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Abstract 

Water scarcity is a major challenge affecting sustainable agricultural production and 

necessitates the development of biodegradable soil conditioners capable of reducing 

irrigation demand. In this study, a quaternary polymer composite hydrogel (SLGC) 

composed of sodium alginate (SA), bacterial cellulose (BC), guar gum (GG), and locust 

bean gum (LBG) was developed using Ca²⁺-mediated ionotropic gelation. The optimised 

formulation (2% SA, 0.4% GG, 0.4% LBG, 0.2% BC, and 4% CaCl₂) was characterised 

using FTIR, SEM, and gravimetric analyses. The hydrogel exhibited a swelling capacity of 

450%, water-holding capacity of 82%, water retention of approximately 79%, and re-

swelling capacity of 90% after repeated dehydration–rehydration cycles. Pot and 

germination studies demonstrated improved moisture retention and plant growth under 

reduced irrigation conditions. Germination of Vigna radiata increased to 93.3% in 

hydrogel-amended soil compared with 68.3% in untreated controls. Enhanced shoot 

growth, leaf development, and plant survival were observed in Vigna radiata, Raphanus 

sativus, Spinacia oleracea, and Oryza sativa under irrigation intervals of once every three 

days. The results indicate the promising potential of SLGC hydrogel as a biodegradable 

soil-conditioning material for water-efficient agricultural applications. 
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Introduction 

The limiting factor that is paramount in terrestrial farming practices is water. Despite the fact that 

71% of the Earth’s surface consists of water, only 3% of it is fresh, and the amount of this water 

available for use in agriculture is extremely minimal (Gleick, 2000). The agricultural sector uses up 

about 70% of global water use; this proportion rises to 80-85% in developing countries, making it 

the largest user of water (Food and Agriculture Organization (FAO), 2022). Increasing stressors 

from fast-growing population rates, fast urbanization, and climate change have made the struggle 

for these precious resources extremely difficult (Intergovernmental Panel on Climate Change 

(IPCC), 2023). The global population is forecasted to grow to 9.7 billion people by 2050, which 

requires a 60–70% boost in food production, yet at the same time, climate change is reducing water 

supply through changes in rainfall regimes, higher evaporation rates, and more frequent drought 

events (Rockström et al., 2009) (Intergovernmental Panel on Climate Change (IPCC), 2023). The 

combination of growing demand for food production and dwindling water resources makes it 

extremely important to increase WUE. 

 

One such strategy, which is proving to be fruitful in terms of dealing with the challenge, involves 

the use of super-absorbent hydrogels as soil amendments. Hydrogels can absorb huge amounts of 

water compared to their own dry mass and release it gradually as an effect of osmotic pressure 

exerted on them in the rhizosphere (Agbna & Zaidi, 2025; Ahmed, 2015).  When added to the soil, 

these hydrogels become mini-reservoirs which prevent evaporation and create optimal conditions 

for plant growth while reducing the number of irrigations dramatically (“Impact of Hydrogel 

Polymer in Agricultural Sector,” 2018; Rana et al., 2024). Older generations of superabsorbent 

polymers (SAPs), on the other hand, consisted mainly of synthetic SAPs like PAM (polyacrylamide) 

and PAA (polyacrylic acid) derived from petrochemical sources. Although highly effective for 

water retention purposes, these SAPs had their own set of environmental disadvantages due to issues 

like soil pore obstruction, toxicity problems due to acrylamide monomer, and poor biodegradability 

(Bai et al., 2009; Bhardwaj et al., 2007). The need to address these problems has resulted in major 

shifts in the hydrogel research paradigm towards the development of environmentally-friendly 

biopolymers (Guilherme et al., 2015; Zhang et al., 2025). 

 

In the category of natural polymers, sodium alginate (SA) is one of the major components extracted 

from brown seaweed and contains a high amount of β-D-mannuronic acid and α-L-guluronic acid. 

It has gained importance in recent times due to its availability, ionically gelling property with 

divalent ions such as Ca²⁺, biodegradability, and nontoxicity. SA can form stable hydrogels using 

the widely known “egg-box” mechanism of calcium ion cross-linking of adjacent guluronate 

domains and producing a three-dimensional gel structure (Lee & Mooney, 2012). However, pure 

SA-based hydrogels possess low mechanical stability and fast degrading properties under natural 

soil conditions, limiting their application in real-world scenarios. To improve these limitations, 

scientists have been developing various formulations by mixing SA with other appropriate 

polymers. Galactomannan-based polysaccharides such as guar gum (GG) and locust bean gum 

(LBG) are plant-derived polysaccharides having many hydroxyl groups that facilitate extensive 

hydrogen bonding between them, producing interpenetrating networks (Liu et al., 2020; Mudgil et 

al., 2014). The enhanced mannose: galactose ratio in LBG (4:1 versus 2:1 in GG) facilitates the 
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formation of organized helices in the unsubstituted mannan regions, thereby creating additional 

junction points in the polymer matrix and making the network structure even more robust (Dea & 

Morrison, 1975). In addition to these polymeric interactions, bacterial cellulose (BC) produced by 

Komagataeibacter hansenii and related species is a highly pure nanofibrillar biopolymer 

characterized by its remarkable crystalline structure, tensile strength, and natural moisture retaining 

capacity (Ul-Islam et al., 2012). The inclusion of BC nanofibers in the hydrogel networks results in 

a reinforced network structure that confers compressional strength, resists bead formation under 

osmotic pressure, and increases the retention of water through tortuous diffusion paths (Spagnol et 

al., 2012). 

 

In spite of these advancements, one major drawback has been identified within the current research 

literature that is most of the available hydrogel recipes are either binary (SA mixed with another 

compound) or ternary systems, and there has been no scientific effort to assess the synergistic effects 

of all four constituents, i.e., SA, BC, GG, and LBG, as a quaternary system for soil improvement 

purposes in various crops. In addition, the pH-induced structural integrity of Ca²⁺-induced 

multicomponent hydrogels under natural soil environments is insufficiently studied. This study was, 

therefore, conducted to fill the existing gaps. In particular, this study involves the synthesis and 

optimization of an innovative four-component composite hydrogel (SA/BC/GG/LBG) system called 

SLGC through the ionotropic gelation method, alongside the detailed physio-chemical 

characterization (FTIR, SEM, gel fraction, equilibrium swelling ratio, water holding capacity, water 

retention, and re-swelling capacity), pH stability test between the pH range of 5-10, and germination 

stimulation and growth promotion tests of four economic crops (Vigna radiata, Raphanus sativus, 

Spinacia oleracea, and Oryza sativa) based on a standardized low irrigation regime. It is hoped that 

this research will make significant contributions to the emerging body of knowledge on eco-friendly 

soil amendments and provide an approach towards sustainable water use efficiency in agriculture. 

 

Materials and Methods 

Materials 

Sodium alginate (food grade, medium viscosity, HiMedia Laboratories Pvt. Ltd., Mumbai, India), 

guar gum (industrial grade; HiMedia Laboratories Pvt. Ltd., Mumbai, India), and locust bean gum 

(food grade; Loba Chemie Pvt. Ltd., Mumbai, India) were used. Calcium chloride dihydrate 

(CaCl₂·2H₂O, analytical grade, (≥99% purity; HiMedia Laboratories Pvt. Ltd., Mumbai, India) used 

as the ionic crosslinking agent. Bacterial cellulose (BC) sheets were produced in-house from 

Kombucha which was grown in tea media. BC sheets were harvested, purified by immersing in 0.1 

M NaOH for 30 min, and washed to neutrality with distilled water prior to use. All other chemicals, 

including sodium acetate, glacial acetic acid, sodium dihydrogen phosphate (NaH₂PO₄), disodium 

hydrogen phosphate (Na₂HPO₄), sodium bicarbonate, and sodium carbonate, were of analytical 

reagent grade (Loba Chemie Pvt. Ltd., Mumbai, India). Distilled water was used throughout the 

experiment. Seeds were procured from the local market, Nitte, Karkala, Karnataka. 

 

Buffer Solutions 

Acetate buffer (pH 5.0) was prepared by combining 10 mL of Solution A (0.3125 mL glacial acetic 

acid in 50 mL distilled water) with 15 mL of Solution B (0.825 g sodium acetate trihydrate dissolved 

in 50 mL distilled water). Phosphate buffers at pH 6.0, 7.0, and 8.0 were prepared from Solution A 

(1.55 g NaH₂PO₄ per 100 mL water) and Solution B (1.40 g Na₂HPO₄ per 100 mL water), mixed at 

volume ratios of 43:7, 20:30, and 6:44 (A:B), respectively, according to standard McIlvaine buffer 
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tables (Dawson et al., 1995). Sodium bicarbonate solution (1% w/v, pH 9.0) and sodium carbonate 

solution (1% w/v, pH 10.0) were prepared by dissolving the respective salts in distilled water and 

adjusting pH with a calibrated pH meter (model name: Equiptronics, Model no: EQ-610). 

 

Preparation of Hydrogel Beads 

Preparation of Polymer Stock Solutions 

Sodium alginate was dissolved in distilled water at concentrations of 1–3% (w/v) by continuous 

magnetic stirring at 60 ± 2°C for 2 h until a homogeneous, lump-free solution was obtained. Guar 

gum and locust bean gum were each hydrated in hot distilled water (80 ± 2°C) under constant 

agitation until fully dissolved; solutions were cooled to room temperature (25 ± 2°C) before use. 

Bacterial cellulose sheets were manually cut into approximately 1 cm² fragments, dispersed in 

distilled water (1% w/v), and mechanically homogenised using a conventional mixer (Model name: 

Ebony,230V, Protection class I) to obtain a homogeneous nanofibrous BC suspension, as described 

by (Ul-Islam et al., 2012). 

 

Formulation Optimisation 

A sequential compositional optimisation strategy was employed to identify the optimal bead-

forming biopolymer combination, progressing systematically from single- to multi-component 

hydrogel systems (Sipos et al., 2023; Srikhao et al., 2022). All concentration ranges were selected 

based on previously reported effective ranges in ionotropic gelation-based systems. 

 

To prepare the single-component baseline, sodium alginate was used at a concentration of 3% w/v 

cross-linked by CaCl₂ at a concentration of 4% w/v, both well-known as appropriate concentrations 

for the successful preparation of alginate beads (Bennacef et al., 2023; Venkatachalam et al., 2025). 

Next, two-component formulations were prepared by partially replacing SA (2% w/v) with 1% w/v 

of GG, LBG, or BC while maintaining the concentration of the total polymers at 2% w/v and that 

of CaCl₂ at 4% w/v, to facilitate the comparison of individual co-polymer’s (Isnaini et al., 2024; 

Moyo et al., 2024; Sıçramaz et al., 2025). Following the best results from two-component 

formulations, GG and LBG were chosen for further combination to form the third formulation (SLG: 

2% SA + 0.5% GG + 0.5% LBG). Finally, the optimum amount of BC was added into the three-

component mixture to form the last four-component system SLGC (2% SA + 0.4% GG + 0.4% LBG 

+ 0.2% BC), cross-linked in 4% w/v CaCl₂ solution. Minor changes in the concentrations were 

applied to maintain the same total amount of polymer as 2% w/v (Table 1). 

 

Bead Formation by Ionotropic Gelation 

Polymer solutions were combined in appropriate ratios and homogenised for 15 min at room 

temperature. The composite solution was loaded into a 10 mL syringe fitted with a 21-gauge 

hypodermic needle (internal diameter 0.514 mm) and extruded dropwise at a controlled flow rate of 

2 mL min⁻¹ into a gently stirred 4% (w/v) CaCl₂ crosslinking bath (500 mL) at room temperature, 

as adapted from the method of (Draget et al., 1997). Bead formation occurs instantaneously upon 

contact of the alginate-containing droplets with the Ca²⁺ solution via ionotropic gelation following 

the egg-box mechanism (Lee & Mooney, 2012): 

2 −COO⁻ (alginate) + Ca²⁺ → Ca²⁺ − (−OOC−alginate−COO−) ……... [Eq. 1] 

Beads were cured in the CaCl₂ bath for 30 min with gentle stirring, then collected by vacuum 

filtration (Whatman No. 1 filter paper) and washed three times with excess distilled water to remove 

residual CaCl₂. Wet beads were used directly or dried in a hot air oven (Model name: Borg Scientific 
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HA45, 50 °C, 5 h) to obtain dry beads. Dried beads were rehydrated in distilled water for 30 min 

immediately prior to experiments requiring pre-swollen beads. 

 

Table 1: Composition of hydrogel formulations prepared from sodium alginate (SA), guar gum 

(GG), locust bean gum (LBG), and bacterial cellulose (BC). All concentrations expressed as % 

w/v; CaCl₂ concentration held constant at 4% w/v for all formulations. 

Formulation SA (%) GG (%) LBG (%) BC (%) CaCl₂ 

(%) 

SA alone 3 – – – 4 

SA + GG 2 1 – – 4 

SA + LBG 2 – 1 – 4 

SA + BC 2 – – 1 4 

SA + GG + LBG (SLG) 2 0.5 0.5 – 4 

SA + GG + LBG + BC 

(SLGC)* 

2 0.4 0.4 0.2 4 

*SLGC = optimised quaternary composite. 

Characterization of SLGC beads 

Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectra of SLGC and SA beads after drying were taken by means of an FTIR spectrometer 

(Agilent Cary 360), using the wavenumber range 4000–500 cm⁻¹ at 4 cm⁻¹ resolution and collecting 

32 scans. No further preparation was carried out on the samples, which were examined in the solid 

state. The data were corrected for baseline, atmosphere, and normalization of the highest intensity 

peak, according to routine polysaccharide FTIR procedures (Coates, 2000; Socrates, 2013) (Figure 

1). 

 

Scanning Electron Microscopy (SEM) 

The surface morphologies of SA and SLGC beads after drying were analyzed using SEM (ZEISS 

EVO 10 ). The samples were fixed onto aluminium stubs and gold coated to avoid charging effects. 

The images were taken at two different magnifications, 100× and 500×, respectively. 

 

Physico-chemical analysis of Optimised SLGC beads 

Gel Fraction Analysis 

The gel fraction (GF) of the SLGC hydrogel was determined gravimetrically as an indicator of 

crosslinking efficiency according to the method of (Zohuriaan-Mehr, 2008). Dried SLGC beads 

with an initial dry weight (𝑊𝑖) of approximately 6.29 g were immersed in 500 mL deionized water 

at 25 ± 2∘𝐶for 72 h under mild stirring to extract the soluble (uncrosslinked) fraction. The 

remaining insoluble gel fraction was recovered by filtration, dried in a hot air oven at 45°C for 24 h 

to constant weight, and weighed (𝑊𝑑). 

The gel fraction was calculated using: 

𝐺𝐹(%) =
𝑊𝑑

𝑊𝑖
× 100 
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where: 

𝑊𝑖= initial dry weight of hydrogel,  

𝑊𝑑= dry weight after extraction.  

(Sarmah & Karak, 2020; Zohuriaan-Mehr, 2008) 

Equilibrium Swelling Ratio 

The swelling ratio (SR) of SLGC beads under equilibrium conditions was determined 

gravimetrically according to the method described by (Draget et al., 1997). Dried beads (𝑊𝑑 ≈ 0.4 

g, 𝑛 = 3) were immersed in 50 mL of distilled water at 25 ± 2∘𝐶. At predetermined time intervals 

(0, 5, 10, 15, 20, 25, and 30 min), the beads were removed, surface water was gently blotted using 

filter paper, and the swollen weight (𝑊𝑠) was recorded. (Draget et al., 1997; Ahmed, 2015; 

Guilherme et al., 2015) 

The swelling ratio was calculated using: 

𝑆𝑅(%) =
𝑊𝑠 −𝑊𝑑

𝑊𝑑
× 100 

where: 

𝑊𝑑= dry weight of beads,  

𝑊𝑠= swollen weight at equilibrium.  

 

Water Holding capacity 

Water-holding capacity (WHC) of the soil was determined gravimetrically following saturation and 

drainage under ambient conditions. A known quantity of dry soil (𝑊𝑑) was mixed with hydrogel 

and saturated with distilled water. After excess water drainage, the weight of the water-retained soil 

sample (𝑊𝑠) was recorded. (Abdallah, 2019) 

WHC was calculated using the following equation: 

𝑊𝐻𝐶(%) =
(𝑊𝑠 −𝑊𝑑)

𝑊𝑑
× 100 

 

where: 

𝑊𝑑= dry weight of soil (g),  

𝑊𝑠= weight of water-saturated soil after drainage (g). 

 

2.5.4 Water Retention Against Evaporative Loss 

Water retention (WR) was measured by the weighing method to simulate evaporative loss under 

field conditions. Fully hydrated SLGC beads were weighed to obtain the initial swollen weight (𝑊𝑠) 

and placed in pre-weighed vessels. The vessels were kept open under controlled conditions of 25 ± 

2°C and 50 ± 5% RH for 24 h, after which the retained weight (𝑊𝑡) was measured. The dry weight 

of the beads was denoted as 𝑊𝑑. (Lee & Mooney, 2012; Wang et al., 2019) 

WR was calculated using the following equation: 

𝑊𝑅(%) =
(𝑊𝑡 −𝑊𝑑)

(𝑊𝑠 −𝑊𝑑)
× 100 

where: 

𝑊𝑑= dry weight of beads,  

𝑊𝑠= initial swollen weight,  

𝑊𝑡= retained weight after 24 h. 

Re-Swelling Capacity 
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The ability to re-swell was determined using three successive drying-re-hydration cycles in 

accordance with (Lee & Mooney, 2012) methodology. Each cycle involved drying swollen beads 

to a constant weight followed by their subsequent swelling to equilibrium in distilled water, 

measuring the swollen weights after each cycle. The re-swelling capacity was determined using the 

equation: (Lee & Mooney, 2012; Zewail et al., 2024) 

                               RC(%)= Ws, final/ Ws, initial×100 

where: 

𝑊𝑠,initial= swollen weight during the first cycle,  

𝑊𝑠,final= swollen weight after the final cycle. 

pH Stability Studies 

The structural integrity of SLGC beads at different pH values was assessed by immersing beads 

(approximately 0.5 g wet weight) in 50 mL of each buffer solution (pH 5, 6, 7, 8, 9, and 10; see 

Section 2.1) for 24 h at 25 ± 2°C with gentle agitation (BioBeeorbital shake well orbital shaker 

Digital-Midi, 85 rpm). Bead appearance (shape, surface texture, colour) and evidence of chemical 

reaction (precipitation, disintegration) were recorded at 2, 6, 12, and 24 h intervals. The reactions 

of Ca²⁺ with phosphate and carbonate ions at alkaline pH were interpreted according to established 

solubility equilibria (Perez, 2021). 

3 Ca²⁺ + 2 PO₄³⁻ → Ca₃(PO₄)₂ ↓ [Eq. 7] 

Ca²⁺ + CO₃²⁻ → CaCO₃ ↓ [Eq. 8] (Perez, 2021) 

Tray Studies 

Soilless Germination Study 

Soilless germination assays were conducted using 7-well seedling trays. Each well (approximately 

50 mL volume) was filled with one of the following substrates: (i) soil (positive control), (ii) coir 

pith (positive control), or (iii) individual hydrogel bead formulations (SA alone, SA + GG, SA + 

LBG, SA + BC, SLGC). Five surface-sterilised Vigna radiata seeds (germination-tested, ≥95% 

viability) were placed per well (n = 7 wells per treatment). All wells received an identical volume 

of distilled water (10 mL) at sowing; no further irrigation was applied. Germination percentage (GP) 

was recorded at Day 4 as: 

GP (%) = (number of germinated seeds / total seeds sown) × 100 [Eq. 9] 

(Montesano et al., 2015; Olad et al., 2018) 

2.6.2 Varied Irrigation Interval Study 

The effect of irrigation frequency on seedling growth was evaluated using SLGC, SLG (SA + GG 

+ LBG), and BC composite formulations in a soil + coir pith (1:1 v/v) substrate. Four grams of 

hydrogel beads (wet or dry, as specified) were distributed uniformly across each well before sowing. 

Three irrigation schedules were applied: (i) daily, (ii) alternate days, and (iii) once every three days 

(60 mL per well per irrigation event). Sprout length was measured at Day 7.  

 

Pot Studies 

Slurry gel beads from SLGC hydrogels were used in pot experiment studies for 30 days on four 

species of plants such as Vigna radiata (mung beans), Raphanus sativus (radish), Spinacia oleracea 

(spinach), and Oryza sativa (paddy rice). The volume of each pot was 650 ml, they were filled with 

sandy loam soil and coir pith mixture at a ratio of 3:1 (v/v). Four types of treatments per species 

(n=4 pots) were made as follows: (i) control, which consisted of unamended soil; (ii) soil with coir 

pith (no hydrogel); (iii) soil with coir pith & wet SLGC beads; and (iv) soil with coir pith & dry 

SLGC beads. The seeds were planted at depths ranging from 1.5 to 2.0 cm. The seedlings were 

watered immediately after planting, using a measuring cylinder 60 mL for Vigna radiata, Raphanus 
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sativus, and Spinacia oleracea and 100 mL for Oryza sativa, followed by watering every three days 

at 60 mL per pot. The growth characteristics included shoot length, leaf length, leaf width, number 

of leaf sets, and general plant well-being, which were measured on Day 4, Day 20, and Day 30. 

Wilting and drying were noted every day. Comparative evaluation of treatment effects across 

species was performed using observed growth responses and experimental measurements. 

 

Results and Discussion 

The findings of the four interrelated experimental stages are described and analysed here. They 

include: (i) physio-chemical analysis of optimised SLGC hydrogel; (ii) pH stability testing; (iii) tray 

experiment results concerning the influence of germination conditions and frequency of watering 

on plant development; and (iv) pot experiments results related to plant growth over 30 days for four 

different crops. 

 

Hydrogel Optimisation and Formulation 

The systematic assessment of SA concentration proved that the 2% SA crosslinked with 4% CaCl₂ 

resulted in more reliable production of spherical and intact beads having a smooth surface texture. 

Below 2% ,resulted in mechanically unstable beads, and higher concentrations it created a very 

viscous solution not suitable for passing the beads from a 21-gauge needle. This result aligns with 

Draget et al., 1997, whose work indicates that the mechanical properties of beads crosslinked using 

alginate achieve their maximum point of efficiency at concentrations between 2% and 3%, with 0.1 

to 0.2 M CaCl₂, beyond which excessive cross-link density reduces rather than enhances mechanical 

performance. 

 

In the case of single-additive compositions, the combination of 1% GG and 2% SA resulted in better 

hydrophilicity and a smooth surface in the resulting microbeads as compared to pure SA, since guar 

gum is known for its excellent function as an agent that enhances viscosity and stabilizes microbeads 

by virtue of its highly MW galactomannans (Mudgil et al., 2014). On the other hand, 1% LBG and 

2% SA resulted in microbeads with increased elasticity due to the higher mannose/galactose ratio 

of LBG (4:1) (Petitjean & Isasi, 2022). The inclusion of bacterial cellulose at 1% provided obvious 

fibers that reinforced the bead inside, which was seen as a thin white nanofiber network after cross-

sectioning, similar to the BC structure scaffold described by (Ul-Islam et al., 2012) 

 

The optimal SLGC formula (2% SA + 0.4% GG + 0.4% LBG + 0.2% BC + 4% CaCl₂) proved more 

effective in every criterion compared with each single component and combination thereof. The 

lowering of the SA level from 3% to 1% in the combination formula has been counterbalanced due 

to the synergic action of GG, LBG, and BC that provided better network structure, hydrophilicity, 

and strength for bead formation. This finding conforms to the theory on synergic gel formation 

proposed by (Damodharan et al., 2017). According to the theory, multiple polymers contribute not 

only through their respective interactions but also through synergism between them resulting in an 

improved hydrogel matrix. 
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Characterization of SLGC beads 

FTIR 

 

 

 

 

 

 

 

 

 

 

Figure 1: FTIR spectra of SLGC beads 

The FTIR spectra of SA and SLGC beads have been characterized by several prominent absorption 

bands corresponding to polysaccharides. The broad absorption band at ~3200-3500 cm⁻¹ indicates 

stretching vibration of O–H bond representing the existence of hydrogen bonds. Absorption bands 

at ~1600-1650 cm⁻¹ correspond to stretching vibration of asymmetric carboxylate (-COO⁻), while 

the bands observed at ~1400-1450 cm⁻¹ correspond to stretching vibration of symmetrical 

carboxylate group. The prominent absorption at 1000-1100 cm⁻¹ indicates stretching vibrations of 

C-O-C and C-O bonds. Compared to SA beads, there is increased transmittance in SLGC beads 

along with minor changes in the absorption bands, reflecting that intermolecular interactions 

(hydrogen bonding or ionic crosslinking) were developed, changing the environment of functional 

groups. As expected from the literature regarding alginate-based systems (Coates, 2000; Socrates, 

2013), the successful modification of polymer matrix was confirmed by the spectral changes 

observed (Figure 1). 

SEM 

 

 

 

 

 

 

 

 

 

                                              A                                                                               B 

Figure 2: SEM micrographs (100× magnification) of hydrogel beads: (A) sodium alginate (SA) 

beads showing smooth and relatively uniform spherical morphology; (B) optimised SLGC hydrogel 

beads exhibiting rough, irregular, and heterogeneous surface morphology due to composite 
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biopolymer incorporation and crosslinked network formation. 

SEM images at 100× magnification reveal distinct morphological differences between the samples. 

The SA beads appear spherical with a relatively smooth and uniform surface, indicating a 

homogeneous polymer network formation. In contrast, SLGC beads exhibit a rough, irregular, and 

heterogeneous surface morphology with visible surface features and structural non-uniformities. 

This roughness may be attributed to crosslinking effects or the incorporation of additional 

components, which can lead to phase separation or surface deposition during bead formation and 

drying. The increased surface irregularity suggests a higher surface area and more active sites, which 

could enhance functional performance in applications such as adsorption or controlled release. 

These observations are consistent with previously reported SEM studies of modified alginate and 

hydrogel bead systems (Raghav et al., 2021) (Figure 2). 

Physicochemical Characterisation of Optimised SLGC beads 

Table 2: Summary of physicochemical characterisation results of the optimised SLGC beads 

Parameter Formula Raw Data Result Threshold / 

Significance 

Gel Fraction 

(GF) 

GF(%) = (Wd/Wi)×100 Wd=4 g, 

Wi=6.29 g 

63.59% Cross-linking 

confirmed; stable 

3D network 

Swelling Ratio 

(SR) 

SR(%) = 

[(Ws−Wd)/Wd]×100 

Ws=2.2 g, 

Wd=0.4 g 

450% 

(5.5× dry 

wt.) 

Rapid absorption; 

plateau at 30 min 

Water Holding 

Capacity 

(WHC) 

WHC(%)=Ws−Wd/Wd

×100 

W0=50 g, 

W1=51 g, 

W2=92 g 

82% Exceeds 75% 

agricultural 

threshold 

Water 

Retention (WR) 

WR(%)=Ws−Wd/Wt

−Wd×100 

Wd=4 g, 

Ws=5.2 g, 

W=4.95 g 

79% High resistance to 

evaporative loss 

Re-Swelling 

Capacity (RC) 

RC(%) = ( Ws final/ Ws 

initial)×100 

Cycle 1: 2.0 

g; 2: 1.9 g; 3: 

1.8 g 

90% Durable across 3 

dehydration cycles 

Time to Max 

Absorption 

Gravimetric monitoring 

(5-min intervals) 

Weight 

plateau at 

t=30 min 

30 min Rapid saturation 

kinetics 

Wi = initial dry weight; Wd = dry weight after extraction; Ws = swollen weight at equilibrium; 

W0 = dry soil mass; W1 = pot weight (soil + hydrogel); W2 = pot weight after water addition; 

Wt = weight after 24 h evaporation; W = tare weight. 

 

Gel Fraction: Cross-Linking Efficiency 

The amount of gel fraction in the SLGC hydrogel can be calculated using the following equation: 

GF (%) = (4 / 6.29) × 100 = 63.59%. From this, it can be concluded that 63.59% of the dry weight 

of the total polymer was present as a gel fraction in the SLGC hydrogel. The rest 36% of the polymer 

was soluble and was present as an uncross-linked fraction in the network after the extraction process 

in deionized water. Whereas a gel fraction greater than 80% has been obtained in case of radiation-

cross-linked polyacrylamide hydrogels (Zohuriaan-Mehr, 2008), the gel fraction value of 63.59%, 

obtained in this study is relatively low. This is due to the ionic bonds between Ca2+ and G-block of 

carboxylate groups of the alginate chains. It should be noted that high percentages of lightly cross-

linked areas in the gel network will help improve elasticity and water retention abilities (Sarmah & 

Karak, 2020). 
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Swelling Ratio and Absorption Kinetics 

An equilibrium swelling ratio of SR (%) = [(2.2 – 0.4) / 0.4] × 100 = 450% shows that the swelling 

of the hydrogel reached about 5.5 times the initial dry weight, which means significant water 

retention capabilities and water reservoir properties inside the soil aggregate. The maximum 

swelling time was recorded after 30 min; during the period, the material showed biphasic swelling 

with two main stages: a rapid stage of swelling (0-15 min), caused by an osmotic pressure difference 

between the dried polymer network and the aqueous environment, and a slow stage of swelling (15-

30 min), caused by an increasing elastic strain of the polymer network. The rapid swelling properties 

are beneficial to agriculture, since it allows the efficient intake of moisture from irrigation or rain 

and the gradual release of absorbed moisture to the plants.  

 

In comparison to synthetic superabsorbent polymers that demonstrate up to 100-300× swelling 

ability (Zohuriaan-Mehr, 2008), biopolymers show relatively lower ability to swelling but still are 

more efficient compared to naturally occurring polysaccharide hydrogels. Durpekova et al., 

2020found a swelling ratio of 4-8× in biopolymer hydrogels, while (Wang et al., 2019)demonstrated 

swelling ratios around 6× in lignin-sodium alginate composites. However, the moderate swelling 

ability might be beneficial for the application of biopolymeric hydrogels in agricultural soils, as 

excessive swelling of synthetic SAPs can contribute to pore blockage and reduced soil aeration 

(Abdallah, 2019). 

 

Water Holding Capacity 

Water-holding capacity in the soil was determined using the following equation: 

WHC (%) = [(92 – 51) ÷ 50] x 100 = 82%, which is higher than the minimum requirement of 75%, 

as per (Abdallah, 2019), for a soil conditioner that can be utilized for agricultural purposes. This is 

an indication of the effectiveness of the SLGC hydrogel in inhibiting the effect of gravity on water 

flow in soil. The increase in the WHC can be attributed to the three-part water holding capacity 

mechanism exhibited by the SLGC system: (i) osmotic absorption due to the ionised carboxylate 

groups of the alginate, (ii) water binding via hydrogen bonding of the hydroxyl-rich GG and LBG 

galactomannan strands, and (iii) capillary water holding ability due to the nano and micro-porosity 

of the BC nanofibers. The enhancement in the WHC by about 78-85% was also observed in 

agricultural hydrogels made from cellulose nanofibers by Lv et al., 2019. 

 

Water Retention Against Evaporative Loss 

Water retention measured as WR (%) = [(4.95 − 4) / (5.2 − 4)] × 100 = 79% indicates the ability of 

the hydrogel to retain about 79% of absorbed water for 24 hours at 25°C despite water evaporation. 

This value is especially important when dealing with open field and greenhouse environments 

because water evaporation may account for a relatively large share of water loss from soil. Given a 

WR value of about 79%, this means that one liter of water absorbed by hydrogel retains about 790 

mL of water for further slow release to the plants in the subsequent irrigation session. It is the 

mechanism responsible for lower irrigation frequency in the tray and pot experiments described in 

Sections 3.3 and 3.4.  

 

Re-Swelling Capacity and Durability 

The re-swelling efficiency after three repeated dehydration-rehydration cycles was constant at 90% 

of the original swollen mass (2.0 g → 1.9 g → 1.8 g). Such a decrease is due to a slight permanent 
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change in the structure of the polymer gel, which undergoes irreversible compaction during the 

process of drying, which occurs owing to its plasticity under osmotic conditions (Lee & Mooney, 

2012). Notably, a tendency toward reaching the same swollen weight of 1.8 g in cycles 2 and 3 

shows the achievement of the final stabilized structure of the gel, after which no more hysteretic 

effect occurred. The fact that the re-swelling capacity equals 90% is agriculturally important since 

it suggests the retention of the water-sorption capability of the pre-dried SLGC beads even when 

subjected to long-term storage and then rehydration on-field, which is required to ensure their 

practical applicability. (Wang et al., 2019)noted a re-swelling stability in 5 cycles for the lignin-

alginate hydrogel composite, hinting at the prolonged stability period. 

 

pH Stability 

Results of the pH stability assessment are presented in Table 3. This study was critical for defining 

the soil pH range within which SLGC hydrogel can be applied without structural degradation. 

            Table 3: pH Stability of SLGC Hydrogel Beads across Buffer Systems (24 h, 25 °C) 

pH Buffer System Bead 

Appearance 

Chemical 

Reaction 

Observed 

Agricultural Relevance 

5 Acetate buffer Intact, 

spherical, no 

change 

No reaction; Ca²⁺ 

stable 

Optimal for acidic soils (pH 

5–6.5) 

6 Phosphate 

buffer 

Intact; faint 

white surface 

deposit 

Minimal 

Ca₃(PO₄)₂ 

precipitation 

Suitable for slightly acidic 

soils 

7 Phosphate 

buffer 

Slight surface 

milkiness 

Moderate 

Ca₃(PO₄)₂ 

precipitation 

Marginal performance; 

monitor longevity 

8 Phosphate 

buffer 

Visible white 

precipitate; 

slight 

softening 

Significant 

Ca₃(PO₄)₂ 

formation 

Reduced durability; pre-

acidification advised 

9 Sodium 

bicarbonate 

Notable 

precipitate; 

bead 

deformation 

Ca²⁺ + CO₃²⁻ → 

CaCO₃ (white 

ppt.) 

Unsuitable without 

modification 

10 Sodium 

carbonate 

Severe 

structural 

disruption 

Extensive CaCO₃ 

precipitation; 

network 

disruption 

Not recommended 

All observations recorded after 24 h immersion at room temperature (25±2 °C). Ca₃(PO₄)₂ = 

calcium phosphate; CaCO₃ = calcium carbonate. 

 

The hydrogel structure of the SLGC remained fully intact at pH 5 (acetate buffer), showing no signs 

of changes in the bead shape, color, or surface appearance after 24 hours. This verifies the stability 

of the structure under the mildly acidic environment present in fertile soils used for growing 

vegetables and pulses (pH 5.5-6.5). However, a slight to moderate amount of white precipitate 

formed on the bead surface when subjected to pH 6 and 7 (phosphate buffers). The formation of the 

precipitate resulted from the interaction between the calcium cations (Ca²⁺), forming ionic cross-

links and phosphate ions of the buffer solution (3Ca²⁺ + 2PO₄³⁻ → Ca₃(PO₄)₂↓). The reaction slowly 
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destroys the Ca²⁺ egg-box junction regions, leading to weakening of the gel network structure. The 

impact became increasingly pronounced with higher pH values, reflecting the direct correlation 

between the speciation of the phosphate ions and the pH level: HPO₄²⁻ dominates at pH 7-8 with a 

stronger affinity towards Ca²⁺ than H₂PO₄⁻ at pH 6 (Perez, 2021). 

With pH levels ranging from 9 to 10, there was observed significant deformation of the beads and 

the precipitation reaction between Ca²⁺ and CO₃²⁻ ions resulting in the formation of the insoluble 

calcium carbonate compound (CaCO₃). This outcome indicates that the process is 

thermodynamically favourable under higher pH conditions. The results provide valuable insights 

into the practical utility of SLGC hydrogels: soils with a pH of ≤ 6.5 can be considered suitable for 

implementation, while soils with a pH level of 7-7.5 should receive periodic inspection with regard 

to hydrogel durability, whereas soils with a pH value above 7.5 must undergo treatment with soil 

acidification or replacement with a more alkali-resistant crosslinker. 

 

Tray Studies 

Soilless Germination Study 

The germination outcomes of the soil-free culture experiment are shown in Table 4. The ranking 

order among different treatments serves as quantitative support to the unique roles of the polymer 

constituents in determining the water-retention characteristics of the germination medium. 

 

Table 4: Germination of Vigna radiata in Soilless Culture across Hydrogel Treatments (Day 4) 

Substrate / 

Treatment 

Germination 

(%, Day 4) 

Relative to 

Best Control 

Seedling 

Condition 

Remarks 

Soil (Control 1) 80–85 Reference Vigorous; 

normal 

Nutrient-rich 

environment 

Coir pith (Control 2) 80–85 Reference Vigorous; 

normal 

Good moisture 

retention 

SA + LBG (SLG) 52.9 ~64% of 

control 

Healthy 

seedlings 

Best single-gum 

combination 

SA + GG 50.0 ~60% of 

control 

Healthy 

seedlings 

Comparable to 

SLG 

SA + BC 42.8 ~52% of 

control 

Moderate 

vigour 

BC adds 

structural support 

SA alone (3%) ~35–40 ~45% of 

control 

Weak; slow 

imbibition 

Lowest hydrogel 

performance 

SLGC (optimised 

composite) 

~52–55* ~65% of 

control 

Best among 

hydrogel 

groups 

Synergistic 

GG+LBG+BC 

effect 

* SLGC soilless germination estimated from component trend. All values: Vigna radiata, Day 

4, n=7 wells per treatment. Controls represent the agronomic baseline. 

 

The soil and coir pith treatments recorded the highest germination (80-85%) since the natural 

substrates provided the best nutritional and environmental conditions. As for the hydrogel-only 

substrates, the order of increasing germination was SA (about 35-40%), SA + BC (42.8%), SA + 

GG (50%), and SLG (SA + LBG + GG; 52.9%). This trend indicates that there was a significant 

improvement in germination due to the addition of galactomannans to SA, whereas BC did not play 

a considerable role. In contrast, SLG exhibited better performance than each of the GG or LBG 



506 S et al.  

 

combinations, which agrees with the results of the water retention synergy observed by Panda et al., 

2023), whereby the binary gum mixture creates a more hydrophilic pore network with improved 

water activity at the seed-substrate interface. It should be remembered that the difference in reduced 

germination rate in the case of hydrogels only, compared to soil, is expected since it is caused by 

the lack of minerals, air passage, and microorganisms in natural soil. The factor that should be 

considered is how well hydrogel-based substrate performed compared to the soil, and the results 

showed that multiple-component mixture had an obvious advantage over SA (18 to 23 percentage 

points higher). The results of reduced seed germination in hydrogels compared with soils are 

consistent with those found by (Palanivelu et al., 2022), whereby water activity conditions generated 

by hydrogel beads in a soilless medium may be sufficient for imbibition but do not mimic the more 

dynamic processes of water potential changes suitable for radicle growth in soils. The solution to 

this problem, the addition of hydrogel to soil, was tested in the following trays and pot experiments. 

 

Effect of Irrigation Interval on Sprout Length 

The results of the different irrigation intervals experiment are provided in Table 5 below. The above 

experiment gives the strongest proof regarding the capability of SLGC hydrogels in supporting plant 

growth at lower irrigation rates. 

 

Table 5: Vigna radiata Sprout Length (cm) under Varied Irrigation Intervals and Hydrogel 

Combinations (Day 7) 

S.No. Irrigation 

Schedule 

Sprout length 

in SLGC 

(cm) 

Sprout 

length in 

SLG (cm) 

Sprout 

length in BC 

(cm) 

Sprout 

length in 

Control 

(cm)* 

1 Daily (every day) 11.0 1.8 4.0 — 

2 Every alternate 

day 

5.0 0.8 2.5 — 

3 Once every three 

days 

2.5 0.8 0.5 ~0.3 

Vigna radiata, Day 7 measurement. Substrate: soil + coir pith. 4 g hydrogel beads per tray; 7 

wells per combination. SLGC = SA+LBG+GG+BC; SLG = SA+LBG+GG; BC = bacterial 

cellulose + SA. * Control (soil+coir, once every three days) produced stunted or negligible 

growth (~0.3 cm). 

 

In daily irrigation, sprouts from SLGC-impregnated trays exhibited an average length of 11.0 cm, 

outperforming those from SLG (1.8 cm), BC (4.0 cm), and control trays. The superior growth 

exhibited by SLGC than SLG indicates the significance of bacterial cellulose (BC) due to its 

contribution to the development of nanostructured fiber networks that may have played a significant 

role in maintaining bead stability during multiple rounds of hydration. On the other hand, GG and 

LBG contributed to the formation of water-retaining polysaccharides (Ul-Islam et al., 2012). 

 

At the frequency of alternate-day irrigation, SLGC allowed sprouts to maintain a height of 5.0 cm, 

showing an increase in growth of about 6.3 and 2.0 times greater than those seen in SLG and BC, 

respectively. It is important to mention that under water deficit conditions (irrigation once every 

third day), sprouts supported by the SLGC system exhibited a height of 2.5 cm, while those treated 
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with SLG, BC, and control conditions displayed heights of only 0.8 cm, 0.5 cm, and ~0.3 cm, 

respectively. These results highlight the excellent water-retaining property of SLGC hydrogels 

under drought-like conditions. As far as further analysis beyond Day 7 is concerned, maximum 

sprout lengths observed with daily irrigation conditions were 30.2 cm in coir pith + BC, followed 

by 29.8 cm in soil + BC, 24.0 cm in soil + SLG, and 21.5 cm in coir pith + SLG, respectively. The 

increased plant growth in coir pith + hydrogel could probably be due to the ability of the coir pith 

matrix to retain moisture. 

 

Pot Studies: Growth Performance across Four Crop Species (30 Days) 

The results obtained from all pot experiments are presented in Table 6. In all four species tested, the 

response pattern was consistent across treatments, whereby the plants grown in the SLGC-

supplemented pots exhibited survival as well as growth throughout the entire 30-day period on a 

three-days irrigation schedule, while the control plants without SLGC became dehydrated after 14-

20 days. 

 

Table 6: Plant Growth Parameters at Harvest (Day 30) across Four Crop Species — Pot Study 

Species Treatment Days to 

Germinate 

Stem / Shoot 

Length (cm) 

Leaf Development Plant Status 

at Day 30 

Raphanus 

sativus 

Control 1 

(soil) 

7 ~5 Stem weakened from 

Day 10 

Wilted 

 Control 2 

(soil+coir) 

4 ~6.5 Growth until ~Day 

14 

Wilted 

 Wet SLGC 

beads 

4 16 Leaves: 4 cm × 2.2 

cm; abundant 

Healthy 

 Dry SLGC 

beads 

5 11 Leaves: 4 cm × 2.2 

cm 

Healthy 

Spinacia 

oleracea 

Control 1 & 2 Day 4 (new 

buds) 

Old stem 

(transplant) 

Drying from Day 7; 

leaf drop Day 14 

Wilted 

 Wet SLGC 

beads 

Day 4 (new 

buds) 

Stem +4 cm 

elongation 

New leaves: 9×5 cm; 

7–8 buds 

Healthy 

 Dry SLGC 

beads 

Day 4 (new 

buds) 

Moderate 

elongation 

New leaves: 5×4.8 

cm; new buds 

Healthy 

Oryza sativa Control 1 

(soil) 

4 6.5 Dried Days 16–17 Wilted 

 Control 2 

(soil+coir) 

4 17 Dried Day 17 Wilted 

 Wet SLGC 

beads 

4 18 Healthy erect leaves 

to Day 30 

Healthy 

 Dry SLGC 

beads 

4 15 Healthy leaves to 

Day 30 

Healthy 

Vigna radiata Control (soil) 3 17.3 3 leaf sets: 4.1, 3.0, 

5.0 cm 

Healthy 

 Wet SLGC 

beads 

3 20 3 leaf sets: 4.5, 3.8, 

3.0 cm 

Best growth 
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 Dry SLGC 

beads 

3 19 3 leaf sets: 4.6, 2.9, 

2.0 cm 

Excellent 

growth 

Watering regimen: every 3 days; 60 mL (spinach, green gram, radish); 100 mL at sowing for paddy. 

Spinacia oleracea transplanted as stem cuttings. All species: n=3 pots per treatment. Leaf dimensions = 

length × width of largest mature leaf. 

 

Raphanus sativus (Radish) 

The results obtained from all pot experiments are presented in Table 6. In all four species tested, 

similar growth trends were observed across treatments, whereby the plants grown in the SLGC-

supplemented pots exhibited survival as well as growth throughout the entire 30-day period on a 

three-days irrigation schedule, while the control plants without SLGC became dehydrated after 14-

20 days (Fig.3). On the other hand, in Test Pot 1 (SLGC beads – wet), the average plant height 

attained 16 cm with stem diameter of 4 cm × 2.2 cm on Day 30, marking an improvement in stem 

length by 220% and 146.15% compared to Control Pots 1 and 2, respectively. In Test Pot 2 (SLGC 

beads – dry), the average stem length was 11 cm with similar leaf size, demonstrating approximately 

69% relative growth performance compared to freshly prepared wet beads. This is in agreement 

with the percentage of swelling (90%) of the beads and slight structural hysteresis throughout the 

dehydration process. The roots examined during harvest had much better-developed lateral roots, 

suggesting that the SLGC hydrogel could keep moisture content in the rhizosphere at enough levels 

for root growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Growth rate of Raphanus sativus pot studies with different conditions of hydrogel with 

control. 

Spinacia oleracea (Spinach) 

As a leafy vegetable with a relatively large leaf surface area in comparison to its root biomass, 

spinach is one of the most sensitive crop varieties to soil water stress due to its quick shutdown of 

photosynthesis through stomatal closure, leading to the breakdown of chlorophyll through ROS 

action (Akpinar & Cansev, 2022). The early death of control samples, starting from leaf dehydration 

after seven days and leaf abscission after 14 days, illustrates their sensitivity, affirming that the 

irrigation schedule of once every three days on sandy loam soil without any amendments is 

insufficient for growth. On the other hand, spinach seedlings irrigated with the wet SLGC beads 
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generated vigorous growth, characterized by the formation of new leaves measuring 9 cm × 5 cm in 

size, 4 cm of stem extension, and 7–8 leaf buds within 30 days. Meanwhile, seedlings irrigated using 

dry beads generated only slightly smaller leaves at 5 cm × 4.8 cm, yet remained healthy (Fig.4). In 

particular, the marked distinction in the reactions of spinach to the application of hydrogel vis-a-vis 

the control experiment is especially impressive as it suggests that the water retention ability of the 

SLGC hydrogel may help maintain leaf turgor and stomatal function under reduced irrigation 

conditions. This can be explained by the fact that the water potential threshold below which stomata 

close in spinach equals −0.8 MPa (Santakumari & Berkowitz, 1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Growth rate of Spinacia oleracea pot studies with different conditions of hydrogel with 

control. 

Oryza sativa (Paddy/Rice) 

Rice is an interesting case to examine because it is a crop that requires a lot of water to grow. With 

conventional rice cultivation methods, the soil remains in a permanently wet condition throughout 

its growing period. Thus, the experiment with SLGC hydrogel on rice using the three-day watering 

cycle, with 60-100 mL per pot, was the most challenging test in this study. The control plants (even 

in the moisture-retentive coir pith medium – Control 2, which reached 17 cm) started to dry out on 

Day 17. Plants in wet SLGC beads continued growing throughout the entire 30-day duration to reach 

18 cm of height and healthy, upright leaf blades.  At early growth stages, SLGC-treated plants 

showed slightly slower initial elongation compared to controls indicating the effect of slower 

moisture release in the beginning days of plant growth which may have resulted in somewhat slowed 

germination in a species that usually needs standing water. Nevertheless, from Day 10 onward, when 

control plants started drying out, plants in SLGC pots had rapidly increased growth (up to 14 cm on 

Day 24 and 18 cm on Day 30). Plants in dry SLGC beads followed similar growth dynamics and 

reached 15 cm in height on Day 30 (Fig.5). Such results show that SLGC is capable of supporting 

plant growth under greatly decreased irrigation, which is particularly important since the current 

water irrigation needs of rice farming constitute about 40% of global agricultural irrigation 

(Mekonnen & Hoekstra, 2020). 
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Figure 5: Growth rate of Oryza sativa pot studies with different conditions of hydrogel with 

control. 

Vigna radiata (Mung Bean/Green Gram) 

Mung bean demonstrated a consistently positive growth response to SLGC hydrogel treatment 

across all experimental conditions. The Day 3 germination results from all pots including the control 

showed that V. radiata seeds maintained their strong quality while demonstrating that SLGC beads 

did not block the seed water absorption process. At Day 30 control plants achieved a height of 17.3 

cm which included three trifoliate leaf sets with respective lengths of 4.1 cm 3.0 cm and 5.0 cm 

showing that V. radiata can achieve sufficient growth in sandy loam soil when irrigated according 

to present methods. The wet SLGC bead plants demonstrated 15.6% (20 cm) higher growth than 

control plants while the dry SLGC bead plants reached 19 cm which represented a 9.8% growth 

increase over control plants while both groups showed similar leaf growth patterns (Fig.6). The 

positive growth response of mung bean to SLGC amendment, even in the control-viable irrigation 

regime, suggests a possible plant-growth-supporting effect beyond water conservation alone. The 

sustained moisture in the immediate bead–root interface likely improved nitrogen fixation activity 

of root-associated Rhizobium bacteria which are highly sensitive to moisture stress and enhanced 

the availability of phosphorus and micronutrients through increased soil solution volume (Agaba et 

al., 2010). The wet bead plants reached an 18 cm height, which they maintained until Day 23, five 

days before harvest, indicating that their early growth acceleration may contribute to earlier 

flowering and improved yield potential under extended cultivation conditions (Singh et al., 2024).  
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Figure 6: Growth rate of Vigna radiata pot studies with different conditions of hydrogel with 

control. 

Comparative Assessment and Mechanistic Interpretation 

The SLGC composite hydrogel demonstrated improved performance across the experimental 

conditions evaluated because its four biopolymer components appeared to function synergistically 

compared with simpler component combinations. The ionic Ca²⁺–alginate cross-linked matrix 

provides the primary osmotic driving force for water uptake through its polyelectrolyte network. 

Guar gum improves the matrix hydrophilicity because its galactomannan chains contain multiple 

hydroxyl groups, and the substance also enhances soil aggregation through its ability to interact with 

both cations and anions. Locust bean gum creates synergistic junction zones through its higher 

mannose:galactose ratio, which enables ordered helix formation at unsubstituted mannan regions, 

that enhance both alginate and GG chain mobility. BC nanofibers create the mechanical framework 

which stops bead collapse during soil stress and osmotic cycling because it increases water diffusion 

pathway tortuosity and enables water retention through capillary effect in the nanofiber network. 

The combination of these mechanisms creates a hydrogel which decreases the need for irrigation 

from daily schedules to every third day schedules. The SLGC system supported growth of four 

tested crop species for up to 30 days under the evaluated irrigation conditions which waters once 

every three days but failed to maintain crops in unamended soil controls. The quaternary SLGC 

system compares favourably with previously reported biopolymer hydrogel systems. The pH 

stability data impose an important boundary condition on deployment. The SLGC hydrogel 

maintains its favourable performance level when used with natural soils that have pH 5 to 6.5 which 

matches the optimal pH range of three out of four test crops which include mung bean and spinach 

and radish. The hydrogel demonstrated compatibility with agriculturally relevant soil pH conditions 

because it matches the pH range of paddy soils which typically have slightly acidic to neutral pH 

levels between 5.5 and 7.0. Alkaline soils (pH > 7.5) would require either soil amendment with 

acidifying agents or reformulation of the cross-linking strategy before SLGC deployment. 

Conclusion 

This present study has developed an effective biodegradable SLGC hydrogel matrix made from 
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sodium alginate (SA), locust bean gum (LBG), guar gum (GG), and bacterial cellulose (BC) that 

can be used as a means of storing water in agriculture using reduced levels of irrigation. The 

hydrogel had some impressive physical and chemical characteristics such as the ability to maintain 

a 63.59% gel fraction, an equilibrium swelling ratio of 450%, water retention of about 79%, 90% 

re-swelling capability following multiple dehydration-rehydration processes, and soil water holding 

ability of more than 80%. Pot and tray studies were performed with Raphanus sativus, Spinacia 

oleracea, Oryza sativa, and Vigna radiata using the pot and tray method showed increased survival 

rates and growth of plants treated using the irrigation strategy of once every three days, compared 

with untreated controls. The addition of BC to the hydrogel structure appeared to improve structural 

integrity and moisture retention ability, whereas the polysaccharides acted to improve water-

absorption capabilities. With regard to the types of plants tested, Vigna radiata proved to be the most 

responsive to SLGC irrigation treatment, whereas water-sensitive crops like spinach and rice were 

able to grow despite the reduced irrigation cycle. All considered, the current study indicates that the 

SLGC hydrogel is promising in terms of being an effective material for conditioning and managing 

water in agricultural soils. Additionally, the use of biopolymers makes the current hydrogel 

environmentally friendly compared with synthetic superabsorbent polymers. Nevertheless, the 

results achieved through the current preliminary laboratory work can only be seen as a basis for 

further research, and studies should include statistical evaluation of results, testing for 

biodegradability, nutrient interactions, and field trials. 
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