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Synthesis of cellulosic wastepaper modified biobased superabsorbent hydrogel 

composite 

Highlights 

This chapter presents the fabrication of superabsorbent hydrogel composites (SAHCs) of 

starch, itaconic acid, and acrylic acid-based hydrogel with wastepaper-derived cellulosic 

paper powder as the micro-reinforcing agent. Here, the characterization of the cellulosic 

paper powder as well as the obtained SAHCs was performed using different analytical, 

microscopic and spectroscopic techniques. Further, by varying the amounts of the micro-

reinforcing agent, its effect on the water absorption capacity (WAC) of the SAHCs was 

investigated. In addition, SAHC with a high WAC was chosen for NPK fertilizer release 

and okra seed germination studies. Moreover, the release study was explained by using 

different kinetic models. Further, a soil burial test was conducted, indicating the 

biodegradable nature of the hydrogel.  
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3.1. Introduction 

As discussed in Chapter 2, controlling nutrient loss is considered as a global challenge 

for the agricultural sector in these days. Since, nutrient deficiency along with poor water 

content is the major factor limiting agricultural production in arid and semi-arid regions, 

therefore, improving the utilization of nutrients and water uptake in these areas is of 

great importance [1,2]. In this sense, sustained/slow-release fertilizer (SRF) could be 

used as a promising strategy to reduce fertilizer loss, improve efficiency of use, and 

combat leaching pollution. SRF is the most promising material that contains both 

fertilizer and hydrogel in the same formulation, releasing nutrients as well as water more 

sustainably into the environment compared to conventional fertilizers [3]. Further, the 

use of these materials, minimizes the evaporation loss and irrigation frequency, enhances 

the water availability and plant growth rate. In this regard, superabsorbent hydrogels 

(SAHs) as SRF system are being explored as potential material in the agricultural field, 

which are also used as water holding materials as well as soil conditioners. As described 

in Chapter 1, SAHs are three-dimensional network structure containing hydrophilic 

polymer chains with a capacity to hold large amounts of water and water-soluble 

substances within their network structure and released the loaded-fertilizer in a 

controlled manner, providing sufficient nutrients as well as moisture for the growth of 

the plants in arid/semi-arid farmlands [4,5]. So far, various polysaccharides-based 

hydrogels have been developed as SRF vehicles to provide nutrients in a controlled 

manner to the plants during their growing seasons. For instance, Bauli et al. developed 

carboxymethyl cellulose based hydrogel with citric acid as a cross-linker for sustained 

release of nitrogen (N), phosphorous (P), and potassium (K) (NPK) fertilizers [6]. 

Further, they tested the prepared hydrogel for cucumber cultivation. These biobased 

hydrogels have received much attention due to their biocompatibility, abundancy, 

biodegradability, and low production costs. Such biobased carriers may also inhibit the 

generation of environmental pollution due to their biodegradable property, leading to the 

widespread use of degradable SRF formulations in agriculture. 

Besides SAH, production of SAH composite (SAHC) with the incorporation of 

modifying agents is an efficient strategy to improve properties of SRF systems [7,8]. 

Therefore, development of SAHCs has attracted a great interest to the researchers in this 

field. The recent studies have focused on the application of the novel and eco-friendly 

reinforcing agents to produce economical and efficient SRF composites. Considering this 
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point, cellulosic materials obtained from waste products, could suppose as a feasible and 

scalable modifying agent for a hydrogel due to its easily available, inexpensive, and 

biodegradable properties [9,10]. Among the various solid wastes, wastepaper (WP) is 

one of the most generated waste materials in our daily life. WP as a biogenic material is 

a potential raw material source for production and utilization of cellulose as modifying 

agent and matrix in the preparation of polymeric composites. Papers used for printing 

newspapers, magazines, office work, packaging and academic purposes are discarded or 

burned, but very little amount is reutilized [11,12]. Therefore, processing WP into 

cellulose-based reinforcements and matrices may provide an alternative to paper 

recycling, addressing the problem of by-products generated in the papermaking process 

and daily operations [13,14]. Furthermore, they act as both reinforcing agent and 

physical cross-linker through physical interactions between functional groups of the 

hydrogel matrix and surface of cellulosic materials. Therefore, the use of cellulosic 

modifying agent incorporated SRF hydrogel may show eco-friendly and economic win-

to-win effects as it reduces fertilizer losses and increases water absorption capacity 

(WAC) of hydrogel matrix [15,16]. 

In this work, WP powder (WPP) introduced starch/ itaconic acid (IA)/acrylic acid (AA) 

based hydrogel was prepared, authenticated, and utilized as SRF system for release of 

NPK fertilizer. The main objective of using WPP as modifying agent is to enhance the 

biodegradability and reduce the amounts of synthetic monomers used in the synthesized 

hydrogel. The use of WP instead of toxic chemicals in the chemical reactions and even 

as modifying agent is more advantageous from green chemistry point of view. This 

practice helps to carry out the chemical reaction by using biobased feedstocks which are 

not only cheap but also non-toxic and renewable. Most importantly, in such applications, 

WP obtained from cartons, or any other sources can also be used. Thus, this work paves 

the most useful way for utilization of WP in addition to the others. Further, WAC of the 

prepared composites were determined as well as fertilizer release kinetics were studied 

using different kinetic models. Additionally, biodegradability and okra seed 

(Abelmoschus esculentus) germination were investigated to highlight the potential of the 

prepared hydrogel composites for agricultural applications. 

3.2. Experimental section 

3.2.1. Materials 
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Various chemicals including starch, IA, AA, ammonium persulfate (APS), N,N’-

methylene bis-acrylamide (MBA), and NaOH were used with similar quality and 

specifications as mentioned in Chapter 2. Further, okra seeds of the same quality are 

used as those used in the previous chapter.   

Printing WPs were acquired from our own laboratory and used as raw material to obtain 

cellulosic micro-reinforcing agent. The chemical constituent (such as cellulose content, 

ash, etc.) of the WP was evaluated by solvent extraction using the method described by 

Mansor et al. [17]. It was found that used WP is mainly composed of 75.7% of cellulose, 

13.9% of hemicellulose, 5.4% of lignin, 5% of extractives and 18.4% of ash. 

Potassium dihydrogen phosphate (KH2PO4) as phosphorous standard and ammonium 

sulphate (NH4)2SO4 as nitrogen standard were used for fertilizer release experiment and 

they were purchased from Merck, India. These two salts are soluble in water. KH2PO4 

has a molecular weight of 136.08 g/mol and (NH4)2SO4 has a molecular weight of 

132.14 g/mol. 

Ammonium molybdate, ascorbic acid, salicylic acid, sodium citrate, sodium 

nitroprusside, and sodium hypochlorite are coloring reagents used to analyze nitrogen 

and phosphate content in NPK fertilizer release tests. Ascorbic acid (molecular weight 

176.12 g/mol) and salicylic acid (molecular weight 138.12 g/mol) were purchased from 

SRL, India. Ammonium molybdate has molecular weight of 196.01 g/mol and provided 

by Thermo Ficher Scientific India Pvt. Ltd. Sodium citrate (molecular weight 258.06 

g/mol), sodium nitroprusside (molecular weight 261.92 g/mol) and sodium hypochlorite 

(molecular weight 74.44 g/mol) were provided by Merck, India. All these chemicals 

were used without further purifying them. 

3.2.2. Methods 

3.2.2.1. Methodology used to produce wastepaper powder (WPP) 

In order to produce WPP, WPs were cut into small pieces and thoroughly washed by 

soaking in water for 3-4 h to remove foreign particles and other contaminants. The pulp 

slurry thus obtained was squeezed to remove water which was further dried in an oven. 

Thereafter, the dried pulps were grounded using a domestic mixture grinder. This 

grounded paper (1g) was taken in a 250 mL round bottom flask and 30 mL of 2% 

(Wt/Vol) solution of NaOH was added into it [18]. Thereafter, mixture was stirred using 

a mechanical stirrer at 50 °C for 2.5 h. The obtained residue was washed up to a neutral 

pH and centrifuged to collect the residue which were dried in an oven at 100 °C. Finally, 
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the oven dried residue was ground into powder using mortar and pestle which was used 

for further characterization and preparation of the hydrogel composites. 

3.2.2.2. Preparation of SAHCs  

In this study, SAHCs were fabricated using the best formulation from Chapter 2 with 

the additional incorporation of WP-derived cellulosic paper powder as the micro-

reinforcing agent. The preparation method involves the same procedure as described in 

Chapter 2 with some modifications. To prepare SAHCs, WPP was sonicated for 5 min 

in 10 mL of 0.067N NaOH solution. After that, appropriate amount of starch and IA was 

mixed with WPP suspension in a 250 mL three neck RB flask. The mixture was then 

stirred at 70 °C using a mechanical stirrer. After 10 min of stirring, the reaction mixture 

was heated again up to 80-85 °C with the addition of AA (with 1 mL of water) to get it a 

gelatinized texture. Thereafter, a solution of APS and MBA with 1 mL of water was 

added to initiate the polymerization under nitrogen environment by maintaining the 

temperature at 70 °C. The reaction was stopped after the formation of a solid mass which 

was further neutralized with 1.7 mL of 8 N NaOH. The hydrogel product obtained was 

then allowed to swell in an excess amount of water which was further washed with 

methanol and dried in an oven at 70 °C. Finally, the oven dried hydrogel was ground into 

powder and used for further studies. For comparison purpose, a neat hydrogel was also 

prepared without incorporation of WPP by using the same method as described above. 

Table 3.1. SAHCs with various compositions. 

Hydrogel Starch (g) AA (g) IA (g) NPK (g) WPP (wt%) MBA (g) APS (g) 

HC 1 0.9 0.1 0 0 0.01 0.04 

HC/WPP/0.01 1 0.9 0.1 0 0.01 0.01 0.04 

HC/WPP/0.05 1 0.9 0.1 0 0.05 0.01 0.04 

HC/WPP/0.1 1 0.9 0.1 0 0.1 0.01 0.04 

HC/WPP/5 1 0.9 0.1 0 5 0.01 0.04 

HC/WPP/10 1 0.9 0.1 0 10 0.01 0.04 

HC/WPP/NPK 1 0.9 0.1 1 0.05 0.01 0.04 

3.2.2.3. Preparation of NPK encapsulated SAHCs 

The NPK encapsulated hydrogel composite was prepared similarly, except the addition 

of required amount of NPK fertilizer in it. Furthermore, the NPK fertilizer was added in 

the first step with starch and IA. The resulting gel-like solid was cut into small pieces 

and subject to drying in an oven at 60-70 °C for studying the fertilizer release profile and 
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seed germination of okra. In Table 3.1, formulations for the prepared hydrogels are 

provided. 

3.2.2.4. Structural analysis 

Chemical analysis of WPP and WPP reinforced hydrogels was carried out by using 

various analytical, microscopic and spectroscopic techniques. Details of FTIR, TGA and 

SEM instruments are the same as mentioned in Chapter 2. The XRD pattern of the WPP 

and dried hydrogel composites were characterized by D8 Focus XRD machine (Bruker 

AXS, Germany) with a scanning rate of 0.1°/min. The morphological study of the 

hydrogel composites was analyzed through Field emission scanning electron microscopy 

(FESEM) instrument (JSM-7200 F, Japan). UV spectrophotometer (Thermo Fisher, 

Model Evolution 300, USA) and Atomic absorption spectrophotometer (AAS) (Thermo 

Scientific, AAS-ICE 3500, UK) were used to study the controlled release of NPK 

fertilizers.  

3.2.2.5. Swelling test 

The maximum WAC (Qmax) of the prepared hydrogel composites in distilled water was 

determined according to Eq. 2.1. of Chapter 2, and the method used was the same as 

described in Chapter 2. 

3.2.2.6. Fertilizer (NPK) release experimentation 

In order to understand the NPK release behavior of the prepared SAHC, we performed a 

slow-release experiment using HC/WPP/NPK formulation in distilled water. Briefly, 

hydrogel was submerged in 100 mL of deionized water. After a predetermined length of 

time, a required amount of supernatant liquid was withdrawn and used to determine the 

amount of nutrient N, P and K released into the system. Subsequently, an equal amount 

of water was added back into the system to keep the release volume constant. The 

released amount of N and P was determined UV-spectrophotometrically, whereas K was 

determined by using AAS.  

At a wavelength of 855 nm, a UV-Vis spectrophotometer was used to measure the 

amount of P released [19-21]. For this purpose, 1 mL of supernatant solution was taken 

and diluted it to 100 times in water. Then, about 2 mL of prepared sample was mixed 

with 0.8 mL of ascorbic acid and 0.4 mL of ammonium molybdate solution. The 

absorbance of the resulting blue colored phosphomolybdate complex was measured 

within 30 min of preparing the sample. Moreover, the amount of N released was also 
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measured using a UV-spectrophotometer at 695 nm [7,22]. Firstly, 1 mL of aliquot was 

diluted 100 times. From this solution, 2 mL of diluted hydrogel composite was mixed 

with 1 mL of each salicylic acid (SA), sodium nitroprusside and sodium hypochlorite 

solution. Finally, the absorbance of the mixture was recorded, and the amount of N 

released was determined. To establish a standard curve for determination of 

concentration of P and N, respectively, the absorbance of a standard solution of 

potassium dihydrogen phosphate and ammonium sulphate was measured. Moreover, the 

amount of K released was estimated by diluting 1 mL of supernatant up to 10 times 

before measuring concentration with AAS. The release studies for all three elements 

were conducted for up to 20 days. The NPK loading efficiency was calculated using the 

method described in Chapter 2. The cumulative release (%) for each element was 

calculated using Eq 2.10 of Chapter 2. 

3.2.2.7. Kinetic models 

To investigate the fertilizer release profile from HC/WPP/NPK formulation in water, the 

release data obtained through experiment were fitted into the following mathematical 

models. 

(a) Zero order release kinetic model, represented as- 

 ----------(Eq. 3.1) 

(b) First order release kinetic model, represented as- 

 ----------(Eq. 3.2) 

(c) Higuchi model, be written as- 

 ----------(Eq. 3.3) 

(d) Korsmeyer–Peppas model, described as- 

  ----------(Eq. 3.4) 

where Qt and Qeq denote the quantity of nutrients released at time t and at a state of 

equilibrium, respectively, whereas K0, K1, KH and KP represents the rate constant of the 

zero-order, first-order, Higuchi model and Korsmeyer-Peppas model, respectively and n 

denotes the index of diffusion [17]. 

3.2.2.8. Biodegradation test 
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A soil burial test was conducted to observe the biodegradability of HC/WPP/NPK 

formulation by following the same method as described in Chapter 2. However, in this 

case, fifteen samples were prepared for degradation and the test was carried out for 75 

days. In every 15 days, three samples were taken out of the soil and rate of degradation 

was calculated using Eq. 2.11 of Chapter 2. Moreover, the experiment was evaluated 

for any changes in chemical structure during biodegradation using FTIR spectroscopic 

and morphological studies. 

3.2.2.9. Seed germination test 

In order to study the effect of the HC/WPP/NPK on seed germination rate, root length 

(RL) and shoot length (SL) of okra seeds, a germination test was performed. For this 

purpose, seeds of similar sizes were taken, and the test was carried out using two 

different soils (loam soil and sandy soil) separately as the growth media. Initially, 0.5 g 

of hydrogel (with and without NPK) was soaked in distilled water and used to observe 

their effects on germination rate of the seeds. Thereafter, 40 g of soil was placed into a 

paper cup and swollen hydrogel composites were buried inside the cup with one okra 

seed placed 1 cm away from the top layer.  The test was carried out under three different 

conditions by placing sample cups outside the lab under the exposure of sunlight and five 

replicates for each condition was prepared in the case of loam soil (four replicates for 

each condition were prepared in case of sandy soil). As the first condition, each cup was 

prepared without any hydrogel, which was coded as Control-1. Cups containing hydrogel 

composite without NPK were used as the second condition (coded as Control-2) and the 

third condition was cups containing HC/WPP/NPK. The experiment was conducted 

without introduction of externally supplied water. For all soil samples, the germination 

percentage was recorded daily up to the seventh day. A seed was considered as 

germinated when a radicle of 1–2 mm had grown out of the seed. The germination rate 

was determined by using Eq. 2.16 of Chapter 2. 

3.2.2.10. Statistical analysis 

One-way ANOVA was used to analyze statistical data, using the Origin pro software 

version 8.5. Each measurement was analyzed at least thrice. The results are shown as the 

average value with standard deviation. 

3.3. Results and discussion 

3.3.1. Production of wastepaper powder (WPP) 

Scheme 3.1. illustrates the flow chart of preparation of WPP from WP and the chemical 

constituents of raw WP indicate that though WP is one of the most underutilized sources 
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of cellulosic material, cellulose fibers obtain from this source can serve as the primary 

reinforcing component. Therefore, this study is envisioned to produce cellulosic WPP 

from this waste material using simply alkaline treatment. This treatment was applied to 

remove printing ink and remaining lignin from the WP to get WPP. de Souza et al. also 

reported that alkaline treatment is more appropriate for isolation of cellulosic materials 

from paper waste [19]. 

 

Scheme 3.1. Production of alkali-treated WPP. 

3.3.2. Preparation of HC/WPP and HC/WPP/NPK 

The proposed mechanism of synthesis of WPP incorporated hydrogel was presented in 

Scheme 3.2. Initially, anionic sulphate radicals were generated from APS by thermal 

dissociation. Then, the generated radicals carried out abstraction of hydrogen from 

primary hydroxyl group of starch, resulting in the formation of alkoxy macroradicals. 

Consequently, these macroradicals initiate polymerization at vinyl groups of the 

monomers (AA and IA) for chains propagation. Moreover, the two end vinyl groups of 

MBA react simultaneously with the multiple polymer chains leading to the formation of 

three-dimensionally cross-linked network structures of the hydrogel. Further, the 

existence of various physical interactions between WPP and the polymer network were 

observed through different spectroscopic analyses as discussed in later sections [23,24]. 

3.3.3. Characterization 

3.3.3.1. FTIR 

The FTIR spectral studies were carried out to understand the chemical structure of WPP, 

HC and HC/WPP/0.05. The spectra are shown in Figure 3.1.a. According to the FTIR 

spectrum of WPP, the hydrophilicity of cellulosic WPP can be assumed from the band 

appearing at around 3402 cm-1 which can be ascribed to the O-H stretching frequency of 

hydroxyl groups, whereas C-H and C-O-C stretching frequencies of the β-glycosidic 

units are represented by bands at approximately 2906 and 1036 cm-1. The peak appeared 

at 1631 cm-1 in the WPP spectrum is ascribed to the O-H bending of adsorbed water [25]. 

The low-intensity peak in the region 1702–1731 cm-1 for WPP indicates the presence of 
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other compounds rich in lignin, and hemicellulose. This is indicative of the fact that most 

of the content of WPP is cellulosic in nature. 

 

Scheme 3.2. Possible mechanism of preparation of WPP incorporated SAHC. 

Further, the characteristic peaks from FTIR spectrum of hydrogels with and without 

WPP, represent the interaction between starch, AA, IA and WPP. A peak related to the 

stretching vibration of the glycosidic C-O-C linkages present in 

the starch backbone appeared at 1020 cm-1.  Furthermore, the band appeared around 

1715 cm-1 indicating the stretching vibration of C=O in carboxylate groups of AA and 

IA. Moreover, the absorption bands at 2921 and 3425 cm-1 can be ascribed to the C–H 

stretching frequencies of CH2 groups and O-H stretching vibrations of -OH groups, 

which are the important bands for starch, IA, and AA moiety [26]. Furthermore, the peak 

around 3425 cm-1 in the FTIR spectrum of HC/WPP/0.05 is broadened compared to that 

of HC which may be due to the presence of strong hydrogen bonding between the 

hydrogen atom of the -OH group of WPP and the carboxylate group of hydrogel matrix. 

It indicates the presence of interaction between the modifying agent and the hydrogel 

matrix. 

From the FTIR spectrum of HC/WPP/NPK, which is shown in Figure 3.1.b, the 

absorption peaks appeared around 3432, 2920, 1720 and 1020 cm-1 belong to the 

stretching vibrations of O-H, C−H, C=O and C-O-C, respectively, and are typical 

characteristic peaks of starch, AA and IA, indicating a successful grafting of AA and IA 

on the starch backbone in the case of HC/WPP/NP [26]. Furthermore, the FTIR spectrum 

of pure NPK shows peaks around 3463, 2808, 1448 and 1151 cm-1 which are attributed 
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to the stretching modes of the NH, O-H, P=O, and P-OH groups, respectively [27]. The 

FTIR spectrum of HC/WPP/NPK also shows the characteristic peaks associated with 

NPK. Consequently, it can be concluded that the hydrogel network was successfully 

loaded with NPK fertilizer. 

 

Figure 3.1. FTIR spectra of (a) WPP, HC and HC/WPP/0.05; (b) NPK and 

HC/WPP/NPK; and (c) XRD pattern of WPP, HC, HC/WPP/0.05 and HC/WPP/NPK. 

3.3.3.2. XRD 

XRD is a commonly used technique for evaluating the structure and crystallinity of 

polymer materials [28]. The XRD patterns of alkali-treated WPP, HC, HC/WPP/0.05, 

and HC/WPP/NPK are shown in Figure 3.1.c. From the figure, it is seen that, the 

characteristic peaks for cellulosic agent were observed around 22 and 29°. Similar peaks 

were also observed in case of HC/WPP/0.05 and HC/WPP/NPK. However, these peaks 

were absent in case of HC which indicates the successful introduction of WPP particles 

in the composite networks.  

3.3.3.3. FESEM 
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Figure 3.2.a illustrates the surface morphology of the WPP, which presents an anisotropic 

microstructure with granular shape particles. They have a wide range of sizes, with 

expected average diameters and lengths less than 1 µm.  Moreover, a magnified FESEM 

image revealed the porous structure of HC/WPP/0.05 and the interfacial attachment of 

granular particles on the surface of the polymer matrix (Figure 3.2.b). Incorporation of 

WPP creates a rougher and more porous surface, which favorably influences the 

diffusion of water into the polymer network, leading to increased water absorption 

capacity [28].  

 

Figure 3.2. FESEM images for (a) WPP and (b) HC/WPP/0.05 at 20,000X 

magnification. 

3.3.3.4. TGA and DTG  

The thermal stability of WPP, HC, HC/WPP/0.05 and HC/WPP/NPK was investigated 

by comparing their weight loss (%). The corresponding TGA and DTG curves are shown 

in Figure 3.3.(a and b), respectively. The TGA curve of WPP showed two different 

weight losses corresponding to two peaks in DTG curve. An initial weight loss of 

approximately 11.6% occurred at temperatures below 143 °C and was primarily due to 

evaporation of retained moisture. The second weight loss starting at 187 °C and ending at 

308 °C was mainly due to thermal decomposition of the C-C polysaccharide chains of 

cellulosic material [29]. 

According to the TGA thermograms and DTG curves, the HC, HC/WPP/0.05 and 

HC/WPP/NPK hydrogels have three major weight loss zones. As shown in Figure 3.3, 

the initial weight loss at temperatures below 240 °C is mainly due to the evaporation of 

retained moisture in HC, HC/WPP/0.05, and HC/WPP/NPK. A second weight loss (%) 

of the samples in the temperature range of approximately 190–390 °C was mainly due to 

thermal decomposition of polysaccharide chain. Finally, a third major weight loss occurs 
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in the temperature range of approximately 350-540 °C. This is due to the breaking of 

bonds between the grafting monomers and crosslinkers present within the hydrogel 

network. Finally, the residual weight (%) of HC/WPP/0.05 and HC/WPP/NPK are 43 

and 44%, respectively, which are less than the residual weight of WPP (73%), but higher 

than the residual weight of HC (8%). The highest residual weight in case of 

HC/WPP/NPK is due to hydrogel loaded by inorganic elements (NPK). Further, from 

Figure 3.3.b, higher initial decomposition temperature for HC/WPP/NPK (347 °C with 

Tmax at 390 °C) was observed compared with HC (226 °C with Tmax at 292 °C) and 

HC/WPP/0.05 (219 °C with Tmax at 307 °C), indicating that the former is thermally more 

stable than the other two samples. However, an exceptionally lower onset degradation 

temperature for HC/WPP/0.05 was observed which can be ascribed to the formation of 

its more porous structure [42]. This result is likely due to the incorporation of WPP and 

NPK into the pure hydrogel structure and the physical cross-linking of the hydrogel 

composite network [30,31]. 

 
Figure 3.3. (a) TGA thermograms and (b) first derivative of TG curve of WPP, HC, 

HC/WPP/0.05 and HC/WPP/NPK. 

3.3.3.5. Water swelling  

The water absorption and water retention capacity of hydrogels are crucial properties for 

their application in the agricultural field [32]. Therefore, the swelling capacity of the 

prepared hydrogels were investigated, and the results are shown in Figure 3.4.a. 

HC/WPP/0.05 hydrogel displayed greater WAC of 647 g/g as compared to the neat 

hydrogel (503 g/g). As can be seen from the figure, the hydrogel showed an increase in 

water absorption up to 0.05 wt% of WPP content. This phenomenon is attributed to the 

hydrophilic character of the introduced WPP. WPP introduced hydrogel showed a higher 
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water absorption capacity compared to pure hydrogel. However, the swelling capacity of 

the hydrogel decreased from 647 g/g to 219 g/g, when WPP content increased from 0.05 

to 10 wt%. The decrease in hydrogel swelling in the presence of more WPP can be 

attributed to the formation of more crosslinks that restrict the movement of polymer 

chains [9]. This made it difficult for the network to swell with water, which was the 

cause of its lower water absorption capacity. Moreover, this is likely due to increased 

intramolecular bonding between hydroxyl (-OH) groups which in turn results in less 

hydrophilic -OH groups available for water absorption with increasing WPP content in 

the hydrogel [32].  

As hydrogels with high WAC are highly expandable for agricultural applications as they 

can gradually release entrapped nutrients along with absorbed water into the soil over a 

long period of time, which improves RL and SL as well as seed germination rate, etc. 

[3,33]. Therefore, NPK loaded with HC/WPP/0.05, showing maximum WAC, was 

selected for fertilizer release and seed germination tests in this study.  

 
Figure 3.4. (a) Effect of WPP on water absorption capacity of prepared hydrogel 

composites and (b) NPK release profile of HC/WPP/NPK. 

3.3.3.6. NPK release  

The slow release of fertilizer is one of the most significant characteristics of SRF system 

ensuring high nutrient absorption and minimizing nutrient loss [22]. Therefore, 

HC/WPP/NPK sustained release experiments were performed to evaluate the fertilizer 

release process. In this study, a mixed mineral fertilizer i.e., NPK containing equal 

amounts of water-soluble macronutrients like N, P, and K were used. Figure 3.4.b 

illustrates the NPK release profile of hydrogel HC/WPP/NPK for twenty days in water at 

room temperature. The curves show that the release rates for all three elements were 
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gradually increased. As seen from Figure 3.4.b, HC/WPP/NPK released 13, 9 and 8% of 

P, N and K, respectively, which did not exceed 15% within first day of incubation and 

released 81, 98 and 95% of P, N and K, respectively after twentieth day, indicating its 

good slow-release property [15]. This could be ascribed to the formation of a more cross-

linked network structure in the HC/WPP/NPK formulation due to the incorporation of 

WPP. On the other hand, the intermolecular hydrogen-bonding formed between the 

hydroxyl groups of WPP, and the functional groups of the polymer matrix retard the 

dissolution and diffusion of the charged nutrients and slowing down the fertilizer release 

rate. Besides, cationic and anionic NPK ingredients such as phosphate (PO4
3-), potassium 

(K+) and ammonium (NH4+) ions can interact via hydrogen and covalent bonds with 

anionic site present on the surface and within the pores of the hydrogel matrix resulting 

in the slow-release behavior of the formulation [34]. These results demonstrate the 

excellent sustained release behavior of the developed formulations and demonstrate the 

potential for controlled nutrient delivery systems. 

3.3.3.7. Kinetic study of NPK release 

To analyze the fertilizer release mechanism, we have performed different kinetics 

models as shown in Figure 3.5.(a-d). Different parameters related to the kinetics models 

such as release component (n) and the correlation factor (R2) are summarized in Table 

3.2. From these data various physicochemical factors affecting the controlled release 

ability of the hydrogel can be analyzed. According to Korsmeyer–Peppas models if the 

value of n is < 0.45 refers the Fickian diffusion and in between 0.45-0.89 corresponds to 

non-Fickian transport. Moreover, if the value >0.89, then indicates case II transport 

fertilizer release mechanism. In our study, it is found that the release study follows non-

Fickian diffusion, where both swelling and diffusion effect the release phenomenon 

[35,36].  

3.3.3.8. Biodegradation (soil burial method) 

The degradation properties of the polymeric material are crucial factors in designing SRF 

for agricultural applications with minimal environmental impact [37]. The degradation 

rate is highly dependent on various factors that affecting microbial growth, such as 

mineral nutrient supply, oxygen concentration, pH, temperature, and humidity [38]. 

Hence, a biodegradability test of the prepared HC/WPP/NPK hydrogel was performed 

using the soil burial method. The degradation of HC/WPP/NPK hydrogel in soil at 
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ambient temperature over time is presented in Figure 3.6.a. The hydrogel's 

biodegradability was found to be excellent and increased with time, with the highest rate 

of degradation occurring in the initial days. Decomposition rate after 15 days of soil 

burial test for HC/WPP/NPK was calculated to be 24%. After 75 days of degradation, the 

percentage of decomposition was found to be 62%. 

 

Figure 3.5. (a) Zero order, (b) pseudo-first-order, (c) Higuchi square root law and (d) 

Korsmeyer and Peppas kinetic plots of NPK release for HC/WPP/NPK. 

Table 3.2. Kinetic parameters of several models for NPK release data. 

Kinetic model Correlation coefficient (R2) 

P N K 

Korsmeyer 0.97 0.96 0.93 

Higuchi 0.98 0.97 0.91 

First order 0.99 0.84 0.96 

Zero order 0.92 0.98 0.89 

n 0.63 0.85 0.88 
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Further, the FTIR spectrum and morphology in Figure 3.6.(b-d), demonstrates the 

chemical structural change (biodegradation) that occurred during the 75 days soil burial 

test for the HC/WPP/NPK hydrogel. In the FTIR spectrum of HC/WPP/NPK after 75 

days of degradation, intensities of some of the peaks have been found to be decreased. 

Microbial attack in the soil produced these changes in peak positions, signaling the 

breakage of covalent bonds between polymeric chains [38]. The broadening of the peak 

at 3434 cm−1 for the O-H stretching and the intensity of the peak at 2929 cm−1 for the 

aliphatic C-H stretching decreased upon biodegradation. This indicates cleavage of O-H 

and C-H bonds by the microorganism during the test. In the degraded hydrogels, the 

carbonyl peaks (C=O) of the carboxylate groups of AA and IA at 1709 cm-1 appeared 

with a low intensity peak. This indicates the breakdown of the structure of the hydrogel 

network. Furthermore, the strength of the C-O-C stretching at 1022 cm-1 also decreased 

due to degradation during the soil burial test [39].   

 

Figure 3.6. (a) Weight loss with time in biodegradation, (b) FTIR spectra before and 

after degradation; and SEM images of HC/WPP/NPK (c) before and (d) after 

degradation at 1000X magnification. 

Moreover, significant changes in structural morphology were observed after 75 days of 

the test, and significant degradation of the hydrogel sample was observed. Before 

biodegradation, the surface of the hydrogel was smooth, as shown in Figure 3.6.c. After 
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biodegradation, SEM image showed the presence of small voids, increased surface 

roughness and cracks on the surface of the hydrogel (Figure 3.6.d.).  

Thus, the degradation process showed that the synthesized hydrogel possessed excellent 

biodegradable property and has no negative impact on the environment and thus can be 

safely employed for agricultural applications. 

3.3.3.9. Effect of HC/WPP/NPK on okra seed germination 

In order to explain the effect of HC/WPP/NPK hydrogel, germination-study was 

conducted on okra seeds.  The test was evaluated by measuring the change in RL, SL and 

the number of germinated seeds planted in both loam soil and sandy soil with hydrogels 

containing NPK and without NPK. The results are provided in Table 3.3. The plant 

growth after soil treated with two different hydrogels was observed for one week, and the 

corresponding digital photographs are shown in Figure 3.7. Adequate supply of nutrients 

with water has a significant impact on plant growth, so there was a clear difference in the 

growth of the studied plants between the treated and untreated soils. The average 

seedling lengths of okra seeds treated with the hydrogels were significantly larger than 

the two control groups.  

Table 3.3. Effect of HC/WPP/NPK on the growth of okra seeds. 

Soil type  Measurement Control-1 Control-2 HC/WPP/NPK 

  

Loam soil 

Germination rate (%) - 80 100 

Root length (cm) - 3.16±1.6 6.35±2.4 

Shoot length (cm) - 8.33±6.82 9.65±1.6 

Sandy soil Germination rate (%) 25 50 75 

 

In loam soil 

As shown in Figure 3.7.(a-c), germination count for HC/WPP/NPK was dramatically 

faster and higher than those for the control-1 and control-2. In the case of control-2 and 

HC/WPP/NPK, 80 and 100% of germination rate was observed. However, no seed was 

germinated for control-1 for 7 days of the test. Furthermore, as shown in Table 3.3, we 

found a significant increase in RL and SL of HC/WPP/NPK after 4 and 7 days of 

germination. The highest RL and SL on 7 days of germination were 6.35 cm and 9.65 cm 

for HC/WPP/NPK. These results can be attributed to the presence of N, P and K in the 
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hydrogel structure in the case of HC/WPP/NPK samples, which are the essential 

macronutrients for plant growth. Further, HC/WPP/NPK can slowly release the absorb 

water to the soil and plant root through a diffusion driven mechanism. Thus, controlled 

and sustained release of N, P, K and water from HC/WPP/NPK assisted in germination 

of seeds and growth of the plants without the need of external irrigations [40]. Moreover, 

measurements of the germination rate, RL and SL for control-2 showed that the soil 

treated with HC/WPP/0.05 hydrogels promoted development of okra seeds even if it 

contains only free hydrogel without NPK. This is likely because HC/WPP/0.05 supplies 

absorbed water to promote plant growth. However, soil treated without any hydrogel (in 

case of control-1), cannot supply sufficient water that required for seeds to be 

germinated. Therefore, no seed germination was observed in that case.  

 

Figure 3.7. Photographs of okra seeds germination after 2, 4, 6 days in loam soil (a, b, 

and c) and sandy soil (d. e, and f). 

In sandy soil 

However, a slower seed germination rate was observed for each condition in sandy soil 

compared to loam soil. After 7 days of seedling, the highest germination rate was 

observed in the case of HC/WPP/NPK i.e., 75% and no growth of RL and SL was 
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observed even for HC/WPP/NPK (Figure 3.7.(d-f)). This may be due to sandy soils, 

where water-swollen hydrogels tend to dry out, and unable to maintain soil moisture 

levels for control release of NPK fertilizer to assist in germination of the seeds. 

Therefore, we can conclude that the NPK-loaded hydrogel i.e., HC/WPP/0.05 has the 

potential for applications in agriculture, especially for the growth of okra seeds in loam 

soil. 

3.4. Conclusion 

In this work, cellulosic WPP was produced from wastepaper materials and used 

subsequently as a modifying agent in starch/IA/AA hydrogel matrix to prepare a bio-

based hydrogel composite using free radical polymerization method. The structure and 

morphology of the prepared WPP and hydrogel composite was analyzed using various 

spectroscopic and microscopic techniques. Further, the maximum WAC of the prepared 

hydrogel composite was found to be 647 g/g for 0.05 wt% of WPP. Additionally, NPK 

release and seed gemination studies were performed for hydrogel containing 0.05 wt% 

WPP. It was observed that the hydrogel showed excellent sustain-release ability and has 

significant effect on the germination rate of okra seeds. Moreover, the results of soil 

burial test showed the good biodegradability of the hydrogel which confirmed that it has 

no harmful effect on the environment. Thus, it can be used as potential material for 

agricultural application as a SRF system. 
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