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ABSTRACT

The depletion of fossil-based resources and increasing environmental concerns have
intensified the search for sustainable, biodegradable, and eco-friendly materials.
Natural polymer-based hydrogels derived from humic acid (HA), lignin, and lignite
have emerged as promising candidates due to their multifunctional properties, including
their ability to enhance soil moisture retention, control agrochemical release, adsorb
pollutants, and contribute to energy storage applications. This research focuses on the
synthesis, characterization, and application of these bio-based hydrogels,
systematically investigating their structural, thermal, rheological, and morphological

properties to optimize their performance for various applications.

The study begins with a comprehensive literature review exploring the significance of
humic acid, lignin, and lignite in hydrogel synthesis and their applications in
agriculture, and environmental remediation and energy storage. Key research gaps were
identified, highlighting the need for more extensive studies on the multifunctionality of
these natural polymers in hydrogel systems. The first experimental phase involved the
synthesis and application of a lignosulfonate-grafted sodium acrylate hydrogel (LS-g-
SAH) for controlled urea release. This hydrogel demonstrated 60% release of urea from
LS-g-SAH in 24 h, significantly reducing nutrient leaching and improving soil fertility.
The soil's water-holding capacity remarkably raised from 21.27 to 77.3 g using
synthesized hydrogel. Also, the water evaporation rate reduced from 99 to 76.69% of
the total added water. Enhanced water retention further contributed to increase in plant

growth efficiency, making it a potential alternative to conventional fertilizers.



Following this, a humic acid-grafted sodium acrylate hydrogel (HA-g-SH) hydrogel
was developed for controlled pesticide release, taking dinotefuran as model pesticide.
The hydrogel enabled sustained pesticide release over 49 h 78.45%, improving
bioavailability and increasing pest control efficiency of dinotefuran. This approach
minimized environmental toxicity by reducing pesticide leaching in soil and water. To
further enhance the stability of pesticides, a lignite- sodium acrylate hydrogel (Lt-g-
SAH) was synthesized for UV protection of dinotefuran. The study revealed that after
30 days of UV irradiation, Lt-g-SAH group exhibited remarkable stability, with only a
marginal decrease of 1.58% in Dinotefuran release, resulting in a final concentration of
41.73 mg. In stark contrast, the Ctrl group experienced a substantial reduction of
28.11% in Dinotefuran release, with the final concentration diminishing to 25.42 mg.
This marked disparity in pesticide release profiles can be attributed to the differential

susceptibility of the formulations to UV-induced degradation over time.

Based on the controlled-release capabilities, HA-g-SAH, LS-g-SAH, and Lt-g-SAH
hydrogels were explored for comparative delivery of thiamethoxam. These hydrogels
facilitated a controlled pesticide release for 49 h, reducing pesticide’s application
frequency, and minimizing environmental contamination. The release pattern followed
the Fickian release mechanism as stated by the Korsmeyer-Peppas model and the
Weibull model. The swelling index revealed a distinct order, with HA-g-SAH
exhibiting the highest absorbency, followed by LS-g-SAH, Lt-g-SAH, and the control
group. Moreover, the synthesized hydrogels demonstrated a significant impact on
reducing soil water evaporation rates from 99 to 72.85% (HA-g-SAH), 74.79% (LS-g-

SAH), 78.23% (Lt-g-SAH), and 85.23% (Ctrl) of the total added water on the 54™ day.

Vi



Beyond their agricultural applications, these hydrogels were investigated for their
potential in textile wastewater treatment. The comparative study demonstrated that HA-
g-SAH, LS-g-SAH, and Lt-g-SAH hydrogels exhibited high adsorption capacities for
methylene blue (MB), a common industrial dye, Under optimized conditions, HA-g-
SAH achieved a maximum removal efficiency of 93.7 +£1.1% at 323.15 K, significantly
outperforming LS-g-SAH (92.4 +£1.3%), Lt-g-SAH (82.4 £1.4%), and the control (Ctrl)
hydrogel (67.9 £0.9%). The presence of functional groups in humic acid and lignin
enhanced their binding affinity, making these hydrogels promising candidates for large-

scale wastewater treatment applications.

This thesis provides a comprehensive analysis of natural polymer-based hydrogels and
their potential to address critical challenges in agriculture, and environmental
management. The findings suggest that humic acid, lignin and lignite based hydrogels
can significantly reduce environmental pollution, enhance soil fertility, improve plant
growth, and remove contaminants from water. Further research should focus on
optimizing the scalability, durability, and biodegradability of these hydrogels to

maximize their practical benefits and commercial viability.

vii
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The gradual depletion of fossil resources has intensified the search for sustainable
alternatives to petroleum-based polymers. Among the remarkable natural polymers,
humic acid (HA), lignin and lignite stand out due to their versatile applications. This
chapter addresses this gap by systematically exploring the roles of HA, lignin and

lignite- based hydrogels in diverse fields.

1.1 Humic Acid

Most organic matter in soil is made up of humic compounds (humic and fulvic acids),
which is frequently used interchangeably with soil organic matter [1]. The presence of
carboxyl groups and the mild acidity of the phenolic groups in humic compounds
contribute to their ability to exchange ions and form complexes. Due to their high pH-
dependent charge, the filling of cation exchange sites, primarily with hydrogen (H)
ions, makes the material an acid called Humic Acid (HA). The dominance of cations

other than H on the exchange sites makes it a salt of HA, technically termed humate

[2].

HA is readily soluble under alkaline conditions but insoluble in strong acids and has a pH
below 2. The molecular weight of HA ranges from 5,000 to 100,000 Da, indicating a
medium molecular size. Oxygen makes up 33-36% of the total mass in this material,
whereas nitrogen makes up 4% [3]. Figure 1.1 shows HA's elemental composition, which
typically contains carboxylic, phenolic, alcoholic, and carbonyl fractions [4]. The main

sources of HA are soil, water, and leonardite [5].
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Model structure of Humic acid

HC=0
COOHCOOH COOH (HC_QH

R- CH

COOH
oo &
COOH
R- CH

\-.

Humic acid

Figure 1. 1: Model structure of Humic acid.

The molecular structure of HA is made up of intricate organic combinations that are
randomly connected to form incredibly complex substances. According to the widely
accepted view, HAs are made up of relatively small molecules that self-organize into
supramolecular structures stabilized by various interactions, including Van der Waals,

n—n, CH—r interactions, and hydrogen bonding [6].

Yang et al. provided the first technical method for hydrothermal humification-based
HA synthesis. This method relies on oxygen exclusion and hydrothermal condensation
of wet biomass at autogenous pressure. Compared to flame processes, where a
substantial amount of the carbon in the biomass is oxidized and released as greenhouse
gases, this technique is very different. For instance, hydrothermal humification can be
considered a modest chemical engineering process that resembles natural humification
but with an acceleration factor of up to nine orders of magnitude when reactions are
conducted at 200°C and 16 bar pressure. Additionally, hydrothermal processing is free

of metabolization because it is an abiotic process and often produces great carbon
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yield. The humified product contains which is most of the carbon linked to biomass

[7].

1.2 Lignin

F. Schulze was the first to use the term "lignin" in 1865. It comes from the Latin word
‘lignum’, which is a synonym for "wood ". Following cellulose, it is the most common
aromatic polymer on the planet. It can be defined as a complex amorphous networked
natural polymer consisting of heterogeneous phenyl propane units. It provides stiffness
and strength to the cell walls and helps the internal fibres and cell wall to transport
nutrients [8, 9]. It has a high calorific value, high thermal stability, good hardness,
biodegradability, and oxidation resistance [10]. Lignin demonstrates that it can serve
as an inexpensive and environmentally responsible feedstock for minerals, chemicals,
and fuels [11]. The paper and pulp industries are primary global sources of lignin.
Currently, the global paper and pulp industry produces between 50 to 70 million tons

of lignin annually [12].

1.2.1 Structural characteristics and types of lignin

Lignin is a complex heteropolymer biosynthesized from phenylpropane units linked by
various carbon-carbon bonds and ether bonds [13]. Lignin structure naturally
incorporates 35 monomeric units [12]. The most primary(phenylpropanoid) subunits
are p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S), formed from p-
hydroxycinnamyl (coumaryl), coniferyl and sinapyl alcohols (shown in Figure 1.2) are
interlinked through C-O-C ether linkages (a-O-4, B-O-4, 4-O-4) and C-C linkages (p3-
B, B-1, B-5, 5-5) [14-16]. Novel monolignols are still being discovered, including

caffeyl alcohol, tricin, monolignol benzoate, and piceatannol [12]. However, the
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structural features of lignin vary across the plant species along with the stage and
growing environment of the plant [17]. In general, hardwood lignin contains an equal
amount of coniferyl and sinapyl alcohols, whereas softwood lignin contains 90-95 wt
% of coniferyl alcohol and remaining is the sinapyl alcohol. Grasses majorly contains
coniferyl alcohol (75 wt%), sinapyl alcohol (20-25 wt%) and only 0-5 wt% of the

coumaryl alcohol [15].

OMe
= =
OH OH
p-Coumaryl Coniferyl
alcohol alcohol

Precursors of

Figure 1. 2: Lignin structure. Inset- Lignin precursors. i)- p-coumaryl alcohol, ii) -
coniferyl alcohol, iii) - sinapyl alcohol

Various kinds of lignins are obtained through different fractionation/isolation
methods. Kraft process results in alkali lignin, lignosulfonates are obtained from the
sulfite process, and organosolv lignin and hydrolytic lignin are products of the
organosolv process and enzymatic hydrolysis. The sulfur-free pulping process gives
soda lignin, and another sulfur-free lignin is achieved as a byproduct of the

lignocellulosic biorefineries.
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A brief explanation of these processes, along with other fractionation/ isolation

methods, is given below in Table 1.1.

Table 1. 1: Different kinds of technical lignin

Types of Technical lignin

S.No Type of technical lignin Molecular wt. Characteristics
[18][19] (g'mol™) [21]
[19, 20]
L. Kraft lignin 2000-7000 High purity (less amount of carbohydrate
and inorganic residues)
High content of industrial lignin
Good solubility in alkaline conditions
Poor water solubility
2. Lignosulfonate 1000-150000 Common groups present are- sulfonic,
carboxyl, and phenolic hydroxyl
Considered as anionic surfactant
Good water solubility
3. Soda lignin 1000-3000 High content of carboxylic acid
Obtained by soda pulping process
No sulfur contents
4. Ethanol Organosolv lignin 1000-4000 Free of sulfur content
Easily soluble in polar and basic solutions
5. Milled Wood  Lignin 5500-20000 Poor water solubility
(MWL) Low sulphur content
6. Steam Explosion Lignin 3500-15000 High-quality sulfur-free lignin
(SEL)
7. Enzymatic lignin/  5000-10000 Similar structure to pristine lignin
Hydrolysis lignin No sulfur contents
Low water and organic solvent solubility
8. Hot-water extracted lignin 5000-10000 Lignin is 10-40 % recovered depending
on reaction conditions
9. Ammonia lignin ~4000 The process has lower basicity and milder
cooking temperatures compared to
hydrothermal pre-treatments
10. Co-solvent enhanced  1500-3000 Exhibited properties similar to that of
lignocellulosic fractionation ethanol organosolv lignin
lignin (CELF) Results in high lignin purity and yield [22]
11. y-valerolactone Lignin ~5500 High-purity lignin obtained
(GVL) GVL treated lignin retained more than

half of their f—O—4 linkages [23]
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Types of Technical lignin

S. No Type of technical lignin Molecular wt. Characteristics
[18][19] (gmor) [21]
[19,20]

12. Cyrene lignin 4000-6300 Obtained lignin has a high content of
B—0O—4 linkages and syringyl units
[24]

13. Tonic liquid lignin ~3200-3400 Low carbohydrate and sulfur content
High recovery and purity of lignin

14. Deep Eutectic Solvents 500-2600 Moderate to high purity lignin obtained

(DES) Lignin with an abundance of f—0—4 linkages

DES can be recovered after lignin
fractionation and reused in subsequent
pre-treatment processes [ 18, 25]

1.3 Lignite

Low-rank coals, including lignite, leonardite (highly oxidized lignite), and peat coals,
are produced during the coalification process. These fossil fuels, which have a 500
billion tons worldwide reserve, are mainly employed as the burning fuel in power

plants.[26] Figure 1.3 shows the molecular model of lignite coal.

Figure 1. 3: Molecular model of lignite coal.
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The following categories of lignite can be distinguished based on the degree of
coalification and their physical-chemical characteristics, such as moisture content and

exterior appearance.

Soft lignite - Low levels of coalification, 70-40% moisture content, pale-brown or

brown-black color, and an unconcise structure.

Hard lignite - Strong levels of coalification, 40-20 weight percent moisture, brown to

black color, compact structure, high mechanical strength.
Xylite lignite- a soft variety of lignite that still has its original wood structure.[27]

Peat and bituminous coal have intermediary products called lignite. The ineffective
power production, higher CO, emissions, and increased coal consumption of lignite-
fueled power plants are all caused by low heating values (typically less than 19.3 kJ
kg™, low coalification (lowest ranking), high carbon dioxide emission factor (greater
than 0.365 kg CO2-eq/ MWh), high ash content (up to 25%), high volatile matter
(greater than 24%), and significant moisture content (more than 30%). [26] Thus,
direct burning of lignite is inappropriate due to the high concentration of organic
oxygen, appropriate to be developed as a feed-stock for value-added chemicals. [28]
Lignite is an important precursor of humic acid. Lignite carbon may remain in soil due
to a low decomposition rate and have an impact on the quantity and composition of
the Soil Organic Matter. [29] Humic acid is extracted from lignite by various
treatments like a) alkaline extraction [30], b) acid liquid extraction [31], c) microbial
conversion [32], d) hydrothermal method.[33] Although acid extraction is more
efficient, the extracted sample still contains contaminants. While microbial conversion

can provide a desirable pure HA, the procedure is time-consuming and has modest
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yields. The hydrothermal technique can produce yields of up to 90.2%. As a result of
the alkalis' safety and lack of toxicity, previous treatment and alkaline extraction is

seen to be better options for industrial scale-up.[34]

The best lignite for agricultural use is that with a low degree of coalification. A logical
way to handle it is to use it as a rich supply of humic chemicals.[35] Conventional
techniques of lignite HA extraction have been shown to improve crop yield and quality,
tissue nutritional balance, and seed germination. They preserve the rhizosphere's
chemical, physical, and biological features along with its diverse functions in the

growth of the soil and crops.[34]

1.4 Hydrogels

Super-absorbent polymers, also known as hydrogels, may expand to absorb significant
amounts of water or aqueous solutions. These can be synthesized through various
chemical and physical techniques [36]. Chemical methods involve chemical cross-
linking [37-39], grafting and irradiation [40, 41], and enzymatic reaction [42, 43].
Physical methods are heating/cooling [36], complex coacervation [44, 45], ionic
interaction [46, 47], hydrogen bonding [48, 49], freeze-thawing [50, 51], and heat-
induced aggregation [48, 49]. Hydrogels have been successfully employed in various

fields, from biomedical to agriculture.

Some of these applications are listed below in Table 1. 2. In addition to surface
adsorption, capillary and osmotic pressure are additional mechanisms that cause
hydrogels to swell. Osmotic pressure is the primary motivating factor behind the water

adsorption phenomenon the gels exhibit.
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Temperature-sensitive hydrogels have the lowest critical solution temperature (LCST).

The hydrophilic groups on the hydrogel's polymer chains form hydrogen bonds with

the water molecules to cause swelling when the surrounding temperature is lower than

the LCST of the hydrogel. The connection between hydrophobic groups in the

polymeric chain is reinforced due to the weakening of the hydrogen bond caused by a

rise in temperature, which causes the hydrogel to contract gradually. As the

temperature rises above the LCST, the hydrophobic connection between polymeric

chains becomes the dominant interaction. As a result, the swelling rate is dramatically

reduced [52].

Table 1.2: Literature overview of HA and Lignin-hydrogels in various applications

Different applications of HA and Lignin based hydrogels

S. No. Property Components Ref.
1. Therapeutic action
a) Controlled drug - Hemicellulose, lignin, and pectin [53]
release - Microcrystalline cellulose, lignin [54]
[55]
b)  Antioxidant and - Polyvinyl alcohol/chitosan, lignin [56]
antibacterial [57]
properties - Alginate, lignin [58]
<) Antimicrobial agent - Humic substance, gelatin
d) Wound dressing - Humic acid, alginate
2. Stimuli-responsive capability
a) Temperature, pH- - Methacrylated lignosulfonate [59]
responsive Carboxylated lignin
- Humic acid, chitosan, poly (vinyl alcohol) [60][61]
b)  Mechanically - Poly(ethylene  glycol) methyl ether [62]
responsive Methacrylate, kraft lignin
3. Biosensors and Bioelectrodes
a) Biosensors, - Lignin, cellulose -electrodes [63]
electrode
[64]
b)  Metal-free - Graphene and lignosulfonate hydrogels
supercapacitor [65]
¢)  Anti-freezing, anti- - Methacryloyl chloride, lignin

swelling, and anti-
creep sensor

10
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Water purification

a) Absorption of Cu(Il)
and Pb(Il), Cd(1I)

b) Dye absorption

Methylene Blue

Methylene Blue

Malachite green

Malachite Green,
Methylene Blue, and
Crystal Violet

Agriculture
a) Controlled, slow-

release fertilizer

b) Coating of fertilizer

c) Enhanced water
retention
UV Shielding

— Sulphonated humic acid resin

— Montmorillonite-Lignin Lignosulfonate
— Poly (acrylic acid-r-acrylamide)

— Lignin Sulfonate, Tween 80, Formaldehyde,
liquid paraffin

— Humic acid, bentonite

— Lignin, agrochemical- IAC, herbicide-DCP

— Humic acid, Urea

— Lignin, acrylic acid, Cyfluthrin, Paraquat,
Cyhalofop-butyl

~ Potassium salt of Humic Acid, Sodium
Alginate, CaCl,

- Lignin, polyacrylamide, polyacrylic acid

[66]
[67]

[69]
[70]

[71]

[72]
[73]
[74]
[75]

[76, 77]

1.4.1 Swelling mechanism and thermodynamic potential of hydrogels

Water can be present in the hydrogel in four different types:

(a) Free water in the hydrogel structure's outer layer may be easily removed.

(b)

(©

(d)

Interstitial water- physically confined within the network's interstices

cannot be withdrawn normally.

forms of water and is neither free nor bound [78].

Water chemically bonded by functional groups and directly linked to the network

Semi-bound water — is positioned between interstitial and chemically bound

The free mobility of water-water vibrations contributes to the solubility power of

water. The water molecules attempt to destroy the hydrogel by altering its vibrational

modes and eventually succeed in cleaving hydrogen bonds. The mobility process

11
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occurs when hydrogels containing hydrophilic functional groups like [COONa]
contact water molecules, converting the kinetic energy of water-water vibrations into
water-ion vibrations. The water vibration breaks down [COONa] into COO™ and Na*,
a process known as dissociation. The water molecules then neutralize the negative
charges due to the negative charges repelling one another, hydrating the Na* ions as
part of the hydration process. This is a sign that the hydrogen bonding has changed. It
traps the water molecules inside the hydrogel's network structure's pores and causes
swelling. Therefore, the presence of osmotically active mobile polar molecules is the

driving force behind the swelling of a hydrogel [79].

The hydrogel's water potential may be used to predict how it would behave in the soil.
According to osmotic principles, this thermodynamic potential controls the processes
of water redistribution in the soil, transportation to plant roots, and absorption. The
energy characteristics of soil water are often used to classify gravitational,
hygroscopic, and capillary soil water. Only the capillary fraction of water, which falls
within the pF (picofarad) range below 4.2-4.5, may be utilized by plants. As a result,
there should be a considerable correlation between these conditions and the potential

of water trapped in hydrogels [80].
1.4.2 Functions of humic acid in hydrogels

1.4.2.1 Humic acid as cross-linkers

Humic acids can be effective crosslinkers in hydrogel systems by aggregating polymer
chains to form three-dimensional networks. For instance, Denis Miroshnichenko et al.

synthesized hydrogels from hydroxypropyl methylcellulose modified with humic acids.

12
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The crosslinking occurred through multipoint interactions between the carboxyl groups

of humic acids and the polymer chains, resulting in stable hydrogel matrices [81]
1.4.2.2 Humic acid as a complexation agent/metal absorbent

Humic acids exhibit a high affinity for metal ions, making them effective agents for
metal adsorption. Studies have demonstrated that the presence of humic acids enhances
the adsorption of heavy metal ions and dyes. Baker and Khalili identified four distinct
binding sites on humic acids for metal ion interactions, while Shaker and Albishri
described three types of binding sites with varying adsorption capacities [82, 83]
Martina Klu¢akova et al. synthesized hydrogels incorporating humic acids as active
complexation agents, suggesting their potential for addressing specific environmental

issues related to metal ion contamination.[84]
1.4.2.3 Humic acid as a grafted agent

Humic acids, specifically sodium humate, can be utilized in hydrogel synthesis due to
their multifunctional aliphatic and aromatic components. These components contain
numerous hydrophilic functional groups, such as carboxylates and phenolic hydroxyl
groups. Singh and Singhal reported the grafting of humic acid onto acrylic acid, leading
to the formation of superabsorbent hydrogels based on polyacrylic
acid/acrylamide/sodium humate. These hydrogels, synthesized using ammonium
persulfate as an initiator and N, N'-methylene bisacrylamide as a crosslinker,

demonstrated impressive water absorbency, reaching up to 724 g-g™'. [85]

1.4.2.4 Humic acid as filled biomolecules

Humic acids can enhance the activity of protein enzymes, improve soil structure, and
promote the absorption of nutrients such as nitrogen, phosphorus, and potassium in

plants, ultimately increasing crop yields. [86, 87]

13
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Hua et al. fabricated a semi-interpenetrating network (semi-IPN) hydrogel by free
radical polymerization, utilizing N-isopropyl acrylamide and 2-acrylamido-2-
methylpropanesulfonic acid as monomers. The hydrogel incorporated sodium alginate
and humic acid as biomolecular fillers, resulting in a robust and functional hydrogel

system.[73]

1.4.3 Functions of lignin in hydrogels

1.4.3.1 Lignin as self -polymerizing agent and initiator in hydrogels

Lignin and its derivatives are rich in phenolic hydroxyl and methoxy groups. These can
be converted into the benzoquinone radicals in the redox process. A double network
polymeric hydrogel was developed by Zhang et al., employing a rapid gelling process
at room temperature initiated by a novel redox system comprising lignin sulfonate (LS),
ferric ions (Fe3*), and ammonium persulfate (APS). This system facilitates quick
gelation, showcasing the potential of lignin derivatives in hydrogel synthesis. [88] Gan
et al. demonstrated that a solution containing silver-lignin nanoparticles (Ag-Lignin
NPs) and APS could produce sufficient radicals to initiate the self-polymerization of

hydrogels under ambient conditions.

Furthermore, this solution could initiate the polymerization of various free-radical
monomers, such as acrylic acid (AA), acrylamide, and poly(ethylene glycol), indicating
its versatility in hydrogel formation. [89] Afewerki et al. engineered a lignin-based
hydrogel using oxidative decarboxylation and quinone-catechol redox catalysis to
generate free radicals. These radicals effectively triggered the self-gelation of the
hydrogel at room temperature, further illustrating the utility of lignin in creating self-

polymerizing hydrogels. [90]
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1.4.3.2 Lignin as a reinforcing nanofiller

Cui et al. developed durable hydrogels featuring dynamic cross-links using Ag-
decorated functionalized lignin nanoparticles, designated as LNP@Ag—Fe-PAA. In this
design, the lignin nanoparticles decorated with silver serve dual roles: they act as
reinforcing fillers and provide numerous sacrificial bonds. These bonds contribute to
the formation of mechanically robust hydrogels and possess excellent self-healing
properties. LNP@Ag as reinforcing nanofillers enhances the hydrogel's rigidity in

aqueous environments, thereby significantly boosting its mechanical strength [91].

In another study, Huang et al. incorporated lignin nanorods into hydrogels to create
reinforced nanocomposite hydrogels. These lignin nanorods acted as reinforcing fillers
and connecting bridges within the polyacrylamide/poly(acrylic acid) (PAM/PAA)
network through reversible hydrogen bonds. This incorporation endowed the hydrogels
with outstanding tensile strength, showcasing the potential of lignin nanorods in

improving the mechanical properties of hydrogel systems [76].

1.4.3.3 Lignin as a reducing agent

Phenolic OH groups in lignin nanoparticles (LNPs) can reduce Ag* ions to metallic Ag
nanoparticles (Ag NPs) without additional reducing agents or external stimuli. [91]
Similarly, Parajuli et al. developed hydrogels based on lignocatechol, lignophenol, and
lignopyrogallol, which efficiently reduced Au(III) to elemental gold, demonstrating the

potent reducing capability of lignin-derived compounds in hydrogel systems [92]

1.4.3.4 Lignin as a cross-linker

The hydroxyl groups in lignin act as crosslinking sites through hydrogen bonds.[93]
Lignin's hydroxyl groups serve as crosslinking sites through hydrogen bonds. The
abundant polar sites on lignin’s backbone can facilitate the physical crosslinking of

hydrophilic polymers via hydrogen bonding. For instance, Oveissi et al. utilized lignin
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as a crosslinker to develop hydrophilic polyether-based polyurethane (HPU) hydrogels,
which were then fabricated into flexible films for wearable electronics. [94]
Ravishankar et al. synthesized biocompatible hydrogels by mixing an aqueous-acidic
chitosan solution with alkali lignin. Ionotropic gelation occurred between the alkaline
lignin and chitosan, producing physical hydrogels through simple mixing. Electrostatic
interactions between phenoxide anions of lignin and the protonated cationic amine
groups of chitosan drove this gelation. This method offers an inexpensive and
sustainable alternative to traditional ionotropic crosslinkers for chitosan.[95] Huang et
al. employed lignin molecules as extended crosslinkers, alongside epichlorohydrin as a
short crosslinker, to prepare a cellulose derivative framework for a highly stretchable,

self-healing hydroxyethyl cellulose hydrogel. [96]

1.4.3.5 Lignin as a UV blocking agent

Incorporating lignin nanoparticles into hydrogels imparts excellent UV-blocking
performance due to lignin's natural UV-shielding properties, making the hydrogels

suitable for applications in visual medical fields.[67, 76]

Wang et al. produced sulfonated lignin-Fe*" chelates to create dynamically crosslinked
hydrogels with UV-blocking properties. These chelates significantly enhanced the UV-
blocking ability of the Fe-SL-g-PAA hydrogel. When applied as a polyethylene (PE)
substrate coating, the hydrogel effectively blocked UV light, preventing fluorescence

emission from a UV-sensitive area on a 100-CNY bill beneath it. [97]

1.5 Applications of nature-based hydrogels in Agriculture

In addition to air and soil, water plays a well-known role in the life of plants. This
function involves transporting the necessary minerals for feeding, preserving the

intracellular pressure for the cell's vertical growth, and taking part in photosynthesis
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[80]. However, the shortage of water resources, excessive use of fertilizers, and
desertification of the soil led to the degradation of cultivated land [98]. As per recent
studies, the efficiency of water used in agricultural soil can be improved by using

polymer hydrogels, reducing water loss and helping restore soil quality [99].

Using water-absorbent lignin-based hydrogels to increase soil water retention for plant
uptake is a potential approach to improve water use effectiveness. Hydrogels made of
lignin have already been used to coat seeds, deliver drugs, and absorb trace metal ions

[100].

Thus, hydrogels made of HA and lignin can primarily enhance the soil's ability to
retain water and support the slow release of agrochemicals. These enhance the physical

and chemical characteristics of the soil while promoting plant development.
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Figure 1.4: Effectiveness of hydrogels in soil amendment.
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1.5.1 Hydrogels in the soil-water-plant system.

Usually, plants can efficiently produce biomass through photosynthesis using a small
amount of soil water. Most of the soil's water evaporates through ineffective channels,
particularly in sandy soils. Adding hydrogels to the soil increases the air and water
infiltration area. Additionally, when the soil is dry, the hydrogel will quickly release
water from its internal polymer network (Figure 1.4) [79]. Water redistribution
processes result in this release of water stored in a hydrogel network over time into the
surrounding soil matrix via the capillary forces. The swollen hydrogel brought

interactions between soil and water, which also stabilizes the soil's structure [101].

An experiment conducted by soil experts explained the mechanism that shows the
impact of hydrogel on soil parameters. The large capillaries in sandy soil could hold
water when the hydrogel particles were inserted into the soil pores. However, the same
capillaries in the control soil lacked this capacity. This pattern showed an increase in
tiny capillaries and a decrease in the pores' average diameter. Another consequence
was the blocking of the water evaporation routes from the soil layer. These channels
arise as a result of physical evaporation as well as the hydraulic conductivity that
promotes gravitational flow. All of these effects increase the soil's ability to hold onto

water.

Apart from water holding hydrogels can be added to soil to enhance its physical

properties, such as its structure and porosity [102].
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1.5.2 Enhancing the water retention capability of the soil.

Water-absorbent hydrogels increase soil water retention for plant uptake. It is a
potential method to improve the water use efficiency of plants. The swelling

mechanism of hydrogels has already been discussed in the previous section.

The network chains' osmotic driving force toward infinite dilution comes next. The
porosity of a hydrogel and its attraction to the aqueous solution are the main variables
that affect its ability to swell [78]. Previous research suggests that hydrogels can

improve soil moisture retention, particularly in areas of water constraint and drought.

Sodium humate (SH) based super-absorbent hydrogel synthesized by Agnihotri et al.
was studied for use in agriculture as a soil conditioner to help sandy soil retain water.
The addition of SH improved the resultant super-absorbent hydrogel's surface area and
surface structure, which facilitated the diffusion of water into the polymeric web,
increasing the swelling rate. The study discovered that the artificial super-absorbent
hydrogels, with a swelling ratio of 906 g-g!, could serve as an effective water-saving
substance for agricultural applications. The concentration of SH affected the swelling
kinetics of synthesized super-absorbent hydrogels. The swelling rate increases to 9.09
wt % of SH [103]. A new poly(acrylic acid-co-acrylamide) AlZnFe,Os/potassium
humate super-absorbent hydrogel (PHNC) nanocomposite was synthesized by Shahid
et al. The soil was treated with PHNC and air-dried. Comparing the amended soils to
the unamended soils, the soils with 0.1 to 0.4 w/w% of synthesized PHNC significantly
improved the moisture retention at field capacity. At various PHNC concentrations,
the hydraulic conductivity and soil bulk density were also reduced compared to the

control [104].
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The soil's capacity to store more water was increased by potassium humate, which also
boosted the plant’s growth, nutrient absorption, yield, and fruit quality, as shown in a
study conducted by Sayed et al. under water stress conditions in Egypt for two
successive seasons, 2015 and 2016, on Egazy olive trees (Oleaeuropaea L.).
Potassium-humate treatment may improve soil's capacity to hold much more absorbed
water, maintain soil temperature conducive to plant development, and increase soil
aeration and soil workability by improving topsoil structure, all of which contribute to

the observed enhancement impact [105].

Starch and SH were used as raw materials to create the starch-g-poly(acrylic
acid)/sodium humate into a poly acrylic acid-co-acrylamide super-absorbent by
graft copolymerization of starch and acrylic acid in the presence of SH in aqueous
solution. Under optimal conditions, the super-absorbent hydrogels absorbed 86 and
1100 g-g”!' samples in 0.9 wt% NaCl solution and distilled water, respectively. This
novel super-absorbent displayed remarkable water absorption, swelling, and
reswelling capabilities and may be particularly helpful in the domains of agriculture

and horticulture [106].

The research by Zheng et al. revealed that the combination incorporation of
organomontmorilonite (O-MMT) and SH into a PAA-AM network increased the water
absorbency of a super-absorbent composite when compared to the integration of only
O-MMT or SH. The super-absorbent demonstrated a solid ability to hold onto water.
A suitable amount of O-MMT might enhance the synthesized composites concerning
their water absorbency, salt resistance, and ability to retain water in sandy soil, as

shown by the sand soil's ability to conserve 24.4 wt% of water even after 30 days and
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contain 1.0 wt% super-absorbent composite [107]. A new potassium humate-acrylic
acid-acrylamide (KHA-AA-AM) super-absorbent polymer was developed using
leonardite potassium humate. The non-potassium humate super-absorbent polymer has
lower water absorbency than the KHA-AA-AM super-absorbent polymer, which uses
less than 40% potassium humate. [108] The capacity of the soil to hold water was also
enhanced by the poly(acrylic acid), attapulgite, and SH super-absorbent composite.
According to the results of its water-retention experiment, the soil retained more than
27% more water compared to the control after 30 days under the same conditions. The
super-absorbent composite may be a suitable water-management material for

horticulture and agriculture in arid and drought-prone locations [109].

A lignin-based hydrogel has been reported by Mazloom et al. as a naturally occurring
plant-based water absorbent. The cross-linker poly(ethylene glycol) diglycidyl ether
(PEGDGE) and alkali lignin polymers were used in this synthesis. Physicochemical
properties, phytotoxicity, and biodegradability are key factors that determine

hydrogel's potential to be used as a soil conditioner in arid soils [110].

The density of the cross-linkages and the kind of solvent impact how much a cross-
linked polymer swells, following Flory and Rehner's equilibrium swelling theory
[111]. Therefore, a hydrogel's ability to swell is significantly impacted by the cross-
linker concentration in the hydrogel [112, 113]. The hydrogel's swelling ratio increases
initially and declines as the cross-linker concentration is raised [114]. It was
discovered that this is consistent with the way the PEGDGE cross-linker ratio affected
the hydrogel's ability to swell. Despite being less than the currently available acrylate-

based hydrogels, which have a swelling capacity of more than 100 g-g”! hydrogel, the
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lignin-based hydrogel was reported to have a swelling capacity of 34 g.g*! hydrogel.

Despite the lower swelling index, it has a number of benefits.

-It is produced using a low-cost, renewable feed-stock, i.e., lignin alkali using non-

toxic chemicals- NaOH and PEGDGE g that too in a small amount.

-It is consistent with the principles of green synthesis given by Prof. Paul T Anastas

and John C Warner.
-It is biodegradable and non-toxic, posing no threat to soil health or crop growth.

-It functions in non-saline, saline conditions and sodic soils, so it is suitable for use in

drought-impacted areas for better water retention [110].

By using konjac flour to cross-link sodium lignosulfonate and sodium alginate
(L/KJ/SA), Song et al. synthesized green hydrogel. They investigated its agricultural
utility by putting tobacco plants through drought stress tests [99]. The existence of
hydrogen bonds between the ether oxygen atom of the lignin sulfonate, the alcohol
hydroxyl group, and the hydroxyl group of alginate was established by Dumitriu et al.
To a certain extent, this has determined the structure of the macromolecular chains

present in hydrogel [115].

Synthesized hydrogels exhibited the potential to absorb large quantities of water. It
decreased the water loss due to water infiltration by increasing the friction between
hydrogel, soil particles, and water and blocking the soil pores. These hydrogels also
reduced the leaching of fertilizer and the wilting time of tobacco, extending its growth

time. The research conducted by Yang and Banedjschafie et al. supports these findings,
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which likewise concluded that adding hydrogels could prolong the growth of woody

and herbaceous plants by up to 9-10 days [116, 117].

Morales et al. prepared physically cross-linked lignin polyvinyl alcohol (PVA)
hydrogels using a green approach [118]. The hydrogel blends were treated using three
different cross-linking procedures with a variation in freeze-thawing cycles and under
a vacuum hood for a week to evaluate the influence of the synthesis processes.
According to the study, lignin addition favoured the PVA hydrogels' ability to swell in

every instance [119].

The size of the linked lignin molecules may have contributed to this action, which
resulted in a swelling index of these materials that nearly exceeded 350%. Due to the
high molecular weight of lignin, larger holes may develop. More water molecules may
be able to enter through these pores [118]. Ciolacu et al. also described the identical
behaviour for their chemically cross-linked PVA lignin hydrogels [120]. Yang et al.
also showed that lignin enhanced the swelling properties of chitosan/PVA hydrogels

[55].

The type of lignin used also affects the hydrogel's capacity to swell. Wu et al. validated
this and reported that the hydrogels synthesized utilizing the three forms of lignin had

highly varying swelling capabilities [114].

Mazloom et al. investigated how lignin-based hydrogels affected the development of
maize plants under drought stress. The results showed that in comparison to synthetic
hydrogel, lignin hydrogel was better at retaining water in arid environments, which
was evident by the reduced production of proline, which is a water stress biomarker,

in maize leaves [121].
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Without any pretreatment, Meng et al. directly made hydrogels using red liquor.
Lignosulphonates and polysaccharides, two of red liquor's major constituents,
produced super-swelling bio-polymer hydrogels with excellent long-term water
retention capabilities. These constituents are frequently thought of as fertilizers to
enrich the soil. The hydrogels were categorized as super-swelling hydrogels with a
swelling ratio of about 280 g-g! [102]. These hydrogels with extreme swelling had a
slow water release capability. After 24 hours at 50 °C, it was discovered that hydrogels
containing 0.4 g red liquor had an 80% water retention ratio. Regarding swelling and
water retention in agriculture, red liquor-containing hydrogels thus proved to be good

options for plants and vegetables.

The traditional PVA composite hydrogel had poor mechanical and swelling
characteristics. To overcome this limitation, Wu et al. created super-absorbent
hydrogels using biomass lignin as the raw material, PVA as the template for the matrix,
and epichlorohydrin as the cross-linker. Surprisingly, a swelling ratio of up to 456 g-g”
! was found in modest conditions. When the alkali lignin concentration was 5%, the
hydrogel's swelling index reached 570 g-g"!. For the lignin concentration of 10% in the
enzymatically hydrolyzed lignin- PVA hydrogels, the swelling ratio of the hydrogel
was as high as 554 g.g’!, and the yield was 45%. After ten days, the retention ratio of
hydrogels with Lignin concentrations of 5%, 7.5%, and 10% named LP-5%, LP-7.5%,
and LP-10%, respectively, remained at 134, 107, and 59 g-g"!. In hydrogels with lignin
concentrations of 5%, 7.5%, and 10%, referred to as LP-5%, LP-7.5%, and LP-10%,
respectively, the retention ratio remained at 134, 107, and 59 g-g’! after 10 days.

Consequently, the Lignin-PVA hydrogel proved to be a viable option for indoor pot
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culture and soil water conservation. It could swell swiftly and dehydrate gradually

[114].

1.5.3 Controlled release of pesticides and fertilizers by hydrogels

Hydrogel-based pesticides act as release devices. They consist of a micro-capsuled or
granular form of pesticide in a polymer network. Its main benefit is that the main active
ingredient is released gradually or under control. This results in an extension of the
application period, a decrease in dosage, and stabilization of the primary active
ingredient against environmental degrading agents like light, air, humidity, and
microorganisms. It lessens environmental contamination, phytotoxicity, aquatic
toxicity, and irritation of human mucous membranes. The process of evaporation and
leaching slows. It increases the number of target organisms and the ease of handling

toxic materials.

Hydrogel is incorporated into fertilizers during preparation to lessen fertilizer
leaching. As a result, the crop output increases while the need for fertilizer decreases.
Fertilizers loaded into hydrogel release at a rate that is half of the fertilizer applied in

water alone [79].

To create a pH-responsively controlled-release fertilizer, sodium alginate (SA), nano-
silica aqueous dispersion, and HA hydrogel were used [75]. The sustained release of
HA resulted from the swelling action of SA under alkaline conditions. This process
confirmed that the environment suitable for the HA fertilizer is alkaline soil. The HA
gel fertilizer contains many hydrophilic groups that retain the soil's moisture through
hydrogen bonding. Thus, this fertilizer is capable of slowly releasing HA while

retaining soil moisture.
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Xianglin et al. successfully prepared a SH-modified super-absorbent resin (SAR),
having high water absorbency and slow-release properties for fertilizer employing
inverse suspension polymerization to study the release of SH in distilled water. The
release of SH was observed to be faster in the initial 12 days. A similar release pattern
was observed by Wang et al., where the maximum release became flat after 16 days
[122]. The trend in the SH release can be attributed to the fact that the initial diffused
SH out of the SAR was mostly filled physically, allowing it to diffuse into the water
more quickly. It was followed by a decline in the release rate of SH, chemically bonded
to acrylic acid and chitosan. This release could be attributed to a complex "swelling

dissolution-diffusion” process from the SAR [123].

Another SH-based acrylic acid and acrylamide (PAA-AM) super-absorbent composite
by Zhang et al. also enhanced water absorbency, salt resistance, and reswelling
capacity. This improvement is due to the introduction of SH in the aqueous solution
polymerization that culminated in the PAA-AM polymeric network. The release of
SH's functionality was investigated experimentally by testing the water-retention
capability of the composite in sand soil. These results indicated that the super-
absorbent composite's efficiency of SH utilization and water-retention capability is
greatly enhanced by introducing SH [124]. Wang et al. focused on a natural vegetable
gum, i.e., Guar Gum-based super-absorbent employing partially neutralized acrylic
acid and SH as other raw materials for improved water-absorption and water-retention

capabilities [125].

Peng et al. created a lignin hydrogel-coated slow-release ammonium sulfate fertilizer.

The outcomes show that the gel-coating layer efficiently limits water when it comes
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into contact with (NH4)2SO4. Due to the concentration gradient between the hydrogel's
interior and exterior, the hydrogel dissolved (NH4)2SO4 when submerged in water and
then exuded through the hydrogel along with water. It was discovered that the swelling
ratio of (NH4)2SO4 coated hydrogel directly correlated to the amount of (NH4)2SO4
released in water. More (NH4)2SO4 permeated the covering material due to hydrogels

with higher swelling indices [126].

Ma et al. created iron fertilizer by polyacrylic acid grafted alkali lignin (ALS-G-P
(AA)) via grafting amorphous alkali lignin with acrylic monomer, which boosted the
cumulative release rate of iron. The effective release of ALS-G-P (AA) iron fertilizer
was found to be 22 days. The study offered guidance for effectively applying iron
fertilizer and alkali lignin in agricultural fields for controlled release application [127].
The same formulations were subsequently examined to add pesticides through an
adsorption technique to various lignin-based polyacrylic acid (LBPAA) materials with
variable lignin concentrations. This study investigated the possibility of using lignin
with a hydrophobic backbone to alter the transfer properties of lignin-based
polyacrylic acid. It also paved the way for the design of a new controlled-release
formulation for pesticides. Model pesticides for this purpose were 1,1’-dimethyl-4,4'-
bipyridinium dichloride (Paraquat), B-cyfluthrin (cyfluthrin), and cyhalofop-butyl.
LBPAA's structure was relaxed by grafting, which made the gels sensitive to pH,
temperature, and ionic strength changes. High loading and prolonged release of
pesticides from LBPAA hydrogels suggest a potential use for controlled-release

pesticides in the future [74].
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A mixture of hydrogels and fertilizers can reduce the leaching and infiltration of
nutrients in the soil by encapsulating them in the polymeric network of hydrogels
before being released. Additionally, it lessens nutritional loss. For instance, L/KJ/SA
hydrogel can lower N, P, and K soil nutrient loss. Also, the nutrient retention capacity

is enhanced with an increase in L/KJ/SA hydrogel dose [99].

1.5.4 Effects of hydrogel on vegetative plant growth

As per the study by Mazloom et al., the maize plant was observed in drought stress
subjected to the presence of lignin-based hydrogels in soil. Several observed
parameters concluded many exciting results, such as the hydrogel treatments, which
reduced the impact of drought stress on biomass synthesis and maize growth.
Regardless of the soil water present, pot plants containing lignin hydrogel supplements
grew higher than those in the no-hydrogel control. Montesano et al. reported a similar

pattern of behavior in 2015 as well [121].

—  86% less proline (water stress biomarker) production in maize leaves

—  The maize Phosphorous content was consistently greater in plants with lignin

hydrogel than synthetic hydrogel.

—  More leaf water content and 10% less electrolyte leakage

Lignin hydrogel buffered the soil pH and slightly increased the sodium concentration
in the plant's shoots and the soil solution. However, this concentration was lower than
synthetic hydrogel [121]. The use of lignosulfonate grafted sodium acrylate hydrogel
for the soil treatment significantly improved the seed germination and average height

of wheatgrass as well as served as a slow-release vehicle for urea [128].
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Potassium humate-acrylic acid-acrylamide super-absorbent polymer is anticipated to
have inherent advantages in supporting plant growth and improving the soil’s chemical
and physical qualities since HA has remarkable properties in the field of agriculture
and horticulture [108]. Agnihotri et al. synthesized a super-absorbent polymer using
SH and studied its effect on corn and white gourd growth. Sets containing super-
absorbent polymer showed good growth because the super-absorbent utilized the
excess water, and the water was sufficient for forty-five days, making it clear that

super-absorbent affects the plant growth of white gourd and corn [103].

Compared to control conditions, the poly (acrylic acid-co-acrylamide)
AlZnFe;Os/potassium humate super-absorbent hydrogel nanocomposite (PHNC)
amendment significantly delayed the wilting of seedling growth. The enhancement in
soil moisture retention was made possible by adding PHNC to the soil. Wheat seed
germination and seedling growth were significantly enhanced, and the wilting of
seedlings was delayed by 6-9 days in the soil that had been supplemented with PHNC.
These improvements led to better wheat plant establishment and growth. These
findings suggested that soil type, moisture content, and nutrient availability all

significantly influenced plant establishment and crop output [104].

Different potassium humate hydrogel application treatments on Egazy olive
trees significantly increased the studied vegetative growth parameters, fruit physio-
chemical properties, yield, and leaf mineral contents in the order: interaction of
hydrogel + K-humate>hydrogel > K-humate. As the soil remained moist for a

prolonged period of time, the hydrogel polymer improved the fruit's chemical
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qualities, improving microbial activity and nutrient availability as well as all fruit

quality measures, such as fruit weight, length, breadth, and volume [105].

Chu et al. studied the effect of super-absorbent composite on the growth of corn. The
plant in the pot began to wilt depending on the presence of PAA super-absorbents.
However, even after 30 days, the plants in soil containing PAA/SH were still fresh
[129]. The 3D network structure of the multifunctional super-absorbent composites
created by Wang et al. with semicoke (SC) and HA allows for high water retention and
favours slow-release performance. According to the study's soil column leaching
experiment, the most significant quantity of HA released after nine days was 222.14
mg-L"!'. Studying the growth performance of Qingan cabbage seedlings using
PAA/HA/SC revealed that these seedlings exhibit greater growth vigour when
PAA/HA/SC is added than when PAA/SC and a blank control group are used. In
particular, fresh weight, root length, plant height, and dry weight of cabbage seedlings
all benefited from applying the PAA/HA/SC. Compared to the blank control group,
these metrics rose by 31.25, 31.07, 107.61, and 153.18%, respectively. The seedling
height of Qingan cabbage still had a more significant growth capability when the HA-
integrated hydrogel was added compared to PAA/SC and the blank control group

[122].

The use of nature-based hydrogels in agriculture is listed in Table 1. 3.
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Table 1. 3: A literature survey of HA and lignin-based hydrogels in agriculture

Agricultural applications of HA and Lignin based hydrogels

S. Major components Method of Application Swelling Ref.
No fabrication index
1. Sodium Alginate, Poly  Free radical ~ Soil conditioner 906 (g-g!) [103]
Acrylic  Acid, and  solution for water retention
Sodium Humate copolymerization.  in sandy soil
2. N-isopropylacrylamide Free radical  excellent  water  31,388% [73]
and 2-acrylamide-2-  polymerization absorption
methylpropanesulfonic capacity and
acid, poly(ethylene pH/temperature
glycol) dimethacrylate, dual
humic acid responsiveness.
3. Potassium humate  Graft favored crop  621.46% [130]
(KHA), sodium alginate  copolymerization growth and
(SA), and acrylic acid improved crop
(AA) quality
4. Ammonium humate,  Graft Moisture retention ~ 280.9 (g-g’!) [131]
Acrylic acid, NaOH, copolymerization capacity,
Ammonium persulfate, excellent  water
N,N' - absorption
Methylenebisacrylamide capacity,
Controlled-release
device for
pesticides
5. Acrylic acid, Chemical cross- Moisture retention - [104]
Acrylamide, linking and increased soil
AlZnFe204, Potassium porosity,
humate, diethylene improved wheat
glycol seed germination
and seedling
growth
6. Hydrogel, Potassium  Physical mixing Improved yield, - [105]
humate all vegetative
growth
parameters, leaf
mineral  content,
and fruit physio-
chemical
properties
7. Potassium humate,  Freeze-drying Controlled-release - [75]
Sodium Alginate, CaCl, fertilizer, reduced
soil bulk density
and pH value, and
increased total
porosity and field
water holding
capacity.
8. Starch and  sodium  Graft Excellent water 110 (g-g™) [106]
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Agricultural applications of HA and Lignin based hydrogels

S. Major components Method of Application Swelling Ref.
No fabrication index
humate, Acrylic acid, copolymerization  absorption,
NaOH, Ammonium swelling rate, and
persulfate, N,N' - ability to reswell
Methylenebisacrylamide
9. Sodium humate, Inverse Slow-release 1097 (g-g") [123]
chitosan, acrylic acid, 2-  suspension fertilizer of
acrylamide-2-methyl polymerization sodium humate
propyl sulfonic acid
10. Sodium humate, acrylic =~ Aqueous solution  Enhanced salt 1184 (g-g) [124]
acid, Ammonium  polymerization tolerance, the
persulfate, N,N' - ability for
Methylenebisacrylamide swelling, and
slow-release
sodium  humate
fertilizer
11. Semicoke, Polyacrylic  Free radical Enhanced water 824 (g-g) [122]
acid, Humic acid polymerization absorbency, slow-
release fertilizer,
and increased
plant growth.
12.  Acrylic acid,  Graft Sand soil's 591 (g-gh) [107]
acrylamide, copolymerization capacity for
organomontmorillonite, retaining ~ water
sodium humate while being salt-
resistant and
water-absorbent
13. Acrylamide, acrylic ~ Free radical ~ Super-absorbent 756 (g-g™h) [108]
acid, and potassium  polymerization polymer is
humate of leonardite believed to
provide inherent
benefits for
promoting  plant
development
14.  Attapulgite, poly(acrylic =~ Graft Good water 583 (g-g) [109]
acid) sodium humate copolymerization  retention,  slow-
release property of
SH.
15.  Sodium humate  Graft Agricultural water 684 (g-g) [129]
micropowder, copolymerization management tools
poly(acrylic acid) for desert and
drought-prone
regions
16. Sodium humate, guar  Solution Fertilizer as well 532 (g-g") [125]
gum, and partially  polymerization as an effective
neutralized acrylic acid water-saving
material for
agriculture
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Agricultural applications of HA and Lignin based hydrogels

S. Major components Method of Application Swelling Ref.
No fabrication index
17. Alkali lignin,  Graft Efficient and 1017 (g-g™h [127]
polyacrylic acid, iron copolymerization, slow-release iron
fertilizer fertilizer
18. Alkali lignin,  Graft High loading and 465 (g-g’") [74]
polyacrylic acid,  copolymerization, sustained release
pesticide of pesticides
19. Sodium lignosulfonate, = Chemical cross- Improved water 41.13(g-g?) [99]
sodium alginate, Konjac  linking retention and
flour photosynthetic
capability of
plants under
drought stress,
enhanced nutrition
retention
20.  Lignin alkali, Chemical cross- Environmentally 34 (g-g) [110]
poly(ethylene  glycol)  linking friendly additive
diglycidyl ether, NaOH to help dry, saline
soils retain water
21. Lignin alkali,  Graft Buffered the soil - [121]
poly(ethylene  glycol)  copolymerization  pH, slightly
diglycidyl ether, NaOH increased Na, P,
the leaf water
concentration in
plant's shoots, and
soil solution
22. Sodium Chemical cross- Reduced  water 560 (g-g!) [128]
lignosulphonate, acrylic  linking evaporation,
acid, improved seed
germination, slow
release of urea
23. Red liquor, Acrylic acid, =~ Chemical cross-  High swelling and 280 (g-g™!) [102]
APS, N,N’-  linking water retention in
Methylenebisacrylamide agriculture
24.  Lignin, PVA, NaOH One pot synthesis ~ Agricultural 456 (g-gh [114]
practices such as
seed planting and
soil water
retention
25. Lignin and poly (vinyl  Physical cross- Improved water 890% [119]
alcohol) linking- freeze-  absorption
thaw
26.  Nano-ferrous  sulfide, Chemical cross-  Restoration of soil - [132]
lignin linking microbial
community
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Agricultural applications of HA and Lignin based hydrogels

S. Major components Method of Application Swelling Ref.
No fabrication index
27. Sodium Graft Moisture retention  280.9 (gg!) [131]
lignosulphonate, Acrylic ~ copolymerization capacity,
acid, NaOH, excellent water
Ammonium persulfate, absorption
N,N' - capacity,
Methylenebisacrylamide Controlled-release
device for
pesticides

1.5.5 Bio degradation

Any soil additive used in agricultural soils shouldn't be toxic to seeds or plants. Since
degraded products will be released into the soil, this can further cause soil pollution and

harm the health of living beings through biological enrichment processes [133—135].

The biodegradability of lignin-based hydrogels relies on both the crosslinking density
and the phenolics content within the hydrogels. A higher degree of crosslinking results
in a more compact pore structure of the gel, thus limiting the access of ligninolytic
fungi and actinomycetes. Consequently, hydrogels with strong crosslinking are less
susceptible to microbial degradation than those with lower degrees of

crosslinking.[136]

When placed in a solution with soil microbial inoculum, lignin-based PEGDGE
hydrogel weighed 6.5% less after 40 days of incubation, demonstrating the microbial
breakdown of the polymers [110]. According to Yamamoto et al., after 11 months, the
fungus Flammulinavelutipes destroyed lignin gels created from lignin-phenol-

resorcinol resin that had been dissolved in methanol [137].
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Burkhard et al. investigated the rate at which hydrogel composed only of polyacrylate
degraded. After 24 weeks of soil burial in loamy sand and loam, it was discovered to

be just 0.45% and 0.82%, respectively [133].

The L/KJ/SA hydrogel comprises three natural biopolymers [99]. Long-time burial of
L/KJ/SA hydrogels showed destruction in their network by microorganisms or water
erosion. A comparison of acrylamide-based and Lignin/Konjac flour/Sodium Alginate
hydrogel reported that the former degraded only 2% in the 120 days, while the latter
showed a degradation of 6% of the weight in the first 60 days and 14% in the next 60
days. The degradation of organic hydrogel components increased the soil's absorption

and desorption of oxygen [99].

A super-absorbent resin treated with SH reportedly deteriorated by 31.9% after 100
days, according to Xianglin et al. Under the effect of soil microbes and enzymes, the
molecular chain of SAR ruptured, indicating strong soil degradation performance that

was principally made possible by the degradable natural components [123].

1.6 Applications of hydrogels in the environment

The growing industrialization incorporated toxic metals into natural systems. Also, the
practices, including burning fossil fuels, atmospheric deposition, metal mining,
smelting, refining, and applying sewage sludge and industrial byproducts to the soil,
seriously threaten the environment and human health. Heavy metals can accumulate
in soils and harm the ecological community. Such metals can accumulate in the food
chain and leak out of soils to contaminate ground water sources [138, 139]. Similarly,

from a toxicological and aesthetic point of view, the movement of organic dyes in
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nature is a cause for concern [140]. Therefore, several researchers have studied soil

and water pollutants' sorption, as summarized in Table 1. 4.

1.6.1 Adsorption of soil and water pollutants

Electrodialysis, chemical deposition, adsorption, membrane filtration, and ion
exchange are a few techniques to remove metals from water. However, membrane
filtration has poor selectivity, making materials susceptible to bacterial contamination.
It is challenging to regenerate and is quickly oxidized, degraded, mechanically
ruptured, and employed in ion exchange. Electrodialysis and phytoremediation require
a lot of labour and are expensive for their selectivity. Chemical precipitation often
results in precipitation that will break down and pollute the environment. Adsorption
has been used extensively to remove metals from wastewater due to its low cost, ease

of use, and high removal effectiveness compared to other approaches [139].

Metal ions and soil exhibit a complex formation behaviour in a natural system. The
complexation of metal ions with dissolved organic materials can happen via one of
three methods: a) the metal ion solubilization onto solid particles, b) the metal ion
immobilization in the solid phase, and c) the metal ion complexation with dissolved
organic matter. The distribution coefficient, often referred to as the partitioning
between the soil and solution phase, relates to the mobility of metal ions in soils [141,

142].

Hydrogels made of lignin and HA have reportedly been used in water treatment to

remove various pollutants [79, 102].
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The adsorption of HAs on mineral particles is significantly influenced by the presence
of divalent metal ions in aqueous solutions. In the presence of heavy metals, HAs may
coagulate as a result of metal interactions with humic functional groups [143, 144]. It
is widely acknowledged that the mobility of ionic compounds in soils and waterways
is affected by their interactions with negatively charged (precipitated or dissolved)
HAs. The fate of the ions in HA cannot be predicted or explained because of the wide

range of structural complexity [140].

Sedlacek et al. investigated the absorption behavior of Methylene blue and Rhodamine
6G by using agarose and HA-based hydrogel. At pH 11 and temperature 30°C, the
diffusion coefficient was found to be 9.64 x 10'° m?s™ and 6.90 x 10'° m?-s! [145].
Fernandes et al. investigated the removal of Methylene blue (MB) from aqueous
solutions at varying initial MB concentrations and at three different temperatures using
peat, another humic-rich substance. The sorption process quickly reached equilibrium

after 4 h and 30 min [146].

Lignin is a high-ideal material for this application because of its natural abundance
and polyphenol-type structure. By interacting with aromatic contaminants, the
phenolic rings found in lignin derivatives could improve the retention of these organic
pollutants. Additionally, the pH sensitivity of lignin monomers may facilitate the
hydrogel uptake of contaminants [147]. Lignin hydrogel can function as an amphoteric
absorbent with the potential to absorb ions and toxic dyes, according to a paper by
Thakur et al [ 148]. According to specific reviews, lignin and its derivatives effectively

absorb heavy metals. Inorganic ions such Ni(Il), Zn(II), As(Il), Cr(II), Cr(VI), Co(Il),
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Cd(I), Pb(Il), Hg(Il) and Cu(Il) were successfully absorbed, according to these

reviews [8, 78].

Table 1.4: A literature survey of nature-based hydrogels for absorbing environmental
toxic substances

Environmental applications of HA and Lignin based hydrogels

S. Adsorption
No Absorbed  capacity/removal Temperature
Absorbent substance efficiency (%) pH °O) Ref.
(mg-g")
1. Sodium Methylene 800 - 37 [149]
humate/polyacrylamide/clay ~ blue
2. Sodium alginate/sodium Cu** ~134.65 3-6 20 [150]
humate@Polyacrylamide
hydrogel
3. Sodium-humate Pb? 93.4 2-6 29.85 [151]
/polyacrylamide double Cu?t 98.79
network hydrogel
4. Montmorillonite/humic Cro 106.29 2-10 44.85 [152]
acid/polyvinyl
alcohol@polypyrrole
hydrogel
5. Starch-humic acid Pb** 50 4-6 24.8 [153]
composite Methylene 90 4-9
blue
6. Sodium-humate, Pb? 93.4 - - [151]
polyacrylamide Cu?t 98.79
7. Humic acid/starch Cr¥ 211.12 5 34.8 [139]
composite microspheres Pb2* 154.03
Cu* 165.49
Humic acid particles Phenol 180 6 40 [142]
Humic acid, modified Methylene 1490 - - [154]
titanium dioxide (TiOz) blue
nanoparticles
10.  Humic substance double Pb** 360.50 5 24.8 [155]
network hydrogel Cu2* 151.00
Cd** 412.76
11.  Alginate, humic acid, and Sr?* 45.65 7 RT [156]
iron aminoclay
12.  Lignosulfonate-g-acrylic Methylene 2013 3-8 30 [69]
acid hydrogel blue 93 45 [157]
13. Alkali Toluene 90.14 6 25 [158]
lignin/montmorillonite
14.  Lignin sulfonate-g-poly Malachite 97 3-7 15-35 [70]
(acrylic acid-r-acrylamide) green

copolymer adsorbent
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Environmental applications of HA and Lignin based hydrogels

S. Adsorption
No Absorbed  capacity/removal Temperature
Absorbent substance efficiency (%) pH °O) Ref.
(mg-g™)
15.  Sulfonate lignin-based Methylene 495 2- 30 [159]
hydrogels blue 8.3
16.  Kraft lignin-N-isopropyl Methylene 30 10 20 [160]
acrylamide hydrogel blue
17.  Lignin, sodium alginate Methylene  388.8 - - [161]
blue
18.  Chitosan/sodium Co* 385 6 - [162]
lignosulphonate Cu?t 200
19.  cellulose nanofibers/carbon Cro 599.9 - - [163]
dots/alkali lignin
20.  Alkaline lignin Zn** 0.073 5 30 [147]
21.  Kraft lignin (Eucalyptus) Cu? 87.05 4.5 25 [147]
ca* 137.14
22.  Alkaline lignin (wood) Pb?* 9.0 5 17 [147]
Cd* 7.5
23.  Nano-ferrous Ccd* 37.6 ;345 - - [132]
sulfide@lignin hydrogel
24.  Sodium lignosulfonate, Cu?, - 1-14 59.5 [164]
methacrylate anhydride, CrO4*,
triethylamine Co**
25.  Ferrous sulfide Cd* 22.4-49.6% 5.15, - [165]
nanoparticle@lignin 5.34
hydrogel composites
26.  Lignin, montmorillonite Cu?* 1.17 mmol/g 1-5 - [166]
27.  Xanthan gum, Sodium Methylene 91 - 25 [157]
Lignosulfonate Blue

1.7. Applications of nature-based hydrogels in Energy storage

Researchers are looking into renewable energy sources and developing novel energy

storage technologies in response to the global energy issue brought on by rising fossil

fuel usage [167]. Natural biopolymer-based gel made from renewable resources boosts

the sustainability of finished products while reducing dependency on fossil fuels for

energy storage [168]. Additionally, the growing use of electric vehicles, wearable

electronics, and portable electronic devices is fueling demand for safe, low-cost, and
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lightweight energy storage devices with strong mechanical characteristics and superior
electrochemical performance to further increase energy density and longevity

compared to conventional devices [169].

A primary application for hydrogels in energy-storage devices is as an ionically
conducting electrolyte. While the ions must be conveyed in substrate or solutions, the
polymer networks can be employed as a solid, liquid, or swollen substrate. The
disadvantages of the constrained contact area between the solid-state electrolyte and
the electrode material are solved by hydrogel electrolytes. It also possesses the benefits
of liquid electrolytes because of ion mobility [170]. Commercial separators (such as
polyethylene (PE) or polypropylene (PP)) had poor ionic conductivity before the
development of hydrogel-based electrolytes [171]. Thus, a variety of energy storage
technologies, including supercapacitors and batteries, have used hydrogel electrolytes

because of their high ionic conductivity and dimensional stability [172—174].

Lignin and HA might be viewed as perfect, sustainable substitutes for fossil fuels.
Natural-source HA displays the fundamental traits of materials that resemble graphene
oxide in shape, carbon-oxygen ratio, and structure [175]. HA is a naturally occurring
polymer abundant in functional groups, including carboxyl, hydroxyl, and carbonyl. It
also has strong redox and ionic adsorption characteristics [176]. According to recent
research, HA may serve as an anode for lithium and sodium-ion batteries [177]. A
graphene oxide-like substance known as "graphenol" was produced when HA was
treated in reducing circumstances with pressurized hydrogen at low temperatures
(150-250°C), according to groundbreaking research by Beall and colleagues [175]. To

the best of our knowledge, no information regarding HA-based hydrogel as an
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electrode for energy storage applications is available in the open literature. However,
an ample amount of data is present that proves its usefulness in this field [175, 178,

187, 188, 179-186].

Lignin is also a viable starting substrate for producing carbonaceous materials for
energy storage [189]. As an aromatic polymer, lignin contains a significant amount of
carbonyls and phenolic or phenolate structures, enabling it for strong crosslinking.
Because of these unique physiochemical characteristics, lignin is viewed as a
prospective contender for creating high-performance electrodes and electrolytes [190].
Several kinds of research have been carried out to utilize lignin as a feedstock for
energy storage applications in the past half-decade, such as mesoporous carbon, fibre
matrix, and flexible thin films for mechanical energy harvesters, photovoltaic devices,

catalytic components, and energy storage systems [191].

Research has focused on creating high-performance flexible supercapacitors using
hydrogel electrolytes made of biopolymers to fulfil the above practical requirements.
In addition to having high energy storage capacity, multifunctional supercapacitors
with hydrogel electrolytes made of this biopolymer have also been produced. A novel
three-dimensional graphene hydrogel was created by Cui et al. using nitrogen-doped
carbon dots made of lignin. Furthermore, they said that the cycle stability (cycle life
after 5000 cycles is 92.3%) and rate performance of the all-lignin-based supercapacitor

built with a lignin hydrogel as the electrolyte is excellent [192].

A biomass-based flexible supercapacitor with a pressure-sensitive lignin-based
hydrogel electrode and cellulose/Li2SO4 hydrogel electrolyte was also synthesized

[193]. The created flexible biomass-based supercapacitor demonstrated excellent rate
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capability, superior energy density (17.1 Wh-kg ™), and high specific capacitance (292

F~g_1).

Wang et al. prepared a multifunctional Ca?'-tannic acid@ sulfonated lignin-
polyacrylamide hydrogel via polyacrylamide system and Ca?*-TA@SL composites.
Here, Ca’*-TA@SL composite was synthesized by doping tannic acid with sulfonated
lignin, followed by the subsequent adsorption of Ca®*. The addition of Ca®'-
TA@SL composites gave the hydrogel better antioxidant and antibacterial
characteristics as well as superior conductivity, adhesion, and UV resistance [194].
Lignin hydrogels can also serve in the synthesis of a textile supercapacitor. For
instance, the latest research combines polyaniline@carbon cloth as a flexible electrode

and lignin hydrogel as a semi-solid electrolyte to form a flexible textile supercapacitor

[63].

In the past decade, several kinds of research have been carried out to utilize lignin as
a feedstock for energy storage applications. These researches have been summarized

in Table 1. 5.

Table 1.5: Literature survey of nature-based hydrogels for energy storage application

Energy Storage applications of HA and Lignin based hydrogels

hydrogel electrolyte with

. Ionic Potential/ Specific e
S. No Major components conductivity Capacitance (SC) Characteristics Ref.
Lignin-H2SO4 hydrogel 80 mS cm™! Polyaniline//polyaniline ~ Excellent shape
SC (0.8 V) recovery, mechanical [195]
strength, and high
ionic conductivity
Lignin, cellulose/Li2SO4 - SC-292F g} High specific
based supercapacitor capacitance, superior
energy density, and [193]
excellent rate
capability
Polyaniline lignosulfonate 0.17 Sem™! SC- 505 and 558 Mf High capacitance [196]
hydrogel cm? retention rate
4. Li2SO4-based neutral 16 mS cm™! 138.4F g! Ultra-high porosity [197]
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Energy Storage applications of HA and Lignin based hydrogels

Tonic

Potential/ Specific

S. No Major components conductivity Capacitance (SC) Characteristics Ref.
lignocellulose
5. Lignosulfonate, AI**, poly 738 Sm™! 150.5 mV, SC-245.4 High capacitance
L 1 . [198]
acrylic acid hydrogel F-g retention rate
6. Lignosulfonate poly 54Sm™! 181 mV, SC- 236.9 High capacitance
(ethylene glycol) F-g! retention rate [199]
diglycidyl ether hydrogel
7. Lignosulfonate/single- 0.08 Scm™! SC-292F g! Excellent flexibility,
walled carbon nanotube stability, and [200]
hydrogels as electrodes, electrochemical
cellulose hydrogels performance
8. Lignosulfonate/polypyrrole - SC- 1062 mF ¢m? Good electrochemical
(Lig/PPy) hydrogel all-in- performance even [201]
wood supercapacitor under high pressure
9. Ca?"tannic acid@ 0.91 Sm™! - Excellent
sulfonated lignin- conductivity,
polyacrylamide hydrogel adhesion, UV [194]
resistance,
antibacterial and
antioxidant properties
10. Lignin/polyacrylonitrile 10.35 mS 129.23 F g™! High ionic
nanofiber electrode, cm’! conductivity and
hydrogel mechanical integrity, [202]
outstanding charge
storage capability
11. Ag-lignin nanoparticles, 84.71 mS 298.6 F g! Adhesive and tough
polyacrylamide hydrogel cm™! hydrogel matrix, high [203]
matrix specific capacitance
12. Lignin, gelatin 0.06 Scm™! 145.14F/g High ionic
conductivity, robust
adhesiveness and anti- [204]

freezing properties,
flexible

1.8 Research Gap

The literature survey encompasses different polyphenolic biopolymers (Humic acid,

lignin and lignite) exploring advancement in their hydrogels and applications.

Nonetheless there’s a notable gap in research regarding the potential application of

humic acid, lignin and lignite based hydrogels in fields like agriculture and

environment. This research aims to address this gap by creating hydrogels using

different kinds of natural polymers, such as lignin, humic acid and and lignite, as a

beginning material and explores their potential agricultural and environment

applications.
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1.9 Aim and Research Objectives

The aim of this research is “Synthesis and application of natural polymer based

hydrogels”. To achieve this objective, the specific objectives are as follows:
»  Synthesis of natural polymer based hydrogels.
»  Characterization of hydrogels (qualitative and quantitative)
Morphological
Rheological
Thermal
Spectral

»  Application of synthesized hydrogels
Overview of the research work

The thesis has been summarized into seven chapters which are being described briefly
as below. The chapter 1 describes natural polymers - humic acid, lignin and lignite. It
presents an overview of the classification of the hydrogels based on source,
crosslinking, composition, structure, physical properties, ionic charges, response and
degradability. It also includes the applications of these polymer-based hydrogels in

multiple fields such as biomedical, environment, agricultural and food industry.

Chapter 2 aims to synthesize lignosulfonate grafted sodium acrylate hydrogel (LS-g-
SAH) and investigate its application in urea release behavior. The hydrogel has been
characterized by different techniques. The release kinetics have been analyzed by
using a UV-Visible spectrophotometer. The optimized composition of lignosulfonate,

KPS, and N, N’-MBA has shown the highest water absorbency of 560 g.g"! in distilled
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water. The equilibrium swollen LS-g-SAH 12 hydrogel has slowly released 60% of
loaded urea in 24 h and followed first-order release kinetics. Soil treatment with
hydrogel has shown a significant effect in reducing the water evaporation rate. It also
improved the seed germination and average height of wheatgrass. The synthesized LS-
g-SAH is, thus, expected to have potential applications in modern sustainable

agriculture.

The chapter 3 introduces humic acid-based poly(sodium acrylate) hydrogel for slow
release of pesticides, having dinotefuran as a model pesticide. The synthesis of humic
acid grafted poly(sodium acrylate) hydrogel (HA-g-SAH) and control (Ctrl) through
the graft co-polymerization method is detailed, with comprehensive characterization
using *C NMR, FT-IR, XRD, SEM, and TGA techniques. Additionally, the release
kinetics of dinotefuran are investigated via UV-Vis spectrophotometry to elucidate the
controlled release. This study underscores the potential of humic acid-based hydrogels
as versatile platforms for sustainable agricultural practices, offering enhanced
environmental performance in pesticide delivery mechanisms. Incorporating humic
acid improves soil's water retention capability and offers potential as a nitrogen
fertilizer carrier, addressing critical challenges in sustainable crop production.
Through a comprehensive evaluation, this study demonstrates the viability of humic
acid-based hydrogel as a cost-effective and eco-friendly solution for advancing

agricultural sustainability.

Chapter 4 addresses the UV degradation of pesticides and introduces dinotefuran-
loaded, lignite-based poly(sodium acrylate) hydrogel (Lt-g-SAH) as a protective

shield against UV radiation for dinotefuran. The synthesis of Lt-g-SAH and control
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hydrogel (Ctrl) through the graft co-polymerization method is detailed, with
comprehensive characterization using *C CPMAS NMR, FT-IR, XRD, SEM, and
TGA techniques. The release kinetics of dinotefuran are investigated via UV-Vis
spectrophotometry to elucidate the controlled release. This study highlights the
potential of lignite-based hydrogels as versatile platforms in pesticide protection,
where dinotefuran was found to have a marginal decrease of 1.58% in Lt-g-SAH
compared to 28.11% decrease of ctrl hydrogel and delivery mechanisms with the Lt-
g-SAH demonstrating 62.46% pesticide release in 39 h in contrast to 56.22% release
from ctrl in 33 h. The pesticide loading increased from 64.36 % in Ctrl to 70.12 % in
Lt-g-SAH. Incorporating lignite in Lt-g-SAH also improves the soil's water retention
capacity and offers potential as a nitrogen fertilizer carrier. Through a comprehensive
evaluation, this study demonstrates the viability of lignite-based hydrogel as a cost-
effective and eco-friendly solution for safeguarding pesticides for agricultural

sustainability.

In Chapter 5, the novel use of natural polymers like humic acid, lignin, and lignite-
based hydrogels has been explored for the formulation of pesticides and fertilizers that
would reduce the residues in soil and runoff water that pose a threat to human health
and the environment. Here, humic acid, lignin, and lignite grafted were analyzed for
the ex-situ loading and release of thiamethoxam, a common pesticide. Various
characterization techniques were employed, including *C-NMR, FT-IR, TGA, SEM,
XRD and rheology. The release kinetics of thiamethoxam in water from the developed
formulations were analyzed using the Korsmeyer-Peppas model and the Weibull
model. Humic acid and lignin-based hydrogels exhibited a long-sustained release for

49 h, followed by lignite-based hydrogels (38 h). According to ANOVA results, the
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change of biopolymer proved to be an effective factor in reducing the water
evaporation rate, which decreased from 99 to 72.85% in the soil amended with
synthesized hydrogels. Thus, the novel formulations of humic acid, lignin, and lignite
exhibit potential as slow-release vehicles for pesticides and fertilizers. This study
provides valuable insights for the research community, addressing the need to develop

effective strategies for mitigating pesticide residues in soil and water bodies.

Chapter 6 investigates the application of hydrogels incorporating natural polymers —
humic acid, lignin, and lignite — to adsorb methylene blue (MB) dye from aqueous
solutions. The hydrogels were synthesized via free radical polymerization and
characterized using FT-IR, '*C-NMR, SEM, TGA, and XRD. The synthesized
hydrogels demonstrated exceptional swelling capabilities. The influence of various
parameters, including adsorbent dosage (0.1-0.4 g), temperature (293.15-323.15 K),
and initial dye concentration (5-20 mg-L') on MB removal efficiency was
systematically evaluated using the Taguchi method. Under optimized conditions, HA-
g-SAH achieved a maximum removal efficiency of 93.7+1.1% at 323.15 K,
significantly outperforming LS-g-SAH (92.4+1.3%), Lt-g-SAH (82.4+1.4%), and the
control (ctrl) hydrogel (67.9+0.9%). According to ANOVA results, the change of
biopolymer proved to be an effective factor in the improved dye removal efficiency of
hydrogels. Taking into account the enhanced dye removal efficiency of the hydrogels,
the thermodynamic parameters (AG®, AH®, and AS°®) were evaluated to clarify the
adsorption mechanisms under varying temperatures. The equilibrium adsorption data
were interpreted using both the Langmuir and Freundlich isotherm models. Overall,
the findings highlight the promise of natural polymer-derived hydrogels as sustainable

and highly effective adsorbents for eliminating dyes from wastewater. Lastly, the
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chapter 7 highlights the significance of developing hydrogels from natural polymers
such as humic acid, lignin, and lignite as sustainable, biodegradable, and affordable
alternatives to fossil fuel-based polymers. These hydrogels exhibit great potential in
diverse applications, including controlled pesticide release, enhanced soil water
retention, dye pollution treatment, and livestock nutrition, thereby supporting
agricultural sustainability and food security. Furthermore, their prospective use in crop
protection products, textile dye dispersants, and even energy storage systems
underscores their versatility and relevance to multiple industries. By addressing
environmental concerns, promoting cleaner technologies, and improving rural
livelihoods, these biopolymer-based hydrogels offer a pathway toward both scientific
innovation and societal well-being, positioning them as promising materials for a

sustainable future.
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SYNTHESIS, CHARACTERIZATION AND
APPLICATION OF LIGNOSULPHONATE-g-
POLY (SODIUM ACRYLATE) HYDROGEL.

49



Chapter?2

2.1 Introduction

Natural polymers-based hydrogels are of great interest to research community owing to
their inherent characters of environment friendliness and biodegradability. Current
work aims to synthesize lignosulfonate grafted sodium acrylate hydrogel (LS-g-SAH)
and investigate its application in urea release behavior. The hydrogel was characterized
by solid-state *C CP-MAS NMR, SEM, TGA, XRD, and Rheology. The release
kinetics of was analyzed by using a UV-Visible spectrophotometer. The optimized
composition of lignosulfonate, KPS, and N, N’-MBA showed the highest water
absorbency of 560 g-g”! in distilled water. The equilibrium swollen LS-g-SAH 12
hydrogel slowly released 60% of loaded urea in 24 hours and followed first-order
release kinetics. Soil treatment with hydrogel has shown a significant effect in reducing
the water evaporation rate. It also improved the seed germination and average height of
wheatgrass. The synthesized LS-g-SAH is, thus, expected to have potential application

in modern sustainable agriculture.

As the world's seventh largest country, India has approximately 157 million hectares of
arable land, accounting for 53.2% of the total area. The land is continuously degraded
by different means, thus reducing the total production potential to less than 20 percent.
Therefore immediate attention is required in upgrading soil fertility, which caused less
productivity due to low water retention capability, poor structure, high infiltration rate,
low clay and humus content, and loss of agrochemicals through deep percolation or

leaching [205].

A super absorbent crosslinked polymer known as hydrogel is a potential material to

solve soil-fertility problems. Hydrogel is a 3D network structure composed of
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chemically or physically crosslinked polymers. It can hold a massive volume of water
due to its swollen state's surface tension and capillary forces. The rate of water
absorption by hydrogel is affected by the functional group and the density of the
crosslinking network [206]. Natural biodegradable polymers should be used to develop
economical agricultural water-absorbent materials. Nowadays, researchers are paying
great attention to lignocellulosic polymeric material as a favorable, sustainable, and
large-scale asset to be used as a chemical component in various syntheses. In this
regard, lignin is a renewable feedstock readily available in an adequate amounts [207].
Lignin accounts for 16-33% of the biomass and is predominantly present in the
secondary cell walls of terrestrial plants [69]. Lignin comprises three types of
phenylpropane monomers known as monolignols. These monolignols are a) coniferyl
alcohol, b) sinapyl alcohol, and c) p-coumaryl alcohol [208]. This inexpensive waste of
pulp manufacturing process is the only scalable renewable raw material that consists of
aromatic moieties [147]. It is also easily accessible, affordable, and underutilized today

[209].

Also, a lignin hydrogel based study by Bukhard et al. showed that the synthesized
hydrogels could degrade up to 14% in just 60 days compared with acrylamide-based
hydrogels, indicating degradation of just 2% in 120 days [133]. Lignin has
antimicrobial, antioxidant, and stabilizer properties [148]. It has also been used for
metal elimination. For example, graphene hydrogel based on lignosulfonate,
manufactured in a column system, rapidly eliminated Pb?"from the aqueous solution.
A free-standing lignin-based film with superior electrochemical performance was
manufactured by using poly(N-vinyl imidazole)-co-poly(poly(ethylene glycol) methyl

ether methacrylate) [147]. However, there has been little exploration of using lignin-
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based hydrogel for controlled-release applications in agriculture. Song et al. in 2020
synthesized novel lignin, konjac flour, and sodium alginate hydrogels, which proved to
be efficient when tested for the growth of tobacco plants in drought-like conditions.
They exhibited high water retention capacity and reduced soil nutrient leaching [99].
Urea is one of the most commonly used nitrogen fertilizers globally. But due to its
leaching losses, its use efficiency is relatively low (on average 30-35%). It is a waste
of resources that also results in the pollution of the environment. Slow-release urea
through hydrogel is an effective way to address this issue [210]. In this work,
Lignosulfonate grafted poly (sodium acrylate) hydrogels have been synthesized and
used for agricultural applications. The sample LS-g-SAH 12 was selected for the
detailed investigation, including i) solid-state '3*C CP-MAS NMR, Scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), Thermo-gravimetric analysis (TGA) and Rheology, and ii) urea release
kinetics. Additionally, a control with a composition comparable to LS-g-SAH 12 but

lacking lignosulfonate was compared to the synthesized hydrogels.

2.2 Experimental
2.2.1 Materials

Lignosulfonic acid sodium salt (LS) (M wt. 52,000) was purchased from Sigma
Aldrich. Acrylic acid (AA) and N'N-methylenebisacrylamide (N, N’-MBA) were
bought from CDH Pvt Ltd. Potassium persulfate (KPS) were purchased from SD fine
—chem Ltd. Urea and NaOH were purchased from CDH Pvt Ltd, and Qualikems Fine
Chem Pvt. Ltd. respectively. All necessary water-based polymerization solutions were

prepared using distilled water.
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2.2.2 Synthesis of LS-g-SAH

The free radical co-polymerization technique is used to synthesize LS-g-SAH, where
KPS and NN-MBA were utilized as an initiator and crosslinker, respectively. At room
temperature, NaOH was added to neutralize acrylic acid. The desired amount of LS,
AA, NaOH, N,N’-MBA, and KPS was stirred for 2 hours continuously. The reaction
product was heated in a water bath preset at 60°C for two hours. After co-
polymerization, the hydrogel was cut into thin slices and immersed in distilled water
for 24 hours to remove the unreacted chemicals, as shown in Figure 1. 1. The hydrogel
was then oven-dried at 50°C until constant weight [211]. Table 2. 1 summarizes the

different formulations of synthesized hydrogels.

Table 2.1: Various compositions used in synthesis with their swelling index.

Formulation LS (g) (i::)(l;f) AAA(mL) KPS (g) NN-MBA (g) ini?;l(l;‘fgg_l) f/f:l
LS-g-SAH1 0.1 8.07 7.1 0.1 0.05 190.3 62.11
LS-g-SAH2 0.1 8.07 7.1 0.1 0.07 172.82 63.38
LS-g-SAH3 0.1 8.07 7.1 0.1 0.1 111.6 73.26
LS-g-SAH4 0.1 8.07 7.1 0.1 0.12 60.22 77.59
LS-g-SAH5 0.1 8.07 7.1 0.1 0.15 39.68 92.16
LS-g-SAH7 0.1 8.07 7.1 0.04 0.08 89.31 85.31
LS-g-SAHS 0.1 8.07 7.1 0.05 0.08 172.92 92.73
LS-g-SAH9 0.1 8.07 7.1 0.08 0.08 252.83 96.90
LS-g-SAH10 0.1 8.07 7.1 0.12 0.08 120.92 92.50
LS-g-SAH11 0.1 8.07 7.1 0.14 0.05 560.24 95.28
LS-g-SAH12 02 8.07 7.1 0.14 0.05 397.22 91.20
LS-g-SAH13 0.3 8.07 7.1 0.14 0.05 336.35 85.99
LS-gSAH14 04 807 7.1 0.14 0.05 320.63 75.33
LS-g-SAH15 005  8.07 7.1 0.14 0.05 248.32 72.04
LS-g-SAH16 008  8.07 7.1 0.14 0.05 461 89.36
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Figure 2. 1: Visual representation of the synthesis of LS-g-SAH.

2.2.3 Characterization of LS-g-SAH

The FTIR spectra in the range of 4000 to 650 cm™ were recorded using Perkin Elmer
2000 FT-IR spectrometer. The solid-state '*C-CPMAS NMR analysis of samples was
done on a Bruker Ascend-400 spectrometer operating at 400 MHz. The surface
morphology was determined through SEM on EVO 18 Research, Zeiss, instrument.
TGA was conducted on Perkin Elmer, Thermogravimetric Analyzer, TGA 4000 in
Nitrogen environment with a uniform heating rate of 10 °C/min. XRD measurements
were recorded through RIGAKU with source CuK alpha performed at a voltage of 50
kV. The rheological analysis was carried out using Anton Par Rheometer (Model: Anton
Par, Modular Compact Rheometer, MCR 302) with PP-25 parallel plate and 2.5mm

inter-platen gap.
2.2.4 Swelling experiment

The swelling studies for LS-g-AA hydrogels were performed in pH 4.0, 7.0, and 9.2
buffer and distilled water at 37°C. Dried hydrogel discs were weighed and placed in
various pH media. These were removed after a fixed time interval and weighed. Filter

paper has been used to remove additional surface water [211]. The samples were
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observed in triplicate. The swelling index (SI) (g-g”') was calculated using the given

equation 1:

_ Mi-M
==

SI (1)

Where, M1 and M> represent the weight of equilibrium swollen hydrogel discs and wt.

of dried hydrogel discs, respectively.
2.2.5 Gel content determination

The fraction of insoluble weight is known as gel content. The soluble part of the gel is
extracted using the Soxhlet apparatus in boiling water for 24 hours to obtain the gel
content. The swollen hydrogels were removed from the apparatus and oven dried at

50°C [212]. The gel content of hydrogel was determined from equation 2:
Gel content (%) = = %*100 2)

Where,
M. and M; are the respective weights of dry hydrogel before and after extraction.

2.2.6 Measurement of the highest water-retention capacity (WH%) of LS-g-SAH

treated soil.

This study was carried out using the garden soil of DTU, Delhi. Up to 1% of the
hydrogel was added to 50g of dry soil (less than 30 mesh size) and placed in a PVC
tube (4.5 cm diameter). Its bottom was secured with a nylon cloth and weighed to obtain
Wi. The treated soil samples were slowly saturated by adding tap water until they

started to seep out from the bottom. The tubes were then re-weighed and marked W». A
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control experiment without LS-g-SAH was also conducted [213]. The largest water-

retention capacity of treated soil was determined using equation 3:

WH% = 22", 100 3)
50

2.2.7 Water Evaporation rate of LS-g-SAH and soil.

A water evaporation test was used to investigate LS-g-SAH-treated soil's ability to
retain water within its system structure for 55 days. Oven-dried soil (at 60°C for 48
hours) was used to prepare different sets of hydrogel-treated soil along with a control
set. Each mixture was fed with 50 mL distilled water and weighed (marked as M;). The
total water, soil, and hydrogel weight is kept as 'Mr.' Then, these were placed at room
temperature and weighed daily (My) [214]. Here, the effect of LS-g-SAH in different
amounts on soil is studied by considering the water evaporation loss value from blank

soil as a control. The water evaporation rate (WER) was determined using equation 4.
WER = 27 100 (4)
Mt

2.2.8 Loading and release of urea by LS-g-SAH.

Urea was loaded onto the hydrogel by immersing a pre-weighed dry LS-g-SAH into a
urea solution (0.034 mol-L™") for 24 h. After that, the swollen gels were removed from

the water and dried till a constant weight was achieved.

The amount of urea released by LS-g-SAH was evaluated by soaking the dried urea-
loaded samples in a beaker with 100 mL of distilled water at ambient temperature. Later,

1 ml water was drawn from the medium at fixed intervals to observe the released urea,
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and the same amount of distilled water was added to the beaker to keep the volume

constant [215].

A standard method from The Specialized Standard of the People's Republic of China
(SN/T 1004-2001) was used to determine the concentration of urea residue. At 430 nm,
a spectrophotometer detected a complex compound of urea and p-dimethylamino
benzaldehyde (DMAB). The general reaction showing the formation of chromogen that
follows Beer-Lambert law and absorbs energy at 430 nm in the UV-Visible spectrum is
shown below in scheme 1. 1. Then, the standard calibration curve was used to formulate

the below-mentioned formula for the determination of urea concentration [210].

A-0.1735
¢ (ppm) = ——— (%)
Where, A is the UV absorbance of solution of unknown concentration.
0 0 H 0
HyC, I I Acid HaC | I
N C—H + pn—C—NH, —>» N CENTCTNR
HsC H,C
DMAB Urea Chromogen

Scheme 1. 1: DMAB-urea reaction

2.2.9 Plant Growth Performance study.

Three sets of 300 grams of soil were placed in plastic pots with filter paper placed below
with a small hole; (A) only urea, (B) control hydrogel-loaded urea, and (C) LS-g-SAH
loaded with urea (at a depth of 5 cm). A plastic pot with direct urea in soil without
hydrogel was kept as a check. Fifteen wheat seeds were sown in all three plastic pots

with the same amount of hydrogel. Pots were exposed to environmental conditions, and
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irrigation was kept constant from day one for all containers. Growth profiles for all
wheat grasses were observed at various time intervals. Germination was recorded by
counting germinated seeds over two weeks. Just the appearance of the radicle was
considered an indicator of seed germination. The plant shoots and roots were removed
carefully from the soil. The shoot and root lengths and their fresh weight were recorded.

The plant material was dried for 24 hours at 70°C to determine the dry mass [216].

2.3 Results and discussion

2.3.1 Mechanism of the formation of lignosulfonate-g-sodium acrylate hydrogels.

The KPS used as an initiator generated anion radicals which further helped to generate
phenoxy radicals on LS. The active radicals also reacted with the vinyl groups of
Sodium Acrylate, leading to the propagation of chain-forming poly sodium acrylate.
This poly(sodium acrylate) propagated until crosslinked and terminated by MBA to
form lignosulfonate-g-acrylic acid hydrogels, as shown in scheme 2. 2. The electrostatic
repulsion created by the negatively charged carboxylate ions in the poly(sodium
acrylate) polymer chains will lead to a network expansion. This will improve the

hydrogel's capacity to absorb water [213].
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H,C ——=CH
I A~ R—HC OH
c=o0 == 1
NaO,S OCH,
OH 5 - < = .
KPS Lignosulfonic acid sodium salt
Acrylic acid NaOH N N-MBA

Yessssnsssnnnannnnnnnnnnnnt

Scheme 1. 2: Synthesis of LS-g-SAH.

2.3.2 Characterization of hydrogel.

2.3.2.1 Fourier-transform infrared (FTIR) spectroscopy

1163 .
X
f A LS-o-SA 1716M
2920 » >
3280 4 131 1043

15527 1404

Transmittance (% T)

T ® T ® T
3000 2000 1000
Wavenumber (cm™)

Figure 2.2: The FT-IR spectra of a) LS, b) Ctrl, and c¢) LS-g-SAH.
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The FT-IR of LS, Ctrl and LS-g-SAH has been shown in Figure 2. 3. The -OH stretching
vibration of LS is observed as a broad band around 3,303 cm™!. LS, ctrl, and LS-g-SAH
shows a peak around 2,920 cm™! due to C—H stretching in -CH> or — CH3 groups. The
vibration of the aromatic skeleton is observed from the two firm peaks at 1,572 and
1,417 em™. [69] The strong peak at 1,046 cm' arises due to C—O-S stretching
vibration, and the peak at 1,114 cm™! is assigned to O=S=0 antisymmetric stretching
vibration in the LS. [69] Both these characteristic peaks confirm the presence of LS in
LS-g-SAH. Further, new peaks were found when LS was compared to LS-g-SAH. The
strong bands at 1404 and 1554 cm™ are due to the asymmetric stretching in the
carboxylate anion. The broad band and a peak at 1317 cm™ and 627 cm™!, respectively,

correspond to the C-N and O=C—N groups of N, N’-MBA [217].

2.3.2.2 SS BC CPMAS

a)
185.3
A as5.6

184.7
b) a3.2

135.1 86.2

<)

173.9 147.3 105.1 56.4 249
180.9 152.6 129.9 7a.a 14.2

Figure 2. 3: SS 13C CP-MAS NMR spectrum of a) ctrl, b) LS-g-SAH, and c) LS.

Solid state *C NMR spectroscopy is a powerful tool for the structural characterization
of polymers. The spectra of LS, LS-g-SAH, and ctrl is presented in Figure 2. 3. Peaks
around 45 ppm and 185 ppm of LS-g-SAH and ctrl were assigned to saturated aliphatic
chains and C from carbonyl ester (COONa), COOH, respectively. Characteristic peaks

of basic aromatic and aromatic rings with branched C-C bonds can be observed in the
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range of 140-110 ppm and 75-10 ppm. The appearance of signals around 50-10 ppm in
LS represents aliphatic C chain [218, 219][220, 221]. Most of the peaks of LS merged
inside LS-g-SAH due to their low intensity. However, the presence of peaks at 135.1
ppm and 86.2 ppm confirms the presence of LS in LS-g-SAH. The results support the
observations of the FT-IR spectra. The presence of free COOH groups and crosslinks

probably increased the intensity of the peak at 184.7 ppm.

2.3.2.3 Scanning electron microscopy (SEM)

]
x2,000. 10pm 'j__ . Sl \ ;WD12mm $830 x2,000  10pm  —
i & 4 0001 13 Jan 2023

Figure 2.4: The SEM images of a) LS and b) LS-g-SAH.

The SEM images of the LS (a) and LS-g-SAH samples (b) at the different
magnifications are presented in Figure 2. 4. The surface of LS is even and smooth in
granular form. On the contrary, the LS-g-SAH is rough, uneven, and porous. This could
be due to the grafting of LS onto poly(acrylate) chain, further facilitating the adsorption

of more water.
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2.3.2.4 Thermal analysis

10 (AN L5g-5A)

—(B)- LS
—(C)- Ctrl
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Figure 2. 5: TGA analysis a) LS-g-SAH, b) LS, and ¢) Ctrl.

As shown in Figure 2.5, both LS and LS-g-SAH samples have been observed in the
range of 29-802 °C and have three weight loss ranges. The initial 16.3% weight loss at
the stage (70°C -380 °C) in LS-g-SAH is due to moisture loss from the polymer.
Between 436 -514°C, the weight loss percent of 23.4 is mainly due to the beginning of
decomposition. The third stage, from 660°C -781°C, is the decomposition of the main
polymeric backbone with a weight loss of 19.7% [147]. For the LS, up to 150 °C, the
first decomposition is associated with removing volatile compounds and moisture, like
acetaldehyde, acetone, and methanol. With the increase in temperature from 150°C to
250°C LS began to decompose, known as vitrification transformation. The primary
decomposition occurred between 200 and 400°C. Weight loss of LS above 500 °C could
be attributed to the CO from degrading C=0, C-O—C, and degeneration of aromatic
rings [222][223]. The results from '3C NMR and LS FTIR also support high amounts
of C=0 groups. Moreover, LS likely reacted with carbon from a sodium-containing salt

that served as an activator for the dry pyrolysis process, further creating a mass loss
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between 650 and 800 °C [224]. The point of the highest rate change is found at
approximately 500°C for LS-g-SAH, 450°C, and 270°C for ctrl and LS, respectively.
LS-g-SAH had a higher residual weight of about 83% up to 400°C compared to 69%
and 64% of ctrl and LS. Similarly, at 800°C, the LS-g-SAH resulted in more than 46%
of residual mass when compared to just 34% and 33% of the residual mass of LS and
ctrl hydrogels. This observation indicated that grafting of LS has improved the thermal

stability of LS-g-SAH.

2.3.2.5 XRD

Intensity

Jld ’

T ——— e
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Figure 2. 6: XRD analysis of a) LS, b) Ctrl, and ¢) LS-g-SAH.

The XRD patterns (Figure 2. 6) in the 26 range of 20°-80° of lignin showed several
peaks at 23.12°, 25.52°, 27.32°, 28.34°, 31.64°, 33.60°, 40.48°, 45.34°, 56.36° and
75.16°. The LS-g-SAH and ctrl showed two broad complex peaks in the range with
their maxima at 22° and 32°. The observed maxima are characteristic of an amorphous
polymer structure [225]. The data revealed that lignin's crystallinity is destroyed after
grafting onto poly(sodium acrylate). Such a similar result has been observed by grafting

carboxymethyl cellulose on sodium acrylate [226].
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2.3.2.6 Rheology

The knowledge of rheology can easily understand the relationship between chemical
structure and the macroscopic behavior of hydrogels [227]. Rheological properties of
LS-g-SAH are compared with ctrl to investigate the effect of the presence of lignin in

the hydrogel, as shown in Figure 2. 7.
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Figure 2.7: Rheological analysis a) amplitude sweep b) Frequency sweep of LS-g-SAH,
and c¢) Frequency sweep of Ctrl hydrogel

During the amplitude sweep test, the shear stress amplitude was changed at a rate of
10rad/s. At low deformation, the loss modulus (G”) and storage modulus (G') are
consistent, indicating that the hydrogel structure remained unaffected. It is called a
linear-viscoelastic region (LVE). The disruption of structure with decreased modulus
suggests the termination of the LVE region. The ctrl and LS-g-SAH showed viscoelastic
solid behavior up to a high strain of 402 and 511%, representing that LS-g-SAH may

bear a higher shear strain than ctrl.
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The frequency varied from 0.1 to 500 rad/s during the frequency sweep test while
keeping the shear strain % within the LVE region constant. It was observed that the loss
modulus was found to be prevalent at higher frequencies while the storage modulus was
prevalent at lower frequencies representing the viscoelastic solid behavior. Tan 6
(dimensionless) generally varies from 0 to 1 for viscoelastic solutions. For an ideal
viscous behavior, tan 8 is infinity, i.e., 8 is 90° and for a perfect elastic behavior, tan 6

is 0, 1.e., 01is 0". [228]

Table 2. 2: Frequency sweep data of LS-g-SAH and ctrl hydrogels

Low frequency Cross-over point High frequency
Somple  modulus modulus e froquency  modulys modulus L0 fCt0r
G'(Pa) G"(Pa) Tan0 (rad/s) G'(Pa) G" (Pa) Tan 6
LS-g-SAH 400 17.58 0.04 126 0.14 1722 infinite
Ctrl 491 8.89 0.018 194 0.19 2107 infinite

It was observed from Table 2. 2 that the cross-over point for LS-g-SAH falls in the low-
frequency region (126 rad/s), indicating that its chain-chain interaction breaks at a lower
frequency in comparison to ctrl. LS-g-SAH and ctrl had a loss factor of 0.04 and 0.018,
representing the dominancy of elastic behavior at low frequency and viscous behavior
at high frequency, which agrees with the previously reported literature [229]. However,

ctrl hydrogel shows more elastic behavior at low frequencies.

2.3.3 Gel content (%)

The gel content percentage of LS-g-SAH present in table 1 was calculated using Eq.
(2). The gel percentage of hydrogels varied according to the concentration of
crosslinker, biopolymer, and initiator. The gel content reduced as the concentration of

the crosslinker and biopolymer increased. In contrast, the initiator initially enhanced
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the gel content but decreased when added in amounts greater than 0.08g. Gel contents

of synthesized hydrogels were found in the 64 - 97 % range.
2.3.4 Effect of variation of different parameters on the swelling index.

The relationship between various parameters and water absorbency was investigated by Flory, who
concluded that hydrogel absorption depends on several parameters [230]. Therefore, the variables affecting
the reaction, such as the concentration of biopolymer, nitiator, and crosslinker, are studied to obtain the

optimum reaction conditions.
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Figure 2.8: Effect of variation in a) biopolymer, b) initiator, and c¢) crosslinker on the
swelling index of LS-g-SAH.

2.3.4.1 Effect of biopolymer
The concentration of hydrophilic biopolymer is one of the influencing factors of the
swelling property of hydrogel. Figure 2. 8(a) shows that LS was varied from 0.05 g to

0.4 g in hydrogel to find the optimum concentration. Adding LS provided a more
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significant number of diverse hydrophilic groups to the hydrogel, resulting in an
increment in the SI. After the LS content reached 0.1 g, the amount of ionic hydrophilic
groups in the hydrogel, such as sulfonic acid and carboxyl groups, could have become
higher than the non-ionic hydrophilic groups such as amide group and hydroxyl group,

which further led to the declination of the SI. [231]

2.3.4.2 Effect of initiator

The reaction initiator creates active sites on the polymer. Thus, it plays a crucial role in
the preparation of hydrogel. The SI of hydrogel increased with an increase in initiator
concentration from 0.4 g to 0.08 g. Afterward, it decreased with the increasing amount
of the initiator, according to Figure 2. 8(b). The maximum water absorbance was
obtained at 0.08g of the initiator. An increase in the amount of initiator up to 0.08g
generated more free radicals, resulting in larger chain ends in the network while
shortening the average length of the kinetic chain. Accordingly, the SI would increase.
However, an initiator concentration greater than 0.08 g may have increased the reaction
velocity and decreased the network space of the polymer, which resulted in a decrease

in the SI. [108]

2.3.4.3 Effect of concentration of crosslinker

It is evident from Figure 2. 8(c) that the SI sharply decreased with the increase in the
crosslinker concentration of hydrogel. The graft reaction did not occur effectively with
a concentration of MBA lower than 0.03g resulting in a jelly-like product with poor
dimensional stability. Beyond this amount, adding more crosslinker to hydrogel
resulted in more crosslink junctions in the polymeric chains. It increases the extent of

crosslinking and reduces the free available volume inside the polymeric network [108,
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232]. This results in a less swelling tendency of the hydrogel.

2.3.5 Swelling studies
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Figure 2.9: Swelling study of hydrogel

In general, the swelling index of different formulations in distilled water has been
reported in Table 1. The swelling performance of L10 was investigated in various pH,
i.e., pH 4.0, 7.0, and 9.2, and distilled water. Figure 2. 9 shows the enhancement in
equilibrium SI from 51 to 73 with an increase in pH from 4, 7, and 9.2. Lower swelling
of hydrogel in an acidic medium may be attributed to the improper ionization of the
crosslinked network. Hence, at a lower pH, a collapsed state was observed. However,
in alkaline conditions, electrostatic repulsions may have been produced by the
carboxylate anions (COO™). This might have caused a widening of space present in

hydrogel networks, leading to an increase in the SI of the hydrogel [232, 233].
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2.3.6 Agricultural applications of LS-g-SAH

2.3.6.1 Highest water retention capacity
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Figure 2.10: Water retention capacity plot of soil amended with LS-g-SAH.

Water availability in the soil is of utmost importance for better plant growth. As a result,

the impact of LS-g- SA hydrogel on soil's maximum water retention capacity (WH%) was

investigated. The amount of absorbed water and the corresponding concentration of

incorporated hydrogel is shown in Figure 2. 10. It proved that the synthesized hydrogel

exhibited excellent water-absorbing capacity and could be used to improve the soil water-

retention capacity and reduce the frequent irrigation requirement.

2.3.6.2 Evaporation study
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Evaporation refers to the water loss from the soil directly to the atmosphere through
water vapor. The water-holding capacity of soil affects the water evaporation rate of the
soil. The control's water evaporation ratio from the study was higher than soil amended
with LS-g-SAH, probably due to the interaction between water and polymer molecules
and the macromolecular network hindrance [214]. Figure 2. 11 shows that adding just
0.6g LS-g-SAH to the soil reduced the evaporation rate from 99 to 76.69% of the total

added water on the 54" day.
2.3.6.3 Release Kkinetics of urea

The power of law equation is used to understand the mechanism involved in releasing

urea.

Mt
7 = kipt” (6)

where M; and M, Represents the urea released at time t and the equilibrium point,
respectively. Whereas the ratio of Mt to M, denotes the fraction of total urea released

at the time 't', while 'k' is a polymer structure constant. The coefficient 'n' describes the

. . . . . M,
type of diffusion involved. Only the section of the release curve where the ratio M—t <

=)

0 - 6 should be used to determine the exponent 'n' [234, 235].

Diffusion-controlled release is indicated by a Fickian diffusion mechanism with n=>
0.45, whereas 0.45<n<0.89 corresponds to non-Fickian transport, and #=0.89
corresponds to case-II relaxational transport, which specifies swelling-controlled

release [235].
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Figure 2.12: Urea release kinetics a) first order, b) Korsmeyer—Peppas, and c) Higuchi
model in distilled water.

Table 2.3: Mathematical models used for the study of release kinetics from LS-g-

SAH.
Mathematical models used for the study of release kinetics from LS-g-SAH.
Model Equation Parameter R sq.
First-Order f =100[1— e Faf] ki 0.174 0.9932
f = amount of the released drug
ki1 = rate constant, t = time
Higuchi f = kyt®S kn 22.134 0.8242
f = amount of the released drug
kn = Higuchi dissolution constant
t = time
Korsmeyer— f = kpt™ kkp 0.4099 0.9656
Peppas kxkp = constant depicting the experimental n 0.8193
parameters

f = amount of the drug released
n = release exponent

The slow-release process of urea through LS-g-SAH occurs in the following manner;

firstly, the water tries to enter the hydrogel. Afterward, the hydrogel starts to swell by

absorbing water until a dynamic exchange is developed between the free water of the
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hydrogel and the water present in the soil. Meanwhile, the urea in the hydrogel matrix
continues to dissolve and diffuse. It gets released into the water due to the osmosis

differences and dynamic exchange of free water [214].

From Table 2. 3. "n" is 0.8193, representing a non-Fickian diffusional release of urea
from the synthesized hydrogel. The coefficient of determination values (R?) showed its
maximum value to be 0.9932 for the first-order kinetics (Figure 2. 12); hence, the

release followed the First order kinetics model.

2.3.6.4 Plant Growth Performance

The plant growth performance study using the LS-g-SAH is shown in Figure 2. 13.

Figure 2. 13: Effect of hydrogel treatment on wheatgrass after 14 days. a) only urea, b)
control hydrogel-loaded urea, and c) LS-g-SAH loaded with urea.

Table 2.4: Wheatgrass growth parameters on the 14™ day. a) only urea, b) control
hydrogel-loaded urea, and c) LS-g-SAH loaded with urea.

Total fresh Total dry Average number Average Average
Sample ~ “eightof Weight of of germinated wheatgrass  shoot height
wheatgrass wheatgrass seeds (per pot) at  height (cm) at  (cm) on the
(Average) (g) (Average) (g) 14 day 14" day 14" day
a 0.7927 0.2860 13 17.2 12.4
b 0.8102 0.3002 12 17.7 12.8
c 0.8993 0.3004 15 19.7 14.4
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The wheatgrass growth can be observed by the changed total dry and fresh weight, the
average number of germinated seeds, the average wheatgrass height, and the average
shoot height of all samples. All these are mentioned in Table 2. 4. The height of the
plants increased with the advancing age of the crops. On the 14™ day, significantly
tallest grasses (the tallest grass was 27 cm) were recorded in LS-g-SAH, followed by
sample B, i.e., ctrl, though the shortest plants were recorded under sample A. The
germination and growth of seeds are known to be improved with the prolonged
availability of urea. LS-g-SAH showed 100% germination followed by control

hydrogel (86.6%), i.e., sample B and untreated soil (80%), respectively.
2.4 Conclusion

Novel LS-g-SAH was synthesized and loaded with urea using the gravitational
equilibrium method. When observed in different media, the maximum water
absorbency was 560 g-g'!in distilled water. Using synthesized hydrogel remarkably
raised the soil's water-holding capacity (WH%) from 21.27 to 77.3 g. Also, the water
evaporation rate reduced from 99 to 76.69% of the total added water. The release
kinetics study of urea in water revealed that LS-g-SAH showed a slow-release pattern
with 60% release in 24 h following first-order release kinetics. The release pattern
followed the Non-Fickian release mechanism. The increased height of wheatgrass also
confirmed the beneficial effects of LS-g-SAH. Thus, the synthesized poly (sodium
acrylate) hydrogel based on lignin can serve as a water retention agent and has the

potential to be used for the gradual release of various agrochemicals.
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3.1 Introduction

The extensive use of neonicotinoid insecticides, particularly dinotefuran, poses risks of
groundwater and soil contamination because of their persistence and high water
solubility. This study developed a humic acid (as ammonium humate)-grafted
poly(sodium acrylate) hydrogel (HA-g-SAH) via free-radical copolymerization to
enable controlled pesticide release. The hydrogel was comprehensively characterized
by 1*C CPMAS NMR, FT-IR, XRD, SEM, and TGA analyses to confirm its structural
integrity and stability. Swelling performance was optimized using different
formulations, revealing significant effects of biopolymer, initiator, and crosslinker
concentrations, with HA-g-SAH achieving a maximum swelling index of 320.92 g-g™!
in comparison to 162.27 g-g™' for the control (ctrl). Network parameters were also
calculated. Dinotefuran loading efficiency reached 65.24%, exceeding that of the ctrl
hydrogel (54.35%). Release experiments demonstrated a gradual and extended
pesticide release, with HA-g-SAH releasing 78.45% of dinotefuran over 49 h, while the
ctrl released 64.21% within 33 h. Kinetic modelling indicated that the release of
dinotefuran followed non-Fickian diffusion mechanism, best described by the
Korsmeyer—Peppas and Weibull models. Soil amendment studies further showed that
HA-g-SAH significantly enhanced water retention capacity (79.46% at 1% hydrogel),
outperforming the ctrl (58.49%). These findings highlight that grafting ammonium
humate improves swelling and loading efficiency and provides extended pesticide
release and superior soil moisture management. The proposed HA-g-SAH system thus
offers a sustainable strategy for reducing pesticide leaching and enhancing agricultural

productivity.

Since their introduction, pesticides have played an essential role in enhancing yield of
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crops to fulfil the food requirements of an increasing population. These have become
essential tools in agriculture, helping to safeguard crops from the invasion of pests.[236]
Approximately 2 million tons of pesticides are currently utilized in the agricultural sector.
[237] According to the Environmental Protection Agency, pesticides are substances
designed to eliminate or control harmful organisms, including weeds, plant diseases, and
other species. They are also employed against various living threats such as nematodes,

insects, arthropods, and even vertebrates.[238]

Among various pesticides, dinotefuran ((RS)-1-methyl-2-nitro-3-(tetrahydro-3-furyl
methyl) guanidine), is classified as a 3" generation neonicotinoid (Fig. 3.1). It is
recognized as a highly effective insecticide due to its broad-spectrum activity against
numerous pest species [239, 240]. It has been widely employed to manage insects such
as aphids, beetles, and whiteflies. The physicochemical characteristics of dinotefuran
include a molecular weight of 202.2 Da, high water solubility (39,830 mg-L"! at 20 °C),
low lipophilicity (log KOW = —0.55), moderate soil adsorption (log KOC = 1.41), soil
persistence with a 50-100 days half-life, and rapid degradation in water via photolysis

(half-life <2 days).[241, 242]

Pesticides can inadvertently reach the soil after application via spray drift or by being
washed off plant surfaces through rainfall. Once in the soil, these compounds may
undergo plant uptake, chemical or microbial transformation, or downward percolation,
which can lead to leaching into groundwater. Traces of neonicotinoids have also been
identified in both groundwater and drinking water, primarily as a consequence of
surface runoff and leaching processes.[243] Thus, the contamination of groundwater by

pesticides is of particular concern, as it often represents the primary source of potable
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water in many developing regions.

It is essential to develop an environmentally sustainable system that may address the
challenges associated with applying pesticides. From the literature, it was found that
dinotefuran can be applied to leaves, soil, and irrigation water through pricking-in-hole
treatments, spraying, and drenching. [244] However, these methods cause the leaching

out of pesticides into groundwater and soil.

@)
T
N
\NO

2
Figure 3. 1: Molecular structure of Dinotefuran

In recent years, hydrogels have gained attention as effective systems for the
encapsulation and controlled delivery of agrochemicals.[245, 246] Among various
hydrogel materials, polysodium acrylate hydrogels have garnered attention owing to

their biocompatibility, tunable properties, and potential for controlled release.

This study introduces a novel strategy for synthesizing poly(sodium acrylate)-based
hydrogels incorporating humic acid, designed for the controlled release of dinotefuran.
Humic acid is generally acidic. As shown in fig. 3.2, it has several functional groups
(carboxylic, hydroxyl, ketone, etc.). These results in a higher cation-exchange-capacity.
Therefore, it could also act as an alternative material for N fertiliser carrier.[131]

Ammonium humate as an N-carrier can extend supplementary benefits such as nutrient
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retention, carbon (C) sequestration, delivery of humic substances, reduction in greenhouse
gases, etc.[247] The humic acid used in the present study has been treated with liquor
ammonia to synthesize an ammonium salt of humic acid. Incorporating humic acid into
polysodium acrylate hydrogel provides improved water retention and soil conditioning
benefits. Here, HA-g-SAH and control (ctrl) are synthesized using the graft
copolymerization method and characterized by °C CPMAS NMR, FT-IR, XRD, SEM,
and TGA to understand their structural and thermal properties. A series of formulations
were developed to systematically investigate the influence of key formulation variables—
including biopolymer, crosslinker, and initiator’s content on the swelling profile of the
network of hydrogel. The entire experimental protocol was conducted in triplicate to
ensure statistical robustness and data reliability. Furthermore, the release kinetics of
dinotefuran is investigated through UV-vis spectrophotometry, shedding light on the
controlled release capabilities of the hydrogel. It explores the potential of HA-g-SAH as
versatile platforms for agricultural applications with enhanced environmental

performance and sustainability.

HC=0
COOH COOH COOH (HC—OH), H.
‘ ‘ R-CH =0 TR i
o o COOH
HO ReH-CH, ‘
CH O 0 COOH
N= 0
o} NH
R-CH 4 OH
5

Figure 3. 2: Molecular structure of humic acid
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3.2 Material and Methods
3.2.1 Materials

Humic acid, N',N-methylene bisacrylamide (MBA), and Acrylic acid (AA) were
purchased from SD Fine chem Ltd., while Sodium Hydroxide (NaOH), Liquor
ammonia, and Potassium persulfate (KPS), were sourced from CDH Pvt Ltd.
Dinotefuran (96.5%) was generously provided by the Institute of Pesticide Formulation
and Technology, Gurugram, India. Distilled water was utilized to prepare all water-

based polymerization solutions.

3.2.2 Preparation of Ammonium Humate

Humic acid, being inherently water-insoluble, necessitated preparing its salt form as
ammonium humate. Our previously developed method is used for the preparation of
ammonium humate. [131] Briefly, given the solubility of humic acid in anhydrous
ammonia solution, it was introduced into an ammonium hydroxide solution and
subjected to stirring (600 rpm) for 24 hours at 27°C. The ammonium cations in the
hydroxide state facilitated the displacement of protons within the humic acid molecules,

leading to their dissolution and activation.

3.2.3 Ex situ preparation of HA-g-SAH

HA-g-SAH and ctrl hydrogels were synthesized using free radical polymerization.[128]
The synthesis involved KPS and MBA as initiator and crosslinker, respectively. At
ambient temperature, AA (neutralized with 8.07 mol-L™! NaOH) was combined with
ammonium humate. Subsequently, KPS and MBA were introduced and stirred

continuously for 2 hours. The homogenous solution was placed in a water bath set at
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60°C for an hour to facilitate the copolymerization process. Post-synthesis, HA-g-SAH
were cut into discs and put in distilled water for 24 hours to eliminate residual reactants,

as shown in Scheme 3.1. Finally, HA-g-SAH was oven-drying at 60°C. [37, 38]

HA + Sodium / 2 Pour the
acrylate +KPS +

7 homogenous

] mixture in a

test tube and

place on water

—lp bath at 60° C

N,N’-MBA ’
\ Continuous stirring for
]Q 2 hours (500 RPM)
ﬁ -

Place the hydrogel beads in . .
distilled water for 24 h and Clut the prepared hydrogel into thin
slices

then oven dry

Scheme 3. 1: Synthesis of HA-g-SAH using free radical polymerization
3.2.4 Characterization
3.2.4.1 3C CPMAS NMR
Solid-state 3*C CPMAS NMR spectra of samples were recorded on a Bruker Avance
400 spectrometer operating at 100 MHz for '3C nuclei. The experimental parameters

included a probe diameter of 4 mm, spinning rate of 10,000 kHz, contact time of 2000

us, repetition time of 5 s, and a total of 10,000 scans.
3.242 FT-IR

FT-IR spectra of samples were obtained using a Perkin Elmer 2000 FT-IR spectrometer
with a spectral resolution of 1 cm ™. Solid samples for FT-IR analysis were prepared as

pellets by homogenizing 5 mg of the samples with 100 mg dry KBr.
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3.2.4.3 Wide-angle X-ray diffraction (XRD)

XRD measurements were analysed using a RIGAKU diffractometer with a Cu-Ka

radiation source, operated at 50 kV with a step resolution of 0.04° (wavelength = 1.5406

A).
3.2.4.4 Thermogravimetric analysis (TGA)

TGA was conducted on a Perkin Elmer, Thermogravimetric Analyser, TGA 4000

instrument, with samples heated under a nitrogen atmosphere at a rate of 10 °C-min".
3.2.4.5 Scanning electron microscopy (SEM)

SEM analysis was done using an EVO 18 Research, Zeiss, microscope. Before analysis,
HA-g-SAH and ctrl samples were freeze-dried using Freezer Dryer, LabTech. A gold

coating of samples followed the drying process.
3.2.5 Swelling study of HA-g-SAH in distilled water

The swelling studies for HA-g-SAH and ctrl were performed in distilled water. Discs
of the hydrogels, which had been dried in an oven and weighed, were immersed in
distilled water. At specific intervals, the discs were extracted from the distilled water,
excess distilled water was blotted with tissue paper, and subsequent weight

measurements were taken until a consistent weight was achieved. [6]

The swelling index (SI) (g-g™) of HA-g-SAH and ctrl was calculated using the given
Eq. (D).

- Wo—-Wy
SI(g-9™) ==~ (1)
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W represents to swollen hydrogel, while W denotes to dried hydrogel.

3.2.6 Network parameters
3.2.6.1 Solvent Interaction Parameter (y)

The solvent interaction parameter was determined to evaluate the molecular
compatibility between the monomer/polymer components of the HA-g-SAH and ctrl
hydrogels and the surrounding medium. It was determined using Eq. 2, which is based

on the Flory—Huggins theory. [248]

_In(A-V9)+V5 5

2
VZ,S

2

Where V2.5 (mL-mol ™) denotes the volume fraction of the HA-g-SAH, and ctrl in its

equilibrium-swollen state.
3.2.6.2 Volume fraction (V2,s)

The polymer volume fraction reflects the ability of the HA-g-SAH and ctrl network to

permit solvent diffusion.[249] It was calculated using Eq. 3.

Vos = [1+ @(ﬂ -1)] 3)

ds \Mp

Where, ds and d, represent the densities (g-mL™") of solvent and HA-g-SAH and ctrl,
respectively; M, and My correspond to the weight (g) of the swollen and dry HA-g-
SAH; and V»,s (mL-mol™) denotes the molar volume of the solvent within the HA-g-

SAH at equilibrium swelling.
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3.2.6.3 Molecular Weight between Crosslinks (Mc)

The Flory—Rehner theory was applied for estimatation of the average molecular weight
between crosslinks in the interpenetrating polymeric networks of HA-g-SAH and ctrl,
which reflects the degree of crosslinking within the hydrogel matrix. According to this
model, Mc increases with an increase in the swelling ratio of the hydrogel. M. was

calculated using Eq. 4. [250]

1
= V
3 2,8
o adpVs(Vy =)
IN(1-Vy )+ Vy s+ XV 7

“4)

c

3.2.6.4 Crosslinking density (p)

p is the density of crosslinking of the polymeric chains, which reflects the packing
efficiency of the three-dimensional polymer network. It was calculated using Eq.

(5).[251].
p=ExN, 5)

where d, is defined as the density of the swollen HA-g-SAH and ctrl and M. as the
molecular weight separating two crosslinks.

3.2.7 Release of Dinotefuran in water

3.2.7.1 Preparation of the dinotefuran standard curve

The dinotefuran standard curve was established using UV-vis spectrophotometry.
Solutions of DNF were prepared in water to achieve concentrations varying from 4 to
20 pg'mL!, and their corresponding absorbances were recorded. A standard curve was

generated using ORIGIN software, and the regression equation was derived.
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Subsequently, the cumulative release of dinotefuran was measured via UV-vis

spectrophotometer at 270.5 nm based on the standard curve in deionized water.
3.2.7.2 The loading efficiency and in vitro release of dinotefuran

Formulation HA-g-SAH 14 was used to assess the dinotefuran loading efficiency,
selected based on its highest swelling capacity in distilled water. In this experiment,
dinotefuran was incorporated into the hydrogel by immersing 0.1 g of HA-g-SAH in a
200 ppm dinotefuran solution for 24 h. The swollen HA-g-SAH were taken out and

dried until a constant weight was obtained.

The difference in the total amount of dinotefuran loaded into HA-g-SAH and free
dinotefuran in the respective supernatant was used to determine the amount of
dinotefuran loaded in hydrogel formulations.[252] The analysis used a UV-vis
spectrophotometer (Shimadzu UV-Spectrophotometer, UV-1800) at 254 nm. The
standard calibration curve was subsequently employed to determine the concentration
of dinotefuran from the measured absorbance values of the samples. The loading

efficiency (LE) of dinotefuran was calculated using Eq. (6).[253]

LE (%) = “tete e x 100 (6)

Atotal

Avotal 1 the amount of dinotefuran used to prepare HA-g- SAH, and B is the amount

of freely present dinotefuran in the supernatant.

The release of dinotefuran from HA-g-SAH was assessed by immersing the dried,
dinotefuran-loaded HA-g-SAH in 100 mL of distilled water at room temperature. At

fixed intervals, 1 mL aliquot of solution was withdrawn for analysis and immediately
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replaced with an 1 mL of distilled water to maintain a constant volume.[215] The
concentration of dinotefuran in the collected supernatant was quantified by recording
the absorbance at 254 nm using a UV—Vis spectrophotometer. [254] Also, the standard
calibration curve was used to formulate the following Eq. (7) to determine dinotefuran

concentration (C).

A—-0.0069

56.034 (7)

C (ppm) =

where C represents the concentration of dinotefuran in the water sample, while A

denotes the UV-vis absorbance of the solution with an unknown concentration.

3.2.7.3 Kinetics of Model Pesticide Release

To establish HA-g-SAH as a controlled-release system for pesticides, it is essential
to understand the underlying release mechanisms and the factors affecting the
release rate. Various mathematical models have been employed to better describe
and predict the kinetics and behavior of pesticide release over time. The
experimental release profiles were modelled using the Korsmeyer—Peppas and
Weibull equations, and model fitting was carried out through linear regression
analysis employing OriginPro and Microsoft Excel. Model fitting accuracy was
assessed through the correlation coefficient (R?), which indicates how much of the
variability in the experimental results is explained by the model. Models with R?
values approaching one were regarded as providing the best fit. The Akaike
Information Criterion (AIC) was also employed to assess model adequacy further,
particularly when comparing models of varying complexity. Lower AIC values

indicated superior model performance and predictive efficiency. [255]
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The release kinetics of Dinotefuran from HA-g-SAH were examined utilising the

Korsmeyer-Peppas and Weibull models as outlined below, as Eq. (8-9) : [234, 256]
Korsmeyer -Peppas model: Il:—t = kypt™ (8)

Weibull model: R ()= 1-¢ *P 9)

In these equations, 'M{' represents the cumulative release of Dinotefuran at time 't'
relative to the total loaded Dinotefuran. '"My' denotes the initial release amount, and 'k’

signifies the kinetic constant governing the release process.
3.2.8 Water retention capacity (WRC)

Soil samples were air-dried under shaded conditions and passed through a 2 mm
sieve. Portions of 100 g of the air-dried soil were placed in perforated plastic
beakers lined with filter paper at the base. These beakers were then amended with
varying amounts of dried HA-g-SAH, while unamended soil served as the control.
The beakers were positioned in a water reservoir to allow capillary absorption for
24 hours. Afterward, the samples were removed, excess gravitational water was
allowed to drain, and the soils were maintained at a constant temperature. The
weight of the moistened soil in each beaker was recorded. The soil moisture-
holding capacity (MHC) was calculated using the weight of the empty beaker and
filter paper (Wary), and final weight after water absorption (Wwet), according to

Eq. (10).

% WRC = "4 x 100 (10)

dry
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3.2.9 Statistical Analysis

The experimental data in this study were processed and analyzed using OriginPro 2021,
GraphPad Prism 10.2.3, ChemDraw 20.1.1, and Microsoft Excel. All data are shown as
mean = SEM, and significance was established at the 0.05 probability level with all

analyses performed using a sample size of n = 3.

3.3. Results and Discussion
3.3.1 Synthesis of HA-g-SAH

The synthesis of water HA-g-SAH involves a complex chemical process. Initially, the
reaction is believed to start with the thermal breakdown of APS, creating a sulfate anion
radical. This radical then interacts with an alcoholic OH group in ammonium humate,
forming a macro-radical. Subsequently, sodium acrylate and acrylic acid monomers act
as receptors for these macro-radicals. The macro-radical generated from the initiator
subsequently transfers free radicals to neighboring monomer molecules via chain
propagation. This results in the grafting of ammonium humate onto the acrylic polymer
chains, forming the graft copolymer. Polymerization concludes through the termination
process, which occurs when two growing polymer chains combine, as illustrated in

Scheme 2. Table 1 represents the various formulations for the synthesis of HA-g-SAH.
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Scheme 3.2: Mechanism of HA-g-SAH synthesis

Table 3.1: Various formulations of HA-g-SAH

Formulation HA (g) KPS (g) MBA (g) Swelling index (g-g ™)
HA-g-SAH 1 0.1 0.06 0.06 242.57
HA-g-SAH 2 0.1 0.06 0.08 239.18
HA-g-SAH 3 0.1 0.06 0.09 203.61
HA-g-SAH 4 0.1 0.06 0.1 187.42
HA-g-SAH 5 0.1 0.06 0.12 163.24
HA-g-SAH 6 0.1 0.06 0.14 203.24
HA-g-SAH 7 0.1 0.06 0.08 230.45
HA-g-SAH 8 0.1 0.08 0.08 243.67
HA-g-SAH 9 0.1 0.1 0.08 227.89
HA-g-SAH 10 0.1 0.12 0.08 212.82
HA-g-SAH 11 0.1 0.14 0.08 196.67
HA-g-SAH 12 0.05 0.06 0.1 201.34
HA-g-SAH 13 0.1 0.06 0.1 224.12
HA-g-SAH 14 0.2 0.06 0.1 249.45
HA-g-SAH 15 0.3 0.06 0.1 320.92
HA-g-SAH 16 0.4 0.06 0.1 293.82
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3.3.2 Swelling Index and effect of parameters

The absorption of an aqueous solution is a crucial property of a hydrogel. During the
swelling process, the elastic polymer chains undergo extension, whereas the
crosslinking junctions prevent the complete dissolution of the polymer.[257] The
swelling index of two hydrogels at equilibrium in distilled water was assessed at
different time intervals. HA-g-SAH exhibited a swelling index of 320.92 g-g! in 35
hours, while Ctrl showed a swelling index of 162.27 g-g™! in 31 hours. The analysis
indicates that HA-g-SAH demonstrated greater swelling capacity and prolonged
duration than ctrl. Thus, including ammonium humate enhanced the swelling efficiency

of the synthesized hydrogel.

The variation in amount of experimental parameters employed in the preparation of the
hydrogel series exerted a significant effect on both their structural and functional
characteristics. To assess these influences, swelling behavior was evaluated in distilled
water (pH 6.97). Furthermore, the roles of biopolymer concentration, i.e. HA, initiator
level, i.e. KPS, and crosslinker, i.e. MBA content, in modulating the swelling capacity

of the hydrogels were examined, with the corresponding results illustrated in Fig. 3.3.
3.3.2.1 Impact of Biopolymer on Swelling of Hydrogel

As the amount of HA increased, the swelling index showed a significant rise up to 0.3
g, as shown in Fig. 3.3a. This effect is mainly due to extra hydrophilic groups, including
carboxyl and hydroxyl functionalities from humate, enhancing water absorption.
However, at higher concentrations (0.4 g), a slight decrease in swelling was observed,
likely due to excessive humate content leading to denser network formation and

reduced chain mobility, which restricts water uptake.
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3.3.2.2 Impact of Initiator on Swelling of Hydrogel

The effect of the initiator, KPS, revealed that the swelling index increased slightly as
the initiator content was raised to 0.08 g, indicating efficient radical generation and a
porous structure favorable for water absorption, as shown in Fig. 3.3b. Beyond this
concentration, swelling decreased progressively, which may be explained by the
formation of excessive radicals leading to chain termination and higher crosslinking

density, thereby limiting swelling capacity.[258]

3.3.2.3 Impact of Crosslinker on Swelling of Hydrogel

In contrast, the influence of MBA, the crosslinking agent, showed an inverse
relationship with swelling behavior, as shown in Fig. 3.3c. Increasing MBA content
from 0.06 g to 0.14 g resulted in a sharp decrease in swelling index, as higher
crosslinker concentration produces a more tightly crosslinked network that restricts
polymer chain flexibility and reduces the free volume available for water

penetration.[232]

Overall, the results demonstrate that swelling performance is governed by a balance
between the hydrophilicity imparted by HA, the optimum initiator concentration of
KPS for controlled network formation, and the crosslinking density dictated by MBA,
where excess of either initiator or crosslinker significantly reduces the hydrogel's

swelling ability.
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Figure 3.3: Effect of variation in amount of a) Biopolymer, b) Initiator, and c) Crosslinker
on the swelling index of HA-g-SAH 14.

3.3.3 Characterization

3.3.3.1 *C CPMAS NMR

The structural characteristics of HA, HA-g-SAH, and ctr]l were investigated using '*C
CPMAS NMR spectroscopy, as shown in Fig. 3.4. The spectrum of HA (Fig. 4a)
exhibited broad and complex signals, reflecting its heterogeneous and multifunctional
nature. Resonances were identified for aliphatic carbons in around 40-45 ppm region,
a strong O-alkyl signal at 55-105 ppm corresponding to carbohydrate- and alkoxy-type
carbons, aromatic/olefinic carbons between 110—160 ppm, and carboxyl/amide carbons
in the 165—185 ppm region[218]. In contrast, the spectrum of the ctrl showed two well-
resolved and sharp resonances, indicative of its more homogeneous chemical structure.
A strong carbonyl resonance at ~180—183 ppm was assigned to the carboxylate groups
of sodium polyacrylate, while the peak observed at ~40-50 ppm corresponded to the

methine and methylene carbons of the saturated polymer backbone [259].
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Figure 3.4: The plot of 3C CPMAS NMR of a) ammonium humate, b) HA-g-SAH
and c) ctrl

The spectrum of the HA-g-SAH (Fig. 4b) displayed features from both HA and ctrl,
providing clear evidence of successful grafting. Prominent signals of ctrl (Fig. 4c) were
observed, including the carbonyl resonance at ~180 ppm and the aliphatic backbone
peak near ~40-50 ppm, while weaker and broadened signals corresponding to the
humate backbone persisted in the O-alkyl (55-105 ppm) and aromatic (110—160 ppm)
regions. Compared to native HA, the aromatic envelope was significantly attenuated,

and the polyacrylate COO resonance dominated the carbonyl region.

Thus, the *C CPMAS NMR results confirm the successful HA grafting onto
poly(sodium acrylate) chains. The grafted hydrogel combines the functional diversity

of ammonium humate with the structural regularity of ctrl hydrogel.
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Figure 3.5: The plot of FT-IR of a) HA, b) HA-g-SAH and, c) ctrl

FT-IR spectroscopy was used to characterize the functional groups of HA, HA-g-SAH
and ctrl hydrogel, as shown in Fig. 3.5. The HA spectrum revealed a broad band in the
range of 3750-3000 cm™, which corresponds to overlapping —OH and —NH stretching
vibrations associated with hydrogen bonding [260]. Peaks observed between 3000—
2800 cm™! were attributed to aliphatic C—H stretching[261]. Distinct absorptions within
1600—1350 cm™ were linked to aromatic C=C and asymmetric COO™ vibrations, while
a shoulder near 1720 cm™! indicated the presence of carboxylic acid groups[262, 263].
Additional signals in the 1150-950 cm™ region were assigned to C—O and C-O-C
stretching modes of phenolic and polysaccharide structures, consistent with the

complex chemical nature of humate.

The spectrum of ctrl showed fewer signals and was dominated by functional groups
characteristic of acrylate salts. The most prominent features included symmetric and

asymmetric COO~ stretching vibrations at ~1560 cm™ and ~1410 cm™, respectively,
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along with strong C—O stretching bands in the 1200—1000 cm™ range [264]. Notably,
the absence of a carbonyl band around 1720 cm™ confirmed that most carboxyl

functionalities were present in their deprotonated (sodium carboxylate) form.

The HA-g-SAH spectrum displayed both HA and ctrl contributions, confirming the
grafting process. The broad —OH band remained visible but with lower intensity, while
the characteristic COO~ absorptions of the acrylate chains became dominant. The
carbonyl band near 1720 cm™, prominent in HA, was substantially reduced, suggesting
conversion of COOH groups to COO™ units during grafting. Moreover, the stronger C—
O stretching bands at 1150-950 cm™ and residual aromatic signals reflected the
coexistence of humate and polyacrylate components within the copolymer. These
changes in spectral features collectively demonstrate the successful incorporation of

poly(sodium acrylate) chains into the humate framework, forming a hydrogel structure.

3.3.3.3 SEM
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Figure 3.6: SEM micrographs of a) HA-g-SAH and b) ctrl

SEM was employed to analyze the surface morphology of the hydrogels, allowing
assessment of structural modifications resulting from the grafting of ammonium humate

onto the poly(sodium acrylate) matrix, as depicted in Fig.3.6(a and b). The HA-g-SAH

94



Chapter3

sample exhibited a heterogeneous surface with irregular, porous, and layered features,
indicative of a more open and loosely packed network. Such a porous architecture is
advantageous for water uptake and diffusion, supporting the hydrogel's improved
swelling and retention capacity. Liu et al reported a similar porous and rough surface

of CTS-g-PAA after introducing SH, resulting in CTS-g-PAA/SH superabsorbent.[265]

In contrast, the ctrl hydrogel showed a comparatively smooth and compact surface
morphology, characterized by a dense structure with visible cracks but lacking
significant porosity. The distinct morphological differences between the two samples
confirm that incorporation of HA disrupts the compact structure of poly(sodium
acrylate), introducing surface roughness and porosity that contribute to enhanced

hydrogel performance.

3.3.3.4 XRD
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Figure 3.7: The plot of XRD of a) ctrl, and b) HA-g-SAH
XRD patterns were obtained for HA-g-SAH and ctrl hydrogels, as presented in Fig.
3.7, to investigate the influence of ammonium humate on microstructural arrangement.
The XRD analysis showed that both HA-g-SAH and ctrl hydrogels exhibit broad

diffraction halos within the 26 range of 15-30°, indicative of an amorphous polymeric
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structure, consistent with previously reported findings.[225, 266] Similar results were
reported by Bijendra Kumar et al., synthesized carboxymethylcellulose-g-poly(sodium

acrylate)/FeCls hydrogel beads, and observed broad peaks at 22.46° and 32.15°.[226]

The average molecular interchain spacing (<R>) was determined for HA-g-SAH and

the ctrl sample from the strong diffraction peak at 31°, using Eq. (11-12).[267]
nA= 2dsinf (11)

5, 2
<R>= g(sine) (12)

The Ctrl hydrogel exhibited a spacing of 3.60 A, while HA-g-SAH showed a much
larger spacing of 7.66 A. This significant increase in <R> demonstrates that grafting
with ammonium humate expanded the network structure, likely due to steric hindrance
from the bulky groups of ammonium humate, causing the molecular chains to spread
apart. It resulted in higher average interchain spacing. Whereas, a lower value of <R>
suggests a stronger intermolecular attraction and shorter interchain distances, which

results in a more compact structure.[131]
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Figure 3.8: The plot of TGA of a) HA-g-SAH and b) ctrl
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The thermal decomposition behavior of the hydrogels was evaluated using TGA and
Differential thermogravimetry (DTG), as shown in Fig. 3.8 . Both the hydrogels
exhibited a similar three-step degradation. DTG curves also showed multiple

endothermic peaks for all samples.

The degradation process consisted of the following stages: initial weight loss up to 200 °C
due to evaporation of moisture and decomposition of volatile compound; a second stage
(200400 °C) corresponding to poly(sodium acrylate) copolymer decomposition;[268] a
third stage involving the breakdown of bonds between the polymeric backbone, grafting
monomer, and crosslinker and weight loss in the 400500 °C range associated with CO
liberation from degrading C—O—C and C=0 bonds, as well as aromatic ring degradation in
HA-g-SAH.[222, 223] The residual mass per cent provides evidence of enhanced thermal
stability due to the incorporation of lignite into hydrogels. HA-g-SAH and ctrl exhibited
residual mass percentages of 50.26% and 34.4%, respectively, at 800°C. These distinctions

demonstrated that the HA-g-SAH hydrogel has better thermal stability than the ctrl hydrogel.
3.3.4 Network Parameters

The synthesized hydrogel composite exhibited a brown colouration. The degree of
crosslinking (p) was determined to be 2.536 x 107'¢ and 5.47 x10"2° mol-cm™ for HA-
g-SAH and ctrl, indicating a high crosslink density. Additional calculated parameters

are summarized in Table 3.2.

Table 3. 2: Calculated value of network parameter.

Hydrogel x Vs M. %105 (g-mol") p (mol-cm)
HA-g-SAH 6.44 0.00627 1.163 2.536 x1071
Ctrl 0.3172 0.00910 0.00735 5.47 x1020
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The network parameter analysis reveals that HA-g-SAH differs significantly from the
ctrl hydrogel. The lower polymer volume fraction (V2,s) of HA-g-SAH indicates greater
swelling ability, while its much higher molecular weight between crosslinks (M)
suggests a looser and more flexible network structure. Despite this, HA-g-SAH exhibits
a higher crosslink density (p), likely due to additional interactions from humic acid
functional groups that may have created localised crosslinking regions. The elevated
value of HA-g-SAH reflects the reduced overall polymer—solvent affinity, yet the
presence of hydrophilic groups in HA-g-SAH still promotes water uptake. Overall,
grafting with ammonium humate in HA-g-SAH enhances swelling behavior and

introduces a more heterogeneous, functionally interactive network than the ctrl.

3.3.5 Efficacy of loading efficiency (LE% )

The hydrogel formulation HA-g-SAH 14 exhibited a pesticide loading efficiency of
65.24%. However, LE% of ctrl was only calculated to be 54.35 %. The high loading
capacity of HA-g-SAH can be ascribed to the hydrogen bonding and electrostatic
interactions between the hydrogel matrix, functional groups of ammonium humate, and
dinotefuran. Overall, the achieved loading of HA-g-SAH is considered adequate for
pesticide delivery applications. Nevertheless, it may be further improved by optimizing

the crosslinking density or increasing the initial pesticide concentration during loading.

3.3.6 In vitro release of pesticide

This study aimed to assess the performance of HA-g-SAH in agricultural fields. Thus,
the in vitro pesticide release of dinotefuran loaded HA-g-SAH was performed in
distilled water at 37 "C. The dinotefuran release was studied for up to 49 h using a UV—
visible spectrophotometer, and it was observed that the pesticide release percentages

individually for HA-g-SAH and ctrl were 78.45% and 64.21 %, respectively.
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3.3.7 Pesticide release kinetics

The slow pesticide release process occurred sequentially through both formulations:
initially, water enters the hydrogel and initiates swelling, establishing a dynamic
equilibrium between the hydrogel's free water and the water surrounding the hydrogel.
Concurrently, the hydrogel matrix swelled and facilitated the diffusion of the pesticide
into the surrounding water, driven by osmotic gradients and the dynamic exchange of
free water.[214] Moreover, for soluble agents present within a porous matrix, the rate
of release is directly related to remaining concentration of the agent in the matrix,

resulting in a gradual decline in the amount released over time.[269]

The release kinetics of dinotefuran from pesticide-loaded HA-g-SAH and ctrl hydrogels
were evaluated using various kinetic models, as illustrated in Fig. 3.9. Table 3.3
summarizes the corresponding R? values for each model. Among the models tested, the
Korsmeyer—Peppas model provided the best fit, indicating its suitability for describing
the pesticide release mechanism from the hydrogels under ambient conditions. The
model provides a detailed assessment of the release behavior, with the release exponent
(n) determined as 0.876 for HA-g-SAH and 0.838 for the ctrl hydrogel. These n values
indicate that non-Fickian diffusion is the dominant release mechanism, suggesting that
both polymer chain relaxation and solute diffusion contribute to the release process.
[58]. The higher 'n' value for HA-g-SAH suggests a more significant contribution of
polymer relaxation/erosion in the release process, possibly due to ammonium humate
grafting. The lower 'k' value for HA-g-SAH (0.368 for HA-g-SAH vs 0.3906 for ctrl)
indicates a slower initial release rate.[270] This behavior aligns with the pesticide

release profiles predicted by the Weibull model and its corresponding kinetic parameter,
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'. The calculated values of 'B 'for HA-g-SAH and ctrl are 0.765 and 0.792. The

calculated B values for HA-g-SAH and the ctrl hydrogel were 0.765 and 0.792,

respectively. When the release exponent n falls between 0.5 and 1.0, the system exhibits

non-Fickian behavior, indicating that the release mechanism involves a combination of

polymer swelling and solute diffusion occurring at comparable rates.[271] The HA-g-

SAH demonstrates maximum release in a duration of 49 h. In contrast, ctrl exhibits a

relatively fast and less extended release over 33 h. Therefore, it can be concluded that

introducing HA with poly(sodium acrylate) chains results in a slower release with an

extended-release period.

This finding aligns with the study by Bajpai et al, which reported that CA/poly (SA)

beads exhibit fair stability in their solvent medium, indicating a potential for extended

release of the model drug.[272]
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3.3.8 Non-Fickian diffusion

When pesticides are encapsulated within hydrogels, their release into soil or water
can occur through different mechanisms. In the case of Fickian diffusion, transport
is primarily driven by concentration gradients. By contrast, non-Fickian (or
anomalous) diffusion involves a combination of processes such as molecular
diffusion, polymer relaxation, matrix swelling, and sometimes degradation of the
hydrogel network [273, 274]. This anomalous behavior offers several advantages for
agricultural applications. One of the key benefits is improved control over release
profiles. Unlike purely Fickian diffusion, which may lead to an undesirable initial
burst effect, non-Fickian systems achieve a more gradual and prolonged release due
to the combined influence of diffusion and polymer matrix dynamics.[275] Such
controlled release ensures steady pesticide availability, enhancing pest control
efficacy over extended periods. Another significant advantage is the extension of
release duration, as polymer relaxation and structural changes delay the overall
release rate, reducing the need for frequent reapplications.[276] It also contributes to
environmental protection, since slow and regulated release reduces leaching into
groundwater and minimizes pesticide runoff, significant sources of ecological
contamination. It improves effectiveness and reduces wastage, since pesticides are
dispensed in response to real agricultural needs. A further advantage lies in the
tunability of release kinetics: by adjusting the hydrogel's crosslinking density,
polymer composition, or the addition of fillers such as bentonite, the release behavior
can be fine-tuned. These findings suggest that non-Fickian diffusion provides a more
efficient, sustainable, and environmentally responsible strategy for pesticide release

than conventional Fickian diffusion.
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Table 3.3: Release kinetics data of Dinotefuran from HA-g-SAH and ctrl using different

mathematical models.

Mathematical Observation R sq.
Model . Parameter
Equation HA-g-SAH Ctrl HA-g-SAH Ctrl
Korsmeyer— f = kipt™ kkp = constant kkp 0.3684 kkr  0.3906 0.9796 0.9861
Peppas depicting the n 08761 n 08382
experimental
parameters AIC 20.461 AIC 17.293
f=amount of the
pesticide released
n = release
exponent
Weibull R(t)= 1-e B o= scale factor, B 0.765 B 0.792 0.9842 0.9923

[ = shape factor

3.3.9 Water retention capacity
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Figure 3.10: Water retention capacity plot of soil amended with HA-g-SAH and ctrl. Error
bars represent standard deviation; ****P <(.0001.

Table 3.4: ANOVA table for water retention capacity

Sum of

Source DF Mean square F-Value P-value
squares
Water
Retention 846.80 3 724.38 163.76 2.71x10*
Capacity
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The water retention capacity (WRC) of soils supplemented with HA-g-SAH and the
ctrl was assessed over concentrations ranging from 0 to 1.0% (Fig. 3.10). Both
amendments improved WRC relative to untreated soil; however, HA-g-SAH
consistently outperformed the ctrl. At 1.0% loading, HA-g-SAH achieved 79.46 %
WRC compared to 58.49 % for the ctrl, highlighting the superior efficiency of the
grafted system. This enhancement is likely due to ammonium humate incorporation,
which increases hydrophilicity and network porosity, as supported by SEM and XRD
results. Collectively, these findings establish HA-g-SAH as a more effective hydrogel

for improving soil moisture retention than ctrl.

The results of the ANOVA demonstrated statistically significant differences in water
retention capacity, Dinotefuran release from hydrogels, between HA-g-SAH and the
ctrl, as indicated by F-test p-values below 0.05, as shown in Table 4. A p-value of this
magnitude implies less than a 5% probability of the null hypothesis being valid.
Consequently, the observed variations can be attributed to the influence of the

biopolymers employed in hydrogel synthesis rather than random experimental error.
3.4. Conclusion

This study presents HA-g-SAH as a slow-release system for controlled pesticide release
and soil moisture enhancement. Structural characterisation using '*C CPMAS NMR,
FT-IR, SEM, XRD, and TGA confirmed successful grafting and network stability.
Functionally, HA-g-SAH outperformed the ctrl hydrogel, exhibiting a markedly higher
swelling capacity (320.92 g-g') and improved dinotefuran loading efficiency (65.24%),
resulting in an extended and regulated release profile. Release kinetics indicated a non-

Fickian mechanism driven by both diffusion and polymer relaxation. Soil amendment
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experiments further demonstrated substantial improvement in water retention, with
values reaching 79.46% at 1% hydrogel incorporation, suggesting significant potential
for mitigating drought-induced stress in crops. Conventional formulations promote
rapid pesticide leaching. But the HA-g-SAH provides a sustainable approach to reduce
environmental contamination while ensuring prolonged efficacy. By combining the
nutrient-carrying capability of humic substances with a synthetic polymer scaffold, HA-
g-SAH addresses two significant agricultural challenges—efficient pesticide delivery
and improved water retention—within a single material platform. Thus, these findings
highlight humate-based hydrogels as viable candidates for next-generation

agrochemical systems to advance resource-efficient and sustainable farming.

3.5. Future Directions

Future research should focus on validating HA-g-SAH under real agricultural
conditions across diverse soils, climates, and irrigation systems. Long-term studies on
its biodegradability and ecological safety, including degradation products and soil-
microbe interactions, are essential. Broadening the approach to other agrochemicals and
developing multifunctional formulations that combine pesticides with nutrients could
enhance system utility. Additionally, incorporating stimuli-responsive properties (e.g.,
pH, moisture) may enable more precise, on-demand release. Finally, scaling up
production requires techno-economic and life-cycle assessments to ensure cost-

effectiveness and sustainability at a commercial level.
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4.1 Introduction

The agricultural sector relies heavily on pesticides to enhance productivity and ensure
food security, but UV degradation often compromises their efficacy. The present study
addresses this issue and introduces lignite-based poly sodium acrylate hydrogel as a
protective shield against UV radiation for dinotefuran. The synthesis of lignite grafted
poly(sodium acrylate) hydrogel (Lt-g-SAH) and control (ctrl) through graft co-
polymerization method is detailed, with comprehensive characterization using '*C
CPMAS NMR, FT-IR, XRD, SEM, and TGA techniques. Additionally, the release
kinetics of dinotefuran are investigated via UV-vis spectrophotometry to elucidate the
controlled release. This study underscores the potential of lignite-based hydrogels as
versatile platforms for sustainable agricultural practices, offering enhanced
environmental performance in pesticide protection and delivery mechanisms. The
incorporation of lignite not only enhances UV shielding but also improves water
retention and offers potential as a nitrogen fertilizer carrier, addressing critical
challenges in sustainable crop production. Through comprehensive evaluation, this
study demonstrates the viability of lignite-based hydrogel as a cost-effective and eco-

friendly solution for safeguarding pesticides and advancing agricultural sustainability.

The utilization of pesticides plays a pivotal role in boosting agricultural productivity and
ensuring food security in modern agriculture [277]. Approximately 2 million tons of
pesticides are currently applied to crops worldwide [237]. Among these pesticides,
Dinotefuran ((RS)-1- methyl-2-nitro-3-(tetrahydro-3-furyl methyl) guanidine), a third-
generation neonicotinoid (Figure 4. 1) stands out as a potent insecticide, acclaimed for its
broad-spectrum efficacy against various pests, it is safe for crops, humans, and animals
[239, 240, 278]. Dinotefuran has been used to manage a wide range of biting and sucking
insects, including aphids (plant louse), whiteflies, and beetles. The chemical properties

of dinotefuran are as follows: molecular mass (202.2 Da), water solubility (39,830 mg-L"
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" @ 20 °C, Lipophilicity (log KOW) (—0.55), Soil Affinity (log KOC) value of 1.41, Soil
Persistence (50-100 DT50 in days), Water Photolysis (<2 DT50 in days) [241, 242].
Dinotefuran can be applied on foliage, soil, nurseries, and paddy water through spraying,
drenching, broadcasting, and pricking-in-hole treatments [244]. So, this study chose it as
the model for the pesticides. However, Dinotefuran is easily photolyzed under sunlight,
which leads to a low utilization rate and significantly reduces its effectiveness [279].
Photodegradation is a significant degradation pathway after spraying, directly impacting
the sustainability of pesticides [280, 281]. As a result, improving Dinotefuan utilization

and extending its anti-pest shelf life is critical for sustainable agricultural practice.

Figure 4.1: Molecular structure of Dinotefuran.

This degradation prevention is a challenge for the agricultural sector. To address this
challenge, developing innovative formulations capable of protecting Dinotefuran from
UV degradation is imperative. In recent years, hydrogels have emerged as promising
candidates for efficiently encapsulating and delivering drugs[38, 39, 282-284] and
agrochemicals [128, 245, 285-287]. Hydrogels are three-dimensional polymeric network
having high water absorption [157]. Furthermore, crosslinking network chains within the

hydrogel structure prevent dissolution and helps maintain its integrity.

Among various hydrogel materials, poly sodium acrylate hydrogels have garnered
attention owing to their biocompatibility, tunable properties, and potential for

controlled release.
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This manuscript presents a novel approach utilizing Lt-g-SAH hydrogel as a protective
matrix for dinotefuran against UV radiation. Lignite, a low-grade coal (Figure 4. 2)
abundant in nature, offers an eco-friendly and cost-effective alternative for hydrogel
synthesis. Lignite has high volatile content, chemical reactivity, and water content, low
calorific value, and is easily weathered. Lignite accounts for about 40% of the total coal
reserves in the world [288]. Electron paramagnetic resonance (EPR) spectroscopy
confirmed that the lignite effectively screens UV irradiation, and no measurable effect
of the irradiation on radical content was detected [289]. Another study by Jong Chan
Ly states that introducing ether lignite lowered the UV transmittance of samples by
approximately 20% [290]. Thus, incorporating lignite into Lt-g-SAH enhances its UV
shielding properties. Incorporating lignite also provides additional benefits, such as
improved water retention and soil conditioning. Lignite can also serve as a plant
nutrition support mainly because of its high contents of humic substances, especially

humic acids [289].

Figure 4.2: Molecular structure of lignite
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Loss of Nitrogen (N) fertilizers is another critical challenge for sustainable crop
production in modern agriculture. Lignite is generally acidic. It has more functional
groups (hydroxyl, carboxylic, ketone, etc.), resulting in higher cation exchange
capacity. The ammonium cations in the hydroxide state facilitated the displacement of
protons within the Lignite molecules, leading to their dissolution and activation. Also,
inherently water-insoluble lignite necessitated the preparation of its salt form as
Ammonium lignite, which could be an alternative material for N fertilizer carriers.
Thus, the lignite used in the present study has been treated with liquor ammonia to
synthesize an ammonium salt of lignite [287]. Ammonium lignite as an N-carrier can
extend supplementary benefits such as nutrient retention, carbon (C) sequestration,

reduction in greenhouse gases and delivery of humic substances [247].

Lignite-based hydrogel as a novel pesticide UV protectant needs extensive exploration
because the literature on this is either unavailable or very limited. Therefore, it was
hypnotized that lignite as a pesticide UV protectant and slow-release pesticide carrier
can produce a low-cost alternative to UV-protected chemical pesticides with improved

environmental performance.

The manuscript aims to introduce a novel approach utilizing lignite-based poly sodium
acrylate hydrogel to protect Dinotefuran from UV radiation while exploring its potential
as a slow-release pesticide carrier. Here, lignite grafted poly(sodium acrylate) hydrogel
(Lt-g-SAH) and control (ctrl) are synthesized using the graft co-polymerization method
and characterized by FT-IR, XRD, SEM, and TGA to understand their structural and
thermal properties. The effect of variation in parameters like initiator, biopolymer and

crosslinker on the swelling index of hydrogels in distilled water is studied to optimize
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the synthesized hydrogels. Furthermore, the release kinetics of dinotefuran is
investigated through UV-vis spectrophotometry, shedding light on the controlled

release capabilities of the hydrogel.

By combining the UV shielding properties of lignite with the controlled release
mechanisms of polysodium acrylate hydrogels, this study not only addresses the
challenge of UV degradation in pesticides but also explores the potential of lignite-
based hydrogels as versatile platforms for agricultural applications with enhanced

environmental performance and sustainability.

4.2 Experimental
4.2.1 Materials

Lignite was procured from Neyvelli Pvt. Ltd Analytical grade reagents including
acrylic acid (AA), sodium Hydroxide (NaOH), N' N-methylene bisacrylamide (MBA),
liquor ammonia and potassium persulfate (KPS) were obtained from CDH Pvt Ltd.
Dinotefuran (96.5%) was generously provided by the Institute of Pesticide Formulation
and Technology, Gurugram, India. All the required water-based solutions were

meticulously prepared with distilled water.

4.2.2 Preparation of Ammonium Lignite

Our previously developed method is used to prepare ammonium lignite [287]. Briefly,
given the solubility of lignite in anhydrous ammonia solution, it was introduced into an
ammonium hydroxide solution and subjected to stirring on a magnetic stirrer at 27 °C

with a speed of 600 rpm for 24 hours.
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4.2.3 In situ preparation of Dinotefuran loaded Lt-g-SAH

The hydrogels were synthesized following the methodology previously reported by our
group [128]. The synthesis of Lt-g-SAH and ctrl variants involved utilizing the free
radical co-polymerization method employing KPS as the initiator and MBA as the
crosslinker. At ambient temperature, 7.2 g (AA) (neutralized with 8.07 mol-L™! NaOH)
was combined with 0.3 g of ammonium lignite. Subsequently, a determined amount of
KPS and MBA were introduced and stirred continuously for 2 hours. It was followed
by adding 10 mg-ml! of Dinotefuran solution in the resulting mixture. The solution was
placed in a water bath set at 60°C for an additional two hours to facilitate the co-
polymerization process. Post-synthesis, the hydrogel was sectioned into cylindrical
pieces. Finally, the hydrogel underwent oven-drying at 50°C to achieve a constant

weight [37, 38].
4.2.4 Gel content analysis

A 0.5 g dry Lt-g-SAH sample was immersed in 100 mL of distilled water overnight.
Subsequently, the sample was soxhlet extracted using water for 2 hours to eliminate
unreacted polymers and impurities. The resulting polymer was oven-dried at 60°C,
followed by pulverization and storage in air-tight polyethylene containers for future

experiments.
4.2.5 Pesticide Encapsulation efficiency (%) and Pesticide loading (%)

Tavakol et al. method was used to calculate the pesticide encapsulation efficiency
(PEE%) and pesticide loading (PL%) with slight modifications [291]. 0.1 g of Lt-g-

SAH and ctrl were immersed in 50 mL distilled water and swelled at room temperature
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for 24 h. Further, the swollen hydrogel was shattered, and centrifugation was carried
out at 6000 rpm for 10 min. The amount of dinotefuran in the supernatant was
monitored by a UV-vis spectrometer at 270.5 nm. The PEE % and PL % of Dinotefuran

in the hydrogels were determined according to Eq. 1 and 2, respectively.

PEE% = L x 100 (1)
Wr

PL% = —=x 100 @)
Wy

In the context of the given parameters, WL represents the weight of the dinotefuran
present in the hydrogel, Wt denotes the theoretical amount of dinotefuran loaded into

the hydrogel, and Wy is the weight of hydrogel beak taken into consideration.
4.2.6 Characterization

The structural and thermal characterization of the samples was performed using various
analytical techniques. Solid-state '*C Nuclear Magnetic Resonance Solid-state (1*C-
NMR) spectroscopy was conducted on an ECX-400-1II Jeol spectrometer equipped with
a 9.38-T magnet and a 4 mm multinuclear solid-state probe at ambient temperature
(25°C). Samples were packed into a 4 mm Magic Angle Spinning (MAS) probe, and
spectra were recorded using the Cross-Polarization Magic Angle Spinning (CP-MAS)
technique. Fourier Transform Infrared (FT-IR) spectroscopy was performed using a
Perkin Elmer 2000 FT-IR spectrometer in Attenuated Total Reflectance (ATR) mode
with a spectral resolution of 1 c¢cm!. Scanning Electron Microscopy (SEM) was
performed using an EVO 18 Research (Zeiss) microscope. Prior to SEM analysis, Lt-
g-SAH and ctrl hydrogel samples were freeze-dried using a LabTech Freezer Dryer and

subsequently gold-coated. Wide-angle X-ray diffraction (XRD) patterns were obtained
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using a RIGAKU instrument with Cu-Ka radiation (A = 1.5406 A) at 50 kV, with a
resolution of 0.04 degrees. Thermogravimetric analysis (TGA) was carried out on a

Perkin Elmer TGA 4000 instrument under a nitrogen atmosphere, with a heating rate

of 10 °C min™'.
4.2.7 Swelling of Lt-g-SAH and ctrl in distilled water

The swelling study for Lt-g-SAH and ctrl was performed by immersing oven-dried
hydrogel discs in distilled water. At specific time intervals, the hydrogels were
extracted from the swelling medium, excess water was blotted with filter paper, and
subsequent weight measurements were taken until a consistent weight was achieved.

The swelling index (SI) (g-g™!) was determined with Eq. 3.

_ W,-W
Sl(ggh) == 3)

Where, W1 and W» are the weight of oven-dried and swollen hydrogel, respectively.

4.2.8 Agricultural applications of Lt-g-SAH

4.2.8.1 Maximum water-retention capacity (WH%) of soil treated with Lt-g-SAH

and ctrl.

A study was conducted to assess the maximum water retention capacity of garden soil
from Delhi Technological University. The experiment involved mixing various Lt-g-
SAH and ctrl hydrogel concentrations with 50 g of dry soil (< 30 mesh size). These
mixtures were placed in open-bottom PVC tubes (4.5 cm diameter) sealed with nylon
cloth. Initial mass (W1) was recorded. The samples were then saturated with distilled

water until percolation occurred, and the final mass (W2) was measured. A control
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experiment using soil without hydrogel was also performed. A control experiment with
soil lacking hydrogel was also performed [213]. The hydrogel-treated soil's maximum
water-retention capacity was calculated using Eq. 4. This method allowed for
quantitative evaluation of hydrogel effects on soil water retention properties under

controlled conditions.

Wo-W,y
50

WH% = x 100 )

4.2.8.2 UV protection of Dinotefuran

The UV protection of Dinotefuran by Lt-g-SAH and Ctrl hydrogel formulations were
analyzed through a systematic UV exposure protocol. Prior to experimentation, all
Dinotefuran-loaded hydrogel pellets from both groups were desiccated under dark
conditions. The samples were then subjected to controlled UV irradiation in an ageing
chamber equipped with three 6 W UV sources. To assess the progression of UV-induced
degradation, samples were periodically extracted from the chamber at two-day intervals over
a 30-day period. Quantification of non-degraded Dinotefuran in the hydrogel pellets was
accomplished using UV spectroscopy. The analytical procedure involved immersing the
extracted pellets in distilled water, followed by spectrophotometric measurement of the
released Dinotefuran at an absorbance wavelength of 270.5 nm.[279]. To ensure statistical

robustness and data reliability, the entire experimental protocol was conducted in triplicate.
4.2.8.3 Release study of dinotefuran in water

UV-visible spectrophotometry was used to generate the Dinotefuran standard curve.
Dinotefuran concentrations, ranging from 4 to 20 pg-mL"!, were prepared in distilled

water, and their corresponding absorbances were recorded at 270.5 nm. Origin

114



Chapterd

2021 software was used to generate a  regression  equation.  Subsequently, the
cumulative release of dinotefuran was also quantified via UV-vis spectroscopy based

on the prepared standard curve.

Dinotefuran release kinetics were assessed by placing 100 mg of Lt-g-SAH and ctrl in 100
ml of distilled water. The beakers were subsequently agitated in a shaking bath at room
temperature with a shaking rate of 80 rpm. At specified intervals, 1 mL of the supernatant
was sampled from the system and replaced with equivalent fresh distilled water. The release
kinetics of Dinotefuran from Lt-g-SAH were examined utilizing the First-order kinetics,

Higuchi model, and Korsmeyer-Peppas models as outlined below: [234, 256]

First-order kinetics: log M=logMo—(K1t/3.303)
Higuchi model: I\l:[/[—t = kyt!/?
Korsmeyer -Peppas model: % = kypt"

In these equations, M represents the cumulative release of Dinotefuran at the time 't'
relative to the total loaded Dinotefuran. My denotes the initial release amount, and k

signifies the kinetic constant governing the release process.

4.2.8.4 Statistical analysis

All data were analyzed using OriginPro 2021, GraphPad Prism 10.2.3, ChemDraw 20.1.1,
Image] and Microsoft Excel. The t-test was used to determine the statistical significance
of the differences between the groups. Data are shown as means + standard error of

measurement. Statistical significance was defined using P <0.05, n=3.
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4.3 Results and Discussion
4.3.1 Synthesis of Lt-g-SAH

The synthesis of Lt-g-SAH involves a complex chemical process. Initially, the reaction
is believed to start with the thermal breakdown of APS, creating a sulfate anion radical.
This radical interacts with an alcoholic OH group in ammonium lignite, forming a
macro-radical. Subsequently, sodium acrylate and acrylic acid monomers act as
receptors for these macro-radicals. The macro-radical-initiated monomers transfer free
radicals to adjacent molecules through chain propagation. This process leads to the
grafting of the lignite onto acrylic chains. The polymerization ends by joining two

growing polymers by the crosslinker.

4.3.2 Characterization of hydrogels

4.3.2.1 3C CPMAS NMR

Ammoniated Dinotefuran

Lignite

ctrl o L Lt-g-SAH

)

At eyl o p Lol " RTRTR N 7L o}

Figure 4.3: Solid-state '*C-NMR of Ammoniated Lignite, b) Dinotefuran, ¢) Ctrl (without
dinotefuran), and d) Lt-g-SAH.

Solid-state '*C-NMR data were collected and processed using the Jeol Delta v6.0 program.

This program uses *C CP/MAS-NMR at 100.52 MHz; a 2 ms contact time was applied
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when the acquisition time was 25.45 ms with a 3-second relaxation delay. The solid-state
13C NMR spectra of lignite, dinotefuran and Lt-g-SAH are shown in Figure 4. 3, together
with the solid-state spectrum of ctrl synthesized under the same conditions without lignite
and dinotefuran. The carboxylate peak appears at approx. (183-185 ppm), methine and
methylene resonances occur at about (40-49 ppm), representing the same chemical shifts
in both spectra [37]. Despite the CP/MAS technique employed, the methine and methylene
peaks in ctrl tend to overlap and could not be resolved entirely. Also, the methine and
methylene of tetrahydrofuran in dinotefuran fall in between chemical shift values of 41-
43 ppm, along with the peaks at aliphatic CH, CH> groups adjacent to NH in lignite at 36
ppm. The peak between 30-32 ppm arises due to the methyl group being closer to the
carbonyl carbon. The peaks at 140.44 and 23.15 ppm in Lt-g-SAH are due to o-substituted
aromatics, i.e. C-O, C-OH and C, CH from phenanthrene and anthracene of lignite,

respectively [292].

4.3.2.2 FT-IR
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Figure 4.4: FT-IR spectra of a) Dinotefuran, b) Ctrl, ¢) Lt-g-SAH, d) Ammoniated
Lignite, and e) Raw lignite.

Fourier Transform Infrared (FT-IR) spectroscopy analyzed Lt-g-SAH, ctrl, dinotefuran,

ammoniated lignite, and raw lignite samples. As shown in Figure 4. 4, the spectra
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revealed characteristic peaks associated with various functional groups. A broad band
at 3401 cm™! was attributed to -OH stretching, while peaks at 2920 cm™ and 2855 cm’!
corresponded to -CHz and -CH3 stretching vibrations, respectively. The presence of
free-COOH groups was indicated by a peak at 1710 cm’', suggesting incomplete
neutralization in the initial synthesis. Carboxylate anionic peaks were observed at 1450
cm™and 1601 cm™, and an absorption peak at approximately 1590 cm™! was assigned
to aromatic ring C=C stretching [262, 263]. NH4OH treatment of lignite resulted in the
reduced intensity of the -COOH peak and a new peak at 1540 cm’', confirming
ammoniated lignite salt formation [293]. Hydrogel spectra exhibited a broad peak in
the 3300-3600 cm! range, indicating OH groups and aliphatic primary amines, with

overlapping N-H stretching at 3308 cm™! [260].

The hydrogel spectra (Lt-g-SAH and ctrl) exhibited a prominent band near 1535 cm’!,
attributed to the N-H moiety deformation of MBA [217]. Un-neutralized acrylic acid
was identified by C=0O stretching vibrations at 1710 cm™'. Asymmetric stretching of
carboxylate anions produced strong bands at 1404 cm™ and 1554 cm™!. The C-N group
of MBA corresponded to a broad band and peak at 1323-1312 cm™ [217]. The
dinotefuran spectrum exhibited characteristic N-H stretching at approximately 3300
cm™ and C-H stretches at 2880 and 2950 cm™! [261]. These distinctive N-H and C-H
peaks were also observed in dinotefuran-loaded Lt-g-SAH and ctrl samples, confirming
successful incorporation into the hydrogels. Additional spectral features included a
small peak at 1458 cm™' (CH, deformation vibrations)[294], a strong peak at 1628 cm-
' (C=0 stretching vibrations) [295], and a peak at ~1370 cm™' (symmetric aliphatic C-
H bending vibration of methyl groups, OCH3). Notably, the band at ~1454 cm™' showed

higher intensity in Lt-g-SAH compared to ctrl, indicating the presence of lignite through
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symmetric aliphatic C-H vibrations of methylene (CH2) and methoxyl (OCH3) groups

in the hydrogel.

4.3.2.3 SEM

SEI  20kV WD13mm  $S30 x13,000 Y —
Sample: 0000 02 Feb 2024

Figure 4. 5: SEM images of a) Lt-g-SAH and b) Ctrl

The surface morphology of Lt-g-SAH and Ctrl were observed using SEM at 13,000 X
magnification. The grafting of lignite significantly impacts the morphology of Lt-g-
SAH. Sample ctrl exhibits a smooth surface with few pores, as depicted in Figure 4. 5.
In contrast, sample Lt-g-SAH displays a distinct porous and flaky structure. The pore
diameter was calculated using Image] software and was found to be 0.95 um. The

surface observed is in alliance with some graphite-based products [296-298].

4.3.2.4 XRD

X-ray diffraction patterns were recorded for the synthesized Lt-g-SAH and Ctrl hydrogels.
These XRD measurements were performed to analyze the effect of lignite presence on the
microstructure arrangement. The XRD pattern of Lt-g-SAH and Ctrl shows a standard broad
peak at 20 =31.36° and 30.55°, respectively (Figure 4. 6¢ and 4. 6d). Kumar et al. synthesized
carboxymethyl cellulose-g-poly (sodium acrylate)/FeCls hydrogel beads where the hydrogel

demonstrated broad peaks at 22.46° and 32.15° [226].

119



Chapterd

The XRD analysis of the coal sample from the Neyveli lignite field (Fig. 6a) indicates
the dominance of clay minerals and carbonate phases. The principal mineral phases
found in this coal are kaolinite, dolomite and siderite [299]. In the Lt-g-SAH, several
minor peaks are present near 20°, which may be attributed to these lignite components.
Significant peaks of dinotefuran and lignite are also present in the same region. After
the in-situ loading, the peak of Dinotefuran at 10° (Figure 4. 6b) was shifted from higher
to lower 20 values in Lt-g-SAH and Ctrl, which indicates that dinotefuran is present in
hydrogels, some amount of which is ionically crosslinked with polysodium acrylate

chains.

The interplanar distance and average molecular interchain spacing (<R>) are calculated

from the strong maximum at 31° in Lt-g-SAH and Ctrl using Eq. 5 and 6.

nA= 2dsin0 &)
_5.4
<R >= 8 (sine) (6)

Table 4. 1: XRD data of Lt-g-SAH and ctrl

Sampl d <R>
amplie
P (A) (A)
Lt-g-SAH 2.90 3.62
Crtl 2.88 3.54

The interplanar distances of Lt-g-SAH and ctrl hydrogels have been quantified as 2.90 and
2.88 A, respectively, as shown in Table 4. 1. Additionally, the average molecular interchain
spacing between polymeric chains in Lt-g-SAH and ctrl hydrogels has been determined
to be 3.62 and 3.54 A. A lower value of <R> suggests a stronger intermolecular attraction

and shorter interchain distances, which results in a more compact structure. The presence
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of bulky groups of lignite on the polyacrylate chains leads to steric hindrance, causing the
molecular chains to spread apart and resulting in a higher average interchain spacing and

interplanar distance in the lignite-based hydrogel.
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Figure 4.6: X-ray diffraction (XRD) patterns of a) Ammoniated Lignite, b) Dinotefuran,
¢) Lt-g-SAH, and d) Ctrl.
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Figure 4.7: TGA plots of a) Dinotefuran, b) Ctrl, and c) Lt-g-SAH.
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TGA was conducted to assess the thermal stability of dinotefuran, Ctrl, and Lt-g-SAH
hydrogels, revealing multi-step degradation processes as illustrated in Figure 4. 7.
Differential thermogravimetry (DTG) curves showed multiple endothermic peaks for
all samples. The degradation process consisted of several stages: initial weight loss up
to 200 °C due to moisture evaporation and volatile compound decomposition; a second
stage (200-400 °C) corresponding to poly(sodium acrylate) copolymer decomposition
[268], a third stage involving the breakdown of bonds between the polymeric backbone,
grafting monomer, and crosslinker and weight loss in the 400-500 °C range associated
with CO liberation from degrading C—O—C and C=0 bonds, as well as lignite aromatic
ring degradation in Lt-g-SAH [222, 223]. Dinotefuran exhibited a prominent rate
change at approximately 250 °C [300]. This change point can also be observed in Ctrl

and Lt-g-SAH, thereby supporting the presence of dinotefuran in both hydrogels.

The residual mass per cent provides evidence of enhanced thermal stability due to the
incorporation of lignite into hydrogels. Notably, Lt-g-SAH and ctrl exhibited residual
mass per cent of 41.01% and 36.39%, respectively, at 800 °C. Whereas dinotefuran
completely degraded at 716.16°C. These distinctions demonstrated that the Lt-g-SAH

hydrogel has better thermal stability than the ctrl hydrogel.

4.3.3 Swelling Index, (% PEF) and (% PL) of Lt-g-SAH and Ctrl in distilled

water
The absorption of an aqueous solution is a crucial property of hydrogel. During the
swelling process, the elastic polymer chains undergo extension, whereas the
crosslinking junctions prevent the complete dissolution of the polymer [257]. The

swelling index of two hydrogels at equilibrium in distilled water was assessed at
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different time intervals. Lt-g-SAH exhibited a swelling index of 187.1 g-g™! at 35 hours,
while Ctrl showed a 142.7 g-g™! swelling index in 31 hours. The swelling study data
analysis indicates that Lt-g-SAH demonstrated greater swelling capacity and prolonged
duration than ctrl, suggesting that including lignite enhanced the synthesized hydrogel's

swelling efficiency.

The encapsulation efficiency of Lt-g-SAH and ctrl hydrogel is 8.21% and 5.63%,
respectively. (p < 0.05) The drug loading capacity increased from 64.36 % in ctrl to
70.12 % in Lt-g-SAH due to the incorporation of lignite. Compared to Lt-g-SAH beads,
the encapsulation efficiency enhanced significantly (p < 0.05) by adding lignite. The
enhancement of encapsulation efficiency indicates that the observed differences are
associated with lignite's introduction during hydrogel synthesis and are not observed
due to random errors. Lignite probably acted as a filler, increasing the crosslinking
density of hydrogel and restricting the movement of SA chains, which hindered the
exudation of dinotefuran from beads, resulting in improved drug loading efficiency

[287, 301].

4.3.4 Effect of variation in concentration of different parameters on the swelling

index of Lt-g-SAH

Flory researched the relationship between framework properties and water absorbency
and concluded that a number of parameters determines solvent absorption by
hydrogel. As a result, a systematic study was conducted to optimize hydrogel synthesis
conditions focusing on key polymerization variables: biopolymer, initiator, and

crosslinker concentrations.
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Figure 4. 8: Effect of variation in swelling index of Lt-g-SAH against: a) biopolymer, b)
initiator, c) crosslinker. Error bars represent standard deviation.

4.3.5 Effect of variation in concentration of biopolymer on SI

The concentration of hydrophilic biopolymers is a critical parameter affecting the
swelling characteristics of hydrogels. The impact of varying lignite content on hydrogel
swelling behavior was studied with concentrations ranging from 0.05 g to 0.4 g (Figure
4. 8a). Incorporating lignite introduced a diverse array of hydrophilic moieties into the

hydrogel matrix, resulting in an observed increase in the SI.

However, this trend was not monotonic. Upon reaching a lignite content of 0.3 g, a
reversal was observed in the SI trend. This phenomenon may be attributed to a shift in
the balance between the hydrogel structure's ionic and non-ionic hydrophilic groups.
Specifically, at higher lignite concentrations, the proportion of ionic hydrophilic groups,
such as carboxyl moieties, may have surpassed that of non-ionic hydrophilic groups
like amide and hydroxyl functionalities [231]. This alteration in the hydrophilic group
composition could explain the subsequent decrease in SI observed at lignite

concentrations exceeding 0.3 g.
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4.3.6 Effect of variation in concentration of initiator on SI

The reaction initiator plays a pivotal role in hydrogel synthesis by generating active
sites on the polymer chains. This study investigated the influence of initiator

concentration on the SI of the prepared hydrogels.

A Dbiphasic relationship between initiator concentration and SI (Figure 4. 8b) was
observed. As the initiator concentration increased from 0.02 to 0.10 mol-L"!, SI rose
correspondingly. However, this trend reversed at higher concentrations, with SI
decreasing as initiator levels increased. The optimal distilled water absorption was

achieved at an initiator concentration of 0.7 mol-L".

This behavior can be explained by the interplay between free radical generation and
network formation. The increasing amount of initiator likely produced more free
radicals at lower concentrations (up to 0.07 mol-L™"). It could lead to the formation of
more chain ends within the network while simultaneously reducing the average kinetic

chain length, potentially explaining the initial increase in SI.

Conversely, at initiator concentrations exceeding 0.07 mol-L™! the reaction kinetics may
have been altered significantly. The elevated initiator levels could have accelerated the
polymerization rate, potentially resulting in a more compact network structure with
reduced interstitial spaces. This structural change might account for the observed

decrease in SI at higher initiator concentrations [108].

These findings highlight the critical importance of precisely controlling initiator
concentration in hydrogel synthesis to achieve desired swelling properties, underscoring the

complex relationship between reaction parameters and final hydrogel characteristics.
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4.3.7 Effect of variation in concentration of crosslinker on SI

The study to analyze the effect of crosslinker concentration on hydrogel properties
revealed a pronounced inverse relationship between the swelling index (SI) and

crosslinker content, as illustrated in Figure 4. 8(c).

At crosslinker concentrations below 0.015 mol-L™!, insufficient graft polymerization
was observed, resulting in the formation of a gelatinous substance lacking adequate
structural integrity. This finding suggests a critical threshold of crosslinker

concentration necessary for developing a stable hydrogel network.

As the concentration of MBA was increased beyond this threshold, we noted a marked
decrease in SI. We attribute this phenomenon to additional crosslinking junctions within
the polymer chains. The increased crosslinking density likely leads to a more
constrained network structure characterized by reduced interstitial spaces and
diminished free volume within the polymeric matrix [108, 232]. The observed
relationship between crosslinker concentration and swelling behavior can be
rationalized in terms of network topology and polymer chain mobility. Higher
crosslinking densities typically result in more rigid structures with limited chain

flexibility, impeding water uptake and subsequent hydrogel expansion.

These findings underscore the critical role of crosslinker concentration in modulating

hydrogel swelling properties.
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4.3.8 Agricultural application of Lt-g-SAH

4.3.8.1 Highest water retention capacity
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Figure 4.9: Water retention capacity plot of soil amended with Lt-g-SAH and Ctrl. Error
bars represent standard deviation; ****P < (0.0001.

Water availability in soil is a critical factor influencing plant growth and development.
This experiment evaluated the effect of Lt-g-SAH on water retention capacity (WH%)
of soil, comparing it to a control soil sample. Figure 4. 9 illustrates the relationship
between hydrogel concentration and water absorption in soil. Our findings demonstrate
that incorporating Lt-g-SAH significantly enhanced the soil's water-retaining
properties. Specifically, soil samples containing the synthesized Lt-g-SAH hydrogel
exhibited a markedly higher water-absorbing capacity (75.12%) than the control soil
(52.94%). This substantial improvement in water retention suggests that Lt-g-SAH
could be an effective soil amendment for enhancing plant moisture availability. The
hydrogel's ability to absorb and retain water may lead to several potential benefits in
agricultural applications: Increased water use efficiency, reduced irrigation frequency,

enhanced drought resilience, and improved nutrient retention.
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4.3.8.2 UV protection of Dinotefuran by synthesized hydrogel

After exposure to ultraviolet light, the amounts of Dinotefuran released from Lt-g-SAH
and Ctrl groups in distilled water were analyzed for 48 hours. Initial measurements
revealed that Lt-g-SAH and Ctrl released 42.4 mg and 35.37 mg of Dinotefuran,
respectively, in the absence of UV irradiation. Subsequent analysis after 30 days of
continuous UV exposure demonstrated differential degradation patterns between the
two groups. As shown in Figure 4. 10, the Lt-g-SAH group exhibited remarkable
stability, with only a marginal decrease of 1.58% in Dinotefuran release, resulting in a

final concentration of 41.73 mg.
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Figure 4.10: Amount of Dinotefuran released from Lt-g-SAH and Ctrl after UV
irradiation. Error bars represent standard deviation; ****P < (.0001.

In stark contrast, the Ctrl group experienced a substantial reduction of 28.11% in
Dinotefuran release, with the final concentration diminishing to 25.42 mg. This marked
disparity in pesticide release profiles can be attributed to the differential susceptibility

of the formulations to UV-induced degradation over time. The results suggest that the
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Lt-g-SAH formulation confers enhanced photostability to Dinotefuran, potentially
offering improved efficacy and longevity in field applications where UV exposure is a

significant factor.

The ANOVA results showed that the water retention capacity, Dinotefuran released
from hydrogels and UV protection efficiency of Lt-g-SAH and ctrl is significant since
the observed P-value (F-test) was smaller than 0.05, as shown in Table 4. 2. It indicates
less than a 5% probability that the null hypothesis will be true. Thus, the observed
changes are not due to the random errors associated with the measured parameter but

rather to the change in the biopolymers used for hydrogel synthesis.

Table 4.2: ANOVA data of different studies.

Source Sum of DF Mean square F-Value P-value
Squares
Water Retention 5 ¢, 5 737.92 134.92 3.14x104
Capacity
Dino release 34328 5 227.92 7.90 4.82x10°
study
UV protection 431.19 5 394.47 7.70 2.80%107

4.3.8.3 Release kinetics of Dinotefuran by Lt-g-SAH and Ctrl in distilled water

The release kinetics of Dinotefuran from Lt-g-SAH and control hydrogels were
investigated in distilled water. As concluded from the swelling study, Lt-g-SAH
exhibits better stability than ctrl in distilled water; hence, it is expected to release the
entrapped pesticide over a long period. This finding aligns with the study by Bajpai et
al., which reported that CA/poly (SA) beads exhibit fair stability in their solvent

medium, indicating a potential for extended release of the model drug.[272]

The Lt-g-SAH demonstrates an almost 62.46% release in a duration of 39 h. In contrast,
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ctrl exhibits a relatively slower and less release (56.22%) extended over a time span of
33 h. In this way, it is clear that introducing lignite with poly(sodium acrylate) chains

results in a slower release with an extended release period.

The process of slow pesticide release occurred through both formulations in a
sequential manner: initially, water enters the hydrogel. The process initiates with water
penetration into the hydrogel matrix, triggering swelling. It leads to a dynamic
equilibrium between the free water within the hydrogel and the surrounding aqueous
environment. Concurrently, the pesticide molecules entrapped within the hydrogel

undergo dissolution and subsequent diffusion.
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The pesticide release into the surrounding water is driven by two primary factors:

Osmotic gradients between the hydrogel interior and exterior and dynamic exchange of
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free water molecules [214]. The release mechanisms were analyzed using the
Korsmeyer-Peppas model, Higuchi model, and First-order kinetics to understand the

underlying processes involved in the release dynamics, as shown in Figure 4. 11.

Table 4.3: Release kinetics data of Dinotefuran using different mathematical models.

Model Formulation R? Parameter
Korsmeyer Lt-g-SAH 0.9965 n=0.617, kxp=12.060 min™
Peppas Ctrl 0.9931 n=0.544 , kxp=15.164 min™
Lt-g-SAH 0.9722 kyg= 17.308 min"'
Higuchi )
Ctrl 0.9661 ky=16.378 min'3
Lt-g-SAH 0.9904 k;=0.083 min™!

First order
Ctrl 0.9922 ki=0.091 min™!

From Table 4. 3, the Korsmeyer-Peppas and first-order models demonstrated the
highest R? values (0.99) for both Lt-g-SAH and the control, indicating superior fit
compared to the Higuchi model (R? =~ 0.9722 and 0.9661, respectively). It suggests that
the Korsmeyer-Peppas and first-order models best describe the release kinetics.
Notably, the Korsmeyer-Peppas model parameter 'n' exceeded 0.45 for both
formulations, indicating a non-Fickian diffusional release mechanism. In non-Fickian
or anomalous transport, pesticide release is influenced by diffusion and hydrogel
swelling processes, with comparable rates for these phenomena. It results in time-
dependent anomalous effects attributed to the gradual rearrangement of polymeric
chains concurrent with diffusion [269]. The firm fit of the first-order release model
further supports these time-dependent anomalous effects, as it assumes that the rate of

concentration change is proportional to the concentration itself.
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4.4 Conclusion

The study successfully synthesized and characterized Lt-g-SAH hydrogels for the
controlled release of Dinotefuran, a pesticide. The hydrogels demonstrated an enhanced
ability to swell and retain moisture compared to the control formulation. Through
detailed release kinetics analysis, it was observed that Lt-g-SAH exhibited a more
sustained and controlled release profile for Dinotefuran, aligning with the Korsmeyer-
Peppas and First-order kinetic models, indicative of a non-Fickian diffusion
mechanism. Incorporating lignite into the hydrogel matrix was crucial in achieving a
slower and extended release, thus improving the hydrogel's efficacy in controlled

pesticide delivery.

The study's findings also highlighted the superior stability of Lt-g-SAH in distilled
water, suggesting its potential for long-term application in agricultural settings. The UV
protection experiments further validated the hydrogels' effectiveness, as Lt-g-SAH
showed significantly less Dinotefuran degradation under UV irradiation than Ctrl. It
underscores the hydrogel's capability to safeguard the active ingredient, ensuring

prolonged pest control activity.

In conclusion, the Lt-g-SAH hydrogel presents a promising advancement in controlled
release systems for pesticides, offering a balanced approach to effective pest control
and environmental sustainability. Future research should focus on field trials and
evaluating the hydrogel's performance under various environmental conditions to fully

realize its practical applications.
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NOVEL FORMULATIONS OF HUMIC ACID,
LIGNIN, AND LIGNITE GRAFTED
HYDROGELS FOR THE SLOW RELEASE
OF THIAMETHOXAM.

HYDROGEL
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5.1 Introduction

The objective of this study is to explore the novel use of natural polymers like Humic
acid, Lignin, and Lignite based hydrogels for the formulation of pesticides and
fertilizers that would reduce the residues in soil and run-off water that pose a threat to
human health and the environment. We synthesized hydrogels by grafting Humic acid,
lignin, and lignite onto acrylic acid with N'N-methylene bisacrylamide (MBA) for the
ex-situ encapsulation of thiamethoxam, a common pesticide. Various characterization
techniques including Fourier-transform infrared spectroscopy, Carbon-13 Solid-state
Cross-Polarization Magic Angle Spinning Nuclear Magnetic Resonance, X-ray
diffraction, Thermogravimetric Analysis, and Rheology were employed. The release
kinetics of thiamethoxam in water from the developed formulations were analyzed
using the Korsmeyer- Peppas model and the Weibull model. Humic acid and lignin-
based hydrogels exhibited a long-sustained release for 49 hours, followed by lignite-
based hydrogels (38 hours). According to ANOVA results, the change in biopolymer
proved to be an effective factor in reducing the water evaporation rate, which decreased
from 99% to 72.85% in the soil amended with synthesized hydrogels. In conclusion, the
novel formulations of humic acid, lignin, and lignite exhibit potential as slow-release
vehicles for pesticides and fertilizers. This study provides valuable insights for the research
community, addressing the need to develop effective strategies for mitigating pesticide

residues in soil and water bodies.

Today, pesticides have become the comerstone of the predominant agricultural systems.
These are important inputs for enhancing crop productivity and preventing major biological
disasters. Worldwide, around 5 million tons of chemical pesticides are used every year,

belonging to more than 100 classes with various modes of action.[302] However, more
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than 90% of conventional pesticide formulations run off into the environment and reside in
agricultural products too. [303] Long-term exposure of pesticides to humans can cause
reproductive complications, neurological disorders, immunological, and pulmonary
diseases, and cancer. [304] Therefore, to increase the effectiveness of pesticide application
and thereby reduce environmental risk, it is essential to develop innovative methods for
pesticide formulation technologies. The controlled release of pesticides through hydrogel
is a solution to the above problems. This means that the active components of the pesticide
are released within a predetermined time and conditions via formulation with supporting
materials.[305] Hydrogels are moist and flexible materials that possess a three-dimensional
interlinked matrix, featuring remarkable water retention capabilities.[306] Hydrogels are
classified as physically cross-linked [307], chemically cross-linked [308], or double-
network [309] hydrogels based on the cross-linking techniques used. Secondary
interactions result in the development of physically cross-linked hydrogels. On the other
hand, several techniques such as water-soluble polymer cross-linking, radiation
polymerization, free-radical polymerization, and polymer inter-transmission networks may
be used for developing chemically cross-linked hydrogels.[310] Among these, the free
radical polymerization technique is economical and gives higher swelling. Hydrogels have
applications in biomedical [39], food and agriculture[282, 311], textile, cosmetics, water
purification, remediation, and separation fields [312]. Economical controlled-release
pesticide formulations should be developed using natural biodegradable polymers.
Nowadays, researchers need to pay attention to the omnipresent- favorable, sustainable,
and large-scale assets like humic acid, lignin and lignite to be used as a chemical component
in various syntheses. The scale and importance of these “sleeping giants” is unimaginably

large.[7]
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The term Humic acid is used for the polymeric, brown-black, alkali-soluble acids found
in soils, sea grasses, plants, sediments, fungi, and marine and terrestrial waters. It is the
most active component of soil organic matter and a main fraction of humic
substances.[313] Humic acids play multiple important roles in agriculture such as
improving water holding capacity, soil structure, and texture, preventing microbial growth,

increasing nutrient availability to soil, and transporting micronutrients to plants.[314]

Lignin is an aromatic hetero-polymer present as a constituent of the plant cell wall,
along with cellulose and hemicellulose. Its functions include both defense against
pathogens and mechanical support. The waste from the paper and bioethanol industries
produces 100 million tonnes of this biopolymer annually. Lignin is estimated to make

up 15-35% of lignocellulosic biomass.[315]

Often called brown coal, lignite is a soft, brown, combustible sedimentary rock that
develops when peat naturally compresses.[316] It has poor thermal stability, the highest
volatile content, and strong chemical reactions with low thermal safety.[317] The

structures of Humic acid[4], Lignin[318], and Lignite[288] have been represented in

Figure 5. 1.
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b)

c) Lignite

Figure 5. 1: Chemical structures of a) Humic acid, b) Lignin, and c¢) Lignite.

Thiamethoxam  (3-(2-chloro-1,3-thiazol-5-ylmethyl)-5-methyl-1,3,5-oxadiazinan4-
ylidene(nitro) amine) has been chosen as the model insecticide in the present study due
to its broad spectrum of activity against insects. The efficacy of this systematic pesticide

for controlling several pests in different crops is very well established.[319]

137



Chapter 5

Humic acid and lignite are well explored in geochemistry and agriculture [35, 320—
326], it is just that in our opinion a polymer perspective on this relevant class of
materials is missing. This leads to a pure chemical lab synthesis of ammonium humate
and ammonium lignite and their utilization as an advanced polymer material like

hydrogel.

In the present study, the above-mentioned natural polymers i.e. Humic acid, lignin
(lignosulfonic acid sodium salt), and lignite are used to fabricate novel thiamethoxam
loaded hydrogels. Humic acid grafted poly(sodium acrylate) hydrogel (HA-g-SAH),
Lignosulfonic acid sodium salt grafted poly(sodium acrylate) hydrogel (LS-g-SAH),
Lignite grafted poly(sodium acrylate) hydrogel (Lt-g-SAH) and control (ctrl) were
synthesized by using the graft co-polymerization method. The synthesized hydrogels
were characterized by FT-IR, XRD, SEM, and TGA. Their viscoelasticity has been
studied using rheology. The release kinetics of thiamethoxam is studied through UV-

vis spectrophotometry.

This work aims to synthesize formulations for thiamethoxam using Humic acid, lignin,
and lignite-based hydrogels as a carrier. This will reduce the environmental influences
of pesticide runoff into the water and contribute to the controlled release of the

pesticides.

5.2 Experimental

5.2.1 Materials

Lignosulfonic acid sodium salt (LS) (M wt. $2,000) was purchased from Sigma
Aldrich. Humic acid, Acrylic acid (AA), Sodium Hydroxide (NaOH), and N'N-

methylene bisacrylamide (MBA) were purchased from CDH Pvt Ltd. Lignite was
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obtained from Neyvelli Pvt. Ltd. Liquor ammonia and Potassium persulfate (KPS) were
bought from SD Fine chem Ltd. Thiamethoxam (96.5 %) m/m was obtained through
the courtesy of the Institute of Pesticide Formulation and Technology, Gurugram, India.

All necessary water-based polymerization solutions were prepared using distilled water.

5.2.2 Preparation of Ammonium Humate and Ammonium Lignite

Humic acid and Lignite are water-insoluble. Thus, their salt in the form of Ammonium
humate and Ammonium lignite was prepared. Since Humic Acid and Lignite are readily
soluble in anhydrous ammonia solution (30%), these were put into ammonium
hydroxide solution in a ratio of 1:15 by mass and stirred on a magnetic stirrer at 27°C
and 600 rpm for 24 hours. This was followed by vacuum filtration and complete oven
drying at 80°C. Ammonium cations in the hydroxide state were able to replace the
protons into Humic acid and Lignite molecules resulting in their dissolution and

activation.
5.2.3 Characterization of synthesized hydrogels

The FTIR spectra in the range of 4000 cm™ to 650 cm™ were recorded using Perkin
Elmer 2000 FT-IR spectrometer at a resolution of 1 cm™ to identify the present
functional groups of synthesized hydrogels. The solid-state '*C-NMR analysis of
samples was carried out on a Bruker Ascend-400 spectrometer operating at 400 MHz.
The surface morphology was determined through SEM on EVO 18 Research, Zeiss,
instrument. TGA was conducted with a uniform heating rate of 10 °C/min on Perkin
Elmer, Thermogravimetric Analyzer, TGA 4000 in the Nitrogen environment. The
structure of hydrogels was described using XRD recorded through RIGAKU with

source Cu-Ka performed at a voltage of 50 kV with a resolution of 0.04°. The
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rheological analysis was carried out using the Anton Par Rheometer (Model: Anton Par,
Modular Compact Rheometer, MCR 302) with a PP-25 parallel plate and 2.5mm inter-

platen gap.
5.2.4 Swelling experiment

The technique used to evaluate the swelling study of HA-g-SAH, LS-g-SAH, and Lt-
g-SAH is well-established and has been documented in earlier research. In short, the
samples under investigation were dried at 50 °C till complete moisture was removed,
weighed, and then placed in distilled water at room temperature. The samples were
weighed at predetermined intervals after being wiped using filter paper to eliminate

extra water.[6] The swelling index was defined using equation 1:

Swelling Index (g-g') = Wo—Wa 0

Wa
in which W; and W) are the dry and hydrated weight of the hydrogels, respectively.
5.2.5 Water evaporation study

A water evaporation test was used to investigate hydrogel-treated soil's ability to
retain water within its system structure for 55 days. Oven-dried soil (at 60°C for
48 hours) was used to prepare different sets of hydrogel-treated soil along with a
control set. Each mixture was fed with 50 ml of distilled water. The total weight
of water, soil, and hydrogel is kept as 'Mi." Then, these were placed at room
temperature and weighed daily (M;) [214]. Here, the effect of the addition of HA-
g-SAH, LS-g-SAH, Lt-g-SAH, and ctrl on soil is studied by considering the water
evaporation loss value from each hydrogel-treated soil samples as well as

untreated soil (blank soil).[214] The water evaporation ratio (WER) was
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determined using equation 2. The evaluation of the results of WER was carried out

using analysis of variance (ANOVA) which includes F-test and P-values.

Mj—M;

WER = —L=x 100 )

Where, M;is the initial total weight of water, soil, and hydrogel and M;is the total weight

of the mixture after a fix interval of time.

5.2.6 Determination of loading efficiency of thiamethoxam in the synthesized

hydrogels

The difference in the total amount of thiamethoxam loaded into HA-g-SAH, LS-
g-SAH, and Lt-g-SAH and the amount of free thiamethoxam in the
respective supernatant was used to determine the amount of thiamethoxam loaded
in hydrogel formulations [252]. The analysis was done using UV-Vis
spectrophotometer (Shimadzu UV-Spectrophotometer, UV-1800) at 254 nm. Later,
the standard curve was used to convert the absorbance of samples to the
concentration of thiamethoxam. The loading efficiency (LE) of thiamethoxam was

calculated using the following equation 3.

LE (%) = 2ete2ree 5 100 3)

total

where A (otal 1S the amount of thiamethoxam used to prepare HA-g-SAH, LS-g-
SAH, and Lt-g-SAH, and B fee is the amount of freely present thiamethoxam in

the supernatant.
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5.2.7 In vitro loading and release of thiamethoxam by HA-g-SAH, LS-g-SAH,

and Lt-g-SAH

Thiamethoxam was loaded onto the hydrogel by immersing a pre-weighed dry HA-g-
SAH, LS-g-SAH, and Lt-g-SAH into a thiamethoxam solution (2000 ppm) for 24 h.
After that, the swollen gels were removed from the water and dried till a constant weight

was achieved.

The amount of thiamethoxam released by HA-g-SAH, LS-g-SAH, and Lt-g-SAH was
evaluated by soaking the dried thiamethoxam-loaded samples in a beaker with 100 ml
of distilled water at ambient temperature. Later, 1 ml of dissolved water was drawn
from the medium at fixed intervals to observe the released thiamethoxam, and the same
amount of distilled water was added to the beaker to keep the volume constant [215].
The analysis of thiamethoxam in the supernatant was done by measuring its absorbance
at 254 nm using UV—vis spectrophotometer.[254] Also, the standard calibration curve
was used to formulate the below-mentioned equation 4 for the determination of
thiamethoxam concentration (C).

A-0.1735
0.0002

C (ppm) = c)

Where C is the concentration of thiamethoxam in the water sample and A is the UV-

vis absorbance of the solution of unknown concentration.
5.3 Results and Discussion
5.3.1 Mechanism for the formation of HA-g-SAH, LS-g-SAH, and Lt-g-SAH

The KPS initiator generated anion radicals which further helped to produce phenoxy

radicals on ammonium humate, lignosulphonate, and ammonium lignite. The active
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radicals also reacted with the vinyl groups of sodium acrylate, leading to the
propagation of chain-forming poly sodium acrylate.[157, 232] Ganguly et al. reported
that a divinylic monomer i.e. MBA generates interchain covalent crosslinking because
of its multifunctional character.[327] Thus, poly(sodium acrylate) propagated until
crosslinked and terminated by MBA to form HA-g-SAH, LS-g-SAH, and Lt-g-SAH.
The electrostatic repulsion created by the negatively charged carboxylate ions in the
poly(sodium acrylate) polymer chains will lead to a network expansion. This further

improved the hydrogel's capacity to absorb water.[213]

5.3.2 Characterization of hydrogels
5.3.2.1 Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR of all the formulations is shown in Figure 5. 2. Bands at 1586-1556 and
1402-1406 cm™ are due to carboxylate group stretching of acrylate.[264, 328] The
stretching vibration of associated -OH in all the hydrogels is observed between 3280-
3303 cm ! as a broadband. The peaks of free-OH groups present in Humic acid, Lignite,
and Lignosulphonate sodium salt are observed at 3677 cm™'.[329] Compared to IR
peaks of ctrl a peak around 2966-2986 cm ! is introduced in all the three HA-g-SAH,
LS-g-SAH, and Lt-g-SAH hydrogels.[69] This is due to the gradual increase in C—H
stretching because of the grafting of Humic acid, Lignosulphonate salt, and Lignite onto
the hydrogel.[330] A peak at 1637 cm™! in HA-g-SAH signifies the presence of
conjugated C=C. The strong peak around 1058 cm™' arises due to C—O-S stretching
vibration and the peak at 1168 cm™! is assigned to O=S=0 antisymmetric stretching
vibration in the LS-g-SAH.[69]. The strong bands at 1404 cm™' and 1554 cm™ are due

to the asymmetric stretching in the carboxylate anion.[331] The broad band and a peak
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at 1323-1312 cm™! correspond to the C-N group of MBA.[217] The peak around 3677

cm! is the characteristic peak of free O-H present in all three natural polymers, thereby

confirming their presence in the hydrogels.
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Figure 5. 2: FT-IR of a) HA-g-SAH, b) LS-g-SAH, c) Lt-g-SAH and, d) ctrl hydrogels.

5.3.2.2 13C Solid-state Cross-Polarization Magic Angle Spinning Nuclear Magnetic

Resonance (13C CPMAS NMR)

Solid state '*C NMR spectroscopy is a powerful tool for the structural characterization of

polymers. The spectra of synthesized HA-g-SAH, LS-g-SAH, LT-g-SAH, and ctrl were

studied along with Ammonium Humate, Lignosulfonic acid sodium salt, and Ammonium

Lignite as shown in Figure 5. 3. In the spectra, notable peaks at approximately 45 ppm and

185 ppm in HA-g-SAH, LS-g-SAH, LT-g-SAH, and ctrl were assigned to saturated

aliphatic chains, and C from carbonyl ester (COONa), COOH, respectively. The

prominent intensified peak at 185 ppm might be precisely attributed to the free COOH

groups and crosslinks in the synthesized hydrogels.[332] The appearance of signals
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around 50-10 ppm indicated the aliphatic C chain.[218-221] The peaks between 54-56
ppm corresponded to methoxy, methyne, and quaternary C. Remarkably, Lt-g-SAH
showcased distinctive peaks in this region depicting the presence of lignite in the
hydrogel.[292] The bands between 110—165 ppm mainly corresponded to aromatic and
olefinic carbons with HA-g-SAH revealing their presence, albeit at a lower intensity.[333]
The presence of peaks at 135.1 ppm and 86.2 ppm verify the presence of Lignosulfonic
acid in LS-g-SAH. Meanwhile, the majority of the peaks of natural polymers are

integrated into their respective hydrogels.
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Figure 5. 3: SS 3C CP-MAS NMR spectrum of a) Ammonium Humate, b) HA-g-SAH, ¢)
Lignosulfonic acid sodium salt, d) LS-g-SAH, ¢) Ammonium Lignite, f) Lt-g-SAH and ag)
Ctrl.
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5.3.2.3 Scanning electron microscopy (SEM)

The SEM images of the a) HA-g-SAH, b) LS-g-SAH, and c¢) LT-g-SAH at the 7000X
magnification are presented in Figure 5. 4. It was observed that all three natural polymer-
based hydrogels have amorphous surfaces whereas ctrl was smooth and had some cracks in
it. The pores present in hydrogels act as an interaction site for the hydrophilic groups of graft
copolymers towards the external stimuli.[264] HA-g-SAH and LS-g-SAH showed some oval
or spherical particles creating a porous structure. Haque et al. observed similar rough and
discontinuous morphology for their cellulose-based hydrogels.[334] However, the lignite-
based hydrogel is different as it showed the presence of irregularly shaped layered structures
with jagged features. Lower porosity in conventionally formed hydrogel allows stronger
intermolecular attraction and vice-versa.[267] This finding is also supported by the study of
Kojima et al. The study demonstrated that lower porosity, achieved through higher
crosslinking density, enhanced the intermolecular attraction due to the increased proximity of

polymer chains, resulting in stronger bonding.[335]
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Figure 5.4: The SEM images of a) HA-g-SAH, b) LS-g-SAH, c) Lt-g-SAH and d) Ctrl
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5.3.2.4 Thermal analysis

All of the hydrogels exhibited a similar three-step degradation as shown in Figure 5. 5.
This aligns with the findings of Liu et al. [336] The initial weight loss at the first stage
(up to 400 °C) is due to the entrapped moisture and decomposition of associated volatile
compounds in hydrogels. Within the first stage, the increase in temperature from 150°C
to 450°C marked the decomposition of LS, known as vitrification transformation in LS-
g-SAH.[337] The decomposition of the sulfonic acid group in LS and small ungrafted
molecular polymers of HA, LS, and Lignite took place in the range of 250-400°C [123].
The mass loss at 300 °C in HA-g-SAH probably corresponded to the decomposition of
methylene groups, carboxylic groups, methyl groups, alcoholic groups, and
carbohydrates present in the humic structure [338]. Weight loss in the second stage
(400-500 °C) could be attributed to the liberation of CO from degrading C=0, C-O-C,
and degeneration of aromatic rings present in HA, LS, and Lignite within HA-g-SAH,

LS-g-SAH, and Lt-g-SAH.[222, 223]

The point of the highest rate change emerges prominently around 478°C, 479°C, and
470°C for HA-g-SAH, LS-g-SAH, and Lt-g-SAH respectively. This temperature was
remarkably elevated in comparison to the control at 270°C. It highlights the enhanced
thermal stability conferred by the grafting of three biopolymers to their respective
hydrogels. Additionally, the third step of degradation is attributed to the breaking down
of bonds between the polymeric backbone and grafting monomer and cross-linker
present in the hydrogel network.[339] The residual mass percent provides evidence of
enhanced thermal stability due to the incorporation of Humic Acid, Lignosulfonic acid

sodium salt, and Lignite into hydrogels. Notably, HA-g-SAH, LS-g-SAH, Lt-g-SAH,
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and ctrl exhibited residual mass percent of 49.7%, 49.6%, 49.3%, and 33.1%,

respectively at 800 °C.
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Figure 5.5: TGA analysis HA-g-SAH, LS-g-SAH, Lt-g-SAH, and Ctrl.

5.3.2.5 X-ray diffraction (XRD)

Two broad peaks were noticed in the XRD pattern of HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and ctrl hydrogels at 14° and 32° as shown in Figure 5. 6. The observed maxima
are characteristic of an amorphous polymer structure and are found to agree with
previous researches.[225, 266] Such a similar result has also been observed by grafting
carboxymethyl cellulose on sodium acrylate [226]. The average molecular interchain
spacing (<R>) was calculated from the strong maximum using the Bragg equation

(equation 5).[267]

5, 1
<R >_§ sine)

)

where, A = the wavelength of radiation, and 6 = diffraction maximum angle.
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Figure 5. 6: XRD analysis of HA-g-SAH, LS-g-SAH, Lt-g-SAH, and ctrl.

The average molecular interchain spacing between chains in the HA-g-SAH, LS-g-
SAH, and Lt-g-SAH and ctrl hydrogels is found tobe 7.66 A, 7.54 A 7.13 A and 3.60 A.
Low values of <R> represent a stronger intermolecular attraction and shorter interchain

distances which further makes the structure more compact.
5.3.2.6 Rheology

The study of rheology helps to understand the relationship between the chemical
structure and the macroscopic behavior of hydrogels.[227] The rheological properties
of the synthesized hydrogels were compared with ctrl to investigate the effect of the
presence of humic acid, lignin, and lignite in the hydrogels, as shown in Figures 5.7 and

Figure 5. 8.

During the amplitude sweep test, the shear stress amplitude was changed at a rate of

10 rad/s. At low strain, the loss modulus (G") and storage modulus (G') are consistent,
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indicating that the hydrogel structure remained unaffected. This phase, recognized as
linear-viscoelastic region (LVE), reflects the regime where the hydrogel structure
remains undisturbed under applied deformation. However, the consistency between G”
and G’ decreased with a further increase in strain. This deviation from consistent
modulus is an indication of the disruption of structure indicating the termination of the

LVE region.

The frequency varied from 0.1 to 500 rad/s during the frequency sweep test while keeping
the shear strain % within the LVE region constant. It was observed that the loss modulus
was prevalent at higher frequencies while the storage modulus was prevalent at lower
frequencies representing the viscoelastic solid behavior. Tan 6 (dimensionless), a
parameter denoting the ratio of storage modulus to loss modulus, generally varies from 0
to 1 for viscoelastic solutions. For an ideal viscous behavior, tan 6 is infinity, i.e., 8 is 90°

and for a perfect elastic behavior, tan 0 is 0, i.e., 0 is 0°. [228]

It was observed from Table 5. 1 that the cross-over point for all the hydrogels falls in
the low-frequency region (126-200 rad/s). Specifically, HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and ctrl had a loss factor of 0.026, 0.044, 0.081, and 0.018 representing the
dominancy of elastic behavior at low frequency. The very high values of loss factor at
high frequency represent the viscous behavior of hydrogels. This agrees with the
previously reported literature. [229] However, HA-g-SAH was found to have the
highest storage modulus of 1047.9 Pa and 0.504 Pa at both low and high angular

frequencies, respectively. At low angular frequency, LS-g-SAH (400.3Pa) showed the
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lowest storage modulus whereas at high angular frequency, Lt-g-SAH takes the lead

with the lowest storage modulus of 0.273 Pa.
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Figure 5.7: Rheological analysis - amplitude sweep of a) HA-g-SAH, b) LS-g-SAH, c) Lt-
g-SAH, and d) ctrl.
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Table 5.1: Frequency sweep rheological analysis data of HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and ctrl hydrogels.

Low frequency Cross-over point High frequency
Sample Storage Loss Loss factor Angular Storage Loss Loss
modulus modulus Tan 8 frequency modulus modulus factor
G'(Pa) G" (Pa) (rad/s) G'(Pa) G"(Pa) Tan9
HA-g-SAH 10479 27.05 0.026 200 0.504 10080 20000
LS-g-SAH  400.03 17.58 0.044 126 0.490 9818.6 20000
Lt-g-SAH 671.91 54.73 0.081 200 0.273 5469.3 20000
Ctrl 491.08 8.89 0.018 194 0.453 9063.7 20000

5.3.3 Swelling study of HA-g-SAH, LS-g-SAH, Lt-g-SAH and ctrl

5.3.3.1 Swelling study

Table 5.2: Swelling study analysis of various compositions of HA-g-SAH, LS-g-
SAH, Lt-g-SAH and ctrl hydrogels (KPS = 0.0098 mol-L-!, MBA = 0.021 mol-L").

Formulation Ammonium Hu.mate{Lignosulfonate/ " LS-SgI- (gogli)t-g-
Ammonium lignite (g) SAH SAH SAH Ctrl
1 0.0 - - - 142.58
2 0.05 136.66 121.78  95.64 -
3 0.1 20145 170.56 113.87 -
4 0.2 267.56 25833 159.22 -
5 0.3 280.92  230.45 187.4 -
6 0.4 228.12  187.34 152.72 -
7 0.5 173.45 136.45 135.65 -

Table 5.2 demonstrates the swelling behavior of the HA-g-SAH, LS-g-SAH, Lt-g-SAH
and ctrl hydrogels studied in distilled water. The results indicate that the swelling Index
is highly influenced by the concentration of biopolymers (Ammonium
Humate/Lignosulfonate/ Ammonium lignite). HA-g-SAH hydrogel exhibited the
highest swelling in distilled water (280.92 g-g’') in 47 hours. It was followed by LS-g-
SAH (258.33 g-g'!) in 37 hours and Lt-g-SAH (187.34 g-g!) in 34 hours. Ctrl hydrogel
had the lowest SI of 142.58 g-g”! in 31 hours. Thus, hydrogel formulation no’s 5, 4, and

5 of Ammonium Humate, Lignosulfonate, and Ammonium lignite, respectively were
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found to have the highest swelling and consequently used for the swelling and release

experiments.
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Figure 5. 9: a) Comparative swelling, b) SI concerning time

Figure 5. 9(a and b), show the swelling index of all hydrogels in distilled water at
various time intervals. It was observed that HA-g-SAH had an SI (g-g!) of 280.9 (g-g°
1) obtained in 47 hours. For others it was found to be - LS-g-SAH (258.33 g-g!) in 37
hours, Lt-g-SAH (187.4 g-g™) in 34 hours and control (142.58 g-g’!) in 31 hours. From
the swelling study data, it can be concluded that HA-g-SAH had the highest swelling
and it continued to swell up for the highest time among other hydrogels. All three
natural polymer-based hydrogels i. e. HA-g-SAH, LS-g-SAH, and Lt-g-SAH had better

swelling than control.
5.3.3.2 Loading efficiency of HA-g-SAH, LS-g-SAH, Lt-g-SAH, and ctrl

An ideal hydrogel used for release application should have good loading efficiency and
allow for release over a longer duration of time. The loading efficiency of synthesized
thiamethoxam-loaded hydrogels varied between 54% and 69%. Specifically, the LE
(%) of HA-g-SAH, LS-g-SAH, Lt-g-SAH, and control hydrogels were determined to

be 69.1%, 59.6%, 56.2%, and 54.5%, respectively.
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5.3.4 Agricultural application of HA-g-SAH, LS-g-SAH, and Lt-g-SAH
5.3.4.1 Water evaporation study

The direct loss of water as water vapor from soil to the atmosphere is termed water
evaporation. The rate of evaporation from the soil is influenced by the water-holding
capacity of the soil. The application of hydrogels improved the water-holding capacity
of the soil. Figure 10 shows that adding just 1 wt.% of the HA-g-SAH, LS-g-SAH, Lt-
g-SAH, and control hydrogels to the soil (ISO 17556 standard soil) reduced the
evaporation rate from 99% to 72.85%, 74.79%, 78.23%, and 85.23%, respectively of

the total added water on the 54™ day.

The ANOVA showed that the water evaporation ratio of HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and ctrl is significant since the observed P-value (F-test) was smaller than 0.05
as shown in Table 5. 3. This indicates that there is less than 5% probability of the null
hypothesis to be true. Thus, the observed changes are not due to the random errors
associated with the measured parameter but rather to the change in the biopolymers

used for hydrogel synthesis, indeed.

This order of water evaporation ratio is also supported by the swelling study data where
the highest swelling was obtained by HA-g-SAH followed by LS-g-SAH, Lt-g-SAH, and
control hydrogels. The control's water evaporation ratio from the study was higher than
soil amended with LS-g-SAH, probably due to the interaction between water and polymer
molecules and the macromolecular network hindrance.[214] The extended time for water
evaporation after applying hydrogel indicates the possibility for water to remain in the soil
for a longer time, providing more time for the plant to absorb water and increase plant

growth, especially during long dry spells and stress conditions.[340]
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Figure 5.10: Water evaporation study of soil amended with HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and control hydrogels.

Table 5.3: ANOVA table for water evaporation ratio.

Source Sum of squares DF Mean square F-Value P-value
Water
Evaporation 3842.729 3 1280.91 145.3515 2.57x107
ratio

5.3.4.2 Release kinetics of Thiamethoxam

The release kinetics of thiamethoxam from HA-g-SAH, LS-g-SAH, Lt-g-SAH, and
control hydrogels were observed in distilled water. It was found that hydrogels were
capable of releasing thiamethoxam for 49 hours (HA-g-SAH and LS-g-SAH), 38 hours

(Lt-g-SAH), and 32 hours (ctrl).

The Korsmeyer-Peppas model and Weibull model have been used to understand the
mechanism involved in releasing thiamethoxam as shown in Figure 5. 11 and Figure 5.

12, respectively.

Korsmeyer-Peppas model is represented using equation 6.
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M,
B e ®

where M; and M., represents the thiamethoxam released at time ‘t” and the equilibrium
point, respectively. The ratio of M; to M, denotes the fraction of total thiamethoxam
released at the time 't', while 'k’ is a polymer structure constant. In this model, the value
of n characterizes the release mechanism. For cylindrical tablets, 0.45 < n corresponds
to a Fickian diffusion mechanism, 0.45 <n < (.89 to non-Fickian transport, n = 0.89 to

Case II (relaxational) transport, and n > 0.89 to super case II transport Only the section

. M .
of the release curve where the ratio M—t < 0-6 should be used to determine the
[ee]

exponent 'n'.[234, 235]
The Weibull model can be represented using equation 7.

{log(—In(1 —m)} = Blog(t — Ti) — loga @)

Where, m is the amount of drug dissolved as a function of time t, B = shape parameter,
o = scale parameter, Ti = Location parameter/ time lag usually zero, t = Time in hours.
The o value in the Weibull model shows the time scale or apparent rate constant while

the B value characterizes the shape of the curve.[341]

When it comes to polymeric matrices, the exponent 3 serves as a marker for the drug's
method of transport across the matrix. In both fractal and Euclidian spaces, Fickian
diffusion is linked to  values < 0.75; on the other hand, B values in the range 0.75 <<
1 B are linked to a combined mechanism (Fick diffusion and swelling-controlled
transport). For values of B higher than 1, it is demonstrated that the drug transport

follows a complex release mechanism.[341, 342]
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Table 5.4: Mathematical models used for the study of release kinetics of thiamethoxam.

Model Equation Formulation R? Parameter lefusm-nal
mechanism
f = kgpt™ HA-g-SAH 09940 n=0.328 Fickian
kkp = constant depicting LS-g-SAH  0.9930 n=0.366 Fickian
Korsmeyer the experimental Lt-g-SAH ~ 0.9914 n=0.329 Fickian
parameters
Peppas

f = amount of the drug
released Ctrl 0.9957 n=0.334 Fickian

n = release exponent

. HA-g-SAH  0.9934 B =0.434 Fickian
Weibull R(H)=1-e* LS-g-SAH 09905 [ =0.482 Fickian
eipu =
o= scale factor Lt-g-SAH 09910 B =0.445 Fickian
[ = shape factor L
Ctrl 09941  B=0.455 Fickian

The slow-release process of thiamethoxam occurred through all the formulations in the
following manner; firstly, the water tries to enter the hydrogel. Afterward, the hydrogel
starts to swell by absorbing water until a dynamic exchange is developed between the
free water of the hydrogel and the water present in the soil. Meanwhile, the
thiamethoxam in the hydrogel matrix continues to dissolve and diffuse. It gets released

into the water due to the osmosis differences and dynamic exchange of free water.[214]

From Table 5. 4, the coefficient of determination values (R?) showed the maximum
value to be 0.99 for the Korsmeyer -Peppas model and Weibull model indicating that
the release followed both of them. The value of "n" is less than 0.45 in all the
formulations for the Korsmeyer-Peppas model representing a Fickian diffusional
release from the synthesized hydrogel. The exponent B is found to be less than 0.85
which also reports a Fickian diffusion from all the formulations. Thus, the Fickian
diffusional mechanism observed from the Korsmeyer-Peppas model is also supported

by the findings of the Weibull model.
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5.4 Conclusion

In conclusion, this research successfully demonstrated the synthesis and
characterization of novel hydrogels, namely HA-g-SAH, LS-g-SAH, and Lt-g-SAH,
loaded with the pesticide- thiamethoxam. The synthesized hydrogels characterized
using FT-IR and 13C NMR, coupled with the impressive water absorbency of 280.9 to
187.4 g-g! in distilled water, highlight the efficiency of these formulations. The
swelling index revealed a distinct order, with HA-g-SAH exhibiting the highest
absorbency, followed by LS-g-SAH, Lt-g-SAH, and the control group. Moreover, the
synthesized hydrogels demonstrated a significant impact on reducing soil water
evaporation rates from 99% to 72.85% (HA-g-SAH), 74.79% (LS-g-SAH), 78.23% (Lt-
g-SAH), and 85.23% (ctrl) of the total added water on the 54th day. The slow release
of thiamethoxam for 49 hours from the formulations suggests the possibility of using
these novel hydrogels for the slow release of of pesticides and fertilizers. The release
pattern followed the Fickian release mechanism as stated by the Korsmeyer-Peppas
model and the Weibull model. This research article will bring humic acids, lignin, and
lignite out of the traditional soil context by applying them in the modern field of
sustainable agriculture. The hydrogel formulations presented in this study hold great
potential for enhancing water retention in soil and optimizing the controlled release of
agrochemicals. This research offers a promising foundation for more efficient and

environmentally friendly farming practices.
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6.1 Introduction

This study investigates the application of hydrogels incorporating natural polymers -
ammonium humate, lignosulfonate, and ammonium lignite - for methylene blue (MB)
dye removal from aqueous solutions. The hydrogels were synthesized via free radical
polymerization and characterized using FTIR, '*C-NMR, SEM, TGA, and XRD. The
synthesized hydrogels demonstrated exceptional swelling capabilities. The influence of
various parameters, including adsorbent dosage (0.1-0.4 g), temperature (293.15-
323.15 K), and initial dye concentration (5-20 mg-L!) on MB removal efficiency was
systematically evaluated using the Taguchi method. Under optimized conditions, HA-
g-SAH achieved a maximum removal efficiency of 93.7% =+1.1% at 323.15 K,
significantly outperforming LS-g-SAH (92.4% +1.3%), Lt-g-SAH (82.4 +1.4%), and
the control (ctrl) hydrogel (67.9 £0.9%). According to ANOVA results, the change of
biopolymer proved to be an effective factor in the improved dye removal efficiency of
hydrogels. Thermodynamic parameters- AG°, AH®, and AS°® were also analyzed to
understand the involved adsorption processes concerning temperature changes. The
adsorption isotherm data was fitted to Langmuir and Freundlich models. These results
demonstrate the potential of these natural polymer-based hydrogels as efficient and

environmentally friendly adsorbents for dye removal from wastewater.

Synthetic dyes are used in various industries, including food production, textile
processing, and pharmaceutical sector. Yet, approximately 80% of the dye-containing
wastewater produced is often released untreated into waterways or used directly for
irrigation, causing detrimental impacts on human health and ecosystems.[343]
Synthetic dyes negatively impact all forms of life. The presence of sulphur, naphthol,

vat dyes, nitrates, acetic acid, soaps, enzymes, chromium compounds and heavy metals
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like copper, arsenic, lead, cadmium, mercury, nickel, and cobalt and certain auxiliary
chemicals all collectively make these effluents highly toxic. [344] The color associated
with dyes not only causes aesthetic damage to the water bodies but also prevents light
penetration through water, which reduces the rate of photosynthesis and dissolved
oxygen levels, affecting the entire aquatic biota.[345] Also, the synthetic dyes are

soluble organic compounds.

Methylene blue (MB), a widely used dye, contributes significantly to environmental
pollution due to its toxicity. Its presence can interfere with photosynthesis and cause
severe eye burns, potentially leading to permanent eye damage in both humans and
animals.[346] Additionally, exposure to MB in humans can result in adverse effects
such as tissue necrosis, cyanosis, jaundice, vomiting, increased heart rate, and other
health complications.[347] Consequently, removing MB from industrial wastewater is

a pressing ecological concern.

The high solubility of dye in water makes it difficult to remove them by conventional

methods.[348]

However, nondestructive and destructive methods are effectively applied to remove
dyes from wastewater. The nondestructive methods follow various techniques, such as
ion exchange [349], chemical oxidation[350], ozone treatment [351], membrane
separation [352], and coagulation [353] to remove dyes from industrial effluents.
Noticeably, each technique has its advantages and limitations. The existing literature
on wastewater remediation showed that the adsorption method is an auspicious

technique for dye removal. [354]

Due to their inherent characteristics, polymeric materials have garnered significant
attention as adsorbents for dye removal [157]. Hydrogel, a polymeric material, stands

out for its exceptional hydrophilicity, mechanical properties, and high porosity,

162



Chapter 6

allowing it to absorb water a thousand times its original size.[128] Due to the
characteristics of high water content, porosity and typical cell compatibility, hydrogels
can be applied in drug release[38, 39, 282, 283, 355], pollution adsorption[157, 245],
sensors [356, 357] and tissue engineering [358, 359] by regulating the chemical
composition and structure of hydrogels. These have emerged as a promising solution
for dye removal, especially for MB, owing to their crosslinked polymeric structure and

chemically reactive functional groups. [245, 360-362]

Humic acid, lignin, and lignite are natural polymers that are highly suitable for
constructing adsorbent hydrogels for water purification due to their abundance and
biodegradable nature. Also, hydrogels reinforced with natural polymers possess
excellent mechanical properties.[131] Humic acid is a large organic polymer found in
soil and water. It has chelating properties and is important for soil and plant health. In
literature, the direct utilization of this natural polymer for adsorption applications is
extensively reported. Lignite, or brown coal, is well-known for its adsorptive properties.
Several studies report lignite as an adsorbent for removing heavy metals, organic
pollutants and dyes from wastewater.[363-366] Singh et al. synthesized a
biodegradable hybrid hydrogel made from acrylic acid, sodium acrylate, acrylamide,
and sodium humate for crystal violet and methylene blue adsorption. The swollen
hydrogel exhibits higher adsorption capacity, whereas sodium humate (2.40 wt%)
enhances swelling and adsorption efficiency. [367] Superabsorbent lignosulfonate-g-
acrylic acid (LS-g-AA) hydrogels were developed by grafting acrylic acid (AA) onto
the lignosulfonate (LS) backbone. Yu et al. reported that the equilibrium absorption of

MB by (LS-g-AA) reached 2013 mg-g~ '.[69]

All three natural polymers- humic acid, lignin and lignite- contain carboxylic acid and
phenolic moieties that could enhance the cationic dye adsorption capability. Also,

owing to their polyfunctionality, ammonium salts of humic acid and lignite along with
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lignosulfonate sodium salt can be grafted onto acrylic acid to synthesize hydrogels.
Keeping this in view, the study focuses on the application of ammonium humate,
lignosulfonate and ammonium lignite-based hydrogels (HA-g-SAH, LS-g-SAH, and
Lt-g-SAH) for adsorption of MB from water. The effects of various optimization
parameters including initial dye concentration, adsorbent dosage, and temperature,
along with their contact time were studied to enhance the removal efficiency of MB dye
in an aqueous solution. Taguchi experimental design was adopted for analyzing the
adsorption factors having the most significant influence. The optimized swelling
duration of all hydrogels from our previous study [131] has been employed as the
contact time to obtain the best results. The adsorption isotherm study has also been
carried out, where the dye removal efficiency of hydrogels is fitted to Langmuir and
Freundlich models. As per the present literature, no such study has been conducted that
employs these hydrogels together and presents a comparative analysis of hydrogels' dye
removal efficiency, comparing them to non-grafted control hydrogel (ctrl). The results
indicate that the synthesized hydrogel exhibits superior efficiency and effectiveness in

removing MB from wastewater.

6.2 Experimental

6.2.1 Swelling Study

Swelling experiments were performed on varied biopolymer concentrations of HA-g-
SAH, LS-g-SAH, Lt-g-SAH, and ctrl hydrogels at 37°C in distilled water to optimize
the best compositions for the adsorption experiment. Initially, the weight of dried
hydrogel discs was measured (Wgq). At fix time intervals, the hydrogel discs were taken
out of water. Excess surface water was removed using filter paper, and the hydrogel

discs were reweighed (Wo). The swelling study was carried out in triplicate.
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The swelling index (SI) was determined utilizing Eq. (1):

— Wo—-Wgq

SH(gg) == (M

6.2.2 MB Adsorption experiment mechanism

The experiments were designed using the Taguchi method with standard orthogonal
array tables. The Taguchi methodology is an optimization technique that directs a small
number of experiments to reduce interference from uncontrollable elements.[368] The
L16 design aids in selecting the most effective set of control constraints, lowering the

number of total experimental trials.[369]

The influence of the variation of adsorbent concentration (0.1-0.5g), temperature
(293.13 - 323.15 K) and contact time (HA-g-SAH- 47 hours, LS-g-SAH 37 hours, Lt-
g-SAH 34 hours, and ctrl 31 hours, based on their optimized swelling duration [131])
on the adsorption of MB were investigated at an initial dye concentration varying from
5 to 20 mg-L"!. The unabsorbed MB content was determined by UV-vis absorption at
664 nm using a UV 1800 Shimadzu spectrophotometer. To measure the UV absorbance
of unabsorbed MB content, the mixture was immediately stirred, and 3 mL of
suspension was taken out at specific [370]. The MB removal efficiency (% R) was

calculated through Eq. (2):

% R = “=“-X 100 ©)

The adsorption capacity (qe) (mg-g™') of HA-g-SAH, LS-g-SAH, Lt-g-SAH, and ctrl,

hydrogels was calculated through Eq. (3):

Co—Ce
qe ===V (3)

m
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Co and Ce are the initial and equilibrium dye concentrations (mg L), respectively. V
(L) represents the volume of the dye solution, and m (g) is the weight of HA-g-SAH,

LS-g-SAH, Lt-g-SAH, and ctrl hydrogels.
6.3 Results and Discussion

Table 6. 1: Swelling study analysis of various compositions of HA-g-SAH, LS-g-SAH, Lt-
g-SAH and ctrl hydrogels (KPS = 0.0098 mol-L-!, MBA = 0.021 mol-L").

Ammonium SI (g-gh)
Formulation Humate/Lignosulfonate/Am

monium lignite (g) HA-g-SAH LS-g-SAH Lt-g-SAH Ctrl
1 0.0 - - - 142.58
2 0.05 136.66 121.78 95.64 -
3 0.1 201.45 170.56 113.87 -
4 0.2 267.56 258.33 159.22 -
5 0.3 280.92 230.45 187.4 -
6 0.4 228.12 187.34 152.72 -
7 0.5 173.45 136.45 135.65 -

6.3.1 Swelling study

Table 6. 1 demonstrates the swelling behavior of the HA-g-SAH, LS-g-SAH, Lt-g-SAH
and ctrl hydrogels studied in distilled water. The results indicate that the swelling Index
is highly influenced by the concentration of biopolymers (Ammonium
Humate/Lignosulfonate/Ammonium lignite). HA-g-SAH hydrogel exhibited the
highest swelling in distilled water (280.92 g-g™) in 47 hours. It was followed by LS-g-
SAH (258.33 g-g!) in 37 hours and Lt-g-SAH (187.4 g-g!) in 34 hours. Ctrl hydrogel
had the lowest SI of 142.58 g-g"! in 31 hours. Thus, hydrogel formulation no’s 5, 4, and
5 of Ammonium Humate, Lignosulfonate, and Ammonium lignite, respectively were
found to have the highest swelling and consequently used for the swelling and

adsorption experiments.
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6.3.2 MB adsorption and isotherm study

The %R of MB obtained from varying the adsorbent concentration (0.1-0.5g)
temperature (293.13 - 323.15 K) on the adsorption of MB, investigated at an initial dye
concentration varying from 5 to 20 mg-L™! is reported in Table 6. 2. Figure 6. la
represents the ANOVA box plots for Table 1, representing %R of MB dye with HA-g-
SAH, LS-g-SAH, Lt-g-SAH and ctrl hydrogel. The ANOVA results indicated that
the %R of HA-g-SAH, LS-g-SAH, Lt-g-SAH, and Ctrl were statistically significant, as
the observed P-value (F-test) was less than 0.05. This suggests a probability of less than
5% for the null hypothesis to be valid. Consequently, the observed variations are

attributed to the differences in the biopolymers used during hydrogel synthesis.

Table 6.2: Taguchi L16 design table for HA-g-SAH, LS-g-SAH, Lt-g-SAH and ctrl
hydrogel.

Initial
Observations Do(sgz;ge Tem[();e(r)ature c((l){lec. HA-g- LS-g- Lt-g- Ctrl
(mg L) SAH SAH SAH
Obsl 0.1 293.15 5 73.500  72.200 62.400 55.700
Obs2 0.1 303.15 10 75.000  74.000 64.000 56.000
Obs3 0.1 313.15 15 77.000  75.800 66.000 57.000
Obs4 0.1 323.15 20 79.000  77.000 69.500 59.000
Obs5 0.2 293.15 10 77.500  76.000 68.200 57.800
Obs6 0.2 303.15 5 76.400  75.000 67.600 57.100
Obs7 0.2 313.15 20 78.500  75.800 68.400 57.900
Obs8 0.2 323.15 15 80.900  78.200 70.100 58.800
Obs9 0.3 293.15 15 86.500  86.400 74.700 61.200
Obs10 0.3 303.15 20 91.600  87.300 79.400 66.500
Obs11 0.3 313.15 5 87.500  84.700 76.500 64.100
Obs12 0.3 323.15 10 92.500  90.400 82.300 69.800
Obs13 0.4 293.15 20 90.400  87.300 80.100 66.700
Obs14 0.4 303.15 15 90.000  87.100 79.200 65.200
Obs15 0.4 313.15 10 88.000  85.800 78.200 64.600
Obs16 0.4 323.15 5 89.500  85.100 79.400 64.900
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Figure 6.1: a) ANOVA box plots for Table 1, b) Effect of the contact time on %R by HA-
g-SAH, LS-g-SAH, Lt-g-SAH, and Ctrl hydrogels at adsorbent conc.= 0.3 g, T=323.15K,
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Figure 6.2: Effect of the variation in a) adsorbent dosage (T = 323.15 K, dye conc.= 20
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The amount of HA-g-SAH, LS-g-SAH, Lt-g-SAH and ctrl hydrogel used were 0.1 to
0.4 g per 100 ml of 20 mg-L"'MB dye at 323.15 K and their respective optimized contact
time. From Figure 6. 2a it can be observed that the removal efficiency demonstrated a
distinct sigmoidal pattern with increasing adsorbent dosage. At 0.1 g, HA-g-SAH
achieved 59.5% =+ 1.0% removal efficiency, with LS-g-SAH showing similar
performance at 57.7% + 2.0%. A significant enhancement occurred between 0.2 and
0.3 g, where HA-g-SAH and LS-g-SAH reached 92.5% =+ 2.2% and 91.4% + 1.5%,
respectively. This sharp increase indicates a critical dosage threshold for optimal

adsorption.

At 0.4 g, the systems approached equilibrium, with HA-g-SAH achieving maximum
efficiency 0f 93.7% + 3.0%, followed by LS-g-SAH (92.4% + 1.6%), Lt-g-SAH (82.4%
+2.7%), and ctrl hydrogel (67.9% + 1.1%). The plateauing effect beyond 0.3 g suggests
saturation conditions. The %R is found to be in the order HA-g-SAH > LS-g-SAH >
Lt-g-SAH > Ctrl across all dosages representing intrinsic differences in adsorption
capabilities, with HA-g-SAH's superior performance attributed to humic acid's
abundant functional groups and favorable surface characteristics. This analysis
identifies 0.3 g as the optimal adsorbent dosage, balancing maximum removal

efficiency with material usage.

6.3.2.2 Effect of variation in temperature on %R of MB

Figure 6. 2b shows the adsorption of the dyes onto the HA-g-SAH, LS-g-SAH, Lt-g-
SAH, and ctrl hydrogels from temperatures 293.15 K to 323.15 K. The free energy
change (AG), enthalpy change (AH®) and entropy change (AS°) for dye adsorption

were determined using Eq. (4-7). [370]:
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Co—Ce

Ky = ke )

AG’=RT In K4 (5)

AG® = AH? - TAS? (6)
_AS%  AHO®

ln (kd) = T — ? (7)

Kq4 is the equilibrium constant, Co and C. are the initial and equilibrium dye
concentrations (mg-L™"), R is the gas constant, and T is the temperature (K). Van't Hoff

plots of In Kqagainst 1/T shown as inset in Fig. 2¢, and the AH? and AS° were calculated

— 0 0
from the slope (%) and intercept (A%).

Table 6. 3: Thermodynamic parameters: AG®°, AH®, and AS° of MB adsorbed on the HA-
g-SAH, LS-g-SAH, Lt-g-SAH and ctrl.

Parameter HA-g-SAH LS-g-SAH Lt-g-SAH Ctrl
AG® (kJ-mol™") T=20 -6.0248 -5.17922 -3.74134 -1.86629
AG?® (kJ-mol™)T=30 -6.24894 -5.40425 -3.87828 -1.91482
AG® (kJ-mol™") T=40 -6.74973 -6.3499 -3.94839 -1.98819
AG® (kJ-mol™") T=50 -7.25279 -6.71124 -4.14737 -2.0128
AHC (kJ-mol) 12.13844 9.89366 3.7413 1.49652
AS° (J-K-mol™) 59.8608 49.63458 24.3844 10.8913

It can be observed from Figure 6. 2b that %R increases with temperature (293.15-
323.15 K) for all adsorbents, with HA-g-SAH demonstrating superior performance
(90.4 £0.4% to 93.7+0.7%), followed by LS-g-SAH (87.3 £0.4% to 92.4 +£0.4%), Lt-g-

SAH (80.1+0.7% to 82.4 £0.6%), and Ctrl (66.7 £0.5% to 67.9 £0.3%).

Table 6. 3 shows that the Gibbs free energy (AG®) values are negative and decrease with

increasing temperature, indicating spontaneous adsorption with enhanced favorability at
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higher temperatures. The increasingly negative AG® values with temperature suggest that
the adsorption process becomes more thermodynamically favorable at elevated
temperatures.[371] The positive AH® values confirmed the endothermic nature of the
adsorption process.[372] The positive entropy values (AS°) for all systems indicate
increased randomness at the solid-solution interface during adsorption, suggesting the
release of water molecules from hydrogels during adsorption.[373]The combination of
positive AH® and AS® values, along with negative AG® values indicates that the adsorption

process by hydrogels is driven by entropy.
6.3.2.3 Effect of variation in initial dye concentration on %R of MB

The concentration of the adsorbate solution also significantly influences the
adsorption behaviour of the adsorbent.[374] Thus, the impact of initial MB dye
concentration (5-20 mg-L™") on MB removal efficiency was investigated using HA-
g-SAH, LS-g-SAH, Lt-g-SAH, and Ctrl hydrogel with 0.3g adsorbent dosage at
323.15 K. From Figure 6.2d, it can be concluded that %R increased with an
increase in initial dye concentration for all the hydrogels. However, HA-g-SAH
demonstrated exceptional performance, with %R rising from 88.58% + 1.2% at 5
mg-L!' to 93.7% + 1.4% at 20 mg-L!, indicating optimal adsorbent-adsorbate
interactions. LS-g-SAH showed similar behavior but slightly lower efficiency,
improving from 84.1% + 1.2% to 92.4% + 1.6%. Lt-g-SAH displayed moderate
performance, with efficiency increasing from 78.4% =+ 0.3% to 82.4% =+ 1.6%,
while the ctrl hydrogel exhibited the lowest capacity, ranging from 63.3% %+ 0.7%
to 67.9% = 1.1%. The consistent performance hierarchy (HA-g-SAH > LS-g-SAH

> Lt-g-SAH > Ctrl) and minor standard deviations across all concentrations
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demonstrate the inherent differences in adsorption capabilities of all the hydrogels.
Also, the gradual improvement in %R with increasing dye concentration suggests
that HA-g-SAH, LS-g-SAH, and Lt-g-SAH hydrogels maintain effectiveness
under varying pollutant loads, making them suitable for practical wastewater

treatment applications.

6.3.2.4 Effect of variation in contact time on %R of MB

Analyzing contact time is crucial to assess the reaction extent during the
adsorption process. Figure 6. 1b illustrates the influence of contact duration on
MB adsorption by HA-g-SAH, LS-g-SAH, Lt-g-SAH, and ctrl hydrogels. This
study revealed that the adsorption capacity of all hydrogels increased with time
and a clear progression of MB dye adsorption is visible through three distinct
kinetic phases. During the rapid initial phase spanning the first 10 hours, HA-g-
SAH demonstrated the highest uptake at 74.5% +1.4%, followed by LS-g-SAH at
70% + 1.2%, Lt-g-SAH at 62% + 0.9%, and the ctrl at 54% +£0.8%. The progressive
phase from 10-30 hours showed HA-g-SAH and LS-g-SAH reaching
approximately 90-91%, while Lt-g-SAH and the ctrl exhibited slower progression,
achieving 79% =+ 1.7% and 65% +1.6%, respectively. In the final equilibrium
phase, HA-g-SAH reached 93.7% = 1.1% in 47 hours, while LS-g-SAH attained
92.4% £ 1.3% in 37 hours, Lt-g-SAH achieved 82.4% + 1.4% in 34 hours, and the
ctrl plateaued at 67.9% + 0.9% in 31 hours. Throughout the study, the performance
hierarchy remained consistent, with HA-g-SAH performing best, followed by LS-
g-SAH, Lt-g-SAH, and the ctrl. Thus, the present biopolymers (ammonium

humate, lignosulfonate sodium and ammonium lignite) significantly increase the
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adsorption of cationic dyes MB due to their ability to form strong electrostatic
interactions with the positively charged dye molecules and through their
negatively charged phenolic groups. Since all the modified hydrogels
demonstrated superior adsorption properties compared to the ctrl, it may be
concluded that the polyphenols act as an attractive surface for the cationic dye to

bind to, enhancing the adsorption capacity of their respective hydrogels.
6.3.2.5 Adsorption Isotherms

Adsorption isotherms are valuable tools for understanding how adsorbate (MB
dye) molecules are distributed between the solution phase at equilibrium and the
adsorbent surface. By examining the interaction between adsorbate and adsorbent,
adsorption isotherms provide insights into the adsorption capacity of the adsorbent

[18]. Here, Langmuir and Freundlich models have been deployed.

The Langmuir isotherm model is well-suited for representing monolayer
adsorption on a uniform surface. The Langmuir isotherm's linear form is

represented by Eq. (8). [375]

P (8)

Ce Ki9max Amax

The parameters qe (mg-g'), qmax (mg-g™') and Ce (mgL!) represent the
equilibrium adsorption capacity, maximum adsorption capacity, and equilibrium
concentration of MB, respectively, while Ki(L mg') denotes the Langmuir
constant. These parameters can be determined by plotting a linear graph of C.

versus e/Ce and calculating the slope and intercept.
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The dimensionless separation factor (Rr) is an indicator for evaluating the
feasibility of a reaction. The Ry values may be interpreted as follows: favorable

(0< Ry <1), or unfavorable (Rt >1). It is calculated using Eq. (9).

1
RL - 1+K;Cj (9)

Where MB solution concentration is given in mg L™! by Ci.

The Freundlich isotherm model proposes that adsorbent with heterogeneous
surfaces experience multilayer adsorption. In the early stages, the more robust
binding sites are mainly occupied, and the equilibrium concentration of the
adsorbates largely influences the binding strength. The linear Equation for

Freundlich isotherm is given by Eq. (10). [376]
In qe=In K+ % In Ce (10)

where the Freundlich constant, K¢ [(mg-g!) (L-mg™)], gives an idea about binding
energy, adsorption capacity, and quantity of adsorbate (MB) adsorbed at
equilibrium[376]. The value of 1/n indicates the intensity of adsorption or the
heterogeneity of the surface, while a value of n between 1 and 10 suggests that the

adsorption process is favorable.

The regression coefficient (R?) of isotherm plots can be used to evaluate the
accuracy of the adsorption isotherm model by comparing experimental data to the
theoretical equations. Fig. 3 and Fig. 4 depict the plots of Langmuir and Freundlich

adsorption isotherms, and Tables 6.4 and 6.5 present the calculated parameters.
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Figure 6.3: Langmuir Isotherm Graph of a) Ha-g-SAH, b) L.S-g-SAH, c) Lt-g-SAH, and

d) Ctrl.
Table 6.4: Isotherms data for Langmuir adsorption isotherm.
R? b RL
HA-g-SAH 0.9751 0.038 0.37
LS-g-SAH 0.9786 0.024 0.62
Lt-g-SAH 0.9654 0.02 0.69
Ctrl 0.9168 0.015 0.76
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Figure 6. 4: Freundlich Isotherm Graph of a) Ha-g-SAH, b) LS-g-SAH, c) Lt-g-SAH, and

d) Ctrl.
Table 6.5: Isotherms data for Freundlich adsorption isotherm
R? Ks 1/n
HA-g-SAH 0.9854 2.84 0.31
LS-g-SAH 0.9685 2.52 0.36
Lt-g-SAH 0.9923 2.01 0.42
Ctrl 0.9962 1.65 0.58

The Langmuir and Freundlich isotherm models for adsorption of MB onto four different

hydrogels—HA-g-SAH, LS-g-SAH, Lt-g-SAH, and a Ctrl hydrogel is shown in Figure

6.3 and Figure 6.4. The Langmuir model showed a good fit for all samples, with R?

values ranging from 0.9168 for the ctrl to 0.9786. From Table 6.4, the Langmuir

constant 'b', which reflects binding energy, was highest for HA-g-SAH (b=0.038),

indicating the most substantial adsorption, while the ctrl hydrogel had the lowest
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b=0.015. The separation factor Rr values for all hydrogels fell within the range of 0 to
1, confirming favorable adsorption, with HA-g-SAH exhibiting the most favorable

value (R1=0.37) and the ctrl hydrogel the least favorable (R =0.76).

In the Freundlich model, the R? values indicated an excellent fit for all hydrogels. From
Table 6.5, the Freundlich constant 'K, which signifies adsorption capacity, was highest
for HA-g-SAH (K=2.84) and lowest for the ctrl (K#=1.65), while the adsorption
intensity parameter '1/n' ranged from 0.31 for HA-g-SAH to 0.58 for the ctrl, with lower
values indicating more favorable adsorption. These results confirmed that HA-g-SAH
is the most efficient adsorbent, demonstrating the highest adsorption capacity and most
favorable intensity. LS-g-SAH and Lt-g-SAH also showed good adsorption
performance, though slightly less effective than HA-g-SAH, while the ctrl hydrogel

exhibited the weakest adsorption characteristics.

Overall, functionalized hydrogels (HA-g-SAH, LS-g-SAH, and Lt-g-SAH)
outperformed the ctrl hydrogel, with HA-g-SAH emerging as the most effective
adsorbent for MB dye removal due to its higher binding energy and superior adsorption

capacity.

6.4 Conclusion

The research successfully demonstrated the application of efficient hydrogel systems
incorporating natural polymers for MB dye removal from aqueous solutions. The
comparative analysis revealed that HA-g-SAH exhibited superior performance with a
maximum removal efficiency of 93.7 £1.1% at 323.15 K and 0.3 g adsorbent dosage,
followed by LS-g-SAH (92.4 +£1.3%) and Lt-g-SAH (82.4 +1.1%), all significantly

outperforming the ctrl hydrogel (67.9 £0.9%). The adsorption process was found to be
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spontaneous and endothermic, as evidenced by the negative AG® values ranging from -
7.25 to -1.86 kJ-mol™! and positive AH® values (1.49 to 12.13 kJ-mol™!). The Freundlich
isotherm model provided the best fit (R® values: 0.9854-0.9962), indicating
heterogeneous surface adsorption with favorable adsorption intensity parameters (1/n)
ranging from 0.31 to 0.58. The enhanced performance of the functionalized hydrogels
can be attributed to the presence of carboxylic and phenolic moieties from the natural
polymers, which facilitate strong electrostatic interactions with the cationic dye
molecules. The study establishes these natural polymer-based hydrogels as promising
candidates for wastewater treatment applications, offering a sustainable solution for dye

removal while maintaining high efficiency and environmental compatibility.
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7.1 Conclusion

The scientific community has focused more on renewable polymers made from
various resources over the past few decades as a perfect and sustainable replacement
for fossil fuels. Therefore, creating hydrogels using different kinds of natural
polymers, such as Humic acid, lignin and lignite as a beginning material is of the
utmost importance. All these natural polymers offer advantages that come with them

by nature, such as reduced toxicity, affordability, and biodegradability.

7.2 Future Scope

According to the very favourable findings of this thesis, the hydrogels created using
these polymers may have a wide range of applications in the fields of controlled release
of pesticides, improving soil water retention, and treating dye pollution. However,
Humic acid, lignin and lignite hydrogel-based formulations may further be explored

for several new applications as discussed below:

. Development of sustainable, high-performance animal feed additives in the form
of pellets and bypass proteins. - These hydrogels may be used to protect the fed
amino acids while in the rumen of ruminants, allowing them to be digested within
the small intestine. As a result, there will be an enhanced utilization of the

essential amino acids, resulting in improved milk and meat production.

e  Utilization in the development of various products for crop protection, including

bio-based hydrogel dispersants, UV protectors, rheology modifiers, and binders.

. Synthesis of bio-based dyestuff dispersants in textile industries is also possible.

Humic acid, lignin and lignite hydrogel with anionic derivative modification is
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expected to enable them to adsorb onto dye particles and also interact through
hydrogen bonding with the fibres to be dyed, providing colour fastness and

excellent fibre staining properties.

. Although there is a growing corpus of studies on the potential of HA as an
electrode in batteries and its high redox capabilities, its hydrogels have not yet

been investigated as energy storage technologies.

. Hydrogel can function as a promising electrolyte, but its stable voltage window
is constrained. Additionally, water, as a solvent, allows for a wide range of
operational temperatures. Further investigation is required to overcome these
shortcomings and improve hydrogels' mechanical stability and electrochemical

properties.

Overall, this research focuses on the numerous fields in which HA, lignin and lignite-
based hydrogels can be used, along with their future perspectives. Hopefully, this will
shed new light on the employment of these biopolymers as the essential feedstock of

a hydrogel.

7.3 Social Impact

This research contributes to society by offering renewable, affordable, and
biodegradable alternatives to fossil fuel-based polymers. Hydrogels developed from
humic acid, lignin, and lignite show promise in agriculture through improved soil water
retention, controlled pesticide release, and sustainable livestock feed formulations that
enhance productivity. Such innovations support food security, rural livelihoods, and

reduced dependence on synthetic agrochemicals.
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ARTICLEINFO ABSTRACT

Keywords: The gradual depletion of fossil resources has intensified the search for sustainable alternatives to petroleum-
Natural polymers based polymers. Among the remarkable natural polymers, humic acid (HA) and lignin stand out due to their
H.um..ic acid versatile applications. Yet, a comprehensive review of hydrogels derived from these nature-derived polymers,
];Ilgld;:;ge]s specifically focused on agriculture, environment, and energy storage, remains conspicuously absent. This review
Agriculture article addresses this gap by systematically exploring the roles of HA and lignin-based hydrogels in these fields. In
Environment agriculture, these hydrogels exhibit immense potential to enhance soil structure, water retention, nutrient de-
Energy storage livery, and the capacity to mitigate soil erosion and promote plant growth. Furthermore, these hydrogels

showcase remaikable adsorption capabilities for various pollutants, positioning them as valuable assets in
environmental applications. The research evaluates their adsorption mechanism and effectiveness in removing
organic contaminants, heavy metals, and emerging pollutants from water sources, highlighting their crucial role
in water purification and environmental protection. Additionally, these hydrogels demonstrate great promise as
electrode materials and supercapacitors in energy storage. Their ability to efficiently store and release energy and
eco-friendly attributes position them as viable candidates for sustainable energy storage solutions. This review
article underscores the multifaceted potential of HA and lignin-based hydrogels and addresses the pressing need
for a deeper understanding of their effects on agriculture, environmental sustainability, and energy storage. By
harnessing the intrinsic properties of these natural polymers, these hydrogels are poised to revolutionize sectors
and contribute significantly to a greener and more sustainable future.

1. Introduction contribute to their ability to exchange ions and form complexes. Due to

their high pH-dependent charge, the filling of cation exchange sites,

The constant rise in the world's population and gradual depletion of
fossil resources has inereased the interest of the research community
towards the development of natural polymers as an altemative to
petroleum-based polymers. Among the significant available natural re-
sources are HA and lignin, which have high added values owing to their
wide range of applicability. As far as we know, a comprehensive over-
view focusing on these nature-derived polymer-based hydrogels for
agriculture, environment, and energy storage applications is still absent.

1.1. Humic acid

Most organic matter in soil is made up of humic compounds (humie
and fulvic acids), which is frequently used interchangeably with soil
organic matter (Chen and Aviad, 2015). The presence of carboxyl groups
and the mild acidity of the phenolic groups in humic compounds

primarily with hydrogen (H) ions, makes the material an acid; called
Humie Acid (HA). The dominance of cations other than H on the ex-
change sites makes it a salt of HA, technically termed humate (Mildzel-
sen, 2005).

HA is readily soluble under alkaline conditions; but insoluble in
strong acids and has a pH below 2. The molecular weight of HA spans
from 5000 to 100,000 Da, and these substances have a medium molec-
ular size. Oxygen makes up 33-36 % of the total mass in this material,
whereas nitrogen makes up 4% (Arif et al., 2019). Fig. 1 shows HA’s
elemental composition, which typically contains carboxylic, phenolic,
aleoholic, and carbonyl fractions (Ouni et al., 201 4). The main sources of
HA are soil, water, and leonardite (Qin et al., 2020).

The molecular strueture of HA is made up of intricate organic com-
binations that are randomly connected to form incredibly complex
substances. According to the widely accepted view, HAs are made up of

* Correspondence to: Department of Applied Chemistry, Delhi Technological University, India.

E-mail address: rig67ap@yahoo.com (R.K Gupta).
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poly(sodium acrylate) hydrogel
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Natural polymer-based hydrogels are of great interest to research community owing to their inherent characters of
environment friendliness and biodegradability. Current work aims to synthesize lignosulfonate grafted sodium acrylate
hydrogel (LS-g-SAH) and investigate its application in urea release behaviour. The hydrogel has been characterized by
different techniques. The release kinetics has been analyzed by using a UV-visible spectrophotometer. The optimized
composition of lignosulfonate, KPS, and N.N'-MBA has shown the highest water absorbency of 560 g g in distilled water.
The equilibrium swollen LS-g-SAH 12 hydrogel has slowly released 60% of loaded urea in 24 h and followed first-order
release kinetics. Soil treatment with hydrogel has shown a significant effect in reducing the water evaporation rate. It also
improved the seed germination and average height of wheatgrass. The synthesized L.S-g-SAH is, thus, expected to have

potential application in modern sustainable agriculture.

Keywords: Hydrogel, Lignosulphonate, Release kinetics, Sustainable agriculture, Urea release

As world's seventh largest country, India has
approximately 157 million hectares of arable land,
accounting for 53.2% of the total area. The land is
continuously degraded by different means, thus
reducing the total production potential to less than
20 percent. Therefore immediate atention is required
in upgrading soil fertility, which caused less
productivity due to low water retention capability,
poor structure, high infiltration rate, low clay and
humus content, and loss of agrochemicals through
deep percolation or leaching'.

A super absorbent crosslinked polymer known as
hydrogel is a potential material to solve soil-fertility
problems. Hydrogel is a 3D network structure
composed of chemically or physically crosslinked
polymers. It can hold a massive volume of water due
to its swollen state's surface tension and capillary
forces. The rate of water absorption by hydrogel is
affected by the functional group and the density of the
crosslinking  network’.  Natural  biodegradable
polymers should be used to develop economical
agricultural water-absorbent materials. Nowadays,
researchers are paying great attention fo
lignocellulosic polymeric material as a favourable,
sustainable, and large-scale asset to be used as a
chemical component in various syntheses. In this
regard, lignin is a renewable feedstock readily
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available in an adequate amounts’. Lignin accounts
for 16-33% of the biomass and is predominantly
present in the secondary cell walls of terrestrial
plants’. Lignin comprises three ftypes of
phenylpropane monomers known as monolignols.
These monolignols are a) coniferyl alcohol, b) sinapyl
alcohol, and c) p-coumaryl alcohol’. This inexpensive
waste of pulp manufacturing process is the only
scalable renewable raw material that consists of
aromatic moieties’. It is also easily accessible,
affordable, and underutilized today 7

Also, a lignin hydrogel based study by Bukhard
et al. showed that the synthesized hydrogels could
degrade up to 14% in just 60 days as compared with
acrylamide-based hydrogels, indicating degradation of
just 2% in 120 days®. Lignin has antimicrobial,
antioxidant, and stabilizer properties’. It has also been
used for metal elimination. For example, graphene
hydrogel based on lignosulfonate, manufactured in a
column system. rapidly eliminated Pb’" from the
aqueous solution (Thakur et al, 2017). A free-
standing  lignin-based  film  with  superior
electrochemical performance was manufactured by
using poly(N-vinyl imidazole)-co-poly(poly(ethylene
glycol) methyl ether methacrylate)’. However, there
has been little exploration of using lignin-based
hydrogel for controlled-release applications in
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Harnessing Lignite-Based Hydrogel for Enhanced UV
Protection and Delivery of Dinotefuran in Agriculture

Manu Nandal, @ Devendra Kumar,[@ and Rajinder K. Gupta*[al

The agricultural sector relies heavily on pesticides to enhance
productivity and ensure food security, but UV degradation
often compromises their efficacy. The present study addresses
this issue and introduces dinotefuran-loaded, lignite-based
polysodium acrylate hydrogel (Lt-g-SAH) as a protective shield
against UV radiation for dinotefuran. The synthesis of Lt-g-SAH
and control hydrogel (ctrl) through the graft co-polymerization
method is detailed, with comprehensive characterization using
BC CPMAS NMR, FT-IR, XRD, SEM, and TGA techniques. The
release kinetics of dinotefuran are investigated via UV-vis spec-
trophotometry to elucidate the controlled release. This study
highlights the potential of lignite-based hydrogels as versatile

1. Introduction

The utilization of pesticides plays a pivotal role in boosting
agricultural productivity and ensuring food security in modern
agriculture.”” Approximately 2 million tons of pesticides are
currently applied to crops worldwide.”! Among these pesti-
cides, dinotefuran  ((RS)-1-methyl-2-nitro-3-(tetrahydro-3-furyl
methyl)guanidine), a third-generation neonicotinoid (Figure 1),
stands out as a potent insecticide, accaimed for its broad-
spectrum efficacy against various pests!**! Dinotefuran has
been used to manage a wide range of biting and sucking
insects, including aphids (plant louse), whiteflies, and beetles.
The chemical properties of dinotefuran are as follows: molec-
ular mass (2022 Da), water solubility (39830 mg L™") @ 20 °C,
lipophilicity (log KOW) (—0.55), soil affinity (log KOC) value of
1.41, soil persistence (50-100 DT50 in days), and water photolysis
(<2 DT50 in days).*”! Dinotefuran can be applied on foliage,
soil, nurseries, and paddy water through spraying, drenching,
broadcasting, and pricking-in-hole treatments.'®! While dinote-
furan has been widely used due to its efficacy and concerns
remain regarding its chronic effects on nontarget organisms.!!
Therefore, employing controlled-release systems offers a promis-
ing strategy to minimize environmental exposure and potential
ecological risks. So, this study chose it as the model for the
pesticides. However, dinotefuran is easily photolyzed under
sunlight, which leads to a low utilization rate and significantly
reduces its effectiveness!®) Photodegradation is a significant

[a] M. Nandal, Prof. D. Kumar, Prof. R. K. Gupta
Department of Applied Chemistry, Delhi Technological University, Bawana
Road, Shahbad Daulatpur, Delhi, Delhi 110042, India
E-mail: rkg67ap@yahoo.com

ChemistrySelect 2025, 10, e05884 (1 of 13)

platforms in pesticide protection, where dinotefuran was found
to have a marginal decrease of 158% in Lt-g-SAH compared
to a 28.11% decrease in ctrl hydrogel and delivery mechanisms,
with the Lt-g-SAH demonstrating 62.46% pesticide release in
39 h in contrast to 56.22% release from ctrl in 33 h. The pesti-
cide loading increased from 64.36% in ctrl to 70.12% in Lt-g-SAH.
Incorporating lignite in Lt-g-SAH also improves the soil's water
retention capacity and offers potential as a nitrogen fertilizer car-
rier. Through comprehensive evaluation, this study demonstrates
the viability of lignite-based hydrogel as a cost-effective and
eco-friendly solution for safeguarding pesticides for agricultural
sustainability.

Figure 1. Molecular structure of dinotefuran.

degradation pathway after spraying, directly impacting the
sustainability of pesticides."

As a result, improving dinotefuran utilization and extend-
ing its anti-pest shelf life is critical for sustainable agricultural
practice.

This degradation prevention is a challenge for the agricul-
tural sector. To address this challenge, developing innovative
formulations capable of protecting dinotefuran from UV degra-
dation is imperative. In recent years, hydrogels have emerged as
promising candidates for efficiently encapsulating and delivering
drugs™"®! and agrochemicals.” 2" Hydrogels are 3D polymeric
networks with high water absorption!*? Furthermore, cross-
linking network chains within the hydrogel structure prevents
dissolution and helps maintain its integrity.

Among various hydrogel materials, poly sodium acrylate
hydrogels have garnered attention owing to their biocompatibil-
ity, tunable properties, and potential for controlled release.

Lignite, a low-grade coal (Figure 2) abundant in nature, offers
an eco-friendly and cost-effective alternative for hydrogel syn-
thesis. Lignite has high volatile content, chemical reactivity, and
water content; low calorific value; and is easily weathered. Lig-
nite accounts for about 40% of the total coal reserves in the
world. ! Electron paramagnetic resonance (EPR) spectroscopy
confirmed that the lignite effectively screens UV irradiation, and

© 2025 Wiley-VCH GmbH
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maey Grafted Hydrogels for the Slow Release of Thiamethoxam

Manu,” Devendra Kumar,” and Rajinder K. Gupta*®

The objective of this study is to explore the novel use of natural
polymers like Humic acid, Lignin, and Lignite based hydrogels
for the formulation of pesticides and fertilizers that would
reduce the residues in soil and run-off water that pose a threat
to human health and the environment. We synthesized hydro-
gels by grafting Humic acid, lignin, and lignite onto acrylic acid
with N'N-methylene bisacrylamide (MBA) for the ex-situ
encapsulation of thiamethoxam, a common pesticide. Various
characterization technigues including Fourier-transform infrared
spectroscopy, Carbon-13 Solid-state Cross-Polarization Magic
Angle Spinning Nuclear Magnetic Resonance, X-ray diffraction,
Thermogravimetric Analysis, and Rheology were employed. The
release kinetics of thiamethoxam in water from the developed

Introduction

Today, pesticides have become the cornerstone of the predom-
inant agricultural systems. These are important inputs for
enhancing crop productivity and preventing major biological
disasters. Worldwide, around 5 million tons of chemical pesti-
cides are used every year, belonging to more than 100 classes
with various modes of action.! However, more than 90% of
conventional pesticide formulations run off into the environ-
ment and reside in agricultural products too” Long-term
exposure of pesticides to humans can cause reproductive
complications, neurological disorders, immunological, and
pulmonary diseases, and cancer.”’ Therefore, to increase the
effectiveness of pesticide application and thereby reduce
environmental risk, it is essential to develop innovative
methods for pesticide formulation technologies. The controlled
release of pesticides through hydrogel is a solution to the
above problems. This means that the active components of the
pesticide are released within a predetermined time and
conditions via formulation with supporting materials.* Hydro-
gels are moist and flexible materials that possess a three-
dimensional interlinked matrix, featuring remarkable water
retention capabilities.” Hydrogels are classified as physically
cross-linked,” chemically cross-linked,” or double-network™
hydrogels based on the cross-linking techniques used. Secon-
dary interactions result in the development of physically cross-
linked hydrogels. On the other hand, several techniques such as

[al Manu, Prof. D. Kumar, Prof. R. K. Gupta
Department of Applied Chemistry
Delhi Technological University
PIN-110042, Deihi, India
E-mail: rkg67ap@yahoo.com

ChemistrySefect 2024, 9, 202304939 (1 of 13)
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formulations were analyzed using the Korsmeyer- Peppas
model and the Weibull model. Humic acid and lignin-based
hydrogels exhibited a long-sustained release for 49 hours,
followed by lignite-based hydrogels (38 hours). According to
ANOVA results, the change of biopolymer proved to be an
effective factor in reducing the water evaporation rate, which
decreased from 99% to 72.85% in the soil amended with
synthesized hydrogels. In conclusion, the novel formulations of
humic acid, lignin, and lignite exhibit potential as slow-release
vehicles for pesticides and fertilizers. This study provides
valuable insights for the research community, addressing the
need to develop effective strategies for mitigating pesticide
residues in soil and water bodies.

water-soluble polymer cross-linking, radiation polymerization,
free-radical polymerization, and polymer inter-transmission net-
works may be used for developing chemically cross-linked
hydrogels” Among these, the free radical polymerization
technique is economical and gives higher swelling. Hydrogels
have applications in biomedical,"” food and agriculture,"™
textile, cosmetics, water purification, remediation, and separa-
tion fields!"* Economical controlled-release pesticide formula-
tions should be developed using natural biodegradable poly-
mers. Nowadays, researchers need to pay attention to the
omnipresent- favorable, sustainable, and large-scale assets like
humic acid, lignin and lignite to be used as a chemical
component in various syntheses. The scale and importance of
these “sleeping giants” is unimaginably large.™*

The term Humic acid is used for the polymeric, brown-black,
alkali-soluble acids found in soils, sea grasses, plants, sediments,
fungi, and marine and terrestrial waters. It is the most active
component of soil organic matter and a main fraction of humic
substances.™ Humic acids play multiple important roles in
agriculture such as improving water holding capacity, soil
structure, and texture, preventing microbial growth, increasing
nutrient availability to soil, and transporting micronutrients to
plants."®

Lignin is an aromatic hetero-polymer present as a constitu-
ent of the plant cell wall, along with cellulose and hemi-
cellulose. Its functions include both defense against pathogens
and mechanical support. The waste from the paper and
bicethanol industries produces 100 million tonnes of this
bicpolymer annually. Lignin is estimated to make up 15-35% of
lignocellulosic biomass."”

Often called brown coal, lignite is a soft, brown, combus-
tible sedimentary rock that develops when peat naturally
compresses."® It has poor thermal stability, the highest volatile

© 2024 Wiley-VCH GmbH
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