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ABSTRACT: Grafting of  cellulose (CE) and methylcellulose (MC) with acrylic acid (AA) 

represent a promising way to enhance soil water retention as well as to transfer fertilizers 

in a controlled manner to plants. For the purpose of  comparison, hydrogels were prepared 

from cellulose and methylcellulose by grafting them with acrylic acid, (CE-g-AA) and 

(MC-g-AA). For the purpose of  mechanically strengthening them, they were cross-linked 

with N, N- methylenebisacrylamide (MBA). The following techniques were used to 

characterize the prepared hydrogels include FT-IR, TGA, XRD, FESEM, and EDS. The 

degree of  swelling of  the hydrogels was studied, through which it can determine the 

suitability of  each hydrogel for use in the appropriate place, where the swelling can 

regulate the loading and releasing behaviors of  hydrogel microspheres. As a result, it was 

observed the (CE-g-AA)/MBA hydrogel, due to its high degree of  swelling, is suitable for 

loading water and help the soil retain water. While (MC-g-AA)/MBA hydrogel, because 

its swelling is weaker, is suitable for carrying fertilizer, where it was actually loaded with 

nitrogen fertilizer model KNO3, and its maximum loading percentage (Lmax %) = 19.3%. 

The study involves studying soil saturation with water and then water retention in soil, 

where the (CE-g-AA)/MBA hydrogel soil sample has retained water for 19 days compared 

to 13 days only for controlled sample. The release profile of  KNO3-loaded (MC-g-

AA)/MBA copolymer hydrogel after choosing three pHs medium for release includes pH 

4, pH 7, and pH 9, it was found to be more regular and regulated at pH 7.                               

 

INTRODUCTION 

The problem of water scarcity, low rainfall, high rate of evaporation and poor soil water-retention capacity in arid and semi-

arid regions is a serious one for agricultural production, as crop productivity is reduced and sustainable agriculture is threatened 

[1,2]. Drought is one of the most destructive environmental stresses for agriculture and causes significant economic losses 

worldwide [3]. Most of the traditional irrigation methods are inefficient due to the high level of water loss by evaporation and 

deep percolation, and as a result, inadequate water uses and poor availability of nutrients to plants [4]. Moreover, unstable water 

supply adversely affects seed germination, plant metabolism, nutrient uptake and overall crop yield [5]. 

Besides, the excessive use of chemical fertilizers and pesticides with conventional spraying and delivery methods has caused 

serious environmental concerns. Large quantities of agrochemicals are typically used to compensate for the nutrient losses, 

which results in soil degradation, pollution of groundwater, toxicity to beneficial microorganisms and earthworms, and long-

term ecological imbalance [6,7]. The conventional agrochemical delivery systems also suffer from rapid release and uncontrolled 
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distribution, which lowers the fertilizer-use efficiency and raises the environmental pollution [8]. Therefore, the development 

of sustainable systems able to reduce agrochemical consumption and control the release of nutrients has become an important 

research priority in modern agriculture [9]. 

Recently, hydrogels have been considered as promising functional materials for agricultural application because of their 

remarkable ability to absorb, retain and gradually release water [10]. Hydrogels are three-dimensional crosslinked polymeric 

networks composed of hydrophilic chains that can absorb large amounts of water without dissolving in aqueous environments 

[11]. These materials increase the water holding capacity of the soil, decrease the frequency of irrigation and improve the water 

use efficiency especially in drought conditions [12]. Furthermore, hydrogels can act as carriers for fertilizers and pesticides 

leading to the controlled and sustained release of agrochemicals for long periods [13]. Such controlled-release systems decrease 

the leaching of nutrients, reduce environmental contamination, and improve the availability of nutrients to plants [14]. 

Biodegradable hydrogels prepared from natural polymers have recently attracted increasing attention due to their eco-friendly 

nature, biodegradability, low toxicity and renewability [15]. Cellulose and methyl cellulose, which are among the natural 

polymers, are considered as highly attractive materials for the preparation of the hydrogel due to their abundance, 

biocompatibility, hydrophilicity, and excellent swelling properties [10,16]. On the other hand, cellulose-based hydrogels are 

described as having a lower environmental impact and higher biodegradability than many synthetic hydrogels obtained from 

petrochemical resources [17]. 

Cellulose and methyl cellulose are rich in hydroxyl groups, allowing for chemical modification and hydrogel network formation 

through grafting and crosslinking reactions [18]. Grafting methods are widely used to improve the physicochemical properties, 

swelling capacity, mechanical strength and controlled-release performance of cellulose-derived hydrogels by grafting natural or 

synthetic monomers into the polymeric backbone [19]. Cellulose-based hydrogels and their derivatives have been widely studied 

for biomedical engineering, wastewater treatment, food packaging, tissue engineering and controlled drug delivery systems 

[15,20]. Cellulose-based hydrogels have shown a great potential as water-retaining materials and controlled-release carriers for 

fertilizers and pesticides in agricultural applications [2, 12]. 

The preparation and performance of hydrogels are greatly influenced by the type of crosslinking process used in the synthesis. 

Crosslinking agents are indispensable to maintain the integrity of the hydrogel structure and to prevent the dissolution or 

collapse of the polymer network upon water absorption [11]. Besides, crosslinkers are crucial for controlling the release of 

absorbed water and loaded fertilizers by controlling the porosity and diffusion pathways inside the hydrogel matrix [13]. 

Therefore, well crosslinked hydrogels can provide a slow and sustained release of water and nutrients, which can improve 

fertilizer-use efficiency and reduce environment pollution [9]. 

Hydrogels can be prepared by physical or chemical crosslinking methods. Physical crosslinking depends on non-covalent 

interactions, such as hydrogen bonding, ionic interactions and crystallization, while chemical crosslinking forms permanent 

covalent bonds between polymer chains [20]. Crosslinked hydrogels are usually preferred in agricultural applications due to 

their higher mechanical stability, better swelling resistance and improved controlled-release behaviour [18]. In cellulose based 

hydrogel synthesis various chemical crosslinkers have been used such as N, N-methylenebisacrylamide (MBA), glutaraldehyde 

(GA), epichlorohydrin (ECH), citric acid (CA) and sodium hexametaphosphate (SHMP) [19]. MBA is one of the most used 

crosslinkers due to its high efficiency in the formation of stable polymeric networks, while SHMP has received attention as a 

relatively safer and environmentally friendly crosslinker for biodegradable hydrogel systems [20]. 

In this study, two biodegradable hydrogels were successfully prepared from cellulose (CE) and methyl cellulose (MC) as natural 

polymeric matrices, grafted with acrylic acid (AA) and chemically cross-linked with N, N'-methylenebisacrylamide (MBA). The 

prepared hydrogels (CE-g-AA)/MBA and (MC-g-AA)/MBA were loaded with potassium nitrate (KNO3) as nitrogen fertilizer 

model and then studied for their release behavior in different pH environments, as well as their capability for water retention 

over a long period.  

Experimental     

MATERIALS AND METHODS  

Cellulose (CE) was obtained from CelluTech Pharma Pvt. Ltd., Gujarat, India, and methyl cellulose (MC) was purchased from 

Shandong Head Co., Ltd., Meihua Group, China. Acrylic acid was supplied by Sigma Aldrich, and NaOH, as well as N, N'-
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methylenebisacrylamide (MBA), ammonium persulfate (APS), and potassium nitrate (KNO3), were supplied by BDH, UK. 

Buffered solutions, including different pH solutions were purchased from Fluka, Switzerland.  

Preparation of  (CE-g-AA)/MBA hydrogel 

Cellulose (5.0 g) was dissolved in 100 mL of  0.1 M NaOH and transferred into a 500 mL three-necked flask. The flask was 

fitted with a mechanical stirrer, a reflux condenser, a thermometer, and a nitrogen line to provide inert nitrogen for the reaction. 

Alkaline pyrogallol solution was used in the nitrogen line to remove any remaining oxygen. The CE solution was heated to 60°C 

for 1.0 hour to form a colloidal slurry. Then 30 mL of  a 5% w/v APS aqueous solution was added, and the mixture was stirred 

continuously for 15.0 min. In a separate flask, 35.0 mL of  acrylic acid (AA) was neutralized with 8.0 M NaOH solution, and 

4.0 g of  cross-linker MBA was mixed together and then added dropwise to the three-necked flask while stirring. The temperature 

of  the final solution was raised gradually to 70°C and maintained for 3.0 hours with stirring and under nitrogen gas to complete 

grafting. The hydrogel, after preparation was cleaned and dried. 

 

Scheme 1: Preparation and chemical structure of  (CE-g-AA)/MBA hydrogel 

Preparation of  (ME-g-AA)/MBA hydrogel 

Methyl cellulose (MC) (5.0 g) was dissolved in 100 mL of  0.05 M NaOH and transferred into a 500 mL three-necked flask. The 

flask was fitted with a mechanical stirrer, a reflux condenser, a thermometer, and a nitrogen line to provide inert nitrogen for 

the reaction. Alkaline pyrogallol solution was used in the nitrogen line to remove any remaining oxygen. The MC solution was 

heated to 60°C for 1.0 hour to form a colloidal slurry. Then 30 mL of  a 5% w/v APS aqueous solution was added, and the 

mixture was stirred continuously for 15.0 min. In a separate flask, 35.0 mL of  acrylic acid (AA) was neutralized with 8.0 M 

NaOH solution, and 4.0 g of  cross-linker MBA was mixed together and then added dropwise to the three-necked flask while 

stirring. The temperature of  the final solution was raised gradually to 70°C and maintained for 3.0 hours with stirring and under 

nitrogen gas to complete grafting. The hydrogel, after preparation, was cleaned and dried. 
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Scheme 2: Preparation and chemical structure, of  the (MC-g-AA)/MBA hydrogel 

Study the degree of  swelling  

The prepared hydrogels were studied for their degree of  swelling in two environments, including distilled water and rainwater, 

as well as at three different temperatures. Hence, 1.0 g of  dry microspheres were immersed in 100 mL distilled water or 100 

mL of  rainwater. The change in their degree of  swelling was detected by measuring the increase in their weights every 3.0 hours 

until their weights remained constant and their maximum degree of  swelling was reached. The experiment was conducted at 

three different temperatures including 5°C, 25°C, and 45°C, and the degree of  swelling was calculated according to the following 

equation [21]: 

𝐷𝑆(%) =
𝑤𝑡−𝑤𝑜

𝑤𝑜
× 100……………….1 

Where 𝑤𝑡  and 𝑤𝑜  represent the weights of  swelling microspheres at time (t) and their dry weights, respectively.  

Loading measurements  

The findings of  the degree of  swelling measurements for the manufactured hydrogels showed that the loading study will involve 

two separate substances one being water and the other being agrochemical (KNO3).The reason for using different substances 

is due to the different degrees of  swelling for the prepared hydrogels; therefore, we carried out an experiment with water loading 

for (CE-g-AA)/MBA and potassium nitrate for (MC-g-AA)/MBA. 

The loading study of  agrochemicals such as KNO3 fertilizer is performed using two formulae: maximum loading percentage 

(Lmax %) and loading efficiency percentage (EL%). A (100 mg) hydrogel microsphere was immersed in (100 ml) loading 

solution produced from phosphate buffered solution (pH 7) containing (200 mg) potassium nitrate (KNO3) fertilizer. The 

microspheres were immersed in the loading solution for (24 h) at room temperature and under moderate stirring. A calibration 

curve for KNO3 must be created in advance in order to calculate unknown concentrations of  the fertilizer. KNO3 was prepared 

with known quantities of  25 mg, 50 mg, 75 mg, 100 mg, 125 mg, and 150 mg in 100 ml of  phosphate- buffered solution (pH 

7). The wavelength of  KNO3 at maximum absorbance (λmax) was determined using a UV-visible spectrophotometer type 

JASCO V- 630, Tokyo, Japan. The UV instrument was adjusted to the λmax of  KNO3 (298 nm), and then the absorbance (A) 

of  the known concentrations of  KNO3 was measured. Finally, plotting the obtained absorbance (A) against their concentrations 

(g/dL) will produce the calibration curve of  KNO3 fertilizer [12]. 

 The hydrogel microspheres were immersed in the KNO3 loading solution for a prescribed duration, filtered using a fine mesh 

sieve (100 meshes), and left to drain for an additional 10 minutes. Finally, the concentration of  the loaded KNO3 was indirectly 

obtained by collecting a few milliliters of  the leftover loading solution and measuring its absorbance (A) at λmax=298 nm using 
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a UV-visible spectrophotometer. The fertilizer loading calculation is performed based on the following equations using two 

formulas: maximum loading percentage Lmax (%) and loading efficiency percentage EL (%) [22]: 

 . 

Lmax (%) =
Weight of 𝑎𝑔𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 loaded(mg)

Weight of microspheres taken for loading (mg)
× 100……….2 

EL (%) =
weight of agrochemical loaded (mg)

weight of agrochemical taken for loading (mg)
× 100 … … … 3 

Study of  release  

Release behavior of  KNO3 fertilizer-loaded hydrogel microspheres was investigated. Generally, 100 mg of  KNO3 -loaded 

microspheres were placed in 20 ml of  buffered solution at pH 4, 7, and 9, where pH 4 reflects a very acidic state that can be 

found in rainy areas with acid sulfate soils. pH 9, on the other hand, is characteristic of  alkaline soils occurring in dry and semi-

arid environments, while pH 7 is the neutral pH of  most agricultural soils. The release of  KNO3 from hydrogel microspheres 

was conducted at 45°C utilizing a water bath in rainwater. The release of  KNO3 from the hydrogel microspheres was determined 

at 2hour intervals by measuring, the absorbance (A) of  KNO3 at its characteristic wavelength (λmax=298 nm) using a UV–

visible spectrophotometer. A 3 mL aliquot of  the release medium was removed, absorbance was measured and it was replaced 

in the media. The controlled release (CRmax%) of  fertilizer was calculated using equation 4 [12, 23, 24]: 

       Controlled release (CRmax) % =Σ (
Wt

W0 
 𝑋100)𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡…………4 

Burst release (BRmax%) was calculated using equation 5 [24]: 

       Burst release (BRmax) % = Σ (
Wt

W0 
 𝑋100)𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒…………….5 

The overall agrochemical release was calculated as cumulative release (Rcum%) using equation 6 [25]: 

                    Cumulative release (Rcum)% =
Wt

W0 
× 100  ……………….6 

Where Wt is the cumulative quantity of  KNO3 released at time (t) and W0 is the entire amount of  KNO3 released. 

Degree of  saturation of  soil measurement 

A sample of  agricultural soil was gathered from agricultural fields in Mosul, cleansed of  contaminants, and sieved. A 150 g 

sample of  cleansed soil was placed in a paper cup with a bottom punctured by a suitable number of  very fine holes. Rainwater 

was added to the cup carefully, continuing to add until the water drained from the bottom of  the cup. 

The wet soil was weighed to the nearest quarter of  a gram and dried in an oven at 102°C for 24 hours. The dry soil cup was 

allowed to cool outside the oven for 1 hour and then weighed. The weight of  the soil was obtained by subtracting the weight 

of  the cup from the total weight of  the cup with soil, and the degree of  saturation was determined by the following equation 

[26]: 

                      𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑔

𝑔
) =

𝑊2−𝑊1

𝑊1−𝑊0
 …………….7 

Where W2 represents the total weight of  wet soil at saturation, W1 is the weight of  dry soil out of  the oven, and W0 represents 

the original weight of  the soil sample. 

Water retention measurement of  the hydrogels 

The water retention percentage of  (CE-g-AA)/MBA hydrogel was measured. A sample of  200 g of  dry soil in a paper cup was 

prepared, and 1.0 g of  dry hydrogel was placed at a depth of  one centimeter from the surface of  the soil in the cup. The degree 

of  saturation was analyzed and the amount of  rainwater to be added to the soil is computed. A controlled cup sample was 

prepared with the same elements and conditions as the previous one, except with no hydrogel. At the time of  investigation, the 

soil-hydrogel cup, beside the controlled cup, was maintained at room temperature and at appropriate air humidity, but not more 
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than 25 %. The cups were weighed daily and recorded and finally, the water retention percentage was estimated using the 

following equation [27]: 

               𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) =  
𝑊𝑡

𝑊𝑜
 ×  100 ……………8 

Where Wt represents the daily decrease in the cup weight, while Wo represents the initial weight of  the cup. 

Results and Discussion 

The foundation of  agricultural fields is the attention of  agriculture to the processing of  nutritional materials for plants, such as 

fertilizers and water. Thus, hydrogels are capable of  realizing a variety of  significant uses. The hydrogels CE-g-AA/MBA and 

MC-g-AA /MBA were made and cross-linked by the identical cross-linkers. They were employed to deliver water and potassium 

nitrate (KNO₃) fertilizer to the plants in a regulated manner. 

Characterization of  hydrogels 

FT-IR Spectroscopy   

The FT-IR spectrum of  (CE-g-AA)/MBA hydrogel is shown in Fig. 1. Distinctive frequencies (Table 1) of  the hydroxyl group 

and υ(N-H)str in amide groups are seen at 3187 cm⁻¹. Of  course, the hydrogel comprises amide groups present as amide I 

(υ(C=O)str) and amide II (δ(N-H)bent and υ(C-N) str) at 1696 cm⁻¹ and 1538 cm⁻¹, respectively. Further, the absorption frequency 

at 1387 cm⁻¹ corresponding to δ(C-O-H)bend is due to the poly (CE-g-AA)/MBA polymer. The hydrogel (MC-g-AA)/MBA 

displays absorption frequencies (Fig. 2 and Table 1) at 3359-3294 cm⁻¹, which are assigned to hydroxyl and amide groups. 

Table 1: FT-IR characteristic frequencies of  the main functional groups of  the prepared hydrogels 

 

 

Figure 1: FT-IR spectrum of (CE-g-AA)/MBA hydrogel 
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Figure 2: FT-IR spectrum of (MC-g-AA)/ MBA hydrogel 

1H NMR Spectroscopy 

¹H NMR spectrum of  (CE-g-AA)/MBA hydrogel (Fig. 3) and its chemical shifts (Table 2) have exhibited proton resonance 

(2H, s) at 1.32 ppm for the methylene (-CH₂-) group of  AA and MBA and 1.58 ppm for the methine (>CH-) group of  CE and 

AA, besides 2.29 ppm for the methine (>CH-C=O) groups of  AA. The resonance at 2.37 ppm is of  the (-OH) group of  

cellulose, and at 4.82 ppm is of  (-CH₂-O-C=O), which is the connection between CE and AA. The proton resonance at 4.84 

ppm (2H, m) corresponds to methylene (-CH₂-O-CH₂-), which is indicative of  the linkage between CE and the MBA. The 

secondary amide group (-NH) of  MBA is also observed at 7.28 ppm. Finally, the ¹H NMR spectra, including their chemical 

shifts (Fig. 3 and Table 2), confirm the chemical structure of  CE-g-AA/MBA hydrogel. 

Table 2: 1H NMR chemical shifts of the manufactured hydrogels 

Hydrogel 
Chemical 

Shift δ/ppm 
Description of protons 

(CE-g-AA)/MBA 1.320 (2H, s) of methylene (−CH2 −) group of AA, and MBA 

 1.580 (1H, s) of methine (> CH −) group of CE, and AA 

 2.290 (1H, m) of methine (> CH-C=O) group of AA 

 2.370 (1H, m) of (−OH) group of CE 

 4.820 (2H, m) of (-CH2
 -O-C=O) connection between CE, and AA 

 4.840 (2H, m) of (-CH2
 -O-C=O) connection between CE, and MBA 

 7.280 (1H, m) of (−NH) secondary amide of MBA 

(MC-g-AA)/MBA 0.850 (1H, m) of methine (> CH −) group of MC, and AA 

 1.270 (2H, m) of methylene (−CH2 −) group of AA, and MB 

 2.790 (1H, m) of (−OH) group of MC 

 2.750 (1H, m) of (> CH-C=O) group of AA 

 3.660 (3H, s) of (−OCH3) group of MC 

 4.450 (2H, s) of (−OCH2 −) group of MC 

 4.800 (2H, s) of (-CH2
 -O-CH2) connection between MC, and MBA 

 7.240 (1H, s) of (−NH) secondary amide of MBA 
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Figure 3: 1H NMR spectrum of (CE-g-AA)/MBA hydrogel 

The copolymer hydrogel (MC-g-AA)/MBA has shown a ¹H NMR spectrum (Fig. 4) and chemical shifts (Table 2). It is improved 

(MC-g-AA)/MBA with the following details: a methine (>CH-) group at 0.85 ppm present in MC and AA and a methylene (-

CH₂-) group at 1.27 ppm, which belongs to AA and MBA. The (-OH) groups of the MC polymer are observed at 2.79 ppm, 

and methine (>CH-C=O) groups of AA appear at 2.75 ppm. The proton resonances (3H, s) and (2H, s) of the (-OCH₃) and 

(-OCH₂-) groups of the MC polymer appeared at 3.66 ppm and 4.45 ppm, respectively. The methylene (-CH₂-O-CH₂-) groups, 

at 4.80 ppm, represent the linkage between MC and MBA. The secondary amide (-NH) group of MBA appeared at 7.24 ppm. 

All these chemical shifts (Fig. 4 and Table 4.6) demonstrate that the measured molecule is an (MC-g-AA)/MBA hydrogel. 

 

Figure 4: 1H NMR spectrum of (MC-g-AA)/MBA hydrogel 

Thermal Analysis 

The thermal stability of  the synthesized copolymer hydrogels has been studied. Their thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) have been evaluated. The data are recorded in Table 3. 

Table 3: TGA and DSC thermal analysis data of  the hydrogels 

Hydrogel 

TGA weight loss (%) DSC (w/g) 

IDT oC FDT oC 
Tmax  

oC 

TCr  
oC 

Tg 
oC 

         ΔH (j/g) 

(CE-g-AA)/MBA 
1.9 

35.5 oC 

76.2 

603.5 oC 

38.0 

225.0 oC 

72.5 

431.5 oC 
48.0 

+562.5+113.3+30.3 

35.1 oC 373.1 oC 448.1 oC 
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(MC-g-AA)/MBA 
0.40 

54.2 oC 

47.2 

613.0 oC 

24.5 

420.5 oC 

44.0 

509.5 oC 
70.5 

+411.8+103+135.1+42.8 

77.3 oC 139.9 oC 318.4 oC 

488.4 oC 

                                

The TGA thermogram of the (CE-g-AA)/MBA hydrogel (Fig. 5) and its data (Table 3) showed that the hydrogel is thermally 

stable, with a weight loss of 1.9% at 35.5°C (IDT) and 76.2% at 603.5°C (FDT). Also, the weight loss at Tmax is 38.0% at 

225.0°C, while the weight loss at TCr is 72.5% at 431.5°C. The DSC thermogram (Fig. 5 and Table 3) indicated that the hydrogel 

has Tg = 48.0°C and exhibits three different endothermic heat fusion (ΔH) curves of +562.5 J/g, +113.3 J/g and +30.3 J/g at 

35.1°C, 373.1°C and, 448.1°C, respectively. The (CE-g-AA)/MBA hydrogel is thermally stable, compact, and mechanically 

strong due to covalent bonding and hydrogen interactions [28]. 

 

Figure 5:TGA and DSC thermogram of  (CE-g-AA)/MBA hydrogel 

The TGA thermogram of (MC-g-AA)/MBA copolymer hydrogel (Fig. 6) and its data (Table 3) indicate that the hydrogel is 

thermally stable with a weight loss of 0.40% at 54.2°C (IDT) and a weight loss of 47.2% at 613.0°C (FDT). Also, the weight 

loss at Tmax is 24.5% at 420.5°C, while the weight loss at TCr is 44.0% at 509.5°C. Moreover, the DSC thermogram (Fig. 6 and 

Table 3) shows that the hydrogel has Tg = 70.5°C and offers four different endothermic heat fusion (ΔH) curves of +411.8 

J/g, +1.3 J/g, +135.1 J/g, and +42.8 J/g at 77.3°C, 139.9°C, 318.4°C, and 488.4°C, respectively. All studies indicate that the 

synthesized hydrogel (MC-g-AA)/MBA is thermally stable, has outstanding mechanical strength and a dense, compact network 

[29]. 

 

Figure 6:TGA and DSC thermogram of  (MC-g-AA)/MBA hydrogel 
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XRD diffraction 

The XRD pattern of (CE-g-AA)/MBA copolymer hydrogel (Fig. 7) indicates that the generated hydrogel is amorphous in 

nature, even though cellulose is one of its constituents, as the cross-linker MBA has the ability to reduce the crystallinity of 

cellulose. MBA may disrupt the successful packing of cellulose molecules and the cellulose chains are locked in a 3D network, 

preventing the production of hard, crystalline domains [30]. 

 

Figure 7: XRD pattern of (CE-g-AA)/MBA hydrogel 

The XRD pattern of (CE-g-AA)/MBA copolymer hydrogel (Fig. 8) demonstrates that the produced hydrogel is amorphous in 

nature, with one crystalline peak at 22.46o along the 2θ axis representing the methyl cellulose peak, which has a semi-crystalline 

or nearly amorphous nature because of the disruption of the cellulose structure during the methylation process [31]          

 

Figure 8: XRD pattern of (MC-g-AA)/MBA hydrogel 

BET analysis 

An essential way to characterize the porous structure of  hydrogel microspheres is by Brunauer-Emmett-Teller (BET) analysis, 

especially for hydrogels employed in applications that need a large surface area, such as drug administration, agrochemical 

release, desorption, and tissue engineering. Thus, the main measures of  surface area, pore size, and its volume are quantitative, 

and BET may provide them. 
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The BET analysis data of  (CE-g-AA)/MBA and (MC-g-AA)/MBA hydrogels (Table 4) show that their BET data are very close 

because the two hydrogels are almost similar; the only variation is that one hydrogel uses cellulose and the other uses methyl 

cellulose, and both are chemically cross-linked and have a compact network. The BET plot data (Table 4) reveal that the specific 

surface area (as) of  (MC-g-AA)/MBA is the highest, whereas the total pore volume and average pore diameter of  (CE-g-

AA)/MBA hydrogel are greater, which means (MC-g-AA)/MBA hydrogel is physically described as a dense, tightly cross-linked 

or possibly nanoporous network [32]. 

The (CE-g-AA)/MBA hydrogel is physically characterized by a coarse and open-network structure with extensive internal spaces 

[33]. 

Table 4: BET analysis data of  (CE-g-AA)/MBA, and (MC-g-AA)/MBA hydrogels 

Plot Hydrogel 

type         data (CE-g-AA)/MBA (MC-g-AA)/MBA 

Adsorption result 

 

 

BET 

Vm 3.4116[𝑐𝑚3(𝑆𝑇𝑃)−1] 4.1573[𝑐𝑚3(𝑆𝑇𝑃)𝑔−1] 

as, BET 14.849[𝑚2𝑔−1] 18.095[𝑚2𝑔−1] 

Total pore volume 0.0666[𝑐𝑚2𝑔−1] 

 

0.0562[𝑐𝑚3𝑔−1] 

 

Average pore diameter  17.933[nm] 12.43[𝑛𝑚] 

 

Lang 

Vm 4.9711[𝑐𝑚3(𝑆𝑇𝑃)−1] 3.9664[𝑐𝑚3(𝑆𝑇𝑃)𝑔−1] 

as, Lang 21.636[𝑚2𝑔−1] 17.264[𝑚2𝑔−1] 

B 0.3354 1.6017 

 

BJH 

Vp 0.0689[𝑚2𝑔−1] 0.0545[𝑚3𝑔−1] 

rp, peak (Area) 5.32[nm] 5.32[nm] 

Ap 18.765[𝑐𝑚2𝑔−1] 10.449[𝑚2𝑔−1] 

 

The Langmuir plot data (Table 4) demonstrates that (CE-g-AA)/MBA hydrogel has great structural stability and delivers 

adjustable porosity [34]. The total pore area of  (CE-g-AA)/MBA hydrogel in the BJH plot (Table 4) is highest, signifying that 

(CE-g-AA)/MBA hydrogel is more compact.  

FESEM and EDX/EDS Analysis 

The FESEM image of  (CE-g-AA)/MBA hydrogel (Fig. 9) indicates that the surface of  the hydrogel is uniform and compact. 

The hydrogel appears to have a solid texture, with a coarse surface and no pores. The addition of  cellulose increases the network 

stability and enables larger swelling, and the hydrogel will acquire good superabsorbent properties with a high degree of  swelling 

[35]. 

 

Figure 9: FESEM image of  (CE-g-AA)/MBA hydrogel 
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The FESEM image of  (MC-g-AA)/MBA hydrogel (Fig. 10) indicates that the morphology of  the hydrogel consists of  clusters 

of  blocks with compact structure, featuring a folds and holes. Characterizations of  the hydrogel show that it can load a high 

quantity of  materials.  

 

Figure 10: FESEM image of  (MC-g-AA)/MBA hydrogel 

EDX/EDS Analysis  

Energy dispersive X-ray spectroscopy (EDX/EDS) study is an important characterization technique for hydrogels, providing 

information on their chemical composition and structural integrity.  

The EDS charts and tables of  (CE-g-AA)/MBA and (MC-g-AA) /MBA hydrogels (Figs. 10-11) indicate mainly carbon and 

oxygen elements. 

 

Figure 11: EDS OF (CE-g-AA)/MBA hydrogel 

 

Figure 12: EDS OF (MC-g-AA)/MBA hydrogel 
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Studies degree of  swelling 

The swelling behaviors of  hydrogel microspheres should be measured. The swelling can regulate the loading and releasing 

behaviors of  hydrogel microspheres. 

DS% of  (CE-g-AA)/MBA and (MC-g-AA)/MBA hydrogels in distilled water (Fig. 13 a). 

The maximum DS of  hydrogel (CE-g-AA)/MBA was in distilled water at 25°C (Fig. 13 a). The maximum swelling capacity 

depends on the acrylic acid concentration and the cross-linking density of  MBA. 

The grafted AA chains have hydrophilic groups (-C00-) and (-C00H) that absorb water well, and the cellulose backbones provide 

structural integrity [36]. (Fig. 14 a) shows the DS % of  (CE-g-AA)/MBA hydrogel in rainwater swelling media reached highest 

at 5°C, which is attributed to less kinetic energy resulting in slower, more network expansion in cool environmental conditions. 

The highest swelling is attained in slightly acidic nature or rainwater, as there is an optimal balance between osmotic pressure 

and network rigidity, which enables the polymer to reach its maximum swelling [37]. 

The DS% of  (MC-g-AA)/MBA copolymer hydrogel was determined in distilled water (Fig. 13b), and its maximum was attained 

at 45°C due to the balance between water diffusion and structural integrity. However, the rise in temperature up to 45°C in 

distilled water can improve water absorption by enhancing the expansion of  the hydrogel network. Therefore, the greatest 

swelling capacity of  the hydrogel is attained when the osmotic pressure differential between the gel and the distilled water is at 

maximum [38]. 

The DS% of  (MC-g-AA)/MBA hydrogel determined in rainwater (Fig. 14b) was greatest at 25°C due to its low ionic strength, 

which caused complete ionization of  the (-C00H) groups on the acrylic acid chain, causing maximal electrostatic repulsion. It 

is established that 25°C is considered the generally ideal ambient temperature for swelling in low-salt media such as rainwater 

or distilled water. Finally, the ionization of  the common (-C00H) groups in rainwater is neutralized, maximizing repulsion and 

porosity, which increases owing to grafting that facilitates quick water absorption [37]. 

 

Figure 13: DS % of  (CE-g-AA)/MBA and (MC-g-AA)/MBA copolymer hydrogel in distilled water at different temperature. 
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Figure 14: DS % of  (CE-g-AA)/MBA and (MC-g-AA)/MBA copolymer hydrogel in rainwater at different temperature. 

Loading into hydrogel microsphere. 

Same cross-linkers produced hydrogels exhibit varying degrees of  swelling even with different loading contents (agrochemical 

and water). Thus, the maximum loading percentage of  agrochemical, such as potassium nitrate, in the (MC-g-AA)/MBA is 

studied due to its reduced degree of  swelling, while water for (CE-g-AA/MBA) is selected because of  its high    degree of  

swelling.                                                                                                                            

        The study of  maximum loading percentage (Lmax %) and efficiency loading percentage for (MC-g-AA)/MBA shows that 

the maximum loading of  (MC-g-AA) / MBA exhibits a very low Lmax (%) of  19.3% (Table 5) due to the hydrogel’s limited 

network swelling capacity and low degree of  grafting of  acrylic acid on methylcellulose, which results in low grafting efficiency. 

In addition, there is usually a competitive homo-polymerization, where poly (acrylic acid) is produced independently of  the 

cellulose backbone. This will reduce the grafting and thus the loading [38]. 

Table 5: Lmax (%) and EL(%) of  the hydrogel loaded with 𝐾𝑁𝑂3 

Hydrogel Lmax (%) EL (%) 

MC-g-AA/MBA 19.3 38.61 

 

Release of  KNO3 from loaded microspheres 

The release behaviors of  the loaded fertilizer on the manufactured hydrogels were tested under different pH circumstances of  

the release media. The release of  100 mg loaded microspheres of  fertilizer was allowed to occur in 20 ml of  different pH 

buffered solutions (pH 4, pH 7 and pH 9) made in rainwater and at 45°C. The λmax for KNO3 fertilizer was fixed at 298 nm 

using a UV-visible spectrophotometer, and at intervals of  2 hours, a sample (3 mL) was collected from the release medium, and 

its absorbance was measured by UV. The release percentage (BRmax % and CRmax %) (Eqs. 4 and 5) of  KNO3 was estimated 

by using the measured absorbance (A) of  the unknown KNO3 against its typical calibration curve to find its release 

concentration at each time interval. 

Table 6: Cumulative release Rcum (wt%) (Eq. 6) of  KNO3 from (MC-g-AA)/MBA hydrogel in three different pHs 

 

 

 

 

 

Hydrogel Lmax (%) 

𝑲𝑵𝑶𝟑 

Rcum (wt%) 

𝑲𝑵𝑶𝟑 

pH4 pH7 pH9 

MC-g-AA/MBA 19.30 16.83 18.81 16.83 
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The release profile of  KNO3-loaded (MC-g-AA)/MBA copolymer hydrogel (Fig. 15, and Table 6) is found to be more regular 

and regulated at pH 7, where poly (acrylic acid) chains are ionized at neutral pH. The ionization of  AA chains enhances the 

electrostatic repulsion, which widens the hydrogel network and promotes a diffusion-controlled release of  the hydrogel [39]. 

 

Figure 15: Weight percent of  burst release (BRmax %) and controlled release (CRmax %) of  (MC-g-AA)/MBA hydrogel 

versus time (h) in different pHs 

Water Retention Study 

The hydrogel employed for water retention is that of high degree swelling measurement (CE-g-AA)/MBA. The study involves 

studying soil saturation with water and then water retention in soil. The estimation of the degree of saturation of the agricultural 

soil sample (g / g) using Eq. 7, and the outcome was as follows: 

Degree of soil saturation (g/g) = 
𝑊𝑎−𝑊𝑜

𝑊𝑜
  = 

220−150

150
 = 0.47 g water/g of soil was added to the water retention tested samples. 

The water retention (g/g) was determined according to Eq. 8, by using the weight reading each day for soil with hydrogel 

samples and the control sample. The samples were stored under managed temperature ranges (35-40) ℃ and humidity (40 %). 

The addition of superabsorbent hydrogel to the soil can greatly improve water retention and at the same time reduce water 

evaporation. The water retention results were drawn in (Fig. 16 and Table 7), showing characterization of the hydrogel in 

retaining water inside the agricultural soil compared to the control sample. Water was added to the hydrogel to allow it to swell 

and reach its maximum swelling rate before being added to agricultural soil, followed by the addition of a fixed amount of water 

to the sample. In Table 7, we can see that the starting weight of the sample differs depending on the control. Otherwise, the 

weight of the sand and water added is the same for both the sample and the control. The tested samples display various 

characteristics in quantities and the number of days to retain water within the form. The control model retained water for 

thirteen days and then stabilized in weight to a dry condition (Fig. 16, Table 7). 

Table 7: Daily decrease in the weight of soil for hydrogel and control samples 

Time 

(Day) 

Decrease in the weight of sample (g) 

Control 
(CE-g-AA) /MBA 

hydrogel 

1  226.16 238.55 

2  220.39 232.01 

3  211.11 222.90 

4  203.26 215.33 

5  196.36 207.82 

6  189.90 201.20 

7  182.30 194.64 

8  177.40 188.62 

9  171.11 182.61 
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10  166.70 177.58 

11  163.20 172.30 

12  159.52 167.60 

13  155.40 164.30 

14  

 

162.21 

15  160.40 

16  158.70 

17  157.60 

18  156.66 

19  156.35 

 

 

Figure 16: Effect of superabsorbent hydrogel added to the agricultural soil on  water retention (g/g) versus time (day) 

compared to control 

The 3D porous structure of the hydrogel, along with electrostatic repulsion and the high-water affinity of its chemical groups 

that extend the polymer network of (CE-g-AA/MBA) hydrogel, is responsible for the long-term retention of water compared 

to the control sample. Both cellulose (-OH) and grafted AA (-COOH) groups form strong hydrogen bonds with water 

molecules due to their hydrophilic functional groups. The hydrogen bonds linking the water molecules to the matrix effectively 

limit the evaporation rate. The MBA cross-linker covalently links the polymer chains to an insoluble network. The cross-linked 

hydrogel structure is responsible for swelling without dissolving, does not readily leak water under pressure, and also provides 

the required elasticity [35]. 

CONCLUSIONS 

Two hydrogels have been developed for agricultural use in the field of  agrochemical-controlled delivery systems includes 

fertilizers to plants, as well as for the purpose of  watering plants and retaining water for the longest regular period. Through 

the investigations, two hydrogels were prepared from cellulose and methylcellulose and grafted with acrylic acid and cross-

linked with MBA. The hydrogel (CE-g-AA)/MBA was found suitable for water retention because of  its high swelling and it 

actually showed this by retaining water in the soil for a long period of  time, and at the same time reduce water evaporation. 

Whereas, the hydrogel (MC-g-AA)/MBA was demonstrate high viability by loading nitrogen fertilizer model KNO3, holding it, 

and then releasing it in different pHs media. The KNO3 fertilizer was released regularly and for a long release period in pH 7 

medium, where acrylic acid chains ionization increases electrostatic repulsion and facilitates a diffusion- controlled release of  

the hydrogel.  
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