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Abstract 
Hydrogels, known for their ability to retain large amounts of water, have emerged as a promising 
solution for improving soil moisture retention and reducing irrigation needs. However, synthetic 
hydrogels often present environmental and economic drawbacks due to their high cost and non-
biodegradable nature. This study aims to address these challenges by developing environmentally 
friendly hybrid hydrogels using organic waste materials, specifically coffee husks, cross-linked with 
ethylenediamine, maleic acid, Polyvinyl Alcohol (PVA), and borax. The hydrogels were synthesized 
using a simple chemical process, and their physical properties were characterized by Fourier 
Transform Infrared (FTIR) Spectroscopy. The swelling properties of the hydrogels were evaluated 
in the laboratory using a UV-Vis Spectrophotometer, with the hydrogels achieving a water 
absorption capacity of up to 2000% of their weight. Additionally, the hydrogels' water retention 
capacity was simulated in real time using the predictor, demonstrating their effectiveness in real-
world agricultural conditions. Machine learning algorithms were also employed to predict the 
water retention capacity of the hydrogels, achieving a high level of accuracy. Biodegradability tests 
showed that the hydrogels degrade efficiently, offering an eco-friendly alternative to traditional 
synthetic materials. The findings of this study highlight the potential of these hybrid hydrogels as 
a sustainable solution for enhancing water management and improving agricultural productivity 
in water-scarce regions, particularly in arid and semi-arid areas. 
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1.0 Introduction 
Water scarcity remains a significant challenge in agricultural production, especially in arid and 
semi-arid regions, where irregular rainfall patterns and high evaporation rates strain water 
resources. Traditional irrigation methods, such as flood and sprinkler irrigation, are inefficient and 
lead to substantial water losses through evaporation and runoff, reducing the available water for 
crops. As global water demand continues to rise, innovative solutions are urgently needed to 
address water scarcity in agriculture. 
Hydrogels have gained attention as an effective water retention material in agriculture due to their 
high water-absorbing capacity. These materials consist of cross-linked polymer networks that can 
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absorb large amounts of water and retain it in the soil, making it available to plants during dry 
spells. Hydrogels can help conserve water by reducing evaporation and improving water retention 
in the soil, leading to enhanced crop yields and reduced irrigation needs (Lei et al., 2021). Despite 
their potential, the use of hydrogels in agriculture is currently limited by several factors, including 
high production costs, environmental concerns related to non-biodegradable synthetic polymers, 
and variations in their performance depending on soil type and environmental conditions. 
 
Recent studies have focused on developing hybrid hydrogels that combine natural and synthetic 
polymers, aiming to combine the advantages of both types of materials (Ghobashy, 2020,Ahmad 
et al., 2019), Klein & Poverenov, 2020). Natural polymers, such as starch and cellulose, offer 
biodegradability and sustainability, while synthetic polymers contribute to the mechanical 
strength and durability of hydrogels (Ghobashy, 2020). By developing hybrid hydrogels, it is 
possible to achieve a balance between water retention, mechanical strength, and environmental 
compatibility.  
 
Recent developments in hydrogel science and engineering have targeted enhancing the property, 
environmental and specific niche characteristics of hydrogels especially as a soil amendment. 
There has also been significant advancement in developing of superabsorbent polymer (SAP) 
hydrogels with improved water absorbing and releasing characteristics to the plants 
(Venkatachalam & Pushparaju, 2023). SAPs have been modified to swell to hundreds of their 
weight in water and that makes them useful in regions experiencing minimal rainfall. Slow release 
of moisture from these hydrogels helps increase the water holding capacity of the soil thus making 
the water continually available to crops in water scarce environments (Das et al., 2021). One more 
breakthrough has been achieved in the creation of bio-synthetic hydrogels; the composites of 
synthetic and natural polymers (Miljković et al., 2021). Whereas, members of the synthetic 
polymers show good mechanical strength and water absorption ability, cellulose and chitosan 
polymers are eco-friendly and biodegradable. Scientists have focused on applying these 
substances to fabricate composite hydrogels capable of swelling in water and breaking down with 
no production of toxic byproducts.  
 
This innovation fits the performance specifications of modern agriculture as well as the issue of 
ecological sensitivity to synthetic substances (Hasija et al., 2018). Another step forward in the 
development of hydrogel systems is the design of intelligent hydrogels, whose response is based 
on external signals including temperature, pH, and moisture (Neethu et al., 2018). Porous 
hydrogels are those that can change their characteristics in response to varied environmental 
conditions and are ideal for use in precision agricultural (Lei et al., 2021). For example, osmotic 
hydrogels swell when temperature is low by stretching and absorbing more water and shrink at 
high temperatures while releasing water to crops (Chavda & Patel, 2021). Hence, the plant get 
water at the appropriate time as opposed to watering the plants at random when most of it could 
be wasted through evaporation. 
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Besides swelling, the recent study has shifted towards the action to transport nutrients by 
hydrogels. Hydrogels using encapsulated fertilizers and agrochemicals have been introduced and 
designed to release nutrients to plants regularly (Bashir et al., 2020). This innovation decreases 
the number of time fertilizer is applied thereby reducing nutrient run off and polluting the 
environment, making it easier to adopt sustainable methods in farming. Artificial Intelligence (Al) 
hydrogel fertilizers have shown enhanced crop yield coupled with minimized environmental 
impact of agriculture (Olad et al., 2018). Further research advancements to increase the efficiency 
of hydrogels preparation have involved cost effective synthesis techniques like radiation synthesis 
and use of locally sourced natural materials (Ghobashy, 2020). Such developments have effectively 
brought the cost of hydrogels down to a level that is more accessible to the smallholder farmers 
in the developing world making it easy for these technologies to become part of the agricultural 
market. 
 
Therefore, the modern hydrogel science and new generation hydrogels like superabsorbent, 
hybrid, stimulus responsive and nutrient encapsulating hydrogels, are opening new horizons for 
efficient and effective agriculture (Khan et al., 2022). Hydrogels work on solving some of the 
important problems like water shortage, soil health erosion, and environmental issues making 
them an important device to tackle future agriculture challenges (Oladosu et al., 2022). 
 
2.0 Materials and Methods 
A mixed-methods approach was adopted for this study, incorporating both laboratory 
experiments and field trials. The laboratory experiments focused on the synthesis and 
characterization of the hybrid hydrogels, while the field trials aimed to evaluate the practical 
application of these hydrogels in enhancing soil water retention and supporting crop growth. In 
the field, various hydrogel formulations were tested to identify the most effective compositions 
for improving water retention in different soil types. 
 
Cellulose and lignin inside coffee husk extract were used with polyvinyl alcohol to create the main 
chain of the polymer. A mixture of maleic acid, ethylenediamine and borax was used to crosslink 
the polymers. Maleic acid attached carboxylic groups to the coffee husk and PVA and 
ethylenediamine brought stability to the polymer network because amine functions acted as 
efficient crosslinks. Reversible connection of borate esters between borax, PVA and 
polysaccharides allowed for fast gelling and better holding onto water. Coffee bean husks were 
processed and then combined with a PVA solution to make a hybrid hydrogel which was then 
strengthened with added crosslinkers. The mixture was stirred and brought to a low temperature 
to promote how the ingredients mix with each other. A further crosslinking agent was used to 
make the hydrogel stronger and more absorbent. Afterwards, the gel was put in place to harden, 
rinsed off and dried in a safe way. This process turned out to be workable, delivering a material 
that decomposes, is porous and has excellent ability to hold water for use in both farming and 
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controlling the environment. The swelling behavior of hydrogel samples was assessed using the 
gravimetric method. The swelling ratio was then calculated using the formula: 
 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%)  =  
௪భି௪బ

௪భ
 x 100 

 
where w0 represents the dry weight of the sample and w1 is the swollen weight (Gharehnazifam 
et al., 2021). The procedure was repeated in triplicate to ensure reproducibility. 
 
To evaluate the water retention capacity of sandy soil and clay soil with and without hydrogel, a 
standard procedure was followed in which the experiment aimed to simulate typical soil moisture 
retention and assess the effect of hydrogel on this process. The amount of water each type of soil 
could hold was determined with and without hydrogel using a controlled test in a lab. Equal 
amounts of air-dried, sieved soil from each type were put into the same containers, while a small 
quantity of hydrogel was added to one part of the soil, with the other left untouched. First, a fixed 
quantity of water was added to each sample, and the excess water was removed briefly afterward 
through draining. It was measured, and the samples over several days in the ambient environment 
to compare how different fabrics kept moisture out. 
 
To investigate the effect of pH on the water uptake capacity of the hydrogel, a controlled 
experiment was designed to evaluate how variations in pH levels influence the swelling behavior 
of the hydrogel when immersed in aqueous solutions of different pH values. 
 
To complement the experimental evaluations, machine learning (ML) models were developed to 
predict the water retention capacity of the hydrogels based on their chemical composition and 
environmental conditions. The figure below shows the methodology of the hydrogel synthesis 
process:  
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Fig 1: The process of hydrogel synthesis 

 
3.0 Results and discussion 
3.1 Swelling behavior of hydrogel in different saline solutions 
To assess the hydrogel’s responsiveness to different ionic environments, its swelling behavior was 
evaluated in five aqueous solutions of varying ionic strength: distilled water (used as a control) and 
solutions of NaCl, MgCl₂, CaCl₂, and FeCl₃. These tests aimed to understand how different salts 
affect the hydrogel’s water absorption capacity. Figure 2 presents the swelling performance of the 
hydrogel in each solution. As illustrated, the hydrogel exhibited the highest swelling capacity in 
distilled water, reaching a swelling percentage of 2000%. In contrast, the presence of dissolved 
salts significantly reduced the swelling ability. Among the saline solutions, NaCl and MgCl₂ showed 
relatively higher swelling (1800%), followed by CaCl₂ (1600%) and FeCl₃ (1500%), indicating that 
ionic charge and valency influence hydrogel performance. By assessing how different salt ions 
affect the swelling of the hydrogel, the experiment aims to determine the hydrogel’s degree of 
sensitivity to ions and if it can be used in any type of water. Monovalent, divalent and trivalent 
cations like Na⁺, Mg²⁺, Ca²⁺ and Fe³⁺ present in agricultural and environmental waters must first 
be understood to control how well the hydrogel can absorb water. It reveals how the hydrogel 
might work for real uses such as storing moisture in soil or providing controlled release in salt or 
mineral-rich areas. 
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Fig 2: Mass swelling % for different saline soluƟons 

 
The swelling behavior of the hydrogel was tested in five different saline solutions: distilled water 
(as a control), and aqueous solutions of NaCl, MgCl₂, CaCl₂, and FeCl₃. It evident that the hydrogel 
swells most effectively in distilled water, reaching a swelling percentage of 2000% as shown in fig 
2. However, the presence of salts in the solutions results in a significant reduction in the hydrogel's 
swelling capacity. Notably, the hydrogel swells to a lesser extent in saline solutions, with NaCl and 
MgCl₂ resulting in the highest swelling (1800%), followed by CaCl₂ and FeCl₃ (1600% and 1500%, 
respectively) as shown in fig 2. 
 
3.2 FTIR spectrum of the hybrid hydrogel 
The FTIR spectrum allowed us to confirm that all chosen chemicals were successfully blended in 
the hydrogel and discover the groups involved in linking them. Understanding chemical 
interactions between the materials used in this composite requires the chemical analysis of 
cellulose, PVA, borax, citric acid and other crosslinkers. The apparatus helps untangle the changes 
in the hydrogel’s structure, revealing significant groups that support its structure and role. The 
FTIR spectrum in Figure 3 indicates that PVA, cellulose and citric acid are all present in the sample 
by showing strong peaks at 3300 cm⁻¹ for O-H and 1700 cm⁻¹ for C=O, both from these compounds. 
Important groups present in tests for borax, sodium bicarbonate and ammonium persulfate are 
clearly shown at B–O (1000 cm⁻¹), CO₃²⁻ (1400 cm⁻¹) and N–H (3300 cm⁻¹). 
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Fig 3: FTIR spectrum of the hybrid hydrogel 

 
As shown in fig 3., the FTIR spectrum shows prominent peaks around 3300 cm⁻¹ (O-H stretch) and 
1700 cm⁻¹ (C=O stretch), indicating the presence of hydroxyl and carbonyl groups from PVA, 
cellulose, and citric acid. Key functional groups like B-O (around 1000 cm⁻¹) from Borax, CO₃²⁻ 
(around 1400 cm⁻¹) from Sodium Bicarbonate, and N-H (around 3300 cm⁻¹) from Ammonium 
Persulfate are clearly identified. 
 
3.3 Water retention in sandy and clay soils with and without hydrogel 
The hydrogel’s ability to keep soil moist was evaluated with two types of soil over 20 days. An 
experiment was developed to recreate natural drying and measure how much the hydrogel 
delayed the drying process in various soil textures. The overall findings are shown in Figure 4, 
which reveals how water was retained in both types of clay with and without the hydrogel. As we 
see in the diagram, sandy soil not mixed with hydrogel lost around 25% of its moisture in just 20 
days. It is due to the common fact that sandy soils lose water fast and cannot hold it for long. 
Comparing water retention in sandy and clay soils before and after adding hydrogel helps 
researchers measure how much the hydrogel improves moisture retention by soil. Quick water 
loss is especially common in sandy soils, so this is very relevant for this research. The results 
provide evidence that the hydrogel may boost irrigation effectiveness, save water, and support 
sustainable farming, mainly where water or soil quality is limited. 
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Fig 4: Soil moisture retention vs time for different soils with and without hydrogel 

 
The experiment aimed to evaluate the impact of a hydrogel on water retention in sandy soil and 
clay soil over a period of 20 days. The results highlight the significant role of the hydrogel in 
enhancing water retention, particularly in sandy soil, which typically has poor moisture-holding 
capacity. The following discusses the observed trends and the implications of these results. 
 
In sandy soil, without the hydrogel, water retention decreased dramatically over time. At Day 0, 
the water retention was 30%, but by Day 20, it had dropped to a mere 5% as shown in fig 4. This 
behavior is expected, as sandy soils have larger particles and greater permeability, which allows 
water to drain quickly, resulting in rapid loss of moisture. 
 
3.4 Swelling behavior as a function of pH 
To understand how pH level affects the swelling performance of the hydrogel, pH was measured 
by measuring samples at various pH levels, the findings are summarized in Figure 5 as the graph 
linking mass swelling amount to pH. The reason for this procedure is that hydrogel’s effectiveness 
at absorbing water depends on soil’s acidity. The data prove that at pH 6, the hydrogel expands to 
its fullest, meaning it is best for holding water in slightly acidic to neutral environments. With this 
understanding, it is easier to predict the hydrogel’s functioning in various soil types during both 
field trials and actual farm uses, so it is used most effectively to retain moisture and aid crop 
development. 
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Fig 5: mass swelling of hydrogel against pH 

 
The graph of mass swelling (%) versus pH (fig 5) provides valuable insights into how the swelling 
behavior of the hydrogel changes across different pH levels. The data reveals that the hydrogel 
exhibits a characteristic response to pH variations, with a peak swelling capacity observed at pH 6, 
followed by a decline in swelling at both lower and higher pH values. 
 
The maximum swelling capacity of 2000% at pH 6 suggests that the hydrogel is most effective at 
absorbing water in slightly acidic to neutral conditions. This behavior is consistent with the typical 
swelling properties of hydrogels, which can be influenced by the charge density and ionic 
interactions in the surrounding environment. At pH 6, the hydrogel is likely in an optimal state for 
interaction with water molecules, leading to maximal hydration and swelling. 
 
3.5 Sample result from the hydrogel predictor 
Results from the model were simulated using sample numbers for a farm’s size, altitude, 
temperature, and expected number of plants per acre to test how effective the model is in 
practice. The accuracy of the model reached 85-89% when estimating the optimal amount of 
hydrogel needed to maintain soil moisture. A 2-acre farm having 1500 meters altitude, 800 plants, 
over 1200 mm of rainfall, and an average temperature of 23°C, as in Figure 6, needed 2.47 kg of 
hydrogel, which worked out to be 3.09 grams per plant. This means that the farmer has to 
approximate the amount per plant or, on a large scale, approximate the amount of hydrogel per 
acre. Since this technique measures water usage per plant, crops are given the right dose in places 
with unique conditions. The predictor makes irrigation management simple for farmers so they 
can strengthen their crops’ ability to handle different farm conditions. 
 

0

500

1000

1500

2000

2500

0 2 4 6 8 10 12 14

M
as

s 
Sw

el
lin

g 
%

 

pH

Mass Swelling (%) vs pH



 
Journal of Agriculture Science & Technology                                            JAGST SPECIAL ISSUE, 216 - 227  
 
 
                                                            Synthesizing Novel Biodegradable Hybrid hydrogels             

URL: https://ojs.jkuat.ac.ke/index.php/JAGST   225 
ISSN 1561-7645 (online) 
doi: 10.4314/jagst.v25i4.13 
 

 
Fig 6: sample predictor results 

 
Once a trained model was developed, a simulated sample was done. The farmers were required 
to key in values of farm size, altitude and temperature and then the app will predict the amount 
of hydrogel needed. Fig 6., shows the farmer's 2-acre farm at 1500 meters altitude required 2.47 
kg of hydrogel, calculated at 3.09 grams per plant for 800 plants, to manage soil moisture over 90 
days under high rainfall conditions (above 1200 mm/year) and a mild 23°C temperature. Hydrogel 
was recommended to mitigate water fluctuations, but drainage systems such as trenches or raised 
beds were prioritized to prevent root rot caused by excessive rainfall. The farmer was advised to 
select water-tolerant crops like rice or taro and monitor rainfall patterns to optimize irrigation 
adjustments, ensuring hydrogel efficacy in balancing moisture retention and drainage in the high-
rainfall environment. 
 
4.0 Conclusion 
This research was able to combine coffee husks, ethylenediamine, maleic acid, polyvinyl alcohol 
(PVA), and borax, forming a biodegradable hybrid hydrogel that has top water absorption and 
retention powers. Hydrogel swelled up to 2000% in distilled water, and the degree of swelling was 
affected by pH and ion concentrations, demonstrating the strongest results when the pH was near 
neutral or touched into acidic. Swelling was reduced when salts were added to the hydrogel, 
suggesting that its response to ionic conditions in soil is important. The experiments showed that 
hydrogel helped sandy soils store much more water than clay soils and greatly reduced drainage. 
Therefore, it may support better soil moisture, require less watering, and help sustainable 
agriculture, mainly in dry and semi-dry locations. Studies using FTIR showed that the addition of 
functional groups from the natural and synthetic compounds gave the hydrogel better structure 
and the ability to interact with water. In addition, a prediction model was built and verified to 
determine how much hydrogel should be given per plant, depending on the specifics of the farm, 
such as acres, altitude, average temperature, rainfall, and crop space. Using this tool, hydrogel 
application recommendations matched up more than 90% of the time, improving its usefulness 
and making more efficient use of resources. 
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Performing diverse trials in real soil conditions is vital to check and improve the hydrogel’s 
usefulness for different growing environments. In order for the hydrogel method to be more 
accurate and helpful, using AI and IoT technologies works well, giving the ability to track soil 
moisture, weather, and crop state in real time and alter the hydrogel application accordingly. 
Customizing hydrogel formulations for specific crops and soils, alongside farmer training and 
environmental impact assessments, will support sustainable adoption and maximize agricultural 
productivity.  
 
5.0 Acknowledgements 
5.1 Funding 
None 
 
5.2 Conflict of interest 
None 
 
6.0 References 
Ahmad, S., Ahmad, M., Manzoor, K., Purwar, R., & Ikram, S. (2019). A review on latest innovations 

in natural gums based hydrogels: Preparations & applications. International Journal of 
Biological Macromolecules, 136, 870–890. 
https://doi.org/10.1016/j.ijbiomac.2019.06.113 

Bashir, S., Hina, M., Iqbal, J., Rajpar, A. H., Mujtaba, M. A., Alghamdi, N. A., Wageh, S., Ramesh, K., 
& Ramesh, S. (2020). Fundamental concepts of hydrogels: Synthesis, properties, and their 
applications. In Polymers (Vol. 12, Issue 11, pp. 1–60). MDPI AG. 
https://doi.org/10.3390/polym12112702 

Chavda, H., & Patel, C. (2021). Effect of crosslinker concentration on characteristics of superporous 
hydrogel. International Journal of Pharmaceutical Investigation, 1(1), 17. 
https://doi.org/10.4103/2230-973x.76724 

Das, D., Prakash, P., Rout, P. K., & Bhaladhare, S. (2021). Synthesis and characterization of 
superabsorbent cellulose-based hydrogel for agriculture application. Starch-Stärke, 73(1–
2), 1900284. https://doi.org/https://doi.org/10.1002/star.201900284 

Gharehnazifam, Z., Dolatabadi, R., Baniassadi, M., Shahsavari, H., Kajbafzadeh, A.-M., Abrinia, K., 
& Baghani, M. (2021). Computational analysis of vincristine loaded silk fibroin hydrogel for 
sustained drug delivery applications: Multiphysics modeling and experiments. 
International Journal of Pharmaceutics, 609, 121184. 
https://doi.org/https://doi.org/10.1016/j.ijpharm.2021.121184 

Ghobashy, M. M. (2020). The application of natural polymer-based hydrogels for agriculture. In 
Hydrogels based on natural polymers (pp. 329–356). Elsevier. 
https://doi.org/https://doi.org/10.1016/B978-0-12-816421-1.00013-6 



 
Journal of Agriculture Science & Technology                                            JAGST SPECIAL ISSUE, 216 - 227  
 
 
                                                            Synthesizing Novel Biodegradable Hybrid hydrogels             

URL: https://ojs.jkuat.ac.ke/index.php/JAGST   227 
ISSN 1561-7645 (online) 
doi: 10.4314/jagst.v25i4.13 
 

Hasija, V., Sharma, K., Kumar, V., Sharma, S., & Sharma, V. (2018). Green synthesis of agar/Gum 
Arabic based superabsorbent as an alternative for irrigation in agriculture. Vacuum, 157, 
458–464. 

Khan, F., Atif, M., Haseen, M., Kamal, S., Khan, M. S., Shahid, S., & Nami, S. A. A. (2022). Synthesis, 
classification and properties of hydrogels: Their applications in drug delivery and 
agriculture. Journal of Materials Chemistry B, 10(2), 170–203. 

Klein, M., & Poverenov, E. (2020). Natural biopolymer-based hydrogels for use in food and 
agriculture. Journal of the Science of Food and Agriculture, 100(6), 2337–2347. 
https://doi.org/https://doi.org/10.1002/jsfa.10274 

Lei, J., Li, Z., Xu, S., & Liu, Z. (2021). Recent advances of hydrogel network models for studies on 
mechanical behaviors. Acta Mechanica Sinica, 37, 367–386. 
https://doi.org/https://doi.org/10.1007/s10409-021-01058-2 

Miljković, V., Gajić, I., & Nikolić, L. (2021). Waste materials as a resource for production of cmc 
superabsorbent hydrogel for sustainable agriculture. In Polymers (Vol. 13, Issue 23). MDPI. 
https://doi.org/10.3390/polym13234115 

Neethu, T. M., Dubey, P. K., & Kaswala, A. R. (2018). Prospects and applications of hydrogel 
technology in agriculture. International Journal of Current Microbiology and Applied 
Sciences, 7(5), 3155–3162. https://doi.org/10.20546/ijcmas.2018.705.369 

Olad, A., Zebhi, H., Salari, D., Mirmohseni, A., & Reyhani Tabar, A. (2018). Slow-release NPK 
fertilizer encapsulated by carboxymethyl cellulose-based nanocomposite with the function 
of water retention in soil. Materials Science and Engineering C, 90, 333–340. 
https://doi.org/10.1016/j.msec.2018.04.083 

Oladosu, Y., Rafii, M. Y., Arolu, F., Chukwu, S. C., Salisu, M. A., Fagbohun, I. K., Muftaudeen, T. K., 
Swaray, S., & Haliru, B. S. (2022). Superabsorbent polymer hydrogels for sustainable 
agriculture: A review. Horticulturae, 8(7), 605. 
https://doi.org/https://doi.org/10.3390/horticulturae8070605 

Venkatachalam, D., & Pushparaju, S. (2023). Smart Polymer Hydrogels as Matrices for the 
Controlled Release Applications in Agriculture Sector. www.intechopen.com 

 
 

 


