each contaminant:
ciprofloxacin (CPX) and Cu?* (from the salt of copper sulfate pentahydrate). The removal
calculations for Cu?* were carried out from the Cu?* in solution. A total of 20 mg of hydro-
gel in triplicate was placed in contact with 10 mL of each solution for 3 h under constant
stirring at a temperature of 25 °C. To monitor both contaminants, the respective calibration
curves were constructed that varied from 1 to 20 ppm. CPX monitoring was carried out
by UV spectroscopy at 271 nm using an Evolution OnePlus UV-Vis Spectophotometer
(Thermo Scientific, Waltham, MA, USA), while for Cu?* atomic absorption spectroscopy
was performed using a PinAAcle 900F instrument (Perkin Elmer, Waltham, MA, USA)
monitoring the removal as a function of the coverage concentration in solution.
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of the degree of deacetylation (DDA). Figure S2. 13C-NMR spectra of chitosan samples. Figure S3.
Transmittance percentage results for polymers modified with sulfonic groups, (a) Polymers ob-
tained by modifying chitosan with FB1S. (b) Polymers obtained by modifying chitosan with FB2S.
Figure S4. Rheological characterization, (a) complex modulus by Oscillation strain from 0.001% to
500% (b) Comparison of the complex modulus at 0.01% of Oscillation strain.
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Abbreviations

The following abbreviations are used in this manuscript:

GMA Glycidyl methacrylate

CTS Chitosan

BIS N,N-methylenebisacrylamide

APS Ammonium persulfate

CPX Ciprofloxacin

HG Hydrogel

FB1S 2-formylbenzylsulfonic acid sodium salt
FB2S 4-formyl-1,3-benzenedisulfonic acid
TEMED N,N,N’,N’-tetramethyl ethylenediamine
pHzcp pH of zero charge point

DDA Degree of deacetylation of the starting chitosan
DS Degree of substitution

CTS1S Chitosan modified with FB1S

CTS2S Chitosan modified with FB2S

CTSV Chitosan modified with GMA

CTSV1S CTS1S modified with GMA
CTSV2S CTS2S modified with GMA
HGCTS Hydrogel obtained from CTS
HGCTS1S  Hydrogel obtained from CTSV1S
HGCTS2S  Hydrogel obtained from CTSV2S
'H-NMR Proton nuclear magnetic resonance

FTIR Fourier transform infrared
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
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Abstract: The growth of plants highly depends on the soil’s water availability and proper-
ties. Hydrogels (HGs) have been used for decades to enhance soil water retention, whereas
developing eco-friendly and sustainable HGs for agricultural applications is still necessary
to ensure water and food security. In this study, renewable and cost-effective HGs were
prepared from all-lignocellulose fibers of date palm biomass after carboxymethylation
followed by citric acid (CA) crosslinking. HGs showed high equilibrium swelling capacity
(EWC%), even in salty media, whereas purified HGs showed about 700-400 EWC% in
deionized water. Further, HGs’ effect on germination was studied on Chico III tomato, mint,
Basilico red, and chia seeds. The results revealed that HGs enhanced the soil properties,
with taller and healthier plants observed in HG-amended soil. FTIR, thermal analysis,
and microscope imaging were utilized to evaluate HGs” and raw materials’ characteristics.
The findings in this study support the idea that all-lignocellulose could be used for HG
production without separation.

Keywords: hydrogel; lignocellulosic biopolymers; all-lignocellulose; water retention; soil
conditioning; germination; plant growth

1. Introduction

Sustainable agriculture systems, water availability, and proper soil are key to food
security. The agriculture sector in arid and semi-arid regions faces multiple challenges
due to drought, desertification, climate change, sandy soil, and harsh weather. In arid
conditions, irrigational water tends to evaporate from the soil due to high temperatures.
Also, the soil type stimulates water infiltration, increasing irrigational water demand and
irrigation cycles. Further, arid and semi-arid regions suffer from a shortage of freshwater
resources [1-4]. On the other hand, the demand for freshwater is increasing daily due to
the growing population, urbanization, and industrialization. By 2030, the expected water
demand will be 50% higher than today’s demand. This may result in water scarcity if
efficient water management systems are still underdeveloped [5]. It is worth mentioning
that about 70% of global freshwater was estimated to be used for the irrigation of only
25% of the world’s croplands which supply only 45% of international food [6]. A helpful
solution may lie in inventing sustainable irrigation systems and soil conditioners for water
preservation to reduce the total water demand from the farming sector [5]. In 2021, Saudi
Arabia initiated the “Saudi & Middle East Green Initiatives” to plant more than 10 billion
trees to face climate change, desertification, and air pollution [7]. This number of trees will
require vast irrigational water, arable soil, and rehabilitated land, which are mandatory
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for these initiatives to succeed, considering that water resources are scarce in regions like
the Middle East and North Africa (MENA). Hence, local, modern solutions to enhance
planting should be explored and utilized.

Hydrogels (HGs) and superabsorbent hydrogels (SHs), also known as superabsorbent
polymers (SAPs), have been an attractive solution for soil conditioning since the 80s owing
to their moisture and water preservation ability [8]. HGs are formulated from different
types of crosslinked hydrophilic polymers. Different physical and chemical methods could
be used for crosslinking polymer chains. The physical crosslinking methods lean on phys-
ical interactions like hydrogen bonding and Van der Waals interactions, while chemical
crosslinking relies on covalent bonds formation. Epichlorohydrin, glutaraldehyde, and
citric acid (CA) are some of the commonly used crosslinking agents [3]. CA is considered
an eco-friendly and cost-effective crosslinker in comparison with other common crosslink-
ers like epichlorohydrin and glutaraldehyde [9]. After crosslinking, HG materials can
hold water, organic matter, or inorganic materials within their 3D network matrix and
release them upon some stimulus, such as pH, temperature, and ionic strength [3,10,11].
Investigations have found that HGs have huge water capacities comprised of their original
weight, which could be higher than 1000% of their weights, enhancing soil moisture and
oxygenation [12]. HGs have been well-utilized in the industrial field in various applica-
tions, such as in the biomedical and agricultural industries. Many studies have explored
HGs and their effects as a soil conditioner, and they have been considered an adequate
solution for enhancing planting and soil [13,14]. Demitri et al. studied the impact of
HGs prepared from hydroxyethylcellulose (HEC)/carboxymethylcellulose sodium salt
(CMCNa) that was citric acid-crosslinked on cherry tomato cultivation in greenhouses and
claimed that HG-amended soil showed three times higher humidity with respect to the
control soil. Also, longer survival times were observed in hydrogel-containing soil [15].
Chitosan (CS) is a chitin-derived polymer that is highly abundant in living organisms
and has also been utilized for hydrogel production and for controlled fertilizer release.
Jamnongkan et al. developed chitosan/poly(vinyl alcohol)-based hydrogel for the con-
trolled release of potassium. Their results revealed that the incorporation of hydrogel in
the soil enhanced the water retention period [16]. In addition, starch-based HGs have been
applied in many studies for agricultural applications. Starch is one of the most abundant
polysaccharides, and it is biodegradable and biocompatible. Chamorro et al. developed
citric acid-crosslinked cassava starch hydrogels for the slow release of ammonium. They
claimed that the prepared hydrogel reduced the fertilizer release rate in the soil [9]. Both
synthetic polymers and natural polymers have been used for HG preparation by physical
or chemical crosslinking. To some extent, synthetic HGs have some drawbacks regarding
their environmental footprint. Therefore, natural polymers are a good candidate due to
their biodegradability, biocompatibility, and natural abundance [12,17]. Natural polymers
or biopolymers are the types of polymers that can be found in nature within biological
systems, whether in plant-based or animal-based systems.

Agricultural biomass is one of the wealthiest sources of biopolymers. It is a plant-
based agrarian waste that is biodegradable, biocompatible, and highly available. Biomass
is an underutilized mine of biopolymers, and it mostly becomes landfill waste or is burned,
which is considered polluting and a waste of valuable resources. The lignocellulosic matrix
is the main constituent of biomass, comprising about 65% of biomass weight. This matrix
comprises polysaccharides, such as cellulose and hemicellulose, alongside lignin, a polyphe-
nol biopolymer [18,19]. These biopolymers have been utilized for decades directly or after
modification toward different applications and uses. Cellulose is the main component of
the lignocellulose matrix, and it is the most abundant natural polymer on earth. Cellulose
is a homopolymer of anhydroglucoses (C4H10Os) linked by (3-1,4 glycosidic bond, and the
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result is a water-insoluble and highly crystalline long-chain polymer. The second major
component is hemicellulose, which is amorphous in structure and constituted of different
penta- and hexa-sugars. The third component by percentage is lignin, which is composed
of three different phenols with alternative ratios, which are p-coumaroyl alcohol, coniferyl
alcohol, and sinapyl alcohol, forming three-dimensional polyphenol [20,21]. Many studies
have used those biopolymers to prepare hydrogels and show their capability in different
applications [22-24]. Several pretreatments are required to reduce the biomass recalcitrance
and separate the biopolymers from the matrix to produce HGs. Common pretreatments
for biomass recalcitrance reduction are costly and energy extensive [25]. The most efficient
and common pretreatments are chemical pretreatments, but unfortunately, they include
the use of harsh chemicals that are accompanied by environmental pollution [26,27]. Also,
it is worth mentioning that lignocellulosic biopolymers are naturally insoluble in water, so
chemical modification reactions should be performed to yield water-soluble polymers to
form HGs. Many chemical modifications, including acetylation [28] and etherification [29],
have been applied to biopolymers to enhance their solubility and reactivity. To increase
water solubility, carboxymethylation is considered one of the most common modifica-
tions for polysaccharides, where a carboxymethyl group is introduced to the biopolymer
molecular chain in an etherification reaction with monochloroacetic acid (MCA), which is a
well-studied reaction [30].

The date palm tree (Phoenix dactylifera L.) is one of the most common crops cultivated
in the MENA and is one of the oldest tree species. Worldwide, there are approximately
100 million date palm trees [31]. In Saudi Arabia alone, there are about 30 million date
palm trees, where the present research was conducted [32]. In addition, there are about
40 million trees in the United Arab Emirates (UAE) [28], 18.7 million in Algeria [29], and
4.45 million in Morocco [31]. In Saudi Arabia, the amount of date palm biomass released
is about 1 million metric tons annually, and it is primarily underutilized and disposed of
in landfills or burned [32]. In addition, date palm biomass, specifically date palm rachis
(DPR), is one of the most common non-edible date byproducts and is full of a lignocellulosic
matrix, which can be fractionated and used as biopolymers or used according to the desired
application [33]. It is worth mentioning that, like other biomass, date palm biomass contains
60-95% biopolymers [34].

This study aims to utilize DPR biomass to prepare HGs for water retention in soil
using a facile and eco-friendly method. The suggested approach is to directly convert
DPR to carboxymethyl date palm rachis (CMDPR) by the MCA etherification reaction
without chemically pretreating the biomass before the modification reaction, reducing
the production cost and footprint. The prepared water-soluble product was crosslinked
by an eco-friendly agent, i.e., CA, using different ratios to yield HGs. Different tests
and characterization were applied to the resulting CMDPR to confirm the modification
occurrence and to the prepared HGs to confirm their suitability in soil water retention. The
prepared HGs showed suitable water swelling, thermal stability, and a positive impact on
plant germination.

2. Results and Discussion
2.1. Chemical Composition of DPR and Pretreatment

The chemical composition of DPR is shown in Table 1. The DPR used in this study
contained 13.74%, 29.82%, and 21.69% of lignin, x-cellulose, and hemicellulose, respec-
tively, which is similar to the ratios that are found in the literature and presented in
Table 1 [31,35-37]. Based on Table 1, cellulose content varied between 47-29% of DPR
weight. The hemicellulose and lignin also varied in different collected DPR from differ-
ent places in a lower range. These variations were mostly due to differences between
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soil conditions, geographic location, and climate [38]. As a result, the total amount of
lignocellulosic biopolymer (lignin, cellulose, and hemicellulose) within the DPR used in
this study was 65.25% of the total weight of the DPR. Total lignocellulosic biopolymers
indicate the total of the most modifiable polymers (that could be carboxymethylated). Two
types of pretreatments were performed on DPR to ensure efficient carboxymethylation:
physical pretreatment, which includes grinding and milling, followed by screening. This
pretreatment was performed to increase the modification degree, where the particle size
tremendously impacts the degree of substitution [39]. Subsequently, hot water pretreat-
ment was performed to reduce the amount of hot-water-soluble (HWS) matter to avoid the
possibility of reaction reagents consumption, i.e., NaOH and MCA, during the modification
reaction [40].

Table 1. Chemical composition of date palm rachis from different countries and locations.

Biomass Type Cellulose Hemicellulose Lignin Ash  Extractives Hot Water Ref.
Soluble
Date palm rachis from Jeddah This
City in Saudi Arabia 29.82 21.69 13.74 5.89 9.5 10.84 work
Date palm rachis from ‘
Marrakesh City in Morocco 39.8 31.4 14.0 9.2 NA 16.8 [31]
Date palm rachis from 35.87 NA * 1694 NA* 8.66 NA * [37]
southern Algeria
Date palm rachis from Biskra 7 3) 2572 1567 547 580 NA*  [35]
City in Algeria
Date palm rachis from 38.26 28.17 2253 596 5.08 NA * [36]

Khoozestan City in Iran

* NA: not available or mentioned.

2.2. Characterization of DPR and WTDPR

The pretreated DPR was named water-treated DPR (WTDPR), which was then charac-
terized by comparison with DPR. Fourier-transformed infrared spectrometry (FTIR) was
employed to confirm the structural differences and crystalline indexes, while morpholog-
ical characteristics were evaluated by a digital microscope and dynamic light scattering
(DLS). The FTIR spectrum DPR and WTDPR are shown in Figure 1A. Both samples pre-
sented typical vibration bands of lignocellulosic biopolymers, i.e., cellulose, hemicellulose,
and lignin chemical functional groups, as presented in Table 2. A broad absorption band
was observed around 3400 cm~!, which is attributed to the —OH group stretching of
lignocellulose biopolymers and water, whereas the absorbance band at 2919 cm~! was
assigned to the —CH group stretching vibrations from cellulose and hemicellulose [41]. A
peak observed at 1731 cm ™! was attributed to C=0 of ester or carboxylic acid group in
hemicellulose and lignin [42,43], and a vibration band was observed at 1637 cm ™!, which
was attributed to conjugated carbonyl group [43]. In the following, three sequential peaks
were attributed to the lignin aromatic ring at 1618 cm ™!, which was assigned aromatic
skeletal vibration of lignin, and —C=0 stretching of the lignin ring plus flavonoids [44,45];
a second peak at 1507 cm ™!, which was assigned to —C=C stretching of the lignin ring;
and lastly at 1458 cm ™!, which was assigned to —CH group deformation within the lignin
ring [46,47]. The absorbance at 1425 cm ™! was mainly attributed to the —CH, symmetric
bending in cellulose and —CH deformation in the lignin ring [47]. The absorption band
at 1374 cm~! was assigned to the bending vibration of the —CH group of hemicellulose
and cellulose, while the band at 1321 cm~! was attributed to the —CH, rocking vibration
in cellulose [47]. The peak at 1250 cm ! was assigned to the C—O stretching of the acetyl
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group in the lignin [48]. The peak at 1158 cm ! was assigned to C—O—C asymmetric
stretching in hemicellulose and cellulose or the ester group in lignin, while the peak at
1049 cm ! was attributed to ether group C—O stretching vibration within the cellulose,
hemicellulose, and lignin [46,47]. The band at 1108 cm ! was attributed to C—C/C—0O
stretching within the aliphatic skeletal of cellulose and hemicellulose [49]. The band at
897 cm~! was assigned to the 3-glycosidic bonds between the monosaccharides [50]. It is
noteworthy that there were no notable peak absences since the hot water treatment does
not affect cellulose and lignin structure while negligibly affecting hemicellulose [51].
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Figure 1. FTIR spectrum (A) and crystallinity indices (B) of DPR, WTDPR, CMDPR, and C-CMC.

Table 2. Comparison of FTIR spectra of samples.

Peak Assignment Peak Wavenumber (cm~1) Ref.
—OH gtretching DPR WTDPR CMDPR C-CMC CM15 CM20
—CH stretching 3400 3400 3400 3400 3384 3402 [41]
C=0 ester or —COOH 2919 2919 2919 2919 2913 2923 [41]
C=0 conjugated 1731 1731 - - 1726 1726 [42,43]
C=C/C=0 aromatic or carboxylic acid 1637 1637 1637 - - - [43]
C=C 4romatic 1618 1618 1618 1618 1587 1586 [44,45]
—CH aromatic 1507 1507 1507 - - - [46,47]
—CHa aliphatic/ —CH aromatic 1458 1458 1458 - - - [46,47]
—CH geformation 1425 1425 1422 1420 1414 1414 [47]
—CH rocking 1374 1374 1374 - - - [47]
C—0 aromatic 1321 1321 1330 1330 1318 1316 [47]
C—0O—C stretching 1250 1250 1270 - 1233 1235 [48]
c-C/C-0O 1158 1158 1158 1158 - - [46,47]
C—O stretching 1108 1108 1120 1120 - - [49]
C—0—C p_glycosidic 1049 1049 1049 1059 1042 1042 [46,47]
—OH stretching 897 897 897 901 898 898 [50]

Different indices were calculated utilizing the ratio of certain bands’ intensities from
the FTIR spectra of samples to evaluate the crystallinity changes. The lateral order index
(LOI) is an empirical crystallinity index of cellulose correlated to the overall order degree of
cellulose. LOI was proposed by Nelson and O’Connor, alongside the total crystallinity index
(TCI), which is proportional to the crystallinity degree of cellulose [52,53]. In addition, the
hydrogen bond intensity (HBI) index was also used to evaluate the crystallinity of samples,
which was proposed by Nada et al. [54]. HBI also indicates the degree of crystallinity and
bound water content, where it increases as crystallinity decreases. By calculating the ratio
between the absorbance intensities of CH, flexion at 1430-1420 cm ™! of the crystalline
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cellulose and the intensity of the amorphous cellulose at 900-890 cm ™! that is assigned to
the -glycosidic bonds between the monosaccharides, LOI could be obtained [55,56]. TCI is
the ratio between the absorbance intensities at ~2900 cm !, which corresponds to stretching
vibrations of -CH, and ~1374 cm ™!, which is assigned to the deformation vibration of CH
in cellulose. In contrast, TCl is proportional to the degree of crystallinity of cellulose [55,57].
On the other hand, HBI is the ratio between the absorbance intensities of OH stretching
and hydrogen bonding between molecules around 3330-3400 cm ! and the absorbance of
at ~1320 cm~! from CH rocking vibration of glucose ring [58,59]. The TCI was obtained
from the intensity ratio of A1374/A2919 and LOI from the ratio A1425/A897. The ratio
A3336/A1321 was used for HBI. The TCI of DPR was found to be 0.697 with 3.245 LOI
and 3.647 HBI, as presented in Figure 1B. After the hot water treatment, both TCI and
LOI were noticed to increase to 0.707 and 3.635, respectively. The resulting increase was
mostly attributed to the reduction in HWS and extractives, where samples with higher
extractive content showed less TCI [59]. Furthermore, the HBI was found to decrease
to 3.005 [59]. These results are in harmony with findings in the literature regarding the
hot water treatment effect on biomass, where researchers have found that both LOI and
TCI increased with liquid hot water treatment in different ranges of temperature and
pretreatment time [60]. Also, another study found that LOI and TCI increased after thermal
pretreatment from 1.346 to 1.384 and from 0.282 to 0.295, respectively, when the temperature
increased from 20 °C to 160 °C [61]. In addition, researchers have found that TCI increases
by increasing the sterilization temperature with a reduction in both LOI and HBI; this may
be due to the degradation of hemicellulose and amorphous fraction of cellulose, which
results in cellulose with better crystallinity [62].

Figure 2 shows the morphology of DPR and WTDPR fibers, which was recorded by
a digital microscope. The DPR fiber shows a smooth surface with a compact structure
and aligned ordered microfibril lines. Morphological changes were observed after the hot
water treatment, where the WTDPR fiber showed a swelled structure with a rough surface
and some cracks. Additionally, small holes are observed after the hot water treatment,
which may attributed to the leaching of silica bodies from WTDPR. These results are
similar to biomass after different pretreatments, where cracks and silica cavities were
observed [50,63].

Figure 2. Digital microscope imaging of DPR (left) and WTDPR (right).

The results of the DLS analysis of DPR and WTDPR are shown in Figure 3. The
analysis was performed to assess the particle size distribution change after the milling and
hot water treatment. The volume-weighted mean diameter D4 3; of DPR was 157 um. The
median volume distribution of the Dv 5, particles was 120 pm, meaning that 50% of the
particles were smaller while 50% were larger. After the hot water treatment, an increase
was recorded where Dyy 31 was 179 um while recorded Dv s was 148 um; the uniformity
was found to be 0.805 and 0.657 for DPR and WTDPR, respectively.
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Figure 3. Size distribution of particles by intensities (A) diameter and distribution by size distribution (B).

This may have been due to the removal of hot water solubles and silica, which in-
creased the accessible surface area of the lignocellulosic biopolymers. This explanation is
in harmony with findings in the literature, where it was reported that the degradation of
hemicellulose or lignin increases the surface area of cellulose, which promotes aggrega-
tion [64,65]. Besides, the aqueous media and drying process were reported to promote the
self-aggregation of lignocellulose biopolymers [66,67].

2.3. Preparation of CMIDPR, Degree of Substitution, and Yield

Carboxymethyl date palm rachis (CMDPR) was prepared from WTDPR with 179 um
Dyy3). The carboxymethylation was carried out according to the known two-step car-
boxymethylation reaction. In the first step, NaOH activated lignocellulose biopolymers’
hydroxyl groups, and in the second step, MCA reacted with the activated groups to yield
CMDPR, as shown in Figure 4. The resulting CMDPR mainly comprised carboxymethyl
lignin, carboxymethyl cellulose, and carboxymethyl hemicellulose. The estimated degree
of substitution of the resulting CMDPR was found to be 1.14, with high solubility and fine
low insoluble particles, as shown in Figure 5, compared with DPR and WTDPR visually.
The yield was 137.29%, which is close to the findings in other literature (Table 3). A study
reported that using date palm rachis with a size range of 200 pm-1000 um resulted in
carboxymethylated biomass with 1.17 DS [68]. Another study showed that holocellulose
with a particle size of 100 resulted in CMC with 1.83 DS and 182.55% yield [39]. Besides the
other reaction conditions, particle size has an important effect on DS.

Table 3. Comparison of different studies on carboxymethylation of lignocellulosic matrix.

Starting Material Conditions DS Ref.
Date palm rachis 30% NaOH, 1 g substrate/1.2 g MCA, 55 °C, 3.5 h, Isopropanol ~ 1.14 This work
Date palm rachis 40% NaOH, 1 g substrate/1.749 g MCA, 80 °C, 8 h in n-Butanol 1.17 [68]
Posidonia oceanica 40% NaOH, 1 g substrate/1.749 g MCA, 80 °C, 8 h in n-Butanol 1 [68]
Cunninghamia lanceolata ~ 30% NaOH, 1 g substrate/1.4 g MCA, 80 °C, 2 h, Isopropanol 1.36 [69]
Lepidium Polyuronide 45% NaOH, 1 g substrate/15 g MCA, 70 °C, 2 h 1.75 [70]

2.4. Characterization of CMDPR and C-CMC

The prepared CMDPR was characterized using FTIR, a digital microscope, ther-
malgravimetric analysis (TGA) in an oxygen-rich atmosphere, and differential scanning
calorimetry (DSC) and compared with commercial carboxymethyl cellulose (C-CMC) with
0.8 DS.
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Figure 5. Visual photos of 1% (w/v) mixtures of CMDPR (left), WITDPR (mid), and DPR (right) after
1 h of stirring.

FTIR spectroscopy was used to confirm the carboxymethylation of WTDPR and other
structural changes regarding the functional groups and crystallinity indices. Significant
changes were observed in the FTIR spectrum between WTDPR and CMDPR, whereas a
noticeable reduction of the following peaks around 1158 cm~!, 1250 cm !, and 1731 cm ™!
were noticed in CMDPR, as shown in Figure 1A. These peaks were assigned to the ether
or esters groups of lignocellulosic polymers, C—O of acetyl of lignin, and ester or car-
boxylic groups in hemicellulose and lignin, respectively [43,46]. The absence of these peaks
indicates the possibility of hemicellulose and lignin solubilization or the hydrolysis of
the mentioned functional groups due to the alkalization step, which tends to hydrolyze
branched groups on lignin and hemicellulose [71-74]. An observed reduction in the band at
1374 cm~! also supports the possibility of hemicellulose solubilization, which is assigned to
the bending vibration of the —CH group in hemicellulose and cellulose. Intensity increases
were noted in three bands associated with carboxymethylated polysaccharides in prepared
CMDPR at 1618 cm ™!, 1425 cm 1, 1326 cm ™!, which were assigned to —C=0 stretching in
the carboxyl group, the vibration of the carboxyl groups salts, and —OH bending vibra-
tion [39]. Those peaks were also observable in the C-CMC with 0.8 DS. It is noteworthy
that commercial carboxymethyl cellulose is often prepared from pure cellulose; for this
reason, aromatic bands of lignin around 1637 cm~!, 1507 cm ™!, 1458 cm !, and 1374 cm ™!
were not detected in comparison with CMDPR, which was prepared from a lignocellulosic
matrix that contains lignin and hemicellulose.
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Furthermore, crystallinity changes occurred within CMDPR (Figure 1B), where TCI
decreased from 0.707 in WTDPR to 0.606 in CMDPR. Also, a drastic reduction in LOI was
observed from 3.635 in WTDPR to 0.977 in CMDPR. As expected, an increase in HBI was
noticed from 3.005 to 3.413, where HBI increased with a decrease in crystallinity. C-CMC
showed better TCI at 0.662 and 1.351 LOI and lower HBI at 2.088. These results match
with the results from other studies using different techniques, where it was found that the
carboxymethylation reaction highly reduced the crystallinity of cellulose, which was most
likely due to the substitution of hydroxyl groups with carboxymethyl groups and sodium
hydroxide ions, which cleave and restrict the formation of hydrogen bonding, hindering
the adoption of order arrangements and increasing the distance between the chains [75-78].
This may explain the reason that C-CMC with a lower DS of 0.8 had higher crystallinity
than CMDPR with a higher DS of 1.14.

Figure 6 shows the micrographs of CMDPR, which also confirmed the separation of
fibers. Meanwhile, much smaller fibers appeared after carboxymethylation with smooth
surfaces, reduced diameters, and ribbon-like shapes compared to WTDPR and raw DPR,
which showed relatively compact structures. These results are in alignment with other
studies [76,79,80]. In addition, a change in fiber color was observed, where the fiber color
turned to golden yellow-like from brown in WTDPR.

Figure 6. Digital microscope imaging of carboxymethylated date palm rachis (CMDPR).

TGA and DSC established CMDPR with 1.14 DS and C-CMC with 0.8 DS thermal
characteristics and stability. Figure 7A presents TG curves and the derivative DTG curves of
both CMDPR and C-CMC, showing decomposition peaks, which are illustrated in Table 4.
An initial mass loss started at 50 °C and ended at 180 °C in both samples, which was
most likely due to the evaporation of volatile organic and absorbed moisture attributed to
the hygroscopic nature of the samples. The initial mass loss percentages were 12.16% for
CMDPR and 15.26% for C-CMC. Further, several decomposition peaks were observed in
CMDPR between 230 °C and 530 °C. The decompositions in this range mainly comprised
the degradation of carboxymethyl groups alongside the degradation of the lignocellulosic
matrix. Cellulose, hemicellulose, and lignin degradation were exhibited at 360-400 °C,
200-315 °C, and 160-900 °C [39,81]. In both samples, a typical decomposition curve of
carboxylic and hydroxyl groups was observed; the decomposition of CMDPR was between
230 °C and 324 °C, with a weight loss of about 33.5%. For C-CMC, the decomposition
started at 246 °C and went to 314 °C with a weight loss of about 39.7% [82]. In addition, a
degradation peak was observed between 324 and 373 °C in CMDPR and between 360 and
400 °C in C-CMC, mostly representing the degradation of cellulose [47]. The decomposition
at 382-421 °C represents the methyl-aryl ether bonds of lignin, whereas the decomposition
between 421 °C and 460 °C was due to the degradation of lignin polymeric backbone
chains [83]. The last decomposition peak in both CMDPR and C-CMC was attributed to
the oxidation of residual carbonaceous materials [82].
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Figure 7. TGA, DTG (A), and DSC analyses (B) of CMDPR and C-CMC.

Table 4. Summary of TGA analysis results.

Sample Stage Range Decomposition Assignment Residue (%)

1st 50-180 °C Volatile compounds and moisture
2nd  230-324°C Carboxyl and hydroxyl groups
3rd 324-373 °C Cellulose chain

CMDPR 44, 382-421 °C Methyl-aryl ether bonds of lignin 45.0%
5th 421-460 °C Lignin chain
6th 590-600 °C Oxidation of residual carbonaceous
1st 50-180 °C Volatile compounds and moisture
2nd  246-314°C Carboxyl and hydroxyl groups o
C-CMC 3rd 360-400 °C Cellulose chain 23.8%
4th 587.5-600 °C Oxidation of residual carbonaceous
CM15 1st 158.8-207.3 °C  Non-crosslinked CA 67.0%

2nd 207.3-343.7 °C  Crosslinked CA and CMDPR chain
CM20 1st 207-343.3 °C Crosslinked CA and CMDPR chain 74.1%

Figure 7B presents the DSC analysis for C-CMC and CMDPR. For both samples, a
single endothermic peak attributed to the glass transition (Ty) and a single exothermic
peak attributed to the polymer destruction were observed, which were confirmed by TGA.
For C-CMC, the Ty was found at 71 °C, while for CMDPR, it was at 75 °C. The polymer
destruction for C-CMC was about 286 °C and 288 °C for CMDPR. These results prove that
CMDPR has good thermal stability in comparison with C-CMC.

2.5. Hydrogels Fabrication and Characterization

Three different concentrations of CA were chosen to assess the HG preparation po-
tential of prepared CMDPR 10%, 15%, and 20% and the resulting HG-abbreviated CM10,
CM15, and CM20, respectively. The gelation mechanism is illustrated in Figure 8. The
gelation reaction consisted of two major steps. In contrast, CA underwent a dehydration
reaction to yield cyclic anhydride that further reacted with OH groups within the polymer
chain and formed an ester bond [84]. The properties of prepared HGs were demonstrated
by performing different tests for applicability reasons.

EWC% illustrates the hydrogels” water absorption capacity, which is a key charac-
teristic of designed hydrogels for agricultural applications [85]. It is mostly influenced
by the polymer’s nature; crosslinking ratio; and medium conditions like ionic strength,
pH, temperature, etc. [86]. Three different mediums (deionized water (DW), tap water
(TW), and 0.9% NaCl solution) were chosen to assess the EWC% in different water types.
Additionally, the tested samples in deionized water were washed and tested again in

29



Gels 2025, 11, 349

deionized water, where it was found that CM10 was semi-soluble and was thus excluded
from the following tests. Figure 9A shows the effect of each medium on EWC%.
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Figure 8. Illustration of citric acid crosslinking reaction mechanism with carboxymethylated biopolymers.
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Figure 9. EWC% in different mediums before purification (A). GF% and EWC% of purified hydrogels
in deionized water (B).

Ionic strength considerably impacts EWC% where the increment of ionic strength
reduces the swelling capability [84]. However, for CM15, the EWC% was found to be
541.7%, 401.7%, and 308.5% in DW, TW, and 0.9% NaCl solution, respectively. For CM20,
313.5%, 247.7%, and 201.56% were found in DW, TW, and 0.9% NaCl solution, respectively.
The electrical conductivity (EC) of the three mediums were 5 uS/cm for DW, 230 uS/cm
for TW, and 15,400 uS/cm for 0.9% NaCl. Meanwhile, the increase in salt concentration
resulted in an increase in EC and ionic strength, with a good correlation [87]. In addition,
the purified hydrogels showed an EWC% of about 777.8% and 411.5% in DW for CM15
and CM20, respectively, as presented in Figure 9B. These findings clarify the effect of each
medium on the HG swelling capacity with respect to the crosslinker concentration. These
findings are relative to the findings in other studies, where Demitri et al. [84] reported that
24 h citric acid-crosslinked CMCNa, with 10% and 20% CA ratios, absorb about 500% and
300% of their weights, respectively. Capanema et al. [88] reported that prepared hydrogels
from low and high molecular weight CMC absorbed about 500% when crosslinked by
10% CA and decreased as the CA ratio increased, as found in our study. In addition,
different studies have shown that swelling decreased as the ionic strength increased [85,89].
Remarkably, CM20 seems to have a minor sensitivity to ionic strength compared to CM15,
where a drastic decrease in EWC% was observed when the ionic strength increased.

The gel fraction (GF%) represents an important characteristic of hydrogels, determin-
ing the weight of insoluble (crosslinked) and soluble fractions, the total weight of the used
polymers, and the crosslinker; the test was carried out in deionized water. Both CM15 and
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CM20 were stable in deionized water, where the GF% averages for CM15 and CM20 were
56.8% and 63.0%, respectively, as shown in Figure 9B. These results are similar to Saputra
et al’s findings, where 15% citric acid-crosslinked CMC had a GF% of 58% [90]. Meanwhile,
Capanema et al. claimed that the GF% for CMC hydrogels with Mw 250 and 700 kDa
were 60% and 80%, respectively, when 25% citric acid was used for crosslinking [88]. In
addition, Durpekova et al. reported that the GF% for CMC hydrogels prepared in acid
whey solutions exhibited 67.65% GF% for 15% citric acid-crosslinked hydrogel with a
decreasing GF% with a decrease in citric acid concentration [85]. It is well known that there
is a proportional relation between GF% and crosslinker concentration, in this case, CA [85].
These results could be attributed to the fact that when CMC is used alone, the electrostatic
repulsion between the functional groups will lead to poor crosslinking. In addition, as the
DS increases, the crosslinking decreases [84].

FTIR spectrometry, TGA, DTG, and microscope imaging confirmed the formation of
hydrogels and their characteristics.

FTIR spectra of hydrogels, CMDPR, and CA are depicted in Figure 10. The spectra of
hydrogels showed two new peaks in the ester group compared with CMDPR of around
1235 cm~! and 1726 cm~!. Meanwhile, the crosslinking reaction of CA with CMDPR
yielded two ester bonds between the polymer chain and CA [84]. The peak intensity
around 1726 cm~! at CM15 showed a weak and overlapped peak, which may be attributed
to poor crosslinking of CM15; a similar band was also noticed by de Lima et al. for 3% citric
acid-crosslinked CMC hydrogels [91]. Also, in both samples, a weaker band at 3400 cm ™!
was observed, which was also noticed by Capanema et al. [88]. A shift in the carboxylic
band from 1618 cm ™! to 1587 cm ! was noticed, as reported by Priya et al. [92]. In addition,
TCI, LOI, and HBI indices were calculated to assess the crystallinity changes. Both CM15
and CM20 showed increased TClIs of 1.062 and 0.956, respectively. Also, an increase was
noticed in LOI from 0.977 in CMDPR to 1.825 and 1.084 in CM20 and CM15, while a
reduction in HBI was recorded in both samples from 3.413 to 2.138 and 1.267, respectively.
The reduction in HBI is attributed to the fact that —OH groups in crosslinked hydrogel
were reduced due to the esterification reaction, while the increase in both TCI and LOI may
be related to the overlapping intensities of CH groups from CA and CMDPR in the region
of 1425-1300 cm ™.
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Figure 10. FTIR spectrum (A) of CA, CMDPR, CM15, and CM20 and crystallinity indices (B) of HGs.

The morphological characteristics were recorded using microscope imaging, as shown
in Figure 11. The hydrogels showed rough and rigid morphological characteristics. Also,
CM20 showed a stiffer structure than CM15, most likely due to the higher crosslinker ratio.
Small crystals were noticed in CM15, which were attributed to the unreacted CA, also
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observed through TGA. Both samples showed gaps and cavities, promoting the absorbance
of high amounts of water, whereas CM20, with a higher CA ratio, showed higher porosity.

Figure 11. Digital microscope imaging of CM20 (left) and CM15 (right).

This case was in harmony with Ghilan et al.’s study, where they found that increasing
the phytic acid ratio in CMC/phytic acid hydrogels increased the porosity [93]. In contrast,
Pratinthong et al. reported that in 2-10% crosslinked citric acid-CMC /Poly(vinyl alcohol)
hydrogels, an increase in the surface roughness and porosity were noticed from 2-6%;
with increasing citric acid concentration, the pores of hydrogels were smaller [94]. In
addition, Durpekova et al. mentioned that increasing citric acid concentration from 5% to
15% showed a less sponge-like structure [85]. This may be attributed to the hydrogel com-
positions, wherein the case of CM15 and CM20 contained residual lignin and hemicellulose,
which may justify the porosity increase in respect to the crosslinker.

Figure 12 presents the TG curves and DTG of the HGs. The DTG analysis of CM15
showed three major decomposition peaks in comparison with CMDPR, which showed
major decomposition between 230 and 324 °C. On the other hand, CM20 showed only
two. In particular, the first decomposition of CM15 was between 158.8 °C and 207.3 °C
with a weight loss of about 6%, which was attributed to non-crosslinked CA that starts
degrading above 148 °C [95]. This was also observed through microscope imaging. A
second peak was exhibited between 207.3 °C and 343.7 °C with three steps; the first step was
primarily due to the decomposition of crosslinked CA, while the last two steps represented
the synchronous decarboxylation and CMDPR chains degradation which took place in
CMDPR between 230 and 324 °C [88,92]. The total weight loss was about 33%. CM20
showed better homogeneity, where no non-crosslinked CA was detected. The thermal
decomposition of CM20 started from 207 °C to 343.3 °C, where three decomposition steps
were also noticed, with a total weight loss of 25.9%. These results are close to the results
found by Priya et al. [92]. Two main decomposition peaks were noticed for 2% citric acid-
crosslinked CMC. Also, de Lima et al. reported that 3% citric acid-crosslinked CMC showed
two main decompositions [91]. These findings prove the presence of non-crosslinked CA
within CM15 that exhibited three decomposition peaks.

2.6. Hydrogels’ Effect on Germination

To assess the applicability of HGs in agricultural applications and soil water retention,
the effect of the HGs on different plants” seeds (Chico III tomato, mint, Basilico red, and
chia seeds) was studied. The experiment was conducted in a seedling tray and monitored
for 20 days (presented in Figure 13), with an average weather temperature of 24 degrees.
The soil characteristics are presented in Table 5.
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Figure 12. TGA and DTG analysis of CM15 and CM20.
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Figure 13. Visual images of Ch-Ref (A), Ch-CM15 (B), and Ch-CM20 (C) on the fourth day and
To-Ref (D), To-CM15 (E), and To-CM20 (F) on the sixth day. Chia is in the upper row and tomato in
the lower row on day 13 (G), where the two pots in red circles are the ref samples, the orange circle is
the CM20 samples, and the blue is soil with CM15.

Table 5. Used soil characteristics.

pH EC N P K
67 1.78 uS/cm 2.08% 0.015% 0.22%

The soil was amended with 0.5% hydrogel of the soil’s total weight. Within 12 days,
most seeds had already grown on different days. On the first day, the soil was irrigated and
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then covered with a plastic sheet for two days to prevent water evaporation. The pots were
abbreviated as follows. For pots, the first two letters of the seed name were used, where
“To” was for tomato, “Ch” was for chia, “Mi” was for mint, and “Ba” was for Basilico red.
For example, Ch-CM15 stands for chia pot with CM15 hydrogel. “Ref” was used for soil
without HGs.

3. Conclusions

HGs have the ability to aid the sustainability of both water and food by enhancing
agriculture outcomes while reducing the amount of water needed. An eco-friendly route
that reduces the cost and footprint of HG manufacturing was used for HG preparation. Date
palm biomass-based carboxymethylated all-lignocellulose was crosslinked by CA to form
HGs. The yielded HGs showed a positive impact on tomato, chia, mint, and Basilico red
germination in comparison with reference soil. The crosslinking of CM15 and CM20 was
confirmed by FTIR analysis and GF%. TGA revealed the thermal stability of HGs prepared
below 200 °C. In addition, TGA revealed that in CM15, some unreacted CA was confirmed
by microscopic imaging, which explains the low GF%. CM15, after purification, showed an
EWC% of about 777.8%, while CM20 showed about 411.5%. Furthermore, a good EWC%
was also observed in tap water and saline water (0.9%NaCl) with unpurified hydrogels.

These findings support the utilization of a modified lignocellulosic matrix for low-cost
hydrogel fabrication without any fractionation, resulting in HGs with suitable proper-
ties for soil water retention and different agricultural applications; however, the effect
of the all-lignocellulose composition and molecular weight, alongside HGs’ stability and
performance in different weather conditions, soil types, and pH mediums, must be investi-
gated for agricultural usage. Further, future studies should consider nutrient and fertilizer
loading and release investigations.

4. Materials and Methods
4.1. Materials

Date palm rachis (DPR) were gathered from the campus of King Abdulaziz Univer-
sity in Jeddah City, Saudi Arabia. Ethanol and methanol were purchased from Sigma
Aldrich, St. Louis, MI, USA. Isopropanol (IPA), monochloroacetic acid (MCA), and sulfuric
acid (HoSO4) were purchased from BDH Chemicals Ltd., Poole, UK. Sodium hydroxide
(NaOH) was purchased from Merck, Billerica, MA, USA. Citric acid was purchased from
Techno Pharmchem, Bahadurgarh, India. Commercial carboxymethyl cellulose (C-CMC)
with 0.7-0.8 DS was purchased from BDH Chemicals Ltd., Poole, UK, and was used for
comparison purposes.

4.2. Biomass Compositional Analysis and Pretreatment

The collected DPR was washed with tap water and wiped with a cloth to remove
any physically attached impurities, then left to dry for a week at room temperature. The
dried DPR was subjected to physical pretreatment where DPR was chopped by a wood
saw until it became stick-like, then grounded by a coffee grinder. In sequence, to get
fine powdered biomass, the DPR was sieved by a 1 mm US standard sieve, milled in a
Laboratory Mill 3100 (Perten Instruments, Huddinge, Sweden), and then the fine powder
was sieved by a 0.21 mm mesh. The compositional analysis for the powdered DPR was
performed according to NERL LAPs: NREL/TP-510-42622 for ash content [96], NREL /TP-
510-42619 for extractives content [97], NREL/TP-510-42618 for lignin content [98], and
TAPPI standard (T 203 cm-99) for cellulose and hemicellulose contents [99].
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4.3. Biomass Carboxymethylation

In the modification for carboxymethylated date palm rachis (CMDPR) preparation,
the DPR was subjected to hot water treatment, where 20 g of DPR was treated with 1 L hot
water for 1.5 h at 90-100 °C to eliminate the water-soluble matters to avoid its reaction with
MCA that would lead to MCA consumption. The water-treated DPR (WTDPR) was left to
dry at room temperature until a constant weight was achieved. The modification reaction
was established as follows: 5 g of the air-dried WTDPR was suspended in 105 mL of IPA at
room temperature for 15 min. Further, 25 mL of 30% NaOH was added to the suspension
portion-wise and kept under stirring for 1 h. Later, a solution of 6 g MCA dissolved in
20 mL of IPA was added to the suspension and heated at 55 °C for 3.5 h under stirring.
After the end of the reaction, the mixture was left to reach room temperature and then
filtered. The residual was suspended in 100 mL of absolute methanol and neutralized by
90% acetic acid. Then, it was washed four times with 70% ethanol and then with absolute
ethanol. The CMDPR was left in a drying oven at 50 °C until a constant weight was
achieved.

4.4. CMDPR Degree of Substitution and Yield

The yield and DS for the prepared CMDPR was determined using the same method
for determining the degree of substitution method based on pure cellulose according to [79]
with some modifications. In detail, 0.5 g of CMDPR was suspended in 20 mL of HNO3-
methanol (1:1 v/v) solution and left undisturbed for 3 h. In sequence, the solution was
rinsed with 70% methanol solution (v/v) and then dried in an oven until no weight changes
were observed. Later, 0.2 g of the product was dissolved in 20 mL of deionized water and
3 mL of 1 N NaOH. This solution was titrated against 1 N HCl using phenolphthalein as
an indicator. The titration was considered complete when the color transitioned from red
to yellow. The DS was calculated using Equations (1) and (2) [79]. The yield of CMDPR
was calculated according to Equation (3) [79].

DS = 0.162A/(1 — 0.0584A) 1)

A = (BC — DE)/F ()
where

A is milliequivalents of acid consumed per gram of sample.

B is NaOH solution added amount in mL.

C is the concentration of the NaOH solution in normality.

D is the amount of HCI consumed in the titration in mL.

E is the concentration of the HCI in normality.

F is acidified CMDPR used (g).

The value 162 is the gram molecular mass of the anhydrous glucose unit of cellulose.

The value 584 is the net increase in molecular mass for each carboxymethyl group
substituted.

Yield of CMDPR (%) = (W, /W) x 100% 3)

where

W), is the weight of produced CMDPR.
Wy is the weight of WTDPR.
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4.5. Hydrogels Fabrication

For the fabrication of hydrogels, CMDPR was crosslinked by citric acid in three
different ratios, which were 10%, 15%, and 20% of CMDPR weight, which corresponded
to 200 mg, 300 mg, and 400 mg, respectively. Three solutions of CMDPR were prepared
with 2% consistency. In detail, 2 g of CMDPR was dissolved in 100 mL overnight. Then,
an adequate amount of crosslinker was added to each solution and left to dissolve for
1 h. Further, 15 mL of each solution was cast in silicon molds and left to dry at room
temperature for 3 days to form hydrogel films. The dried films were cured in an oven at
80 °C for 24 h to get the crosslinked hydrogels.

4.6. Hydrogel Properties
4.6.1. Gel Fraction

The gel fraction (GF%) represents an important characteristic of hydrogels, deter-
mining the weight of insoluble (crosslinked) and soluble fractions. To determine the gel
fraction of the prepared hydrogels, a certain weight (W, initial mass) of each hydrogel
was immersed in 100 mL of deionized water for 24 h at room temperature, then brought
out and wiped with tissue paper to remove the adsorbed water on the surface, and then
its weight was recorded (Ws, swollen mass). Later, the hydrogel was dried in an oven at
50 °C until a constant weight (Wj, final mass) was achieved. The GF% was calculated using
Equation (4) [88].

GF (%) = (W — W¢)/Wp) x 100% 4)

4.6.2. Equilibrium Swelling Capacity

The hydrogels” equilibrium swelling capacity (EWC%) was examined in three different
media and determined gravimetrically. A known hydrogel weight was taken and then
soaked in 100 mL of the examination solution: DW, TW, and 0.9% NaCl, with EC of 5 uS/cm,
230 uS/cm, and 15,400 uS/cm, respectively. The hydrogel was kept in the solution for
equilibrium for 24 h at room temperature. After that, the swollen hydrogel was carefully
removed from the solution using tweezers; the surface water was wiped with tissue paper;
and then the hydrogel was weighed to get the EWC%, which was determined according to
Equation (5) [88].

EWC (%) = ((Ws — Wq)/Wy) x 100% ®)

4.7. Effects of Hydrogels on Germination

Four different plant seeds were tested in a seedling tray to study the effect of the
prepared hydrogels on germination, which were abbreviated using the first two letters of
the seed: “To” for tomato, “Ch” for chia, “Mi” for mint, and “Ba” for Basilico red. The soil
used in this study was commercial organic soil with a pH range of 6-7, EC 1.78 uS/cm,
2.08% nitrogen content (N), 0.015% phosphorous content (P), and 0.22% potassium content
(K). The tray was divided into 4 groups, each group consisting of 4 cavities, for a total
of 16 cavities. Two groups were defined as references with unmodified soil, which were
abbreviated as “Ref”, and two groups with hydrogel-amended soil using CM15 and CM20.
For the hydrogel-amended groups, the hydrogels were grounded and mixed thoroughly
with the soil, where the percentage of hydrogel was 0.5% of the soil weight. Each cavity
was filled with approximately 8 g of soil.

4.8. Characterization
4.8.1. Fourier Transform Infrared Spectrometry (FTIR)

The samples were recorded through a Fourier transform infrared spectroscope to
investigate the structural changes and crystallinity indices. Powder samples were recorded
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using the KBr pellet method using Nicolet iS50 FT-IR (Thermo Scientific, Madison, WI,
USA) with a resolution of 4 cm~! for 32 scans. CA and prepared HGs were recorded with a
Fourier-transform Infrared Spectrometer in attenuated total reflection (ATR) mode using
Spectrum 100, (Perkin Elmer, Shelton, CT, USA) with a 4 cm ! resolution for 16 scans. The
scanning range was from 500 cm to 4000 cm ! for all samples. Crystallinity indexes of
samples were evaluated using the lateral order index (LOI, A1425/A897), which is the ratio
between the absorbance of CH; around 1430-1420 cm ! and the absorbance of 3-glycosidic
bonds around 900-890 cm ™~ [55,56]; total crystallinity index (TCI, A1374/A2919), which is
the ratio of between the absorbance of ~CH stretching vibration around 2900 cm~! and the
absorbance of CH deformation vibration around 1374 cm~! [55,57]; and hydrogen bond
intensity (HBI, A3336/A1321), which is the ratio between the absorbance of OH stretching
and hydrogen bonding between molecules around 3330-3400 cm ! and the absorbance
of ~1320 cm~! from CH rocking vibration of the glucose ring [58,59]. To calculate the
crystallinity indexes, the transmittance values (T) were converted to absorbance (A) using
Equation (6) from Beer’s Law [100].

A=2— logw T (6)

4.8.2. Microscope Imaging

The morphological properties of the sample were recorded using a research-grade
digital microscope with a 50 x magnification and 50x objective lens on a Leica DM2700
optical microscope (Wetzlar, Germany). The sample images were directly taken in a dry
state without any modification.

4.8.3. Dynamic Light Scattering (DLS)

Dynamic light scattering analysis was performed to investigate the particle size dis-
tributions using a Mastersizer 3000 equipped with an Aero S dispersion unit (Malvern
Instruments Ltd., Malvern, UK). The air pressure was set to 2 bar with a 20% feed rate. For
the analysis, 0.25 g of a sample was used.

4.8.4. Thermal Analysis

Thermal behaviors were investigated by Thermogravimetric Analysis (TGA) using
a Synchronous Thermal Analyzer STA-1200 (Bioevopeak, Jinan, China). The heating
rate was 10 °C/min from 30 °C to 600 °C. Also, the samples” behaviors were studied
using differential scanning calorimetry (DSC) using DSC 823 (Mettler Toledo, Nanikon,
Switzerland) from 30 °C to 300 °C with a heating rate of 5 °C/min.
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Abstract: In the 21st century, sustainable agriculture is expected to become a major con-
tributor to food security and improved nutrition. Amine—epoxide-based materials have
great potential for use in agriculture due to their tunable physicochemical features, which
are dependent on the concentration and composition of the monomers. In this work,
catalyst-free green synthesis, using only water as a solvent, was performed to obtain a
nanocarrier (TGel) capable of transporting nutrients after seed priming. The synthesis was
based on the opening of the epoxy ring by nucleophile attack, using an amine-terminated
polyether. Transmission electron microscopy (TEM) and dynamic light scattering (DLS)
techniques showed the spherical morphology of the particles, which ranged in size from
80 nm (unloaded TGel) to 360 nm (zinc-loaded TGel), respectively. Theoretical bonding
analysis revealed that Zn cation species from the ZnSOy4 source interact with the polymer
via o-bonds, whereas EDTA forms hydrogen bonds with the polymer, thereby enhancing
noncovalent interactions. Micro X-ray fluorescence (u-XRF) and energy-dispersive X-ray
fluorescence spectroscopy (EDXRF) provided details of the distributions of Zn in the seed
compartments and shoots of cucumber plants after seed priming and plant growth, respec-
tively. The use of the Zn-loaded TGels did not affect the physiology of the cucumber plants,
as indicated by the photosynthetic efficacy, chlorophyll, and anthocyanin indices.

Keywords: seed priming; amine—epoxide; zinc-based fertilizers; nutrient distribution

1. Introduction

The modern agricultural system encounters numerous challenges originating from
the impacts of global climate change, soil degradation, pest and disease, and the inefficient
use of agrochemicals, which significantly hinder agricultural productivity. Addressing
these challenges requires the development and implementation of innovative agricultural
strategies to improve efficiency and promote long-term sustainability [1]. Seed priming with
nanomaterials offers a promising approach by improving seed protection during storage,
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enhancing germination rates and uniformity, and supporting early plant development [2].
In the last decade, there have been significant advances in the development and application
of polymeric materials (natural, synthetic, and/or functionalized polymers) in agriculture
and the food industry [3,4]. This progress has been primarily driven by the growing
demand for food, as well as concerns about food safety. These factors highlight the need for
increased efficiency in crop cultivation, food production, and processing methods to achieve
high yields, improved quality, and mitigation of potential health risks associated with food
consumption [5,6]. The advantageous properties exhibited by polymers (considering their
physical form, porosity, permeability, diffusion capacity, chemical reactivity, and stability)
make them highly suitable for use in the agricultural area [7,8], where their integration with
nano-engineering systems can assist in addressing key issues related to health standards,
nutritional enrichment, environmental conservation, pollution mitigation, and economic
growth. Consequently, the utilization of polymers in agriculture and the food industry is
a dynamic and expanding theme that can contribute to meeting emerging demands and
challenges in various sectors essential for human sustenance and well-being [9].

The specific properties of a polymeric material can be tailored based on fundamental
considerations, involving two critical stages: (i) the selection of appropriate monomers
to achieve the desired arrangement of structural constituents within macromolecules and
(ii) the application of optimized polymerization techniques [10,11]. Polymers have diverse
applications within the agricultural sector, including (but not limited to) soil conditioning,
formulation of planting and transplantation gels, seed coatings to regulate germination,
soil aeration, and soil sterilization [12-15].

Micro/nanosized polymeric particles have many uses in the areas of chemicals and
materials [16,17]. The development of methods for the fabrication of polymeric particles
with adjustable properties is highly desirable for obtaining controlled-release formula-
tions of various agrochemicals, which can reduce the amounts of these chemicals released
to the environment [18]. Therefore, this study investigated the formation of an epoxide
monomer from diepoxy poly(ethylene glycol) (DPEG) and an amine from a PPG-based
polyetheramine of the Jeffamine T-series to produce amine—epoxide particles. Jeffamine
T-series is a polyetheramine characterized by a backbone composed of repeating oxypropy-
lene units. The amine groups are positioned on secondary carbon atoms at the end of
aliphatic polyether chains. The “click” reaction was used to obtain the polymeric systems
(micro- or nanoparticles), using a catalyst-free chemical reaction that formed hydroxyl
groups after the reaction of the epoxide with the amine from the polyoxypropylene back-
bone [19]. Subsequently, the polymeric amine—epoxide formulation was loaded with
different Zn sources (ZnSOy4 or Zn-EDTA) to study the potential of the materials for use in
seed priming applications as carriers for nutrients and other substances essential for plant
development. These Zn sources were selected because they are commonly used as fertiliz-
ers and are generally in soluble forms. Zn is an essential micronutrient for plant nutrition,
playing a critical role in various physiological and biochemical processes. Ethylenedi-
aminetetraacetic acid (EDTA) is a widely used chelating agent in agriculture. This is the
first time that Zn-loaded amine-epoxide particles have been investigated as carriers for
applications in agriculture as a new seed priming technology.

One of the most effective strategies for enhancing plant development, growth, and
yield is seed treatment. This cost-effective and straightforward technique induces a priming
effect, could lead to a strengthening seedling vigor, and enhances germination rate, biomass
accumulation, crop productivity, and the maintenance of ionic homeostasis [16]. This work
demonstrated the potential of the technique by using Zn-loaded amine-epoxide polymeric
particles to improve the absorption of micronutrients by the different seed compartments
without any adverse effects on plant growth. After initial seed priming with the Zn-
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loaded polymeric formulations, the physiological parameters of cucumber seedlings were
evaluated during plant growth over a period of 18 days.

2. Results and Discussion
2.1. Characterization of the Zn-Loaded and Unloaded TGels

The synthesized TGels, both unloaded and loaded with Zn, were thoroughly charac-
terized using DLS and TEM techniques (Figure 1). The unloaded TGel particles had a mean
diameter of ~267 nm and polydispersity index (PdI) of 0.136 (Figure 1a). At pH 7, the zeta
potential () of the TGel was +34 mV. When the zinc sources were added, the diameters
observed by DLS were ~361 nm for TGel-ZnEDTA (with PdI of 0.110) and ~489 nm for
TGel-ZnSOy (with PdI of 0.225), as shown in Figures 1b and 1c, respectively. The zeta
potentials of the loaded TGel-ZnEDTA and TGel-ZnSO, decreased, compared with the
unloaded TGel, with ¢ values (at pH 7) of +15 mV and +18 mV, respectively. Transmission
electron microscopy showed that the unloaded TGel particles presented spherical-like
morphology, with an average size of 80 &= 5 nm (Figure 1d). The discrepancy between this
size and the value obtained by DLS could be explained by the hydration of the TGel in an
aqueous environment. Similarly, TGel-ZnEDTA particles exhibited a spherical morphology,
comprising both smaller and larger particles, with the latter suggesting an agglomeration
(adsorption process) of the former particles by interactions of TGel, EDTA ligand, and Zn?*
ions. The average particle size ranged from 180 to 600 &+ 20 nm (Figure 1e). Notably, the
TGel-ZnSO,4 showed a distinct morphology (Figure 1f), with the apparent formation of
polymer clusters. This different morphology could have been due to the presence of ions
(such as Zn?* and SO427) in the solution, which induced the formation of polymer clusters
when using ZnSO,4 embedded in the polymeric gel. These results indicated that the final
morphology of the TGel was determined by the nature of the Zn source embedded in the
polymeric network. The loaded TGels containing Zn-EDTA and ZnSO,4 were subsequently
used as seed priming agents, aiming at agricultural applications.

Theoretical calculations were performed to explore the primary chemical interac-
tions between a molecule based on the TGel framework and either the Zn?* cation or the
[Zn(EDTA)]?~ complex (Figure 2). The EDA method was used to elucidate the mecha-
nisms of bonding between these structures (Table 1). For the Polymerprag~~~~[Zn(EDTA)]2’
complex, two chemical bonding analyses were conducted. The first focused on the interac-
tion between the [Polymerprag(EDTA)]‘L’ complex and the Zn?* cation, while the second
examined the chemical interaction between Polymerg,g and [Zn(EDTA)]?>~. In the EDA
method [20], the interaction energy, AEjy, is decomposed into four main components, as
shown below:

AEint = AV ¢jstat + AEpauii + AEoi + AEclisp @

In Equation (1), the electrostatic energy term (AVqtqt) represents classical electrostatic
interactions between the unaltered charge distributions of the interacting fragments. The
Pauli repulsion term (AEp,y;) accounts for destabilizing interactions between occupied
orbitals, which are linked to steric effects. The orbital interaction energy (AE,;) encompasses
charge transfer (interactions between occupied orbitals of one fragment and unoccupied
orbitals of another) and polarization (the mixing of occupied and unoccupied orbitals
induced by the presence of the other fragment). Lastly, the AE;s, term incorporates
dispersion corrections, as introduced by Grimme and colleagues [21].
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Figure 1. Size distributions obtained by DLS for (a) pure TGel, (b) TGel-ZnEDTA, and (c) TGel-ZnSOy.
TEM images of (d) pure TGel, (e) TGel-ZnEDTA, and (f) TGel-ZnSOj,. The scale bars in the images
correspond to 500 nm (d,f) and 1 um (e).
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Figure 2. Optimized geometries of the analyzed complexes: Polymerpragm-an+ and
Polymerfyag -+ [Zn(EDTA)[~.
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Table 1. Investigation of the bonding scenarios: (i) Polymerprangnz", (i) [Polymerprag(EDTA)]‘l* 4l
and (iii) Polymerpqg - [Zn(EDTA)]>*~, employing the EDA-NOCV methodology. The energy values
are reported in kcal mol 1.

Interaction AEint AVeistat  AEpauli AE; AEdisp AEoi,l AEoi,Z AEoi,S AEniA AEoi,5 AEoi,6
PolymerFrag-~-~an‘r —415.6 —252.3 111.8 2577 174 —67.0 —28.6 —25.6 —-21.7 —11.1 -9.7
[Polymerpmg(EDTA)]‘**~-~Zr12Jr —1003.2  —822.2 114.5 —280.9 —14.6 —67.8 —27.7 —25.6 —24.6 —16.2 —-134
Polymergyg - [Zn(EDTA) >~ —65.1 —680 647 —471  -147 -161  -88 - - - -

Polymergy,g refers to a fundamental repeating unit within the TGel polymer network. It represents a structural
fragment that contains the key functional groups characteristic of the TGel polymer, playing a crucial role in
defining its overall architecture and properties. AEjy; (interaction energy), AV qat (electrostatic energy), AEp,y
(Pauli repulsion energy), AE; (orbital interaction energy), and AEg;sp (dispersion energy) correspond to the bonds
analyzed as follows: AEint = AV elstat + AEpauli + AEoi + ALgisp, While ALyj1-6 represent the energetic contributions
of each deformation density channel (Ap;_¢) associated with AE;.

In the Polymergy,g - -Zn%* interaction, the contributions from AV st (48%) and AE,;
(49%) were comparable, while AEg;s, accounted for a smaller proportion (3%) of the
total stabilization energy (AVejstat + AEq;i + AEg;sp). These findings were indicative of a
partially covalent character of the Polymergy,g - .Zn%* bond. The attractive AEjn; energy,
supporting the interaction between polymer fragment and Zn?* ion, predominantly arose
from the favorable AV jstat, AEoi, and AEgjsp components, which collectively overcame the
destabilizing AEp,); term (Table 1).

The attractive [Polymerprag(EDTA)]4_ -..-Zn%* interaction was predominantly driven
by AVestat (74%), with smaller contributions from AEy (25%) and AEgisp (1%) to
the total stabilization energy (AVestat + AEoi + AEgisp). This suggested that the
[Polymerpmg(EDTA)]‘L_~~~Zn2+ interaction was primarily noncovalent in nature. Simi-
larly, the favorable Polymerprag~~~[Zn(EDTA)]2_ interaction exhibited a dominant AV ggta¢
contribution (52%), together with a significant role of AE; (36%) and a smaller influence of
AEgisp (11%) in the total attractive energy (AVstat + AEo; + AEgisp). These results were also
indicative of the largely noncovalent character of the Polymerprag‘---[Zn(EDTA)]Z_ bond.

The Natural Orbitals for Chemical Valence (NOCV) method provides valuable insights
into important orbital interactions, such as those between Polymerg,; and Zn%, by de-
composing the interaction into pairwise contributions from the most significant molecular
orbitals. Each pairwise orbital interaction within a given chemical bond can be visualized
by means of deformation density channels, Apy(r), where red regions represent electron
density loss, while blue regions indicate electron density gain. Additionally, the NOCV
method quantifies the energetic contribution (AE; ) of each deformation density channel
(Apy) to the total orbital interaction energy (AE;) [22].

The key density deformation channels, Ap;_¢, are associated with the Polymergy,g -+ -Zn?*
chemical bonds are shown in Figure 3. These results suggested that the interaction between
the polymer fragment and the Zn?* ion occurred primarily through the nitrogen and (espe-
cially) the oxygen atoms of the polymer, involving o-bonds. In the case of the interaction
between [Polymerprag(EDTA)]4_ and Zn?*, the NOCV methodology revealed that the
Zn?* cation interacted with the oxygen atoms in the EDTA structure by means of o-bonds
(Figure 3). The NOCYV analysis of the main density deformation channels, Ap; and Apy,
related to the Polymerprag----[Zn(EDTA)]Z_ bond showed that the polymer fragment in the
Polymergy,g -« [Zn(EDTA)]?~ complex interacted with the EDTA compound by O-H::--O
hydrogen bonds (Figure 4). The energies associated with the Apj_¢ channels, AE,; 1_¢, are
summarized in Table 1.

Theoretical bonding analysis allows us to establish the following correlation. On
the one hand, an analysis of the polymer framework and Zn?* cation indicates that the
coordination of this ionic species with the polymer framework occurs via o-bonds. Since
these results (optimized geometries) only consider the Polymerg,g--- -Zn** interaction, the
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presence of anionic species SOi_ (originating from the ZnSO,4 source) may also contribute to
interactions with the hydrogen from amine (NH) present at the interface of water—polymer
gel, leading to a decrease in ( values from +34 mV (pure TGel) to +15 mV (TGel-ZnSOy).
Furthermore, the partial covalent character of the Polymerl:rag----Zn2+ bond, along with
the possible interaction of SO4%>~ with the NH group of the TGel interface, could hinder the
formation of spherical particles, as demonstrated in Figure 1c. On the other hand, due to
the hydrogen bonds formed by the EDTA compound (O-H-::--O) with the TGel polymer—
primarily through noncovalent interactions—and the Zn?* cation maintaining interactions
with the oxygen atoms of EDTA (see Figure 3), these features suggest that the EDTA ligand
cannot diffuse into polymeric nanoparticles but is instead adsorbed onto the surface of TGel
spherical particles. This mechanism strongly aligns with the results from DLS, (-potential
analysis, and TEM image, which show that the incorporation of ZnEDTA into TGel particles
leads to an increase in particle size (see Figure 1b), a decrease in (-potential, and the presence
of larger, deformed spherical TGel-ZnEDTA particles (Figure 1e).

[Polymer, .

(EDTA)]~Zn?

Figure 3. Surface plots of the first six density deformation channels, A,1_, with an isovalue of
0.001 a.u., for the Polymerprag~-~-Zn2+ and [Polymerprag(EDTA)]‘l*-~~-Zr12+ complexes. Atom color
coding: hydrogen (white), carbon (gray), nitrogen (blue), oxygen (red), and zinc (silver).
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Ap,y Ap,

Polymer__ - [Zn(EDTA)]*

Frag

Figure 4. Surface plots of the first two density deformation channels, Ap; and Ap,, with an isovalue
of 0.001 a.u for the Polymerprag--~-[Zn(EDTA)]z_ compound. Atom color coding: hydrogen (white),
carbon (gray), nitrogen (blue), oxygen (red), and zinc (silver).

2.2. TGels Containing Different Zn Sources as Safe Seed Nanopriming Agents

The effect of seed nanopriming on the growth of cucumber plants was evaluated by
treating seeds with the TGels containing the different Zn sources (Zn-EDTA and ZnSO,) and
measuring the lengths of roots and shoots during a 12-day period following germination.
For comparison, Zn-EDTA and ZnSOj, solutions were employed as control seed priming
treatments. In these experiments, day 1 was designated as the day that the seeds were
placed in Petri dishes after priming. For all the seed treatments, the germination rate
exceeded 85%. At a macroscopic level, no phytotoxic effects were observed following the
application of the Zn-loaded TGels as nanopriming agents, as evidenced by the germination
progression shown in Figure 5, comparing the Zn-EDTA control, TGel-ZNnEDTA, ZnSO,
control, and TGel-ZnSO, treatments.

Figure 6 shows the effects of Zn-loaded TGel nanopriming on cucumber seedling
growth after germination, compared with the control Zn treatments, in terms of the evo-
lution of the root and shoot lengths over time. Regardless of the type of polymeric gel,
root growth was considerably higher for seed nanopriming with TGel-ZnEDTA and TGel-
ZnSO, compared with the use of the control ZnEDTA and ZnSO, solutions (Figure 6a,b).
After 6 days, the plants from seeds nanoprimed with the Zn-loaded TGels showed substan-
tially higher root growth, which could be attributed to the effective uptake (by diffusion) of
the loaded TGel throughout the seed tissues and the influence of subsequent Zn release
on the germination process. In contrast, the seeds treated with the Zn controls showed
apparent stabilization of root growth after 6 days, which could be explained by the high
amounts of Zn available during seed priming using the control solutions, leading to sub-
optimal utilization of the nutrients by the seeds. It should be noted that for all the seed
treatments (Zn-loaded TGels, ZnEDTA, and ZnSO, control solutions), the concentration of
the zinc source was the same (100 mg L~1). Hence, the results for the root lengths indicated
that the Zn-loaded TGels provided better accessibility of Zn for plant uptake compared
with the control solutions. For the shoot lengths, the results for both TGel-ZnEDTA and
TGel-ZnSO4 were close to those for the corresponding Zn control solutions (Figure 6c,d).
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(a)

Zn-EDTA
Control

TGel-ZnEDTA
nanopriming

(b)

3" day

ZnS0O,
Control

3" day

TGel-ZnSO,
nanopriming

Figure 5. Comparison of cucumber seedling growth at 3rd and 12th days after priming with
(a) ZnEDTA solution (controls) and TGels containing ZnEDTA source; (b) ZnSOy solutions (controls);
and after nanopriming with TGels containing ZnSO, source. The images show five replicates of the
assays. The germination assays showed two seeds per petri dish with replicates n = 5.
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Figure 6. Evolution of (a,b) root length and (c,d) shoot length, as a function of time, up to 12 days
after seed priming using the Zn-loaded TGels and the Zn control solutions. The data are shown as
mean = standard error.

2.3. Zn Distribution and Photosynthetic Efficacy

To evaluate the effects of the Zn-loaded TGel formulations on the absorption of Zn
and its distribution in the cucumber seeds, specimens submitted to priming for 24 h were
analyzed using micro X-ray fluorescence spectroscopy (u-XRF). Figure 7 shows the Zn
intensities recorded in scans of the embryo and cotyledon (Figure 7a), revealing higher Zn
intensities for the seeds exposed to TGel-ZnSO4 compared with treatment with the control
solution (Figure 7b). This was confirmed by tissue-based comparisons showing that the
Zn intensities were significantly higher for the tissues (seed coat, embryo, and cotyledon)
of seeds primed with TGel-ZnSO, compared with those exposed to the ZnSO, solution
(Figure 7c). Regardless of the sulfate-based treatment, the Zn intensities were in the order
of coating > embryo > cotyledon, as shown by the 2D maps (Figures 7d and S1). Similar
trends have been observed elsewhere for cucumber seeds treated with amine—epoxide and
polyetheramine-epoxide gels with embedded micronutrients such as Fe* [23,24], as well
as for soybean seeds exposed to ZnSO, and bulk or nanosized ZnO solutions [25,26].

Conversely, no clear pattern was observed for the ZnEDTA-based treatments, where
the inclusion of Zn in the gel led to virtually no differences in the Zn intensities for the
seed coat and cotyledon tissues, while different intensities were found for the embryo. In
addition, the Zn intensities for the cotyledon and embryo tissues were significantly higher
than for the seed coat (details of this comparison are provided in Figure S2). Interestingly,
the Zn intensities were around 10-fold lower than found for the sulfate-based treatments,
suggesting either that there was lower adhesion of EDTA-chelated Zn to the cucumber
seeds or that the EDTA-chelated Zn was readily absorbed towards the inner seed tissues
(cotyledon and embryo), but at a slow rate, as observed elsewhere for soybean roots [27].
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Figure 7. p-XRF scanning of Zn distributions in cross-sections of cucumber seeds primed for
24 h with the Zn-loaded TGels or the ZnSO4 and ZnEDTA solutions at a Zn concentration of
100 mg L~1. (a) Photograph showing the scanned regions (indicated by the white dashed lines).
(b) Zn intensities at the probed points in the embryo and cotyledon, with the data shown as
mean + maximum/minimum range. (c) Zn intensities obtained for the seed tissues (seed coat,
embryo, and cotyledon) for the different treatments, where the bars show the mean =+ standard
deviation values for measurements using two independent biological replicates. Statistical analysis
employed the Mann-Whitney t-test (p < 0.05). (d) Two-dimensional maps for the seed coat (sc),
embryo (embr), and cotyledon (cot), with the highest Zn intensities obtained for the tissues exposed
to the TGel-ZnSO, formulation. Scale bars: 1 mm. The p-values lower or equal to 0.01, 0.001, and
0.0001 are represented with two, three, or four asterisks, respectively.
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Our findings (by u-XRF analysis) indicate that loaded TGel with different Zn sources
may significantly influence the permeability and diffusion dynamics of metal across the
perisperm—endosperm envelope of the seed, thereby enhancing the germination process.
The effects observed after seed priming with Zn-loaded TGel formulations can be related to
the cells” osmotic equilibrium and membrane structure maintenance in which lignin present
in seed coat cells is hydrophobic and acts as a natural barrier. The polyether backbone of
TGel, composed of polyoxypropylene (-CH(CHj3)-O-) units, enables potential interactions
between the gel’s functional groups and the lignin-rich phase, influencing the transport
of the solute (polymeric gel) to the seed coat surface and facilitating the internalization of
loaded polymeric chains. The absorbed polymeric gel remains accessible due to possible
interactions such as hydrogen bonding, cation-mt, and hydrophobic interactions between
TGel and the seed. The underlying mechanism and interactions involving amine—epoxide-
based polymeric gels and seeds were recently demonstrated for the first time, as reported
in reference [24].

The higher Zn uptake by seeds treated with sulfate-loaded TGel aligns with theoretical
insights into Zn?" cation coordination by functional groups within the polymeric gel
network, as demonstrated by NOVC method calculations (Figure 3). The optimized
Polymergyag-- -Zn?* geometries reveal orbital interactions in close proximity to nitrogen
from amine groups and oxygen from polyether chains, establishing Zn?* binding sites
within the TGel framework. Given that the TGel structure comprises amide groups bonded
to polyoxypropylene chains (three amides and three polyoxypropylene chains per structural
unit), a high Zn?* encapsulation capacity is suggested. The Polymergy,g - -Zn?* interactions,
which exhibit partial covalent character, likely facilitate Zn** entrapment within the cross-
linked polymer matrix. The correlation between theoretical analysis and p-XRF results
supports the potential of TGel as an efficient nutrient delivery system, enhancing the uptake
of hydrophilic ionic zinc by seeds.

In the seed priming assays, a high Zn concentration (100 mg L~!) was used to facil-
itate the evaluation of the effectiveness of the Zn-loaded TGel formulations as systems
to improve Zn uptake by seeds and enhance the subsequent germination process. The
seeds primed with the control Zn solutions showed fairly rapid initial root growth (day 6),
followed by stabilization (days 9 and 12). The use of the Zn-loaded polymeric gels re-
sulted in substantially faster root development without any negative effects from the seed
treatment on the processes of germination and plant growth (Figures 5 and 6). In addi-
tion, seed priming with the Zn-loaded TGels resulted in higher zinc concentrations in
the shoots of the cucumber plants, with increases from 72 mg kg’l (ZnSO4 control) to
92 mg kg’l (TGel-ZnSO4) and from 56 mg kg’1 (ZnEDTA control) to 78 mg kg’l (TGel-
ZnEDTA) (Table 2). The observed increase in Zn uptake by seeds, followed by the enhanced
metal concentration in cucumber plant shoots (as discussed above), demonstrates that
the synthesized TGel effectively coordinates ionic zinc or Zn-EDTA complexes. The TGel
characteristics enhance the polymer particles” diffusion ability to penetrate the seed coat
barrier, facilitating controlled zinc release and uptake. An evaluation of the safety of using
the TGel formulations in agricultural applications, without any negative effects on plant
development, was conducted by determining photosynthesis parameters for the cucumber
plants on day 18. The treatments using the Zn-loaded TGels and the Zn control solutions
(all at the same Zn concentration of 100 mg L™!) led to similar PSII activity, chlorophyll 4,
and anthocyanin indices (Figure 8, Table 2). The results showed that the use of the TGels
to deliver Zn did not affect the physiological parameters of the plants. These findings
revealed, for the first time, that the amine—polyether-based polymeric gels could (i) act as
carrier systems to improve Zn absorption by seeds (as shown in the u-XRF studies) and
(ii) have a positive effect on root growth following the translocation of Zn during seedling
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development. The effects of the Zn-loaded TGels in potentiating plant development were
significant since Zn plays important roles in improving cell integrity and stability, as well
as in increasing root growth and acting as a defense factor against fungal infections [28,29].
Since positively charged nanoparticles tend to show greater adherence to the surfaces
of soil particles and root tissues, which are both negatively charged [30], the use of the
positively charged amine—epoxide particles as functional carriers opens possibilities for
soil applications to combat fungal infections in cultivations such as corn and soybean,

among others.

TGel-ZnsS0O, TGel-ZnEDTA ZnEDTA

Chlorophyll index

Anthocyanin index

Te4

Figure 8. Multispectral images of the C. sativus plants after 18 days of growth for the seed treatments
using the Zn-loaded TGels and the control Zn solutions. The plants were maintained in a hydroponic
medium (Hoagland solution, without Zn). The values for the physiological parameter indices (PSII
(Fy/Fm), chlorophyll a, and anthocyanin) are provided in the Supplementary Materials (Table S1).

54



Gels 2025, 11, 167

Table 2. Zn concentration on cucumber shoot tissues from plants whose seeds were primed with
TGel-based or pure ZnSO, and ZnEDTA solutions at 100 mg L.~! determined by EDXRF. Data
from EDXRF represent the mean =+ standard deviation of two independent biological replicates and
were not subjected to any statistical comparison. Photosynthetic parameters F;/F,;, chlorophyll
a and anthocyanin indices for 18-day growth cucumber plants. No statistical differences were
observed for five independent biological replicates. Identical letters, regardless of case (uppercase
or lowercase), indicate that there is no statistical significant difference between the data for the
corresponding treatment.

EDXRF Analysis Photosynthetic Parameters
Zn Source Zn Amou(r;gl’;(e;grll)t in Shoot PSII F,/F,, Chlorophyll a Index Anthocyanin Index
Loaded-TGel Control Loaded-TGel Control Loaded-TGel Control Loaded-TGel Control
ZnSO, 91.74 72.01 0.642Aa 0.636Aa 1.972Aa 1.818Aa 2.325Aa 2.071Aa
ZnEDTA 78.05 56.11 0.644Aa 0.650Aa 1.956Aa 1.994Aa 2.328Aa 2.422Aa

3. Conclusions

The use of polymer-based materials can have major effects on plants, as shown here
for the seed priming formulations. The application of polymeric gels to improve seedling
development represents a novel aspect of nanotechnology in agriculture. Seed priming
with amine-epoxide particles based on TGel loaded with different zinc sources was shown
to have positive effects on cucumber root growth and the absorption/translocation of Zn
through the plant. Analysis of the Polymerprag-~~~[Zn(EDTA)]2’ complex showed that the
7Zn?* cation interacted with the EDTA molecule by means of O----Zn noncovalent bonds,
while the polymer fragment formed O-H----O- hydrogen bonds with the EDTA molecule.
In contrast, in the Polymerprag~~~Zn2‘r complex, the Zn?* cation directly interacted with
the oxygen atoms of the polymer fragment by o-bonds. Comprehensive p-XRF analysis
demonstrated that the levels of Zn were significantly higher in the tissues (seed coat,
cotyledon, and embryo) of seeds primed with TGel-ZnSO, compared with those exposed
to the ZnSOy control solution. Regardless of the Zn-loaded TGel treatment, the amounts
of the micronutrient present in the cucumber shoots were higher than those obtained
with the corresponding control solutions, with no negative effects on the physiological
parameters of the plants. The experimental and theoretical findings of this study provide
new perspectives on the use of polymeric nanomaterials as a green and safe seed priming
technology. The insights from this work point towards the potential benefits that may be
obtained from the application of polymeric nanogels in agriculture.

4. Materials and Methods
4.1. Chemicals

Diepoxy poly(ethylene glycol) (DPEG, C3Hs50,-(C;H40),-C3H50, average
Mw =500g mol~1, CAS number: 26403-72-5), disodium zinc ethylenediaminetetraacetate
hydrate (Zn-EDTA), zinc sulfate heptahydrate (ZnSO4.(H20)7) and triamine-terminated
polypropylene glycol (PPG)-based (known as Jeffamine T-403, My, =440 g mol~1, CAS
number: 39423-51-3) were purchased from Sigma-Aldrich (Sao Paulo, Brazil). Jeffamine T-
403 is a polyetheramine characterized by a backbone composed of repeating oxypropylene
units. The amine groups are positioned on secondary carbon atoms at the end of aliphatic
polyether chains. All reagents were used as received. Ultrapure water with a resistivity of
18.2 M().cm was used in the synthesis of the polymer gels.
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4.2. Preparation of Bisepoxide-Polyoxypropylenetriamine Gels: Unloaded and Zn-Loaded
Polymeric Systems Chemicals

Amine—epoxide gels were synthesized according to a “click” reaction employing
Jeffamine T-403 and DPEG, as described elsewhere [23,24,31], with adaptations. The initial
step was the reaction of Jeffamine T-403 with DPEG in an aqueous medium (water) at a
monomer concentration of 15 wt.% (mass of monomers in relation to the volume of water),
ensuring complete solubilization of the reaction mixture. The molar ratio of amine to
epoxide was maintained at 1:1 (Jeffamine T-403:DPEG). The 15 wt.% monomer solution was
kept at 65 °C for 15 min to ensure initiation of the reaction. The solution was then diluted
to 1.0 wt.% and allowed to react for a further 30 min. The final amine-epoxide solution was
purified by dialysis in ultrapure water using regenerated cellulose membranes (denoted
as TGel). In the next step, ZnSO4.(H,O); or Zn-EDTA solutions (100 mg L~ of Zn) were
individually mixed with 50 mg of TGel, lyophilized to ensure embedding of the Zn into
the polymeric structure, and rehydrated with ultrapure water. The resulting Zn-loaded
gels were denoted TGel-ZnSO4 and TGel-ZnEDTA.

4.3. Characterization of TGels

Determination of the hydrodynamic diameter (Dh), polydispersity index (PdI), and
zeta potential () of the unloaded and Zn-loaded TGels employed a ZSU3100 Zetasizer
Lab Blue analyzer (Malvern Instruments, Malvern, Worcestershire, UK) equipped with
an OBIS solid-state laser source emitting at a wavelength of 633 nm. The measurements
were performed at room temperature (~25 °C), in triplicate, with the results expressed as
mean = standard deviation (SD) (n > 3). The morphologies of the gels were evaluated by
transmission electron microscopy (TEM) using a JEM 100CXII instrument (JEOL, Peabody,
MA, USA) operating at 100 kV. For acquisition of the images, a small droplet of the aqueous
formulation was deposited onto a carbon-coated copper grid. The sample was then allowed
to dry at room temperature in a desiccator to prevent contamination and ensure proper
film formation. The polymeric gel used for the characterization was based on the solution
diluted to 1.0 wt.%, denoted as TGel (see details in Section 4.2).

4.4. Computational Methods

All the molecular geometries were optimized without applying any geometric con-
straints. The vibrational frequency calculations were performed using the BP86 func-
tional [32] and Grimme’s D3(B]J) dispersion corrections, with Becke—Johnson damping [21].
The Def2-TZVP basis set was used for all the calculations [33]. To improve computational
efficiency, the RIJCOSX approximation was employed, with Coulomb integrals handled
using the RI-] [34] method and the Def2/] auxiliary basis set [35]. To ensure that each opti-
mized geometry corresponded to a true energy minimum, vibrational frequency analysis
was performed to confirm the absence of imaginary frequencies, ensuring the accuracy
of the computational model. All the calculations were carried out using the ORCA soft-
ware package v. 5.0.4 [36]. The choice of the BP86-D3(BJ]) /Def2-TZVP level of theory for
geometry optimization was consistent with recommendations reported in the literature
for systems involving noncovalent interactions [37]. The chemical bonding mechanism
was investigated using the EDA-NOCV methodology [22]. These calculations were carried
out with Amsterdam Density Functional (ADF 2021.1) software [38], employing the BP86-
D3(BJ) theory level and the TZ2P basis set [39]. Scalar relativistic corrections were applied
in a self-consistent manner using the zero-order regular approximation (ZORA) [40]. The
ZORA-BP86-D3(B])/TZ2P computational model has been shown to be effective in clarify-
ing the bonding mechanisms in systems involving noncovalent interactions [41]. Table S1
shows the optimized Cartesian coordinates for the compounds analyzed in this study.
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The NOCV method allows orbital interactions between interacting fragments, such
as, for example, Polymerg,; and [Zn(EDTA)J?>~, to be decomposed into pairwise con-
tributions of the most relevant molecular orbitals. The deformation density, Ap(r), the
density differences of Polymerg,g and [Zn(EDTA)]?>~ before and after the chemical bond
establishment, can be constructed from pairs of complementary eigenfunctions ¢y and ¢_y
with eigenvalues v and v_y, respectively [22]:

Ap(r) = Yvi[—92(r) + 93] = L doe(r) @)

This equation allows one to define the total charge deformation Ap(r), created from the
bond development, in terms of pairwise charge influences Apy(r), which originated from
specific pairs of NOCV orbitals. The total orbital interaction energy AE; can be obtained
from pairwise orbital interaction energies AE’O‘Z- that are related to Apy(r):

By = Y AEE = Y e[ ~FT y + ELF] ©®)

The components in,—k and FkT, ks are diagonal transition state (TS) Kohn—Sham ma-
trix elements. The TS expression accounts for the charge density, which is intermediary
between the final complex density, Polymerprag—[Zn(EDTA)]z_, and the superimposed
moiety densities of Polymergy,g and [Zn(EDTA)]>". The AE’gi term of a specific bond can

be visualized from the deformation density shape, Apy(r).

4.5. Seed Treatment

Seeds of cucumber (Cucumis sativus) were subjected to surface sterilization by sequen-
tial washes in 2% sodium hypochlorite (100 mL), followed by rinsing in deionized water
(100 mL). The seeds were primed by application of the TGels loaded with the Zn sources
(Zn-EDTA or ZnSQy), with the corresponding Zn solutions used as controls, to evaluate
the effects on subsequent growth of the cucumber plants (considering the shoot and root
lengths) following seed germination. The seeds were immersed in flasks (3 seeds/mL
of suspension, with a total of 21 seeds) containing the TGel-ZnSO, or TGel-ZnEDTA gel
particles, with the Zn solutions as controls, allowing the flasks to stand in darkness at
room temperature for 24 h, before germination on Petri dishes. The seeds primed with
the Zn-loaded TGels or Zn solutions were arranged on filter papers in Petri dishes that
were sealed to prevent water loss. For all seed assays, TGel formulations (both loaded
and unloaded) were prepared based on the diluted system at a concentration of 1.0 wt.%,
denoted as TGel. The zinc (Zn) concentration was maintained at 100 mg L~! for both
control and Zn-loaded samples.

4.6. Micro X-Ray Fluorescence (u-XRF) Analysis

The spatial distributions of Zn in the treated cucumber seed tissues were evaluated
by micro X-ray fluorescence spectroscopy (1-XRF), according to the procedure described
elsewhere [24,42]. Briefly, the seeds treated for 24 h with TGel-ZnSO,, TGel-ZnEDTA, or
the positive controls (ZnSO, and ZnEDTA solutions) at a Zn concentration of 100 mg Lt
were cut transversely, and cross-sections of the medial regions were fixed on sections of
6 um thickness polypropylene film (FPPP25-R3, VHG, Manchester, NH, USA), mounted on
XRF sample vials (no. 1530, Chemplex, Palm City, FL, USA). The samples were loaded into
an XRF spectrometer (Orbis PC, EDAX, Mahwah, NJ, USA), and the seed cross-sections
were investigated by 32-point line scanning and 800-pixel two-dimensional mapping,
encompassing the seed coat, embryo, and cotyledon tissues. The samples were exposed to
a 30 pm polycapillary-focused X-ray beam set at 45 kV and 500 pA, with a 250 um thickness
Al primary filter. The spectra were acquired using a 30 mm? silicon drift detector (SDD)
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with a dead time smaller than 10%. The dwell times were 15 s point ! and 1 s pixel ~! for
the line scans and maps, respectively. The analyses were carried out using two independent
biological replicates, considering only the elemental intensities above the instrumental limit
of detection (LOD) as valid, calculated as described in Equation (1) below. The intensities
recorded for the seed coat, embryo, and cotyledon tissues were collected from the line
scan data and were compared, as a function of the treatments, using the Mann-Whitney
t-test at a 95% confidence level (p < 0.05). The data were processed using Prism v. 9.2.0
software (GraphPad, v. 10.1.1, Boston, MA, USA) and the Python-based (v. 3.9.6) Matplotlib

library [43].
LOD =3 -4/ ?

where BG (cps) represents the average background counting rate, determined either from
10 randomly selected background points in elemental maps or from individual background
values recorded along line scans. The acquisition time (t) is given in seconds (s).

4.7. Quantification of Zn in Cucumber Tissues, Using Energy-Dispersive X-Ray Fluorescence
Spectroscopy (EDXRF) and Plant Photosynthesis Assessment

The concentrations of Zn in the cucumber shoot tissues were determined by EDXREF,
as described by Montanha et al. [44], with minor modifications. Briefly, 100 mg portions of
the dried and finely ground tissue samples were added to 6.3 mm diameter X-ray sample
cups (SamplePrep no. 3577, SPEX, Livonia, MI, USA) sealed at the base with 6 um thickness
polypropylene film (FPPP25-R3, VHG, Manchester, NH, USA), gently pressed with a glass
stick to remove void spaces, and covered with a spatula tip quantity of boric acid (Synth,
Diadema, Sao Paulo, Brazil). The EDXRF analyses employed a spectrometer (model EDX-
720, Shimadzu, Tokyo, Japan) with a 3 mm X-ray beam generated by a Rh anode-based
X-ray tube at 50 kV and auto-tunable current up to 20% of the detector dead-time. The
analyses were carried out under vacuum, and the acquisition time was 150 s. The X-ray
spectra were recorded using a Si(Li) detector. The Zn K« intensities were normalized by the
Compton scattering intensities, and Zn quantification was based on an external calibration
curve utilizing a set of plant-certified reference materials (Figure S3). All the analyses were
performed with at least two independent biological replicates.

High-resolution images (2448 x 2448 pixels) of the plants were acquired to deter-
mine the maximum quantum efficiency of photosystem II (PSII) (Fy/F;;, where Fy, is
maximum fluorescence and F, is variable fluorescence). Prior to the measurement, the
plants were dark-adapted for 30 min and then illuminated with a 0.8 s pulse of satu-
rating light (6320 pmol m~—2s71). Next, the plants were submitted to actinic light for
5 min for the determination of non-photochemical quenching (NPQ = (Fy, — Fi")/Fm).
Chlorophyll a fluorescence was measured using the excitation/emission combination of
620/730 nm. Multispectral images were also acquired to calculate the chlorophyll and
anthocyanin indices [45,46]. Details of the procedures for obtaining these parameters can
be found elsewhere [47]. All the parameters were obtained using a SeedReporter™ instru-
ment (Enkhuizen, NL)and proprietary software (v. 5.5.1) (PhenoVation B.V., Wageningen,
The Netherlands).

For these experiments (Zn quantification and photosynthesis studies), seeds were
primed with the Zn-loaded TGels and the Zn control solutions (as described in Section 4.5).
Following a 5-day germination period, uniform seedlings were identified and transferred
to presterilized plastic pots (0.5 L) containing simulated Hoagland solution (without Zn,
since this micronutrient was used in the seed priming treatments). After the 18-day
growth period, the photosynthetic efficacy and the amounts of Zn in the plant shoots were
determined as described above.
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4.8. Statistical Analysis

GraphPad Prism v. 10.1.1 (GraphPad Software Inc., Boston, MA, USA) and OriginLab
(v. 2022b, Northampton, MA, USA) were used for plotting graphs and performing statistical
analyses. Evaluation of differences employed analysis of variance (ANOVA) combined with
the Tukey test (p = 0.05). The results are shown as mean values in the tables and figures.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/gels11030167/s1, Figure S1: Two-dimensional XRF maps of the
Zn spatial distribution in cross-sectioned cucumber seeds primed with the TGel-based or pure ZnSOy
and ZnEDTA solutions at 100 mg L~ Zn for 24-h; Figure S2: XRF Zn intensities recorded at the seed
coat, embryo, and cotyledon of cross-sectioned cucumber seeds primed with the TGel-based or pure
ZnSOy4 and ZnEDTA solutions at 100 mg L~! Zn for 24-h; Figure S3: Certified reference material-
based external calibration curve used for quantitative Zn determination through energy-dispersive
X-ray fluorescence spectroscopy; Table S1: Optimized Cartesian coordinates for the compounds
analyzed in this study using the BP86-D3(B])/Def2-TZVP computational model.
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Abstract: Biodegradable and biocompatible polymeric materials and stimulus-responsive
hydrogels are widely used in the pharmaceutical, agricultural, biomedical, and consumer
sectors. The effectiveness of these formulations depends significantly on the appropriate
selection of polymer support. Through chemical or enzymatic hydrolysis, these materials
can gradually release bioactive agents, enabling controlled drug release. The objective of
this work is to synthesize, characterize, and apply two controlled-release polymeric systems,
focusing on the release of a phyto-pharmaceutical agent (herbicide) at varying pH levels.
The copolymers were synthesized via free radical polymerization in solution, utilizing
tetrahydrofuran (THF) as the organic solvent and benzoyl peroxide (BPO) as the initiator,
without the use of a cross-linking agent. Initially, the herbicide was grafted onto the
polymeric chains, and its release was subsequently tested across different pH environments
in a heterogeneous phase using an ultrafiltration (UF) system. The development of these
two controlled-release polymer systems aimed to measure the herbicide’s release across
different pH levels. The goal is to adapt these materials for agricultural use, enhancing
soil quality and promoting efficient water usage in farming practices. The results indicate
that the release of the herbicide from the conjugate systems exceeded 90% of the bioactive
compound after 8 days at pH 10 for both systems. Furthermore, the two polymeric systems
demonstrated first-order kinetics for herbicide release in aqueous solutions at different
pH levels. The kinetic constant was found to be higher at pH 7 and 10 compared to pH 3.
These synthetic hydrogels are recognized as functional polymers suitable for the sustained
release of herbicides in agricultural applications.

Keywords: controlled herbicide release system; ultrafiltration system; polymeric synthetic
hydrogel

1. Introduction

Modern agriculture is under growing pressure to improve crop productivity while re-
ducing its environmental impact. Although modern agriculture offers numerous solutions,
the results can vary significantly because each farm is unique, with different landscapes,
soil types, available technologies, and potential yields [1]. The past few decades have seen
significant growth driven by plant protection products and other technological innovations.
However, the excessive use of these inputs has a negative impact on the environment [2].
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Traditional approaches to herbicide use can be beneficial when applied carefully. However,
inappropriate or excessive application can lead to various issues, such as chemical residues,
phytotoxicity in crops, and negative impacts on subsequent or susceptible plants and
non-target organisms. Additionally, the repeated use of similar types of herbicides over the
years can lead to accumulation in crops, soil, and groundwater, potentially posing health
risks [3].

Weeds are a major factor in reducing the yields of many crops, and herbicides are
the most commonly used pesticides [4]. The herbicide 2,4-D is a phenoxy herbicide that
functions as a synthetic plant hormone. It effectively and selectively targets broadleaf
weeds in cereal crops while leaving legumes and corn unharmed. Additionally, 2,4-D is
compatible with most pesticides commonly used in agriculture [5].

Recently, increasing interest has been in designing and fabricating “smart” hydrogels
that respond to external stimuli such as pH, pressure, light, temperature, ionic strength, and
enzymes [6]. This interest stems from hydrogels” excellent biocompatibility, straightforward
preparation, and a broad range of applications [7]. For example, they have been used as
functional materials in drug delivery [8,9] and tissue engineering [10]. Polymers that sup-
port agricultural chemicals have been developed to address the significant environmental
issues associated with conventional agrochemicals [9,11-23].

The delivery of herbicides through controlled-release formulations provides both
ecological and economic benefits [13]. The effectiveness of these formulations relies on
selecting an appropriate polymer support. Degradable polymer materials and hydrogels
have various applications in pharmaceutical, agricultural, biomedical, and consumer-
oriented fields, making them significant for controlled-release systems [24-28].

Conversely, numerous studies have examined how organic polymers affect soil phys-
ical properties [29]. Soil conservation has improved through the addition of polymeric
materials to irrigation systems [30-32]. Hydrophilic polymers, including poly(vinyl alco-
hol) (PVA), carboxymethylcellulose, poly(acrylamide) (PAM), and hydrolyzed starch-g-
poly(acrylonitrile) copolymers (HSPAN). These polymeric materials have been suggested
as soil conditioners [33,34]. The successful use of polyacrylamide (PAM) in irrigation water
has generated interest in exploring other polymers with similar properties, especially since
acrylamide, the monomer used to create PAM, is known to be a neurotoxin. Although using
PAM that contains less than 0.05% monomer helps alleviate some concerns, it does not fully
address the potential risk of monomer formation as a degradation product, particularly
because the amine group can be removed from the polymer backbone during degrada-
tion [35]. Interest in agricultural polymers’ final fate and their degradation products’
potential ecotoxicity is increasing [36-38]. These materials have interconnected polymer
networks that respond to specific stimuli [39-42]. Furthermore, it has been observed that
hydrogels” hydration and adsorption capacity is influenced by factors such as the medium’s
pH, ionic strength, and osmotic pressure.

Our research group has shown that acrylate-based hydrogels excel in this type of ap-
plication due to their high reactivity, obtained through free radical polymerization [43—45].
Drug release from hydrogel networks is influenced by various mechanisms, such as matrix
swelling, drug dissolution and diffusion, and hydrogel erosion. The two main chemical
controlled-release systems are erodible drug delivery systems [46,47] and pendant chain
systems [48,49]. The drug is connected to the polymer backbone via degradable linkages
in pendant chain systems. As these linkages break down, the drug is released gradually.
The drug can be attached either directly to the polymer or through a “spacer” group. It
is uniformly dispersed throughout the polymer, and the drug is released slowly as the
polymer disintegrates [49]. The degradation rate of polymer—drug linkages affects drug
release. Typically, these linkages undergo hydrolysis, allowing the degradation and release
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rates to be described using first-order kinetic relationships [48]. In certain applications, the
drug—polymer linkages may be designed to be degradable by enzymes, resulting in more
complex release kinetics [27,49].

In this report, we present two chemical controlled-release systems based on syn-
thetic poly(2-hydroxyethylmethacrylate-alt-maleic anhydride)[P(HEMA-alt-MAn)] and
poly(2-hydroxypropylmethacrylate-alt-maleic anhydride)[P(HPMA-alt-MAn)] as physical
hydrogels, in which the functional groups in the polymer support and hydrogels” unique
network structure allow for high levels of hydrophilicity. This work presents several key
contributions. First, we designed two controlled-release polymers for a herbicide as a
pharmaceutical agent to assess its release in various pH environments. The goal is to adapt
these materials for agricultural use, improving soil quality and ensuring efficient water
usage, particularly during drought conditions.

Second, the polymers were synthesized using free radical polymerization in solution.
An organic solvent was employed, with benzoyl peroxide (BPO) acting as the initiator. The
functional groups of the hydrophilic monomers were activated in a basic environment
to enhance physical bonds through hydrogen bonding between the chains, leading to
the formation of a physical hydrogel. Subsequently, we characterized its structure and
incorporated the herbicide into the main chain through an esterification reaction. Finally,
we utilized an ultrafiltration system to investigate the controlled release of the herbicide
from the prepared system. We studied the release characteristics of these systems in neutral,
alkaline, and acidic media.

These degradable polymeric hydrogels hold potential for a wide range of agricultural
applications, making them particularly significant for controlled-release systems. The
copolymer hydrogels and copolymer-herbicide conjugates were analyzed using FTIR, 'H
NMR spectroscopy, and TG analyses. Additionally, their excellent soft physical properties
linked to the degradation process make them ideal agricultural materials.

2. Results and Discussion
2.1. Characterization of the Alternating Copolymers

It is widely recognized that interesting alternating structures can be formed through
the copolymerization of maleic anhydride (MAn) with vinyl monomers. The effectiveness
of this process depends on the reactivity of the double bonds in the vinyl monomers and
the specific reaction conditions used. When MAn is copolymerized with vinyl monomers
that have electron-donating characteristics using conventional radical techniques, it can
create alternating copolymers. The copolymers were synthesized through free radical
polymerization, following the conditions outlined in Table 1. These copolymers resulted in
alternating structures, P(HEMA-alt-MAn) and P(HPMA-alt-MAn), as depicted in Figure 1.
The molecular weight (Mw) of Poly(HEMA-alt-MAn) was 14,200, while that of Poly (HPMA-
alt-MAn) was 16,580. With a polydispersity (D = Mw/Mn) of 1.45 and 1.53, respectively,
the molecular weight (Mw) ratios were determined using GPC.

Table 1. Experimental conditions for the copolymerization reaction in tethahydrofuran (THF)
(5.0 mL).

Systems HEMA HPMA MAn BPO Time Yield

e 278¢g 69.1 mg o
P(HEMA-alt-MAn) 3.40mL 28.0 mmol (2800 mmol) (05059 molyy 60N 5L7%
P(HPMA-alt-MAn) 3.95mL 28.00 mmol 2788 6790mg o 0h 3409

(28.00 mmol)  (0.4971 mol%)
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Figure 1. Polymerization reaction of the P(HEMA-alt-MAn) and P(HPMA-alt-MAn) and copolymers
under hydrolysis conditions.

The hydrolysis of the anhydride group leads to carboxylic acid, which is responsible
for the hydrogel properties and swelling behavior.

The characterization of the P(HEMA-a/t-MAn) by FTIR (KBr, cm 1) exhibited the
following signals: 3449.7 v(OH); 2930.9 v(CH, CHy); 1734.0 v(C=0, for maleic anhydride,
MAn); 1634.7.v(C=0, for HEMA); and 1482.3 and 1390.7 v(CH;-; CH3-); see Figure 2a. FTIR
(KBr, cm~!) of P(HPMA-alt-MAn) exhibited the following signals: 3415.9. v(OH); 2931.8
v(CH, CH>); 1718.6 v(C=0, ester for MAn); 1632.7 v(C=0, ester for HPMA); and 1480.3
and 1387.8 v(CHj,-; CHs-); see Figure 3a.

P(HEMA-alt-MAn)

N N N
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Figure 2. (a) FTIR spectrum of P(HEMA-alt-MAn) and (b) its copolymer conjugate 2,4-D.
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Figure 3. (a) FTIR spectrum of P(HPMA-alt-MAn) and (b) its copolymer conjugate 2,4-D.

2.2. Characterization of the Copolymers Grafted with the Herbicide

The grafting procedure using the herbicide 2,4-dichlorophenoxyacetic chloride was
carried out according to the reaction shown in Figure 4 and the experimental conditions in
Table 2.

cl
o
o)
R: -H (HEMA) ; -CH5 (HPMA) A
o HO 0=\

{;R cn\fo OCR

0]
o= O o ., 9 DMF ek D
©/CI - 0
yridine
X YTy

X YT,

Cl

b) Cl Cl
Cl Cl

e
g—R

0~ "OH

Figure 4. (a) Grafting reaction of 2,4-D onto P(HEMA-alt-MAn) and P(HPMA-alt-MAn) and (b) the
corresponding hydrolysis of the anhydride upon swelling.
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Table 2. Experimental conditions for the esterification reaction of poly(HEMA-alt-MAn) and
poly(HPMA-alt-MAn).

2,4-D ‘e .
System Copolymer Chloride DMF Pyridine Yield
356 mg 609 mg o
P(HEMA-alt-MAn)-2,4-D 0.021 mmol 2 4 mmol 6.0 mL 1.0 mL 355 mg (49.7%)
300 mg 547 mg o
P(HPMA-alt-MAn)-2,4-D 0.021 mmol 293 mmol 11.0 mL 1.0 mL 315 mg (55.0%)

FTIR (KBr, cm ') of P(HEMA-alt-MAn)-2,4-D exhibited the following signals: 3406.3
v(OH); 2929.9 v(CH, CHy); 1734.0, 1634.7, and 1616.3 assigned at v(C=0, ester from MAn,
HEMA-2,4-D, respectively), and an increase in signal intensity was observed, along with
a slight shift towards a shorter wavenumber; and 1482.3 and 1390.7 v(CH,-; CH3-); and
752.2 and 679.9 v(C=C, aromatic ring) from herbicide; see Figure 3b. FTIR (KBr, cm™ 1)
of P(HPMA-alt-MAn)-2,4-D: 3415.9 v(OH); 2931.8 v(CH, CH,); 1781.1, 1632.8, and and
1622.6 assigned at v(C=0, ester from MAn, HPMA-2,4-D, respectively), and an increase
in signal intensity was observed, along with a slight shift towards a shorter wavenumber;
1480.3 and 1387.8 v(CH;-; CH3-); 752.2 and 680.9 v(C=C, aromatic ring) from herbicide; see
Figure 4b [9,50,51].

'H-NMR (5 in ppm) showed the following signals: 0.3-2.2, [-CH3, -CH, from backbone
of HEMA], 2.6-5.4 [-CH-CO- of MAn], [-CH,-O- from lateral chain of HEMA], and 6.4
[-OH lateral chain]. On the other hand, the characterization of the P(HPMA-alt-MAn) by
'H-NMR (5 in ppm) showed the following signals: 0.6-1.6, [-CHj, -CH, from backbone,
and -CHgs, of lateral chain of HPMA] and 3.4-4.2 [—-CH,-O, and -CH-O- from HPMA and
-CH-CO- from MAJ; see Figure 5. The 'H-NMR spectrum (5 in ppm) of P(HPMA-alt-MAn)-
2,4-D exhibited the following signals: 0.6-1.2, [-CHj3, -CH; from backbone of HEMA], 3.6
[-CH-CO- of MAn], 4.16 [-CH,-O- from lateral chain of HPMA], 4.83-4.93 [-CH,O-Ar from
2,4-D unit], and 6.8-7.7 [-CH aromatic ring from the herbicide, 2,4-D]; see Figure 5 [9,50,51].

Cl
Cl
L
o o H,0
.>_R DMSO0-d6
O
o) o 0 O CH3-; -CH»-
X ¥ n
P(HPMA-alt-MAn
P(HPMA-alt-MAn)-24-D
10 8 6 4 2 0

ppm

Figure 5. 'H-NMR spectrum of P(HPMA-alt-MAn) and its copolymer conjugate 2,4-D.
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Weight loss (%)

The 'H-NMR analyses also showed increasing concentration or intensity of the C=O
band of the esterification, since the signal at 4.83—4.93 is assigned to -CH,O-Ar from the
2,4-D unit and 7.0-7.6 is assigned to the -CH aromatic ring from the herbicide; see Figure 5.
Conversely, the FTIR analyses of the copolymers showed typical bands corresponding to
carbonyl groups (see Figures 2 and 3). Once the esterification reaction was achieved, the
FTIR analyses showed an increase in the intensity of the C=0 in the esterification reaction,

-1

since the band corresponding to carbonyl groups appears at around 1634.7 cm™", and

bending bands corresponding to the aromatic group appear at 752.2 and 679.9 cm 1.

2.3. Studies of the Thermal Behavior of the Hydrogels

The thermal behavior of PIHEMA-alt-MAn) and P(HPMA-a/t-MAn), along with their
conjugates with 2,4-D, was examined using thermogravimetric analysis (TGA). As shown
in Figure 6, both the copolymers and their conjugates exhibited consistent degradation
patterns, occurring in one-stage and two-stage processes, respectively. The copolymers
remained stable up to approximately 300 °C, with a weight loss (WL) of less than 20%. In
contrast, the herbicide conjugates exhibited lower thermal stability than their corresponding
copolymers, indicating that the covalent bond formed by the ester functional group between
the polymer and the herbicide is relatively weak. When comparing the thermal stability
of both copolymers, P(HEMA-alt-MAn) demonstrated a higher thermal decomposition
temperature (TDT) of 369.2 °C, with an average weight loss of 6.2%. In contrast, the TDT
for P(HPMA-alt-MAn) copolymers was 311.3 °C, accompanied by a weight loss of 19.13%.
Furthermore, when examining the thermal stability of the copolymer—herbicide conjugates,
the P(HPMA-alt-MAn)-herbicide combination exhibited a lower TDT of 62.1 °C (average
weight loss of 10.03%) compared to the P(HEMA-alt-MAn)-herbicide, which had a TDT,
of 130.6 °C (average weight loss of 14.5%). This indicates that the P(HEMA-al/t-MAn)-
herbicide conjugate has higher thermal stability.

100 - 100 4
TDTe=369.2°C TDTe=311.3°C
=
80 / PMHEMA-alt-MAn) 80 ~ PHPMA-air-MAn)
o o
TDTe=130.6°C — < |1pTe=62.1°C
60 9 60 1
L=}
.
=
40 - D 40~
Q
=
P(HEMA-ali-MAn)-2,4-D
20 20
01 ———————— 0_PHPIVIA-aIr-l\fIAn-:M-D
0 100 200 300 400 500 600 0 100 200 300 400 500
Temperature (°C) Temperature (°C)

Figure 6. Thermograms of P(HEMA-alt-MAn) and its conjugate P(HEMA-alt-MAn)-2,4-D (left), and
P(HPMA-alt-MAn) and its conjugate P(HPMA-alt-MAn)-2,4-D (right). Heating rate, 10 °C min~!, in
inert environment (gaseous Nj).

2.4. Effect of the pH on Swelling Studies

The swelling behavior of P(HEMA-alt-MAn) and P(HPMA-alt-MAn) copolymers were
studied based on their behavior at different pH levels by immersing the gels in buffered
solutions at different pH values (3, 7, and 10), all at 25 °C. The results, displayed in Figure 7,
show the swelling times corresponding to each condition.
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Figure 7. Swelling isotherm of P(HEMA-alt-MAn) and P(HPMA-alt-MAn) as a function of time in
buffered solutions at specific pH levels: 3 (o), 7 (M), and 10 (A) at 25 °C.

The swelling capacity of P(HPMA-alt-MAn) was higher than that of P(HEMA-alt-
MAn). This can be attributed to the fact that in the HPMA residue, there is a greater balance
of hydrophilic and hydrophobic residues, which favors the swelling properties, where
the hydroxyl group interacts with the acidic carboxylic group of MAn (acid medium) or
carboxylate (basic medium), causing a larger cell size and greater flexibility, which increases
the hydration capacity. On the other hand, similar behavior was found for PIHEMA-alt-
MAn) at pH 3, 7, and 10, while for the P(HPMA-alt-MAn) hydrogel, the swelling capacity
increased when increasing the pH from 3 to 10. The swelling properties of these polymers
depend significantly on the balance between hydrophilic and hydrophobic components.
In the case of P(HPMA-alt-MAn), the observed pH dependency can be explained by an
increase in the hydrolysis of the MAn residues, which generates charged carboxylate groups
at higher (basic) pH levels. Conversely, the swelling properties of P(HEMA-alt-MAn) do
not depend on pH due to a lower hydrophobic-hydrophilic balance of the HEMA residue.
Additionally, after the hydrolysis of the MAn residues, the carboxylic groups may stabilize
through hydrogen bonding with the hydroxyl groups of HEMA. It is also suggested that
this stabilizing effect may be reduced by steric hindrance in the case of HPMA.

2.5. Release of 2,4-D Through Heterogeneous Hydrolysis

An ultrafiltration system was employed to analyze the release 2,4-D from copolymer—
herbicide conjugates in buffer solutions with pH levels of 3, 7, and 10. To effectively analyze
the resulting data, several assumptions need to be established:

(a) The kinetics of hydrolysis of the conjugates is slower than the time taken to collect
the filtration fractions, which occurs daily over a period of 3 to 6 min. Therefore, the
amount of herbicide released during this short duration is considered negligible.

(b) The herbicide is released from the conjugates into the solution filtrate freely from
the ultrafiltration cell. In this case, the concentration of herbicide in each filtration
fraction can be related to the concentration of the herbicide free in solution every
day (¢*-%). In the washing method of the LPR technique, as illustrated in Figure 6,
when a low-molecular-weight species is filtered out of the ultrafiltration system and
no interaction occurs between this species and the components of the ultrafiltration
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cell, including the ultrafiltration membrane, the instantaneous concentration of this
species in the filtrate is determined by the following Equations (1)-(9), previously
reported [9]. These represent the mass balance in releasing the 2,4-D herbicide in
ultrafiltration.

cfiltrate _ filtrate—init exp(—F) 1)

When F is defined as the filtration factor F = V/iltrate yycell it refers to the measure of
how well a substance or fluid can pass through a filter or porous material.

The concentration of 2,4-D in the filtration fractions (¢/"%/¢) is a mean value considering
the instantaneous concentrations in the filtration process (cfrate), which decrease during
filtration. Making a mass balance, we have that

/P CfiltratedF —< Cfiltrate > AF )
F=0
substituting (1) in (2) we obtain
F i . i
/ sz trate—init exp(—F)dF —< sz trate S AT (3)
F=0

and integrating both equations

iltrat
Cfiltmtefinit — < cfilirate > AF
1—eF

4)

As the filtration fraction obtained every day consists of 20 mL, so that final F = 1 and
AF =1, it is found that

< cfiltrate >

free—day __ _filtrate—init __
C =cC = 1
1—e~

®)

Thus, /¢ corresponds to the concentration of the first differential volume obtained
in the collection process (¢/*¢-imit) and is calculated from the value of <¢""™¢> corrected
by Equation (5).

The concentration of herbicide bound to the polymer every day (c?°#"4-44) is given by

< cfiltrate

Cbound—day — Ccell—day _ Cfree—day — Ccell—day _ ; -
— ei

(6)

where ¢/ is the concentration of herbicide in the cell every day and is calculated

following
Ccellfduy — Ccellfinit _ 2 (<Cfiltmte > AF) (7)
day
where ccll-init jg the initial concentration of herbicide in the cell. If the kinetics of the

hydrolysis of the herbicide from the conjugate systems is of order one, then there should be
found an exponential decay of c?°#"4-4% ith time, since

dcbound—day

o kcboundfday (8)

and then
Cboundfday _ Cboundfdayfinit exp(—kt) (9)
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where k is the release constant. Release profiles of P(HEMA-alt-MAn)-2,4-D and P(HPMA-
alt-MAn)-2,4-D are exhibited in Figure 8. The release rates of both conjugates were notably
higher at pH 10, exceeding 85% over a duration of 7 days.
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Figure 8. Release of 2,4-D (%) from copolymer-herbicide conjugates in an aqueous solution at pH 3,
7,and 10.

The release of drugs linked by covalent bonds depends on the degradation rate of
the polymer—drug connection. Typically, these connections degrade through hydrolysis,
allowing the rates of degradation and release to follow simple first-order kinetic relation-
ships [48]. In specific applications, the drug—polymer linkages can be designed to degrade
enzymatically, leading to more complex release kinetics [49,52,53].

First-order kinetics occur when a constant proportion of the phytopharmaceutical
is eliminated per unit of time. The elimination rate is proportional to the amount of
phytopharmaceutical in the copolymeric systems, but is pH-dependent; at basic pH, it is
increasing. The higher the concentration, the greater the amount of drug eliminated per unit
of time at higher pH. For each half-life that passes, the concentration of the drug is halved.
The elimination rate decreases proportionally as the drug concentration decreases while
maintaining a constant elimination rate, k. The reaction rates are influenced by the olefinic
comonomer used, whether it is HEMA or HPMA, to which 2,4-D is grafted. In this way, the
positive release of the drug is affected by the increased hydrophilicity and conformational
flexibility of the polymer, with the HPMA comonomer. This enhancement occurs due to
the extension of the lateral chain of HPMA and the steric hindrance caused by the methyl
group, which prevents the formation of inter- or intra-dipole—dipole interactions (hydrogen
bonds) between the highly electronegative oxygen (O) atoms of the O-H groups, which is
different for the HEMA comonomer; see Figure 9. Additionally, for the HPMA monomer,
an increase in the content of hydrophilic co-units, as seen in copolymers containing MAc,
contributes to this effect. This suggests that the release of herbicides significantly increases
with higher pH levels, primarily because hydrolysis becomes more effective at elevated pH.
The notable increase in release at pH 10 indicates that the basic hydrolysis of acetate groups
may impact the breakdown of certain herbicides. Lower release values were observed
at pH levels of 7 and 3, which aligns with the mechanism of hydrolytic cleavage of the
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herbicide-polymer bond. The differences in release rates between the two copolymer
conjugates at pH 3 and 7 can be explained by their varying swelling capacities, which differ
between the HEMA and HPMA comonomers. The release rate typically increases with
higher swelling from aqueous solutions, associated with greater polymer hydrophilicity
for the P(HPMA-alt-MAn) system. The MAn copolymer reacts easily with water to form
MAn-MAc terpolymers at basic pH (the maleic anhydride ring is open). With a sufficient
amount of water, MAn hydrolyzes completely to MAc copolymers at pH 10. The reaction
rates also depend on the olefinic comonomer. Additionally, an increase in the content of
hydrophilic co-units, as seen in copolymers containing MAc, contributes to this effect.

cl

Figure 9. Schematic representation of inter- or intra-hydrogen bonds in fabricating stimulus-
responsive hydrogels.

Conversely, the positive release is influenced by the increased hydrophilicity and
conformational flexibility of the polymer.

The kinetic constants for the various systems at different pH values were obtained
from the slopes of the plots shown in Figure 10, as indicated by Equation (9). These values
are presented in Table 1. The exponential decay observed in the release profiles confirms
that the hydrolysis of the copolymer conjugates follows first-order kinetics. It can be seen
in Figure 8 the evolution of In ¢ "#"-4a/ with time during the first 6 days.

The values of R2 for n = 1 for the release of herbicide for P(HPMA-alt-MAn) y P(HEMA-
alt-MAn) at pH 3.0, 7.0, and 10 are shown in the Table 3. These results show that the value
of n = 1is maintained with an increase in pH.

Table 3. Kinetic constants (k;; in dayfl) during the first 6 days.

k1 k1 k1
System (pH 3) R2 (pH?) k2 (pH 10) R2
P(HEMA-alt-MAn)-2,4-D 0.0353 0.9802 0.1276 0.8694 0.267 0.9114
P(HPMA-alt-MAn)-2,4-D 0.0999 0.9673 0.1929 0.8447 0.3349 0.9176

kq first-order release constant; n: order of kinetic release.
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Figure 10. Determination of kinetic release constants at different pH. Plot of In ¢ vs. time (days).

3. Conclusions

A series of two pH-sensitive copolymers, P(HEMA-alt-MAn) and P(HPMA-alt-MAn),
have been designed as controlled-release systems using the herbicide 2,4-D. These copoly-
mers demonstrate pH sensitivity, exhibiting a higher swelling ratio in aqueous solutions
at elevated pH levels. The release values measured at pH 10 indicate that the cleavage of
the herbicide may be influenced by the basic hydrolysis of the acetate groups. In contrast,
lower release values were observed at pH 7 and pH 3, consistent with the mechanism of hy-
drolytic cleavage of the herbicide-polymer bond. The release rate typically increases with
a greater swelling from the water solution, which corresponds to enhanced hydrophilicity
of the polymer. This phenomenon can be attributed to the increased hydrolysis of the MAn
residues and the dissociation of the acidic groups. The release is positively influenced
by the increased hydrophilicity of the lateral chain in HPMA (due to the presence of the
methyl group). This enhancement occurs because the steric hindrance created by the methyl
group prevents the formation of inter- or intra-molecular hydrogen bonds. Additionally,
there is an increase in the content of the hydrophilic co-unit (MAc), which results from
the esterification of the MAn-containing copolymer. In contrast, the swelling capacity
of PHPMA-alt-MAn) is greater than that of P(HEMA-alt-MAn). This difference may be
due to the higher steric hindrance caused by the methyl group in HPMA. The copolymer
functionalized with 2,4-D displayed labile ester bonds that can be cleaved by heating,
as demonstrated by TGA analyses. The hydrolysis of the herbicide from the conjugates
follows first-order kinetics, with higher kinetic constants observed at increasing pH levels.
This indicates that the hydrolysis reaction is base-catalyzed. These findings suggest that
pH-sensitive hydrogels could be used as intelligent drug delivery carriers in agriculture.

4. Materials and Methods
4.1. Materials

2-hydroxyethylmethacrylate (HEMA) and 2-hydroxypropylmethacrylate (HPMA)
(Merck, Darmstadt, Germany) were purified by distillation. Benzoyl peroxide (BPO)
(Sigma Aldrich, St. Louis, MO, USA) was used as an initiator of the copolymerization
reaction between HEMA or HPMA with maleic anhydride (MAn) (Sigma Aldrich, St. Louis,
MO, USA). All the other reagents, including the herbicide 2,4-dichlorophenoxy acetic acid
(2/4-D) (Sigma Aldrich, St. Louis, MO, USA), were used as received. Thionyl chloride
(SOClp) (Sigma Aldrich, St. Louis, MO, USA) was used as received.
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4.2. Equipment

The structural characterization of the polymers was carried out by proton nuclear
magnetic resonance (‘H-NMR) on a Bruker 200 MHz spectrometer, Karlsruhe, Germany. in
DMSO-dg, at room temperature. Fourier transform infrared spectroscopy (FTIR) spectra
were acquired by a Bruker Vector 22 (Bruker Optics GmbH, Karlsruhe, Germany), in the
range of 400 to 4000 cm~!. Gel permeation chromatography (GPC) was conducted to deter-
mine the number-averaged molecular weight (Mn) and weight-averaged molecular weight
(Mw) under the following conditions: a WATERS 600E instrument (Kioto, Japan) equipped
with UV and RI detectors, using tetrahydrofuran (THF) as the solvent at a flow rate of
1.0 mL/min. The samples were analyzed at a concentration of 4 mg/mL and at a tempera-
ture of 25 °C. Calibration was performed using poly(methyl methacrylate) (PMMA).

The UV-VIS spectra were obtained using a spectrophotometer at 25 °C between
250-700 nm using a Perkin Elmer Lambda 35, Waltham, MA, USA. The “Lyph-lock” freeze-
dry system (Lab condo 6L) was used. The pH was determined with a pH-meter Hanna
211, Woonnsocket, USA. The copolymers’ thermal analysis was performed by recording
TGA using a Star System 1 thermogravimetric analyzer (TGA), Barcelona, Spain, under

gaseous nitrogen (at 150 and 50 cm® min~!

, respectively). The ultrafiltration system
comprised a filtration cell equipped with a magnetic stirrer (Amicon 8010, 10 mL capacity),
a membrane (cellulose) with a molecular weight cut-off of 10,000 Daltons (Ultracel PLCC,
5 mm diameter), a reservoir system, a flow selector, and a pressure source. Figure 11 shows
the experimental set-up of the membrane filtration system used for the release studies in

aqueous solution at different pH.

Figure 11. Experimental set-up of ultrafiltration system: (a) filtration cell, (b) filtrate, (c) magnetic
stirrer, (d) selector, (e) reservoir, and (f) pressure source.

4.3. Experimental Procedures
4.3.1. Preparation of the Copolymer Hydrogels

P(HEMA-alt-MAn) and P(HPMA-alt-MAn) were synthesized by free radical copoly-
merization (1:1 feed monomer ratio) in solution using 0.5 mol% of BPO in tetrahydrofuran
(THF). The polymerization reaction was kept at 70 °C for 6 h (see Table 1).

The polymers were precipitated with n-heptane and dried under reduced pressure
at 50 °C, with yields of 51.7% and 34.2%, respectively. The copolymers are soluble in
dimethyl sulfoxide and exhibit swelling properties in water. Figure 1 shows the structure
of the copolymers.
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4.3.2. Graft Reaction of the Copolymers with the Herbicide 2,4-D

The grafting procedure was carried out by obtaining 2,4-dichlorophenoxyacetyl chlo-
ride, previously carried out with SOCl; to obtain the controlled-release system, purified
by precipitation using hexane as solvent. According to the reaction shown in Figure 4,
P(HEMA-alt-MAn), P (HPMA-alt-MAn) and 2,4-dichlorophenoxy acetyl chloride were
dissolved in 5 mL of DMF as shown in Table 2. The solution was placed in a three-necked
flask, which was equipped with a nitrogen inlet and outlet, a dropping funnel, a magnetic
stirrer, and a thermometer. Pyridine (1 mL) was added drop-wise while stirring at approx-
imately 0 °C. The reaction mixture was then heated to 25 °C for 5 h. After this period,
the solution was poured into a large volume of cold 0.5 M HCl to precipitate the product.
The product was subsequently filtered and washed several times with cold distilled water.
Purification was achieved by precipitation, using THF as a solvent and cold distilled water
as the precipitating agent. Finally, the product was dried under reduced pressure at 30 °C
until a constant weight was obtained.

4.3.3. Swelling Studies Procedure

The studies were carried out at 25 °C in buffered solutions. Before swelling and release
studies, the polymer hydrogels were dispersed and purified by a membrane ultrafiltration
system using a membrane with an exclusion limit of a molecular weight of 10,000 g mol~!.
The polymeric fraction over 10,000 g mol~! was freeze-dried and selected for further
experiments. Dried samples of the copolymers were placed in water at a defined pH (3,
7, or 10) in buffered solutions using either 0.01 M citrate buffer (pH < 7) or phosphate
buffer (pH > 7). Every half hour, the hydrogel samples were quickly removed from
the solution and weighed. The swelling values (S;) were calculated using the following
Equation (10) [9].

(Ws — Wa)

Sw (%) = S X100 (10)

W; is the weight of the swollen hydrogel at an equilibrium state, and W, is the weight
of the dried hydrogel (Xerogel).

4.3.4. Heterogeneous Hydrolysis Procedure

This study was conducted over a month at ambient temperature. A filtration fraction
was collected daily for 30 days (Z ranging from 1 to 30), using the ultrafiltration system
in buffer solutions with pH levels of 3, 7, and 10. The concentration of the bioactive agent
present in each filtration fraction was quantitatively assessed through UV spectroscopy,
utilizing a wavelength specifically suited for detecting 2,4-D acid, measured at 282 nm.
This analytical technique allowed for the precise determination of the agent’s concentration,
across the different filtration fractions.
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Abstract: Cationic hydrogel particles (CHPs) crosslinked with glutaraldehyde were synthesized and
characterized to evaluate their removal capacity for two globally consumed antibiotics: amoxicillin
and sulfamethoxazole. The obtained material was characterized by FTIR, SEM, and TGA, confirming
effective crosslinking. The optimal working pH was determined to be 6.0 for amoxicillin and 4.0 for
sulfamethoxazole. Under these conditions, the CHPs achieved over 90.0% removal of amoxicillin after
360 min at room temperature, while sulfamethoxazole removal reached approximately 60.0% after
300 min. Thermodynamic analysis indicated that adsorption occurs through a physisorption process
and is endothermic. The AH® values of 28.38 k] mol1,12.39 kJ mol~1, and AS°® 97.19 ] mol 1 K1
and 33.94 ] mol~! K~ for AMX and SMX, respectively. These results highlight the potential of CHPs
as promising materials for the removal of such contaminants from aqueous media.

Keywords: cationic hydrogels particles; wastewater treatment; adsorption mechanism; antibiotics;
pharmaceutical compounds

1. Introduction

Water is an essential and indispensable resource for any ecosystem [1,2]. However, it
is currently severely impacted by domestic wastewater, agricultural and industrial residues,
and pharmaceutical compounds [3,4]. Among these, emerging organic contaminants such
as antibiotics have become a major concern. It is estimated that between 20% and 90% of
the total antibiotics consumed are not metabolized and are excreted either unchanged or as
derivatives and metabolites, which directly enter aquatic systems [5,6].

The most widely used antibiotic families worldwide include (3-lactams and sulfon-
amides, particularly amoxicillin and sulfamethoxazole, respectively. Amoxicillin, a peni-
cillin derivative, has 6-aminopenicillanic acid as its core structure, consisting of a thia-
zolidine ring fused with a 3-lactam ring and a side chain. This structure contains three
main functional groups (Figure 1b): COOH (pKa; = 2.25), NH; (pKa, = 7.22), and OH
(pKas = 9.48) [7-9]. Sulfamethoxazole, used to treat various diseases and infections [10],
contains a basic amine group (-NH;) and an acidic sulfonamide group (-SO,NH-), resulting
in two distinct dissociation sites within the molecule (Figure 1a), with pKa; and pKa,
values of 1.97 and 5.86, respectively [11,12].

Gels 2024, 10, 760. https:/ /doi.org/10.3390/ gels10120760 79 https:/ /www.mdpi.com/journal/gels



Gels 2024, 10, 760

(a) SMX (b) AMX
pKaz= 7.22
- NH,
O\\ //O 0 H S
S "4 N
SN J(
H.N pKa,= 5.86 HO = (o)
2 pKaz=9.48 O H /_
pKa:=1.97
pKa= 2.25

Figure 1. Structures of the antibiotics sulfamethoxazole (a), amoxicillin (b), and their respective
pKa values.

Currently, a wide variety of materials are available for the removal of such contam-
inants [7,13], including carbon-based materials and metal-organic frameworks (MOFs)
with removal efficiencies ranging from 75.3% to 82.52% [14,15]. Other compounds, such
as In,S3, achieve 66% removal [16], while materials like UiO-66@WQO3 /GO exhibit an 84%
removal rate [17]. Porous organic polymers, such as triazine-based materials, demonstrate
removal efficiencies between 73% and 88% [18].

Among polymeric materials with promising applications, chitosan [(1,4)-2-amino-2-
deoxy-D-glucan] stands out. Chitosan is a polysaccharide derived from chitin, one of the
most abundant natural substances after cellulose, and serves as the primary structural
component of the exoskeletons of shrimp, lobsters, and crabs [19]. It exhibits excellent bio-
logical properties and finds extensive applications in medical and food sectors. Chemically,
chitosan is a cationic polysaccharide composed of glucosamine units linked by glycosidic
bonds. Its biocompatibility, biodegradability, and antibacterial activity further enhance its
versatility [20-22]. Chemical modification of chitosan improves its absorption properties,
solubility, porosity, and permeability. Its high nitrogen content, present as amine groups,
enables interactions with various compounds through chelation mechanisms, offering
bifunctional capabilities for the removal of both cationic and anionic contaminants [23,24].

Chitosan can undergo various chemical modifications, including etherification, car-
boxylation, crosslinking, alkylation, and the formation of Schiff bases, enhancing its antibac-
terial properties, hydrophilicity, and water solubility [25]. Due to its versatility, chitosan is
widely used in wastewater treatment as an additive or in composites with other materials
such as montmorillonite, polyurethanes, zeolites, cellulose, magnetite, cotton, calcium
alginate, and alumina, among others.

A variety of chitosan-based materials have been reported for contaminant removal. For
instance, chitosan nanocomposites with MnFe,O4 nanoparticles have shown removal capac-
ities of 20.85 mg g~ !, while those with Fe304 nanoparticles have achieved 78.11 mg g~ [26].
Photocatalytic removal of sulfamethoxazole has also been reported using chitosan/alginate
nanocomposites doped with Fe30,4/Zn0O, with antibiotic degradation rates of 93.31% [27].
The employment of cationic hydrogel particles (CHP) based on chitosan crosslinked with
glutaraldehyde for the removal of pharmaceutical antibiotics, specifically amoxicillin and
sulfamethoxazole from aqueous solutions is a promising approach. This is due to the
greater advantages cationic materials exhibit over other materials. This is a consequence of
the tendency of antibiotics to ionize, which increases their interaction with the active sites
of the particles. Concurrently, they can interact with polar groups, thereby enhancing the
efficacy of contaminant removal through van der Waals interactions. Consequently, CHPs
demonstrate considerable potential for the elimination of emerging organic pollutants in
water, outperforming other materials.
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2. Results and Discussion
2.1. Synthesis of Cationic Hydrogel Particles (CHPs)

The synthesis of CHPs was conducted in accordance with the methodology delin-
eated in Table 2. The NaOH solution was delivered via a peristaltic pump, and once the
CHPs were formed, the crosslinking agent, glutaraldehyde (Glu), was introduced under
agitation [28]. The crosslinking capacity of Glu is attributed to the nucleophilic reaction
between its aldehyde groups and the free amino groups of chitosan, enhancing the me-
chanical, thermal, and water resistance properties of the resulting hydrogel [29-31]. The
Glu concentration was set at 5%, as determined by FTIR spectra (Figure 2), which showed
the availability of active amino groups and a decrease in the intensity of the band associ-
ated with these groups as the Glu concentration increased; furthermore, an elevated Glu
concentration enhances the band signal of carbonyl and amine groups associated with an
excess of Glu. The FTIR spectra of the CHPs displayed the following characteristic bands:
3437 cm~! (N-H and O-H stretching vibrations), 2925 cm™! (symmetric stretching of CHj),
1660-1670 cm~! (C=O stretching vibration), and 1150 cm ™! (glycosidic bond) [32].

Chi-Glu1% Chitosan
OH
Chi-Glu3% \o/é ;o w
HO (o]
NH o
& 2 OH
& Chi-Glu5%
g
,.g Chi-Glu10% Chitosan + Glu
% . O HO Ny,
= Chi-Glu15% ‘Oﬂo JZ\_/g
HO N\ OH
Chi-Glu20% L
N
HO N OH
0 0@%0
HsN OH o

Figure 2. FTIR spectra of CHPs.

Between 1560 and 1600 cm ™!, an increase in intensity is observed, associated with the
C=C double bond, attributed to the aldol condensation of the Glu molecule [33-35]. The
application of glutaraldehyde-mediated crosslinking resulted in an observable increase
in the signals between 1700 and 1740 cm ™!, which can be attributed to the C=0 signal of
glutaraldehyde. This phenomenon indicates that as the concentration of glutaraldehyde
increases, A greater proportion of these groups remain unreacted, as evidenced by the
presence of signals between 1630 and 1690 cm~!. These are associated with the imine bonds
(C=N) formed by the reaction of the amino groups of chitosan and glutaraldehyde [36].
The morphological characteristics of the CHP are illustrated in Figure 3a. These studies
reveal a rough surface with a spherical geometry, which is predominantly populated by
particles measuring between 874 and 970 pum for the crosslinked CHPs, while control CHPs
(Chi-Control) are predominantly by particles measuring between 600 and 700 um. The
difference can be attributed to the glutaraldehyde employed. The surface roughness of
the CHPs provides an increased number of adsorption sites, enhancing the removal of

the target compounds [32]. Furthermore, the roughness is closely related to the degree
of crosslinking.
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Figure 3. (a) SEM-EDS microstructure of CHIPs (Chi-Control and Chi-Glu5%) and size distribution;
(b) thermogravimetric analysis of CHIPs (Chi-Control and Chi-Glu5%).

Figure 3b shows the thermogravimetric analysis (TGA) of the CHPs (Chi-Control
and Chi-Glu5%), revealing that the crosslinked CHPs (Chi-Glu5%) exhibit greater thermal
stability than the non-crosslinked ones, with two distinct stages of mass loss. The first stage
shows a slight mass loss associated with the evaporation of adsorbed and chemically bound
water in the structure of the CHPs. It is also noted that non-crosslinked particles experience
greater water loss, while the crosslinked CHPs retain less water due to the hydrophobic
nature acquired after the crosslinking reaction. The derivative thermogravimetry (DTG)
results indicate that the thermal decomposition temperature of the Glu-crosslinked CHPs
occurs at a higher temperature, attributed to the formation of a chemically crosslinked
network, which improves the material’s thermal stability [37,38]. In the second stage,
decomposition is observed in both the control and crosslinked CHPs. Although greater de-
composition is seen in the control material, and the residual mass is lower compared to the
Glu-crosslinked material, no significant difference is observed. The residual percentages of
the crosslinked and non-crosslinked beads are found to be similar, which can be attributed
to the low concentration of glutaraldehyde employed (5%). The quantity in question is
insufficient to affect a notable alteration in the material’s structure.

2.2. Determination of Water Absorption Capacity

The absorption and diffusion of water in polymeric materials are influenced by the
degree of molecular crosslinking [39]. As shown in Figure 4a, lower concentrations of
glutaraldehyde result in higher water absorption. The maximum absorption equilibrium
was reached after 8 h, with no significant changes observed beyond this point. This
behavior is attributed to the crosslinking process between amino groups and Glu, which
reduces the material’s interaction with water as the concentration of the crosslinking agent
increases [40,41]. This phenomenon likely occurs due to a reduction in the internal cavities
of the material, limiting the diffusion of water into the interior and resulting in decreased
water absorption.
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Figure 4. (a) CHPs crosslinked with glutaraldehyde at different concentrations subjected to a water
absorption process over time and (b) comparison of water absorption at equilibrium time 8 h.
* Significant at p < 0.01.

2.3. Evaluation of pH Effect on Removal and Point of Zero Charge (PZC)

By definition, the point of zero charge (PZC) is the pH at which the surface charge of
the adsorbent is neutralized [42]. For CHPs, the PZC was determined to be 5.7 (Figure 5a),
meaning that at this pH, the surface charge of the CHPs is zero, and no electrostatic
repulsions occur due to the absence of charged particles. At pH values below the PZC,
protonation of surface hydroxyl groups and available amino groups occurs, resulting in
a positively charged surface. Conversely, at pH values above the PZC, deprotonation of
hydroxyl groups takes place, leading to a negatively charged surface [43].

Figure 5¢,d shows the effect of pH on the adsorption capacity of crosslinked CHPs
for the antibiotics AMX and SMX, respectively, with a contact time of 6 h at room tem-
perature. The highest adsorption of AMX occurs at pH 6.0, while for SMX, it is at pH
4.0. Considering that the PZC is 5.7, at pH values below this point, the surface of the
CHPs becomes positively charged. Additionally, it is important to note that AMX exhibits
zwitterionic behavior, with pKa; = 2.25, pKay = 7.22, and pKaz = 9.48 [7]. Near neutral pH,
the adsorption of AMX is favored by electrostatic interactions (Figure 5b) and diffusion
processes associated with the material’s water absorption capacity [44]. In the case of
SMX, the presence of an aromatic amine and sulfonamide groups makes its behavior pH
dependent. At specific pH values, SMX exists in a neutral state, and its removal relies on
both electrostatic interactions and hydrogen bonding [45,46]. Thus, the highest removal
of SMX was achieved at pH 4.0, where the molecule is in its neutral form, suggesting that
hydrogen bonding (Figure 5b) and diffusion processes played key roles in the adsorption.
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Figure 5. (a) Identification of the point of zero charge (PZC) of chitosan CHPs; (b) adsorption
mediated by electrostatic interactions and hydrogen bonding between the crosslinked chitosan CHPs
and the study antibiotics; removal of the antibiotics (¢) amoxicillin and (d) sulfamethoxazole at
different pH values. ** Significant at p < 0.05, * Significant at p < 0.01, ns = no significant difference.

2.4. Evaluation of lonic Strength in Antibiotic Removal

In general, the presence of dissolved ions in aqueous solutions is reported to act
as interfering agents, potentially reducing removal capacity due to various interactions
among different species. Thus, the effect of monovalent and divalent ions on the removal
capacity of antibiotics was evaluated [47]. For AMX, a significant difference in removal
efficiency was observed. As the NaCl concentration increased, the rate of retention
decreased (Figure 6b). Given the dual nature of AMX as a charged molecule at pH 6.0,
its behavior in solution is impacted by the presence of Na* and C1~ ions. This results in
a competitive interaction between the AMX molecule and the active sites of the ECCs,
effectively preventing AMX from binding to these sites and, consequently, from exerting
any influence on the removal of ions in solution. The rates exceed 80% in the absence of
Na(l, falling to 45% when a concentration of 0.025 M NaCl is applied. Further increases
in concentration result in a continued decrease in removal, falling to approximately 17%
at a concentration of 1.00 M.

In contrast, at pH 4.0, SMX is relatively neutral (Figure 6a), although positively
charged species may also be present. Despite being mostly neutral, the interaction between
SMX and the CHPs is hindered by chloride ions, which interact with the few positively
charged sites on the antibiotic and the protonated amino groups of the CHPs. For both
antibiotics, the presence of Na* and Cl~ ions play a significant role in the removal process,
directly affecting electrostatic interactions and hydrogen bonding between the CHPs and
the antibiotics AMX and SMX, ultimately reducing removal capacity.

As in the previous case, an increase in salt concentration leads to a decrease in
removal capacity. However, the effect of divalent ions is much less pronounced for
AMX (Figure 6d), with removal remaining similar despite the increase in MgSO4 con-
centration. A similar trend is observed for SMX at 0.0025 mol L~! and in the absence
of salt (Figure 6¢). This effect can be attributed to the interaction of Mg2+ ions with
the -OH groups present in chitosan. Additionally, Mg?* ions are smaller than antibiotic
molecules, allowing them to diffuse into the structure more easily. As with monova-
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lent ions, increasing the salt concentration reduces removal capacity due to the higher
availability of competing ions.
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Figure 6. Effect of the ionic strength of monovalent and divalent ions on the removal of the antibiotics
(a,c) sulfamethoxazole and (b,d) amoxicillin; effect of the adsorbent dose on the removal of (e) amoxi-
cillin and (f) sulfamethoxazole. Those values that are very significant are not expressed graphically,
only those of low significance and those that are not significant are detailed. ** Significant at p < 0.05,
* Significant at p < 0.01, ns = no significant difference.

For both antibiotics, the effect of adsorbent dose followed the same trend: removal
improved with increasing adsorbent dosage (Figure 6e,f). This behavior is attributed to
the higher number of active sites available in the crosslinked CHPs, which enhances the
attraction of more antibiotic molecules to the greater quantity of CHPs present in the system.
Additionally, it was observed that while higher doses increase removal efficiency, the effect
becomes less pronounced at higher adsorbent concentrations due to the saturation of the
active adsorption sites [48,49].

2.5. Evaluation of Retention Kinetics at Different Temperatures

Adsorption generally improves with increasing temperature; however, AMX exhibits
a reverse effect at 40 °C (Figure 7a) compared to SMX (Figure 7b). SMX shows higher
adsorption at elevated temperatures, as the chains of the crosslinked CHPs become more
relaxed. Additionally, the smaller molecular size of SMX allows it to penetrate more easily
into the structure of the crosslinked CHPs, facilitating stronger interactions [50].
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Figure 7. Absorption kinetics of the antibiotics amoxicillin (a) and sulfamethoxazole (b) by Chi-Glu
CHPs as a function of temperature, (c) template effect.

2.6. Effect of Initial Antibiotic Concentration at Different Temperatures

The antibiotics were allowed to interact with the crosslinked CHPs (Chi-Glu5%) for the
maximum adsorption time determined in the previous section. The effect varied between
the two antibiotics: SMX showed higher adsorption at elevated temperatures, whereas
AMX reached similar adsorption percentages around 80% across all temperatures. The
removal capacities recorded were 11.65, 11.67, and 11.49 mg g’1 of CHPs at 20, 30, and
40 °C, respectively. These values remained consistent regardless of temperature, indicating
that the effect is primarily influenced by concentration. Similar values have been reported
for cellulose-derived beads (10.8 mg g~ !) [51], chitosan/biochar beads (7.64 mg g~ 1) [52],
and silica nanostructures (24.15 mg g~1), as well as other results shown in Table S1, which
are directly related to removing AMX and SMX [53]. In each case, adsorption capacity
increased with rising temperature (Figure 8a,b), albeit not significantly. This increase can
be attributed to the enhanced molecular mobility in solution and the greater flexibility of
the polymer chains in the crosslinked CHPs, resulting in an increased number of active
adsorption sites [54,55].

Thermodynamic parameters, such as the standard Gibbs free energy change (AG®),
standard enthalpy change (AH®), and standard entropy change (AS®), provide insights into
the adsorption mechanism, distinguishing between physisorption and chemisorption [56].
This evaluation was performed using Freundlich isotherm models, yielding AH® values of
28.38 k] mol 1, 12.39 k] mol 1, and AS° 97.19 Jmol ! K1, and 33.94 ] mol ! K1 for AMX
and SMX, respectively (Figures S1 and S2). The results are summarized in Table 1. For
AMYX, the negative AG® values at all temperatures indicate that the adsorption process is
spontaneous. Additionally, the decrease in AG® with increasing temperature suggests that
higher temperatures facilitate adsorption. This phenomenon occurs because the enhanced
molecular mobility at elevated temperatures promotes interactions between the CHPs and
the antibiotic molecules. The positive AH® values indicate that the adsorption of AMX onto
CHPs is an endothermic process. Furthermore, the adsorption mechanism is identified as
physisorption, as chemisorption generally predominates only when AH® values exceed
30 kJ mol~! [57].
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Figure 8. Effect of concentration variation on the adsorption of antibiotics amoxicillin (a) and
sulfamethoxazole (b) by Chi-Glu at different temperatures.

Table 1. Gibbs energy values for antibiotics AMX and SMX at different temperatures.

AG (K] mol-1)

Temperature (K) 293.15 303.15 313.15
AMX —0.113 —1.085 —2.057
SMX 2.447 2.107 1.768

For AMX, the positive values indicate the irreversibility and stability of the adsorption
process [58], as the antibiotic binds strongly to the active sites of the CHPs. For sulfamethox-
azole, both AH® and AS° values are positive, indicating that, similar to AMX, the adsorption
process is endothermic, irreversible, and involves strong binding to the active sites of the
CHPs, though to a lesser extent than with AMX. Although these values are positive, they
decrease with increasing temperature, suggesting that, as with AMX, higher temperatures
enhance adsorption. However, unlike AMX, the adsorption process for sulfamethoxazole
is not spontaneous.

3. Conclusions

Cationic hydrogel particles (CHPs) are promising adsorbent materials for the treatment
of water contaminated with emerging pollutants. The CHPs were characterized using
spectroscopic and thermal techniques, confirming the presence of key functional groups.
Adsorption of the studied antibiotics occurred at pH 6.0 for AMX and pH 4.0 for SMX,
with a contact time of 6 h. While the adsorbent dosage, set at 30 mg, allowed a removal
efficiency of 90% for AMX and 60% for SMX, primarily through adsorption processes,
with physisorption being the dominant mechanism between the CHPs and the antibiotics.
The interactions were affected by the increase in ion concentrations (both monovalent and
divalent), with higher ion concentrations resulting in decreased antibiotic adsorption, so
that the analysis of the removal was favored in the absence of ionic compounds. The most
significant impact was observed for amoxicillin, with a reduction of over 60% in removal
efficiency under ion interference. Current and future perspectives highlight the urgent
need for improved technologies to treat and remediate water bodies contaminated with
antibiotics. In this context, CHPs present a viable alternative for various processes involved
in wastewater treatment and a preliminary step for the degradation of these antibiotics.

4. Materials and Methods
4.1. Reagents

Chitosan (Chi) with low molecular weight, 75-85% deacetylated, was obtained from
Sigma-Aldrich; glacial acetic acid for analysis (HAc); sodium hydroxide (NaOH) for analy-
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sis; glutaraldehyde (50% in water) for synthesis (Glu); absolute ethanol EMSURE (EtOH);
amoxicillin (AMX) and sulfamethoxazole (SMX) of analytical-grade standard (Titripur,);
0.IN HCl standard and 0.1N NaOH standard (Titripur). All reagents were purchased from
Sigma-Aldrich Chile, Santiago, Chile.

4.2. Synthesis and Optimization of Cationic Hydrogel Particles (CHPs)

Chitosan is dissolved in 5% (w/v) acetic acid, and the viscous solution is stirred until
complete dissolution. The solution is then added dropwise into NaOH solutions at 20%
and 25%, using a peristaltic pump. CHPs form upon contact between the viscous mixture
and the alkaline solution. The mixture is stirred for 30 min, and the CHPs are washed until
reaching a neutral pH (Figure 9) [59]. The obtained CHPs are exposed to glutaraldehyde at
different concentrations (Table 2) to determine which formulation yields the best results for
subsequent analyses.

Chitosan +

HAc 5% Glutaraldehyde

> . Lok o
o NaOH 25% =
35°C x 48hrs
=== wash

Mo
Y Q

Figure 9. Process for obtaining cationic hydrogel particles.

Table 2. Variables for obtaining CHPs.

NaOH (%) Glutaraldehyde (%)

25 5

4.3. Characterization

Fourier Transform Infrared Spectroscopy (FTIR): Spectra were obtained to examine the
presence of characteristic functional groups of chitosan and its modifications. The samples
were recorded in the frequency range of 400 to 4000 cm~! using a Nicolet spectrometer
equipped with a DTGS-KBr detector.

Scanning Electron Microscopy (SEM): The surface characteristics of the CHPs were
studied using a JEOL-SEM-PROBE CAMECA SU-30 microscope equipped with an
EDS detector.

Thermogravimetric Analysis (TGA): Thermogravimetric spectra of the samples were
recorded using a NETZSCH 209 F1 Iris thermogravimetric analyzer. Measurements were
conducted from room temperature to 550 °C, with a heating rate of 10 °C min~—! under a
nitrogen atmosphere.

Water Absorption Capacity: A sample of known mass was used to assess water
absorption capacity, evaluating the effect over time from 0 to 24 h under agitation.
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Point of Zero Charge (PZC) Determination: Fifty milliliters of distilled water was
adjusted to pH values between 3 and 11. To each solution, 0.5 g of the adsorbent material
was added, and the mixtures were stirred for 48 h at room temperature. The final pH was
measured, and the PZC was determined as the point where the final pH curve intersects
the diagonal line representing the initial pH.

4.4. Removal Studies

Antibiotic solutions were prepared with concentrations of 20 mg L~! for AMX and
5mg L1 for SMX at pH values of 3, 4, 5, 6, 7, and 8. Each solution was mixed with 30
mg of the adsorbent sample and agitated for 6 h. Afterward, the solutions were measured
using a Thermo Fisher Evolution One Plus UV-vis spectrophotometer. Calibration curves
(Figure 10a,b) were obtained for each antibiotic at different pH values to determine the
removal percentages.
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Figure 10. Calibration curves of the antibiotics (a) sulfamethoxazole and (b) amoxicillin at pH values
3.0-8.0.

With the pH value determined in the previous section, antibiotic solutions were
prepared at different ionic strengths (0.025, 0.050, 0.1, 0.5, and 1 M) using Na*, Mg2+
cations, and C1~, SO4%~ anions. The solutions were in contact with the CHPs for 6 hin a
horizontal shaker and subsequently analyzed using a UV-vis spectrophotometer. For the
effect of CHP dosage, 0.005, 0.025, 0.05, 0.075, and 0.1 g of material were used under the
optimal experimental conditions described previously.

The effect of temperature and time on the removal process was evaluated at tempera-
tures of 25, 30, 40, and 50 °C and at time intervals of 0, 15, 30, 60, 120, 180, 240, 300, 360,
420, 480, 1440, and 1800 min, following the previously established experimental condi-
tions. To assess the effect of antibiotic concentration at different temperatures, optimal
experimental conditions (pH, ionic strength, adsorbent dosage, and contact time) were
employed. Thermodynamic parameters (AH®, AG®, and AS°) were also evaluated based
on these conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels10120760/s1, Figure S1. Determination of thermodynamic
parameters using the Freundlich model for the antibiotic amoxicillin, Figure S2. Determination of
thermodynamic parameters using the Freundlich model for the antibiotic Sulfamethoxazole, Table S1.
Comparison of the adsorption capacity of the various adsorbents from the literature and with this
study [60-70].
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Abstract: Fertilizers with enhanced efficiency or high-efficiency fertilizers increase the nutrient avail-
ability, minimize losses, and reduce costs, thereby increasing crop yields and food production while
mitigating environmental impacts. This research evaluates the synthesis of biodegradable hydrogels
from cassava starch and citric acid for agrochemical applications. Hydrogels were synthesized using
water as the solvent and applied for the controlled release of macronutrients (N and K). Four concen-
trations of nutrient-containing salts were tested (0.5 to 10.0% w/w). Materials were analyzed using
ATR-FTIR spectroscopy and swelling studies. The presence of nutrients reduced both the crosslinking
efficacy and the water absorption capacity, with the latter dropping from 183.4 £ 0.6% to 117.9 = 3.7%
and 157.4 + 25.0% for hydrogels loaded with NH;Cl and KCI, respectively. The cumulative release of
Kand N from the hydrogel was monitored for 144 h and examined using kinetics models, revealing
that the releases follow Fickian’s diffusion and anomalous diffusion, respectively. Additionally,
the material was formed using cassava with peel previously milled to reduce the production costs,
and its potential for nutrient-controlled delivery was evaluated, with the finding that this hydrogel
decreases the release rate of nitrogen. The results suggest that these biomaterials may have promising
applications in the agrochemical industry in the making of high-efficiency fertilizers.

Keywords: cassava starch; hydrogel; high-efficiency fertilizers; sustainable agriculture

1. Introduction

The continuous rise in global food demand requires an increase of approximately 60%
in agricultural production to feed an estimated 9.7 billion people by 2050 [1]. Traditionally,
fertilizers have significantly increased crop yields over the last 50 years. However, the ex-
cessive and inefficient use of fertilizers has revealed several drawbacks, including economic
losses, increased food prices, and environmental contamination [2,3]. Currently, fertilizers
exhibit poor nutrient use efficiency due to the loss of many nutrients thought various
processes such as leaching, runoff, volatilization, and lixiviation [3,4]. These processes
result in economic losses for agricultural producers and an increase in the cost of food.
Additionally, the loss of nutrients contributes to the environmental contamination of water,
soil, and air and can even impact human health. For instance, the nitrogen use efficiency
from urea is approximately 40% [5], indicating that more than 50% of the applied nitrogen
is lost and transported into the environment. This leads to the formation of nitrite in water,
which reduces oxygen levels and hinders the development of aquatic species. Nevertheless,
a new type of fertilizer has been proposed as an alternative to overcome the limitations
of conventional fertilizers. These are the called “fertilizers with enhanced efficiency” or
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“high-efficiency fertilizers”. These products are designed to increase nutrient availability,
minimize losses, and reduce the costs of agricultural production. Consequently, their
objective is to increase crop yields, enhance food production, and reduce the negative envi-
ronmental impacts of agriculture. Among the most promising matrices for these fertilizers
are polymeric hydrogels, particularly those of natural origin (biopolymeric hydrogels).

Polymeric hydrogels are three-dimensional structures with crosslinking, characterized
by their high water absorption capacity (WAC), low solubility, high durability, and ade-
quate stability. These materials have demonstrated their ability to reduce soil erosion and
runoff by altering the hydrophysical properties of soil [6,7]. Furthermore, they can trap
nutrients and promote their slow release in soils. Synthetic polymers such as acrylamide
(AAm), acrylic acid (AAc), and copolymers of AAm have been utilized to form hydrogels
and entrap macronutrients like nitrogen, phosphorus, and potassium (NPK). For example,
Liu et al. (2007) reported the application of AAc hydrogel formed from N,N’-methylene
bisacrylamide as a crosslinker and ammonium persulfate as an initiator in the presence
of urea. This hydrogel exhibited a slow-release profile, delivering approximately 80%
of the entrapped nitrogen over a period of approximately 28 days [8]. The same mate-
rial has been used to trap phosphorous, using KH,POy as the source, demonstrating a
controlled release of this nutrient [9]. However, despite the effectiveness of hydrogels
formed using synthetic polymers in facilitating slow nutrient release, their high production
costs and low biodegradability make them unsuitable for agriculture applications [10]. To
address these drawbacks, researchers have explored combining synthetic polymers with
naturals biopolymers (e.g., cellulose, starch, and chitosan) and clays (e.g., bentonite, kaolin,
and montmorillonite) to enhance the properties of hydrogels and reduces production
costs [11,12].

Biopolymers, which are biodegradable, non-toxic, and biocompatible materials de-
rived from natural sources, show a robust alternative for forming hydrogels. They con-
tribute to reducing biomass waste and protecting the environment [13]. For instance, a
carboxymethyl starch-g-polyacrylamide hydrogel was developed and used for the slow
release of phosphorous. This hydrogel delivered approximately 87% of the nutrient over
30 days, highlighting its potential as a material for controlled nutrient supply [14]. How-
ever, the literature has explored only a limited range of biopolymers, such as cellulose,
chitosan, and starch, to enhance the biodegradability of hydrogels. Starch is one of the
most abundant polysaccharides worldwide, found in high concentrations in vegetables and
cereals. It is composed of a co-polymer chain consisting of amylose (AM) and amylopectin
(AP), typically comprising approximately 20-30% AM and 70-80% AP. Additionally, starch
is also a biodegradable, biocompatible, and non-toxic biopolymer [15,16]. Several crosslink-
ing compounds have been reported for producing starch hydrogels, such as glutaraldehyde,
epichlorohydrin, and sodium hypophosphite. However, their high cost and negative envi-
ronmental impacts have limited their use in agriculture applications. Hence, to achieve
an eco-friendly and cost-effective hydrogel material, citric acid (2-hydroxypropane-1,2,3
tricarboxylic acid, C¢HgOy) was investigated as a crosslinking agent for cassava starch
biopolymer. The crosslinking reaction was monitored using ATR-FITR measurements,
and the swelling behavior and water retention properties were determined and compared.
Additionally, the materials were employed for the entrapment of potassium and nitrogen,
and their slow-release profiles were assessed. This work provides valuable insights into the
production of cassava starch—citric acid hydrogels, which have the potential to enhance the
macronutrient release while mitigating the negative environmental impacts of the fertilizer.

2. Results and Discussion
2.1. Hydrogel Characterization

The crosslinking reaction between cassava starch (AGCY) and citric acid (CA) to form
starch hydrogel (AGCY-CA(10)) was performed using a concentration of 15% and 10%
w/w of AGCY and CA, respectively. Figure 1 shows the main bands in the ATR-FITR
spectrum of AGCY, CA, and AGCY-CA(10). In cassava starch (Figure 1A), a band around
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3348 cm ™! can be observed and is attributed to the stretching of the hydroxyl groups. The
band at 1640 cm !, indicating the presence of water in the biopolymer, suggests the high
hydrophilicity of cassava starch [17]. Additionally, a band around 2914 cm~! appears,
corresponding to the stretching of C-H groups in the biopolymer chain. Bellow 1700 cm !,
bands related to AM and AP units are observed: the band at 1330 cm ™! is attributed to the
symmetric deformation and scissoring vibration of the CH, groups in the glucose units.
Furthermore, bands a (1139 cm~!) and b (1078 cm ™) correspond to the C-O stretching,
while bands ¢ (1016 cm™1), d (918 cm ™), and e (846 cm ™) are attributed to the C-O-C ring
vibration in the monomer units [17,18].
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Figure 1. ATR-FITR spectra of CA and hydrogels: (A) AGCY, (B) CA, and (C) AGCY-CA(10). In
spectrum A, bands related to monomeric units are identified with a, b, ¢, d and e (see details in

Section 2.1).

On the other hand, the ATR-FITR spectrum of CA (Figure 1B) exhibits three bands
between 1700 cm ! and 1600 cm ™!, attributed to the stretching of the carboxylic (C=0)
groups of CA [19]. In the ATR-FITR spectrum of the AGCY-CA(10) hydrogel, similar bands
were observed in the fingerprint region, attributed to the vibration of the AM and AP
units. Additionally, a band appears at 1714 cm ™! (Figure 1C), confirming the crosslinking
reaction between the carboxyl groups of the CA and the hydroxyl groups of the cassava
starch to form ester groups. Due to the steric hindrance, the hydroxyl at position C6 of the
starch is more reactive than the hydroxyl at positions C2 and C3 (Figure 2) [20,21]. During
the production of AGCY-CA(10) hydrogel, CA is converted to its anhydride, forming
ester bonds with the hydroxyl groups of anhydroglucoses from neighboring chains of
cassava starch [22]. This process results in greater stabilization of the starch structure in the
material. These results are consistent with other studies on starch esterification reactions

with CA [23,24].
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Figure 2. (A) Starch structure. (B) Mechanism of crosslinking reaction between CA and starch.
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Furthermore, the intense bands around 1640 cm ! indicate the presence of water in
the formed material. The higher intensity of this band compared to the cassava starch
spectrum suggests a significant presence of water, likely entrapped within the hydrogel’s
polymeric matrix. This band could also be attributed to the carbonyl groups of the citric
acid that are not crosslinked with starch [25]. Incomplete crosslinking can leave citrate
groups available to interact electrostatically with ions such as K* and NH4", promoting
favorable interactions to retain theses fertilizer ions in the polymeric network and enable
slow-release behavior. Moreover, CA is recognized as a safe food additive and is considered
safe for the environment and human health [26,27]. This is an important characteristic
for materials applied in nutrient release in soils to enhance agricultural productivity, as it
does not negatively impact the environment. Additionally, starch esterification with CA
increases starch resistance to amylolysis (i.e., transformation of starch into sugar by the
effect of acids or enzymes) [28]. Consequently, it could increase degradation resistance
in soils, prolonging the time for fertilizer release, and inhibiting nutrient losses through
processes such as leaching, runoff, volatilization, and lixiviation.

To facilitate the slow delivery of nutrients, hydrogel was applied using different
concentrations (0.5 to 1.0% w/w) of KCl and NH4Cl as sources of potassium and nitrogen,
respectively (Figure 3). The material AGCY-CA(10) without nutrients exhibited a reddish-
brown color and a dry, rigid appearance, which remained after water absorption (swollen),
indicating a high degree of crosslinking and a lower WAC. These findings are congruent
with the results reported by Mei et al. (2015), who observed that citrate-crosslinked starch
granules showed lower WAC in comparison with native starch. This reduction in WAC
is attributed to changes in the AM and AP structures, which hinder granule swelling [29].
However, upon incorporating nutrient salt sources, the materials became more malleable
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as the nutrient concentration increased. Even at concentrations of 5.0% and 10.0% KCl,
the materials did not form a rigid structure and dispersed in water after immersion. In
contrast, the materials formed with 0.5% and 1.0% KCIl maintained their structure after
water absorption. On the other hand, when the hydrogel was formed with NH4Cl, all the
materials maintained their structure after water absorption, except for the hydrogel formed
with 10.0% NH4Cl, which dispersed in water. Additionally, as the NH4Cl concentration
increased, the material became softer after water absorption, suggesting that the addition
of nutrient salts inhibits starch crosslinking or modifies the starch’s chemical structure.
This is further supported by the WAC results, as the increase in nutrient source salts led
to a decrease in WAC (Figure 4), attributed to a reduction in the crosslinking reaction,
which reduces the material’s capacity to absorb water. It is important to highlight that the
AGCY-CA(10) hydrogel exhibited a lower WAC (125.1 4= 13.9%) compared to the materials
formed with 0.5% KCI (173.9 + 28.4%) and 0.5% NH,Cl (141.5 £ 25.5%).

AGCY - CA(10)

AGCY - CA(10) AGCY - CA(10) AGCY -CA(10) AGCY -CA(10)
KC1 0.5 % KCI1 1.0 % KCI5.0 % KC110.0 %

Swollen . .

Disperses Disperses

in water in water
AGCY - CA(10) AGCY - CA(10) AGCY -CA(10) AGCY -CA(10)

NH,C1 0.5 % NH,CI11.0 % NH,C1 5.0 % NH,CI 10.0 %

Dry
Swollen Disperses
in water

Figure 3. Digital photos of AGCY-CA(10) with and without several KCl and NH4Cl concentrations
(0.5 to 10.0% w/w) before and after water-absorbing process.

300
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Figure 4. WAC of the AGCY-CA(10) hydrogel with and without KCI and NH,4Cl in water.
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ATR-FTIR spectra of hydrogels loaded with fertilizers are shown in Figures 5 and 6.
The spectrum of NH,Cl exhibited three principal bands at 3122, 3032, and 1398 cm !
attributed to the NH,* stretching vibrations [30]. The intensity of the band at 1398 cm !
increased with a higher NH4ClI concentration in the hydrogels. Furthermore, the peak asso-

-1

ciated with ester formation, reaching its maximum intensity between 1710 and 1720 cm™",
suggests that the presence of low concentrations of fertilizer did not significantly impact the
crosslinking of cassava starch. However, based on both digital photos of the materials and
ATR-FTIR results, it is evident that despite observing a band at 1712 cm ™! in the material
containing 10% NH4CI, the degree of esterification was not substantial. This is evidenced
by the material dispersing in water after 24 h.
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Figure 5. ATR-FITR spectra of fertilizer and hydrogels: (A) NH4Cl and AGCY-CA(10) with several
concentrations of NH4CI: (B) 0.5%, (C) 1.0%, (D) 5.0%, and (E) 10.0%.
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Figure 6. ATR-FITR spectra of (A) KCl and hydrogel AGCY-CA(10) with several concentrations of
KCI: (B) 0.5% and (C) 1.0%.

Furthermore, all AGCY-CA materials with fertilizer showed the same band profiles of
glucose units in the starch, demonstrating that there were no significant modifications in
the structure of amylose and amylopectin during material formation. On the other hand,
KCI exhibits an intense band at 1085 cm !, which is likely attributed to the Si-O stretching
of impurities in the fertilizer used. In the hydrogel AGCY-CA(10) with KCl 0.5%, a band
around 1712 ecm~! is observed, indicating AGCY-CA esterification. However, this band
notably decreases with 1.0% KCI, suggesting that the fertilizer reduces the efficiency of the
crosslinking reaction. This finding is consistent with the analysis using digital photos of
the dry and swollen material, where an increase in KCl concentration leads to the reduced
physical stability of the material. Even at concentrations higher than 5.0%, the material
does not swell and disperses in water.

During the material formation, three processes are involved: (i) gelatinization,
(ii) crosslinking reaction, and (iii) retrogradation. In the system, the fertilizer is added after
cassava starch gelatinization; therefore, the fertilizer is expected to affect steps (ii) and (iii) of
the material formation process, limiting crosslinking and/or the association and hydrogen
bonding between the linear chains of AM and AP. It is known that cations can significantly
influence starch retrogradation, particularly bivalent cations such as Ca?* and Mg?*, as
these ions affect the hydrogen bonds in water—starch and starch—starch systems [31,32].
The negative effect on retrogradation occurs because the interaction between the cation
and starch hydroxyl groups causes the starch to become negatively charged, resulting
in a positive charge in the water phase. This creates a potential difference known as the
Donnan potential [33]. Therefore, it is likely that potassium ions induce a negative charge
on the starch, leading to intramolecular repulsive forces within the starch and affecting the
starch—starch association. This explains why, at high concentrations of salt, the material
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(A)

Cumulative released potassium / (%)

does not form a rigid structure. Interestingly, this effect was also observed with ammonium
salts, although it only occurred at fertilizer salt concentrations higher than 5.0%.

2.2. Release Studies In Vitro of Potassium and Nitrogen

The potassium and nitrogen release profiles from hydrogels AGCY-CA(10) were
evaluated using materials with 0.5 and 1.0% KCl, and the material with 5.0% NH4Cl
(Figure 7A,B). The in vitro release profile of potassium from the cassava starch hydrogel
showed an initial burst release, with approximately 80% and 60% of the entrapped nutrient
released in the first 6 h for the materials formed with 0.5% and 1.0% KCl, respectively.
Subsequently, for the systems with low KCl concentrations, the nutrient release increased
gradually, reaching almost 90% of the entrapped potassium after approximately 60 h. After
that, the released potassium levels remained relatively constant with increasing time. This
behavior may be attributed to the rapid dissolution and diffusion of potassium at the
beginning of the swelling process. However, for the material with 1.0% KCl, the release did
not exceed 64% of the entrapped potassium. This suggests that the higher KCl concentration
led to multiple desorption—adsorption steps, which contributed to maintaining a significant
proportion of entrapped potassium (approximately 34%). On the other hand, when nitrogen
was entrapped, the percentage of released nutrients increased rapidly from 27.4% to 96.2%
as time increased from 30 min to 24 h, indicating its ability to gradually release the nutrient
within the first 24 h. The rapid release of ammonium ions could be attributed to their
instantaneous migration to the release medium when the sample is immersed. A similar
release behavior was observed by Leén et al. (2019), who found that starch oxidate hydrogel
released 90% of the entrapped ammonium within the first 4 h of the release experiment [34].
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Figure 7. Cumulative nutrient release profiles from hydrogel AGCY-CA(10) with (A) KC10.5% (e)
and 1.0% (e) and (B) NH4Cl 1.0% (e).

Four kinetic models (zero-order, first-order, Higuchi, and power-law) were considered
to evaluate the mechanism of nutrient release from the materials formed. Table 1 presents
the calculated kinetic parameters obtained by fitting the experimental data. Among the
models applied to the release data, the power-law model showed the highest regression
coefficients (R?) for both nutrients.
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Table 1. Release kinetics parameters for potassium and nitrogen release from the AGCY-CA(10)

hydrogel.
Mathematical Models
Zero-Order First-Order Higuchi Power-Law
Fertilizer/
Concentration ko R? ky R? ky R? Kl 1 R2 n
(1x102KY 1x101hY (1x107 K Y ax10 'Y

KC1/0.5% 34 0.7747 7.0 0.8157 1.0 0.9005 7.81 0.9447 0.13
KCl1/1.0% 1.7 0.2154 1.5 0.2662 0.7 0.3958 1.49 0.995 0.14
NH4Cl1/5% 1.2 0.8564 2.7 0.8907 3.92 0.8986 421 0.9791 0.55

ko, k1 “kpr”, and “k” represent the apparent release rate constants of the respective mathematical models, and n is
the release exponent of the power-law model.

This mathematical model describes solute diffusion from a matrix with different
geometric dimensions and porous systems, allowing for inference of the mechanisms asso-
ciated with nutrient release based on the release exponent (n) value: n = 0.45 corresponds
to a Fickian diffusion mechanism or solute release that is diffusion-controlled; n = 0.45-0.89
corresponds to non-Fickian transport (anomalous diffusion) or solute release that is both
diffusion-controlled and erosion-controlled; n = 0.89 relates to a case Il mechanism (poly-
mer relaxation or swelling-controlled); and n > 0.89 relates to a super case Il mechanism
(transport or solute release that is erosion-controlled) [35-37]. According to the power-law
model, the release of nutrients occurs through the diffusion of nutrients, which are rapidly
delivered upon swelling of the hydrogel AGCY-CA(10). When the polymeric material
swells, it induces macromolecular relaxation of the biopolymer, resulting in a rubbery state.
In this state, solute diffusion into the aqueous medium generally occurs. However, in the
case where the water penetration rate is much slower than the polymer chain relaxation rate,
the value of “n” can be less than 0.5, as observed in the tested materials. This phenomenon
is still considered Fickian diffusion and is referred to as “Less-Fickian”. For the hydrogels
studied, the release of potassium (n = 0.5) and nitrogen (n = 0.55) follows a Less-Fickian and
anomalous diffusion pattern, respectively [36,38]. This means that the release process of
potassium is primarily dependent on the rate of water penetration, where the biopolymers
have high mobility, and water easily penetrates the rubbery network, promoting rapid
diffusion of the nutrient out of the matrix. Conversely, for nitrogen, the material exhibits
high mobility, allowing for the rapid penetration of water into the biopolymer matrix [34].

2.3. Production and Application of Economic Starch—CA Hydrogel

CA is an economical raw material and is considered a green chemical compared to
other crosslinking agents reported in the literature for starch, such as glutaraldehyde,
epichlorohydrin, boric acid, and sodium hypophosphite. In order to decrease production
costs, cassava with peel (AYD) was milled to replace the cassava starch used in the previous
experiments and applied in the entrapment of N and K macronutrients. Figure 8A shows
the ATR-FTIR spectra of AYD, AYD-CA(10) with NH4C1 1.0% (Figure 8B), and KC1 1.0%
(Figure 8C). The AYD material exhibits similar bands to those reported for cassava starch,
especially in the fingerprint region (600~-1400 cm '), indicating the presence of a high
quantity of amylose and amylopectin units in the material. This allows for its application
in forming hydrogels, eliminating the need for starch extraction. Additionally, both spectra
of the formed material show an intense band around 1700 cm~!, indicating material
crosslinking and the successful production of the economical hydrogel. These results are
important because they demonstrate that it is not necessary to extract cassava starch in
order to obtain a hydrogel with the capacity to reduce nutrient release in soils.
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Figure 8. ATR-FITR spectra of (A) AYD, (B) AYD-CA(10)-NH,Cl 1.0%, and (C) AYD-CA(10)-KCl 1%.
In spectrum A, bands related to monomeric units are identified with a, b, ¢, d and e (see details in
Section 2.1).

The material AYD-CA(10), with and without fertilizer, exhibits a rigid structure both
before and after immersion in water for 24 h, maintaining its physical integrity without
dispersion in the swelling medium (Figure 9A). However, a heterogeneous surface can be
observed due to the presence of cassava peel. Additionally, the materials have the ability to
absorb water, with AYD-CA(10) showing a WAC of 183.4 =+ 0.6%, which is higher than that
of AGCY-CA(10). This effect is likely caused by the heterogeneity of the cassava sample,
which reduces the crosslinking points in the material and allows for greater penetration of
water into the biopolymer network. Furthermore, similar to the AGCY-CA(10) materials,
the addition of nutrients decreases the WAC of the material AYD (Figure 9B), resulting in a
WAC of 117.9 + 3.7% for the material with NH4Cl and 157.4 4+ 25.0% for the material with
KCL This is likely because the fertilizers reduce the efficiency of crosslinking, decreasing
the formation of cavities in the material for water entrapment. Moreover, the application
of the material for potassium release shows similar behavior to AGCY-CA(10)-KCl1 1.0%,
delivering approximately 40% of the entrapped nutrient in 48 h (Figure 9C). However, for
nitrogen, the material exhibits improved nutrient retention, delivering approximately 60%
of the entrapped nutrient. This indicates that the material AYD-CA(10) is economical and
enhances the capacity to retain nutrients compared to AGCY-CA(10). The above is a result
of raw materials and methodology; for instance, hydrogels are produced from cassava
starch with peel, which eliminates the need for AGCY and reduces the cost of hydrogel
production, as AGCY is obtained from AYD and requires different physical processes.
Additionally, after 48 h of nutrient release, AYD-CA(10) retains nearly 60% K and 40% N.
These values are higher than those for AGYD-CA(10), which retains 40% K and 3% N.
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Thus, it has the potential to facilitate nutrient applications in various agricultural practices,
reducing the environmental impacts of conventional application methods.
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Figure 9. AYD-CA(10) with and without KCI (1.0%) and NH4Cl (1.0%): (A) Digital photos before
and after water-absorbing process, (B) WAC in water, and (C) Potassium and nitrogen cumulative
nutrient release during 24 h and 48 h.

3. Conclusions

Cassava starch hydrogels were successfully prepared through a crosslinking reaction
between starch and CA in an aqueous solution. This methodology is considered simple
and economical. The hydrogel material was then utilized to entrap potassium and nitrogen,
facilitating the controlled release of these macronutrients. The ATR-FTIR analysis demon-
strated that the incorporation of nutrient sources, such as KCl and NH4Cl, influenced the
formation of the hydrogel material. Higher concentrations of these salts were found to
reduce the efficiency of crosslinking. Additionally, the presence of nutrients resulted in a
decrease in the WAC of the hydrogel materials. The cassava starch hydrogel exhibited the
ability to effectively entrap and release the tested macronutrients. The release mechanism
followed a Less-Fickian diffusion for potassium and anomalous diffusion for nitrogen. This
indicates that the release of potassium is mainly dependent on the water penetration rate,
allowing for rapid diffusion outside the rubbery network of the hydrogel. On the other
hand, the release of nitrogen is influenced by the high mobility of the hydrogel, which facil-
itates the penetration of water into the biopolymer matrix. Furthermore, the production of
hydrogels using cassava with peel material, which was previously milled, was successfully
demonstrated. This approach aimed to reduce production costs and eliminate the need for
starch extraction. The resulting materials exhibited improved nitrogen retention compared
to cassava starch hydrogels. This economic hydrogel material offers the advantage of
being suitable for production in farms with limited infrastructure and can be applied in the
agroindustry to minimize the negative environmental impacts of nutrient application.
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4. Materials and Methods
4.1. Materials

Cassava and cassava starch (AGCY) were acquired from a local market in Cali, Colom-
bia. Citric acid (CA) (C¢HgOy), sodium hydroxide (NaOH), formaldehyde (CH,0O), and
potassium hydrogen phthalate (KHCgH40O4) were purchased from Sigma-Aldrich (St. Louis,
MA, USA). Potassium chloride (KCI) and ammonium chloride (NH4Cl) were obtained
from a fertilizer warehouse in Cali, Colombia.

4.2. Preparation of Starch-CA Hydrogels

The AGCY-CA hydrogels were prepared using the following procedure: A specific
amount of AGCY that would achieve a starch concentration of 15% w/w was mixed with
distilled water and stirred. The mixture was then heated at 75 °C for 30 min to facilitate
the gelatinization of starch. After that, a predetermined quantity of CA was added to
obtain a CA concentration of 10% w/w. The mixture was continuously stirred for 1 h at
75 °C, and the resulting material was dried at 50 °C for 72 h. On the other hand, to form
cost-effective hydrogels, the cassava was washed and milled to obtain a cassava flour (AYD).
The AYD-CA hydrogels were then formed using the same methodology described above.

4.3. Swelling Studies

The WAC was evaluated using the tea bag method described by Palencia et al.
(2017) [39]. A known mass of dried hydrogel was placed inside a pre-weighed tea bag
and submerged in distilled water for 24 h. Subsequently, tea bag containing the hydrogel
was suspended for 15 min to allow the excess water to drain off. The tea bag, along with
the sample, was weighed to determine the WAC using Equation 1. As a control, a blank
experiment was conducted using only the empty tea bag.

wo — (w1 +wp)

WAC = (
w1

> —WAC, 1)
where wg, wi, and w are the masses of the tea bag, the sample, and the sample tea-bag sys-
tem, respectively, and WAC is the correction of WAC given the results of blank experiment.
These experiments were conducted in triplicate to ensure accuracy and reproducibility of
the results.

4.4. Physicochemical and Morphological Characterizations of the Hydrogels

Fourier-transformed infrared spectroscopy measurements using attenuated total re-
flectance (ATR-FTIR) were conducted on the hydrogels to verify the esterification reaction.
The measurements were performed using an IR-Affinity-1 instrument (Shimadzu, Kyoto,
Japan). Data acquisition was carried out in the range of 4000 to 700 cm ! at a rate of 2 cm ™!
per data point, with 20 scans recorded for each sample. The measurement was performed
in triplicate. In addition to spectroscopy analysis, digital photographs were taken of the
hydrogel materials before and after immersion in water. These photographs were cap-
tured using a Flexible Digital Electronic Microscope (Suzhou Jingtong Instrument Co., Ltd.,
Suzhou, China) to visually assess the changes in the samples upon water exposure.

4.5. Preparation of AGCY-CA with Potassium and Nitrogen Nutrients Entrapped

AGCY-CA and AYD-CA materials were prepared as described earlier in the “Prepa-
ration of starch-CA hydrogels” section. In addition, KCl and NH4Cl were independently
added to form Y-CA-KCI-X and Y-CA-NH4CI-X materials, where Y represents the starch
source (Y = AGCY or AYD) and X represents the salt concentration (0.5% or 1.0% or 5.0%
or 10.0% w/w). For AYD-CA, both KCl and NH4Cl were incorporated at a concentration
of 1.0% w/w. To determine the concentration of potassium and nitrogen, the following
methodology was employed: Potassium quantification was carried out using an atomic
absorption spectrophotometer (AA-6300, Shimadzu, Kyoto, Japan) following the procedure
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outlined in the Colombian Institute of Technical Standards and Certification (NTC 202) [40].
The sample was first digested in a mixture of HCl/HNOj; with a 2:1 ratio, followed by
filtration using quantitative filter paper. A potassium curve was prepared using concentra-
tions ranging from 0.2 to 1.0 ppm in deionized water with the addition of 1.0% lanthanum
chloride (LaCls).

On the other hand, nitrogen concentration was determined by titration of ammonium
in the fertilizer sample, using the methodology outlined in the Colombian Institute of
Technical Standards and Certification (NTC 5268) [41]. First, the sample was dissolved in
deionized water, followed by the addition of 40% v/v formaldehyde and 30 mL of water.
The sample was titrated with NaOH in the presence of phenolphthalein. NaOH solution
was standardized using KHCgH4O4, which was previously dried at 98 °C for 4 h. The
amount of NaOH used in the titration provided the ammonium content in the sample, with
a 1:1 molar ratio, allowing the determination of the nitrogen concentration.

4.6. Nutrients Release Kinetics—In Vitro Study

To evaluate the release of nutrients from AGCY-CA(10%) and AYD-CA(10%) hydrogels,
approximately 1.0 g of each hydrogel with entrapped nutrients was placed in tea bags.
Release experiments were conducted by continuously agitating the samples at 100 rpm
in deionized water as the release medium. At specified time intervals over a period
of six days, 2.0 mL aliquots of the resulting solution were withdrawn and immediately
replaced with 2.0 mL of fresh medium. The experiments were performed in triplicate to
ensure accuracy and reproducibility. The concentrations of potassium and nitrogen in
the withdrawn solution samples were determined using atomic absorption spectroscopy
and titration methods, respectively, as described in the previous sections. For the nitrogen
quantification, a titration blank was performed using 1.0 mL of the sample solution with
NaOH, employing phenolphthalein as an indicator, without the addition of formaldehyde.
To analyze the release mechanism of the nutrients, four kinetic models were employed:
zero-order, first-order, Higuchi, and power-law. These models can be represented by the
following equations (Equations (2)—(5), respectively):

Zero-order model : My/Mq = kot 2)
First-order model : M{/Me =1 — el~kit) 3)
Higuchi model : M/Mgo = kijt? @)
Power-law model : M;/Mq = kt" (5)

where M/M,, represents the fraction of nutrient released at time t. ko, ki, kyy, and k
represent the zero-order release constant, first-order release constant, Higuchi constant,
and power-law constant, respectively. The release constants and model parameters were
determined by fitting the experimental release data [42,43].
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Abstract: Phosphorous (P) is one the most important elements in several biological cycles, and is a
fundamental component of soil, plants and living organisms. P has a low mobility and is quickly
adsorbed on clayey soils, limiting its availability and absorption by plants. Here, biodegradable
hydrogels based on Cassava starch crosslinked with citric acid (CA) were made and loaded with
KH,POy4 and phosphorite to promote the slow release of phosphorus, the storing of water, and
the reduction in P requirements during fertilization operations. Crosslinking as a function of CA
concentrations was investigated by ATR-FTIR and TGA. The water absorption capacity (WAC) and
P release, under different humic acid concentration regimens, were studied by in vitro tests. It
is concluded that hydrogel formed from 10% w/w of CA showed the lowest WAC because of a
high crosslinking degree. Hydrogel containing 10% w/w of phosphorite was shown to be useful to
encouraging the slow release of P, its release behavior being fitted to the Higuchi kinetics model. In
addition, P release increased as humic acid contents were increased. These findings suggest that
these hydrogels could be used for encouraging P slow release during crop production.

Keywords: hydrogels; Cassava starch; P slow release; phosphorite

1. Introduction

The rapidly growing world population demands an increase in food production to
ensure food and nutritional security. In this context, in recent decades, there has been
a growing demand for resources in the agricultural field, which has placed pressure on
ecosystem resources such as water and soil. In the first case, as the agricultural frontier
increases, water requirements are increasing as well, which competes with the supply needs
of the community, fauna, and other productive sectors. On the other hand, due to over-
exploitation, the productive capacity of soils is diminished, experiencing a marked decrease
in their agricultural suitability. The above is usually addressed through the increasing
incorporation of fertilizers, mainly nitrogen (N), phosphorus (P) and potassium (K), which
in turn, when used excessively and in an uncontrolled manner, negatively impact the
environment by disturbing ecosystem balances, through processes such as eutrophication,
and the progressive degradation of the physical, chemical, and biological properties of
soils (i.e., salinization, erosion, loss of structure, disintegration and loss of the clay fraction,
decrease in the population of microorganisms, etc.). For example, chemical fertilizers can
cause soil acidification, increasing the availability of heavy metals such as Cd found in
phosphate fertilizers derived from phosphate rock [1]. Another example is the salinization
and disintegration of the soil structure due to the increase in salts, such as sodium and
potassium, which increase the soil pH and promote erosion; but also, water availability for
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plants is reduced [2]. In addition, hazardous emissions resulting from the hydrolysis of
nutrients and the action of microorganisms (i.e., NH3, N, O, etc.), residue accumulation,
and pesticide resistance in insects and pathogens pose risks to human health, among other
concerns [3-6].

As consequence, agricultural-use products including fungicides, herbicides, nemati-
cides, fertilizer, and other substances are used in large quantities [7]. Particularly, though
fertilizers improve the crop production, 60-90% of them are lost due to evaporation, ad-
sorption, degradation, and environmental runoff [8,9]; consequently, the costs of crop
production are increased and transferred to the final consumer, restricting its accessibility
in the most impoverished communities. In this way, accessibility to food is restricted for
the population with lower purchasing power. As a result of the above, new technologies
focused on improving the supply of fertilizers, increasing their use, and reducing their
losses are highly desired.

Polymer-based controlled-release systems are a technological alternative set out to
overcome the disadvantages and side effects of the uncontrolled (or inadequate) use of
fertilizers. Recently, the utilization of nano- and micromaterials has been a strong alternative
set out to promote the slow delivery of fertilizer to plants [10]. However, whereas slow-
release fertilizers are usually prepared by the encapsulating of urea, used as nitrogen
source, slow-release systems based on the encapsulation of phosphorus and potassium are
limited. Furthermore, the agricultural application and industrialization of nanomaterials
are still limited due to limited information on the human and environmental health risks of
them; but also, there are technical and scientific reports that show the regulatory difficulties
resulting from the uncertainty of the dynamics of nanomaterials when they are released into
uncontrolled environments [11]. For instance, ZnO-urea nanoparticles reduce N leaching in
the soil because they can be taken up by plant roots, decreasing fertilizer loss. However, they
produce oxidative stress in soybean roots, affecting hormone metabolism [12]. Additionally,
ZnO nanoparticles cause death in aquatic organism such as Daphnia magna, Lymnaea
stagnalis, Caenorhabditis elegans [13], and P. lividus embryos [14,15]. This negative effect
has also been observed in human cells, where ZnO nanoparticles decrease cell viability,
produce DNA damage, and cause carcinogenesis [16]. In humans, medical studies on
ZnO nanoparticles are limited, but there are reports of severe pulmonary inflammatory
diseases [17]. Another limitation is the intrinsic complexity of the characterization and
standardization of its properties during the large-scale manufacturing process, which
implies the use of technology the costs of which are transferred to the product, leading to
a higher relative cost of these compared to other technologies. On the contrary, materials
on the microscale are easier to manufacture, control, characterize and standardize, and
consequently both their properties as well as their effects have less uncertainty, which
implies lower risks.

On the other hand, eco-friendly hydrogels are highly hydrophilic polymeric mate-
rials with the ability to absorb a large amount of water. Interest in these materials for
application in agriculture has increased because of their ability to store and release both
water and the solutes dissolved in it; therefore, they can be used to release fertilizers and
reduce their losses simultaneously with the storage and release of water. In addition,
hydrogels can be synthesized from natural raw materials to obtain biodegradable mate-
rials with a low or null residuality [18]. Examples of raw materials used for obtaining
biodegradable-matrix hydrogels include starch, proteins, and cellulosic materials, among
others. In particular, starch is one of the most abundant polysaccharides in nature, together
with cellulose and chitin. Starch-based hydrogels have shown many advantages such as
nontoxicity, biocompatibility, high biodegradability, efficient encapsulation, and prolonged
release [6]. These have been classified into two main groups: (i) starch-based hydrogels
resulting from the graft copolymerization of vinyl monomers onto starch in the presence of
crosslinker, and (ii) starch-based hydrogels obtained by the direct crosslinking of starch
chains among themselves or with other polymer chains [19]. The first group requires the
use of petroleum-derivate polymers (i.e., acrylic acid); however, their use decreases the
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material’s biodegradability, limiting its application and causing the generation of persistent
solid wastes. On the other hand, direct crosslinking can be induced using biodegradable
species with both low and high molecular weight. Some examples are cellulose, collagen,
and phosphorous compounds such as phosphorus oxychloride, sodium trimetaphosphate,
and sodium tripolyphosphate; also, polyacids such as succinic acid and citric acid (CA) can
be used [20-23].

Here, to promote the slow release of phosphorus, the storing of water, and the re-
duction in P requirements during fertilization operations, starch-based biodegradable
hydrogels (SBHGs) were obtained from Cassava starch using CA as crosslinker, and these
were characterized and evaluated to be applied in the controlled release of phosphorous,
using two phosphorous sources: KH,PO, and phosphate rock (phosphorite).

2. Results and Discussion
2.1. Hydrogel Formation and Characterization

SBHG(7.0%) was obtained from an aqueous solution by the gelatinization of Cassava
starch. The purpose of gelatinization was to open the starch granule and thus ease the
reaction among the Cassava starch hydroxyl groups and carboxylic acid groups of CA.
Thus, steric repulsion is reduced, and the crosslinking reaction is promoted. The spectra of
FTIR of Cassava starch, CA and SBHG(7.0%) are shown in Figure 1. For Cassava starch, the
bands in the range between 1700 cm ! and 900 cm ! are attributed to glucose (monomer
units of amylose and amylopectin) [24,25]. Bands at 997, 925 and 860 cm ! are attributed
to the vibration of C-O-C bonds from carbohydrates, and the bands around 1075 cm ™! are
assigned to C-O stretching. At 1408 cm™!, it is possible to see the symmetric deformation
and scissoring of CH, in the Cassava starch. Above 1700 cm ™!, the stretching band from
hydroxyl groups (3323 cm ™ !) and the stretching from C-H groups in the polymer chain
(2931 cm~!) are identified. In addition, due to the high hydrophilicity, at 1640 cm~!, a band
attributed to water molecules absorbed into the starch is observed [25-27].
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Figure 1. ATR-FITR spectra of (A) Cassava starch, (B) CA, and (C) SBHG(7%).
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For CA, characteristic bands of carbonyl group (C=0) from carboxylic groups are
observed at approximately 1751, 1721, and 1686 cm™~!; these correspond to stretching
vibrations related to three acid groups [28,29]. On the other hand, as shown in Figure 1,
for SBHG(7%), it is possible to identify the absorption band of the carbonyl group at
1724 em ™!, corresponding to the ester groups formed by the crosslinking reaction between
the CA and Cassava starch. Similar bands in the region of 1720-1750 cm ! were related
to the stretching vibration of the carbonyl group in the spectra of starch crosslinked with
CA by others researchers [20,30,31]. Therefore, the band at 1724 cm ™! was considered as
evidence of the successful derivation of SBHG. In addition, in the fingerprint region, the
bands at 1100-700 cm~! did not show significant changes in their intensities or shifts in
their wavenumbers, demonstrating that glucose units in Cassava starch maintain their
chemical structure during the formation of the SBHG(7.0%). Additionally, the band around
1640 cm ! evidences water entrapped inside the polymeric matrix, even after drying the
material, which is consistent with the highly hydrophilic nature of the material. Similar
results were obtained for the other compositions.

The Fisher esterification reaction between carboxyl groups of CA and the hydroxyl of
Cassava starch is shown in Figure 2. The reaction is catalyzed by a low pH or by Lewis
acids and drops in alkaline pH values due to the formation of carboxylates, which limit
the reaction and decrease the esterification yield [29]. Thus, CA catalyzes the esterification,
and, at the same time, it allows the crosslinking of starch chains (pH between 2 and 3). In
this experiment, the use of another acid was not needed since the CA was sufficient to
catalyze the reaction and form the SBHG. Thus, the making of a hydrogel is easy when
using only three components: water, Cassava starch, and CA.
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Figure 2. Illustration of the crosslinking of starch by Fischer esterification reaction with CA.

To further understand the formation process of SBHG(x), the effect of CA concentration
(0.5 to 40.0% w/w) on esterification was monitored by ATR-FTIR. Figure 3 shows that the
main bands change in the ATR infrared spectra of dry SBHG(x) as the CA concentration is
increased. In all hydrogels, we observed a signal at 1724 cm~! demonstrating the successful
esterification reaction. In addition, as the CA concentration is increased, the intensity of the
signal at 1724 cm~! is increased, whereas the band related to hydroxyl groups is decreased
(3344 cm’l) ; this behavior is associated with the conversion of hydroxyl groups to ester
groups during esterification. The above is also evidenced by the increase in the intensity
of asymmetric stretching vibration in ester groups (-CO-O-C-) at 1392 cm~!. A similar
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behavior was described by reference [32] during the esterification of amylose from corn
starch and propionic anhydride. In addition, a new band at 1206 cm !, corresponding to
the C-H deformation vibration of CA, appears in the fingerprint region, which implies
an increase in intensity as CA concentration is increased. From the previously described
results, it can be concluded that crosslinking is promoted by the contents of CA, what
allows the formation of a three-dimensional network of starch chains.
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Figure 3. ATR-FITR spectra of dry hydrogels of Cassava starch crosslinked with various CA concen-
trations: 0.5 (A), 1.0 (B), 5.0 (C), 7.0 (D), 10.0 (E), 20.0 (F) and 40.0% w/w (G).

On the other hand, the gel fraction can be understood as an indirect measurement of
the percentage of polymer chain that is covalently linked and does not leach out from the
hydrogel matrix. Figure 4A shows the effects of CA concentration on gel fraction percentage.
The gel fraction increased from 69.1 & 2.3% to 75.0 4= 0.09% as the CA concentration was
increased from 0.5 to 10.0% of CA; after that, the gel fraction decreased to 39.1 & 0.2 for
hydrogel with 40.0% of CA. The results show that for all SBHG, the use of up to 20.0% of
CA allows for a high degree of crosslinking between CA and Cassava starch. However,
at higher concentration of CA (40.0%), a decrease in gel fraction was observed, which is
probably due to the depolymerization reaction promoted by acid hydrolysis, which is a
competitive reaction of esterification.
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Figure 4. Effect of CA concentration on: (A) fraction gel and (B) WAC of SBHG. In addition,
(C) digital photos of SBHG with various CA concentrations before (dry) and after the water-absorbing

process (swollen).

On the other hand, WAC decreased from 322.9 + 41.0% to 125.1 & 13.9% as CA
concentration increased from 0.5 to 1.0%. For higher values of CA contents, WAC increased
up to 172.9 &= 18.2%, corresponding to SBHG(40.0%) (Figure 4B). The decrease in WAC with
the increase in the concentration of CA can be explained by the increase in crosslinikng and
the subsequent decreasing of pore size and cavities in the polymer structure, which limits
the diffusion of water towards the inside of the hydrogel. The above is consistent with
previous studies, wherein a relationship between CA content and the degree of swelling
was identified [30,31]. This behavior could be related to the material’s appearance as dry
or swollen (Figure 4C). When the hydrogel is dry, hydrogels are hard to the touch and
have a red-brown hue; however, when they are swollen, hydrogels are softened, increase in
volume, and characterized by a whitish hue. After immersion in distilled water, swollen
SBHG(7.0%) and SBHG(10.0%) showed less swelling compared to other hydrogels. This
is an important characteristic of hydrogels for agricultural use, since it allows a reduction
in the fertilizer release time. Thus, a lower rate of water diffusion will be related to lower
fertilizer transference from the loading phase (hydrogel) to the surrounding environment,
and from there to the site of action (plant).

Though the swelling capacity of a hydrogel is expected to be influenced by medium
composition, ionic strength, and pH as a result of changes in chemical and intermolecular
interactions inside the hydrogel network, the results shows that there are no significant
differences (p > 0.05—paired student  test) when distilled water is used as the swelling
medium in comparison with salt solutions (NaCl, KCl, and CaCly); therefore, it is con-
cluded that, at the tested concentration, the saline enviroment does not alter intermolecular
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interactions and does not produce significant changes in the hydrogel’s osmotic pressure,
which is the driving force of hydrogel swelling. On the other hand, NaOH and HCl had
opposing effects on WAC. Thus, whereas NaOH decreased the WAC, HCI increased it
(see Figure 5). In both cases, significant differences in WAC were observed with respect to
distilled water (p < 0.05). In an alkaline medium, ester groups are more easily hydrolyzed,
producing a decrease in crosslinking, and as a consequence, a part of the water contained in
the hydrogel is drained by gravity. On the contrary, although hydrolysis can occur in acidic
environments, its kinetic activity is relatively slower compared to alkaline hydrolysis, but
also, the acid load inside the hydrogel can be decreased by the protonation of the carboxylic
acid groups remaining in the polymer matrix. According to Le Chatelier’s principle, the
esterefication reaction is controlled by chemical equilibrium, the acid enviroment being
one of the factors that promote a shift in equilibrium towards the formation of the ester,
with the subsequent decrease in protons in the surrounding environment.

400 -
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200 +
150 -
100 -
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NaCl KCI CaCl, H,0 NaOH HCI

Figure 5. WAC of SBHG(10.0%) in different media containing 0.5% w/v of solute (NaCl, KCl, CaCl,,
NaOH and HCI).

To determine the effects of the CA concentration on the thermal stability of hydro-
gels, measurements of TGA were performed on starch, SBHG(1.0%), SBHG(5.0%) and
SBHG(10.0%). The results are shown in Figure 6A,B. The starch showed two notable weight
losses caused by thermal decomposition. The first one, which occered between 60 and
110 °C and invovled an 8% loss of mass, is attributed to the water absorbed and entrapped
inside the starch sample, whereas the second one, at between 250 and 400 °C, corresponds
to the thermal degradation of the starch’s backbone. The maximum mass loss was identified
at 315 °C, according to the derivate curves (Figure 6B).

The SBHGs showed behaviors similar to Cassava starch; however, the first stage,
which ranged between 60 and 230 °C, was characterized by an almost linear trend of mass
loss as the temperature increased, the mass loss being approximately 20% with respect to
the mass of each samples. This stage is related to the elimination of water from the polymer
matrix. The second stage started at 250 °C and finished at 400 °C, with its maximum mass
loss decreasing as the CA concentration increased in the order of SBHG(1.0%) (at 311 °C)
> SBHG(5.0%) (at 275 °C) > SBHG(10.0%) (at 274 °C). After that, at temperatures greater
than 274 °C, the mass loss rate in hydrogels decreased, with a residue of about 25% w/w
being obtained in the tested samples, ths being greater than that obtained from starch
(~12.0%), which indicates a very much improved thermal resistance for SBHG compared
to Cassava starch. A similar behavior was observed by reference [33], who concluded
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Figure 6. (A) TGA and (B) weight loss derivate curves of Cassava starch, SBHG(1.0%), SBHG(5.0%),
and SBHG(10.0%).

2.2. In Vitro Studies of Phosphorus Release

SBHG(10.0%) showed the lowest WAC, indicating that hydrogels with 10% w/w of
CA are characterized by the greatest crosslinking degree within the range of concentrations
evaluated. Thus, SBHG(10.0%) was loaded with phosphorus in order to evaluate its release.
Thus, the content of phosphorous comprised the sum of phosphorus derived from KH, PO,
(825 + 1.6 mg g~ ') and from phosphorite (68.6 & 0.4 mg g~ !). The SBHG(10.0%)-P
showed a visual appearance similar to that of SBHG(10.0%) (Figures 4C and 7A). However,
hydrogels containing phosphorite showed a grayish hue. Phosphorite (Figure 7A) is a P-
rich rock, normally composed of carbonate hydroxyl fluorapatite (Cao(PO4CO3)sF,.3) [34],
which provides PO43~ ions to the crops when it is used as a fertilizer. The phosphorite
used in this research contained 169.5 4 0.32 mg g~ ! of phosphorus.

The phosphorus release profile from SBHG(10.0%)-P showed a rapid and progressive
release, reaching approximately 80% in the first 15 h (Figure 7B), followed by a slight
increase up to 88% in 144 h (i.e., a variation of only 8 percentage units over almost ten
times as long). When phosphorite was used, the phosphorus released from hydrogel
showed a similar behavior to that observed for SBHG(10.0%)-P, releasing almost 73% in
the first 15 h until reaching a constant value independent of time. On the other hand, the
phosphorus release time decreased for the phosphorite contained in SBHG(10.0%), which
delivering around 48% of its phosphorus in the first 15 h, a rate that gradually increased
until approximately 50% in 144 h. The results indicate that the phosphorite entrapped in
SBHG(10.0%) was delivered slower than the rate observed for other tested materials, which
is desirable, since it will aid in creating phosphorus slow-release systems. In addition,
according to Figure 7C, phosphorus concentration deacreses as time is increased for all the
materials; however, SBHG(10.0%)-phosphorite showed the greatest level of nutrient release
after 144 h.
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Figure 7. (A) Digital photos of materials containing P, and (B) in vitro release profiles of phosphorus
and (C) phosphorus entrapped after 1, 24, and 144 h in the release experiment on SBHG(10.0%)-
phosphate, phosphorite (without ground), and SBHG(10%)-phosphorite.

Four kinetic models (zero-order, first-order, Higuchi, and Power law) were used
to evaluate the mechanism of phosphorus release from hydrogels (see Table 1). The
Higuchi model showed higher correlation coefficients (R?) for both SBHG(10.0%)-P and
SBHG(10.0%)-phosphorite. This model describes the diffusion of a solute from a matrix
with different geometric dimensions and porous systems, wherein the diffusion process
occurs via matrix swelling, promoting the diffusion of solute at a constant rate [35,36].
Thus, in both cases, it is possible to identify three stages of the absorption-release processes
(loading—unloading): (i) When the hydrogel is introduced into an aqueous solution, due
to the difference in water potential inside the hydrogel with respect to the surrounding
medium, the solvent and the solutes flow into the interior of the hydrogel, leading to
the incorporation of water and solutes, and subsequent matrix swelling. Although this
first stage corresponds to the loading of the material and not to its release, it is important
because it suggests that after swelling the hydrogel is not in equilibrium, but rather that an
adsorption processes has taken place inside it. Flow-mediated incorporation is the result of
the dry condition of the material, so diffusion and adsorption are not significant. However,
inside the hydrogel, the forces of interaction of the matrix with the medium are different;
in principle, the medium is more viscous, which makes diffusive processes difficult, but
they are not eliminated. (ii) During the release experiments, the swollen hydrogels are
introduced into water, creating a heterogeneous system with two characteristics. The first
relates to its two zones, an external zone (water) and an internal zone (a gelled fertilizer
solution), separated by a common interface. In this conext, the change in hydric potential
between the different states is zero; therefore, it is expected that water flow does not occur
in any direction. However, the phosphate ions contained in the polymer matrix can diffuse
from the interior of the hydrogel to the surrounding medium (i.e., the chemical potential
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of the phosphate ion is higher in the hydrogel compared to pure water). Consequently,
the first stage is expected to be controlled by diffusion. (iii) In addition to diffusion,
dissolution appears to be a determinative process when phosphorite is present. Unlike
phosphate ions, which are found in the solution, phosphorite is dispersed in particulate
form. Therefore, the viscosity of the surrounding medium reduces the availability of water
to promote dissolution. Inside the hydrogel, water molecules interact strongly with the
matrix, their mobility is reduced, and the hydration of the phosphotite particles is strongly
limited. Consequently, an appreciable fraction of the phosphorite remains retained inside
the hydrogel matrix.

Table 1. Kinetics parameters of phosphorus release from the SBHG(10.0%) loaded with phosphate
and phosphorite.

Load
P t f Model
arameters ot viode Phosphate Phosphorite

Ko (1 10-24—1) 9.71 6.89
Zero-order R2 0.844 0.922
) ki (1x1072n7 1) 0.19 0.15
First-order R2 0.728 0.705
N kp (1x 107207 1) 0.36 0.25

Higuch H
iguchi R? 0.929 0.973
k (1x1072h1) 2.76 1.85
Power law R? 0.928 0.911
n 0.62 0.50

ko, k1 “kyg” and “k” represent the apparent rate constants of respective models, and n is the release exponent of
the Power law model.

The above is consistent with Higuchi’s model. It can be seen that for SBHG(10.0%),
the Higuchi’s rate constant was higher when hydrogel was loaded with phosphate than
with phosphorite (see Figure 7A). This result shows that SBHG(10.0%)-phosphorite is a
promising material that can be used to provide phosphorus gradually in crop production;
according to the literature, phosphorus showed a faster release profile from polysaccharide
hydrogel. For instance, reference [37] reported a release profile lasting around 40 min for
phosphorus derived from cellulose hydrogel. Similar results were reported for monoammo-
nium phosphate fertilizer composed of a sodium carboxymethyl cellulose /hydroxyethyl
cellulose blend filled with 5% spherical regenerated cellulose particles, where ~90% of the
fertilizer encapsulated was released over 3 h [38].

Previous studies have demonstrated that the addition of organic matter such as humic
acid (HA) and fulvic acid produces a positive effect on soils, due to increasing phosphorus
mobility and enhanced crop yield [39,40]. Therefore, to evaluate the effect of HA con-
centration on the delivery behavior of phosphorus from SBHG(10.0%)-phosphorite, the
phosphorus release kinetic was determined up to 144 h (Figure 8). In HA 0.05% and 0.10%,
after 144 h, the SBHG(10.0%)-phosphorite delivered between 35% and 40% of phosphorus,
which is lower than the level of phosphorus released from distilled water (~50%). However,
with 0.2% HA, the hydrogel delivered approximately 55% of the phosphorus at 144 h. Thus,
the results suggest that a low HA concentration (0.05 and 0.10%) decreases the capacity for
phosphorus delivery, whereas at higher concentrations (0.2% of HA), we see a significant
enhancement in the release of phosphorus. These results can be attributed to the chemical
interaction between the HA molecules and phosphate ions. In an alkaline medium (used to
ensure solubility of HA), HA molecules present electrostatic repulsion produced by the
deprotonated phenolic and carboxylic groups [41].
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(A)

Cumulative released phosphorus /(%)

Figure 8. In vitro release profiles of phosphorus from SBHG(10.0%)-phosphorite at different concen-
trations of HA (A) and different pH values (B). the NaOH 1.0 M solution in deionized water was
used as the release medium for HA, and the results are represented as the mean SD of triplicate
experiments.

Thus, at low HA concentrations, an unfavorable chemical interaction between PO43~
ions and HA is expected; as a consequence, the PO, diffusion rate is decreased. However,
the aggregation of HA in solution could decrease the electrostatic repulsion between
PO,3~ ions and HA; thus, by increasing the favorable interaction between PO,3~ ions
and HA, we see a transfer of PO,>~ from the solid phase to the alkaline aqueous solution.
These results are in agreement with those reported by reference [42], who found that HA
affects the adsorption of PO,>~ on goethite-coated silica sand via batch isotherms and
column experiments under steady-state flow conditions. However, the presence of HA
could produce a positive effect due to the increase in PO43~ release, favoring phosphorus’
contribution to plant nutrition. On the other hand, the effectof pH on phosphorus delivery
was evaluated for SBHG(10.0%)-phosphorite (Figure 8B). It was found that the hydrogel
exhibited a tendency to increase phosphorus release in an acidic medium (pH 4-6). As was
demonstrated, in an acidic medium, the material showed higher WAC (Figure 5), increasing
the content of medium released from the hydrogel. Consequently, under this condition, the
solubility of the phosphorite rock entrapped in the hydrogel increased, thereby increasing
the nutrient diffusion rate.

The slow release of P from SBHG(10.0%) described above offers an alternative means
to provide the nutritional requirements of crops while reducing the negative impact of
conventional P fertilizers. Additionally, SBHG could offer an alternative way to overcome
the limitations of the large-scale production and commercialization of hydrogel nutrient car-
riers. For example, PUSA hydrogel, a cellulose-graft anionic polyacrylate superabsorbent
polymer applied to encourage water release during dry periods (without fertilizer), showed
a higher cost (USD 14-18/kg) with application levels of 2.5-3.0 kg/ha. The high cost of
production and manufacturing limited its application in crop production. ALSTA hydrogel,
on the other hand, is a more economical alternative (USD 8-9/kg) for use in nutrient release,
and is based on potassium polyacrylate, which can reduce fertilizer use [43]. Thus, the
low-cost production of SBHG(10.0%), owed to it being composed of only Cassava starch
and CA, presents advantages related to commercial viability. Additionally, SBHG is a
green, biodegradable material, thus overcoming the biodegradability issue of hydrogels
made from synthetic polymers. However, even in this work, the mechanical properties of
SBHG were not measured, and its mechanical strength could be limited upon swelling,
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characteristic of biopolymer-based hydrogels [44]. New experiments should be performed
to understand the behavior of SBHG in different soils and its effects on nutrient release to
promote plant growth.

3. Conclusions

An SBHG was synthesized and applied to encourage the slow release of phosphorus
through a low-cost and simple method; thus, from the results, different aspects can be in-
ferred. First, the crosslinking of starch with CA is easily assessed by ATR-FTIR and swelling
tests. This is occurs at different concentrations of CA from 0.5 to 40%. In addition, it was
shown that the degree of starch crosslinking reduces the WAC and improves the thermal
resistance of hydrogels. On the other hand, the release of phosphorus from SBHG(10.0%)-
phosphorite was initially rapid, followed by a slow, sustained and continuous release stage
until 144 h of immersion. In addition, it was found that the HA concentration promotes the
delivery of the nutrient from a hydrogel (SBHG(10.0%) loaded with phosphorite) via the
favorable chemical interaction between HA aggregates and PO,3~ ions. In summary, this
study has demonstrated that the combined use of SBHG and HA can be useful in promoting
the steady and sustained release of phosphorus, which could have high potential utility in
the slow release of nutrients in crops; however, the potential use of this hydrogel in plant
growth, the effects of field conditions, and its residual time in the soil must be evaluated.

4. Materials and Methods
4.1. Materials

Cassava starch and phosphorite were obtained from a local market in Cali, Colom-
bia. CA (C¢HgOy), potassium dihydrogen phosphate (KH;POj,), sodium chloride (NaCl),
potassium chloride (KCl), sodium hydroxide (NaOH), calcium chloride (CaCly), and hy-
drochloric acid (HCI) were purchased from Sigma-Aldrich (St. Louis, MA, USA).

4.2. Preparation of SBHGs

SBHGs were formed as follows: A mixture of 6.0 g of starch and 50 g of distilled
water was combined, stirred, and heated at 75 °C for 30 min until starch gelatinization was
achieved. A predetermined quantity of CA was added to obtain a CA concentration of 0.5%
w/w. The mixture was continuously stirred for 1 h at 75 °C. Later, the material was dried
at 60 °C for 24 h, washed with distilled water to remove the unreacted CA, and dried again
at 60 °C for 72 h. The same procedure was used to form several SBHGs named SBHG(x),
where x is the concentration of CA used (x = 0.5, 1.0, 5.0, 7.0, 10.0, 20.0 and 40.0%).

4.3. Gel Fraction

The gel fraction was determined following the research reported by reference [45],
with some modifications. To determine the gel fraction, the pre-weighed SBHG(x) was
taken in a beaker and immersed in a sufficient amount of distilled water for 24 h. After
this time, the water was removed, and the material was dried in an oven at 50 °C until the
weight was constant. The gel fraction was calculated using Equation (1):

Gel fraction(%) = (VV\\;;) 1)
where Wi and W are the final dried weight and the initial dried weight, respectively. Note
that the gel fraction is a measure of the degree of effectiveness of the starch crosslinking
process, performed through esterification with CA.

4.4. Swelling Studies

The water absorption capacity (WAC) was determined by the tea bag method [46]. A
mass of SBHG(x) was added to a tea bag that had previously been weighed. Later, the tea
bag containing the hydrogel was immersed in water for 24 h. After that, the bag with the
hydrogel was hung up for 15 min to remove the excess water via gravity, and weighed.
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The WAC was calculated using Equation (2). A blank experiment was performed using
only tea bag.

w1 + Wo)
w1

wac = 2= )
where wy, wi and w; are the masses of the tea bag, the SBHG(x) sample, and the tea bag
containing SBHG(x), respectively. These experiments were performed in triplicate.

4.5. Physicochemical and Morphological Characterization of SBHG(x)

The SBHG(x) was characterized by Fourier-transformed infrared spectroscopy using
the technique of attenuated total reflectance (ATR-FTIR, IR-Affinity-1, Shimadzu, Kyoto,
Japan). The spectra were recorded to verify the esterification reaction. The data were
acquired from 4000 to 700 cm ™! at a rate of 2 cm~! per point, with 20 scans per sample.
Thermal analysis was performed using a thermogravimetric analyzer (TGA, SDT-Q600, TA
instrument, New Castle, DE, USA). Thus, powdered starch and SBHG(x) were weighed
(5-10 mg) and heated from room temperature to 650 °C at a constant heating rate of
10 °C/min under a nitrogen flow of 20 mL per min. The results were evaluated by
considering the first-order derivative of the raw weight loss thermogram.

4.6. Preparation of Phosphorous-Loaded SBHG(x)

SBHG(10.0%) was produced via the methodology described in Section 4.2, with the
addition of KHyPO4 and phosphorite (previously ground and sieved to 250 um) to form
SBHG with phosphate (10% w/w) and SBHG with phosphorite (10.0% w/w). Samples of
both materials were digested with concentrated HCl, and the phosphorus concentrations
were quantified by UV-Vis spectroscopy (DU-8800DS, Chongqing Drawell Instrument
Co., Ltd., Chongqing, China) using a calibration curve via the molybdovanadate method
reported by NTC 6259 [47].

4.7. Phosphorous Release Kinetics—In Vitro Study

In separate experiments, 0.5 g samples of SBHG(10.0%) loaded with phosphate, and
SBHG(10.0%) loaded with phosphorite and phosphorite, were placed in a tea bag. The
phosphorous concentration was evaluated in the solution as a function of time. The
samples were kept under conditions of constant stirring at 100 rpm, using deionized water
as the release medium. Aliquots (0.5 mL) of the resulting solution were taken at specified
time intervals over six days, and immediately replaced with fresh medium. Additionally,
following the methodology described above, an in vitro release study was performed using
SBHG(10.0%)-phosphorite at different HA concentrations (0.05, 0.1, and 0.2% w/v) and pH
values (4, 5, 6, 7, and 8). To determine the effect of HA, NaOH 1.0 M solution in deionized
water was used as the release medium. The experiments were carried out in triplicate.

The release mechanism was evaluated using four kinetic models: zero-order, first-order,
Higuchi, and Power law. These can be represented via the following Equations (3)—(6):

Zero-order model : M;/Mqs = kot 3)
First-order model : M;/My =1 — el~kit) (4)
Higuchi model : M/Me = kyt? )
Power law model : M;/My, = kt" (6)

where M;/M is the drug fraction released at time t; ko, ki, ki and k represent the
zero-order release constant, first-order release constant, Higuchi constant and Power law
constant, respectively [48]. The release constants and the parameters of the models were
derived from the fitting of the experimental release data.
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Abstract: The aim of this work was to synthesize and study the functional properties of polymer-clay
nanocomposite (PCNCs) based on poly(sodium 4-styrene sulfonate) (NaPSS) and two types of clay
in the dispersed phase: bentonite and kaolinite, in order to advance in the development of new
geomimetic materials for agricultural and environmental applications. In this study, the effect of
adding high concentrations of clay (10-20 wt. %) on the structural and functional properties of a
polymer—clay nanocomposite was evaluated. The characterization by infrared spectroscopy made
it possible to show that the PCNCs had a hybrid nature structure through the identification of
typical vibration bands of the clay matrix and NaPSS. In addition, scanning electron microscopy
allowed us to verify its hybrid composition and an amorphous particle-like morphology. The thermal
characterization showed degradation temperatures higher than ~300 °C with Tg values higher than
100 °C and variables depending on the clay contents. In addition, the PCNCs showed a high water-
retention capacity (>2900%) and cation exchange capacity (>112 meq/100 g). Finally, the results
demonstrated the ability of geomimetic conditioners to mimic the structure and functional properties
of soils, suggesting their potential application in improving soil quality for plant growth.

Keywords: soil polymer conditioner; organoclay; hybrid composite; geomimetic

1. Introduction

Polymer—clay nanocomposites (PCNCs) are hybrid organo-inorganic systems formed
by dispersion of one clay, into relatively small quantities, in a polymer-nature continuous
phase. In these materials, the dispersed phase has a marked effect on the mechanical,
barrier and thermal properties, which usually increase, reach a maximum value, and
subsequently experience a decrease as clay content is increased. The maximum value is
generally identified between 3 and 5 wt. %, therefore, studies for the development of
PCNCs at higher clay concentrations are very scarce (i.e., 5-10 wt. %), but also, these are
practically non-existent for very high clay concentration regimens (upper to 10 wt. %). The
above is mainly due to the rise of structural materials for applications where mechanical,
barrier and thermal properties are desired; however, within the framework of functional
polymers, the areas of application, processability and properties of interest go beyond
those properties previously mentioned. Some examples are hydrogels, ionic exchangers,
membranes, sensors, among others [1,2].

On the other hand, soil plays a vital role in supporting terrestrial ecosystems and
sustaining life on Earth. According to the Food and Agriculture Organization of the United
Nations (FAO), it is estimated that by 2050, agriculture will have to double the production of
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food, livestock fodder and biofuels; in addition, to transform the way food is processed and
consumed to meet the needs of approximately ten billion people in the world [3]. However,
to date, excessive and indiscriminate practice of anthropogenic activities on soils, including
industrialization and agriculture, has led to the alteration of their properties and their
undeniable degradation, which currently poses important environmental challenges [4].
Furthermore, in places where the degree of soil degradation is very high, the expansion of
the agricultural frontier becomes relevant, generating deforestation, soil erosion, nutrient
depletion, and alteration of environmental biodiversity [5].

In recent decades, practices to improve physicochemical properties, increase soil
fertility and promote healthy plant growth have been developed and promoted, which
are based on crop rotation practices, the use of crops of coverage, the application of no-
till agriculture, precision agriculture, among others [6]. In fact, practices based on the
use of agrochemicals are widely used to increase crop yields; however, excessive, and
indiscriminate use generates harmful effects on the health of soils and surrounding water
bodies [7]. Consequently, soil conditioners have acquired relevance through being used
as natural or synthetic materials, which modulate different characteristics of the soil, such
as its structure, texture, water retention capacity, pH, and nutrient content. Among the
best-known conditioners, a wide variety of materials stand out, such as compost, manure,
peat, clays, polymers, and various types of organic and inorganic materials [8].

Particularly, the use of PCNCs has gained attention as a promising approach to address
problems related to the restoration of degraded soils [9,10]. Furthermore, the progress in
the development of geomimetic soil conditioners (materials whose design and function are
inspired by natural systems of geological origin, e.g., the soil, and allow improvement in
the physicochemical properties of degraded soils or soils with low agricultural suitability)
has allowed progress in the construction of materials based on PCNCs capable of imitating
the structures, biological / physicochemical properties, or functions of soils [11-13]. Thus,
among the countless combinations that have not yet been explored, the synergistic interac-
tion between NaPSS and clays has attracted significant attention towards the development
of advanced materials [14,15].

Particularly, in soil science and agriculture Poly(sodium 4-styrene sulfonate) (NaPSS)
has been gaining great interest for its ability to improve soil structure, water retention,
and nutrient availability [16]. In addition, NaPSS is widely used as a model polyelec-
trolyte (polymers containing ionic and/or ionizable functional groups) system [17], as a
flocculating agent to eliminate heavy metals and other contaminants in water treatment pro-
cesses [18,19], as raw material for manufacturing of ion exchange membranes [20], personal
care products and medicines [21]. The NaPSS is characterized by having an alkyl main
chain with aryl sulfonate groups. Thus, sulfonate groups give it exceptional properties
including high solubility, biocompatibility, and ion exchange capacity, among others. By
virtue of these groups, NaPSS exhibits ion exchange properties allowing it to interact with
soil particles and humified organic matter, promoting flocculation of colloidal soil particles
and subsequent stabilization of aggregates, and finally influencing soil properties and
ecosystemic functions. Therefore, the use of NaPSS in soils promises to be an alternative to
mitigate soil erosion, improve fertility and promote plant growth [22].

On the other hand, clays are particles of aluminosilicates minerals that are very
abundant in nature with a diameter less than 0.002 mm. Clays encompass a diverse group
of natural minerals with layered structures, including montmorillonite, kaolinite, smectite,
among others. The unique arrangement of layers provides clays with exceptional properties,
such as high surface area, swelling capacity and ion exchange capacity [23,24]. Specifically,
bentonite and kaolinite are two types of clays with significant differences in their chemical
composition, crystal structure, and physicochemical properties, making them useful in
the petroleum and gasification industry for the purposes of ceramic manufacturing and
wastewater treatment [25,26]. Thus, bentonite is a clay rich in montmorillonite minerals,
with cation exchange capacity due to its 2:1 laminar structure, composed of an octahedral
layer of alumina between two tetrahedral layers of silica with the presence of intercalated
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ions [27]. Additionally, it has a high capacity to absorb water, making it valuable in oil
and gas drilling applications. In contrast, kaolinite, known for its whiteness and fineness,
has a 1:1 lamellar structure, a tetrahedral layer of silica and another octahedral layer of
alumina; however, it has low adsorbent properties due to its low specific surface area and
minimal isomorphic substitution, which gives it high molecular stability, low shrinkage,
plasticity, swelling and cohesion, making it valuable in the manufacture of ceramics, paper,
and ceramic products [28].

Based on the above, the combination of NaPSS with clay emerges as an opportunity to
create PCNCs with synergistic properties that exceed those of the individual components,
providing improvements in their mechanical resistance, thermal stability, and functional
properties; but also, these can be used in the improvement and restoration of degraded
soils. Thus, the objective of this work was to synthesize and study the functional properties
of clay—polymer composites based on NaPSS and two types of clay in the dispersed phase:
bentonite and kaolinite, to advance the development of new geomimetic materials for agri-
cultural and environmental applications. For this, clays were modified with organosilanes
for the incorporation of vinyl groups in its structure, which act as anchor points for the
growth of NaPSS polymer chains. Thus, here it is proposed that PCNCs can be used to
imitate the clay-humin-humic acid structures present in soil particles and improve their
cationic exchange properties, water retention and aggregate formation.

2. Results and Discussion
2.1. Organoclays Synthesis

Figure 1A,B show IR-ATR spectra of unmodified bentonite and kaolinite (dashed
lines) and modified with tCIVS (solid line), respectively. Thus, in the analysis of the region
below 2000 cm~! in all of the cases spectra, at ~988 cm~! and ~908 cm~! the presence
of two characteristic bands of clay minerals can be seen; these signals were associated
with the tension vibration of Si-O-Si groups and deformation vibration of Si-OH groups,
respectively. Likewise, at ~1632 cm ™! the deformation vibration signal of the interlaminar
water molecules contained by the clay and organoclays was identified, this being of lower
intensity for the kaolinite spectra [29]. Finally, only in the spectra of clays modified with
tCIVS (solid line), a weak signal was identified at ~1404 cm~!, linked to the in-plane
deformation vibrations of the vinyl group, =CH,, anchored on the surface of the clays.
Now, for the analysis of the spectral region between 2500 and 3800 cm ™!, FEDS analysis
was used for adequate identification and assignment of signals in areas of high overlap [30].
The IR-ATR-FEDS spectra of bentonite—tCIVS and kaolinite—tCIVS in the selected analysis
region are shown in Figures 1C and 1D, respectively. In general, in both spectra the presence
of typical signals of aluminosilicates were observed, which differ in intensity because of the
structural differences between bentonite and kaolinite, which alter their ability to interact
and absorb water molecules [31]. At ~3682 and ~3621 cm ™!, the tension vibration signals
of hydroxyls from silanol groups and clays were identified, respectively. Likewise, at
~3436 cm ™!, a signal associated with tension vibrations of absorbed water molecules was
observed for both spectra. In the spectral region below 3100 cm ™!, characteristic signals of
organic vinyl functional groups incorporated into bentonite and kaolinite were observed.
Thus, the tension vibration signal from the =CH, group was observed at ~3060 cm™!,
whereas a symmetric and asymmetric tension vibration signal from the =CH group was
identified at ~2960 cm ™.

Based on the above, the identification of typical spectral bands of the C-H bonds
belonging to the vinyl group (organic nature fragment) in the spectra of the organoclays
allowed the verification of their adequate modification. Thus, the signals are consistent
with the procedure for modification of clays with tCIVS to obtain organoclays with the
ability to react by free radical polymerization. Note that tC1VS is characterized by having
chlorine atoms in its structure in Si-Cl bonds, which can be anchored covalently by nu-
cleophilic substitution reactions on clay surface; but also, tCIVS has a vinyl group in its
structure, which can intervene in free radical polymerization reactions. Thus, tCIVS acts as
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a covalent bonding molecule or a coupling agent between the inorganic—organic fractions
of composites and allows the obtaining of materials with greater stability in contrast to
materials obtained through non-covalent interactions [32,33].
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Figure 1. IR-ATR spectra of bentonite (dashed line) and bentonite—tCIVS (solid line) (A) and kaolinite
(dashed line) and kaolinite—tCIVS (solid line) (B). IR-ATR-FEDS spectra of bentonite—tCIVS (C) and
kaolinite—tCIVS (D) between 2500 and 3800 cm 1.

On the other hand, Figure 2 shows the results of morphological analysis by SEM
(image left), the EDS spectrum for determination of elemental composition and a digital
image (top right image) for both kaolinite-tCIVS and bentonite—tClVS. The EDS analysis
zone corresponds to the cross enclosed in the red circle in the SEM image. Thus, at
the macroscopic level, from the digital images in Figure 2, it can be seen that tCIVS-
modified clays did not show significant changes in their appearance after modification.
Only the bentonite—tCIVS organoclay showed a slight lightening in its color after synthesis;
coloration caused by the presence of iron ions in its structure and their loss during washing
processes [34]. At the microscopic level in the SEM images, a wide distribution in sizes
and the absence of a defined shape were observed in kaolinite-tCIVS and bentonite—tCIVS
particles (Figures 2A and 2B, respectively). Regarding the elemental characterization
by EDS of the tCIVS-based organoclays, the results are shown in Table 1. In general,
it was observed that the kaolinite-tCIVS and bentonite—tCIVS organoclays presented a
higher content of Si and O in contrast to the elements Al and Fe, all of them being typical
constituents of aluminosilicates [35]. Furthermore, it was possible to determine by EDS
analysis the presence of characteristic elements of tC1VS, i.e., C and Cl, in the structure
of the organoclays. Thus, C and Cl contents for kaolinite—tCIVS were 8.65% and 5.74%,
respectively; for its part, in the same order, the values for bentonite-tCIVS were 7.72%
and 2.46%.
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Figure 2. SEM images (left imagen), EDS spectrum for the determination of elemental composition
(bottom right image, EDS analysis zone corresponds to the cross enclosed in the red circle in the

SEM image) and digital images (top right image) of bentonite and kaolinite modified with tCIVS:
kaolinite—tCIVS (A) and bentonite—tCIVS (B).

Table 1. Elemental contents determined by EDS, size, zeta potential, WSC and CEC of clays (kaolinite
and bentonite) and modified clays (kaolinite-tCIVS and bentonite—tCIVS).

Sample Elemental Composition (% w/w) Particle Size Zeta Potential WSC CEC
o Si Al Fe C Cl (nm) (mV) (% w/w) (meq/100 g)
Bentonite -—- -—- -—- -—- -—- -—- 268 + 16 —383+02 621 £19 104 £3
Kaolinite - - -—- - - - 555 4+ 20 —388+13 2104+90 57 +4
Bentonite-tCIVS 31.55 31.75 13.02  11.90 7.72 2.46 1144 + 333 —333+47 300+ 38 43+ 5
Kaolinite-tCIVS 52.07 19.96 7.09 6.49 8.65 5.74 776 + 34 —16.6 £2.3 145 4+ 43 38 +2

O: oxygen, Si: silicon, Al: aluminum, Fe: iron, C: carbon and Cl: chlorine. The elemental composition was
determined by EDS, the particle size and Z potential were determined by DLS.

Finally, Table 1 shows the results of particle size and Z potential which were measured
through DLS for both bentonite-tCIVS and kaolinite—tCIVS as their precursors. Initially, it
was observed that bentonite and kaolinite had particle sizes of 268 + 16 nm and 555 + 20 nm,
respectively. However, after modification with tCIVS, it was observed that the obtained
organoclays showed an increase in their size. Thus, bentonite—tCIVS and kaolinite—tCIVS
presented particle sizes of 1144 4 333 nm and 776 4 34 nm, respectively. This variation and
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the increase in particle size are due to changes in the surface energies of clay particles caused
by the incorporation of organosilane tCIVS [36]. Covalent insertion of tCIVS modifies
the hydrophilic groups on the surface of the clay particles, decreasing their affinity for
aqueous media and promoting their agglomeration [37,38]. On the other hand, the zeta
potentials obtained at natural pH for bentonite—tCIVS (—33.3 £ 4.7 mV) and kaolinite-tCIVS
(—16.6 = 2.3 mV) showed a decrease in the measured values with respect to the unmodified
clays: bentonite (—38.3 = 0.2 mV) and kaolinite (—38.8 & 1.3 mV). The decrease in the
potentials is attributed to changes caused at the surface level of the clay minerals because of
incorporating tCIVS, which decreases the density of polar groups and increases the nonpolar
fraction after the incorporation of vinyl groups [39,40]. Thus, the determination of the typical
vibration bands of the vinyl organic groups through IR-ATR-FEDS, the identification of the
C and Cl elements in the structure of the organoclays through EDS, and the identification
of variations in the particle size and Z potential by DLS, allowed for verification of the
adequate synthesis of organoclays from tCIVS with bentonite or kaolinite.

2.2. Geomimetic Soil Conditioners Synthesis

After being obtained, bentonite-tClVS and kaolinite—tCIVS were used together with
NaSS for the synthesis of geomimetic conditioners. For this, the preparation of geomimetic
conditioners was carried out through the formation of hybrid composites using the in
situ polymerization technique, that is, the NaSS was polymerized via free radicals in the
presence of kaolinite-tCIVS or bentonite—tCIVS; thus, the anchoring of NaPSS chains to the
surface of the clays and their adequate dispersion in the material was performed [41,42]. In
this work, clay—NaPSS hybrid composites were synthesized with clay proportions of 10.0
and 20.0% (i.e., under very high concentration regimen). The composition and name of the
geomimetic conditioners are given in Table 2.

Table 2. Sample identification, composition and elemental analysis determined by EDS of PCNCs
based on kaolinite-NaPSS and bentonite-NaPSS.

Composition Sample
(% wiw) Kao-NaPSS-10  Kao-NaPSS-20  Bent-NaPSS-10  Bent-NaPSS-20

NaSSs 90.0 80.0 90.0 80.0

kaolinite—tCIVS 10.0 20.0 -— -—
bentonite-tCIVS -—- -—- 10.0 20.0
0 4491 34.59 46.35 41.17
C 18.75 35.97 13.50 16.07
S 8.60 13.74 10.08 13.27
Na 17.54 11.14 12.10 11.44

Si 0.91 1.96 5.58 8.56

Al 1.43 2.59 3.32 4.40

O: oxygen, C: carbon, S: sulfur, Na: sodium, Si: silicon and Al: aluminum. The elemental composition was
determined by EDS.

Figure 3 shows the IR-ATR-FEDS spectra of PCNCs Kao-NaPS5-10 (A), Kao-NaPSS-20
(B), Bent-NaPSS-10 (C), and Bent-NaPSS-20 (D) (being Kao = kaolinite, Bent = bentonite,
and NaPSS = sodium poly(styrene sulfonate), where clay percentages are given by 10
and 20 in the end of each notation). In general, typical signals of the organic group’s
constituents of the NaPSS matrix were observed in all spectra; as well as characteristic
signals of the bentonite—tCIVS and kaolinite-tCIVS. In both cases, it was possible to identify
at ~3675 cm~! and ~3610 cm ™! the stretching vibrations of silanol groups and interlaminar
hydroxyl groups constituting the clays. In addition, two high-intensity signals related to
tension vibrations of Si-O-Si groups (~1036 cm ') and deformation vibration of Si-OH
groups (~988 cm 1) were observed. All the above signals are characteristics of clay fraction
in the composites [43].
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Figure 3. IR-ATR-FEDS spectra of PCNCs: Kao-NaPSS-10 (A), Kao-NaPSS-20 (B), Bent-NaPSS-
10 (C) and Bent-NaPSS-20 (D). Dashed line IR-ATR spectra and solid line FEDS spectra. (being
Kao = kaolinite, Bent = bentonite, and NaPSS = sodium poly(styrene sulfonate), where clay percent-
ages are given by 10 and 20 in the end of each notation).

On the other hand, in all the IR-ATR-FEDS spectra of the all synthesized PCNCs shown in
Figure 3, it was possible to identify at ~3050 cm ™~ the stretch vibration of the C-H bond from
NaPSS aromatic ring. In addition, signals of asymmetric and symmetric stretch vibrations,
at ~2940 cm~! and ~2860 cm !, respectively, related to C-H bonds of methyl and methylene
groups were observed. Likewise, symmetric and asymmetric stretch vibrations of sulfonate
groups were observed at ~1170 cm ! and ~1116 cm ™!, respectively [44]. From the above, it is
possible to corroborate the inorganic-organic hybrid constitution of the synthesized materials.
Finally, stress and strain vibration signals of water molecules constituting the clay fraction
and are occluded in NaPSS matrix were observed at ~3430 cm ! and ~1650 cm ™.

Continuing with morphological and elemental characterization of PCNCs, Figure 4
shows images obtained by digital photography (right image) and SEM (left image), EDS
spectrum (bottom center image) and results of EDS mapping (upper center images) obtained
from PCNCs: Kao-NaPS5-10 (A), Kao-NaPSS-20 (B), Bent-NaPSS-10 (C) and Bent-NaPSS-20 (D).
In general, it was observed that materials obtained at a macroscopic level presented a white-
cream hue for those based on kaolinite-NaPSS and a more intense white-yellow hue for
bentonite-NaPSS composites. In both cases, the materials with clay contents of 20.0% w/w
were those that presented the highest intensity. Likewise, irregular particulates with a
size less than 2.0 mm were observed for all materials. Now, at the microscopic level, the
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results of SEM analysis showed that PCNCs had fractions of bentonite and kaolinite in their
structure. Furthermore, when distribution profiles of Si were analyzed, it was observed
that it was distributed throughout the polymer matrix; however, some areas of greater
intensity were characterized by higher Si contents, evidencing shortcomings related to the
clay dispersion process in the synthesis of composites [45].

EDS Digital image

Kao-NaPSS-10

[] 1 2 3 4 5 6 7 8 S
156471 counts in 83 seconds

—_
W

Kao-NaPSS-20

[] 7 2
885940 counts in 87 seconds

Figure 4. SEM images (left image), EDS spectrum for the determination of elemental composition (bot-
tom center image, EDS analysis was carried out in mapping mode of the corresponding SEM image),
results of EDS mapping (upper center images, each color represents an element, C (carbon), S (sulfur)
and Si (silicon)) and digital images (right image) of PCNCs: Kao-NaPSS-10 (A), Kao-NaPSS-20 (B),
Bent-NaPSS-10 (C) and Bent-NaPSS-20 (D).
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Finally, results of compositional analysis of PCNCs are shown in Table 2. The results
obtained show that the C, S, Na and O contents represent the majority in contrast to the Si
and Al contents. Particularly, NaPSS is constituted by C, H, S, O and Na, and because of
it is main component of PCNCs, a high compositional similarity between these materials
and pure NaPSS is expected. Likewise, the presence of non-constituent elements of NaPSS
provides evidence that the inclusion of bentonite and kaolinite into the polymer matrix
has occurred.

2.3. Geomimetic Soil Conditioners Thermal Characterization

Figure 5 shows the results of thermal characterization by TGA (solid line) and deriva-
tive thermogravimetric curve (dashed line, mass/temperature derivation) of synthetized
PCNCs: Kao-NaPSS-10 (A), Kao-NaPSS-20 (B), Bent-NaPSS-10 (C) and Bent-NaPSS-20 (D).
The results showed that the hybrid materials had four stages of mass loss related to water
loss and structural degradation. Thus, kaolinite-based composites, namely Kao-NaPSS-10
and Kao-NaPSS-20 (see Figures 5A and 5B, respectively), showed an initial stage of mass
loss with a loss of ~16%. This loss was associated with the elimination of water molecules
occluded in the polymer matrix and absorbed in clay minerals. Next, a second stage of
mass loss was observed, that begins around ~340 °C and extends to ~600 °C, presenting
losses of 24.06% and 26.06% for Kao-NaPSS-10 and Kao-NaPSS-20, respectively. Likewise,
a third stage of mass loss was observed, in temperature ranges from ~600 °C to ~1000 °C,
of 30.98% and 20.76%, for Kao-NaPSS-10 and Kao-NaPSS-20, respectively. According to
previous studies, it has been reported that the thermal degradation of NaPSS occurs in two
stages: the first occurs above 200 °C to below 600 °C and is characterized by the breaking
of the C-5 bonds of polymer chains, generating the formation of radicals and the release of
sulfur dioxide. Next, a second stage of degradation occurs above 600 °C and extends up to
1000 °C; this is attributed to the degradation of the carbonated polymer chain of styrene,
generating the release of gases rich in styrene, methyl styrene, toluene, and benzene [46].
Thus, according to the behavior observed for Kao-NaPSS-10 and Kao-NaPSS-20, degrada-
tion profiles are similar to those presented by NaPSS and those that overlap with the typical
degradation processes of clays [28]. Finally, above 1000 °C, a residue of 29.09% and 37.18%
was observed for Kao-NaPSS-10 and Kao-NaPSS-20, respectively, which is attributed to
carbonaceous material and calcined kaolinite residues [47].

On the other hand, thermal characterizations of bentonite-based PCNCs, Bent-NaPSS-
10 and Bent-NaPSS-20, Figures 5C and 5D, respectively, are summarized in Table 3. In
general, the degradation profiles of composites obtained from bentonite showed a behavior
like that observed in those obtained from kaolinite. These presented three regions of
mass loss and generation of a residue above 1000 °C. However, it was observed that the
amount of mass lost in the third stage was lower for these samples. In addition, a greater
quantity of residue was obtained, with values of 40.90% and 45.57% for Bent-NaPSS-10 and
Bent-NaPSS-20, respectively. Thus, since the thermal degradation processes of the NaPSS
matrix and the bentonite clay fraction are overlaid; these variations are associated with the
structural differences between bentonite and kaolinite that modulate their water loss and
thermal dehydroxylation processes [48,49].

Finally, the results of DSC characterization of the PNCNs based on bentonite-NaPSS
and kaolinite-NaPSS are shown in Figure 6. In general, an effect of the clay /NaPSS compo-
sition on the glass transition temperature (Tg) of synthesized composites was observed.
Thus, for Kao-NaPSS-10 and Kao-NaPSS-20 composites, the Tg values were 112.1 °C and
113.4 °C, respectively (see Figures 6A and 6B, respectively). Likewise, an increase in Tg
was observed between the bentonite-based composites, recording Tg values of 109.1 °C
and 118.6 °C for Bent-NaPSS-10 and Bent-NaPSS-20, respectively (see Figures 6C and 6D,
respectively). The increase in the Tg of composites can be explained by the insertion of
bentonite and kaolinite particles into the NaPSS matrix. It has been reported that NaPSS
without reinforcing materials in its structure presented Tg values of 69.5 °C [50]. Thus, the
application of an in situ polymerization technique of NaSS and the insertion of organoclay
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with surface vinyl groups allowed for an increase in the degree of cross-linking and inter-
action among NaPSS polymer chains in the composite. This generated a decrease in the
mobility of polymer chains and an increase in the temperature required to generate the

thermal transition.
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and Bent-NaPSS-20 (D).

Table 3. TGA and DSC results of PCNCs based on bentonite-NaPSS and kaolinite-NaPSS.

Sample
Parameter
Kao-NaPSS-  Kao-NaPSS- Bent-NaPSS-10 Bent-NaPSS-20
10 20

Initial T (°C) 40 40 40 40

Stage 1 Final T (°C) 340 350 340 335
Am (%) 15.92 16.00 15.77 14.57

Initial T (°C) 340 350 340 335

Stage 11 Final T (°C) 600 600 630 630
Am (%) 24.01 26.06 28.09 25.88

Initial T (°C) 600 600 630 630
Stage 111 Final T (°C) 1000 100 1000 1000
Am (%) 30.98 20.76 15.24 13.98
Residual (%) 29.09 37.18 40.90 45.57

mass

Tg (°C) 112.1 113.4 109.1 118.6

Tg: glass transition temperature.

133

Deriv. Weight (%/°C)

Deriv. Weight (%/°C)



Gels 2024, 10, 405

(A)

(©)

Kao-NaPSS-10 Kao-NaPSS-20

Temperature (°C) Temperature (°C)

Bent-NaPSS-10 Bent-NaPSS-20

30 20 70 120 170 220 270

30 20 70 120 170 220 270 30 20 70 120 170 220 270
Temperature (°C) Temperature (°C)

Figure 6. DSC results of PCNCs: Kao-NaPSS-10 (A), Kao-NaPSS-20 (B), Bent-NaPSS-10 (C) and
Bent-NaPSS-20 (D). Analysis conditions: inert nitrogen atmosphere in a temperature range from
room temperature to 300 °C and a heating ramp of 15 °C/min.

2.4. Geomimetic Soil Conditioners Functional Characterization

The results of functional characterization of WSC and CEC of PCNCs are shown in
Figures 7A and 7B, respectively. The values of WSC from Kao-NaPSS-10, Kao-NaPSS-20,
Bent-NalPSS-10, and Bent-NaPSS-20 were 3236 + 337%, 2901 + 43%, 3569 + 400%, and
3179 =+ 207%, respectively. When comparing the values obtained with those reported in
Table 1 for the kaolinite-tCIVS and bentonite-tCIVS, the high hydrophilicity that NaPSS
gives to the composites is evident, which allows it to retain more than 29 times its own
weight. Thus, NaPSS contains sulfonate groups in its structure that allow it to interact and
absorb large amounts of water [51]. Finally, values of CEC from PCNCs, shown in Figure 7B,
were higher when the clay contents were lower (10%), being for each case the following;:
Kao-NaPSS-10 (159 + 6 meq/100 g), Kao-NaPSS-20 (112 & 6 meq/100 g), Bent-NaPSS-10
(203 £ 11 meq/100 g) and Bent-NaPSS-20 (146 £ 8 meq/100 g). Thus, when comparing
the values obtained by clay-NaPSS composites with the values reported in Table 1 for
the organoclays and their precursors, it can be observed that the insertion of NaPSS into
materials produced a significant increase in the CEC. Therefore, the presence of sulfonate
groups in the NaPSS polymer chains, with the capacity for ionization and development of a
permanent negative charge, gives the composites the ability to interact electrostatically with
cations and generate ion exchange processes [50]. Therefore, previous results demonstrate
the potential of PCNCs based on bentonite-NaPSS and kaolinite-NaPSS to mimic cation
exchange processes as well as the water storage capacity of soils, which can be understood
as fundamental processes for the proper growth and development of plants [52].
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Figure 7. Water sorption capacity (WSC) (A) and cation exchange capacity (CEC) (B) of PCNCs:
Kao-NaPSS-10, Kao-NaPSS-20, Bent-NaPSS-10 and Bent-NaPSS-20. The value in the center of the
boxes and the error bars corresponds to the mean value and standard deviation of the measurements,
respectively.

3. Conclusions

PCNCs are synthetic materials based on clay and functional polymers which are a
promissory alternative for the making of geomimetic soil conditioners. These are synthetic
geomaterials with hydrogel properties and CEC, they can be easily synthesized from
NaPSS and surface-modified clays such as bentonite and kaolinite. The functionalization
of clays is performed by direct reaction of clay and organosilanes compounds with vinyl
groups in their structure. Thus, the presence of vinyl groups on the clay surface allows the
anchoring of polymer chains and the formation of materials with greater stability due to the
formation of covalent bonds. Characterization by IR-ATR spectroscopy and morphological
analysis revealed the hybrid nature of the materials and an adequate dispersion of clays
into the polymer matrix. Furthermore, the results of thermal characterization showed
the influence of the clay/NaPSS ratio on the thermal properties of PCNCs, evidencing an
increase in the Tg with the increase in clay content. Finally, the functional evaluation of
PCNCs demonstrated the ability of geomimetic conditioners to retain high amounts of
water and carry out cation exchange processes, which suggests their potential application
in improving soil quality for plant growth.

4. Materials and Methods
4.1. Reagents and Materials

Bentonite (BentoCol S.A.S, Bugalangrande, Colombia) and kaolinite (Caolines Su-
perior Boyaca S.A.S, Tunja, Colombia) and trichlorovinylsilane (H,C=CHSiCls, tCIVS,
97 wt. %, Aldrich, Milwaukee, WI, USA) were used as precursors of organoclays. Sodium
4-styrenesulfonate (NaSS, >90 wt. %, Aldrich, Milwaukee, WI, USA) and ammonium
persulfate (NHy)25,0g, wt. >98.0%, Merck, Darmstadt, Germany) were used for the syn-
thesis of geomimetic soil conditioners. Ammonium acetate (CH;COONHy, >98%, Merck,
Darmstadt, Germany), sodium chloride (NaCl, >99 wt. %, Merck, Darmstadt, Germany),
aqueous formaldehyde (HCHO, 37 wt. %, Merck, Darmstadt, Germany), sodium hydroxide
(NaOH, >98 wt. %, Merck, Darmstadt, Germany), and potassium phthalate monobasic
(HOOCCzH4COOK, 99.95-100.05 wt. %, Aldrich, Milwaukee, WI, USA) were used to deter-
mine the cation exchange capacity (CIC). Toluene (C4HsCHj3, 99.8 wt %, Merck, Darmstadlt,
Germany), acetone (CH3COCH3, >99.5 wt. %, Merck, Darmstadt, Germany), absolute
ethanol (CH3CH,;OH, >99.5 wt. %, Merck, Darmstadt, Germany) and deionized water
were used as solvents.

4.2. Organoclays Based on Bentonite and Kaolinite Synthesis

Syntheses of organoclays based on bentonite and kaolinite were carried out through
the covalent anchorage of tCIVS on their surface. This procedure was previously pub-
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lished [13]. For this, 10.0 g of clay in toluene were added and subjected to ultrasound
(M3800-E, 40 KHz, 130 watts, Branson Ultrasonics™, Danbury, CT, USA) for 1 h for its
adequate dispersion. Next, dispersion was heated to 95 °C in a reflux unit and 1.0 g of tCIVS
(10% w/w with respect to the amount of clay used) was added and kept in continuous
reflux for 24 h at 95 °C. Later, organoclay was filtered, washed with acetone, and dried at
60 °C for 24 h. This procedure was carried out for both bentonite and kaolinite, obtaining
the bentonite—tClVS and kaolinite—tClVS organoclays, respectively.

4.3. Geomimetic Soil Conditioners Synthesis

Synthesis of geomimetic composites was carried out through the polymerization via
free radicals of the NaPSS in the presence of organoclays (i.e., bentonite-CIVS and kaolinite—
tCIVS). For the above, 5.0 g of organo-clay was taken and dispersed in 200.0 mL of water
under constant stirring at 1000 rpm for 4 h. Subsequently, the required amount of NaSS
was added to prepare composites with 10.0 and 20.0 wt. % of organoclay. Next, ammonium
persulfate was added at 1.0 mol % with respect to the amount of NaSS and left under
constant stirring at 1000 rpm for 2 h. Mixture was heated continuous at 70 °C in at reflux
equipment under stirring at 1000 rpm for 4 h. Composites were filtered, washed with
distilled water, and dried in an oven at 105 °C for 24 h. Finally, the geomimetic composites
were crushed and sieved through a 2.0 mm mesh. The composites obtained were identified
as Kao-NaSS5-10, Kao-NaPSS-20, Bent-NaPSS-10 and Bent-NaPSS-20. The composition and
the identification of each material obtained are shown in Table 2.

4.4. Structural and Morphological Characterization

Structural characterization of organoclays was carried out by Fourier Transform In-
frared Spectroscopy of Attenuated Total Reflectance (IR-ATR, IRAffinity-1, Shimadzu,
Kyoto, Japan) and spectral analysis using Functionally Enhanced Derivative Spectroscopy
(FEDS) [53]. Morphological characterization of organoclays was studied by scanning elec-
tron microscopy (SEM, Phenom Pro X, ThermoFisher Scientific, Waltham, MA, USA) at an
acceleration voltage of 15 kV. For SEM observation, the particles were pasted on carbon
tape as background and coated with gold using a sputtering technique. The analysis of
its surface composition was performed by energy dispersive X-ray spectroscopy (EDS,
Phenom Pro X, ThermoFisher Scientific, Waltham, MA, USA). Also, the dynamic light
scattering technique (DLS, Zetasizer LAB, Malvern Panalytical, Malvern, UK) was used
to study the size and charge of the organoclay particles. For DLS characterization, disper-
sions of the particulate material in water were prepared at concentrations of 0.1 mg/mL
and measurements were performed at 25 °C. The Kao-NaPSS-10, Kao-NaPSS-20, Bent-
NaPSS-10 and Bent-NaPSS-20 composites were characterized structurally by IR-ATR-FEDS,
morphologically by SEM and their elemental composition was determined by EDS.

4.5. Thermal Characterization

Thermal properties of hybrid composites, based on kaolinite-NaPSS and bentonite—
NaPSS, were studied by thermogravimetric analysis (TGA, TA Q50, TA Instruments, New
Castle, DE, USA), using an inert nitrogen atmosphere in a temperature range from 40
to 1000 °C and a heating ramp of 15 °C/min. For the analysis by differential scanning
calorimetry (DSC, DSC25, TA Instruments, New Castle, DE, USA), the material thermal
memory was eliminated by heating from room temperature at 300 °C with a ramp of
15 °C/min. Next, isothermal heating at 300 °C for three minutes, and a 25 °C/min cooling
ramp from 300 °C to —30 °C. Finally, Differential scanning calorimetry (DSC) analysis was
performed by heating from —30 °C to 300 °C with a ramp of 15 °C/min.

4.6. Water Sorption Capacity Study

WSC evaluation of clays, organoclays, and geomimetic composites was performed by
tea bag method [54]. For this, approximately 0.2 g of material (M) was placed in a tea bag
(Th) and sealed. Subsequently, the M + Tbh, (MTb) was immersed in deionized water for 24 h.
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Finally, the sample was removed from the water and WSC was determined gravimetrically
by the following equation:

(MTbyy — Thyy — M)

WSC (%) = v +100 1)

where MTby, is the weight of MTb after 24 h submerged in water; Tby, is the blank, that
is, the sorption of water by the tea bag after 24 h submersion. Tests were carried out
in triplicate and a blank experiment was carried out to determine the amount of water
absorbed by the tea bag.

4.7. Cation Exchange Capacity Study

Cation exchange capacity (CEC) of clays, organoclays and geomimetic composites
were determined using 1.0 N ammonium acetate method defined by the Agustin Codazzi
Geographic Institute [55]. For this, a defined quantity of the material (1.0 g) is placed in
contact with 10.0 mL of 1.0 N ammonium acetate solution to promote cation exchange
reactions. Subsequently, sample was filtered, and ammonium remaining in materials
was exchanged with sodium ions. Finally, exchanged ammonium was quantified by
formaldehyde titration with NaOH solution. The endpoint determination of the reaction
was carried out using phenolphthalein in a 1% ethanolic solution as an indicator. The
test was performed in triplicate for each sample and a control blank was included for
the experiment.
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Abstract: Feeding a growing population under the pressures of climate change requires
solutions that safeguard yields while strengthening agricultural resilience. Integrated Crop
Management (ICM)—which combines precise fertilization, efficient water use, and targeted
pest control—offers a promising framework. Hydrogels, with their water retention and
controlled release properties, can enhance ICM by improving fertilizer efficiency, reducing
water loss, and supporting soil health. Despite extensive research, their optimal use in
agriculture remains unclear, and limitations continue to restrict large-scale adoption. To
address this gap, this study applies the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) methodology alongside bibliometric analysis to examine
hydrogel applications in ICM from 2000 to 2024. Ninety Scopus-indexed publications were
analyzed across four domains: pesticides, nutritional growth inputs, soil conditioners, and
bioactive substances. The results reveal a marked increase in hydrogel structural complexity,
greater diversity in characterization methods, ongoing reliance on high-impact pesticides
despite advances in bio-based hydrogels, and persistent gaps in assessing environmental
impacts and regulatory compliance. These findings underscore the need for stronger
collaboration between academia and industry to translate hydrogel research into effective,
sustainable agricultural practices under changing climatic conditions.

Keywords: hydrogel; integrated crop solutions; biostimulants; agriculture; fertilizer; herbi-
cide; soil; PRISMA; bibliometric analysis; systematic review

1. Introduction

Plant diseases, soil salinity, drought, and extreme temperatures are increasing chal-
lenges to agricultural systems [1-3]. Biotic and abiotic stress considerably diminish agri-
cultural output, with disease-related losses estimated to range from 20% to 40% [4]. In
addition to diminishing productivity, they impair soil health, undermine crop quality, and
jeopardize global food security [5]. Confronting these challenges needs novel agricultural
practices that improve crop resilience and maximize resource efficiency.

Integrated Crop Management (ICM) is a holistic strategy that enhances agricultural
productivity through the integration of precision fertilization, water management, and tar-
geted pest control. The Food and Agriculture Organization (FAO) identifies ICM as a crucial
strategy for sustainable agriculture, promoting soil health, optimizing water-use efficiency,
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and increasing crop yields by 10-14% compared to traditional practices [6]. Furthermore,
ICM advocates for conservation agriculture by enhancing soil aggregation, improving
water infiltration, and optimizing the controlled release of nutrients and agrochemicals [6].

ICM promotes a balanced and sustainable agroecosystem by integrating inputs such
as fertilizers, plant protection agents (e.g., insecticides), and biostimulants derived from
organic compounds, microorganisms including fungi [7], algae [7,8], inorganic com-
pounds [7,9], and biopolymers like chitosan [10,11]. The significance of utilizing bios-
timulants pertains to their contribution to enhancing tolerance to abiotic stress, improving
quality features, or facilitating the availability of limited nutrients in soil or the rhizo-
sphere [12].

Persistent challenges remain regarding efficacy, particularly volatilization, degrada-
tion, and inadequate control over the release of fertilizers, plant protection agents, or
biostimulants, necessitating the integration of these compounds into with other compo-
nents or delivery systems [13-15]. In this context, polymer hydrogels emerge as a promising
strategy, offering not only controlled release but also the capacity to alleviate soil-related
problems such as soil compaction, erosion, and water runoff [3,16].

Hydrogels are versatile three-dimensional (3D) network structures formed by a
monomer or polymer through a gelation process [17]. Generally, it can absorb substantial
quantities of water without disintegrating or dissolving [18]. The 3D network can be cre-
ated through physical crosslinking facilitated by non-covalent bonds, including hydrogen
bonding, van der Waals forces, or physical interactions [18]; or through chemical crosslink-
ing, where covalent bonds are essential [16,18]. Their agricultural relevance derives from
their high water-holding capacity, which can alleviate drought stress and soil erosion
while enabling the controlled release of agrochemicals, thereby enhancing plant water
availability and nutrient uptake [19]. Hydrogel formulations have the potential to enhance
soil aeration, microbial activity, and root development, which may lead to improved crop
performance [16].

Hydrogels can be synthesized from various sources, including natural polymers such
as chitosan and synthetic polymers like Polyvinyl Alcohol (PVA) [20]. Moreover, com-
binations of natural and synthetic polymers, such as PVA/sericin, are also feasible [21].
Additionally, polymer composites or nanocomposites, based on bacterial nanocellulose,
can be recognized for these applications [22]. Resolving technical issues related to hydro-
gel structure, interactions with agricultural inputs, soil type, and environmental condi-
tions is essential for the successful integration of hydrogel-based systems. This situation
prompted extensive global research focused on the formulation and evaluation of hy-
drogels. Significant aspects of hydrogel structure have been extensively reviewed in the
literature, including the sources of hydrogel materials, crosslinking processes that influ-
ence overall performance, and physical evaluations addressing absorption and desorption
characteristics [18,23,24].

Nevertheless, these assessments have primarily concentrated on structural and physic-
ochemical attributes, without providing enough connection to comprehensive agronomic
frameworks such as Integrated Crop Management (ICM). The absence of integration hin-
ders the optimization of hydrogels for field conditions and the exploitation of potential
synergies with fertilizers, insecticides, and other agricultural inputs. Moreover, insuffi-
cient emphasis has been placed on identifying the variables that limit the widespread
adoption of hydrogels, along with their ramifications for sustainability and the circular
economy. Investigating the progression of this thematic domain enables the identifica-
tion of trends and the specification of priority elements that should guide future research
aimed at enhancing these applications. This work addresses this gap by integrating a
systematic literature review, conducted in accordance with the Preferred Reporting Items
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for Systematic Reviews and Meta-Analyses (PRISMA) criteria, with bibliometric analysis.
This dual methodology facilitates the identification of research trends, thematic clusters,
and underexplored areas, establishing a systematic foundation for advancing hydrogel
applications in agriculture. Although both PRISMA and bibliometric techniques are widely
applied in materials research [25,26], their combined use in the context of hydrogel-based
agricultural solutions has not been previously reported, representing a novel contribution.
To operationalize this approach, this study examined 90 papers published between 2000
and 2024, indexed in the Scopus database, across four primary domains: pesticides, nu-
tritional growth inputs, soil conditioners, and bioactive compounds. The search strategy
targeted studies on chemical substances or agricultural inputs that enhance plant health or
improve soil properties. The methodology used to select publications that met the search
equation and the inclusion/exclusion criteria is detailed in Section 4. The results provide
valuable insights for both early-stage and advanced investigations aiming to combine hy-
drogels with complementary materials for ICM or other sustainable agricultural practices.
This research is relevant to large-scale production systems as well as small-scale contexts,
including urban agriculture, where resource optimization and climate resilience are critical.
Furthermore, it may support both emerging and established investigations seeking to
explore the advantages of hydrogels combined with substances, inputs, or payloads—such
as nutrients, agrochemicals, active agents, or biostimulants—applicable to strategies that
promote ICM or similar approaches aimed at advancing sustainable agricultural practices.

2. Results and Discussion
2.1. Macro- and Micro-Level

Grounded in the study’s scope—encompassing both large-scale production systems
and small-scale contexts such as urban agriculture, and emphasizing hydrogels in associa-
tion with nutrients, agrochemicals, active agents, and biostimulants within Integrated Crop
Management (ICM) strategies—the results are structured to first provide a macro-level
assessment of research evolution, followed by a micro-level analysis of individual contri-
butions. This structure, enabled by the combined application of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology and bibliometric
analysis, provides a comprehensive framework for identifying publication trends, thematic
clusters, and research gaps. The macro-level overview begins with an examination of
publication growth patterns over time, offering context for subsequent in-depth analysis
at the document level. As shown in Figure 1, the documents analyzed in this work cover
the years 2000 to 2024. The earliest publications include to the works of the Saraydin et al.
(2000) [27] which focused on the use of the hydrogel in pest control by evaluating the
controlled release of the water-soluble agrochemical herbicide such as sodium 2,2 dichloro-
propionate (Dowpon). In the same year, Karadag et al. (2000) [28] explored applications
in crop nutrition by the analysis of the interaction between the hydrogel and fertilizers
such as ammonium nitrate, potassium nitrate and ammonium sulfate. They also evaluated
the potential for the pest control of the grasses and weeds using Dalapon. Both studies
employed the same type of the pest control approach, involve the same active compound,
and utilized hydrogels are based on acrylamide.

Figure 1 illustrates the steady increase in publications on this topic, with 2023 repre-
senting the most active year. The growth trend was modeled using a cubic polynomial
regression (y = 0.0081x> — 0.1078x? + 0.318x + 1.384), which yielded an R? value of 0.8294.
In the physical sciences and engineering disciplines, R? values above 0.70 are generally
regarded as acceptable indicators of fit, providing meaningful descriptive insight into
data trends [29]. Although this model is not intended as a predictive tool, it effectively
summarizes the observed growth—particularly between 2020 and 2023—and suggests that
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publication activity in this field is likely to continue increasing over the next five years.
This macro-level overview sets the stage for the detailed bibliometric analysis that follows,
which integrates both macro- and micro-level perspectives to identify key institutions,
leading authors, and thematic keyword patterns shaping research in this domain.

y =0.0081x*-0.1078x> + 0.318x + 1.384
2=0.8294

Publications

2000 2005 2008 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Publication year

Figure 1. Annual number of publications on hydrogel applications in agriculture (2000-2024).

Following the upward publication trend shown in Figure 1, the macro-level analysis
also examined the geographical distribution of research activity. As shown in Figure 2,
contributions originate from 31 states across multiple regions, reflecting the widespread
scientific interest in hydrogel applications for agriculture. This global distribution provides
a basis for examining the relative research intensity of individual countries, offering insight
into why certain regions demonstrate higher activity levels than others. The highest
proportion of documents (29%) were authored by researchers based in China, followed
by those in India (19%), and Brazil (7%). This point is noteworthy, given that these three
emerging market economies have significantly expanded their agricultural activities over
the past two decades and play a major role in agricultural trade policy issues [30,31]. In
the case of China, the earliest publication identified corresponds to the work of Liu et al.
(2005) [31], which explored the use of sodium carboxymethylcellulose hydrogel to improve
water absorption However, until the continuous publications are observed since 2020, and
the most productive year corresponds to 2024 with seven works. The trends observed
in these documents correspond to more interest in the last year on delivery efficiency of
compounds, especially on fertilizers [32,33]. Also, it is observed an interest on the water
retention considering aspects such as soil moisture management [32,34], and in some cases
are linked to the use of the humidic substance, especially considering soil fertility by use of
the fertilizers [35]. and water retention [36].

In the case of India, the first documented identified in this work corresponds to
Kumar and Kaith (2010) [37] that are focused on the develop of the hydrogel based on
Psyllium/acrylic acid for the release of fungicide as copper sulfate that is useful in the
control of the multiple fungi and bacteria that promote plant diseases. As similar in the
case of the documents published by Chinese authors is observed interest by the compound
control release, and the use of natural polymers or raw materials to develop the hydrogel.
In the case of Brazil, the first document identified corresponds to Tanaka et al. (2021) [38]
work where is observed again a concern related to the compound release, as the commercial
product herbicide dibromide monohydrate considering a bio-based nanocomposite. In this
work the trends observed are linked to the developed hydrogel based on natural resources
supporting also the developed ecofriendly materials, as well as a more interest in advanced
functionalization of the hydrogels. Tendency that is observed also in the case of the Chinese
and Indian works.
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Figure 2. Geographical distribution of authors based on Scopus-indexed publications (2000-2024).

Additionally, it is important to note that certain states participating in these challenges
are not solely middle-income but also serve as importers and exporters of agrochemicals,
such the Russian Federation [39], Mexico [40], and Argentina [41]. This geographical profile
of research activity provides the foundation for narrowing the focus to the micro-level,
where the analysis examines the institutions and authors driving research in this domain.

In total, 160 authors were affiliated with 158 organizations, with 60% based in uni-
versity departments, and 2% in industry; the remaining institutions comprised research
and development institutes or centers supported by universities or national governmen-
tal entities. Notably, industry-affiliated authors consistently collaborated with academic
institutions [2,42]. This represents an opportunity to further promote interinstitutional
collaboration, a factor of particular relevance for advancing the integration of hydrogels to
the ICM practices.

Building on the importance of inter-institutional collaboration for advancing the in-
tegration of hydrogels into ICM practices, the author network analysis provides further
insight into the dynamics of research partnerships. As shown in Figure 3a, the non-gray
colored clusters represent groups of authors collaborating across different documents,
while the gray clusters indicate isolated author groups working independently. Overall, the
observed level of collaboration is relatively low. This situation can be linked to the diversity
of the focus on the topics, motivated also by the type of hydrogels produced and the
necessities to evaluate their efficiency on ICM strategies. Strengthening cross-institutional
and interdisciplinary networks, particularly those connecting research teams working on
complementary aspects of hydrogel design, evaluation, and field implementation, could
enhance knowledge exchange and accelerate the translation of laboratory findings into
practical agricultural applications. This need for stronger collaboration is further reflected
in the temporal pattern of existing partnerships. As shown in Figure 3b, collaborations
among the most active clusters identified in Figure 3a have been recorded only since 2018,
underscoring both the novelty of the topic and the opportunity to expand cooperative
research efforts. In particular, several works involving authors from industry also included
participation from academic institutions, highlighting the importance of cross-sector collab-
oration in advancing hydrogel research for agricultural applications. Complementing this
collaboration analysis, citation data provide another perspective on the field’s maturity and
influence. The Scopus database yielded a total of 1,816 citations, with 91% of papers cited
at least once—reinforcing the previously noted relevance of this research domain. Notably,
63% of the non-cited documents were published in 2024, reflecting the short time available
for citation accumulation. The most referenced document, “Guar gum-crosslinked-soya
lecithin nano-hydrogel sheets as effective adsorbent for the removal of thiophanate methyl
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fungicide” [43], has received 118 citations. This study offered novel insights into the physi-
cal interaction mechanisms between thiophanate-methyl fungicide and the synthesized
hydrogel, highlighting potential applications in water detoxification methods to address
pesticide contamination.
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Figure 3. Authorship analysis: (a) distribution of authors; (b) collaboration networks among authors.
Elaborated using VOSviewer.

With regard to the journals preferred by the authors, a total of 63 journals were
identified, spanning 15 subject areas, as shown in Figure 4. These results suggest a notable
degree of interdisciplinarity within the topic. However, a clear preference is observed
for topics related to materials and polymer science. For example, the journal with the
highest number of documents is Carbohydrate Polymers with 6 documents, followed
by International Journal of Biological Macromolecules and Journal of Polymers and the
Environment, both with 4 documents.
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Figure 4. Distribution of documents across subject areas (2000-2024).

From the distribution of journals, the analysis then shifts to the thematic content
of the publications, as reflected in the authors’ chosen keywords. A total of 242 author
keywords were detected across the studied articles, as shown in Figure 5a. As expected,
the most frequently mentioned author keyword is “hydrogel.” However, as in other cases,
the studies also reference specific hydrogel types, including bio-based substances [44—46]
or nanocomposites [38,46—49], as well as variations in crosslinking processes, ranging
from beam-based methods such as gamma radiation [50] to more conventional chemical
approaches using the crosslinker N,N’-methylenebisacrylamide (MBA) and ammonium
persulfate (APS) as the initiator [51].

145



Gels 2025, 11, 731

(a) Crossllnklng

PANIaElectron beamy & an
EMFCTIIEI rra d I atl O n Swellmg

Pesticide Removal_rate Low_dose Biogel
Psyll\um Starch
o H yd r. g e usl_EDx
ffusaon Superabsorbent Hydrogels

Herhu:nde co ntrol_l_ed, |re lea Se

“Network water 2 absorptlon

(b) Superabsorpent
e Water_ absorptmn

_ EDxControlled release .
Tir g Diffusion « Network
wlrradiation..

on_beam

swelling Crosslinking=-

emovai rate

Total of keywords
Author keywords: 242

04D  Olea’ europaea L

‘ NMRControlled releasema.w
: Stoc OSOernl\,iar(harldPSWelllng

suar-gum. -

Acrylamide gyupmic moimure m— Adsorptlon

BIOfertIllzerSPANl"“"”

e ler COITIpOSt Crosslinking s

Imazethapyr

2000 - 2014
Author keywords: 37

(d) Sustainable agriculture

Po lysaCCha ri de&llulcsc e

Formulation Biomatri ol C

—Water.retention s

\Dc“lar Biopolymer ..— ‘Plant_growth

Controlled: releasewugmn

tor?r;s 2o Gellan_gum nasssmeesieF @t Lizer
‘“=Slow=release alginate.

Pectin Swelling Starch

20152020
Author keywords: 63

2021 — 2024
Author keywords: 142

Figure 5. Temporal variation in author keywords illustrating the evolution of research themes, where
(a) presents the overall frequency of keywords, (b) highlights terms used between 2000 and 2014,
(c) depicts those from 2015 to 2020, and (d) reflects keywords from 2021-2024.

Figure 5b—d depict the temporal evolution of the contextual focus. To improve the
interpretability of this analysis, the term hydrogel was excluded. Although the number of
words increased, it was possible to observe the inclusion of more bio-based components
during the period 2015-2020, such as Guar gum (Figure 5c), or the starch or other polysac-
charides (Figure 5d). As shown Figure 5b-d, there is clear evidence of an evolution in
applications. For instance, in the most recent works (Figure 5d) the keywords include terms
such as “sustainable agriculture” [52]. In this same period the use of natural polymers is
remarkable in order to produce more eco-friendly materials [53-55].

With regard to controlled release, an increase in publications has been observed,
particularly those addressing fertilizer [34] or pesticides [56]. One of the most notable
aspects concerns the advancement of the precision input delivery [57]. However, no
specific use of the term associated with IMC was observed. This may be attributed to
only 26 works (29%) in which there is a clear notice of collaboration between authors
from departments in materials or chemical science and those in agricultural fields. This
highlights an excellent opportunity to foster more interdisciplinary research.

From Figure 5, author keywords highlight applications related to ICM practices, such
as water retention for soil improvement and the use of biofertilizers and fertilizers, even
when not explicitly stated. The preceding analyses provide the contextual foundation
for a more detailed examination of hydrogel applications, which are classified into four
categories: bioactive products, nutritional growth inputs, pesticides, and soil conditioners
(Figure 6). The Sankey diagram illustrates their distribution, with most publications
addressing pesticides, followed by soil conditioners, and fewer on bioactive products,
which enhance plant tissue growth and support controlled bioactive release [58]. Six
studies were classified into more than one category.
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Figure 6. Sankey diagram of the distribution categories and subcategories identified. Image created
using SankeyMATIC.

2.2. Analysis of Categories

A focused analysis of these four thematic groups provides critical insight into how
hydrogels are being positioned within agricultural systems. By separating the publica-
tions into categories—bioactive products, nutritional growth inputs, pesticides, and soil
conditioners—it becomes possible to trace specific research trends, identify methodological
approaches, and highlight persistent challenges. This categorization not only clarifies the
breadth of applications but also underscores the need for targeted innovation to align
hydrogel development with practical agronomic demands. The discussion proceeds accord-
ing to prevalence in the dataset, beginning with pesticides and concluding with bioactive
products, which, although less represented, demonstrate noteworthy potential for plant
growth promotion and controlled release of active compounds.

2.2.1. Pesticides

Pesticides are important in agriculture as they effectively enhance crop yields by
repelling, eradicating, or mitigating the impact of pests. Their continued usage can lead to
significant issues, such as environmental pollution and health hazards [59], which hydrogel-
based remedies may address. This section examines various methodologies identified in
the selected texts.

As previously mentioned, this category contains the highest number of documents—38
in total. Table S1 provides details on the types of hydrogels developed, the pesticides loaded,
the crosslinking processes employed, and the methods used for hydrogel characterization.
As shown in Figure 6, the identified subcategories include biofungicide, biological con-
trol, biological detoxification, disinfectant, fungicide, herbicide, insecticide, and pathogen
control. Despite this variety, there is a clear trend toward developing environmentally
friendly formulations. This tendency is reflected in the use of biodegradable materials
for hydrogel production, to support the active compounds. Examples include sodium
alginate (SA) and carboxymethyl cellulose (CMC) [60], gellan gum [61], and carboxymethyl
chitosan (C-CS)/sodium alginate [62]. Another example is an alginate/amidated pectin
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hydrogel, which has been used to encapsulate the biocontrol microorganisms, including
Trichoderma koningiopsis Th003 [63].

Figure 7 illustrates the evolution of the pesticides examined by the authors. Despite
this trend, highly toxic substances such as paraquat and copper sulfate continue to be refer-
enced in certain documents—Ilikely due to their increasing use, particularly paraquat in
2024, given its high efficacy in weed control [64]. Novel hydrogel-based systems have been
reported, including the study conducted by Dong et al. (2023) [53], which produced a metal—-
organic framework (MOF) nanoparticle synthesized from FeCls and 2-aminoterephthalic
acid to address challenges associated with its application. The hydrogel material contains
mesoporous crystalline cages that functioned as carriers for herbicide encapsulation. Addi-
tional studies have investigated nanocomposites—comprising methylcellulose or chitosan
reinforced with zeolite and further enhanced by poly(methacrylic acid)-co-polyacrylamide—
to mitigate or diminish the leakage of hazardous compounds, even under fluctuating pH
circumstances [56].
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Figure 7. Temporal evolution of pesticide types reported in the analyzed documents.

Other commonly used chemicals, which remain toxic yet less hazardous than paraquat
and copper sulfate, are also documented in Table S1 and Figure 7. These include Dalapon
(sodium 2,2-dichloropropionate) [28], atrazine [51,65-67], and glyphosate [68]. In several
cases, the primary objective was to achieve the controlled release of these compounds
under specific conditions, particularly in aqueous environments [69].

Alongside strategies aimed at improving controlled release and reducing the ad-
verse effects of pesticides, the adoption of eco-friendly or biologically based agents is also
apparent. This includes fungal biopesticides [70], copper oxide nanoparticles that demon-
strate effectiveness against various plant pathogens [71], garlic oil [46], and plant-derived
compounds such as glycoalkaloids isolated from tomato and potato foliage [60].

The reviewed documents reveal a wide variety of hydrogel materials, as shown
in Table S1, with 38 distinct types identified and a marked increase in diversity since
2017, as illustrated in Figure 8. Although many types were reported, a substantial pro-
portion of formulations were based on acrylic acid, such as psyllium/acrylic acid [36],
methacrylic acid [38,49,56,72], sodium alginate [60,62,73], and bio-based materials includ-
ing chitosan [62,71,74] and starch [67,70,72]. The hydrogels identified include traditional
copolymers such as polyacrylamide/poly(ethylene oxide), as well as semi-interpenetrating
networks (semi-IPNs) based on synthetic polymers [65] and others incorporating natural
polymers such as C-CS/SA [62]. Additionally, there is growing development of compos-
ites and nanocomposites that integrate inorganic nanostructures such as nanoclays [66],
zeolites [37,49,56], copper oxide [71], and even nanocellulose crystals [75].
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Figure 8. Temporal evolution of hydrogel material types reported in the analyzed documents.

A notable trend is the increasing investigation of hydrogels derived from compos-
ites and biocomposites. In summary, regarding the types of materials, as illustrated in
Figures 8 and 9a, this diversity can be categorized as synthetic polymers [76,77], bio-based
polymers. Some of these materials are further classified as smart hydrogels due to their abil-
ity to respond to external stimuli such as variations in pH or controlled water retention and
release [57]. However, in the most recent period examined in this study, certain hydrogels
have been considered as multifunctional, owing to the incorporation of diverse components
and their capacity to support and adapt to multiple environmental stimuli. These functions
include water absorbency at different pH, temperature, and light levels [78], as well as the
controlled release of compounds from microbeads, for example, those based on Ca-alginate
graft copolymer of poly[N-isopropyl acrylamide-co-N,N-diethylacrylamide] [79].
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Figure 9. Evolution of hydrogel material types: (a) pesticides, (b) nutritional growth inputs,

(c) soil conditioners.
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Alternatively, as illustrated in Figure 10, which aggregates 21 studies featuring natural
or biodegradable components, it becomes evident that there is no consistent correlation
between the hydrogel type employed and the pesticides incorporated. The numbers
in the figure represent the frequency of documents reporting a specific combination of
hydrogel material and pesticide category. The absence of correlation arises because hydro-
gel selection is typically based on general properties—such as biodegradability, swelling
capacity, or mechanical stability—rather than the nature of the active substance. For ex-
ample, hydrogels based on chitosan (CS) have been used for both fungicides [11,62,71]
and herbicides [49,56,74], while alginate (AL)-based hydrogels have been applied across
all subcategories [60,68,70,73,80,81]. This finding confirms that multifunctional hydrogels
are not strictly linked to a particular pesticide group.

Material
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Figure 10. Document frequency linking bio-based hydrogels with pesticide categories. Values denote
the number of studies reporting each case. Prepared with the assistance of artificial intelligence
(ChatGPT, OpenAl, 2025), based on data and instructions provided by the authors.

Several authors have emphasized that the structural properties of hydrogels are essen-
tial for the regulated release of compounds [18,23,82]. Key factors include the polymer back-
bone, the integration of fillers—such as those utilized in composites and nanocomposites—
and the density of network crosslinking [82]. The release profile can be significantly
influenced by molecular interactions between the hydrogel matrix and the encapsulated
substances [82]. Variations in crosslinking density during hydrogel synthesis may modify
the release rate of compounds while concurrently influencing attributes such as water
retention and soil-holding capacity [82]. This indicates that in developing novel hydrogel,
it is essential to systematically evaluate the influence of these critical parameters on both
compound absorption/release dynamics and water absorption/release characteristics.
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Multiple techniques for crosslinking have been identified (see Table S1). The predomi-
nant technique involves chemical crosslinking using N,N’-methylenebisacrylamide (MBA)
as a crosslinker and ammonium persulfate (APS) as an initiator. This strategy has been re-
ported in several studies [51,69,71,83,84] and remained widely applied in works of 2024 [57].
The integration of MBA and APS is extensively utilized owing to its straightforwardness,
repeatability, and tunable gel characteristics. This technique facilitates the formation of
resilient hydrogel networks and offers operational simplicity, rendering it highly suitable
for agricultural applications, especially in controlled pesticide release systems. In the
context of APS, this initiator has been employed in conjunction with other crosslinking
agents, such as hexamine [84] and additional agents like methylene bisacrylamide [82],
as it is particularly effective in initiating free-radical polymerization, thereby promoting
efficient and uniform network formation.

Various strategies have been employed to promote chemical or physical cross-linking,
alongside increasing the number of components used to reticulate hydrogel. In certain
cases, radiation approaches have been considered, originating from the early work of
Saraydin et al. 2000 [27]. Nonetheless, recent studies have placed diminished emphasis on
this method, while interest in procedures employing calcium agents has been increasing,
likely due to the emergence of natural materials like alginate [60], pectin [74], or amidated
pectin [63].

Regarding the hydrogel forms, the most commonly reported are films, beads, or gran-
ules. However, no clear correlation has been observed between the type of compound
loaded and the physical form of the hydrogel. Recent innovations have focused on en-
hancing the spray conditions of conventional herbicides such as dicamba, particularly
by achieving an optimal droplet size that minimizes drift and thereby improves efficacy.
An example is the development of a hydrogel formulation based on folic acid and zinc
nitrate [85], which produced droplets with effective air dispersion and confirmed the po-
tential of this approach for improving spray performance. In the future, such strategies
could be adapted to other active compounds, broadening their applicability in sustainable
crop protection.

Regarding compound loading, multiple approaches have been identified (see
Table S1). The predominant method, reported in 18 studies, is the swelling equilibrium
method [28,37,40,49,51,53,56,65-70,72-74,82,86]. In this approach, the solid hydrogel is
immersed in or comes into contact with a compound solution until entrapment occurs.
This technique requires low investment and allows the evaluation of the effect of network
structure, mesh size, and the affinity between hydrogel material and chemical substances.
Another important advantage is its applicability for loading thermally unstable com-
pounds [23]. Additional strategies include encapsulation techniques [11,46,60,63,75,80]
or the incorporation of the molecule during hydrogel formation, utilizing an in situ
method [27,57,61,62,71,76,79,84,87]. In this latter case, it is important to consider that the
compound can be stabilized without compromising its integrity under the temperature, sol-
vent, or pH conditions of fabrication. The advantage of the in situ method lies in its ability
to promote stronger interactions between the hydrogel material and the compound. An ex-
ample is the synthesis of a substance including the herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) and poly[(1-vinyl-2-pyrrolidone)-co-(2-hydroxyethyl methacrylate)] as reported by
Pizarro et al. (2008) [76]. The esterification between the hydroxyl groups of the copolymer
and the acid chloride groups of the herbicide strengthens these interactions, producing a
system in which chemical release is influenced by environmental pH.

Regarding the characterization techniques employed to assess the performance of
the hydrogels, as illustrated in Figure 11, the most prevalent methods involve compound
absorption and release studies, followed by Fourier Transform Infrared Spectroscopy
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(FTIR) and swelling tests. Additional techniques such as thermogravimetry analysis
(TGA), nuclear magnetic resonance alternatives (NMR), X-ray diffraction (XRD), and
differential scanning calorimetry (DSC) provide structural insights into the hydrogels.
This prevalence is expected, as the majority of the reviewed studies focus on hydrogel
development. Ultraviolet-visible (UV-vis) spectroscopy is also frequently reported as
a method to monitor compound release [37,53,63,75,84]. Swelling remains a common
technique for assessing hydrogels behavior [11,27,28,38,46,49,56,63,71,79,80,82,83], and
the resulting data are often compared with findings from other techniques that examine
crosslinking or crystallinity, such as DSC [82].
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Figure 11. Relationship between commonly used hydrogel characterization techniques and hydrogel
categories. Values denote the number of studies reporting each case. Elaborated with the assistance
of artificial intelligence (ChatGPT, OpenAl, 2025), based on data and instructions provided by
the authors.

Microscopic techniques such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), or atomic force microscopy (AFM) are valuable for analyzing
material morphology and supporting the evaluation of hydrogel behavior, for example, in
studies assessing water absorption capacity [82].

The characterization of hydrogels generally includes testing of absorption, retention,
and release of water, particularly in relation to soil moisture retention and the duration of
water availability [82]. Some studies emphasize that the integration of specific techniques
is essential for understanding the release behavior of active compounds, often using water
as a model substance.

Conversely, only seven studied have reported in vivo experiment assessing hydrogel
effects on plant growth or seed germination [11,46,61,69,71,79,88] (see Table S1). The plant
species studied include varieties of wheat [11,46,88] and lettuce [71,79]. In addition, eight
works have been investigated hydrogel-soil interaction tests, either in vivo [46,69,71,88] and
ex situ [60,61,79,88], using specific soil types. These investigations focus on degradation
and compound release. Despite the diversity of soils considered (see Table S1), natural
derived compounds such as fungal biopesticides [70] or garlic oil [46], have been tested in
agricultural soil to simulate real application conditions, whereas synthetic pesticides are
typically evaluated in soils of defined texture, with attention to their mobility and leaching
potential [57,69,71].
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The evidence from in vivo and ex situ tests shows that research remains centered on
hydrogel design and compound release, with limited attention to plant-level outcomes.
Bridging this gap through plant monitoring and field validation will be essential, enabling
more effective interdisciplinary collaboration and advancing hydrogel technologies toward
sustainable crop protection.

2.2.2. Nutritional Growth Inputs

This category, aligned with ICM strategies, comprises documents addressing com-
pounds supplying essential macro- or micronutrients for plant metabolism, growth, and
reproduction. It also encompasses biostimulants that enhance nutrient use efficiency, abi-
otic stress tolerance, or crop characteristics, regardless of nutrient content [7,12]. A total of
26 documents were categorized in this group, four of which were additionally classified
under other categories such as pesticides [28,69], and soil improvement [2,45]. Figure 6 and
Table S2 illustrate that the subcategories include fertilizers, which account for the largest
number of analyzed documents, followed by biofertilizers and biostimulants.

The growing variety of fertilizer-related compounds reflects a trend similar to that
seen in pesticide applications. Figure 12 shows a significant increase in the diversity of
compounds reported in the reviewed documents. Urea remains the most frequently cited
substance [20,32,45,50,81,89,90], primarily due to its widespread use as a fertilizer, its high
nitrogen content, and low cost. However, nutrient losses and runoff in agricultural systems
presents a significant challenge [50].
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Figure 12. Temporal evolution of nutritional growth inputs reported in the analyzed documents.

Seven distinct hydrogel materials have been reported for mitigating urea loss. These
include starch-based systems such as starch from rice-cooked wastewater with acry-
lamide [45], natural rubber latex—cassava starch [90], and acetylated starch-
polyacrylamide [81]; natural oil-based coatings with crosslinked PAN/PAAc [50]; PVAL/
humic acid hydrogels [20]; and alginate-based formulations, including composites with
attapulgite, N-isopropylacrylamide-sodium alginate [89], and sodium alginate-humic
acid-NIPAm-AMPS. Additionally, a hydrogel of acrylamide-methylpropanesulfonic acid—-
poly(ethylene glycol) with sodium alginate and humic acid as a filler has been described [32].
The objectives of these hydrogels are diverse: some aim to create hydrophilic barriers
that regulate urea diffusion [50], others focus on establishing strong interactions with
urea [45], and some are designed to form complexes through hydrogen bonding or ionic
interactions [20]. However, the potential degradation by-products generated from these
interactions and their implications for plant growth are not addressed. Overall, the trend
indicates that hydrogel systems are evolving—from conventional synthetic designs to more
advanced materials incorporating composite structures or smart functionalities, capable
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of integrating multiple responsive mechanisms, such as combined pH and temperature
sensitivity [89].

Table S2 and Figure 12 indicate that humic acid (HA) is the second most frequently
cited compound, with its use reported mainly in studies published between 2021 [3] and
2024 [32,34,91]. HA denotes a category of long-chain organic compounds characterized
by colloidal properties and complex spatial structures, predominantly originating from
plant degradation and fermentation [32]. This substance is widely recognized as an organic
fertilizer capable of enhancing plant growth [91]. Researchers have utilized derivatives such
as humic acid sodium salt [3] or commercial formulations [32] to develop specific hydrogels.
The chemical structure of HA enables hydrogen bonding with hydrogel matrices, thereby
improving network stability and while enhancing hydrophilicity, swelling behavior, and
compatibility with soil [36].

The incorporation of biological agents, including Rhizobium [92,93],
Azospirillum [52,93], and mycorrhizae [2], has been documented, particularly within bio-
based hydrogels made from alginate [52] or pectins [93].

Figure 8 and Table S2 show that a considerable number of hydrogels have been devel-
oped, mirroring observations made in the context of pesticides. Figure 9b depicts a specific
evolution in the types of polymers utilized for the incorporation of nutritional growth
inputs. Between 2000 and 2013, the materials identified predominantly comprised synthetic
hydrogels with limited functionality and bio-integration, including acrylamide/crotonic
acid [28]. During the subsequent period, as illustrated in Figures 9b and 12, the utilization
of commercial hydrogels, including Stockosorb, rose markedly. This material demon-
strates benefits in alleviating drought stress in the production of olive plantlets [2]. In this
timeframe, biocomposites derived from bacterial nanocellulose were also observed [22].
The latest period examined in this study, extending from 2021 to 2024, underscores the
growing application of bio-based hydrogels incorporating components sourced from waste
valorization, such as hydrogels derived from rice-cooked wastewater [45].

The trend in nutritional growth inputs indicates a preference for bio-based components
in hydrogel production. Various natural polymers have been utilized in these systems, such
as sodium alginate [9,32,34,89], starch [45,81,90,94], pectin [93,95], and cellulose [3,9,22,96].
Figure 9b illustrates that this trend has intensified in recent years and is likely to continue.
Future developments may focus on multifunctional materials that enhance water retention,
facilitate nutrient delivery, and respond to environmental stimuli. An example of such a
multifunctional hydrogel is a pH-responsive system based on N-isopropylacrylamide (NI-
PAm) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), which exhibits thermal
sensitivity and enhanced water absorbency [32].

Further examples of multifunctional hydrogels include composites that integrate
natural fillers like attapulgite [89] or biomass sources like pine resins [97]. A notable
example is the leather waste—acrylic acid—maleic anhydride composite, which combines
water retention, controlled fertilizer release, biodegradability, and heavy metal adsorption—
specifically for Cr [III—while also responding to various environmental parameters such as
pH and coexisting ions [32]. This example highlights the incorporation of circular economy
principles through the valorization of industrial by-products.

Similarly to observations in documents classified under the pesticide category, a large
number of studies on nutritional growth inputs focus—either directly or indirectly—on
the analysis of compound release behavior [20,22,32,34,68,81,89-91,97,98]. The structural
strength of these hydrogels can be influenced by the crosslinking process [20], the in-
corporation of functional fillers [89], or a combination of both. An illustrative example
of this integrated approach is the formulation of composites that combine pine resin
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polysaccharides with biochar as a filler, enhancing nutrient release and overall material
performance [97].

The crosslinking processes utilized in these studies follow a pattern similar to those
reported in the pesticide category. Traditional chemical crosslinking systems are widely
employed, particularly those involving MBA and APS, most notably in the synthesis of
hydrogels from acrylamide derivatives [81,89,97] or acrylic derivatives [35,98]. With the
rising adoption of bio-based hydrogels and heightened concerns regarding environmental
sustainability, alternative crosslinking strategies have emerged. Ionic crosslinking methods
frequently employ divalent or trivalent metal ions, including CaZ* [8,34,52,93], Cu?* [9],
and Zn?* [9]. Furthermore, a significant trend is observed in the development of physically
crosslinked systems, where interactions such as polymer chain entanglement are crucial,
particularly in formulations based on chitosan and starch [94]. Future research is likely
to emphasize physical crosslinking mechanisms while reducing reliance on synthetic
crosslinkers, initiators, and chemical activators.

For compounds such as humic acid and 3-indoleacetic acid, crosslinking is mainly
determined by the interactions between functional groups, particularly hydroxyl and
carboxylic acid moieties [3]. Strategies such as coacervation, aldehyde-mediated reactions,
and citric-acid-induced crosslinking have shown significant relevance for these substances.

As observed in the case of pesticides, the most employed technique for compound
loading in hydrogels for nutritional growth inputs is the swelling equilibrium method,
which appears in 46% of the reviewed documents [20,28,32,34,35,45,50,81,89,91,94,96]. The
subsequent prevalent technique is the in situ method (27%) [3,8,69,89,95,97,98], followed
by encapsulation processes (19%) [22,52,90,93,99]. The frequent application of the swelling
equilibrium method may be attributed to its appropriateness for sensitive compounds that
are prone to degrade or change during hydrogel synthesis, such as biofertilizers [94]. Even
for relatively stable compounds like urea, which can withstand thermal conditions, this
method may enhance availability and performance [89]. The selection of a compound
loading technique must carefully consider both the chemical stability and availability of
the active ingredient under hydrogel fabrication conditions, as previously noted regarding
the pesticide category.

Figure 11 illustrates that the main techniques employed to characterize hydrogels
for nutritional growth inputs concentrate on compound absorption and release, encom-
passing release profiles in both water [3,35,50,91,97] and soil [3,20,89,91,97]. As previ-
ously discussed regarding pesticide-related hydrogels, structural characterization methods
such as FTIR [8,22,35,50,68,81,89-91,94,95,98], SEM [9,22,35,50,68,81,89,91,93-95,98], and
TGA [20,22,45,81,89,91,95,98] are also significantly utilized. Furthermore, evaluations of
water absorption and retention capacity are significant for assessing the material’s agricul-
tural performance. The application of these techniques reflects a strong scholarly interest in
analyzing or understanding nutrient delivery and availability. The capacity for entrapment
of fertilizers, like pesticides, is frequently assessed using UV-visible spectrophotome-
try [32,90,91,96].

A total of 63 percent of the analyzed documents reports in vivo tests, whereas
40% include germination assays, such as the evaluation of the number of germinated
seeds [9,20,45,94-96]. The analysis of plant growth encompasses root architectural parameters
including length, area, and volume, as well as leaf area measurements [2,9,34,45,68,90,93,94].
Additional trails assess biomass production, including fresh plant or root biomass and
dry plant biomass [2,20]. These assays are often complemented by biochemical indicators
such as chlorophyll [2,9,94], protein [92], oil content [92], photosynthetic pigment [2], or
phenol content [2]. In certain cases, they also provide information on plant responses
under water stress conditions [2]. Recent studies have introduced advanced methods,
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including high-resolution digital imaging technologies, to enable more precise analyses of
root architecture [99].

A notable aspect is that 79% of these documents were published between 2023 and
2024, underscoring the growing relevance of the research on hydrogel-plant interactions.

Regarding the types of plants considered, some studies have examined woody species,
including olive plantlets (Olea europaea L. cv.), which are particularly valuable for long-term
investigations [2]. Legumes, including soybean [92], mung beans [45,91,95], and peas [45],
are commonly employed in early-stage performance testing because of their rapid growth
and low experimental costs. Germination assays are frequently performed on grain crops
such as maize [34,94] and sorghum [20], whereas evaluations of leafy vegetables typically
emphasize traits such as leaf length, root development, and biomass accumulation.

Agricultural soils—including clay loam, sandy phosphorus-deficient, and loamy
types—were among those used in the examined studies. Most studies, however, lacked
systematic monitoring or characterization soil properties during the experiments. This gap
highlights an important avenue for future research, especially to advance understanding of
the interactions among soil, hydrogel, and the broader soil-hydrogel-plant system.

2.2.3. Soil Conditioners

Soil conditioners are essential for improving agricultural productivity and mitigating
environmental pollution [100,101]. Powlson et al. (2011) [100] identified the primary soil
functions that support food production as follows: (1) supporting seed germination, root
establishment, and root functionality, including anchorage, water uptake, and nutrient
acquisition; (2) acting as a nutrient reservoir; (3) enabling the transport of water and
nutrients from both native soil reserves and external inputs; (4) providing a medium for
essential nutrient transformations for plant nutrition; (5) supporting diverse microbial and
faunal communities that contribute to plant growth and nutrient cycling; and (6) delivering
physical support for agricultural operations involving machinery, humans, and animals.

In relation to the analysis of this category, a total of 28 documents were classified.
Figure 6 and Table S3 show that the subcategories identified in this review encompass soil
bioavailability, microbial activity, mulching, soil structure, and soil water management.
Among these, soil water management emerges as the most frequently addressed topic and
is supported by the largest number of related documents.

On the other hand, hydrogels have the potential to modify and enhance the fluid
dynamics of the soil liquid phase by (1) increasing water-holding capacity, (2) improving
water flow characteristics, and (3) enhancing the mechanical performance of soils under
diverse environmental stress conditions [102,103].

This category reveals extensive use of diverse hydrogel systems (see Figures 8 and 9c,
and Table S3). Synthetic polymers, particularly polyacrylamide-based hydrogels [45,47,
104,105], include innovative examples such as poly(acrylamide-co-acrylate) derived from
acrylamide processing residues [104]. Commercial products like Stockosorb 660 are
also reported [2,42]. Beyond these, nanocomposite formulations, such as poly(acrylic
acid-co-acrylamide)/AlZnFe,O —potassium humate [47], and hybrid systems, including
poly(acrylic acid)-graft-agar/gum Arabic [106] and chitosan/potato starch blends [10],
demonstrate efforts to integrate functionality. At the same time, biopolymer-based hydro-
gels, often incorporating natural polymers or agricultural waste [10], highlight a clear shift
toward environmentally sustainable systems consistent with circular economy principles.
As further shown in Figure 9c, several hydrogels can be classified as hybrid, smart [106], or
multifunctional systems within the previously defined categories. Multifunctional hydro-
gels play an important role in soil water management, structural improvement, and the
stimulation of microbial activity [33].
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On the other hand, as reported in Table S3, bio-based hydrogels are predom-
inantly associated with soil structure [33,44,54,103,107,108] and soil water manage-
ment [36,45,55,106,109-111].

Moreover, these hydrogels allow regulated water release in response to external stimuli
such as temperature, pH, light, and enzymatic activity [79]. As shown in Figure 9c, since
2017 there has been a marked increase in the development of bio-based, hybrid, smart, and
multifunctional hydrogels, reflecting sustained innovation directed toward sustainable
agricultural applications. The application of nanocomposite hydrogels can be traced to the
period between 2009 and 2012 [47].

Figure 13 highlights that soil water management consistently emerges as a central
theme among authors. Soil structure has gained increasing relevance since 2012, with a par-
ticularly strong emphasis after 2021. Microbial activity has been addressed intermittently,
appearing in works from 2017 [1,112], 2018 [2,10], 2020 [113], and 2023 [93]. Conversely,
the subcategories of bioavailability in soil and mulch remain rarely examined, despite their
potential importance for ICM strategies.
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Figure 13. Temporal evolution of soil improvements reported in the analyzed documents.

Regarding the crosslinking process, ionic crosslinking—using divalent ions such as
Ca?* or Cu?*—is frequently employed, particularly in applications related to soil struc-
ture and microbial activity [93,113]. In contrast, commercial formulations or thermally
crosslinked hydrogels are more common in studies focused on soil water retention. As
in other categories, chemical crosslinking with MBA remains the dominant approach,
especially for soil water management, due to its proven effectiveness in improving water-
holding capacity [36,104,106,109].

Hydrogel presentation typically includes films and different types of granulates, such
as beads, consistent with other categories. A liquid formulation was also identified, noted
for its improved mixing capacity with the soil [103].

Figure 11 shows that the main hydrogel characterization methods in this cate-
gory are water absorption and retention [1,10,47,48,104,107,109,110,113,114], followed by
swelling analysis [10,31,55,106,107,109,112]. In addition, several studies report techniques
related to thermal stability and degradation, including TGA, DSC, and related meth-
ods [10,33,45,55,107,108].

A total of 19 studies were identified that evaluated hydrogel under soil-based con-
ditions. The soils tested were mainly characterized by low fertility, poor structure, and
limited water retention, including sandy loam [1,2,36,42,47,54,103,113], saline-alkali [33],
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and coarse-textured soils [44,54,103,112]. This pattern underscores the importance of test-
ing hydrogels for soil water management, a critical agricultural application. Bio-based
hydrogels were also studied in cultivated soils [45,115], garden soils [110], and natural
soils such as forest soil [111], reflecting attempts to design ecologically relevant testing
framework across diverse conditions.

In vivo assays were documented in 13 documents, four of which evaluated germina-
tion [47,55,111,114]. Table S3 indicates that between 2012 and 2018, studies mainly focused
on staple crops such as wheat [47], maize [116], and olive [2,42]. In later years, a wider
range of species has been tested, including Lactuca sativa [115], tomatoes [48,111], pota-
toes [104], legumes such as Pisum sativum [110] and Vigna radiata [45,110], leafy vegetables
from the Brassica [114] and Capsicum [114], and several weed species [114]. This trend
demonstrates a growing interest in the broader agroecological role of hydrogel.

In relation to germination, it is also important to highlight that the incorporation
of hydrogels can also alter soil porosity and permeability, thereby influencing seedling
performance [47,55].

Finally, at least 30 distinct have been identified for evaluating soil-hydrogel interac-
tions, categorized in Figure 14 and detailed in Table S3. Despite this variety, two key aspects
consistently emerge as fundamental in study design: soil pH and water dynamics.
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Figure 14. Main soil characterization parameters reported in the reviewed studies, expressed as

percentage distribution.

2.2.4. Bioactive

Bioactive substances contribute to ICM practices by functioning as organic insecticides,
growth regulators, and disease inhibitors, thereby promoting plant growth and improving
soil health [117]. These compounds are typically categorized into phenolic compounds, non-
phenolic compounds, and pigments [118]. In addition, bioactives can act as biochemical
probes, serving as model systems for studying biochemical processes and controlled release
behavior [119].

Only three documents met the criteria for this category, as reported in Table S4. These
primarily examined compounds employed as model systems to track hydrogel-controlled
release. Notably, phenolic molecules such as phloroglucinol (1,3,5-benzenetriol) were
identified as effective probes for evaluating the performance of hydrogels synthesized from
methyl-esterified pectin and humic substances derived from composted biomass [120].
Furthermore, two investigations focused on highly porous, tunable biohydrogels formed
from metal ions and organic ligands, specifically amino acid-enriched collagen-starch
matrices [58,121]. These systems demonstrate direct interactions with root and leaf tissues,
enhancing plant metabolism, tissue development, and overall plant growth.
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Although the number of documents in this category is limited (Table S4), the stud-
ies reveal a consistent reliance on bio-based materials. For instance, ionic crosslinking
with Ca?* was applied due to the natural presence of pectins in hydrogel matrices [120],
while polyurethane was incorporated into semi-interpenetrating polymer networks (semi-
IPNs) [58,121]. Compound loading strategies included swelling equilibrium and encapsu-
lation methods, as observed in earlier categories. The analytical approaches used to charac-
terize both hydrogels and plant responses were consistent with those previously described.

Importantly, in vivo evaluations were performed with the same plant species, tomato
(Solanum lycopersicum), in both studies [58,121]. The preference for tomato is likely linked
to its widespread role as a model organism in plant science, particularly for investigations
of plant defense mechanisms against pathogens affecting fruit quality [122]. This relevance
is reinforced by the availability of extensive genetic and genomic resources supporting its
use in experimental frameworks [123].

2.3. Opportunities for Future Research

This study illustrates how diverse types of hydrogels can be effectively integrated with
ICM strategies to address persistent challenges in the agricultural sector. The development
of hydrogels for applications such as pesticides, nutritional growth inputs, soil conditioners,
and bioactive compounds represents a dynamic and expanding field of global research.
Particular emphasis is observed in initiatives focused on bio-based multifunctional materi-
als, the valorization of industrial by-products, and the reuse of post-consumer waste. These
approaches enhance hydrogel performance while adhering to the principles of circular
economy and green chemistry. Based on this analysis, several key opportunities for future
research are identified:

e  Conduct detailed investigations of hydrogel-soil interactions, with special emphasis
on soil microbiota and plant-microbe dynamics.

e Expand field-based assessments in practical agricultural environments [2]. While
the number of such studies has increased, further research is particularly needed in
underexplored contexts, such as flooded soils.

e  Examine the potential toxicity of hydrogels in soil and aquatic systems. This remains
insufficiently studied, as highlighted by Kolya et al. 2023 [45], despite the likelihood
of large-scale applications.

e  Evaluate hydrogels performance under a wide range of environmental conditions.
Research has largely prioritized drought stress, but greater attention is needed to
conditions such as extreme moisture, atmospheric variability, and non-traditional
systems, including soilless, urban, and peri-urban agriculture.

e Integrate regulatory aspects into hydrogel research. Future studies must address
regulatory frameworks and toxicity assessments, as their absence represents a critical
barrier to the safe, sustainable, and large-scale agricultural application of hydrogels.

e  Despite the identification of bio-based hydrogels in this study, including those derived
from agro-industrial sources, further exploration of alternatives from food waste as
well as urban and industrial residues remains essential.

e None of the analyzed studies address the environmental impact of the developed
hydrogels. This gap highlights a key opportunity for future research to integrate
green engineering principles with environmental systems analysis, including carbon
neutrality, life cycle assessment, and water footprint evaluation.

e  The reviewed documents did not report the implementation of strategies such as
machine learning models or simulation tools for predicting hydrogel behavior. In-
corporating these approaches could improve resource utilization and leverage the
expanding corpus of scientific and technical knowledge.
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e  Other identified opportunities involve long-term evaluation, particularly through
integration of multiple ICM strategies that combine pesticides, biostimulants, biofertil-
izers, and soil conditioners [7] to enhance crop production, potentially complemented
by mulch application [114].

e Incorporating emerging technologies, such as additive manufacturing or rapid proto-
typing, which rely on layer-by-layer fabrication technology [124], could support the
development of complex structures. Multifunctional hydrogel may particularly benefit
from these methods, which offer greater flexibility and reduced material waste [124].

e  Only one study was identified that investigated the use of hydrogel as mulch. The com-
bination of hydrogels with film-based alternatives represents a promising direction for
developing multifunctional materials that integrate soil protection, water management,
and compound release, particularly relevant to small-scale food production.

e This study demonstrates a growing interest in hydrogel applications; however, addi-
tional research is essential, especially for the transition from laboratory prototypes
to real-scale applications. Such efforts should foster broader engagement from re-
searchers across industrial sectors.

e  Various researchers have highlighted the need to investigate alternatives to the con-
ventional soil integration of hydrogels, such as packaging them in bags made from
hygienic mask wastes [110], while also exploring techniques for reprocessing or re-
filling the hydrogel [23]. These methods may reduce reliance on raw materials and
continuously strengthen the circular economy.

e  Variations in the crosslinking process were also identified, reflecting efforts to lower
the environmental impact compared with conventional methods. These trends are
likely to intensify in the future, particularly for hydrogels used as chemical release
devices. However, it is crucial to examine the potential by-products arising from
hydrogel-compound interactions, as well as any resulting contaminants and their
impacts on plants or soil.

3. Conclusions

This work presents a concise overview of the current development of hydrogels
in agricultural practices, framed within ICM strategies. This analysis was conducted
through a synthesis of bibliometric analysis and PRISMA methodology. The approach
included macro- and micro-level analyses that identified the worldwide significance of the
topic, identified the regions of the greatest relevance, and examined key research domains
through the analysis of the author’s keywords and selected publications. The trend has
been increasing steadily, especially during the second decade of the twenty-first century,
and appears promising for the coming years. Contributions from authors worldwide have
been documented, reaffirming the topic’s significance. Recent developments highlight the
importance of green and sustainable agriculture, together with the expanded use of agro-
waste residues in hydrogels, offering opportunities for implementing a circular economy.
Guided by the ICM strategies, the selected documents were categorized into four groups:
(1) pesticides, (2) nutritional growth inputs, (3) soil conditioners, and (4) bioactives. Each
category was examined for patterns, with particular emphasis on identifying materials for
future study in this domain.

The significance of hydrogels within the ICM framework is clear, as is the imperative
to further develop advanced hydrogels from bio-based components that can function as
multifunctional materials, broadening their agricultural applications. Thus, materials such
as multilayer systems, nanocomposites, or biocomposites may serve as viable alternatives.
Furthermore, the potential for enhancing interactions through the incorporation of the
specific component within the hydrogel should be examined to adjust the crosslinking
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degree. However, it is essential to investigate the possible formation of by-products that
may affect plants and soil during application.

A wide range of characterization methodologies were identified, most of which are
based on hydrogel behavior. This underscores the need to strengthen research on hydrogel
interactions with both plants and soil. Overall, this work highlights the necessity of
fostering strong collaboration between industry and academia, supported by international
cooperation, to advance these developments and achieve meaningful impacts in addressing
global food production challenges under climate change.

4. Materials and Methods

This study was carried out using a rigorous process that integrated the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology and
bibliometric analysis [125,126]. To minimize bias and ensure reproducibility, the PRISMA
technique was selected [125,126].

Figure 15 summarizes the methodology applied in this study. The first step was to
define the search-query equation. A minimum of five iterations were conducted before gen-
erating the final version. This procedure ensured a broader retrieval of relevant documents.

During this iterative process, it was possible to identify terms corresponding to differ-
ent substances used as agrochemicals categories within ICM, including fertilizers, plant
protection agents, and biostimulants. Given the diversity of biostimulants types and the
challenges in establishing a comprehensive definition [7], this work adopted the main
categories proposed by Du Jardin (2015) [7].

The final search-query was defined as [humic OR fulvic OR “amino-acid*” OR pep-
tid* OR “protein hydrolys*” OR seaweed OR algae* OR “inorganic salt*” OR fungi* OR
mycorrhiza OR bacterial* OR herbicid* OR “weed control” OR bioherbicid* OR biofer-
tilizer* OR biostimulant*) AND [hydrogel*) AND [agricultur®) AND NOT [medicin* or
scaffold* OR biosen* OR biomedical OR “solar steam” OR “stem cel*”). The Boolean opera-
tor AND NOT was used to exclude unrelated publications, particularly those addressing
biological, medicine, sensors, or toxicological applications where hydrogels are also em-
ployed. To maximize retrieval, the operator asterisk (*) was used to capture variations in
relevant terms.

The next step was to search for the documents in a database. In this case, the Scopus
database was selected because it contains a comprehensive record set [127,128] and offers
reliable access to information. However, this choice also represents a limitation, as non-
database sources include all relevant publications [129]. Nonetheless, Scopus is widely
used and facilitates accessible and reproducible searches.

As in previous steps, the equations were applied to the TITLE-ABS-KEY fields in
Scopus. All documents published between 1999 and 31 December 2024, were retrieved. As
shown Figure 15, a total of 211 records were initially obtained. Because this study focused
on research articles, reviews and other document types were excluded. After applying this
criterion, 158 articles remained (Figure 15). Additional exclusion criteria include language,
English-only and duplicate entries, ensuring accessibility and consistency. Following these
steps, the total number of articles was reduced to 146.

As indicated in Figure 15, the next step involved an extensive review of titles and ab-
stracts. At this stage, the inclusion criterion was limited to documents explicitly addressing
the use of hydrogel in soil health or quality, pest control, or crop nutrition. Documents
were excluded if they focused on topics such as filtration, fruit packaging, fruit protection,
sensor development, water pollution control, reviews not identified earlier, agricultural
practices without hydrogel, hydrogel processing or characterization, genetics, medical
applications, or biotechnology. There are fifty documents in all that have been deleted. A
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total of 50 documents were excluded. Ultimately, 90 articles were retained for bibliometric
and in-depth analysis.

Search-query equation
Identification of words
Definition of the search-query
equation

4

Documents from Scopus
Equation n=211

¥ At least five cycles prior to the final equation

Design

¥ Criteria 1 - Type of documents

Total document: 211 - Articles: 158

| Tdentification |

¥ Criteria 2 - Language
Apply exclusion criteria Total Articles: 158 — English articles: 147
¥ Criteria 3 - Duplicate documents

Total Articles: 147 — Removed: 1

(Titles and abstract)

Documents screened
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Apply inclusion criterion ¥ Criteria 4 — Focus on topics selected: 90
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complete analysis
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Data processing: article data
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CSV file
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Analysis of records using
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!
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Bibliometric

‘ Classification criterion ¥ Criteria 5 - Degree of correlation with each category

Analysis

Figure 15. Scheme to conduct bibliometric and systematic analyses.

The Scopus data for the final set of documents was exported as comma-separated
values (csv) files. Data processing and visualization were conducted using VOSviewer
version 1.6.18, Microsoft Excel®, and SankeyMATIC, and were additionally supported
by artificial intelligence tools (ChatGPT, OpenAl, 2025), based on data and instructions
provided by the authors.

As noted in the preceding section, a macro- and micro-level bibliometric analysis was
applied to identify factors such as the most active state, notable institutions, and leading
authors. The visualization of data was particularly valuable for revealing collaborative
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networks of the co-authors, while the analysis of prevalent author keywords illustrated
the evolution of research topics over time, and allowed the identification of clusters and
thematic areas, as reported by other authors [26,130].

In addition, the final selected articles were thoroughly reviewed using the method-
ology established in prior studies [126] to determinate the most important components
of the topic categories. The selected documents underwent systematic review, cataloging,
and analysis across at least three work iterations. Microsoft Excel® was used to create
association graphs for categories, and also it was used to create diagrams free software
such as SankeyMATIC https:/ /sankeymatic.com/ (accessed on 20 July 2025).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels11090731/s1, Table S1: Documents classified in the Pesti-
cides category; Table S2: Documents classified in the Nutritional growth inputs category; Table S3:
Documents classified in the Soil conditioners category.; Table S4: Documents classified in the
Bioactive category.
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Abstract

The increasing demand for food necessitates that agri-food systems adopt innovative
techniques to enhance food production while optimizing the use of limited resources,
such as water. In agriculture, hydrogels are being increasingly used to enhance water
retention and reduce irrigation requirements. However, most of these materials are based on
synthetic polymers that are not biodegradable. This raises serious environmental and health
concerns, highlighting the urgent need for sustainable, biodegradable alternatives. Biomass-
derived from agro-industrial waste presents a substantial potential for producing hydrogels,
which can effectively function as water collectors and suppliers for crops. This review
article provides a comprehensive overview of recent advancements in the application of
agro-industrial waste for the formulation of hydrogels. Additionally, it offers a critical
analysis of the development of hydrogels utilizing natural and compostable materials.
Agro-industrial and food waste, which are rich in hemicellulose and cellulose, have been
utilized to enhance the mechanical properties and water absorption capacity of hydrogels.
These biomaterials hold significant potential for the development of effective hydrogels in
agricultural applications; they can be either hybrid or natural materials that exhibit efficacy
in enhancing seed germination, improving water retention capabilities, and facilitating
the controlled release of fertilizers. Natural hydrogels derived from agro-industrial waste
present a sustainable technological alternative that is environmentally benign.

Keywords: agro-industrial waste; agricultural hydrogels; water capability; bio compostable
hydrogels; food sustainability; bioeconomy
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1. Introduction

The growth of the world’s population has increased the demand for food, raising
concerns about the control of water use for agricultural purposes [1]. The scarcity of this re-
source has led to a search for new technologies that help improve agricultural performance.
Hydrogels have demonstrated promising results in capturing water and enhancing water
availability for plants [1]. Hydrogels are superabsorbent polymeric materials that play a
vital role in addressing critical challenges within food systems, particularly in mitigating
water scarcity in agricultural practices [2], nutrient management in plants [2], crop yield in
the field [2], and the removal of contaminants in the soil [3].

However, commercial hydrogels are currently manufactured with materials that do
not fully degrade in the environment [2]. Numerous hydrogels used in the present day
exhibit prolonged degradation rates, resulting in potential accumulation in soils and aquatic
environments [4]. This characteristic raises concerns regarding their long-term impact on
ecosystems. The most common hydrogels are synthesized with acrylamides and acrylates
that are not biodegradable [5]. Hydrogel degradation can be carried out by chemical,
biological, thermal, and mechanical processes, but the degradation condition could vary
by the way in which it is synthesized, the monomer used, as well as the cross-linkers and
initiators [6].

In recent years, the production of hydrogels from agricultural waste has been
studied [7]. The primary use of these hydrogels is to capture water from the soil [8].
Cellulose-based hydrogels can be used in various settings due to their excellent swelling
capacity, water retention, and biodegradability [9].

Since hydrogels for agricultural use are a technology under constant research [6,8],
key aspects of their performance may vary depending on certain conditions [10], the incor-
poration of agro-industrial waste gives way to sustainability and the circular bioeconomy;,
also to the development of systems that use natural resources for subsistence, as set out in
the Sustainable Development Goals (SDG) in objective number 12 [11]. Figure 1 shows the
contribution to the circular bioeconomy by utilizing disposable resources and obtaining
new components for incorporation into hydrogels. Selected plants are initially processed to
extract primary fibers, which are used in the production of industrial goods. The residual
biomass, which is traditionally discarded, is further valorized by extracting key biopoly-
mers, including cellulose, lignin, and hemicellulose. These biopolymers, when combined
with natural monomers, serve as raw materials for the synthesis of hydrogels—materials
that can retain significant amounts of water. These hydrogels can then be reintegrated into
agricultural systems to improve soil moisture retention, especially in arid regions. This
closed-loop system exemplifies how crop by-products can be transformed into high-value
functional materials, contributing to a more sustainable and circular bioeconomy.

Tariq et al. [4] previously authored an insightful and comprehensive review on the
innovative development of hydrogels derived from pure biopolymers, including starch,
chitosan, rubber, gelatin, lignin, and alginate. In a notable recent review, Zhu et al. [12]
undertook an exhaustive examination of cutting-edge methods for producing hydrogels
from natural polymers sourced from agricultural waste. However, despite the depth of
these analyses, they fall short in addressing the current landscape of research focused on
leveraging agroindustrial waste as a sustainable raw material for creating hydrogels for
agricultural applications. Furthermore, they do not explore the remarkable potential these
materials hold within a circular bioeconomy framework, a critical aspect for promoting
sustainability in agriculture.

Based on the above, this review article aims to analyze the current trend in utilizing
hydrogels derived from agro-industrial waste and their application as a viable alternative
for water capture in agricultural areas.

171



Gels 2025, 11, 616

Manufacturing

High
irrigation in
Crop

MAKE
CIRCULAR
ECONOMY USE

W >
" 4 N L s

RECYCLE Agro-]ndl.lsfrial
waste

Hydrogel in
Crop

Hydrogel

Product i

3
r‘.
.

{

Figure 1. Leveraging agro-industrial waste as a model for promoting a circular bioeconomy in the
processes of fiber extraction and hydrogel synthesis.

2. Technologies and Trends in Sustainable Food Production

For decades, the way food is produced has undergone significant changes, including
the improved use of fertilizers to nourish crops, the use of specialized substrates, and the
conservation of water resources. The low availability of water due to droughts, resource
misuse, soil erosion, and deforestation is the main problem worldwide in food cultiva-
tion [13]. Additionally, the problem is exacerbated by climate change [5], which affects
security and sustainability in agri-food systems [13]. In addition, the high demand for
food due to population growth has led to an increase in agricultural waste, a polluting
resource [8].

Over the years, various technologies and techniques have been implemented in food
production, including irrigation control, the use of fertilizers and pesticides, and soil
treatment, to achieve crops with high yields [14]. The way the soil is used is also important
due to its role in providing nutrients for food production. Factors such as erosion and
pollution have led to the adoption of crop rotation, intercropping, and even organic farming,
the latter of which is often inefficient [14].

Irrigation is a fundamental factor because water must be used efficiently. Therefore,
its use varies according to soil, growing season, and crop types. Drip irrigation is a method
for harnessing water, particularly in greenhouses [15], which supplies water and nutrients
in a more controlled manner with minimal filtration into the soil. Food is also produced
through hydroponics; this technology was developed in response to urbanization, the lack
of suitable soils for cultivation, and the contamination of existing soils. Hydroponics can
supply plants with essential nutrients for growth; this technique offers high yields and
serves as a viable alternative to traditional agriculture [16].

Hydrogels have also been used to enhance water retention capacity and reduce irri-
gation frequency while also serving to aerate substrates [17]. This article focuses on an
analysis of the development of hydrogel technologies that utilize agro-industrial residues
in recent years.

3. Hydrogels in Agriculture

A hydrogel is a network of cross-linked polymer chains with water-retaining capacity
produced by a reaction of one or more monomers. Figure 2 shows the schematic repre-
sentation of a hydrogel for agricultural applications, indicating the formation of a three-
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dimensional polymeric network through the interaction of monomers and a crosslinking
agent (a), which enables the structure to retain significant amounts of water molecules (b),
a key feature for improving soil moisture retention in agricultural systems.

Swelling

(@) (b)

@ Crosslinker = Monomer @ Water

Figure 2. Schematic representation of a hydrogel for agricultural applications: Connections between
monomers and a crosslinker (a) create a three-dimensional polymeric network that absorbs water
molecules (b).

The hydrogels are hydrophilic and resistant to dissolution. Hydrogels can be synthe-
sized with natural and synthetic components [18]. The use of hydrogels as substrates in
horticulture has been highlighted in recent years [18]. Water retention, controlled release,
and conservation are properties that are sought to be improved, in addition to the use of
biopolymers that do not promote contamination [19].

The use of polymeric materials in agriculture is driven by the challenges posed by
increasing food demand, but primarily by the need to utilize water more efficiently. These
materials can retain and release water, promoting crop growth and soil conditioning [20].
Although hydrogels have advantages, they have also recently generated many questions:
Can they biodegrade? Can they affect the soil? Can they release nano- or microplastics?
Can this nano- or microplastic reach food or be deposited in the human body, causing dis-
ease? Do they have a good cost-benefit ratio? [21]. As a proposal to answer these questions,
there are natural biopolymers derived from agro-industrial waste, which have a lower
environmental impact. Generally, determining the environmental impact of hydrogels
is based on their type, which refers to their composition, including petroleum-derived
hydrogels, synthetic hydrogels, hydrogels derived from natural compounds, natural hy-
drogels, or hybrid hydrogels. Consequently, synthetic hydrogels generate more pollution
than natural compounds.

3.1. Synthetic Hydrogels

Synthetic hydrogels are derived from petroleum sources and exhibit good performance
in terms of mechanical and chemical properties, although they have lower biological
activity [22]. Most superabsorbent hydrogels on the market are based on polyacrylamide
or polyacrylate [8,10], or they are mixed with cellulose. However, concerns exist regarding
their toxicity for use in agriculture or applications related to human consumption, such as
their low biological activity and poor biodegradability [23].
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Implications of Hydrogel Nanoplastics in Food Safety

In recent years, concern has grown over commercial agricultural hydrogels. Commer-
cial agricultural hydrogels are made from synthetic polymers such as polyacrylamide and
polyacrylates, which are non-biodegradable and harmful to the environment [2]. Synthetic
polymers play a crucial role in enhancing soil moisture retention and minimizing irriga-
tion requirements. However, the durability of these non-biodegradable materials poses
a significant challenge, as they can break down in the environment, releasing micro- and
nanoplastic particles that persist in the soil [4].

Acrylamide monomers can be absorbed through the skin and lungs, posing significant
health risks, recognized neurotoxin and a potential carcinogen [24]. The absorption and
accumulation of these nanoplastics in crops introduce potential contamination into the food
chain, raising unforeseen risks to human health. Pinzén-Moreno et al. [25], demonstrated
that synthetic hydrogels formulated from polyacrylate can generate polymeric nanopar-
ticles, which are capable of being released into agricultural soils when exposed to water.
Commercial polyacrylate-based hydrogels are not biodegradable and decompose slowly in
the soil. During this degradation process, polymer fragments or nanoparticles can form,
which may persist in the environment [26].

Currently, no long-term studies are proving the accumulation of commercial hydrogel
nanoparticles in crops or their migration to consumers. However, existing research indicates
a potential risk of soil contamination. For example, polystyrene nanoplastics have been
found to accumulate in soil and be absorbed by edible crops, such as rice and peanuts,
negatively impacting their nutritional quality [27]. Research has demonstrated that the
small size of nanoplastics enables them to cross biological membranes and potentially cause
adverse health effects [28]. Addressing the increasing concerns regarding nanoplastics
in agricultural systems and their potential implications for human health presents an
opportunity to advance measurement technologies and foster further research in this
critical area.

3.2. Natural Hydrogels

Natural hydrogels are composed of natural sources, including polysaccharides and
proteins. These natural resources can be derived from the agricultural sector, waste, or
organisms belonging to the animal kingdom [29]. Natural biopolymers based on chi-
tosan could be a considerable alternative to promote agricultural crop growth, as they
are biodegradable and environmentally friendly [30]. One of the primary challenges for
hydrogels composed of natural compounds is to identify materials with mechanical prop-
erties comparable to those of synthetic materials while maintaining biodegradability and
biocompatibility [31].

3.3. Natural Hydrogels with Agro-Industrial Waste (Hybrids)

The global accumulation of crop residues is particularly important, as it can affect
fields and contribute to pollution [32]. However, these residues contain significant amounts
of cellulose and hemicellulose, which allows for compatibility with hydrogel synthe-
sis [8]. Studies indicate that hydrogels based on various agricultural residues possess good
swelling and water retention capacities, thereby improving resource availability [33].

Table 1 presents the advantages and disadvantages of various types of hydrogels
based on their composition. In addition, the study objectives in hydrogels are general-
ized, as mentioned in the previous sections, as mechanical resistance, absorption capacity,
and biocompatibility. Synthetic hydrogels are more capable of swollen water but have a
negative environmental impact. Natural polymers have low mechanical properties; never-
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theless, they are biodegradable and exhibit good water retention. Hybrid hydrogels share
similar characteristics.

Table 1. Main advantages and disadvantages of hydrogel classification.

Hydrogel

Classification Advantage Disadvantage

Low biodegradability.

e Ithasanegative
environmental impact.
Its synthesis often

e  Great water retention.
High wear resistance.
Synthetics e Its manufacturing can be
more controlled.

contaminates
e  Good water retention
They are biodegradable e  Low mechanical properties
Natural e Monomers are from e  High manufacturing costs
residual natural matter
e  Good water retention
Synthetic and natural e  The synthesis is complex
monomers are used e  Their mechanical
Hybrids e  Recyclable waste material properties vary
can be used e  High manufacturing costs

e  They are biocompatible

4. Natural Components in the Manufacture of Hydrogels

Given that natural and hybrid hydrogels exhibit superior biocompatibility, under-
standing the key components commonly employed in their synthesis is crucial. These
components typically include polysaccharides such as starch, chitosan, alginate, and cellu-
lose, as well as proteins like gelatin and collagen. Comprehensive information about each
of these components is provided below.

4.1. Polysaccharides
4.1.1. Starch

Starch is a natural polysaccharide composed of glucose monomers linked primarily
by «-1,4-glycosidic bonds, with occasional «-1,6-glycosidic branches. Its general chemical
formula is (C¢H19Os)n, where n represents the number of glucose units. The molecular
weight of starch varies widely depending on the source and degree of polymerization,
typically ranging from 300,000 to several million Daltons. This polysaccharide possesses
functional groups that enable it to form effective hydrogels, and it is both renewable and
economically accessible. Starch copolymer hydrogels can be utilized in agriculture, serving
as controlled-release media for pesticides and fertilizers, as well as binders for seed ger-
mination [34]. Additionally, a starch copolymer has been investigated for dye adsorption,
where the adsorption capacity varies with temperature and dye concentration [35]. Starch
is a useful and important component in the food industry, due to its great physicochemical
properties, which allow to production of starch nanoparticles with high biocompatibility,
minimal toxicity, and water dispersibility, including digestible resistant starch [36].

4.1.2. Chitosan

Chitosan is a linear polysaccharide derived from the deacetylation of chitin [37]; con-
sisting mainly of 3-(1—4)-linked D-glucosamine units with varying amounts of N-acetyl-
D-glucosamine. Its general chemical formula is (C4¢H11NO4)n, where # indicates the degree
of polymerization; the molecular weight can range from 50,000 to over 1,000,000 Daltons.
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Chitosan is a polysaccharide derived from chitin, one of the most abundant natural
polymers after cellulose. Chitosan comes from the deacetylation of chitin through three pro-
cesses: a homogeneous reaction, a heterogeneous reaction, and an enzymatic method [38].
Chitosan has a wide range of applications, including the agro-industry, where it is used in
crops and post-harvest processes, as well as in the medical field, where it is utilized as a
carrier for agents and dressings due to its physicochemical properties [38].

4.1.3. Cellulose

Cellulose can be found in the cell walls of plants; it is considered a biopolymer of
great abundance and an unlimited source of raw material. Its general chemical formula
is (C¢H10Os5)n where n represents the number of repeating glucose units. The molecular
weight of cellulose varies depending on its source and degree of polymerization, typically
ranging from 100,000 to over 1,000,000 Daltons. The capacity for polymer synthesis can vary
according to the source from which the cellulose is obtained and the physical and chemical
treatments applied [39]. Cellulose is difficult to dissolve, and it presents complications dur-
ing cross-linking. Techniques such as physical and chemical polymerization facilitate this
process [40]. Hydrogels synthesized from cellulose derivatives exhibit excellent swelling,
retention, and water control properties in crops [23].

4.2. Proteins
Gelatin

Gelatin, derived from collagen, is well-suited for various branches of science. This
polymer is derived from the remains of mammals, including pigs and cattle [41]. Unlike
polysaccharides, gelatin does not have a fixed chemical formula due to its complex protein
structure. Still, it can be generally represented by the empirical formula Cy9pH151039N3; for
an average gelatin polypeptide unit. Its molecular weight varies significantly depending
on the extraction method and degree of hydrolysis, typically ranging from 20,000 to
300,000 Daltons.

In some processes, such as capsule production, there is a considerable accumulation
of gelatin waste; this residue could be used for hydrogel synthesis [42]. Furthermore, it
has been studied that the gelatin market is growing due to its versatility in applications,
particularly in biomedical and agricultural areas [43].

Gelatin copolymer hydrogels with good mechanical properties have been synthesized,
and their biodegradability has been proven [44].

4.3. Cross-Linkers

The use of cross-linkers is crucial in the development of hydrogels derived from natu-
ral polymers, such as gelatin, as it significantly enhances both the structural integrity and
functional performance of these materials. Cross-linking agents stabilize the polymer net-
work by forming covalent or ionic bonds between polymer chains. Among the noteworthy
natural cross-linking agents are Tannic Acid, Genipin, and Citric Acid.

4.3.1. Tannic Acid

Tannic acid is a natural cross-linker found in plants. Tannic acid is one of the most
abundant reserve materials in plants and represents a significant source of tannins. It is
available commercially, with its chemical composition primarily denoted as C74HspO46,
corresponding to decagalloyl glucose. However, it is important to note that commercial
tannic acid is generally a mixture of galloyl glucose molecules [45]. The approximate
molecular weight of tannic acid is around 1701.19 g/mol. This acid is readily accessible,
non-toxic, and has demonstrated its innovation in the manufacturing of biopolymers [46].
Like other natural cross-linkers, it has the advantage of being applied in different research
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areas. Additionally, it can enhance the physical and mechanical properties of the substances
with which it is used due to the presence of hydroxyl groups in its structure [47].

4.3.2. Genipin

Genipin is a naturally occurring compound extracted from the fruits Gardenia jasmi-
noides and Genipa americana; it is used as a natural crosslinking agent in biomaterials. The
chemical formula of genipin is C1;H1405, and its molecular weight is 226.23 g/mol. It
has been used more frequently in recent studies, such as in the evaluation of the perfor-
mance of genipin in the synthesis of hydrogels with chitosan, as well as evaluating its
functional groups [29]. It has been reported that using genipin as a cross-linker improves
the absorption capacity in media of different pH levels [48].

4.3.3. Citric Acid

Citric acid is a tricarboxylic acid that occurs naturally in citrus fruits. Additionally, it
can be synthesized through the fermentation of carbohydrates, including starch and glu-
cose [49]. This compound is commonly used as a pH regulator and crosslinker in polymeric
systems. Its chemical formula is C¢HgOy, and its molecular weight is 192.12 g/mol.

In a copolymer, citric acid can increase the swelling ratio as the concentration in-
creases [44]. Additionally, combinations of cellulose compounds have been studied and
compared for their absorption behavior in the presence of citric acid, concluding that they
are viable for agricultural use [50].

4.4. Agro-Industrial Waste as a Source of Polysaccharides

Plants are a source of polymeric compounds, and agricultural waste has been utilized
to develop new technologies in recent years. These wastes are a source of cellulose and
hemicellulose [9]. Once extracted, the components are used to manufacture hydrogels,
which function in seed germination [51]. The following examples illustrate the utilization
of agro-industrial waste as a source of natural polysaccharides to produce hydrogels.

4.4.1. Furcraea bedinghausii

Residues from the fique plant, which belongs to the Agave family, have proven to
be compatible with obtaining polymeric materials [47] and can improve the mechanical
properties of hydrogels due to their cellulose content [52]. This plant is used in Colombia
and is a high-production resource, producing approximately thirty thousand tons per
year [52].

4.4.2. Agave tequilana Weber

One of the plants with the highest waste production, which contains hemicellulose,
cellulose, and lignin, has been utilized to develop hydrogel films. Additionally, hybrid
hydrogels have been synthesized from this waste. This waste is important due to its high
production and utilization [53]. Agave tequilana Weber, commonly known as blue agave,
is primarily cultivated to produce tequila, a traditional Mexican alcoholic beverage made
through fermentation and distillation of its sugars.

4.4.3. Agave lechuguilla Torr.

This plant is a resource used to obtain the fiber called “ixtle”, which is utilized in
the manufacture of brushes, construction, as well as in wickerwork and basketry [54].
Lechuguilla has been found to have potential for biotechnological applications such as
the production of biofuels and chemicals with high added value, in addition to having
phytochemical properties such as the content of saponins, sapogenins, phenolic compounds,
and fructans, as well as lignins, cellulose, hemicellulose, and antioxidant capacity [55].
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5. Waste-Based Hydrogels and Their Impact on Reducing Water Usage
in Agriculture

The incorporation of agro-industrial residues into hydrogel formulations has demon-
strated significant potential to enhance water absorption and retention.

Jong et al. [51], developed a hydrogel utilizing waste from the agro-paper industry,
achieving a remarkable maximum water absorption capacity of 465.5%. This impres-
sive result is attributed to the inclusion of 3% cellulose in the formulation. The authors
also reported positive outcomes in rice germination. Hydrogels have been successfully
synthesized from black liquor, a byproduct of the paper industry [56], utilizing a graft
copolymerization process initiated with free radicals. Research indicates that these hydro-
gels exhibit a significant increase in water retention capacity, measuring at 45.25%. This
enhancement is attributed to the presence of lignin and polysaccharides within the black
liquor, which contributes to the formation of hydrophilic groups, such as carboxyl and
hydroxyl groups, on the surface of the hydrogel. Additionally, the modification of the
surface plays a critical role in enhancing the mechanical properties of hydrogels produced
through bulk polymerization [18].

Guancha-Chalapud et al. [52] used nanofibers (3% w/w) from the agro-industrial
waste of F. bedinghausii to form hydrogels using the solution polymerization method, The
authors report that this hydrogel allows reducing the irrigation frequency by up to 90%.
Greenhouse experiments have showcased the remarkable benefits of hydrogels crafted from
agro-industrial waste abundant in polysaccharides. In a study by Madramootoo et al. [57],
the use of cellulose-rich hydrogels in greenhouse tomato cultivation resulted in a 20%
reduction in irrigation water—translating to a savings of 225 mm—when compared to
traditional control treatments.

The agro-industrial waste of coconut fiber has also been effectively utilized in the
production of hydrogels through the graft polymerization method [58]. These hydrogels
possess a remarkable water absorption capacity of 342 g of water per gram of dry gel when
tested in distilled water. This can potentially enhance water availability in agricultural soils
by as much as 125%.

Recently, Gayen et al. [59] conducted research in which they utilized rice straw and
tamarind seed residues to create hydrogels. Their findings indicated that soil incorporated
with these hydrogels demonstrated a 33% enhancement in maximum water holding ca-
pacity. Furthermore, the residue from the date palm (Phoenix dactylifera L.) has shown
significant potential in hydrogel formulation through a carboxymethylation process, fol-
lowed by crosslinking with citric acid. This approach resulted in a remarkable equilibrium
swelling capacity of 700% [60].

The methods of delivering water to plants vary significantly. By assessing soil mois-
ture [51] and measuring soil electrical conductivity [56] over time, we can evaluate the
availability of water for plants. A study by Sulianto et al. [61] demonstrates that a pectin-
starch hydrogel can retain 62% of water in the soil after five days, whereas soil without
the hydrogel shows no water availability. Furthermore, increasing the concentration of
hydrogels in the soil can lead to a 125% increase in water availability [58].

These findings highlight the remarkable potential of biopolymer-rich agro-industrial
waste as sustainable precursors for hydrogel synthesis. By leveraging advanced polymer-
ization techniques, such as graft copolymerization and solution or bulk polymerization,
we can unlock innovative pathways that promise both environmental sustainability and
cutting-edge applications.
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6. Trend in the Formulation of Hydrogels with Agro-Industrial Waste

As shown in Figure 3, there has been a shift in the study trend regarding the use
of agro-industrial waste for hydrogel production over the past 16 years. The study of
hydrogels based on agro-industrial waste for agricultural and food technology applications
reveals a clear upward trend over the past decade. Between 2009 and 2015, the volume
of relevant publications in the field remained low, suggesting that it was still in the early
stages of development and had not yet garnered substantial academic interest during
that timeframe.
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Figure 3. Scientific publications on hydrogels from agro-industrial and food waste sources over time:
results from an advanced search in Web of Science.

Since 2016, the number of publications has steadily increased, particularly in 2019 and
2020, with eight articles published each year. From 2021 onward, this trend intensified,
reaching a peak in 2024 with 45 published articles (Figure 3). This growth demonstrates
that the topic has transitioned from a niche area to a recognized field of study. Continued
growth is anticipated as global policies increasingly prioritize the valorization of waste
materials within sustainable development initiatives.

Figure 4 illustrates the correlation between authorship and the number of articles on
the research topic, highlighting the trend in publishing articles on hydrogels derived from
natural waste. The topics of “hydrogel,” “waste,” and “water” remain relevant from 2022 to
2024. Additionally, it can be established that the keyword “hydroge!” predominates, with
the highest number of correlation links. Additionally, it is worth noting how the words
“cellulose” and “chitosan” are related to the topic “hydrogel” from 2022, which is relevant
due to the use of natural components for obtaining biopolymers. The words “cross-linking”
and “kinetics” reflect topics addressed in obtaining said biopolymers, using appropriate
cross-linkers, carrying out extractions of chemical compounds, and testing their versatility.
Also, the word “nanocomposite” and “sodium alginate,” according to the software, is the
incidence of authors who worked on those topics, but the word “nanocomposite” has
greater relevance according to the graph, showing a greater number of links, due to the use
of nanocomposites in the synthesis of hydrogels.
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Figure 4. Related research trend by keywords “Based waste hydrogel” AND “Plants” from 2021 to
2024, excluding review articles, using “VOSviewer”.

Additionally, Figure 5 illustrates the correlation with hydrogels, analyzing the most
frequently used keywords in published articles and highlighting some possible research
objectives, particularly in publications focused on Agricultural Sciences, Food Sciences,
and Technology. This analysis reaffirms that the primary focus is on studying hydrogels
based on natural plant residues. The word “hydrogel” is linked to three blocks denoted in
different colors, representing the keywords used together for the publication of scientific
articles. Figure 5 shows that the words “available water” are the second most relevant,
indicating that the issue of water availability is directly related to the study of hydrogels
based on agro-industrial waste.

diaper wastes
X
- — water-retention properties
superabsorbent polymers
& VOSviewer

Figure 5. Incidence of keywords searching for “Based wasted hydrogel” AND “Plants” excluding
review articles, in research areas “Agriculture and Food Science Technology”.
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Table 2 presents the study trend, as determined by the publication of articles, based on
a systematic search using the “Web of Science” database, which defines the type of natural
component used, the type of hydrogel, its application, the results found, and the authorship.
Cellulose can be used as an agent in the manufacture of hydrogels. Additionally, waste
from the paper agro-industry has been utilized to produce cellulose and to germinate
rice seeds [51]. Guancha-Chalapud et al. report that obtaining fibers from Fique plant
waste through the delignification process can be used as reinforcements of the mechanical
properties of hydrogels, resulting in the improvement of hydrogels, which are capable of
having greater water absorption, reducing the frequency of irrigation [52].

Table 2. Trends in the Use of Agro-Industrial Waste for the Development of Polysaccharide-

Based Hydrogels.
Residue Application Results Polysaccharide g‘:;;lcllnt}% (%) Authorship
Increases percentage of
Paper waste Seed germination germination compared to soil Cellulose 465 [51]
without hydrogel
Paper waste Tomato cultivation They had a bett('er response to Cellulose 415 [57]
water reabsorption
Waste f th Water retention and The values recorded for
aste from the controlled release absorption capacity were better ~ Lignin 386 [56]
paper industry e
of fertilizers compared to the control.
. . Reinforcing the mechanical . .
Fique plant residue properties of hydrogels Increased absorption capacity Cellulose 474 [52]
. Reinforcing the mechanical . . L
Coconut fiber properties of hydrogels Good reswelling capacity Cellulose and lignin 342 [58]
Rice straw and Reinforcing mechanical Great swelling capacity, long
Tamarind seeds properties and release nutrient Cellulose 7722 (5]
nutrient re}easgr ) )
Date Palm rachis Seed germination, Increa}ses.swelhng capacity as Lignin and Cellulose  777.8 [60]
polymer component germination seed
High swelling capacity and
Orange, apple, and water content in sandy soils  increase in water content in Pectin and Starch 400 [61]

banana peels

sandy soils up to 12 days

These residues shown in Table 2 are usable thanks to their lignin, hemicellulose and
cellulose content, from which they can be extracted or not. Each residue has favored the
swelling capacity of the hydrogels that have been synthesized using it. The residue of the
Fique plant [52] and the residue of the coconut plant [58] have also been useful in rein-
forcing mechanical properties. In the case of black liquor, without performing component
extraction, it helps to retain water, releasing it over a longer time. Cellulose can also be
extracted from paper waste, which, when incorporated into hydrogel polymeric networks,
can increase the percentage of seed germination, in addition to its performance during
crop development. The importance of these residues is that they can be environmentally
friendly, and this biomass can be used to generate technology for use in agriculture.

7. Conclusions

Various types of hydrogels have proven effective in agricultural practices, for water
harvesting, fertilizer release, and as soil substrates. However, these can be improved to
make them easier to manufacture. Natural hydrogels composed of components from
agro-industrial waste represent a sustainable alternative with a low environmental impact.
They can improve water use, reduce production costs, and are biologically friendly. The
use of waste promotes a circular economy and aligns with the United Nations Sustainable
Development Goals (SDGs): SDG 2, Zero Hunger, and SDG 12, Responsible Production
and Consumption. Based on a review of the literature, it was found that agricultural
waste has potential for the development of hydrogels. The number of publications each
year demonstrates that this topic continues to gain momentum as a growing scientific
research trend. Further research is needed to obtain relevant information on the use of agro-
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industrial waste in developing hydrogels and formulating a completely natural hydrogel
with high water absorption.
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