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ABSTRACT 

	Hydrogels are three-dimensional crosslinked polymeric networks with remarkable water absorption and retention capacity. Itacts as a "miniature water reservoir" that releases water slowly on demand from the root due to osmotic pressure differences. The functional groups of the hydrogel reduce soil nutrient loss through leaching, which allows for a reduction in fertigation recommendations.Their agricultural use has gained prominence as a strategy to mitigate water scarcity, improve soil properties, and enhance crop productivity.This review synthesizes current knowledge on the historical development, synthesis, and physicochemical properties of hydrogels, while critically examining their effects on soil physical, chemical, and biological functions. Their role in improving crop performance, remediating heavy metals, and contributing to soil resilience is highlighted. Biodegradability, environmental safety, practical applications, limitations, and future perspectives are also discussed. Even though hydrogels represent a promising tool in sustainable agriculture, its effectiveness in acidic soils is low due to its lower swelling capacity under lower pH. Hence, further research is necessary to optimize their use across soil types and cropping systems.
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1. INTRODUCTION 

“Water, water everywhere, not any drop to drink” is a line from the poem ‘The Rime of the Ancient Mariner’ by Samuel Taylor Coleridge, which depicts the unavailability of water for human consumption, even though plentily available around. Out of the 60% of the world population without access to drinking water, India tops the list by contributing 19.33% (Puranik et al., 2021). At current consumption rates, two-thirds of the world’s population may face water shortages by 2025. When compared to others, irrigation sector utilizes more than 80% of total per capita water supply in India (Central Water Commission, 2015) but have lower net returns. The rising demands for water in various sectors often come at the expense of vital irrigation systems, creating a delicate balance that challenges the sustainability of agriculture. 
	The water drawn for irrigation is not fully embraced by the crops, as much of it is lost through leaching, runoff, and deep percolation, a consequence of poor water holding capacity of soil. Hydrogel acts as an ideal soil conditioner, capable of absorbing water and releasing it precisely when the plants thirst for, nurturing their growth with each drop (Akhter et al., 2004). It is a network of hydrophilic crosslinked polymeric chains that do not dissolve, but swell in water. Hydrogel is amorphous and biodegradable polymer which can absorb and hold water about 400 times than its original weight and at least 95 % of absorbed water is made available to the crop within the 15bar tension which is permanent wilting point (PWP) (Johnson and Veltkamp, 1985). Hence, in soil, hydrogel is considered as "miniature water reservoirs". 


2. History of hydrogel

Hydrogel was initially introduced as ‘hydrophilic gels’ for biological use in the manufacture of contact lenses by Wichterle and Lim (1960). Due to the biocompatible nature, hydrogel further revolutionized medical field enabling a wide array of transformative applications. In 1960, an American enterprise Union Carbide introduced the super absorbents for agricultural use in to the markets which were manufactured from the chemically altered starch and cellulose, and from other polymers like polyvinyl alcohol or polyethylene oxide (Wallace and Wallace, 1986). Because of high cost and toxic properties, it did not achieve significant popularity. The 'Super-slurper' was a superabsorbent polymer (SAP) developed by the United States Department of Agriculture in 1973 by grafting acrylonitrile onto a starch backbone, and it was primarily used as a soil conditioner to enhance water retention in soil. Afterward, several companies developed hydrogels for agricultural use.

3. SYNTHESIS OF HYDROGEL
The hydrogels are mostly synthesized through cross-linking polymerization process and it can be done either by physical or chemical process. Physical cross-linking is characterised by absence of any chemical bonding and proceeds through a simple and convenient method to avoid the use of any cross-linking agent (Radwan et al., 2017). Such hydrogels produced are reversible in nature because of temporary junctions and reversible interactions that can be distorted by making a minor change in any condition or applying stress to the reacting conditions. Whereas in chemical crosslinking, there is involvement of covalent bonding in polymer chain. SC/HSRF is a urea reinforced hydrogel synthesised by crosslinking the monomers acrylic acid and acrylamide in the presence of crosslinking agent MBA (methylene bisacrylamide) on the backbone of sawdust cellulose. Alginate (a natural polymer derived from brown seaweed) based hydrogel is synthesized by the chemical crosslinking of polyvinyl alcohol with alginate using glutaraldehyde as crosslinking agent. The swelling capacity of this hydrogel has found to decrease as the concentration of crosslinker increases (Tariq et al., 2023). Interestingly, hydrogels can be ideally prepared from agro waste materials such as wheat straw, tree branches, rice husk, cotton stalks, sugar cane bagasse etc., as these raw materials are rich in cellulose, hemicellulose, and lignin, which make them suitable for hydrogel preparation (Zhu et al., 2024). When applied to soil, hydrogel significantly improved the soil water retention by 52% (Rizwan et al., 2021).
A recent innovation in hydrogel synthesis using the peel of Citrus sinensis was given by Teng et al. (2025). The water absorption capacity of the hydrogels reported a maximum retention rate of 477 g/g, significantly improving the water-holding capacity of soil. Additionally, the hydrogels demonstrated a strong affinity for methylene blue, with an equilibrium adsorption capacity reaching 2299.45 mg/g, indicating their effectiveness in wastewater treatment.
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Figure1. The process of synthesis of SC-HSRF hydrogel (Rizwan et al., 2021)
3. PROPERTIES OF HYDROGEL
	The physical, chemical and mechanical properties of hydrogel depend upon the type of cross-linking process needed for its formation. The key characteristics of hydrogel include its swelling ability, porosity, permeability, and biocompatibility which can be influenced by the structure, size, and chemical nature of the cross-linking agent, as well as temperature, pH, and the type of solvent used. Water permeability through hydrogel is due to its highly porous structure, with these pores developing during the phase separation process of hydrogel synthesis. The average pore size, the pore size distribution and the pore interconnections are essential factors of a hydrogel matrix (Womack et al., 2022). For hydrogels to be suitable for field applications, they must be biocompatible and non-toxic. Most polymers intended for this purpose must undergo cytotoxicity and in vivo toxicity assessments (Xiao et al., 2019).
Hydrogels stand out from conventional absorbents due to their high swelling capacity. This property arises from the hydrophilic groups in the polymer chain, such as acrylamide, acrylic acid, and carboxylic acid, which facilitate water absorption. When these polymers interact with water, osmosis allows water to penetrate the hydrogel, causing hydrogen atoms to dissociate as positive ions. This reaction results in numerous negative ions distributed along the polymer chain. The repulsion between these negative charges causes the polymer chain to unwind and expand, attracting and binding water molecules through hydrogen bonding. As a result, hydrogels can absorb water exceeding 400 to 1500 times their dry weight during the swelling process (Patra et al., 2022).
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Figure 2. Mechanism of swelling of hydrogel (Patra et al., 2022).

4. MECHANISM OF RELEASE OF WATER FROM SWOLLEN HYDROGEL
Release of waterfro swollen hydrogel is governed by several factors, such as crosslinking density, external humidity, and the osmotic pressure between the hydrogel and the surrounding soil (Ali et al., 2024). The swollen hydrogel acts as a slow- release source of water in soil (miniature water reservoir). Water will be removed from these reservoirs upon the root demand through osmotic pressure difference. Potential benefit of hydrogel on water storage mainly depends on the soil texture. Coarse textured soils with large pores retain less water than fine textured soils. The amount of water that may be retained by incorporating the superabsorbent polymer would be greater in coarse textured soil than in fine textured soil.

5. EFFECT OF HYDROGEL ON DIFFERENT SOIL PROPERTIES
Hydrogel acts as ideal soil conditioner by improving the physical, chemical and biological properties of soil, resulting in higher crop growth and productivity.

5.1. Effect of hydrogel on physical properties of soil
	In a study by Thombare et al. (2018), it was found that swollen hydrogel particles effectively reorganize the surrounding soil particles, leading to a reduction in bulk density and an increase in soil porosity. Additionally, these hydrogels obstruct drainage pore spaces, which limits the pathways for water to percolate, ultimately decreasing the soil's hydraulic conductivity. Applying hydrogel at a rate of 5 kg per hectare increased the soil's water holding capacity from 38.3% to 167.9% (Patel et al., 2023). However, overdose of hydrogel might completely clog the pores, leading to decreased aeration.
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Figure 3. Effect of hydrogel on bulk density and porosity of soil (Thombare et al., 2018)

Due to enhanced water retention in soil treated with hydrogel, crops exhibit higher water use efficiency even in deficit irrigation conditions, as indicated by Abdelghafar et al. (2024). The study found that hydrogel can alleviate the adverse effects of deficit irrigation (at 85% of ETc) without compromising the fresh weight of the crops. Consequently, the need for frequent irrigation may be reduced with the use of hydrogel. In another study by Errahali et al. (2025) hydrogel significantly increased the soil porosity while compared to the untreated control. Additionally, soil bulk density was decreased by 56.98%, 35.18%, and 13.17% with 0.5%, 0.3%, and 0.1% of hydrogel application. Moreover, under water stress, 0.5% of hydrogel application had a significant effect in enhancing water productivity, resulting in reduction in irrigation water with significant increase in plant dry weight, root morphology, glycine betaine content, and nitrate reductase activity, relative to control.

5.2. Effect of hydrogel on chemical properties of soil

The impact of hydrogel on soil reaction largely hinges on the chemical composition of the monomers used in its synthesis. At a moderate application rate of 2 grams per decimeter cube of soil, hydrogel has been shown to positively influence the soil's electrical conductivity, likely due to the release of salt ions from the hydrated hydrogel particles. However, applying higher doses can lead to a decrease in electrical conductivity, as the salts become diluted (Patel et al., 2023). In addition, functional groups such as carboxyl (-COOH), amine (-NH2), hydroxyl (-OH) etc. present within the hydrogel chains acts as cation exchange sites which can minimize leaching loss of soil nutrients.
De Oliveira et al. (2024) investigated the interaction between a hydrogel made from potassium polyacrylate copolymer and fertigation levels to examine its impact on soil nutrient retention and, in turn, its influence on the growth and yield of tomato crops. Their findings indicated that the highest value of potassium (0.70 cmol dm− 3), phosphorus (3 g dm− 3), calcium (4.07 cmol dm− 3) and sodium (0.49 cmol dm− 3) content in soil was obtained at hydrogel concentration of 1.92 g dm− 3, 1.76 mg dm− 3, 1.84 g dm− 3 and 1.56 g dm− 3 respectively at 100% fertigation. However, nutrient concentrations in soil declined when 120% fertigation was applied. This decline is attributed to the reduced effectiveness of the polymer due to the added salt. The additional salt in the soil interacts with the negative charges on the hydrogel chains, which diminishes electrostatic repulsion and leads to a decreased swelling capacity of the hydrogel. In short, hydrogel application allows for the reduction in fertigation recommendation by 20 %.
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Figure 4. Effect of different rates of hydrogel on soil electrical conductivity, calcium, potassium, phosphorus and sodium (De Oliveira et al., 2024)

5.3. Effect of hydrogel on biological properties of soil

	Hydrogel application has been shown to significantly enhance both soil microbial counts and microbial enzyme activity. Saied et al. (2016) studied the effect of two hydrogels with slightly different chemical compositions, created by grafting ferrous ammonium sulphate and acrylonitrile onto rice straw, on the soil biological properties. Their findings revealed that both the hydrogels boosted microbial enzyme activity by 54% and 43%, respectively. Additionally, Bokharaei et al. (2021) found that hydrogel acted as a slow-release nutrient source, leading to increases in soil microbial populations-bacteria by 64%, fungi by 57.3%, and actinomycetes by 45.3% when applied at 0.6% w/w. Li et al. (2013) found that the same rate of super absorbent polymers (SAPs) had varying effects on soil microbial properties depending on water levels. In conditions of high water deficit, the addition of SAPs increased soil microbial biomass carbon from 22 mg/kg to 24 mg/kg. Conversely, in low water deficit conditions, the increase was more substantial, rising from 22 mg/kg to 34 mg/kg. Similar results were recorded by John et al. (2005). According to Goebel et al. (2005), super absorbent polymers (SAPs) can help retain soil organic matter by integrating it into aggregates, which protects it from decomposition. Overall, the impact of hydrogel on soil microbial activity was more pronounced under non-stress and mild water-deficit conditions. As a result of enhanced soil biological fertility due to hydrogel application, crop parameters were also positively affected.
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Figure 5. Effect of hydrogel on soil microbial population; levels of hydrogel- c1- 0%w/w, c2- 0.3%w/w and c3- 0.6% w/w; water levels - s1- 50% of water holding capacity, s2- 75% of water holding capacity and s3 - 85% water holding capacity (Bokharaei et al., 2021)

5.4. Effect of hydrogel on crop productivity
The application of hydrogels enhances soil properties and nutrient availability, ultimately leading to increased crop productivity. This approach could be a practical solution for boosting agricultural productivity, even in water-scarce conditions. Lower application rate of hydrogel (2.5kg/ha–5.0 kg/ha) is ideal for nearly all the crops, considering the diverse soil types and climatic conditions across India (Kalhapure et al., 2016). In a study by Jeevan et al. (2023), the application of Pusa hydrogel at a rate of 11.2 kg/ha resulted in greater plant height (103.8 cm), an increased number of branches per plant (15), more leaves per plant (135.8), a higher fruit yield (73.3 t/ha), and improved NPK use efficiency (70.2%, 11.8%, and 76.1%, respectively), all significantly outperforming the control treatments. Similarly, a field experiment conducted as part of a Farmer’s field demonstration by ICAR (2015) in various wheat-growing zones of India found that applying hydrogel at the rate of 5 kg/ha had significantly increased grain yield under different irrigation regimes. Remarkably, the yield achieved with four irrigations without hydrogel was equivalent to that with two irrigations with hydrogel (5 kg/ha). Rehman et al. (2011) reported that compared to control, application of 2.5 kg of hydrogel per hectare area enhanced growth and yield traits in aerobic rice, regardless of land type. 
Under water stress conditions, any reduction in the number of days required to reach various phenophases of crops can significantly impact its yield potential. This was demonstrated in a study where wheat in plots treated with Pusa hydrogel took notably longer number of days to reach anthesis (93 days) compared to plots without hydrogel (89 days). Thus, Pusa hydrogel promoted better wheat growth by improving soil moisture conditions and enhancing the root attributes of the crops (Rajanna et al., 2022).

A two year study by Elnamas et al.(2025) reported that application of hydrogel (0.4% w/w) in combination with full irrigation recorded maximum values across all yield parameters such as the highest number of ears per plant(1.6 and 1.65), dry weight of ears per plant (170 g and 175 g), number of kernels per ears(272 and 278) and grain yield(6.5 and 6.7 tons/ha) in 2023 and 2024 respectively
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Figure 6. Growth of different crops with and without hydrogel (IARI, 2012)

6. Hydrogel as a solution for heavy metal remediation in soil

Several studies have shown that hydrogels can immobilize heavy metals like cadmium, lead, arsenic etc. in soil, effectively reducing their toxicity symptoms in plants. According to Qiu et al. (2022), the binding mechanism of metal ions with hydrogel involves both electrostatic attractions and chemical complexation that leads to stable metal-humic acid complexes. Du et al. (2023) found that a novel composite hydrogel, reinforced with peanut shell biochar, effectively removes cadmium in soil, achieving a maximum adsorption capacity of 164.83 mg g−1, which also reduces toxicity levels in tobacco seedlings. Tobacco seedlings exposed to cadmium stress without hydrogel treatment lost their ability to close stomata when faced with additional stress from high temperature and light intensity. In contrast, the hydrogel-treated seedlings were able to mitigate the negative effects of cadmium stress, allowing them to effectively close their stomata. The presence of functional groups and a three-dimensional network structure enables hydrogels to be effective adsorbents for the removal of heavy metal ions from soil (Sarmah et al., 2020).
The findings of study by provided a potential solution for the sustainable recovery of contaminated farmland by enhancing productivity.
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Figure 7. Growth index of tobacco under cadmium stress for 15 days in absence (a) and presence (b) of hydrogel (Du et al., 2023)


7. Biodegradability of hydrogel
Within the polymeric chains of hydrogel and inside the cross-links used to prepare hydrogel possess labile bonds. Theses labile bonds can be easily degraded enzymatically or chemically over a period of time. Co2, water and ammonia are the end-products after degradation. The monomer used in hydrogel synthesis (acrylamide) is neurotoxic. But, polyacrylamide is not toxic in nature and it cannot reform back to its monomer. Even after hydrogel degradation, acrylamide residue was not determined in the soil, particularly when cellulose was selected as backbone during hydrogel synthesis.  Besides, the crop products which were grown with hydrogel were also free from acrylamide residue. Hence, most of the hydrogels are environmentally safe for use. (Adjuik et al., 2022)

8. Method and rate of hydrogel application
	The rate and method of application of hydrogel varies with the crop cultivation methods. For field crops, dry soil and hydrogel are mixed up in the ratio of 10:1 and applied in the opened furrows before sowing or along with the seeds/fertilizers. For better results, hydrogel should be in close contact with the seeds. For nursery beds, 2 g of hydrogel (or the standard rate) is applied uniformly per square metre of nursery bed in the upper 2 inches of the bed before sowing. In case of experiments, 3–5 g of hydrogel is mixed per kilogram of soil before planting. For transplanted crops, 2 g of hydrogel is diluted with one litre of water. After settling for about 30 minutes, roots of plants are dipped in the solution and then transplanted in the field (Kalhapure et al., 2016).

9.Disadvantages of using hydrogel in agriculture

· Hydrogels are very costly (Rs.1400/kg), which might reduce the profitability of farmers
· Hydrogel is less effective in acidic soils due to its reduced swelling capacity
· If hydrogel is not applied in correct rates, it might negatively affect the soil health, especially the microbial population
· Hydrogel does not function uniformly under varying water stress conditions

10. Conclusion

In the scenario of water scarcity, hydrogel acts as a miniature water reservoir when applied at correct rate and method. Along with improving the soil properties and increasing crop yield, it also removed toxic heavy metals from the soil, thus acting as a stress medicine for crops. No reports up to date had reported any residual effects of hydrogel in either soil or crop. But further studies are required to study the time period of conversion of polyacrylamide into its toxic monomer (acrylimade). Low-cost methods of hydrogel synthesis has to be developed for increasing the profit earned by farmers. The best method of hydrogel application in acidic soils has to the determined. Standardisation of optimum rate of hydrogel application for various purpose is essential to avoid any possibility of crop yield reduction.
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