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ABSTRACT 

 

The development of sustainable agricultural systems requires innovative and 

environmentally friendly materials which effectively address huge challenges such 

as water shortage, extensive pesticide use, and decrease in productivity of crops. In 

the present era, polymer-based delivery carriers have emerged as an excellent tool 

because of their high capacities to absorb water, controlled release behaviour and 

biodegradability. In the present study, natural polymers derived from gum of Prunus 

domestica and Tannin from Acacia catechu have been employed to prepared grafted 

hydrogels intended for agricultural applications. The individual hydrogels, namely 

PD-g-SAH and AC-g-SAH, along with the combined hydrogel system PDAC-g-

SAH, were synthesized through a free-radical copolymerization process using N, N′-

methylenebisacrylamide (N, N MBA) as the crosslinker. Naturally derived 

components were incorporated to maintain sustainability. 

A comparative study of the synthesized hydrogel formulations was performed to test 

their swelling index, water retention capacity (WRC) and release duration in distilled 

water. Among the synthesised hydrogels, the combination was proven to be superior 

with respect to individual hydrogels in terms of swelling index, water retention 

capacity (WRC) and release study, indicating its potential to maintain soil hydration 

over extended periods. Such properties are highly useful in agricultural fields where 

effective water management is essential for plant growth and productivity, especially 

in drought-prone areas. 

Grafting process, thermal behaviour, strength and surface morphology were 

confirmed using the characterization techniques. Fourier-transform infrared 

spectroscopy (FT-IR) and 13C nuclear magnetic resonance (13C NMR) analyses 

verified the presence of functional groups and successful copolymerization within 

the hydrogel matrix. X-ray diffraction (XRD) studies revealed the structural 

arrangement and degree of crystallinity, while scanning electron microscopy (SEM) 

provided information regarding the porous surface morphology responsible for 

enhanced swelling and pesticide encapsulation. Thermogravimetric analysis (TGA) 
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demonstrated the thermal stability of the synthesized materials, and rheological 

investigations confirmed their mechanical strength and viscoelastic properties, which 

are important for practical agricultural applications. 

The prepared hydrogels were further evaluated as controlled-release carriers for the 

pesticide dinotefuran. The pesticide loading efficiencies after 48 hours were recorded 

as 54.97% for PDAC-g-SAH, 47.27% for PD-g-SAH, and 31.49% for AC-g-SAH, 

indicating that the combined hydrogel possessed the highest loading capacity due to 

its improved network structure and porosity. Release studies showed that the 

dinotefuran was released gradually and continuously from the hydrogel matrices over 

time, minimizing the sudden release of pesticide into the environment. The release 

kinetics were best explained by Korsmeyer–Peppas, Higuchi, and first-order kinetic 

models, suggesting that diffusion-controlled mechanisms played a significant role in 

pesticide release. 

The extended-release behaviour of the PDAC-g-SAH hydrogel highlights its 

capability in reducing pesticide loss caused by leaching, runoff, and evaporation. This 

not only improves the persistence and utilization efficiency of dinotefuran but also 

lowers the frequency of pesticide application, thereby reducing environmental 

contamination and economic costs for farmers. Overall, the study demonstrates that 

the developed natural polymer-based hydrogel system represents a promising and 

eco-friendly strategy for water conservation and controlled pesticide delivery, 

supporting the advancement of sustainable and efficient agricultural practices. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Agriculture is one of the global primary activities accounting for 70% of water usage  

[1].Studies claim that , during traditional methods of irrigation , almost 50% of this 

water is wasted due to evaporation, uneven distribution and surface runoff [2]. The 

remaining water, along with the soil nutrients, moves deeper in the soil and causes 

water stress in plants. Additionally, plants experience oxidative stress and increased 

lipid peroxidation due to limited water availability [3]. Lipid peroxidation leads to 

damage of cell membranes and loss of other important biomolecules such as proteins 

[4]. These stresses collectively lead to reduced plant growth, poor reproductive health 

and ultimately poor yield [5]. Therefore, there is a need for such materials which can 

improve the water efficiency by minimizing the water loss and helpful in maintaining 

the soil moisture in area of roots at the same time. Polymer-based hydrogels emerge 

as an effective solution for cutting water wastage in such scenario, as they can absorb 

and retain large amount of water. Hydrogels function as small water reservoirs, 

absorbing during rainfall and irrigation and releasing it during drought and shortage of 

water. This helps in limiting the leaching of nutrients due to water wastage and thus 

improve the crop productivity [6]. 

Along with water wastage, agriculture significantly contributes to the wastage of 90% 

of the pesticide applied on the crops due to a number of factors termed as 

mineralisation, biotransformation, leaching, and others [7]. These factors are highly 

responsible for decrement in crop yield and quality of the overall product. Pesticide 

application is helpful in protection of plants up to a great extent, but their wastages 

damage the environment and human life at a great extent, leading to issues such as 

cancers, respiratory tract issues, reproductive disorders, neurological disorders and 

many issues related to immune system [8]. Thus, this creates a high demand for 

carriers, which are smart enough to extend the duration of pesticide release and prevent 

leaching into the soil [9]. This will also help in minimizing the usage of pesticides in 
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the soil. Hereby, natural gum-based polymers emerge as a smart carrier to slow down 

the release of pesticide in the soil and thus extend its duration of use [7]. Since these 

are derived from natural materials, they contribute significantly to the sustainable 

environment. Encapsulating these chemicals into such carries would enhance their non 

target toxicity and reduce their degradation into the soil [10]. 

Hydrogels are three-dimensional crosslinked polymeric network, created by long 

polymer chains. These are highly hydrophilic in nature due to the presence of water 

loving functional groups such as - OH, -COOH, -NH2, -SO3H, -CONH2, etc [11], [12] 

.This hydrophilic behaviour enriches them with the intrinsic property of absorbing a 

large amount of water, ranging up to 1000 times their actual dry weight. Many 

crosslinking techniques are employed in the formation of the hydrogel network such 

as hydrophobic interactions, hydrogen bonding, polymer entanglement, π–π stacking, 

free radical polymerisation, enzyme-induced crosslinking, etc [13]. There are various 

crosslinkers used in the production of hydrogels which are categorised as natural and 

synthetic crosslinkers. Natural crosslinkers include gallic acid (MW: 170.12 g/mol) , 

citric acid (MW: 192.12 g/mol), gnepine (MW: 255.23 g/mol) , etc. whereas synthetic 

crosslinkers involve the use of glutaraldehyde MW: 100.12 g/mol), Methylene bis-

acrylamide (MW: 154.17 g/mol) , N-(3-dimethylaminopropyl)-N’ ethyl carbodiimide 

hydrochloride (MW: 191.70 g/mol) etc [14].  

The absorbing capacity of hydrogels highly depend on the level of crosslinking. Highly 

crosslinked hydrogels form highly dense network which results in the formation of 

low absorbing polymer while low level of crosslinking produces highly absorbing 

hydrogels. Agriculture demands hydrogels which exhibit high swelling index as they 

can be beneficial during drought prone or low rainfall situations and also contribute in 

encapsulating the pesticide amount efficiently [14], [15]. Tannins, particularly 

obtained from the tress of Acacia catechu, is one class of natural crosslinker, which 

provide crosslinking due to the presence of the polyphenolic groups. Tannins are 

capable of exhibiting various kind of interactions such as hydrophobic coordination, 

electrostatic interactions, hydrogen bonding, and ionic bonding, during crosslinking 

with hydrophilic polymeric network [16]. AC is basically a class of condensed tannins, 
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with the crosslinking agents mainly composed of catechin, epicatechin, 

epigallocatechin, taxifolin, procyanidin, and quercetin [17]. Studies revealed that the 

monomers of AC are mainly catechin and epicatechin in ratio of 4.2:1[18], [19]. 

Figure 1(a) and 1(b) represent monomers of Acacia Catechu and Figure 2 represent 

the general structure of Condensed tannin since AC is also a type of condensed 

tannin[20].         

 

Figure 1: Structure for a) Catechin (b)Epicatechin 

 

Figure 2: Structure for condensed tannins 

Gum based hydrogels are an emerging category, highly explored for making hydrogels in 

the agricultural field due to their non toxicity and sustainability. These are explored in 

many other applications such as biomedical, wound healing, food packaging, cosmetics, 

tissue engineering, etc [21], [22]. Prunus domestica is one such gum which is obtained 

from the plum tree of the Rosaceae family. This gum has 73% of water-soluble fractions 

and 27% of water insoluble fractions [23]. Past studies indicated that the backbone of PD 

is made up of galactose and arabinose, with small amounts of xylose and mannose [24]. 

As per the literature survey, this gum is not explored in many applications. Figure 3 
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represents the raw image for PD gum. 

 

 

Figure 3: Raw image of PD gum 

Pesticide used in this study is chosen as dinotefuran. Dinotefuran is highly used, 

advanced-generation neonicotinoid with a large spectrum of activity. It is highly 

effective in controlling pests [25]. The chemical name of this compound is (RS)-1-

methyl-2-nitro-3-(tetrahydro-3-furylmethyl) guanidine and the chemical structure is 

shown in Figure 4 [26]. Being highly effective in controlling pests, there are some 

toxicity concerns associated with the chemical. It affects the life oof many animals such 

as honeybees, zebrafish, and Bombyx Mori. It also affects the human health by 

incorporating into the food chain [27], [28]. Hence there is a release of slow release of 

dinotefuran to avoid over usage and longer benefits to the crops. 
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Figure 4: Chemical structure of dinotefuran 

The present study focuses on synthesis and characterization of the Prunus domestica 

and Tannin grafted hydrogel by various spectroscopy techniques for the extended 

release of dinotefuran. 
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CHAPTER 2 

MATERIALS AND METHODOLOGY 

 

2.1 Materials 

Prunus domestica Gum (PD) was imported from Iraq. Tannin (AC) was bought from 

Vaibhav Traders, Bawana Industrial Area, Delhi. Sodium hydroxide, acrylic acid, and 

N, N-Methylenebisacrylamide (MBA) were obtained from CDH Pvt. Ltd. Potassium 

persulfate (KPS) was sourced from SD Fine Chem Ltd. Dinotefuran was sourced from 

Institute of Pesticide Formulation and Technology, Gurugram.   

2.2 Synthesis     

In this study, PDAC-g-SAH, PD-g-SAH and AC-g-SAH hydrogels are synthesised via 

free radical polymerization using acrylic acid (AA), NaOH and N, N’ MBA as 

crosslinker. The synthesis began with making of homogenous solutions of PD and AC 

in 15ml of deionised water. Then, AA (7ml), after neutralizing with 4.2g of NaOH, 

was added in the solution. The stirring continued and 0.1 g of KPS was added as 

initiator. MBA was added after 20-30 minutes and stirring continued for 2 hours. 

Afterwards, the hydrogels were solidified via hot water bath at 60°C for 60 minutes.   

The hydrogels were sliced into discs and further submerged into deionized water to 

remove the excess chemicals. These hydrogels were further oven dried at 50°C and 

then stored in an air tight desiccator to prevent moisture and further use in application 

and characterization. 

2.3 Swelling studies of the synthesised hydrogels 

The swelling indices were calculated by immersing the oven dried hydrogels in 

distilled water. The swelling was observed for a duration of 42 hours. The weight of 

the hydrogels was noted down in dry state and then subsequently noted again after a 

specific duration of time after immersion in deionized water. This activity was 

continued until a constant weight was recorded. Table 2 shows the various 
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formulations prepared in the study along with their swelling indices in the respective 

column. 

The SI was calculated by the following Equation 1 [29]. 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝐼𝑛𝑑𝑒𝑥 (𝑔. 𝑔−1)  =
𝑊𝑠−𝑊𝑑

𝑊𝑑
                                                                       (1) 

where WS is the weight of swollen hydrogel, and WD is the weight of oven-dried 

hydrogel.  

Swelling study was evaluated by varying concentration of biopolymer and time. 

2.4 Characterization 

All the synthesised hydrogels were characterised using FT-IR spectroscopy to 

determine the functional groups and bonding modes present among the molecules in 

the samples, using a Perkin-Elmer model 2000 FTIR spectrometer over the range 

4000-650 cm−1.  Solid-state 13C NMR was performed on a 400 MHz ECX-II JEOL 

spectrometer for molecular structural elucidation. Powdered XRD of hydrogels was 

examined for the crystal nature of the samples using from 10° to 2°/min using a 

Panalytical's X'Pert Pro diffractometer with Cu Kα radiation. SEM was performed to 

determine the surface morphology of the samples using an EVO 18 Research 

instrument (Zeiss). TGA was carried out using SDT650 (192.168.1.11). Further 

rheology was performed using Anton Paar Modular Compact Rheometer 302 (MCR). 

All the synthesised hydrogels were oven dried and grind to make a fine powder which 

was further used to carry out the characterization except for the rheological analysis. 

2.5 Water Retention Capacity (WRC) 

Water retention capacity of hydrogels can be defined as the maximum amount of water 

which can be hold and retained by the respective hydrogel. WRC studies were 

conducted to study more deeply about this interesting characteristic of the hydrogel 

network in presence of oven dried soil. A set up was arranged which consisted of 

conical tubes, oven dried soil and 0.1g of powdered hydrogel of both the hybrid and 

the controls. Conical tubes were filled with soil up to a 45ml mark and then a layer of 

hydrogel was deposited over it. Then small portions of water were subsequently added 
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at a specific interval of time and weights were recorded in all set ups. This process was 

continued for a duration of 7 days and the explicit behaviour of hydrogel network was 

recorded. Further the formula given in Equation 2 was used to calculate the WRC% 

[30] and compare the performances of the hydrogels. 

𝑊𝑅𝐶% =
𝑊𝑡−𝑊

𝑊𝑂−𝑊
 × 100                                                                                    (2) 

Where Wt  refers to the weight of the tube after the addition of water at time t. 

WO is the weight of the tube filled with dry soil and hydrogel layer in the absence of 

water. 

W corresponds to the weight of the tube filled with soil only. 

2.6 Encapsulation and release study of dinotefuran using PDAC-g-SAH, PD-g-

SAH, and AC-g-SAH 

Oven-dried hydrogels were measured in discs of 0.2g each and then these were put in 

a 720 ppm dinotefuran solution prepared in distilled water for a duration of 24 hours. 

Afterward, the hydrogels were taken out and termed as ‘loaded hydrogels. These 

hydrogels were put in deionized water (250ml) and measurements were recorded for 

complete 45 hours as the release was observed for 45 hours for the hydrogels. During 

the study, 3 ml of solution was removed from each beaker and stored safely for the 

UV-visible spectroscopy. Alongside, 3 ml distilled water was subsequently added to 

maintain the constant volume. The UV-visible spectrophotometer was used to calculate 

the concentration present in the solution at different time stamps, with the maximum 

absorption obtained at the wavelength of 271nm for dinotefuran [31]. 

2.6.1 Percentage loading 

The percentage loading for the ‘loaded hydrogels’ was calculated using the formula 

given in Equation 3. This value indicates the amount of pesticide actually trapped 

within the polymeric network relative to the total pesticide concentration. 

         % 𝐿 = (
𝐴𝐿−𝐴𝑅  

𝐴𝐿
) ∗ 100                                                                                         (3)  
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where AL is the amount of dinotefuran added to the hydrogels. 

AR is the amount of dinotefuran remaining in the hydrogels. 
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CHAPTER 3 

SPECIFICATIONS OF PRUNUS DOMESTICA AND 

TANNIN 

 

3.1 Prunus domestica 

PD was collected from the plum tree which belongs to the Rosaceae family in 

Iraq. Then it was cleaned by washing with deionized water to remove the dust, 

microbial and air impurities if present on its upper layer to avoid any 

contamination. Then it was sliced into small pieces and oven dried at 60°C 

temperature. Crushing of gum was carried out using a mortar and pestle to obtain 

an off-white-colored odorless powder with a few amounts of yellowish lumps in 

it as shown in Figure 5.  

 

Figure 5: Powdered PD gum 

Further ash%, purity% and yield% was calculated using various formulas. 
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3.1.1 Ash% 

2g of PD was weighed and put in a muffle furnace at 550°C for 4-5 hours. The 

formula present in Equation 4 was used to calculate the ash% 

𝐴𝑠ℎ % =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑠ℎ

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100                                                                     (4) 

On substituting the data obtained, we got 

   𝐴𝑠ℎ % =
0.07

2
 × 100 = 3.5% 

3.1.2 Purity% 

The purity percent of the gum was calculated by taking in account of ash% and 

formula present in Equation 5 was used for this purpose. 

           𝑃𝑢𝑟𝑖𝑡𝑦 % = 100 − 𝐴𝑠ℎ%                                                                     (5) 

Then we have, 

   𝑃𝑢𝑟𝑖𝑡𝑦 % = 100 − 3.5% = 96.5% 

3.1.3 Yield% 

Yield% was calculated by taking in account of the formula provided in Equation 

6 [32]. 

𝑌𝑖𝑒𝑙𝑑 % =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑔𝑢𝑚

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑎𝑤 𝑔𝑢𝑚
 × 100                                                        (6) 

The weights of extracted gum and raw gum were found to be 11 grams and 21 

grams respectively. Thus, the yield% would be calculated as shown below. 

𝑌𝑖𝑒𝑙𝑑 % =
11

21
 × 100 = 52.3% 
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3.2 Tannin 

The tannin was bought from Vaibhav Traders, Bawana Industrial Area, Delhi. It 

was obtained as a fine brown colored powder without any lumps in it. Figure 6 

shows the texture and color of tannin. 

 

                          Figure 6: Powdered form of tannin 

The matter specifications were carried out by CSIR and results were obtained as 

shown in Table 1. 

                 Table 1: Specifications of tannin 

S.No. Specified material % composition 

1. Volatile matter 8% 

2. Total solid 92% 

3. Total soluble 84.1% 

4. Non-tannin content 26.7% 

5. Tannin content 57.4% 

7. Water insoluble 7.9% 

7. Water solubility pH 5.5% 
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Literature survey confirms that the number and mass average molecular weight of 

Acacia catechu are 914g mol-1 and 1407g mol-1 respectively. The polydispersity index 

is 1.54 which confirms the presence of non-uniform polymeric chains in the network 

[18] 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Reaction Mechanism 

KPS acts as an initiator which generates free radicals, which further react with the 

vinyl groups of sodium acrylate resulting in formation of poly(sodiumacryalte) chains. 

These chains propagate and reacts with the monomer (PD and AC) and crosslink 

together with the help of N, N’- MBA resulting in the formation of PDAC-g-SAH, PD-

g-SAH and PDAC-g-SAH [33], [34]. Figure 7 reflects the mechanistic pathway of the 

formation of the PDAC-g-SAH. The polymeric chains expand prominently due to 

electrostatic repulsion among the negatively charged carboxylate ions spaced in the 

polymer chains [35]. 

 

Figure 7: Mechanistic pathway of formation of PDAC-g-SAH 
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KPS molecule cleave to generate radicals. 

 𝐾2𝑆2𝑂8 → 2𝐾 .  + 𝑆2𝑂8
.  → 2𝑆𝑂4

∙  

These radicals attack the PD and tannin units [36]. 

Here, PD is denoted as R-PD-OH, and tannin is denoted as AC-OH. 

The formation of PD-g-SAH and AC-g-SAH follows the below provided pathway. 

𝑅 − 𝑃𝐷 − 𝑂𝐻 +  2𝑆𝑂4
∙ → 𝑅 − 𝑃𝐷 − 𝑂∙  + 𝐻𝑆𝑂4

∙  

𝐴𝐶 − 𝑂𝐻 +  2𝑆𝑂4
∙ → 𝐴𝐶 − 𝑂∙  + 𝐻𝑆𝑂4

∙  

Simultaneously the active sites of sulphate group attacks the vinyl group of sodium 

acrylate and forms the Poly-(sodium acrylate). 

𝐶𝐻2 = 𝐶𝐻 − 𝐶𝑂𝑂𝑁𝑎 +   𝑆𝑂4
∙ → 𝑁𝑎𝑂𝑂𝐶 − 𝐶𝐻∙ − 𝐶𝐻2

∙ + 𝑆𝑂4
∙  

The second step is the propagation step, which begins with the formation of extended 

Poly(sodium acrylate) chains. 

𝑛(𝐶𝐻2 = 𝐶𝐻 − 𝐶𝑂𝑂𝑁𝑎) +   𝑁𝑎𝑂𝑂𝐶 − 𝐶𝐻∙ − 𝐶𝐻2
∙ →    

Simultaneously the radicals of PD and AC react with acrylic acid and MBA to generate 

a grafted network  [37]. 

𝐶𝐻2 = 𝐶𝐻 − 𝐶𝑂𝑂𝑁𝑎 + 𝑅 − 𝑃𝐷 − 𝑂∙    → 𝑁𝑎𝑂𝑂𝐶 − 𝐶𝐻∙ − 𝐶𝐻2
∙ − 𝑂 − 𝑃𝐷 − 𝑅 

𝐶𝐻2 = 𝐶𝐻 − 𝐶𝑂𝑂𝑁𝑎 + 𝐴𝐶 − 𝑂∙    → 𝑁𝑎𝑂𝑂𝐶 − 𝐶𝐻∙ − 𝐶𝐻2
∙ − 𝑂 − 𝐴𝐶 

𝑀𝐵𝐴 + 𝑅 − 𝑃𝐷 − 𝑂∙    → 𝑀𝐵𝐴∙ − 𝑂 − 𝑃𝐷 − 𝑅 

𝑀𝐵𝐴 + 𝐴𝐶 − 𝑂∙    → 𝑀𝐵𝐴∙ − 𝑂 − 𝐴𝐶 

𝐴𝐶 − 𝑂𝐻 + 𝑅 − 𝑃𝐷 − 𝑂∙    → 𝑅∙ − 𝑃𝐷 − 𝑂 − 𝑂 − 𝐴𝐶 

Poly(sodium acrylate) radicals react with the MBA molecules to produced 2d branched 

polymer 
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   MBA +          →    

Now the termination step proceeds as two polymer chains integrate. Subsequently, PD-

g-SAH , AC-g-SAH, and PDAC-g-SAH are formed via crosslinking with MBA, 

giving rise to a 3D polymeric network [32], [38]. 

a) PDAC-g-SAH 

𝐴𝐶 − 𝑂 − 𝑂 − 𝑃𝐷 − 𝑅∙ +           

                                                                                                                

  

 

b) PD-g-SAH 

                                                                                                                                                                                                                                                   

c) AC-g-SAH 
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4.2 Swelling study     

The swelling data present in Table 2 shows that PDAC-g-SAH had SI (g∙g-1) of 

219.83 (g∙g-1) in 42 hours. For other hydrogels, PD-g-SAH (142.8 g∙g-1) was 

observed after 37 hours, and AC-g-SAH (100.36 g∙g-1) after 35 hours. From the 

study, it was concluded that PDAC-g-SAH exhibited the highest SI and longest 

sustained period for swelling.     

      Table 2: Swelling index for various formulations of synthesized hydrogels. 

Formulation PD  

(g) 

AC 

 (g) 

AA  

(ml) 

NaOH 

(mol/L) 

KPS 

 (g) 

MBA  

(g) 

SI  

(g∙g-1) 

PDAC-g-SAH 1 0.1 0.1 7.2 10.5 0.1 0.08 159.45 

PDAC-g-SAH 2 0.2 0.1 7.2 10.5 0.1 0.1 132.5 

PDAC-g-SAH 3 0.3 0.1 7.2 10.5 0.1 0.12 219.83 

PDAC-g-SAH 4 0.4 0.1 7.2 10.5 0.1 0.15 110.45 

PDAC-g-SAH 5 0.1 0.2 7.2 10.5 0.1 0.2 81 

PDAC-g-SAH 6 0.2 0.2 7.2 10.5 0.1 0.08 154.4 

PDAC-g-SAH 7 0.3 0.2 7.2 10.5 0.1 0.14 148.4 

PDAC-g-SAH 8 0.4 0.2 7.2 10.5 0.1 0.12 122.52 

PDAC-g-SAH 9 0.1 0.3 7.2 10.5 0.1 0.12 215.35 

PDAC-g-SAH 10 0.2 0.3 7.2 10.5 0.1 0.14 181.4 

PDAC-g-SAH 11 0.3 0.3 7.2 10.5 0.1 0.08 194.45 

PDAC-g-SAH 12 0.4 0.3 7.2 10.5 0.1 0.1 103.65 

PDAC-g-SAH 13 0.1 0.4 7.2 10.5 0.1 0.14 116.31 

PDAC-g-SAH 14 0.2 0.4 7.2 10.5 0.1 0.12 171.15 
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PDAC-g-SAH 15 0.3 0.4 7.2 10.5 0.1 0.1 98.36 

PDAC-g-SAH 16 0.4 0.4 7.2 10.5 0.1 0.08 126.7 

PD-g-SAH  0.4 0 7.2 10.5 0.1 0.12 142.8 

AC-g-SAH  0 0.4 7.2 10.5 0.1 0.12 100.36 

 

         4.2.1 Effect of concentration of biopolymer on SI 

The biopolymer concentration was varied between 0.1 and 0.4g. A Gradual 

increase in swelling index was observed as concentration of biopolymer was 

increased, taking crosslinker as constant as shown in Figure 8. But SI did not 

increase when biopolymer was increased above 0.3g [39].This trend can be 

attributed to the formation of dense polymer network at high biopolymer content 

which lowers the available free volume in the network and limits the water 

absorption capacity [28], [40]. 

 

Figure 8: Variation of swelling Index with concentration of biopolymer. 

4.2.2 Variation of SI with respect to time 

The swelling index was gradually observed during immersion and increased, as 

shown in Figure 9. However, the increase rate was higher in the initial hours but 

it become almost constant as time increases. The rapid swelling is accounted as 
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the difference in osmotic pressure between the polymeric network and outside 

environment. The swelling is mainly a result of presence of multiple hydrophilic 

chains, countercharged species and static charge in the polymeric network [41]. 

 

         Figure 9: Variation of swelling index with respect to time.  

        4.3Physical features of the synthesized hydrogel 

Synthesized hydrogels depicted different physical properties in their swollen and 

dry states. The appearance of the hydrogels can be evaluated from Figure 10. 

The significant color of hydrogels is due to the presence of tannin in it. However, 

the weight, height, diameter, and volume for swollen state were found to be 

60.09 g, 3.5 cm, 5.1 cm, and 69.42 cm³, respectively, while in the dry state, these 

were 3.59 g, 0.8 cm, 1.2 cm, and 0.91 cm³, respectively. The increase in hydrogel 

volume is due to the increase in diameter of pores and encapsulation of water 

molecules. 

 

Figure 10: a) Swollen PDAC-g-SAH and b) Oven-dried PDAC-g-SAH. 
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4.4 Characterization 

4.4.1 FT-IR 

Figure 11 shows the FT-IR spectra of PD-g-SAH, AC-g-SAH, and PDAC-g-

SAH. There were peaks in the 4000 cm-1 to 600 cm-1 regions in the FT-IR spectra. 

-OH stretching was identified as broad peaks in all formulations at 3325, 3301, 

and 3317 cm-1 in all manufactured hydrogels, while sp3 hybridized C-H 

stretching, which indicating chains of hydrocarbons, was observed for the 

notable peak at 2917, 2936, and 2927 cm-1. The carbonyl stretching represented 

by the peaks at 1559, 1563, and 1558 cm-1  and 1403, 1404, and 1403 cm-1 is 

caused by the asymmetric and symmetric stretching of the 𝐶𝑂𝑂−group of 

acrylate [42]. C-O-C stretching was identified by the peaks at 1174, 1160, and 

1164 cm-1, whereas the glycosidic band vibration is confirmed by the peak that 

emerged at 1036, 1030, and 1039 cm-1 [43], [44] Further carbonyl peaks appear 

at 1717, 1718, and 1719 cm-1  which are due to the COOH group. [45].  The 

existence of PD in the PDAC-g-SAH network is confirmed by the peak at 839 

cm-1 which is in the fingerprint region and points towards α-glycosidic linkages 

[46], [47]. 

 

Figure 11: FT-IR spectra of a) PD-g-SAH, b) AC-g-SAH, and c) PDAC-g-SAH.   
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  4.4.2 Solid-state 13C NMR 

Figure 12(a), 12(b) and 12(c) corresponds to the solid-state 13C  NMR spectra 

of PD-g-SAH, AC-g-SAH, and PDAC-g-SAH respectively. The peaks at 

184.943ppm , 181.671ppm and 184.289ppm corressponds to the carbon of 

carboxylate salt [48]. Further peaks appear at 42.232ppm , 38.063ppm and 

39.542ppm are due to  13C present in the methylene group of the structure. 

Further peaks occur at 60.434ppm and 61.302ppm are due to the carbon attatched 

to the −𝑂𝐻 group. One more peak is visible at 108.206ppm is due to the aromatic 

carbon of the flavoinoid [49], [50]. The vanishing of peak of 108,206ppm in 

PDAC-g-SAH matrix is due to the higher mobility of the chains. 

                      

      Figure 12: NMR spectra of a.) PD-g-SAH b.) AC-g-SAH, and c.) PDAC-g-SAH.  

4.4.3 XRD 

XRD was used to ascertain if the materials were crystalline or amorphous. Figure 13 

depicts the XRD patterns of PD-g-SAH, AC-g-SAH, and PDAC-g-SAH, with peaks 

at 21.86 ° and 32° in Figure 13(a) 20.05° and 31.84° in Figure 13(b), and 19.14° and 

31.84° in Figure 13(c), were indicating towards the amorphous nature of all the 

synthesized hydrogels and grafting of poly (sodium acrylate) respectively [51] . The 
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amorphous nature of all hydrogels is beneficial, as it enables high water absorption 

and chain mobility, which are essential for agricultural and other applications. 

 

 

         Figure 13: XRD pattern of a) PD-g-SAH, b) AC-g-SAH, and c) PDAC-g-SAH. 

4.4.4 SEM 

The surface morphology of PD-g-SAH, AC-g-SAH, and PDAC-g-SAH using SEM at 

500x, 500x, and 1000x resolutions, as shown in Figure 14(a), 14(b), and 14(c), 

respectively. SEM images show the porous structure of PDAC-g-SAH, which has 

larger pores than PD-g-SAH and AC-g-SAH. This discrepancy is probably due to the 

dense polymer network in PD-g-SAH and AC-g-SAH, which leads to strong 

intermolecular interactions and a packed, rather than porous, morphology. These pores 

provide synthetic hydrogels their gel-like characteristics and are the cause of the initial 

increased swelling rate because water enters the macro pores first, filling the micro 

pores later [52], [53]. 
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 Figure 14: SEM images of a) PD-g-SAH, b) AC-g-SAH, and c) PDAC-g-SAH 

4.4.5 TGA 

The thermal stability of hydrogels was characterized using thermogravimetric 

analysis in the range of 25 oC to 600 oC. As shown in Figures 15(a), 15(b), and 

15(c), four transition phases were observed in the thermal degradation. With 

mass losses of 8.9%, 7.7%, and 8.4% for PD-g-SAH, AC-g-SAH, and PDAC-g-

SAH, respectively, the first phase starts at 28 oC –209 oC, 27 oC –207.91 oC, and 

27.63 oC –218 oC. This stage is associated with the evaporation of water and the 

heating of low molecular weight molecules. Second stage degradation takes 

place between 209 oC and 421 oC, 207.91 oC and 420 oC, and 218 oC and 411 oC, 

with losses of 23.5%, 14%, and 16.7% for PD-g-SAH, AC-g-SAH, and PDAC-

g-SAH, respectively. During this stage, certain ungrafted small molecules and 

the polymeric network's backbone degrade. Additionally, this degradation can be 

linked to the hydrogel matrices' methylene, alcoholic, and carboxylic groups 

[38], [54]. 

With weight loss percentages of 25.9%, 21.8%, and 24.1% for PD-g-SAH, AC-

g-SAH, and PDAC-g-SAH, respectively, the third phase of degradation was seen 
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between 421 oC and 498 oC, 420oC and 500 oC, and 411 oC and 494.2 oC, 

corresponding to the degradation of the polymeric network at its maximum. 

Strongly stable entities in the polymeric chain cause a relatively slight weight 

loss in the last stage of breakdown, up to 2.3% at 590 oC [37]. The residue 

percentages of PD-g-SAH, AC-g-SAH, and PDAC-g-SAH were determined to 

be 40.5%, 50.94%, and 51.5%, respectively, indicating their heat resistance. 

 

Figure 15: Thermogravimetric analysis for a) PD-g-SAH b) AC-g-SAH, and c) 

PDAC-g-SA 

4.4.6 Rheology 

All the samples were subjected to shear stress amplitude at a rate of 10 rad/s during 

the amplitude sweep test. Results are shown in Figure16[A] (a), 16[A](b), and 

16[A](c) for PD-g-SAH, AC-g-SAH, and PDAC-g-SAH respectively. The hydrogel 

network is intact, as evidenced by the Gʺ and Gʹ being constant at mild deformation. 

We refer to this area as the linear-viscoelastic zone. Additionally, the termination of 

this region indicates that the structure is disrupted as the modulus decreases. When 
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compared to PD-g-SAH and AC-g-SAH1, PDAC-g-SAH exhibits more viscoelastic 

solid[7]. .  

Additionally, the samples underwent frequency sweep test with constant shear strain 

percentage between 0.1 and 500 rad/s. Figures 16[B] (a), 16[B] (b), and 16[B] (c) 

show the results for PD-g-SAH, AC-g-SAH, and PDAC-g-SAH, respectively. 

According to this study, the synthesized hydrogel network's viscoelastic behaviour was 

demonstrated by the loss modulus, Gʺ, being dominant at higher frequencies while the 

storage modulus, Gʹ, was prominent at lower frequency areas [39].   

 

Figure 16: Rheological analysis of [A] amplitude sweep a) PD-g-SAH b) AC-g-SAH 

c) PDAC-g-SAH and [B] Frequency sweep of a) PD-g-SAH b) AC-g-SAH c) PDAC-

g-SAH 

4.5 Water Retention Capacity 

Figure 17(a),17(b) ,17(c), and 17(d) represent the WRC% of PDAC-g-SAH, PD-g-

SAH, AC-g-SAH, and control respectively. Results obtained showed that the WRC of 

soil was improved up to twice on implementation of hydrogel in the soil. The soil’s 

WRC in untreated soil was found to be 23.1% on the 7th day. While in PDAC-g-SAH, 

PD-g-SAH, and AC-g-SAH it was found to be 42.2%, 34.4%, and 25.6%, respectively, 

on the seventh day. The result can be explained by the hydrophilic nature and 
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crosslinking capacity of hydrogels, which are primarily responsible for encapsulating 

water molecules within the matrices. As a result, soil water availability is increased, 

which results in effective water usage and reduced moisture loss% in soil during 

evaporation [12]. 

 

Figure 17: Water retention capacity of a) PDAC-g-SAH b) PD-g-SAH c) AC-g-SAH 

d) Control 

4.6 Encapsulation of dinotefuran and release kinetics 

4.6.1 Percentage loading 

The % L of all synthesized hydrogels i.e. PDAC-g-SAH, PD-g-SAH, and AC-g-SAH 

were 54.97%, 47.27%, and 31.49% respectively. The higher %L can be attributed due 

to the porous structure and high swelling index of the hydrogel matrices, enabling the 

dinotefuran molecules to penetrate deeply into the network of hydrogel. 
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4.6.2 Release Kinetics 

The release study revealed that the dinotefuran was released for a duration of 48-

50hours from the hydrogel matrix.  

Release kinetics were studied using the Korsmeyer Peppas (KP) model, the Higuchi 

and first-order kinetics models. The KP model describes the release on the basis of the 

release exponent. In cylindrical systems, release exponent (n), 0<n<45 , would indicate 

Fickian diffusion while 45<n<0.89 would point towards non Fickian diffusion. But if 

n>0.89 , this is the case for super case II transport [55].. The only condition for KP 

model is that all the release must be less than or equal to 60%. Fickian diffusion 

indicates that the drug has been released through the matrix by diffusion, while non-

Fickian diffusion reflects that the drug has been released as a result of diffusion and 

relaxation of the carrier matrix [56], [57]. Figure 18 represent the graphs for KP 

model. 

The Higuchi Model indicate that the dinotefuran has released by diffusion mechanism. 

It studies release in terms of square root of time[58].Further, first order kinetics states 

that the rate is directly proportional to the amount of pesticide remaining in the 

hydrogel matrix [59].The fitting of models is related by calculating the correlation 

coefficient (R2  > 0.97). It is clear from Table 3 that PD-g-SAH and AC-g-SAH 

satisfies the Fickian diffusion (n < 0.45) and first-order kinetics. Despite Fickian 

diffusion, the Higuchi model is unsatisfactory due to the shape of the hydrogel 

network, the pesticide release dimensions, and the hydrogel's swelling behavior. It 

takes in account that the polymer matrix does not swell or dissolve in the medium 

while releasing[60]. PDAC-g-SAH reflects the non-Fickian diffusion (0.45<n<0.89) 

and satisfies the first-order kinetics.  

Figure 19 shows the graphs for first order kinetics. Also, the equations and rate 

constants obtained in release kinetics are shown in Table 3. 
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Table 3: Release kinetics study of prepared hydrogel matrix  

Model Equation Parametres PD-g-

SAH 

AC-g-

SAH 

PDAC-g-

SAH 

K.P. 𝑀𝑡

𝑀∞
=  𝐾𝐾.𝑃.𝑡

𝑛  

𝑀𝑡

𝑀∞
  is the amount of 

pesticide released, 

𝐾𝐾.𝑃. is the Korsmeyer 

Peppas constant, n is 

the release exponent 

and t is the time 

𝑅2 

𝐾𝐾.𝑃. (ℎ𝑟−𝑛) 

         n 

0.99 

0.0066 

0.36 

0.99 

0.0069 

0.35 

0.99 

0.0064 

0.64 

Higuchi 

model 

𝑀𝑡

𝑀∞
= 𝐾𝐻𝑡1/2  

𝑀𝑡

𝑀∞
 is the amount of 

pesticide released, 𝐾𝐻 

is the Higuchi 

constant, and t is the 

time 

𝑅2 

𝐾𝐻 (ℎ𝑟−1/2) 

          

0.89 

0.11 

0.9 

0.901 

0.905 

0.21 

First-

order 

kinetics 

𝑀𝑡

𝑀∞
= 1 − 𝑒−𝑘𝑡  

𝑀𝑡

𝑀∞
 is the amount of 

pesticide released, K is 

the first-order kinetics 

constant release  

𝑅2 

   K (ℎ𝑟−1) 

        

0.99 

0.013 

0.98 

0.013 

0.97 

0.031 
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Figure 18: Release kinetics of dinotefuran by the Korsmeyer Peppas model for 

a.)PD-g-SAH,b.)AC-g-SAH & c.) PDAC-g-SAH.                  

 

Figure 19: Release kinetics of dinotefuran by first-order kinetics for a.) PD-g-SAH  

b.) AC-g-SAH  c.) PDAC-g-SAH. 
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CHAPTER 5 

CONCLUSION AND FUTURE PROSPECTS 

 

The present study focuses on development of novel biodegradable hydrogels 

synthsized from PD and AC for the controlled relaese of dinotefuran, aiming for 

improved pestcide efficieny while reducing environmental contamination  due to soil 

leaching. Conventional pesticide formulations often lead to poor utilization due to 

rapid relaese. To address these issues, the study primarily focused on the synthesis and 

evaluation of PDAC-g-SAH hydrogel and compared its performance with PD-g-SAH 

and AC-g-SAH to establish the superior efficiency of PDAC-g-SAH as a controlled-

release carrier system for agrochemical applications. 

The synthesized hydrogels were characterized using several analytical techniques, 

including FT-IR, 13C NMR, XRD, SEM, TGA, and rheological analysis. FT-IR and 

13C NMR confirmed the process of rafting of PD with AC while XRD revealed the 

crystal structucture of polymeric network.SEM images proved the porous network 

created by the hydrogel network, beneficial for higher water absorption capacity and 

encapsulation of pesticide.TGA demonstated the thermal stablity of polymer network 

and rheology established the viscoelastic behaviour of the network. 

Among all synthesized formulations, PDAC-g-SAH exhibited the highest swelling 

index of 219.83 g∙g⁻¹, indicating its excellent water absorption capacity and enhanced 

hydrogel network structure. The hydrogel also showed superior water retention 

capacity, pesticide loading efficiency, and prolonged release behavior compared to PD-

g-SAH and AC-g-SAH. The sustained-release profile of dinotefuran from PDAC-g-

SAH ensured gradual, controlled delivery over an extended period, thereby 

minimizing pesticide loss through leaching and improving overall utilization 

efficiency. These properties highlight the effectiveness of PDAC-g-SAH as an 

advanced carrier system for agrochemical delivery. 
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Furthermore, the potential of these hydrogels can be leveraged beyond pesticide 

applications. Due to their high absorption values, they can be used as soil conditioners 

to improve soil moisture content, promote nutrient availability and seed germination , 

and support plant growth under drought situations.Hence, this research opens the door 

for new possibilities for the development of multifunctional hydrogels for sustainable 

agriculture , efficient pesticide management, and a barrier to environmental 

degradation. 
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