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Abstract 

 

This study aims to develop hydrogel systems for potential future applications in sustainable 

agriculture. Whilst this application itself did not forma significant element of this study 

explicitly, we have focused more on integrating plant germination and growth nutrients within 

a composite hydrogel environment. Such composite hydrogels have been prepared, and aspects 

of their bulk behaviour and structural properties studied using analytical techniques including 

electron microscopy, thermal analysis and rheology. Subsequently, release or dissipation of 

nutrients from such composite gels via dialysis has been studied using ionic conductivity and 

inductively coupled plasma methods.  

Three hydrogel formulations have been investigated: (1) gellan gum, (2) gellan gum 

composites with hydroxyethyl cellulose (HEC), and (3) composite gellan gum hydrogels with 

with carboxymethyl cellulose (CMC). Commercial Miracle-Gro fertiliser was incorporated as 

the nutrient source. Comprehensive characterisation was performed using scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) with elemental mapping, 

Brunauer-Emmett-Teller (BET) surface area analysis, thermal analysis, conductivity 

measurements, inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled 

plasma optical emission spectrometry (ICP-OES), and rheological analysis. 

This thesis explores the development and characterisation of environmentally friendly 

polysaccharide-based hydrogel systems for agricultural applications. The hydrogels 

demonstrate potential as controlled-release nutrient carriers, capable of improving fertiliser 

efficiency, reducing nutrient loss through leaching, and mitigating environmental impacts—

thereby contributing to more sustainable agricultural practices. 

Chapter 1 provides the context and motivation for the research, highlighting global 

agricultural challenges and the urgent need for sustainable fertilisation strategies. It introduces 

hydrogels as promising candidates for nutrient delivery, detailing their classifications, 

fabrication methods, and the advantages of hybrid formulations. The chapter focuses on three 

biodegradable polysaccharides—gellan gum (GGH), hydroxyethyl cellulose (HEC), and 

carboxymethyl cellulose (CMC)—chosen for their environmental compatibility. It also outlines 

the analytical techniques used to assess the hydrogels’ structural, thermal, mechanical, and 

nutrient-release properties. Proof reading provided by Dr Jamie Bailey. 

Chapter 2 investigates three hydrogel formulations: (1) GGH alone, (2) GGH-HEC 

composites, and (3) GGH-CMC composites. These formulations were loaded with Miracle-

Gro fertiliser as a model nutrient. The hydrogels were comprehensively characterised using 
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scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) with 

elemental mapping, and Brunauer–Emmett–Teller (BET) surface area analysis. 

Chapter 3 examines the thermal behaviour of both unmodified and modified hydrogel 

samples, with and without nutrient incorporation. Thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) were employed, using a fixed gellan gum 

concentration of 12 mg/cm³ to standardise comparisons and evaluate the effect of 

compositional modifications on thermal stability. 

Chapter 4 presents ionic conductivity studies conducted on all hydrogel samples post-dialysis 

over six-time intervals to assess nutrient release dynamics. Inductively coupled plasma mass 

spectrometry (ICP-MS) and optical emission spectroscopy (ICP-OES) were used to quantify 

the release of key elements, including potassium (K), phosphorus (P), iron (Fe), copper (Cu), 

manganese (Mn), molybdenum (Mo), and zinc (Zn). 

Chapter 5 details rheological investigations into the viscoelastic and flow behaviour of the 

GGH-based hydrogels. Oscillatory amplitude sweeps, frequency sweeps, and rotational flow 

tests were conducted to understand the mechanical properties and stability of the hydrogel 

networks under stress. 

Chapter 6 outlines the experimental procedures, including materials, preparation methods, and 

analytical protocols used throughout Chapters 2 to 5. 

Chapter 7 concludes the thesis by summarising the major findings, demonstrating how each 

objective was met, and underscoring the potential of these hydrogel systems to support more 

sustainable and efficient fertiliser use in agriculture. 

 

  



   

 

 

  

Chapter 1: Introduction to Hydrogels and their 

Applications in Sustainable Agriculture 
 

1.1 introduction 

 

The agricultural sector faces a variety of difficulties, including sustainability, climate change, 

productivity, and resource accessibility (1). To tackle these issues, a comprehensive strategy is 

needed that includes sustainable habits, policy backing, technical advancements, and global 

collaboration.  

The growing global population necessitates the cultivation of a variety of food sources. There 

is an annual increase of 1% in feeding demand, which requires a commensurate increase in 

food production to maintain a healthy population (2). One of the key global issues in today's 

world is access to clean water for drinking, irrigation, crop protection, and nutrient delivery, 

particularly in countries like India (3). Most of the world’s population lives in primarily 

agricultural regions, with 18 % of the global population residing in India alone, and 19 % in 

African nations (4). Globally, agriculture faces many challenges that affect food security, 

sustainability and productivity.  One such issue is the erosion of soil, which poses a threat to 

food production and causes a reduction in nutrient content, worsening malnutrition in regions 

that affect roughly two-thirds of the global population (5). To address the growing need for 

food, particularly in developing nations, it is estimated that a two-fold increase in food 

production will be required by 2100 (6).  

Additionally, overpopulation, a growing elderly population, climate change and a scarcity of 

young labourers are exacerbating the difficulties in enhancing food production, which will 

require significant shifts in farming practices to manage (7, 8). 

Food Production produces 21-37% of global greenhouse gasses and as such plays a substantial 

role in the amplification of climate change (9). In developing nations like India, where newer 

agricultural methods are unaffordable for many; there is a struggle to adopt sustainable 

practices (10). Issues such as low productivity, climate change vulnerabilities, and limited 

access to financial resources compound this challenge (11) Governments worldwide could 

alleviate this by providing more support for agricultural modernisation in developing 

nations (12). Agricultural incentives in numerous African countries are restricted, resulting in 

limitations in the development of value chains, disparities in quality, and low productivity, 

especially among small-scale farmers (13). Groundwater over-extraction in nations like India 
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presents significant sustainability problems for irrigation (14). While using smart farming 

technologies to industrialise and commercialise agriculture presents opportunities, it also 

brings up ethical issues. In developing countries, agriculture remains a vital occupation for 

many, especially the poor (14, 15).  

In semi-arid and arid regions of the world, water management is quickly rising to the top of the 

list of urgent problems that nations must deal with. A severe water scarcity is expected to arise 

from a 50% increase in global water usage by 2030. In most parts of the world, agriculture uses 

more than 70% of freshwater, increasing the pressure on water scarcity (16). 

Several arid and semi–arid regions around the world suffer from increased water shortages due 

to on-going climate change (Figure 1.1).  This commonly leads to restrictions in water use in 

cities and industrial and agricultural regions, which are normally amongst the largest water-

consuming sectors in most countries (17).  

 
Figure 1.1: A global map depicting the level of water stress by country in 2018. 

 

One of the most rapidly developing materials in the world are hydrogel polymers, because they 

have been demonstrated to impact in several areas, the most important of which are the 

agricultural, medical and pharmaceutical sectors (Figure 1.2) (18). Polymer hydrogels have the 

potential to play a key role in agricultural infrastructure development, as they have been shown 

to aid efficient water usage and can help to create appropriate environments for the cultivation 

of all plants (19). In the last decade, polymer hydrogels have been widely used in studies 

focused on soil water retention for plants and improving growth media by enhancing water 

availability and reducing moisture loss (20-22). 
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Figure 1.2: Some of applications for hydrogels (23). 

 

Agriculture extensively uses hydrogels to enhance farming and crop growth, enhance plant 

cultivation under adverse weather conditions, and create more favourable conditions for plant 

development. Hydrogels improve the physical properties of soils and restore their biota as well 

as promoting seed germination and seedling emergence rates, which can improve root growth 

and plant density by optimizing moisture retention and nutrient storage/release, as well as 

reducing the impact of moisture stress. Hydrogels shorten the nursery establishment period by 

ensuring consistent hydration, improving nutrient efficiency, accelerating root development, 

and reducing environmental stress. This allows seedlings to mature faster and be transplanted 

earlier, improving productivity in commercial nurseries and agricultural systems. They reduce 

crop irrigation frequencies and fertilization requirements while increasing input use efficiency.  

Hydrogels can be applied in two ways: either as soil conditioners to stabilize the soil's surface, 

inhibit crust formation, and improve water-holding capacity, or to improve the poor structure 

at deeper depths through aggregation, thereby enhancing plant growth. Hydrogel polymers are 

critical compounds in solving water shortages and increasing crop yields (19). Hydrogels have 

demonstrated the capacity to function as artificial soils and soil enhancers, due to their ability 

to absorb and retain substantial amounts of water and nutrients (Figure 1.3) (16).  
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Figure 1.3: A depiction of the use of hydrogels in agriculture. The hydrogels retain water 

close to the root system, reducing water loss from drainage (23). 

 

1.2 Introduction to hydrogels 

 

1.2.1 History  

 

Hydrogels are 3-dimensional, porous, polymeric materials, specifically used to adsorb and 

store water (24). Hydrogels are a type of polymeric material which has a hydrophilic structure 

that allows them to hold significant amounts of water inside their three-dimensional network 

(24). Hydrogels were first reported in the 19th century as colloidal gels made from inorganic 

salts (25). The first reported hydrogel-like materials were metal-hydroxide gels, which had a 

network structure that could retain water. Notable examples are aluminium hydroxide or ferric 

hydroxide, which form through precipitation when metal salt solutions are mixed with alkaline 

solutions. For instance, aqueous solutions of ferric chloride hexahydrate (FeCl3.6H2O) and 

ammonium molybdate tetrahydrate ((NH4)6Mo7O24. 6H2O) can be mixed under ambient 

conditions form a viscous yellow gel that traps a large volume of water (Figure 1.4) (26).  
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Figure 1.4: Schematic illustration of the synthetic route used to synthesise the mineral gels 

reported in just this study (26). 

 

However, it wasn't until Wichterle and Lim discovered the first synthetic hydrogel on 

crosslinked poly-2-hydroxyethylmethacrylate (pHEMA) in 1954 that the application of gels 

first achieved real attention (Figure 1.5) (27).  

  

Figure 1.5: A schematic representing of the synthesis of pHEMA hydrogel from 

copolymerisation of HEMA with other co-monomers (EGDMA, ethylene glycol 

dimethacrylate) (28).      

 

Since then, three-dimensional networks of hydrophilic polymers have been referred to as 

"hydrogels" (Figure 1.6). In Western Europe, soft contact lenses made using pHEMA's 

crosslinked macromolecular network became commercially available in the 1960s and the 

Food and Drug Administration (FDA) authorised the pHEMA-designed lenses in 1971 (29).  



   

 

6 

 

  

Figure 1.6: Hydrogels have developed over time (25). 

 

Updike and Hicks developed medical sensors in 1967 by encasing enzyme glucose-oxidase in 

a hydrogel based on polyacrylamide (PAM) and pHEMA has been used extensively in drug 

delivery since (30). Since then, hydrogels have been used for drug delivery, tissue engineering, 

skincare, and food products. In the 1970s, new hydrogel concepts were explored (31), and 

Tanaka's experiments revealed gel collapse due to temperature or solvent composition 

changes (31). In the 1990s, research focused on developing thermo-responsive hydrogels using 

polymers like polyvinyl alcohol (PVA), poly-N-isopropylacrylamide, and polyethylene glycol 

(PEG). These hydrogels were used for one-off drug release below the lower critical solution 

temperature (LCST), with injectable hydrogels being investigated for biomedical applications 

(25). 

In the 21st century, hydrogels have been improved through various methods and structural 

modifications. In 2003, Gong et al. created the first double-network hydrogels with high 

mechanical strength. This progress has led to the development of biocompatible hydrogels for 

critical biomedical applications like bone implants, biosensors, contact lenses, and tissue 

engineering. Recent research has focused on innovative hydrogels like wearable patches, 

conducting hydrogels, injectable hydrogels, self-healing hydrogels, multi-component 

hydrogels, and biodegradable hydrogels (25). Four generations of hydrogel formation have 

been envisaged (Figure 1.7). 
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Figure 1.7: Hydrogels have been in their growth stage over the last few years (32). 

 

 

1.2.2 Hydrogel definition 

 

A material can only be classified as a hydrogel if water makes up a minimum of 10% of its 

entire weight or volume (Figure 1.8) (33). Their hydrophilic, three-dimensional structures have 

unique characteristics that enable them to retain a significant quantity of water and expand 

inside the polymeric network, while maintaining their overall structure (34, 35). These 

materials consist of hydrophilic polymer chains contained within a water-rich environment. 

This arrangement forms a network that holds water and allows the controlled release and 

protection of compounds contained within the hydrogel matrix in response to environmental 

conditions (36). 

Hydrogel matrices exhibit useful characteristics such as low cost, flexbility, durability, 

biocompatibility,, and the capacity to imitate flexible human tissues (25, 37, 38). 
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Figure 1.8: Water absorption of hydrogels (23). 

 

The hydrogels exhibit a significant capacity for water absorption because they contain 

hydrophilic functionalities, including hydroxyl (–OH), carboxyl (-COOH), amide (-CONH), 

sulfonic acid (-SO₃H), and amine (-NH₂) groups. These facilitate hydrogen bonding, ionic 

forces, capillary action, and controlled polymer crosslinking. These properties make them ideal 

for biomedical applications because their water-rich structure mimics natural tissue, making 

them ideal for drug delivery, wound healing, or scaffolding. They are also well suited to use in 

agriculture due to their ability to retain water, which improves soil moisture, reduces irrigation 

needs, and protects against drought. Finally, they make excellent water retention materials, as 

hydrogels hold and slowly release water to plants or surfaces, which has clear benefits for use 

in arid climates. In addition, these functional groups serve as a foundation for undergoing 

functionalisation or chemical changes that enable crosslinking (39). 

Additionally, hydrogels have remarkable physicochemical characteristics, such as permeability 

and swelling, biocompatibility and unique mechanical and optical qualities which have made 

them an adaptable tool for use in imaging, diagnosis, and medication (37, 38). 

Hydrogels undergo a large volume phase transition, or gel-sol phase transition, in response to 

a variety of physical and chemical stimuli. While pH, ions, and particular chemical 

compositions are examples of chemical or biochemical stimuli, temperature, electric and 

magnetic fields, light intensity, and pressure are examples of physical stimuli (Figure 1.9) (33).  
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Figure 1.9: Extending hydrogel in reaction to stimuli (18). 

 

The degree of crosslinking, polymer volume percentage, and network structure of hydrogels 

influence their mechanical strength and toughness, among other features (40). Hydrogels can 

be synthesised from both synthetic and natural sources, each having unique advantages and 

disadvantages (see Table 1.1). 

 

Table 1.1: Advantages and Disadvantages of Natural vs Synthetic Hydrogel Sources. 

Source Advantages Disadvantages 

Synthetic 
Strong, customizable, 

consistent properties 

Less biocompatible, non-

biodegradable, expensive 

Natural 
Biocompatible, 

biodegradable, non-toxic 

Poor mechanical strength, 

variable purity 

 

The diversity of synthetic routes makes hydrogels suitable for a wide range of applications. For 

instance, natural hydrogels are widely used in pharmaceuticals, biomaterials, biotechnology, 

and medical applications such as wound closure (41), due to their ability to mimic native tissue. 

Additionally, their biomimetic properties make them highly valuable in tissue engineering. 

They are also utilized in tissue engineering due to their biomimetic properties, providing porous 

microenvironments for cell infiltration and high permeability for essential nutrients (42). 

Moreover, hydrogels have been successfully employed in encapsulating different cell types 

using materials like alginate, which can be crosslinked with divalent cations such as (Ca²⁺, 

Ba²⁺, Sr²⁺, Mg²⁺, Zn²⁺) (43). There are several innovative types of hydrogels, including double-

network and composite hydrogels. Double-network hydrogels are made of two different 

polymer networks. One is stiff and breaks easily, helping to absorb and spread-out energy when 
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the material is stressed. The other is soft and flexible, which helps the hydrogel stay together 

and keep its shape even after the stiff part breaks. Composite hydrogels are made by adding 

strong materials like tiny particles, fibres, clay, or carbon-based substances. These added 

materials make the hydrogel stronger, more heat-resistant, and sometimes able to conduct 

electricity or interact with biological systems. These  have been developed to enhance their 

mechanical properties, durability and functionalities (44). These advancements have led to the 

creation of hydrogels with unique characteristics and the ability to tune them to specific 

external stimuli. One example is poly(N-isopropylacrylamide-co-acrylic acid), which can be 

tuned to open or close depending on pH and temperature. This allows it to deliver therapeutic 

agents at targeted locations in the body (45). Furthermore, hydrogels have been combined with 

other materials like graphene and cellulose nanofibrils to improve drug loading efficiency, 

sustained release, and tissue differentiation capabilities (46). Hydrogels can be formed into thin 

films (47) or shaped into various forms, sizes, lengths, or structures, as needed (48). In many 

applications, most of the polymers used for hydrogel preparation are considered non-toxic and 

suitable for use in human beings. The toxicity of hydrogel materials is assessed through various 

biological, chemical, and physicochemical tests to ensure they are biocompatible and safe for 

use in humans (49-52). Regulators like the FDA (Food and Drug Administration), ISO 

(International Organization for Standardization), and ASTM (American Society for Testing and 

Materials) set the standards for these evaluations. 

Hydrogel preparation is a critical aspect of ensuring their safety for various applications. The 

non-toxicity of hydrogels is a fundamental requirement, especially in biomedical and 

pharmaceutical fields. Several studies have highlighted the importance of using non-toxic 

materials in hydrogel preparation to ensure biocompatibility and safety. One study by Obara et 

al. focused on the synthesis of a non-toxic hydrogel composite using sodium carboxymethyl 

cellulose (NaCMC) and hydroxyethyl cellulose (HEC) with activated carbon as a filler. The 

study emphasized the non-toxic nature of the hydrogel composite, making it suitable for 

applications such as desalination of seawater (53). Hydrogels can desalinate seawater by 

absorbing water into their polymer network while leaving most salt ions behind. Then, when 

the hydrogel is heated or squeezed, it releases the absorbed fresh water, resulting in lower-

salinity water. 
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Figure 1.10: An illustration showing the molecular structure of the hydrogel matrix 

composed of sodium carboxymethyl cellulose (NaCMC) and hydroxyethyl cellulose (HEC) 

with activated carbon as a filler (53). 

 

 

Gong et al.'s study on pH-responsive core-shell composite hydrogel capsules demonstrated 

their potential for controlled, sustained drug delivery, reducing drug intake and maintaining 

stable blood-drug levels. The non-toxic capsules also demonstrated potential safety for 

biomedical use, indicating their potential for targeted and prolonged drug delivery. (Figure 

1.11) (54). 

 
Figure 1.11: pH-Responsive polymer vesicles for controlled enzyme encapsulation and 

release (55). 

 



   

 

12 

 

Another study by Asy-Syifa et al. emphasized the non-toxic nature of polyvinyl alcohol (PVA) 

hydrogels and polypeptide/polysaccharide-based hydrogels, respectively (56). These hydrogels 

exhibited high biocompatibility, non-toxicity, and biodegradability, and have been applied in 

various biomedical applications including wound healing, drug delivery, tissue engineering, 

ophthalmic applications, and biosensing (56)  

Hydrogels possess a biphasic structure consisting of a solid network that provides their unique 

properties of elasticity and viscosity. Hydrogels are known for their unique properties of 

elasticity and viscosity. Elasticity refers to the ability of a material to deform under stress and 

return to its original shape when the stress is removed, while viscosity is the resistance of a 

material to flow. These two properties are crucial in determining the behaviours and 

applications of hydrogels (57). The viscoelastic behaviour of hydrogels is particularly 

interesting because it allows them to respond to stress with a time-dependent strain (Figure 

1.12). This means that they can behave like viscous liquids under certain conditions and like 

elastic solids under others. The balance between these behaviours depends on factors such as 

the chemical composition of the polymer chains, the type and degree of crosslinking, and the 

interactions between the polymer and water molecules. 

 

 
Figure 1.12. A scientific illustration depicting the viscoelastic behaviour of hydrogels (58), 

where f = Frequency (Hz), G’  = storage (elastic) modulus, G" = loss (viscous) modulus  and 

δ = the phase angle. 

 

 

1.3 Introduction to hydrogels in sustainable agriculture 

In recent years, increasing attention has been directed toward the development of biodegradable 

and environmentally friendly polymeric materials, particularly hydrogels, due to their wide 
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range of applications in agriculture (18, 59). Hydrogels have demonstrated significant potential 

in improving soil water retention, enhancing nutrient-use efficiency, and mitigating the 

negative impacts of water scarcity on crop productivity. Among natural polymer-based 

hydrogels, systems derived from gellan gum and cellulose, or its derivatives have attracted 

considerable research interest because of their biocompatibility, renewability, low toxicity, and 

favourable physicochemical properties (60, 61). 

Gellan gum is an anionic extracellular polysaccharide produced by Sphingomonas elodea and 

is widely recognized for its ability to form strong hydrogels at low polymer concentrations 

(62). The gelation mechanism involves a temperature-dependent transition from random coils 

to ordered double helices, followed by aggregation and ionic crosslinking in the presence of 

mono- or divalent cations such as sodium or calcium ions (62). These properties have enabled 

the use of gellan gum in diverse applications, including food, biomedical, and agricultural 

systems. They  are superabsorbent polymers that can retain large amounts of water relative to 

their mass. Their ability to gradually release water and nutrients from the three-dimensional 

network they form means they have been widely researched for use in sustainable agriculture 

(16, 63). Gellan gum is an anionic polysaccharide produced by Sphingomonas elodea and can 

form strong hydrogels at low polymer concentrations through a temperature-dependent 

gelation process involving double-helix formation and ionic crosslinking with mono- or 

divalent cations(62). These properties have enabled its use in food, biomedical, and agricultural 

applications. However, gellan gum hydrogels often exhibit drawbacks such as brittleness, 

limited mechanical strength, and inadequate control over swelling and water release.(18) 

Consequently, blending gellan gum with other natural polymers has been widely investigated 

to enhance its mechanical and functional properties. Cellulose is one of the most well-known 

materials and reinforcing biopolymer. Cellulose is the most abundant natural polymer and 

consists of linear β(1→4)-linked D-glucose units. Its high mechanical strength, and 

elasticity,(64) chemical stability, biodegradability, and abundance make it an attractive 

reinforcing and material for hydrogel systems (60, 65). In agricultural and environmental 

applications, different forms of cellulose, including microcrystalline cellulose, nanocellulose, 

and chemically modified cellulose derivatives such as carboxymethyl cellulose, have been 

incorporated into hydrogels to enhance their performance (66). When combined with gellan 

gum, cellulose contributes to the formation of physically crosslinked networks through 

hydrogen bonding interactions, resulting in improved mechanical properties, enhanced 

structural stability, and tenable swelling behaviour (67). These improvements are particularly 

important for hydrogels intended for soil applications, where repeated hydration and 
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dehydration cycles are common. Previous studies have shown that blending gellan gum with 

cellulose produces composite hydrogels with improved properties compared to gellan gum 

alone. These hydrogels are typically prepared by dissolving gellan gum in water at elevated 

temperature  (67), followed by the addition of cellulose or its derivatives and subsequent 

gelation through cooling or ionic crosslinking.(62) The incorporation of nanocellulose 

enhances intermolecular interactions, leading to improved mechanical strength and structural 

stability, particularly under repeated wetting and drying conditions (68). In contrast, water-

soluble cellulose derivatives are often used to improve hydrogel homogeneity and 

processability for agricultural applications.(69) Hydrogels based on gellan gum–cellulose 

systems have been extensively investigated for use as soil conditioners and controlled-release 

carriers for water and nutrients (59). These materials exhibit a high capacity for water 

absorption and can gradually release stored water, thereby improve soil moisture retention and 

reducing irrigation frequency (18, 59). In addition, the encapsulation of fertilizers within gellan 

gum–cellulose hydrogels have been shown to reduce nutrient leaching and enhance fertilizer-

use efficiency. The incorporation of cellulose plays a key role in regulating hydrogel 

degradation rates and nutrient diffusion, allowing for more sustained and predictable release 

profiles (59). Various characterization techniques are used to evaluate gellan gum–cellulose 

hydrogels, including FTIR to identify intermolecular interactions, XRD to assess crystallinity, 

and SEM to examine morphology and pore structure. In addition, swelling behaviour, water-

retention capacity, rheological properties, conductivity and biodegradation are commonly 

analysed to determine their suitability for agricultural applications.(70-73)  

 

1.3.1 Role of Hydrogels in Sustainable Agriculture 

 

Hydrogels primary purpose in agriculture is to provide a system for better water management, 

by enhancing soil water retention, reducing irrigation frequency and saving water. This is 

particularly beneficial in arid regions or during drought conditions(74, 75).  Hydrogels help 

maintain consistent moisture levels around plant roots, preventing the stress that comes from 

fluctuations in water availability. This leads to healthier plants and potentially higher crop 

yields. Hydrogels can also act as nutrient carriers, which trap and slowly release fertilisers over 

time. This reduces nutrient leaching, pollution and fertiliser wastage, resulting in more efficient 

fertiliser use, reducing their environmental impact (63). Hydrogels, when used to coat seeds, 

create a moist environment that improves germination and seedling survival rates (75). Finally, 

hydrogels can help maintain soil health and fertility by improving soil structure and aeration 
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(76, 77). They can help prevent compaction, enhance pore connectivity, regulate moisture, and 

improve oxygen availability in the soil. By maintaining a balance between moisture retention 

and aeration, they create an optimal environment for root growth, microbial activity, and 

sustainable agriculture (figure 1.13) (21, 75). 

 

 

Figure 1.13. An educational diagram illustrating how hydrogels improve soil aeration (75).   

   

 

When incorporated into soil, they absorb water during irrigation or rainfall and hold onto it. 

Over time, they release this water to plants as needed, reducing the frequency of watering 

(Figures 1.14 a and b) (16, 78). 
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Figure 1.14: a) Hydrogels absorb water in proximity to the plant’s roots. b) Change in soil 

porosity occurs with the swelling of hydrogels (21, 79). 

 

This slow release of moisture helps maintain an optimal balance of water and nutrients in the 

soil, promoting better plant growth. Studies have indicated that hydrogels can have a significant 

effect on conserving nutrients and minimizing environmental pollution by reducing the loss of 

fertilizers, such as urea, into the ground water (80). Sustainable agriculture depends on this 

slow-release characteristic, which mitigates the risk of nutrient leaching and promotes efficient 

fertiliser use (77). Moreover, the biodegradable characteristics of numerous hydrogels, 

particularly those sourced from cellulose, ensure that they do not induce soil toxicity, making 

them environmentally sustainable alternatives for traditional chemical soil conditioners (81).  
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1.3.2 Types of Hydrogels Used in Agriculture 

 

Hydrogels can be broadly grouped into three categories: synthetic, semi-synthetic and natural. 

Their classification is determined by the types of polymers used to make them, and these can 

have profound effects on their properties and applications. Each different type of hydrogel 

comes with its own advantages and disadvantages, as summarised in Table 1.2. 

 

Table 1.2: A summary of advantages and disadvantages polymers in agricultural applications. 

Kind of hydrogels Advantages Disadvantages 

Synthetic Polymers 
High durability, efficiency, water 

retention, slow-release properties. 

Non-biodegradable variants cause 

plastic pollution, making them less 

sustainable. 

Semi-Synthetic 
Improved biodegradability, water 

absorption, and slow release 

Higher production costs, potential 

chemical residues. 

Natural Polymers 
Sustainable, non-toxic, biodegradable, 

environmentally friendly. 

Lower mechanical strength, limited 

stability under extreme conditions. 

 

1.3.2.1 Synthetic Hydrogels 

 

Synthetic hydrogels commonly have good mechanical resistance, high water absorption 

capacity, and long service life. This has made them attractive targets for a variety of 

applications. Despite this, they are often non-biodegradable and less sustainable (82). Even 

though synthetic hydrogels are not biodegradable, they are used because they offer strength, 

stability, customisability, and long-term performance that many natural alternatives cannot yet 

match. Synthetic hydrogels consist of synthetic polymers, which can be selected or modified 

to have characteristics such as mechanical strength, swelling behaviour, and degradation rates 

(83). Many synthetic hydrogels are made up of polymers derived from petrochemical sources. 

Polyacrylamide (PAM), poly (ethylene glycol) (PEG), and poly (vinyl alcohol) (PVA) have 

become common chemical compounds employed in the synthesis of hydrogels (Figure 1.16) 

(77, 84).  
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Figure 1.15: An illustration of the molecular structures of these materials PAM, PEG and 

PVA. 

 

Synthetic hydrogels have significant absorbency and have been extensively utilised in 

agricultural applications due to their durability and water retention capabilities. These materials 

are preferred for their tuneable properties, which can be easily modified by altering their 

polymer composition, which can affect their chemical properties, crosslinking density, and 

molecular weight (85). The capacity to customise the physical and chemical properties of 

synthetic hydrogels is one of their greatest benefits. The mechanical properties of these 

hydrogels can be precisely adjusted to suit certain applications, including tissue scaffolding in 

biomedical engineering and soil components in agriculture (86). This tunability supports the 

creation of hydrogels that can respond to external stimuli, like pH or temperature, improving 

their functionality (87). 

 

1.3.2.2 semi-synthetic polymers 

 

Semi-synthetic polymers are materials derived from natural polymers such as cellulose or 

proteins that have been chemically modified to improve their properties. They combine the 

advantages of natural materials (like biodegradability and biocompatibility) with those of 

synthetic materials (such as strength and stability). They are used in various fields including 

textiles, packaging, and medicine, and are environmentally important because they reduce 

reliance on petroleum-based materials and help decrease pollution.(88)  

 

1.3.2.3 Natural hydrogels 
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Natural hydrogels are generated from substances from renewable biological sources. Protein-

based materials, polysaccharide-based materials, and those derived from decellularized tissue 

are the three groups of naturally derived hydrogels (89).  

Although often less absorbent than synthetic alternatives, natural hydrogels are biodegradable 

and environmentally friendly, making them more appropriate for use in sustainable agriculture 

(90, 91). 

The selection between synthetic and natural hydrogels usually depends on agricultural 

requirements and environmental variables. Synthetic hydrogels have adjustable characteristics 

and superior performance (77), whereas natural hydrogels serve as a more sustainable and 

environmentally friendly option. Recent studies have concentrated on integrating synthetic and 

natural materials to develop hybrid hydrogels that amalgamate the benefits of both categories. 

One of the most widely researched hybrid hydrogels is the Chitosan-Polyacrylamide (Chitosan-

PAM) hydrogel, which combines natural chitosan (a biopolymer) with synthetic 

polyacrylamide (PAM) to enhance water retention, mechanical stability, and nutrient release 

(77, 92). 

 

 

1.4 Polysaccharide Hydrogels 

 

Polysaccharide hydrogels have attracted considerable interest in agricultural applications 

because to their unique features, such as enhanced water retention capacity, biocompatibility, 

and biodegradability (93). Polysaccharides are complicated carbohydrates composed of ten or 

more repeating units of monosaccharides or disaccharides (Figure 1.16), and can come from 

plants (94). Their repeating units in the polymer backbone are typically six-carbon 

monosaccharides, and the usual formula can be expressed as (C6H10O5)n, where "n" varies 

between 20 to 3000 usually. These repeating units include sugars such as glucose and fructose.   
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Figure 1.16: The polysaccharide molecular structures of cellulose and starch, showing the 

repeating units in the polymer backbone (95). 

 

 

Polysaccharides are polymers that combine monosaccharides with glycosidic bonds. They are 

a crucial category of macromolecules that perform multiple functions in living organisms, 

including energy storage and structural support (96). These common molecules originate from 

multiple sources, including plant (cellulose, pectin, and guar gum) algal (alginate and 

carrageenan), microbial (dextran and xanthan gum), and animal (chondroitin sulphate, 

hyaluronan, chondroitin, and heparin) origins (96, 97). 

Polysaccharides possess a molecular structure that can either be linear or highly branched. They 

can also be monofunctional or polyfunctional. These polysaccharides play crucial roles in 

various biological processes and have significant applications in food, medicine, and 

agriculture (98). 

Polysaccharides are primarily made up of repeating monosaccharide units, which can include 

glucose, fructose, galactose, mannose, and others. The specific type of monosaccharide, as well 

as the ratio of different sugars, can greatly influence the properties of the polysaccharide (99). 

For example, cellulose is composed of β-D-glucose units (Figure 1.17), while starch consists 

of both α-D-glucose (amylose) and branched structures(amylopectin) (99).  
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Figure 1.17: In cellulose, -D β -Glucose units are joined by β-(1,4) glycosidic linkage. There 

are no branching chains in cellulose. 

 

 

Polysaccharides contain various functional groups, such as hydroxyl (-OH), carboxyl (-

COOH), and amino (-NH2) groups, which can be involved in chemical modifications. These 

modifications can enhance their properties for specific applications, such as improving 

solubility, stability, and bioactivity. For example, Carboxymethyl Cellulose (CMC) is made by 

the carboxymethylation of the hydroxyl (-OH) group of the polysaccharides. This happens by 

first oxidising them to a carboxylic acid and then methylating them to form the carboxymethyl 

(-CH₂COOH) functional group. This reaction improves water solubility, viscosity, gelation, and 

biodegradability. 

Polysaccharides may possess substantial molecular weights, frequently attaining millions of 

Daltons, depending on the number of monosaccharide units. Furthermore, certain 

polysaccharides exhibit a linear structure, whilst others possess a branching configuration. 

Glycogen is a highly branched polysaccharide that facilitates the fast mobilisation of glucose 

(Figure 1.18) (100). The extent of branching influences solubility, viscosity, and gel formation, 

which are critical qualities in food and medical applications. For example, branching results in 

an increase in solubility, which means the presence of more branch points results in more free 

ends, which leads to more hydrophilic interactions. 
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Figure 1.18: The structure of glycogen (100).  

 

 

 

The way monosaccharides are linked together through glycosidic bonds determines the 

polysaccharide's structure and function. For instance, cellulose has β (1→4) glycosidic linkages 

(Figure 1.17), which provide rigidity and strength, making it a key structural component in 

plant cell walls. In contrast, starch has α (1→4) and α (1→6) linkages, allowing it to serve as 

an energy storage molecule in plants (Figure 1.19) (99). 
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Figure 1.19 Amylose and amylopectin are the chemical structures of starch (101). 

 

Linear polysaccharides are a class of carbohydrates characterized by their straight-chain 

structures, consisting of repeating monosaccharide units linked by glycosidic bonds. These 

polysaccharides play crucial roles in various biological processes and have significant 

applications in food, medicine, and agriculture.  

 

1.4.1 Cellulose  

 

Cellulose is a structural polymer that exists in the cell walls of plants and animals (102, 103). 

Cellulose is a linear polysaccharide consisting of β-D-glucose units connected by β (1→4) 

glycosidic bonds (Figure 1.20). 
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Figure 1.20: Fragment (repeating unit) of a cellulose chain (104). 

 

This arrangement allows cellulose to build strong hydrogen bonds between chains, leading to 

a hard and insoluble fibre. 

 

1.4.2 Gellan Gum  

 

Gellan gum is a linear polysaccharide produced by the bacterium Sphingomonas elodea (105, 

106). It is composed of repeating units of glucose, rhamnose, and glucuronic acid, linked 

together in a specific arrangement that gives it unique gelling properties. Gellan gum is known 

for its ability to form gels in the presence of cations, particularly calcium ions (107). 

Gellan gum is widely used as a gelling agent in the food industry, particularly in the production 

of jellies, desserts, and sauces  Gellan gum is produced in bulk by fermenting Sphingomonas 

elodea in large tanks, then separating, purifying, drying, and milling the polymer into a fine 

powder.(108, 109). It is produced commercially via microbial fermentation, typically using 

Sphingomonas species, followed by purification and drying.  Its ability to form firm gels at low 

concentrations allows for the creation of products with desirable textures (74). In addition to 

its gelling properties, gellan gum acts as a stabilizer in emulsions and suspensions, helping to 

maintain the consistency and quality of food products (74). Gellan gum's gel-forming ability is 

also exploited in pharmaceutical applications for controlled drug release systems, where it can 

encapsulate active ingredients and release them gradually for example, gellan gum combined 

with Laponite, a synthetic clay, was investigated to create beads for the controlled release of 

drugs by Adrover et al (110). Laponite was incorporated to enhance the mechanical stability of 
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the beads and modify the release profile of the encapsulated drugs, making them suitable for 

oral drug delivery applications.  

There are two structures of gellan gum 1- high acyl (H) and 2-low acyl (L) (Figure 1.21). The 

high acyl analogue carries acetate groups, which prevent ionic interactions across cross-linking 

(111). Most commercial products of gellan gum use a high pH medium to remove any acetyl 

groups. These substituents are removed by alkali treatment to yield low acyl gellan gum 

(LAGG) (112).  

 

 
Figure 1.21: Gellan gum's structure differs between its native (A) and low-acyl (B) forms 

(113). 

 

1.4.3 Guar Gum  

 

Guar gum is another linear polysaccharide derived from the seeds of the guar plant. It is 

primarily composed of a mannose backbone with galactose side groups, forming a 

galactomannan structure (Figure 1.22) (114). 
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Figure 1.22: Molecular structure image for Guar Gum (114). 

 

Guar gum is known for its high-water solubility and thickening properties, and it is widely used 

in the food industry as a thickening agent and stabilizer. It is particularly effective in controlling 

the viscosity of sauces, soups, and dairy products.  Its ability to form viscous solutions at low 

concentrations makes it a valuable ingredient in many processed foods.(115)  Guar gum is 

classified as a hydrocolloid, which means it can absorb water and swell to form a gel-like 

consistency. This property is beneficial in applications such as gluten-free baking, where it 

helps improve the texture and moisture retention of baked goods.(116) In agriculture, guar gum 

is used as a soil conditioner and water-retaining agent. Its ability to absorb and retain moisture 

helps improve soil structure and supports plant growth, particularly in arid regions.(117) 

Additionally, guar gum can be utilized in controlled-release fertilizer formulations, enhancing 

nutrient availability to crops (117). 

 

1.5 Hydrogel Composites 

Hydrogel composites are hybrid materials composed of a hydrogel matrix integrated with 

reinforcing or functional fillers, such as nanoparticles, fibers, clays, or carbon-based materials. 

The incorporation of these additives enhances the mechanical strength, stability, and functional 

performance of the hydrogel, enabling their use in a wide range of biomedical, tissue 

engineering, and environmental applications 
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They are a relatively new development in material research. Their specific properties result in 

them having varied applications in medicine, tissue engineering, and environmental science 

(118). These materials are generally produced by mixing hydrogels with diverse reinforcing 

agents or functional additives, which improve their mechanical properties, swelling 

characteristics, and response to external stimuli (119). The mechanical characteristics of 

hydrogel composites can be substantially enhanced with the incorporation of nanoparticles 

(120). The incorporation of nanoclays, such as Laponite, have shown to enhance the 

mechanical strength of hydrogel composites through the interaction between the polymeric 

matrix and nanosilicates, resulting a higher Young's modulus than that of pure hydrogels 

(121).Similarly, the use of reduced graphene oxide as a flexible crosslinking agent enhances 

the mechanical and electrical properties of polyacrylamide hydrogels, making them ideal for 

strain sensors and self-healing applications (Figure 1.23) (122, 123).  

 

 
Figure 1.23: An illustration of how functionalized graphene oxide crosslinked polyacrylamide 

hydrogel heals. The bonding mechanism for (a) fresh hydrogel sample, (b) cut sample, and 

(c) healed sample.(124) 

 

New methods of formulation and synthesis has also allowed further fine-tuning of the 

properties of hydrogel composites. Methods like 3D printing has enabled the production of 

complex structures with exact control over mechanical characteristics and porosity. This is 

especially crucial in tissue engineering, where the mechanical integrity and bioactivity of 

scaffolds are essential for facilitating cell proliferation and tissue regeneration, as shown by Jin 

et al. (121, 125)]. Moreover, the stimuli-responsive properties of composite hydrogels can be 
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improved by choosing constituent materials, such as conductive polymers.  These materials 

facilitate the creation of electro responsive hydrogels that can alter their properties in reaction 

to electrical signals an attribute especially advantageous in regenerative medicine, where 

precise responses to physiological conditions are essential for directing tissue growth and 

repair. (126). One such example is Polypyrrole (PPy) which, when combined with natural 

hydrogels like alginate or gelatin, forms conductive scaffolds that aid nerve regeneration 

through electrical stimulation. These hydrogels are applied in treating spinal cord injuries (SCI) 

and peripheral nerve damage by promoting neural cell growth and axonal regeneration. The 

ability to create hydrogels that respond to pH changes or other stimuli opens new avenues for 

their application in drug delivery and biosensing (127). pH-responsive hydrogels, such as those 

made from chitosan or poly (acrylic acid), swell or degrade based on pH changes. They are 

used in targeted drug delivery in the gastrointestinal tract and in biosensing, particularly in 

glucose sensors, where pH variations trigger hydrogel swelling to signal glucose levels. 

In this research we are focusing on hydrogels as they apply to the general areas of sustainable 

agriculture, with specific focus on hydrogel properness and characterisation in the context of 

to their unique ability to absorb and retain substantial amounts of water, regulate soil moisture, 

and supply nutrients in a controlled way.  

Hydrogel composites are revolutionizing agriculture by improving soil moisture retention, 

plant growth, and sustainable farming practices by absorbing and retaining water, addressing 

water scarcity and soil degradation (128). Hydrogel composites utilised in agriculture often 

consist of a foundational hydrogel material (such as synthetic polymers or natural 

polysaccharides) amalgamated with other components that enhance their characteristics. 

 

1.5.1 Types of Hydrogel Composites Used in Agriculture 

 

Hydrogel composites can be made using synthetic, semi-synthetic, or natural hydrogels in 

combination with various additives or reinforcing agents. These composites largely retain the 

structural, stability, and biodegradability characteristics of the base hydrogel materials, while 

the added components are used to enhance specific properties such as mechanical strength, 

moisture retention, nutrient release, or resistance to environmental degradation in agricultural 

applications. A wide range of materials can be incorporated into hydrogel matrices to tailor 

their properties for specific agricultural needs. Among the most promising strategies is the use 

of bio-based and nano-scale additives, 
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1.5.1.1 Biochar-Composite Hydrogels 

 

Biochar is a carbon-rich product obtained from the pyrolysis of organic materials (like wood, 

crop residues, or manure). When combined with hydrogels, biochar enhances the hydrogel's 

ability to retain water and nutrients. Biochar is also porous, which helps retain both water and 

nutrients within the hydrogel soil system. This retained moisture and nutrient availability 

creates a more stable and resource-rich environment that supports the growth and activity of 

beneficial soil microorganisms. 

 

1.5.1.2 Nanoparticle-Enhanced Hydrogels 

 

Nanoparticles such as clay, silica, or even graphene oxide can be embedded within hydrogel 

matrices to enhance their properties. These nanoparticles improve the mechanical strength and 

stability of the hydrogel, making them last longer in the soil. Additionally, they can act as 

carriers for slow-releasing nutrients or pesticides, providing sustained benefits to crops. 

This report will outline aspects of work on composite hydrogels made from the polysaccharide 

gellan gum containing difunctionalised cellulose as additives. Whilst much has already been 

published on the application of similar composite gel materials for other applications, relatively 

less has been plublished on applications in sustainable agriculture. This is largely due to the 

historical focus of hydrogel research on biomedical and industrial applications, while 

agricultural applications have only recently gained attention and present greater environmental 

and experimental complexity. This thesis has focused more on studying the underlying 

behaviours of such composite materials and potential roles that they may play in sustainable 

agriculture rather than looking at any specific applications in that field. 

 

1.6 Introduction to sustainable agriculture 

 

Sustainable agriculture is essential for addressing the problems of environmental degradation, 

food security, and economic sustainability in farming systems (129). 

 

1.6.1 Hydrogels in sustainable agriculture 

 

Hydrogels are essential in agriculture, especially in improving seed germination and 

encouraging plant development (90). These three-dimensional polymer networks can absorb 

and store substantial quantities of water, making them beneficial for enhancing soil moisture 
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availability, which is crucial for seed germination. The utilisation of hydrogels in seed 

germination has shown beneficial results, especially under adverse soil conditions. 

 

1.6.2 Role of Hydrogels in Seed Germination 

 

1.6.2.1 Enhanced Water Availability and Reducing Watering Frequency 

 

Hydrogels, when combined with soil or placed near seeds, hydrogels establish a stable moisture 

environment by absorbing water during irrigation and gradually releasing it to the surrounding 

soil as moisture levels decrease. This sustained water availability provides a continuous supply 

for seed germination, reduces plant water stress, and minimizes delayed or uneven germination, 

thereby improving overall germination efficiency and reducing the frequency of irrigation. (76, 

130).  Hydrogels improve soil water availability, aiding plants in surviving the physiological 

problems related to drought (130, 131). Hydrogels offer economic benefits in agriculture by 

reducing irrigation frequency, saving water costs and labour, and improving water efficiency, 

especially in regions with limited water resources (132). Hydrogels, when biodegradable, can 

enhance soil ecosystem health by absorbing and retaining water, reducing irrigation needs, and 

promoting microbial activity, which is crucial for nutrient cycling and plant health (133).  

 

1.6.2.2 Improving Soil Structure 

 

The physical structure of soil can also be enhanced using hydrogels (134). Hydrogels improve 

soil structure by increasing porosity and decreasing compaction, hence encouraging root health, 

transfer of gases, and germination, which aids in root penetration and seedling establishment. 

Despite initial delay due to mechanical compression, hydrogels' water retention properties 

enhance overall success, making them ideal for arid or drought-prone regions (135). Moreover, 

hydrogels have proven efficiency for increasing seed germination under poor soil conditions. 

For example, Peyrusson's research showed hydrogels significantly increased seed germination 

rates in sandy soils, demonstrating their potential in challenging environments like poor soil 

quality or limited water availability (136). The research utilized a commercial hydrogel known 

as STOCKOSORB® 660 Medium from Evonik Industries. This hydrogel is essentially a 

crosslinked potassium polyacrylic acid designed to absorb and retain water, thereby enhancing 

the moisture content of the soil (136). Experiments took place in Mars-regolith analog soils 

(sand, clay, alkaline pH ~9) collected near the Mars Desert Research Station in Utah (136). 

They tested both radish seeds (Raphanus sativus 'Scarlet Globe') and spearmint seedlings 
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(Mentha spicata) (Figure 1.24).  They found that radish seed germination was entirely 

unsuccessful in both pure sand and clay soils without hydrogel. When 0.1% hydrogel was 

added to sand, germination improved significantly to 27% on average. However, the hydrogel 

had no effect in clay soil, where radish seeds still failed to emerge.  

 
Figure 1.24: Hydrogels have been found to improve plant growth in Mars analog conditions. 

They have improved water holding and release properties and can be used to improve plant 

growth in sand and clay soils. The study was conducted on spearmint roots.(136) 

 

1.6.2.3 Protecting Seeds from Drought Stress 

 

Hydrogels support seeds in surviving drought by keeping consistent moisture levels, reducing 

the effects of temporary stress, and enhancing the chance of successful germination when 

incorporated into the soil or used as seed coatings, hydrogels absorb excess water during 

irrigation and release it gradually as the soil dries out, maintaining a more stable moisture 

profile over longer periods of time and promoting seed germination in low-water soil. Research 

indicates that the employment of hydrogels can dramatically enhance the germination rates of 

diverse crops, such as maize and barley, in drought circumstances (137-139). 

 

1.6.2.4 Enhanced Nutrient Availability 

 

Hydrogels have the potential to assist in the retention of nutrients in the soil. By holding water 

in the soil longer, they prevent nutrients from being washed away through leaching. This means 
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that the essential nutrients remain closer to the root zone, making them more available for 

uptake by the germinating seeds and young seedlings. Hydrogels not only enhance germination 

rates but also work as carriers for micronutrients, ensuring that seeds receive vital nutrients 

during germination. Nandkishore Thombare et al. investigated the application of guar gum-

based hydrogels as a controlled delivery mechanism for micronutrients, illustrating that these 

hydrogels can facilitate an extended release of nutrients, leading to seedling growth (132). The 

authors work demonstrated how a guar-gum-based hydrogel effectively provided slow and 

controlled boron release in soil, extending nutrient availability and promoting seedling growth 

through improved germination conditions (132). Researchers tested a specially designed guar 

gum-based hydrogel—enhanced with boric acid and synthetic materials for its ability to retain 

water and slowly release nutrients. When applied to soil with chickpea seedlings, it improved 

early plant growth, showing promise for practical use in agriculture. 

In conclusion, hydrogels present themselves as a promising soil addative for agricultural 

applications, particularly seed germination. Their ability to retain water, provide a controlled 

release of nutrients, and improve soil structure makes them valuable tools for enhancing plant 

growth and sustainability. As research continues to explore the potential of hydrogels in 

agriculture, their integration into farming practices is likely to play a pivotal role in addressing 

the challenges posed by water scarcity and soil degradation. 

 

1.6.2.5 Hydrogels as additives to improve soil performance 

 

To improve the performance of hydrogels in soil and increase their agricultural advantages, 

several additives may be included into the hydrogel matrix. These additions can enhance water 

retention, nutrient accessibility, soil structure, and offer advantages for plant growth.  

 

1.6.3 Soil Nutrient Additives (Fertilizers) 

1.6.3.1 Macronutrients (Primary Nutrients) 

 

One of the most common additives to hydrogels is fertilizers, particularly those containing 

essential nutrients such as potassium (K), nitrogen (N), and phosphorus (P) (Table 1.3). Their 

incorporation into hydrogels allows for a controlled release of essential elements as the 

hydrogel slowly releases water.  When exposed to water, such as from rain or irrigation, 

hydrogels absorb moisture and swell, forming a gel-like matrix as water permeates their three-

dimensional polymer network. This swelling allows dissolved nutrients embedded within the 
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hydrogel to gradually diffuse from the interior to the surrounding soil. The rate of nutrient 

release is controlled by factors including the hydrogel’s crosslink density (with tighter 

networks slowing release), as well as environmental conditions like temperature, pH, and soil 

moisture. Because the nutrients are retained within the swollen matrix, they are protected from 

rapid leaching, allowing for a sustained and buffered nutrient supply that supports steady plant 

uptake over time (140). 

 

Table 1.3: The table shows how important elements can be beneficial for plants. 

Elements  Efficacy Examples 

Nitrogen (N) Supports leaf and stem 

growth 

urea, ammonium nitrate 

Potassium (K) Enhances plant resilience 

and water regulation 

potassium chloride, 

potassium sulphate. 

Phosphorus (P) Essential for root 

development and flowering 

Superphosphate, rock 

phosphate 

 

The slow release ensures that plants obtain a consistent supply of nutrients over time, enhancing 

nutrient usage efficiency and reducing the necessity for frequent fertilisation (128, 141). 

Researchers have demonstrated that hydrogels enriched with potassium and phosphorus 

improve their properties as fertilisers and significantly impact soil performance, especially in 

carbonate and saline rich soils (142). The addition of these nutrients directly enhances plant 

growth and development, making the hydrogel more effective in supporting crop yields. These 

hydrogels function by absorbing and retaining substantial amounts of water and dissolved 

nutrients, forming a gel-like matrix that serves as a reservoir. This matrix ensures a consistent 

supply of moisture and nutrients to plant roots, even during periods of limited rainfall or 

irrigation.  In addition, slow-release fertilizers, such as urea formaldehyde, can be effectively 

encapsulated within hydrogels to provide a controlled and continuous supply of nitrogen to 

plants. Formaldehyde is a widely used slow-release nitrogen fertilizer, which aligns with plant 

uptake rates and minimizes leaching losses. 

 

1.6.3.2 Secondary Nutrients 

 

Secondary nutrients play crucial roles in various plant physiological processes and are vital for 

optimal growth and development (Table 1.4). 
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Table 1.4: Essential Secondary Nutrients for Plant Growth (143). 

 

 

Nutrient Symbol Primary Function Common Sources 

Calcium (Ca) Strengthens cell walls and 

prevents diseases. 

Calcium nitrate, lime, 

gypsum 

Magnesium (Mg) Essential for chlorophyll 

production and photosynthesis 

Magnesium sulphate (Epsom 

salt), dolomite, kieserite 

Sulphur (S) Improves protein synthesis and 

enzyme activity 

Gypsum, elemental sulphur, 

ammonium sulphate 

1.6.3.3 Micronutrients (Trace Elements) 

 

Incorporating small amounts of minerals including iron (Fe), zinc (Zn), manganese (Mn), 

copper (Cu) and boron (B) into hydrogels solves micronutrient shortages in soil, hence 

improving plant development and overall soil fertility (Table 1.5).   

 

Table 1.5: Table: Micronutrients and Their Roles in Plant Physiology 

Elements Efficacy 

Iron (Fe) Helps in chlorophyll formation. 

Zinc (Zn) Aids enzyme function and seed production. 

Manganese (Mn) Involved in energy production. 

Copper (Cu) Supports photosynthesis and enzyme function. 

Boron (B) Crucial for cell wall structure and reproductive growth. 

 

The interaction between soil organic matter (SOM) and chelated micronutrients is another 

important factor influencing nutrient availability (144). For example, chelation with humic 

substances: humic and fulvic acids, components of SOM, have functional groups that can bind 

iron ions, forming soluble chelated complexes. This chelation increases iron solubility, making 

it more accessible for plant uptake. The presence of these natural chelating agents in SOM is 

particularly beneficial in preventing iron deficiencies in crops. 

 

1.6.3.4 Organic Matter Additives and Soil Organic Matter (SOM) 

 

Organic matter additives are organic materials that are added to the soil to increase organic 

matter content. While SOM is the stable organic material in soil, resulting from the 

decomposition of organic matter additives over time (Table 1.6). (145) 
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Table 1.6: The definitions and clear differences between organic matter additives and soil 

organic matter. 

Feature Organic Matter Additives Soil Organic Matter (SOM) 

Definition Raw organic inputs added to soil Decomposed, stable organic material in soil 

State Fresh or partially decomposed Fully decomposed and long-lasting 

Examples 
Compost, manure, crop residues, 

biochar 

Humus, microbial biomass, decomposed 

plant & animal material 

Function 
Provides nutrients, feeds 

microbes, improves soil 

Stores nutrients, retains moisture, improves 

structure 

Longevity 
Short-term impact (breaks down 

over weeks/months) 
Long-term stability (can persist for decades) 

 

The two most common Organic matter additives are compost and biochar. Compost is an 

organic material made from decomposed plant and animal waste and contains components such 

as carbon, nitrogen, microbial life and essential nutrients (N, P, K, Ca, Mg, S). Microbial 

breakdown and chemical transformations are necessary for compost to become SOM. 

Compost, an organic matter, can be included into hydrogels to improve soil fertility, enhance 

soil structure, and increase microbial activity. This also enhances the soil's capacity to hold 

water and nutrients, hence increasing the efficacy of the hydrogel. In addition, Biochar is a 

carbon-rich material that is made through pyrolysis, which involves heating organic matter like 

wood, crop residues, or manure in a low-oxygen environment. It is a carbon-rich material 

derived from biomass, can be combined with hydrogels to enhance soil moisture retention and 

increase soil carbon content. It also promotes beneficial microbial growth, improves soil 

structure, and reduces nutrient leaching (146). 

 

1.6.3.5 pH Adjusters and Buffers 

 

Some additives can be added to hydrogels to act as pH adjusters and buffers. Adding lime 

(calcium carbonate) to hydrogels can help increase soil pH in acidic soils, improving plant 

growth. Similarly, gypsum (calcium sulphate) can be used to improve soil structure, 

particularly in saline soils, by replacing sodium ions with calcium. 

In alkaline soils, sulphur can be incorporated into hydrogels to lower the pH, making the soil 

more suitable for crops that prefer slightly acidic conditions. Janani and Rajeswari found that 

gypsum and hydrogels effectively improve soil moisture retention and infiltration rates by 

facilitating soil particle flocculation and water movement (147).  
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1.6.3.6 Biodegradable additives 

 

Additionally, the use of biopolymers, such as hydroxypropyl methylcellulose and polyvinyl 

alcohol, can improve the performance of hydrogels as slow-release fertilizers. Kareem et al. 

synthesized a slow-release fertilizer gel that demonstrated enhanced water retention and 

nutrient release characteristics (148). The use of nanomaterials in hydrogels can enhance their 

performance by improving their mechanical properties and water retention capabilities. This is 

especially beneficial in sandy soils. Combining hydrogels with other soil conditioners can 

improve soil structure and aeration, leading to better water infiltration and reduced runoff. This 

integration of hydrogels and their additives can contribute to soil health and sustainability, 

making them a crucial tool in modern farming (149, 150). 

 

1.7 Analytical methods applied in this research 

1.7.1 Dialysis  

 

In chemistry, dialysis, refers to the use of different rates of diffusion through a semipermeable 

membrane for the purpose of separating a chemical mixture of suspended colloidal particles 

from dissolved ions. Dialysis separates small molecules from larger ones using a 

semipermeable membrane: small ions and solutes diffuse through the membrane into the 

surrounding solution, while large molecules remain trapped inside.  A mixture containing 

suspended colloidal particles and dissolved ions is separated from the buffer solution (the 

dialysate) by a dialysis membrane. The dissolved ions and small molecules pass through the 

membrane, leaving the colloidal particles behind. This is driven diffusion, which is random 

motion of particles leading to a net motion from areas of high concentration to low 

concentration (Figure 1.25) (151).  
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Figure 1.25: Dialysis process method showing the diffusion of small molecules/ions into the 

dialysate. The protein is too large to diffuse through the pores of the membrane (152). 

 

The pores of the membrane can control the size of the molecules which are able to pass through 

to the dialysate.  The membrane acts as an entity that moderates the permeation of chemical 

substances in contact with it (153). One of the membranes' properties of great significance is 

the ability to control the permeation rate of different species, by the membrane pore sizes or 

the chemical properties such as the charge. Among others, solution-diffusion is one of best 

processes where the permeants are “dissolved” in the membrane and diffuse through it 

according to the concentration gradient. Diffusion dialysis (DD) is a process where the solutes 

pass through the ion exchange membrane (IEM), from the high concentration side to the low 

concentration side (154). These membranes can be either anion exchange membranes or cation 

exchange membranes. Herein, we focus on the use of anion exchange membranes for hydrogels 

(155). 

  

1.7.2 Freeze-drying (lyophilisation) 

 

Freeze-drying, also known as lyophilisation, is a technique employed to remove water from a 

sample, while retaining its structure. The process proceeds in distinct stages: (i) the sample is 

initially cooled, often using liquid nitrogen, to freeze the solvent; (ii) the system’s pressure is 

then reduced; and (iii) the frozen water undergoes sublimation, transitioning directly from the 

solid to the gaseous phase, leaving behind the non-volatile constituents. This method is 

favoured over conventional drying approaches that rely on heat-induced evaporation, which 

can lead to structural deformation of the residual matrix due to surface tension effects (156). 

Sublimation, the direct phase transition from solid to gas without an intermediate liquid phase, 
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is central to this process (157). Freeze-drying is particularly advantageous for preserving 

sample integrity, as it operates at low temperatures and minimizes thermal and mechanical 

stress (158).  It is widely applied in the stabilization of colloidal and biological systems, 

including bacterial cultures, biomedical products (e.g., blood), and food substances (159, 160). 

Additionally, it offers significant benefits for sample storage and transport by maintaining 

physicochemical stability, solubility, and reducing the risk of degradative reactions such as 

hydrolysis, oxidation, and ion exchange (159-161). The core principle underpinning freeze-

drying is sublimation, which can be represented in phase diagrams as transitions from point C 

to D or C to E, as shown in Figure 1.26 (162). 

 
Figure 1.26: An example phase diagram with the different phase, From A to B the liquid is 

cooled at constant pressure until it freezes. From B to C the pressure is lowered while the 

substance remains solid. From C to D the solid is gently warmed at low pressure, causing it 

to sublime into a gas.(162). 

 

1.7.3 Scanning Electron Microscopy (SEM) and Energy Dispersive Xray Spectroscopy 

(EDX) 

 

An electron microscopy uses electrons to observe objects under extreme magnification. It is an 

important instrument that utilises a concentrated beam of electrons to generate images of a 

sample. The electrons have interactions with atoms within the sample, generating various 

signals that include valuable information regarding the surface structure and composition of 
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the sample. The scanning electron microscope (SEM) is a device which produces images from 

the surface being investigated. A conventional optical microscope uses photons and therefore 

is not suitable to see samples smaller than the photon wavelength (380-700 nm). However, In 

SEM, electron energies range from 0.1 keV to 30 keV, with lower energies providing surface 

detail and higher energies increasing penetration. The electron beam is focused using 

electromagnetic lenses, apertures, and stigmators, ensuring a sharp, high-resolution image for 

material analysis. SEM uses a beam of electrons instead of photons, which means it can achieve 

resolution better than 1 nm, as such it is very good for studying crystal morphology on a micro-

scale (163, 164). 

A typical SEM works by emitting an electron beam focused on one or two lenses at a spot that 

is about 0.4-5 nm in diameter.  Electrons are generated using a process called thermionic 

emission from a heated filament inside the electron gun. (Figure 1.27a-1). The inner part of the 

SEM is under vacuum to allow the electrons to pass through to the sample effectively (Figure 

1.27a-2). The electron beam is accelerated using an electric field created by a high-voltage 

power supply. towards the anode and focused through an electromagnetic coil (Figure 1.27a-3 

and 4). Another coil then controls the movement of the beam in a raster scan pattern over a 

rectangular region of the surface of the sample (Figure 1.27a-5 and 6). Then, the electrons 

interact with the surface of the material under investigation. More precisely, this interaction is 

between the electron beam and regions of electron density in the sample. (Figure 1.27a-7). 

Several kinds of detectors can be installed in the device to collect information from different 

signals to image the region examined and turn it into a picture (Figure 1.27a-8 and 9).  
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Figure 1.27: Schematic diagram of an SEM. a) The simplified parts 1-9. Figure from (89), b) 

The detailed schematic. 

 

The SEM measures the different signals due to interactions of the electron beams with atoms 

located at various depths in the sample. In SEM, the depth of interaction depends on the 

electron beam energy (keV), the sample composition, and the type of signals generated. 

Different signals arise from different depths, affecting the type of information obtained from 

the sample. These signals are secondary electrons (SE), back-scattered electrons (BSE), and 

characteristic X-rays emitted (Figure 1.28) (165).  

 
Figure 1.28: Mechanisms of emission of (a) secondary electrons (SE); and (b) characteristic 

X-rays from atoms of the sample. PE represents a primary electron.(166) 

 

The secondary electron detectors are present in all SEMs, but the machine may have other 

detectors to measure other possible signals. Imaging using secondary electron procedure 

ensures the emission of secondary electron from atoms which are close to the surface of the 
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sample. Primary electrons (PE) emit an electron from the sample surface that escapes to the 

detector. The escaping electron is the secondary electron captured by the detector producing a 

signal forming the image. When electron beam causes emission of an inner shell electron from 

the sample, a characteristic X-ray is emitted (165). This can be detected to measure the 

distribution of elements in the sample. The back-scattered electrons are reflected by the sample 

by elastic scattering and can give information about atomic number (167). 

Primary Electrons (PEs) are high-energy electrons from the electron gun, responsible for 

interacting with the sample. While Secondary Electrons (SEs) are low-energy electrons emitted 

from the sample surface, mainly used for detailed surface imaging in SEM (Table 1.7). 

 

Table 1.7: Shows the most important differences between electrons. 

Feature Primary Electrons (PEs) Secondary Electrons (SEs) 

Source Emitted from SEM's electron gun Emitted from sample surface 

Energy Level 1–30 keV (high-energy) <50 eV (low energy) 

Function Generate various signals, penetrate 

deep 

Surface imaging, high contrast 

Penetration Depth Deep (interaction volume) Shallow (surface-sensitive) 

Detection Not directly detected  Collected by ETD (Everhart-

Thornley Detector) 

 

Scanning Electron Microscopy (SEM) is a powerful tool for material characterization, offering 

high-resolution visualization of surface topography, large surface areas for defects detection, 

and the ability to analyze surface atom composition with EDS, making it versatile for various 

sample types. SEM equipment is expensive, requires specialized training, and requires complex 

preparation processes. Samples must be vacuum-stable, and it's limited in studying non-

conductive samples unless coated. Additionally, it doesn't provide colour information due to 

grayscale images based on electron interactions.  (168). 

 

1.7.4 BET surface area measurements 

 

In materials science and other research areas, the surface area measurements are very 

important. Smaller particle sizes increased the surface area-to-volume ratio which can affect 

the properties of a material. Also, the internal pore volume and the pore size distribution are 

important to study for materials that are porous or have that potential internal void spaces(169). 

BET is the most common method for measuring the surface area and pore size distribution. 

Stephen Brunauer, Paul Hugh Emmett, and Edward Teller (BET) first published the BET theory 

in 1938. It involved the physical adsorption of gas particles onto a solid surface and acts as a 
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basis for an important analytical technique to measure the surface area of specific materials. It 

can also measure the total pore volume, micropore (<2 nm) and mesopore (>50 nm) 

distribution, surface energy, and modelling of pore size. The BET theory extends the Langmuir 

theory by considering multilayer adsorption. 

 

    𝑋 =
𝑃

𝑝₀
                    Equation 1.1 

Where: 

• P = is the measured pressure of the adsorbate gas 

• p₀ = is its saturation pressure at the temperature of the experiment. 

 

The surface area can then be calculated by equation 1.2. 

 

    𝑠 =
𝑝₀.𝑣𝑚𝑁𝐴𝐴

𝑚 𝑅 𝑇
                    Equation 1.2 

Where: 

• S = surface area (m²/g) 

• NA = Avogadro’s number 

• A =  cross-sectional area of one gas molecule (m²) 

• m = mass of the sample (g) 

• R = Universal gas constant. 

• T = Temperature 

• P0 = Gas pressure 

• vₘ = monolayer adsorbed gas volume (m³/mol or cm³(STP)/g depending on convention) 

 

Equation 1.2 calculates the specific surface area of a material by relating the amount of gas 

required to form a monolayer on the surface to the molecular area and the mass of the sample. 

 It normally uses nitrogen at its boiling point (-196 °C) and calculates the volume of nitrogen 

adsorbed to the sample surface.  

While the BET theory provides a valuable framework for estimating surface area from nitrogen 

adsorption measurements, it relies on several idealized assumptions. These include a 

homogeneous surface, negligible interactions between nitrogen molecules, and the possibility 

of infinite multilayer adsorption at saturation. In practice, real surfaces are often surfaces aren't 

homogenous, nitrogen molecules at their condensing point will have some interactions, 

adsorption at saturation in a porous material can't be infinite and it will be limited by the pore 

size. (170, 171) 
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Figure 1.29: Measuring of surface area with BET. Figure from (93). 

 

The BET surface area is calculated from measuring the nitrogen isotherm. The steps are shown 

in Figure 1.29. The first step is getting rid of gas   the sample and then evacuate it and the 

sample tubes, to remove any adsorbed gasses that are present before the measurement. Then, 

the volume is measured for the “free space”, usually with an inert gas. Then the inert gas is 

removed under vacuum, and the adsorption isotherm measurement is carried out. Nitrogen is 

dosed into sample at different pressures, and the volume of nitrogen adsorbed is corrected with 

the free space volume (Free space volume = Total chamber volume – volume occupied by the 

solid sample). It's a correction factor to isolate the true volume of gas adsorbed onto the 

material's surface. . The last step is the opposite of adsorption isotherm the desorption isotherm 

is measured using a vacuum in stepwise pressure reduction. 

 

1.7.5 Ionic conductivity measurement using a conductivity meter 

 

Conductivity measurements are a fundamental technique for monitoring ionic release from 

hydrogels, as high conductivity readings indicate an increased concentration of free, mobile 

ions in the surrounding solution. Ionic conductivity therefore reflects the extent of ion 

dissociation and transport rather than the total ionic content. Although ionic crosslinking 

introduces charged species into the hydrogel network, a high degree of ionic crosslinking can 

restrict ion mobility by binding ions within the polymer matrix, resulting in lower measured 

conductivity. In contrast, weaker or partially dissociated ionic crosslinks facilitate greater ion 

release and lead to higher conductivity readings. When applied effectively, it provides a non-

destructive, real-time method for studying release kinetics, making it an essential analytical 

tool in materials science, agriculture, and biomedical research. High conductivity readings 

occur when the hydrogel releases many free ions into the surrounding solution, whereas 
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strongly ionically crosslinked hydrogels typically show lower conductivity because the ions 

remain tightly bound within the network.  

1.7.5.1 Introduction to ionic conductivity 

 

The device that measures ionic conductivity is commonly known as electrical conductivity 

meter or ionic conductivity meter. This device is used to measure the ability of a solution to 

conduct electricity, ionic Conductivity (κ) is the measurement of the electrical current of a 

solution, most measured in micro-Siemens per centimetre (µS/cm), where conductivity is the 

reciprocal of the resistivity (κ = 1/ρ).  The key factor in studying ion transport in hydrogels is 

ionic conductivity.  It measures how well ions move through a medium, providing insights into 

the release kinetics of elements from hydrogels (172). In hydrogel research, conductivity 

measurements help quantify the release of elements by monitoring changes in the solution’s 

conductivity over time.   

Ionic conductivity values depend on the ionic strength of the solution, the ions present, and the 

ion concentration(173-175). As the temperature can affect a solution’s conductivity, calibration 

is required before use. A conductivity meter emits an electrical charge via a conductivity probe, 

which is dipped into the solution being tested. If there is an increase or decrease in the number 

of dissolved ions, it will result in an increase or decrease in the electrical charge. A conductivity 

metre can measure this charge and provide you with the solution’s conductance (G, in Siemens, 

S)  (176), which is the reciprocal of the resistance (R, in ohms, Ω): G = 1/ R).  

 

1.7.5.2 Working principle of the conductivity meter 

 

Ionic conductivity is indicative of the ability of the ions in the solution to transmit electric 

current. The greater the number of ions, the greater the ability of the solution to conduct 

electricity. A conductivity meter sends a small electric current through the solution and 

measures the resistance or electrical conductivity of the solution. This measurement is then 

converted to conductivity values. The conductivity readings are influenced by several factors, 

including the concentration of ions, temperature, and the nature of the solvent (177, 178).  

The Jenway 4510 is a general-purpose meter that measures conductivity, total dissolved solids 

(TDS), and temperature. The Jenway 4510 conductivity metre is a widely utilised instrument 

in various scientific fields, particularly in chemistry and environmental science, for measuring 

the electrical conductivity of solutions. This device is noted for its accuracy and reliability, 

making it suitable for a range of applications, from basic laboratory experiments to complex 
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research studies. the Jenway 4510 conductivity meter is a critical tool in scientific research, 

providing accurate and reliable measurements of electrical conductivity across diverse 

applications, including surfactant studies (179, 180), environmental assessments (181), and 

biological investigations (182, 183).  

Calibration of the Jenway 4510 is crucial for accurate measurements. Standard solutions, such 

as potassium chloride (KCl), or by directly entering the cell constant, are often used for this 

purpose. The calibration process ensures that the meter provides reliable readings, which is 

essential for applications in environmental science where precise conductivity measurements 

can indicate the presence of pollutants or the quality of water sources (184). 

Furthermore, the device's ability to measure total dissolved solids (TDS) is also significant, as 

TDS levels can provide insights into the overall quality of water, which is critical in both 

ecological studies and industrial applications (184).  

 

1.7.5.3 Components and Measurement Circuit 

 

A conductivity metre typically consists of several key components: electrodes, a measurement 

circuit, and a display unit (Figure 1.30). The electrodes are fundamental to the operation of a 

conductivity metre. They are responsible for establishing an electrical connection with the 

sample being tested. 

 
Figure 1.30: Components and working principle of an ionic conductivity measurement 

system, including a conductivity probe (a), electrode configuration and measurement 

principle (b), and a Jenway 4510 conductivity meter (c). 
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The measurement circuit is another critical component of the conductivity metre. It typically 

includes an oscillator that generates an alternating current, which is passed through the 

electrodes and the sample. The resulting current is measured to determine the conductivity of 

the sample. The circuit must be designed to minimise interference from external factors, such 

as temperature variations and electromagnetic noise, which can affect the accuracy of the 

readings. Research has indicated that the integration of advanced technologies, such as multi-

sensor data fusion, can improve the reliability of conductivity measurements by compensating 

for these external influences (185). The display unit of a conductivity metre provides the user 

with the measurement results. This component must be designed for clarity and ease of use, 

allowing for quick interpretation of data. Modern conductivity metres often feature digital 

displays that can provide real-time data and may include additional functionalities, such as data 

logging and connectivity to external devices for further analysis.  

 

1.7.5.4 Theoretical background and mathematical basis 

 

The mathematical law governing electrical conductivity is primarily Ohm's Law, which relates 

voltage, current, and resistance in an electrical circuit. Conductivity, denoted by κ (kappa), is a 

property that determines how easily a material allows electric current to pass through it. Here's 

a breakdown of the key relationships and formulas: Ohm's Law, developed by Georg Simon 

Ohm during the 19th century, is a fundamental proposition in the fields of electrical engineering 

and physics. It establishes a straightforward correlation between voltage (V), current (I), and 

resistance (R) inside an electrical circuit, which can be mathematically represented as V = IR 

(186). Thus, conductivity is a critical factor in determining how much current a material can 

carry under a given voltage, and it's fundamentally tied to how much resistance or resistivity 

the material has.   

Summary of the Mathematical Law of Conductivity: 

Ohm's Law relates voltage, current, and resistance:                 V = IR        Equation 1.3 

Conductivity is the inverse of resistivity:                                    κ = 1/ ρ      Equation 1.4  

Resistance depends on material properties and dimensions:     R= ρ . L/A     Equation 1.5 

Current density and electric field are linked via conductivity:  J=σ⋅E        Equation 1.6 
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Table 1.8: Shows the  symbols and their related definitions for equations 2-5. 

Symbol Meaning Symbol Meaning 

V Voltage (volts) L Length of the material (meters) 

I Current (amperes) A Cross-sectional area (meters squared) 

R Resistance (ohms) E Electric field (volts per meter) 

 k or σ (kappa) or (sigma)  
Electrical conductivity 

(siemens per meter) S/m 
J Current density (amps per meter squared) 

ρ(rho) Resistivity (ohmmeters,  G Electrical Conductance Units: S (siemens) 

1.7.6 Inductively Coupled Plasma 

 

1.7.6.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 

ICP-MS is a highly sensitive analytical method employed for the detection and quantification 

of the elements present in different materials, including liquids, solids, and gases (187). It 

combines the ionisation proficiency of inductively coupled plasma (ICP) with the accuracy and 

specificity of mass spectrometry (MS).  This technology is characterised by its great sensitivity, 

fast analysing periods of time, and capacity to simultaneously test several elements, making it 

an attractive choice in environmental monitoring, food safety, and biological research (188-

190). 

The sample is usually placed into the ICP-MS system in a liquid state (though solid or gas 

samples can be analysed too), via a nebuliser that transforms the liquid into a fine spray. The 

mixture then flows into a spray chamber, where larger droplets are removed, ensuring that only 

fine droplets reach to the plasma. The aerosolised sample is introduced to an inductively 

coupled plasma, produced by transmitting argon gas through a high-frequency electromagnetic 

field. This procedure ionises the argon gas, generating a high-temperature plasma (about 

10,000 K) that efficiently atomises and ions the sample components. The high temperature of 

the plasma ensures that almost all elements are transformed into ions. As the sample passes the 

plasma, atoms within the sample are ionised by the high-energy argon plasma. The ions are 

then directed towards the mass spectrometer, and pass into a mass analyser, where they are 

separated based on their mass-to-charge (m/z) ratio. Common mass analysers used in ICP-MS 

include quadrupole and time-of-flight (TOF) systems. The mass analyser allows for the 

identification and quantification of the ions present in the sample (176, 178).  The ions are 

detected by an electron multiplier or other ion detector, and the signal is quantified, providing 

information on the concentration of specific elements in the sample (178). ICP-MS has many 

benefits, including high sensitivity, the ability to measure multiple elements, the ability to find 

isotope ratios, and a wide dynamic range. These features make it useful for a variety of tasks 
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in geochemistry, environmental science, and nuclear research, as well as for measuring 

elements at very low concentrations, often down to parts per trillion (ppt) levels (Figure 1.31). 

 

 
Figure 1.31: This image shows the stages of measurements ICP-MS (191). 

 

1.7.6.2 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

 

ICP-OES is a highly effective, multifunctional, and sophisticated analytical method with 

superior detection capabilities. Its exceptional qualities have made it a popular choice for the 

investigation of a large range of chemical elements in recent years. In addition to insignificant 

chemical interferences, it offers low detection limits (ppm–ppb range) although it is Less 

sensitive than ICP-MS  (192).  

The ICP-OES system involves introducing a sample, typically in liquid form, into the system 

using a pump (Figure 1.32-1). The sample is passed into a nebulizer (Figure 1.32-2) which 

converts it into an aerosol. This aerosol is then transported into a spray chamber (Figure 1.32-

3), which filters out large droplets, allowing only fine droplets (~1-10 µm) to proceed into the 

plasma (Figure 1.32-2). plasma. In inductively coupled plasma (ICP) analysis, the liquid 

sample is first converted into an aerosol using a nebulizer and then transported into the plasma 

torch.( Figure 1.32-5). A radiofrequency (RF) coil generates a rapidly oscillating 

electromagnetic field, which ionizes the argon gas and produces a high-temperature plasma 

(~6000–10,000 K). As the aerosolized sample enters the plasma, it undergoes desolation, 

vaporization, atomization, and ionization, converting the sample constituents into free atoms 

and ions for subsequent detection. The high-energy plasma excites atoms and ions, raising their 
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electrons to higher energy states. When these excited atoms and ions return to a lower energy 

state, they emit light at element-specific wavelengths. The emitted light is collected by an 

optical system (mirrors and lenses) (Figure 1.32-6). The light passes through the spectrometer 

(Figure 1.32-7), containing a monochromator or polychromator, which disperses it into its 

component wavelengths. The detector (Figure 1.32-8) (CCD or PMT) captures the intensity of 

each wavelength for elemental analysis. Calibration is crucial for accurate quantification, 

involving analysing standard solutions with known concentrations of target elements (193-

195). The collected data can then be processed and interpreted on a computer. 

 
Figure 1.32. Instrumentation of ICP-OES (192). 

 

1.7.7 Thermal Methods 

 

Thermal methods of study, commonly known as thermo-, thermal analysis or thermo-analytical 

techniques, have been extensively used in the analysis of hydrogel systems (196). These 

approaches can be described as experimental techniques used to analyse a system (such as an 

element, compound, or mixture) by detecting changes in physico-chemical properties with 

changes in temperature (197). Thermal analysis (TA) is a collection of procedures, as defined 

by the International Confederation for Thermal Analysis and Calorimetry (ICTAC), that 

observe the alterations in the physical or chemical characteristics of a sample over time as it 

undergoes a temperature programme (198, 199). TA can be combined with other methods, 

including differential scanning calorimetry (DSC), differential thermal analysis (DTA), 

thermogravimetry (TG), thermomechanical analysis (TMA), and dynamic mechanical analysis 
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(DMA) (200). There are two main procedures used: (a) differential thermal analysis, which 

measures changes in heat content as a function of increasing temperature, and (b) 

thermogravimetric analysis, which measures changes in weight as a function of increasing 

temperature (201). A very common combination is the use of study TGA and DSC together in 

the same measurement. This combination is used in multiple industries, including food, 

pharmaceuticals, materials research, and environmental studies.  

1.7.7.1 Thermogravimetric Analysis (TGA) 

 

TGA is a commonly used method for thermal characterisation that offers significant insight 

into the behaviour of different materials' breakdown and thermal stability. TGA measures the 

mass change of a sample as a function of temperature or time under controlled atmospheres, 

allowing researchers to evaluate thermal degradation processes, kinetics, and material stability 

(202). This method is pivotal for understanding the thermal stability, composition, and 

decomposition behaviour of various materials, including polymers, metals, and composites 

(203). 

The TGA equipment has several essential components that collaborate to provide accurate and 

reliable measurements of thermal characteristics, including a sample pan—typically made of 

aluminium or platinum designed to withstand high temperatures and ensure chemical inertness 

during analysis. (198). Temperature or time can be shown on the ordinate (X-axis) and weight 

(mg) or weight percent (%) can be shown on the abscissa (Y-axis). The following are the 

essential components of a TGA device: The sample holder, made of high-temperature resistant 

materials like aluminium or platinum, securely holds the analysed material, ensuring efficient 

heat transfer and minimal thermal gradients (204). The balance is a vital part of the TGA 

device, measuring sample mass during heating, ensuring accurate thermogravimetric 

measurements and being highly sensitive (205). The furnace, fitted with a programmable 

temperature controller, manages sample temperature to guarantee uniform heating for reliable 

results (206). TGA devices use a gas flow system to introduce inert or reactive gases into the 

sample chamber, controlling the atmosphere and affecting the sample's thermal behaviour 

(207). 

The data acquisition system records mass changes and temperature data, generating 

thermogravimetric curves for real-time monitoring and analysis of mass loss based on 

temperature or time (208). The TGA device is controlled via a computer interface, allowing 

researchers to set experimental parameters and analyse data, often featuring visualization 

features for effective interpretation (Figure 1.33) (209). 
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Figure 1.33:  illustrates the components of the TGA instrument and the utilised weighing 

technique (210). 

 

1.7.7.2 Differential Scanning Calorimetry (DSC)  

 

DSC is a metanalytical method extensively employed for the characterisation of materials' 

thermal properties. It is particularly good for identifying transition temperatures (Tj), changes 

in enthalpy (ΔH), and fluctuations in heat capacity across various materials, including 

polymers, medicines, and food products (211). In addition, it facilitates the analysis of 

transitions such as melting, crystallization, glass transitions, and thermal stability. The 

technique functions by estimating the heat flow linked to phase transitions in a material as a 

function of temperature or time, helping the detection of thermal phenomena such as melting 

point, crystallisation, glass transition temperature (Tg), decomposition, and thermal stability of 

materials (212). The operation of DSC can be broken down into several key steps, each critical 

for obtaining accurate thermal data.  

Heat flux measures the differences in heat flow between a reference material and a sample 

when they are exposed to a controlled temperature program. A sample (Figure 1.34-1) and 

reference pan (Figure 1.34-2) are placed on a single heating block, with the reference pan 

holding an inert substance for comparison. A heater (Figure 1.34-3) provides controlled heat 
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input, while a heat resistor (Figure 1.34-4) ensures uniform distribution. The thermocouples 

(Figure 1.34-5) located below both pans measure the temperature difference (ΔT) and detect 

phase transitions like melting, crystallization, or glass transitions. Heating conditions are 

regulated by a heat driver (Figure 1.34-6) and temperature control system (Figure 1.34-7), to 

ensure accurate measurements of the temperature are obtained. The amplified thermocouple 

signals (Figure 1.34-8) are processed by the CPU to record temperature (Figure 1.34-9) changes 

and calculate heat flow. The final output, a DSC thermogram, plots (Y-Axis) Heat Flow (mW) 

vs. temperature (X-Axis) (°C), with peaks indicating key thermal events like melting or 

crystallization (212-215). The difference in heat flow is recorded as a DSC curve, with 

exothermic processes releasing heat and endothermic processes absorbing it. 

 

 
Figure 1.34: Diagram of a Differential Scanning Calorimetry (DSC) system and signal 

processing workflow(216) 

 

 

1.7.8 Rheology and rheometer with a parallel-plate setup 

1.7.8.1 Introduction to rheology  

 

The objective of rheology today is to characterise the complex behaviour of many real 

substances when examined during a wide variety of stresses and deformations (217). Rheology 

is an interdisciplinary field of physics which combines fluid mechanics and materials science 

to clarify the behaviour of soft materials under deformation and flow. It is particularly 

important for complex fluids and soft materials such as polymers, hydrogels, suspensions, 
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pastes, emulsions, and biological fluids (218). Rheology is the study of how materials flow 

(viscous behaviour) and deform (elastic behaviour) when subjected to an external force.  

Rheology helps characterize how materials behave under steady-state conditions (not 

oscillatory). For example, Singular Viscosity measures a material's resistance to flow. In purely 

viscous materials, such as honey, water, oils and deformation occurs continuously under 

applied force, dissipating energy as heat. The relationship between shear stress (τ) and shear 

rate (γ̇) follows Newton’s Law of Viscosity  

(219), where eta (η) is a constant:  

τ =η γ        Equation 1.6 

In Newtonian fluids, viscosity remains constant (e.g., water, oils), while in non-Newtonian 

fluids, viscosity changes under shear stress (e.g., ketchup, blood). while Elasticity describes a 

material's ability to store and recover energy after deformation. A purely elastic solid, like 

rubber, gels or metal springs, deforms under force but returns to its original shape once the 

force is removed. Elastic materials follow Hooke’s Law, which relates stress (σ), strain (γ) and 

the elastic modulus (G):  

  𝜎 = 𝐺 𝛾        Equation 1.7 

   Most real-world materials exhibit a combination of both viscous and elastic properties, 

leading to viscoelastic behaviour. When studying viscoelastic materials, we need to distinguish 

between singular viscosity as explained above and complex viscosity.  

Complex viscosity (η*), which describes the combined viscous and elastic behaviour of 

materials in dynamic (oscillatory) rheology, is primarily governed by the principles of linear 

viscoelasticity rather than a single classical law. However, it is closely related to Newton’s Law 

of Viscosity and Hooke’s Law, depending on the material's behaviour. Newton’s Law of 

Viscosity applies to the viscous component, where shear stress (τ) is proportional to shear rate 

(γ̇), describing fluid-like behaviour. Hooke’s Law applies to the elastic component, where stress 

(σ) is proportional to strain (γ), describing solid-like behaviour. In oscillatory shear tests, 

complex viscosity is related to the *complex modulus (G)**, where η* is the complex viscosity 

and ω is the angular frequency of oscillation: 

η * = G * /ω       Equation 1.8 

The complex modulus (G*) represents the overall mechanical response of the material, 

including both the storage modulus (G'), which represents elasticity, and the loss modulus (G''), 

which represents viscosity. 



   

 

54 

 

Complex viscosity follows the principles of viscoelasticity, integrating both Newtonian 

(viscous) and Hookean (elastic) responses, depending on the frequency of oscillation. At low 

frequencies, complex viscosity behaves similarly to zero-shear viscosity, reflecting Newtonian 

fluid behaviour. As frequency increases, η* shifts toward the elastic response, indicating the 

material’s ability to store energy. This property is crucial in understanding viscoelastic 

materials such as polymers, gels, and biological tissues, which exhibit both fluid-like and solid-

like characteristics depending on applied stress conditions. 

1.7.8.2 A rheometer with a parallel-plate setup 

 

A rheometer with a parallel-plate setup is a piece of advanced laboratory equipment utilised to 

measure the rheological properties of materials, particularly their viscosity and viscoelastic 

behaviour. It is especially useful for studying materials that cannot be defined by a singular 

viscosity measurement (220-222). These properties include viscosity, elasticity, and plasticity, 

making rheometers essential in characterizing materials that do not behave as ideal fluids or 

solids, such as polymers, gels, pastes, suspensions, biological materials and other non-

Newtonian fluids. The parallel-plate geometry allows for precise control over the sample 

thickness and shear conditions, making it ideal for a wide range of applications in food science, 

materials engineering, and biomedical research. In a parallel-plate rheometer, two flat plates 

are positioned parallel to each other, with a small gap between them filled with the sample 

material. One plate is fixed, while the other is rotated or oscillated to apply shear stress to the 

sample. The resulting deformation of the material is measured, allowing for the calculation of 

various rheological parameters, such as viscosity, storage modulus (G′), and loss modulus (223, 

224). 

The base unit of the rheometer houses the motor and control electronics. It provides the 

necessary torque and rotational speed to the measuring system. The base unit is responsible for 

maintaining the desired temperature during measurements, which is crucial for accurate 

rheological characterization (225). The parallel plates can vary in diameter, typically ranging 

from a few millimetres to several centimetres, depending on the sample size and the specific 

application (Figure 1.35) (226). The gap between the parallel plates can be adjusted to 

accommodate different sample viscosities and to ensure that the sample is not subjected to 

excessive shear stress. This control mechanism is essential for maintaining consistent 

measurement conditions and for studying materials with varying rheological properties (227).  

Many rheometers are equipped with a temperature control system that allows for precise 
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regulation of the sample temperature during measurements. This is particularly important for 

materials that exhibit temperature-dependent rheological behaviour, such as thermoplastic 

polymers and hydrogels (228). The rheometer is equipped with sensors that measure the torque 

and angular displacement of the rotating plate. This data is processed by the rheometer's 

software to calculate rheological parameters such as viscosity, storage modulus (G′), and loss 

modulus (G″). The data acquisition system also allows for real-time monitoring of the 

material's response to applied stress (229). The control software is an integral part of the 

rheometer, enabling users to set experimental parameters, control the measurement process, 

and analyse the data. The software typically provides various rheological models and analysis 

tools to interpret the results effectively (230). 

The sample holder is designed to securely position the sample between the parallel plates. It 

ensures that the sample remains in place during measurements and minimizes any potential 

slippage that could affect the accuracy of the results (231). 

 
Figure 1.35: Schematic illustration of the parallel plate configuration (232). 

 

1.8 Conclusion 

 

Chapter 1 outlines the complex and interconnected challenges facing global agriculture, 

including climate change, resource scarcity, soil degradation, and the increasing food demand 

driven by population growth. Addressing these challenges requires sustainable and innovative 

solutions, particularly in water-stressed regions such as India and parts of Africa, where 

agriculture consumes over 70% of global freshwater resources. Among the promising solutions 
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introduced in this chapter are polymer hydrogels—superabsorbent materials that play a crucial 

role in enhancing water management and agricultural sustainability. 

Hydrogels are hydrophilic, three-dimensional polymer networks capable of absorbing and 

retaining significant amounts of water—often more than ten times their weight. Their ability 

to swell, retain, and gradually release water and nutrients makes them highly effective in 

improving soil moisture retention, reducing irrigation frequency, minimizing fertilizer 

leaching, and enhancing soil structure and root development. These characteristics help 

alleviate plant stress, improve crop yields, and support resilient agricultural systems, especially 

in arid and drought-prone environments. 

Hydrogels have evolved significantly since their first appearance as colloidal gels in the 19th 

century. The development of the first synthetic hydrogel in 1954 marked a turning point, 

leading to modern innovations such as temperature-responsive, self-healing, and biodegradable 

hydrogels. These materials are now used widely in agriculture, medicine, drug delivery, 

biosensing, and tissue engineering, thanks to their biocompatibility, viscoelastic behaviour, and 

capacity to mimic biological tissues. 

Hydrogels used in agriculture are broadly categorized into synthetic, semi-synthetic, and 

natural types: Synthetic hydrogels, such as those based on polyacrylamide, are durable and 

highly absorbent but often non-biodegradable. Semi-synthetic hydrogels are chemically 

modified natural polymers that offer improved performance but may be costly. Natural 

hydrogels, derived from renewable sources like plants, algae, and microbes, are biodegradable 

and environmentally friendly, though typically lower in mechanical strength. 

A particularly promising class of natural hydrogels is polysaccharide-based hydrogels, known 

for their excellent water retention, soil enhancement, and eco-friendly characteristics. 

Examples include Cellulose, which offers structural support and can be modified (e.g., into 

carboxymethyl cellulose) for improved solubility and moisture control; Gellan gum, a 

microbial polysaccharide that forms stable gels in the presence of cations and is useful in 

controlled-release systems; Guar gum, a plant-derived galactomannan used for soil 

conditioning and slow nutrient delivery. 

These polysaccharide hydrogels serve as sustainable alternatives to synthetic polymers by 

improving soil moisture, reducing water demand, and enhancing crop productivity. Further 

innovation in this field includes the development of hydrogel composites, which involve 

combining base hydrogels with functional additives such as nanoparticles, biochar, or 

chemically modified cellulose. These composites enhance water retention, nutrient delivery, 

and mechanical stability, making them highly effective in sustainable agriculture. This study 
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focuses specifically on gellan gum–cellulose composite hydrogels, investigating their potential 

role in improving soil and water management, rather than focusing on a single agricultural 

application. Hydrogels also act as carriers for nutrients and soil amendments, enabling slow 

and targeted release of essential inputs: Macronutrients (Nitrogen, Phosphorus, Potassium) to 

support plant growth and development; Secondary nutrients (Calcium, Magnesium, Sulphur) 

for plant structure and metabolic processes; Micronutrients (Iron, Zinc, Manganese, Copper, 

Boron), often delivered in chelated form to improve bioavailability; Organic matter additives, 

such as compost and biochar, to enhance microbial activity and soil fertility; pH adjusters, 

including lime, gypsum, or sulphur, to regulate soil acidity or alkalinity; Biodegradable 

polymers and nanomaterials to improve hydrogel strength, nutrient retention, and 

environmental performance. 

In summary, hydrogels—and especially hydrogel composites—offer a versatile, eco-friendly 

solution to many of the pressing challenges in modern agriculture. Their integration into 

farming practices supports more sustainable water and nutrient management, enhances soil 

health, and contributes to long-term agricultural resilience in the face of climate change and 

resource limitations. 

1.9 Aims and Objectives of the Current Work 

 

The overall aim of this project is to: develop hydrogel systems based on organic gelators such 

as Gellan Gum, (Gellan Gum -CMC) and (Gellan Gum HEC), with the capability of promoting 

controlled release of nutrient sources (such as nitrates, phosphates and key metal ions such as 

potassium, calcium, zinc and iron) These elements (K, P, N) are fundamental for plant growth, 

metabolism, and structural integrity and called primary macronutrients.(220) In addition to 

macronutrients, several additional elements are important micronutrients including like Iron 

(Fe), Manganese (Mn) and Zinc (Zn). These elements are crucial for enzyme function, 

metabolic processes, and stress resistance (221). 

To achieve this overall aim, the project is divided into a suite of work-packages (WP) each of 

which has key deliverables. These together will address the overall aim of the project as 

outlined in the section on Methodology below.  

Work packages (WP) of this Project. 

Work-Package 1. Selection of Gelator Systems to Explore with and without Nutrient. 

This first element of the project focuses on preparing a range of composite hydrogel systems 

based on polysaccharide organic polymers. The principal hydrogel component used is gellan 

gum which has been extensively studied for multiple applications in, for example, the food-
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industry (see references in Chapter 1). In this work, gellan gum has been composited with 

additional organic, polysaccharides such as hydroxyethyl cellulose and carbomethoxy 

cellulose. (See figure 1.36 a, b, c.) Composite hydrogels have been prepared in two main 

categories, those with plant nutrients and those without.  

 

   

Figure 1.36: Some structure polysaccharide a) GG B) HEC c) CMC.   

 

The key deliverables of Work Package 1 include the selection and preparation of gelator 

systems by identifying and selecting appropriate polysaccharide hydrogels, with gellan gum 

serving as the principal component. Composite hydrogels are developed by incorporating 

additional polysaccharides such as hydroxyethyl cellulose (HEC) and carboxymethyl cellulose 

(CMC) into the gellan gum matrix. Formulation efforts focus on preparing both pure gellan 

gum hydrogels and composite systems combining gellan gum with HEC and CMC. 

Additionally, two categories of hydrogels are prepared: one without added plant nutrients and 

another loaded with essential nutrients including potassium (K), phosphorus (P), manganese 

(Mn), iron (Fe), copper (Cu), zinc (Zn), and molybdenum (Mo). 

In Work Package 2, the matrix microstructure of gellan gum hydrogels (GGH) and GGH 

composites have been analysed using both scanning electron microscopy (SEM), surface area 

measurements (BET), and energy dispersive X-ray (EDX) analysis where relevant. Samples 

were dried using lyophilization prior to surface analysis.  
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The key deliverables of Work Package 2 include the preparation of GGH and GGH composite 

samples through lyophilization to preserve their structural integrity for microstructural 

analysis. We examine the surface morphology, pore structure, and network architecture of both 

pure and composite hydrogels using scanning electron microscopy (SEM).  

Work-Package 3. Conducting thermal studies on Gellan Gum and Composite Hydrogels. 

The composite polysaccharide hydrogels prepared in Work-Package 1 were subsequently 

examined by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), 

with the aim being to see how thermal degradation of each system is influenced by the presence 

of metal-ion macro and micro-nutrients.  

The key deliverables of Work Package 3 focus on the thermal characterisation of Gellan Gum 

(GGH) and composite hydrogels through thermogravimetric analysis (TGA), which is used to 

assess their thermal stability and decomposition patterns. In addition, differential scanning 

calorimetry (DSC) is performed to determine key thermal transitions, including the glass 

transition temperature (Tg), melting points, and crystallisation behaviour. Furthermore, the 

influence of incorporating macro- and micro-nutrients (such as K, P, Mn, Fe, Cu, Zn, and Mo) 

on the thermal degradation and stability of the hydrogel matrices is systematically analysed. 

Comparisons are then made between pure GGH hydrogels and composite systems (GGH-HEC 

and GGH-CMC), both with and without nutrient loading, to highlight differences in thermal 

performance. Through the analysis of TGA data, important stages of degradation are identified, 

linking specific weight loss events to processes such as water evaporation, polymer backbone 

decomposition, and nutrient-related transformations.  

Those macro and micronutrient-containing composite hydrogels have been analysed for 

nutrient release during dialysis experiments using both: (i) ionic conductivity to follow bulk 

charge -carrier release and (ii) inductively coupled plasma studies to probe detailed elemental 

speciation during dialysis.  

The key deliverables of Work Package 4 include the selection and preparation of composite 

hydrogels loaded with macro- and micro-nutrients for nutrient release studies. Dialysis 

experiments are conducted to monitor nutrient release over time into an external medium. 

Throughout the dialysis process, changes in ionic conductivity are measured to track the overall 

release of charged species from the hydrogels. Additionally, elemental concentrations are 

determined using inductively coupled plasma (ICP-OES or ICP-MS) techniques to provide 

detailed profiles of nutrient release, including elements such as K, P, Mn, Fe, Cu, Zn, and Mo. 

Release profiles and elemental speciation are analysed to understand the kinetics, efficiency, 

and behaviour of nutrient release under dialysis conditions. Comparisons are made across 
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different hydrogel formulations, such as pure GGH, GGH-HEC, and GGH-CMC, both with 

and without nutrient incorporation. Finally, conductivity and ICP data are systematically 

collected, organised, and interpreted, with release profiles graphically presented to summarise 

key findings and enhance the understanding of nutrient release mechanisms from the composite 

hydrogels. 

Work-Package 5.  Conducting Rheological Studies of Gellan Gum Hydrogels and Composite 

Hydrogels. 

In work-package 5, we have investigated the rheological behaviours of our composite hydrogel 

systems, focusing specifically on the viscoelastic properties through oscillatory tests, frequency 

sweep tests and rheological rotational strength tests. 

The key deliverables of Work Package 5 involve the preparation of Gellan Gum (GGH) and 

composite hydrogels (GGH-HEC, GGH-CMC), both with and without nutrient loading, for 

rheological testing. Oscillatory shear tests are performed to investigate the viscoelastic 

properties of the hydrogels, focusing on measurements of storage modulus (G') and loss 

modulus (G''). In addition, frequency sweep tests are conducted to assess how the viscoelastic 

behaviour changes across different oscillation frequencies, providing insights into the structural 

stability of the gels. Rotational strength tests are also carried out to evaluate flow 

characteristics, viscosity profiles, and yield stress under steady shear conditions. Comparisons 

are made between pure GGH and composite systems, with and without nutrients, to understand 

the influence of composition and nutrient incorporation on mechanical behaviour. Finally, 

rheological data are systematically collected, organised, and interpreted, with clear graphical 

outputs and summaries prepared to support conclusions regarding the mechanical performance 

and application potential of the hydrogel systems. 
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Chapter 2:  Structural and Surface Studies on 

Gellan Gum Hydrogels and Gellan Gum Composites 

2.1 Introduction 

The primary objective of this section is to prepare and characterise a series of gellan gum (GG) 

and modified gellan gum hydrogels both with and without nutrient incorporation—formulated 

at three concentrations: 10, 12, and 14 mg/cm3. These mixtures have set amounts of 

hydroxyethyl cellulose (HEC), carboxymethyl cellulose (CMC), and nutrient additives, 

allowing us to carefully study how they affect the structure and physical properties of the 

hydrogels. 

The full compositional details of the samples are provided in Tables 2.1, 2.2 and 2.3. The 

samples listed in Tables 2.1, 2.2, and 2.3 were initially synthesised, lyophilised (freeze-dried), 

and subsequently analysed using scanning electron microscopy (SEM). Energy-dispersive X-

ray spectroscopy (EDX) was employed to determine the elemental composition and 

distribution within the matrix, with EDX mapping being used to visualise spatial element 

dispersion. Surface area and porosity were further assessed via Brunauer–Emmett–Teller 

(BET) nitrogen adsorption analysis. In this study, we chose the low-acyl version of gellan gum 

(233) because it is known to create strong and heat-resistant gels in body-like conditions, where 

the strength of the gel is greatly affected by the number of ions present.  To make the hydrogel, 

we mixed GG with deionised water at high temperatures (80–90°C) while stirring constantly 

to make sure it fully dissolved. We examined concentrations ranging from 0.5% to 3% (w/v) 

(234). This thermal preparation protocol was applied consistently across all GG and composite 

hydrogel formulations. Gelation can be induced by cooling or adding divalent cations, affecting 

the hydrogel's mechanical properties and stability (235, 236). Nutrients, such as vitamins, 

minerals, or growth factors, may be included into gellan gum hydrogels during the preparation 

phase. Nutrients are often dissolved in the gellan gum solution before gelation (237-239). For 

biological applications, nutrients, growth factors, or pharmaceuticals may be included in the 

gellan gum solution prior to gelation. This allows controlled release and release of bioactive 

compounds (240). The interaction between gellan gum and HEC can lead to combined effects, 

where the properties of the resulting hydrogel are superior to those of the individual 

components. For instance, the presence of HEC can improve the viscosity and mechanical 

strength of the hydrogel (241), while gellan gum can enhance the thermal stability and gelation 

properties (242). Gellan gum, an anionic polysaccharide, forms hydrogels with divalent 

cations. Sodium carboxymethyl cellulose, a water-soluble derivative, has biocompatibility and 
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thickening properties, making it used in drug delivery systems and stabilizers. Combining these 

two polymers improves hydrogels' mechanical strength, swelling capacity, and nutrient release 

profiles (243). 

2.2 Hydrogel formation (GGH, GGH composites) 

2.2.1 Formation of Gellan gum hydrogels with Nutrient and without Nutrient 

Three solutions of gellan gum were prepared at the following concentrations: 10, 12 and 

14 mg/cm³. We measured different amounts of gellan gum (0.5 g, 0.6 g, and 0.7 g) in a volume 

of 50 mL of deionised water. We measured this volume and transferred it into a 50 mL round-

bottom flask using a magnetic stirrer, gradually adding the gellan gum. When the sample 

contained nutrients, 49 mL of distilled water was used with 1 mL of concentrated Miracle-Gro 

(Table 2.1). We heated the flask to 80 °C using a small beaker and a temperature-controlled hot 

plate. The hot plate has two critical components: a thermocouple sensor to regulate the 

solution's temperature in this experiment (in these experiments the temperature does not exceed 

80) and a magnetic stirring mechanism to maintain constant stirring (in these experiments left 

to stirring at 7500 rpm). After stirring and heating for four hours at 80 °C, the heating and 

stirring were stopped, and the mixtures were moved to 50 mL Falcon tubes to cool at room 

temperature, which helps finish the gelation process. The gelation occurs as the polymer chains 

aggregate and entrap water molecules within the network structure. 

 

Table 2.1: Concentrations and  components used in the production of gellan gum hydrogel. 

Sample ID GG (g) GG (mg/cm³) Nutrient 

Added 

(mL) 

Added 

Distilled Water 

(mL) 

10GGH 0.5 10 0 50 

12GGH 0.6 12 0 50 

14GGH 0.7 14 0 50 

10GGH-MG  0.5 10 1 49 

12GGH-MG 0.6 12 1 49 

14GGH-MG 0.7 14 1 49 

 

2.2.2 Formation of Gellan gum - hydroxyethyl cellulose hydrogel composites with 

Nutrient and without Nutrient 

 

In this study, six hydrogel formulations were prepared by combining Gellan Gum (GG) and 

Hydroxyethyl Cellulose (HEC) in a fixed total volume of 50 mL. The GG content was varied 

across three concentrations: 0.5 g, 0.6 g, and 0.7 g, corresponding to 10.00 mg/cm³, 12.00 

mg/cm³, and 14.00 mg/cm³, respectively. HEC was held constant at 0.25 g (5.00 mg/cm³) in all 
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formulations. Three of these formulations contained no nutrient additives, while the other three 

included 1 mL of nutrient solution, with the volume of distilled water adjusted to 49 mL to 

maintain the total volume.  See the below table.  The inclusion of HEC aimed to improve 

hydrogel viscosity and structural integrity, while nutrient incorporation was intended for 

element release evaluation. The preparation procedure began by dissolving Gellan Gum (GG) 

in 25 mL of distilled water in a 50 mL beaker, gradually heating the solution to 80°C with 

continuous stirring for four hours. Simultaneously, Hydroxyethyl Cellulose (HEC) was added 

to a separate 50 mL beaker containing 25 mL of distilled water, also heated to 80°C and stirred 

under the same conditions for four hours to ensure complete dispersion. In the presence of 

nutrients, 24 mL of distilled water was used along with 1 mL of nutrient solution, as outlined 

in the corresponding formulation table. After the initial mixing steps, the GG and HEC 

solutions (with or without nutrients) were combined and stirred together at 80°C for an 

additional four hours to achieve a homogeneous mixture. Following this, heating and stirring 

were stopped, and the resulting hydrogel mixtures were transferred into 50 mL conical-bottom 

centrifuge tubes (Falcon tubes). The samples were then left to cool and rest at room temperature 

for 48 hours, allowing complete gelation. During this period, gellan gum polymer chains 

aggregated, forming a three-dimensional network that effectively entrapped water molecules, 

resulting in a stable hydrogel structure (Table 2.2). 

 

Table 2.2: Concentrations and components used in the production of gellan gum hydrogels with 

HEC.  

Sample ID GG 

(g) 

GG 

(mg/cm³) 

HEC (g) HEC 

(mg/cm³) 

Nutrient 

Added 

Added 

Distilled 

Water 

(mL) 

10GGH-HEC 0.5 10 0.25 5 No 50 

12GGH-HEC 0.6 12 0.25 5 No 50 

14GGH-HEC 0.7 14 0.25 5 No 50 

10GGH-HEC-MG 0.5 10 0.25 5 Yes (1mL) 49 

12GGH-HEC-MG 0.6 12 0.25 5 Yes (1mL) 49 

14GGH-HEC-MG 0.7 14 0.25 5 Yes (1mL) 49 

 

 

2.2.3 Formation of Gellan gum - carboxymethyl cellulose hydrogel composites with 

Nutrient and without Nutrient 

 

The preparation of Gellan Gum–CMC hydrogels involved accurately weighing 0.5 g, 0.6 g, or 

0.7 g of Gellan Gum along with 0.25 g of Carboxymethyl Cellulose (CMC) for each 
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formulation. For nutrient-loaded samples, 1 mL of nutrient solution was prepared in advance. 

Gellan Gum was dissolved in 25 mL of distilled water, heated to 80°C in a 50 mL beaker under 

constant magnetic stirring for 4 hours until fully dissolved. Simultaneously, CMC was 

dissolved in a separate 50 mL beaker containing another 25 mL of distilled water, also heated 

to 80°C and stirred continuously for 4 hours until a uniform solution formed. Once both 

polymers were completely dissolved, the GG and CMC solutions were combined into a single 

beaker. For nutrient-containing samples, 1 mL of nutrient solution was added at this stage, 

reducing the distilled water to 49 mL to maintain a consistent volume. The combined mixture 

was stirred at 80°C for an additional 4 hours to ensure complete homogenisation. Finally, the 

prepared hydrogels were transferred to 50 mL Falcon tubes, cooled to room temperature, and 

left to stand for 48 hours to allow for complete gelation. 

 

Table 2.3:  Concentrations and components used in the production of gellan gum hydrogel with 

CMC. 

Sample ID GG 

(g) 

GG 

(mg/cm³) 

CMC (g) CMC 

(mg/c

m³) 

Nutrient 

Added 

Added 

Distilled 

Water 

(mL) 

10GGH-CMC 0.5 10 0.25 5 No 50 

12GGH-CMC 0.6 12 0.25 5 No 50 

14GGH-CMC 0.7 14 0.25 5 No 50 

10GGH-CMC-MG 0.5 10 0.25 5 Yes (1mL) 49 

12GGH-CMC-MG  0.6 12 0.25 5 Yes (1mL) 49 

14GGH-CMC-MG  0.7 14 0.25 5 Yes (1mL) 49 

 

 

2.3 Characterisation of Gellan Gum and Modified Gellan Gum 

2.3.1 SEM Analysis of Gellan Gum and Modified Gellan Gum 

In Figures 2.1-2.18 are collected scanning electron micrographs of gellan gum (GG) and 

modified gellan gum hydrogels both with and without nutrient incorporation formulated at 

three concentrations: 10, 12, and 14 mg/cm3. These mixtures have set amounts of hydroxyethyl 

cellulose (HEC), carboxymethyl cellulose (CMC), and nutrient additives. In each case, the 

hydrogels were prepared as described above and dried using lyophilisation to afford a dried gel 

matrix. Each sample was imaged at four different levels of magnification (500, 200, 100 and 

50 microns), and some samples contained additional components (cellulosic gel additives or 

nutrients).  
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2.3.1.1 SEM Analysis of Gellan Gum and Gellan Gum with and without nutrients 

 

 
Figure 2.1: SEM micrographs of 10 GGH and various magnifications. scale bar: a) 500 µm 

b) 200 µm c) 100 µm d) 50 µm. 

 

The Figure 2.1 presents SEM micrographs of Gellan Gum at a concentration of 10 mg/cm³, 

captured at progressively higher magnifications. Image (a), with a scale bar of 500 µm, 

provides an overview of the material’s structure, showing large, irregularly shaped flakes or 

sheets with wrinkled surfaces. In image (b), at 200 µm scale, the flake-like morphology 

becomes more pronounced, and finer surface features start to emerge. Image (c), with a 100 

µm scale, reveals sharper edges and more intricate surface details of the material, while 

image(d), at the highest magnification (scale bar: 50 µm), highlights thin, layered regions 

with well-defined folds and textured surfaces. These micrographs illustrate the morphological 

characteristics of Gellan Gum at different observational scales, emphasizing its layered, sheet 

like appearance. 
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Figure 2.2: SEM micrographs of 10 GGH-MG and various magnifications. scale bar: a) 500 

µm b) 200 µm c) 100 µm d) 50 µm. 

 

The Figure 2.2 presents SEM micrographs of Gellan Gum containing Miracle-gro at a 

concentration of 10 mg/cm³, captured at progressively higher magnifications. The images 

obtained are very similar in nature to those obtained for samples which did not contain Miracle-

Gro, suggesting there is no effect on the surface structure of the samples.   

The SEM analysis compared two samples: Sample 1 (10 mg/cm³ Gellan Gum) and Sample 2 

(10 mg/cm³ Gellan Gum with 1 mL of Miracle-Gro added). Sample 1 displayed fractured, 

angular sheet-like structures with irregular surfaces and sparse, disorganized web-like strands 

visible across all magnifications (100× to 1,000×). In contrast, Sample 2 exhibited more 

continuous and uniform surfaces, with well-defined, increasingly organized fibrillar features at 

higher magnifications. Morphologically, Sample 1 appeared more fragmented with less 

connectivity between structural elements, while Sample 2 demonstrated enhanced cohesion, 

smoother surfaces, and denser, more aligned filamentary networks. The clearer directional 

patterns and continuous structural arrangements observed in Sample 2, especially at high 

magnification, suggest that the addition of the 1 mL component influences surface integrity 

and the organization of microstructural features. 
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Figure 2.3: SEM micrographs of 12 GGH and various magnifications. scale bar: a) 500 µm 

b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.3 presents SEM micrographs of Gellan Gum hydrogel at a concentration of 12 mg/cm³ 

across increasing magnifications, highlighting its structural and surface morphology. At low 

magnification (a, 500 µm), the hydrogel displays a rugged, layered architecture with fractured, 

sheet-like regions, suggesting mechanical deformation during freeze-drying. At higher 

magnifications (b and c), fibrous connections and bridging structures become apparent, 

indicating partial network integrity and polymer chain entanglement across the matrix. The 

highest magnification (d, 50 µm) reveals fine, stretched fibrils spanning smooth lamellar 

surfaces, suggesting directional alignment and cohesive internal interactions. Collectively, 

these images demonstrate a heterogeneous but interconnected microstructure, combining 

lamellar domains with filamentous networks features that are critical for understanding the 

material's stability, mechanical behaviour, and potential for controlled nutrient release in 

agricultural applications. 
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Figure 2.4: SEM micrographs of 12 GGH-MG and various magnifications. scale bar: a) 500 

µm b) 200 µm c) 100 µm d) 50 µm. 

The SEM images of the 12 mg/mL GGH hydrogel with Miracle-Gro reveal a dense, layered 

morphology with pronounced fracturing and limited porosity. The rough, fractured surfaces 

and sharp edges suggest brittle behavior, likely influenced by drying or environmental stresses. 

Features such as layer delamination and micro-cracking observed at higher magnifications 

indicate stress-induced degradation and possible element diffusion or swelling. Overall, the 

structure appears more compact and plate-like, with fewer interconnected or filamentous 

features compared to previous samples. 
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Figure 2.5: SEM micrographs of 14 GGH and various magnifications. scale bar: a) 500 µm 

b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.5 shows SEM micrographs of Gellan Gum hydrogel at a concentration of 14 mg/cm³, 

captured at progressively increasing magnifications to examine its microstructural features. At 

500 µm magnification (a), the hydrogel displays compact, multilayered sheet-like structures 

with dense stacking and folding, suggesting a more rigid and consolidated matrix. At 200 µm 

(b), the surfaces appear smoother with sharply defined edges and minimal fibrillar bridging, 

indicating limited network interconnectivity. The 100 µm image (c) further emphasizes the 

lamellar morphology, revealing tightly packed layers with clear fracture lines and smooth, 

continuous planes. At the highest magnification of 50 µm (d), the micrograph shows fine linear 

features and closely aligned surfaces with occasional delamination, suggesting internal stress 

and compression during drying. Overall, the 14 mg/cm³ sample exhibits a dense, highly 

ordered, and plate-like microstructure, which reflects strong gelation and reduced flexibility 

features that could impact nutrient diffusion and release behaviour in functional agricultural 

applications. 
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Figure 2.6: SEM micrographs of 14 GGH-MG and various magnifications. scale bar: a) 500 

µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.6 displays SEM micrographs of Gellan Gum hydrogel at a concentration of 14 mg/cm³ 

with the addition of 1 mL concentrated nutrient, captured at magnifications ranging from 

100× to 1,000×. At 100× magnification (a), the structure shows broad, angular sheet-like 

domains with relatively smooth surfaces and sharp edges, indicating a consolidated and rigid 

morphology. As magnification increases to 250× (b), thin, fractured layers become more 

evident, some of which appear delaminated or misaligned, possibly due to mechanical stress 

during freeze-drying. In image (c, 500×), distinct plate-like formations are visible, intersected 

by straight-edged segments that may reflect crystallization or reorganization influenced by the 

nutrient additive. The highest magnification at 1,000× (d) reveals a strikingly organized pattern 

with radial and polygonal features suggesting localized crystallinity or phase separation, likely 

induced by the interaction between Gellan Gum and the nutrient solution during gel formation. 

Overall, the images suggest that nutrient incorporation significantly alters the hydrogel’s 

microstructure, promoting greater ordering and potentially affecting properties such as nutrient 

encapsulation, release rate, and mechanical response. 
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Table 2.4: SEM analysis summary of GG s at different gellan gum concentrations, with constant 

nutrient content across all samples. 

Gellan Gum 

Concentration 

General 

Morphology 

Fiber 

Distribution 

Surface 

Texture 
Interpretation 

10 GGH Matrix. 

Layered sheets 

with visible 

web-like fibres 

Fairly uniform, 

increasing 

visibility with 

magnification 

Moderate 

roughness 

Demonstrates effective 

fibre distribution and 

suggests the possibility 

of acceptable 

mechanical 

performance. 

10 GGH-MG 

Matrix. 

Sheet-like 

structure with 

embedded 

aligned fibres 

Fine, 

directional, 

well-spread 

Smooth 

with linear 

features 

Shows that the fibres 

are well aligned and 

embedded; this may 

indicate improved 

tensile strength or 

directional qualities. 

 

12 GGH Matrix. 

Highly 

irregular, rough 

matrix with 

dense fibre 

networks. 

Dense, 

entangled, 

well-distributed 

Very rough, 

fibrous. 

Suggests excellent 

fibre-matrix 

interlocking, likely 

enhancing strength and 

toughness 

12 GGH-MG 

Matrix 

Fragmented, 

flaky layers 

with brittle 

fracture signs 

Very sparse or 

absent 

Sharp, 

angular, 

brittle 

Appears poorly 

reinforced; likely a 

control or sample with 

low filler content; 

reduced mechanical 

integrity 

14 GGH Matrix. 

Smooth, 

fractured, 

layered 

structure 

Minimal or 

absent 

Flat and 

clean 

Suggests poor or no 

fibre reinforcement; 

likely a control or 

weakly reinforced 

sample. 

14 GGH-MG 

Matrix. 

Smooth, flat 

fractured layers 

No clear fibre 

presence 

Very 

smooth and 

brittle 

Again suggests low or 

no reinforcement; ideal 

as a baseline for 

comparison 

 

The SEM analysis of gellan gum (GG) matrices at varying concentrations, both with and 

without concentrated nutrients, reveals distinct morphological and structural trends. At 

10 mg/cm³, the plain GG matrix exhibits layered sheets with visible fibres, suggesting effective 

distribution and moderate mechanical integrity, while the addition of nutrients results in well-

aligned, embedded fibres and smoother surfaces, potentially enhancing directional strength. 

Increasing the concentration to 12 mg/cm³ without nutrients leads to a highly fibrous, rough 

matrix indicative of strong fibre-matrix interlocking and improved toughness; however, with 

nutrients, the matrix becomes fragmented and brittle, showing minimal fibre reinforcement and 
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reduced structural integrity. At the highest concentration, 14 mg/cm³, both samples with and 

without nutrients—display smooth, fractured layers with little to no fibre presence, suggesting 

poor reinforcement and functioning as control-like baselines. Overall, nutrient addition seems 

to promote fibre alignment at lower GG concentrations but may compromise reinforcement at 

higher concentrations. 

 

2.3.1.2 SEM Analysis of Gellan Gum and Gellan Gum with HEC with and without 

Nutrients 

 

 
Figure 2.7: SEM micrographs of 10 GGH- HEC and various magnifications. scale bar: a) 

500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.7 presents SEM micrographs of a composite hydrogel composed of 10 mg/cm³ Gellan 

Gum and 5 mg/cm³ Hydroxyethyl Cellulose (HEC), examined at magnifications of 500, 200, 

100, and 50 µm to evaluate structural morphology. At 500 µm (image a), the structure shows a 

fragmented, layered morphology with extensive folding and overlapping sheets, indicating 

heterogeneous distribution and potential phase interaction between the two polymers. In image 

(b, 200 µm), distinct curved lamellae and smooth surfaces are observed, interwoven with thin, 

fibrous structures bridging gaps between layers likely representing HEC entanglements 
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integrated into the Gellan matrix. The 100 µm   view (c) reveals more prominent fibrillar 

connections stretching across open regions, suggesting enhanced cohesion and interfacial 

bonding. At 50 µm   magnification (d), fine polymeric filaments are clearly visible over broad, 

smooth Gellan-rich domains, confirming HEC’s contribution to fibre formation and increased 

network complexity. Collectively, these images indicate that incorporating HEC into Gellan 

Gum significantly influences the microstructure, enhancing interconnectivity and potentially 

improving mechanical flexibility and nutrient delivery properties in hydrogel formulations. 

 

 
Figure 2.8: SEM micrographs of 10 GGH-HEC-MG and various magnifications. scale bar: 

a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.8 presents SEM micrographs of a composite hydrogel containing 10 mg/cm³ Gellan 

Gum, 5 mg/cm³ Hydroxyethyl Cellulose (HEC), and 1 mL concentrated nutrient, imaged at 

progressively higher resolutions with scale bars of 500 µm, 200 µm, 100 µm, and 50 µm, 

respectively. At the 500 µm scale (a), the structure is dominated by large, smooth, fractured 

sheets with minimal folding, indicating a consolidated morphology influenced by polymer 

blending and nutrient incorporation. At 200 µm (b), the sheet-like features appear more sharply 

defined with clean edges, suggesting increased rigidity and film formation. The 100 µm image 
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(c) reveals the presence of embedded particulate clusters within the matrix likely nutrient 

residues or mineral aggregates highlighting localized heterogeneity introduced by the 

concentrated additive. At the finest scale of 50 µm (d), extensive filamentous structures are 

observed spanning across lamellar surfaces, forming a branched and entangled network that 

likely results from interactions between HEC chains and the nutrient phase. Together, these 

images demonstrate a highly integrated microstructure with dense lamellar zones, embedded 

particulates, and extended fibrous bridges, which may enhance the hydrogel's mechanical 

integrity, nutrient encapsulation capacity, and controlled release behaviour in agricultural 

systems. 

 
Figure 2.9: SEM micrographs of 12 GGH-HEC and various magnifications. scale bar: a) 

500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.9 presents SEM micrographs of a hydrogel composed of 12 mg/cm³ Gellan Gum and 

5 mg/cm³ Hydroxyethyl Cellulose (HEC), examined at four magnification levels 

corresponding to scale bars of 500 µm, 200 µm, 100 µm, and 50 µm. At the 500 µm scale (a), 

the hydrogel exhibits large, broad lamellar sheets with smooth surfaces and minimal 

fragmentation, suggesting a relatively uniform and well-formed gel matrix. Image (b, 200 µm) 

reveals more pronounced structural folds and undulations, with occasional curling and tearing 

at the edges, possibly caused by differential shrinkage or localized mechanical stress during 
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freeze-drying. At the 100 µm scale (c), the structure shows tight layering with flowing, wave-

like features, indicating alignment or polymer orientation likely enhanced by HEC’s film-

forming characteristics. Finally, image (d, 50 µm) reveals a highly compact and stratified 

surface with fine linear grooves and a laminated appearance, indicative of strong intermolecular 

cohesion and potential for anisotropic mechanical behaviour. 

 
Figure 2.10: SEM micrographs of 12 GGH-HEC-MG nutrient and various magnifications. 

scale bar: a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.10 shows SEM micrographs of a composite hydrogel composed of 12 mg/cm³ Gellan 

Gum, 5 mg/cm³ Hydroxyethyl Cellulose (HEC), and 1 mL of concentrated nutrient, visualized 

at scale bars of 500 µm, 200 µm, 100 µm, and 50 µm, respectively. In image (a, 500 µm), the 

hydrogel exhibits broad, compact lamellar structures with clear fracture planes, suggesting a 

brittle but well-formed gel matrix. The surface appears dense and layered, typical of strong 

internal packing and minimal porosity. At 200 µm (b), finer surface features emerge, including 

subtle texturing and embedded channels, possibly formed by nutrient phase diffusion or minor 

surface deformation during drying. In image (c, 100 µm), an elongated fibrillar feature is 

visible running across the lamellar plane, indicating localized polymer stretching or nutrient-

induced fibre formation. The structure here appears smoother, but with embedded directional 

textures, hinting at polymer alignment during gelation. At the highest resolution in image (d, 
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50 µm), the surface reveals a tightly bundled fibre structure with intricate, thread-like 

extensions and branching, possibly formed by HEC interactions under nutrient-rich conditions. 

These features suggest enhanced structural complexity, reinforcing the hydrogel's matrix and 

indicating a more interconnected polymer network. Overall, the incorporation of both HEC and 

nutrient solution into the 12 mg/cm³ Gellan Gum hydrogel leads to a highly ordered and 

reinforced microstructure, with smooth lamellae, embedded fibrils, and surface detail that may 

enhance mechanical strength, swelling control, and nutrient retention—critical traits for 

functional agricultural hydrogels. 

 
Figure 2.11: SEM micrographs of 14 mg/cm3 of Gellan Gum+ 5 mg/cm3 of HEC and various 

magnifications. scale bar: a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.11 presents SEM micrographs of a hydrogel composed of 14 mg/cm³ Gellan Gum and 

5 mg/cm³ Hydroxyethyl Cellulose (HEC) at increasing resolutions corresponding to scale bars 

of 500 µm, 200 µm, 100 µm, and 50 µm. In image (a, 500 µm), the microstructure appears as 

an interconnected matrix of fractured, thin sheets with curled edges, indicating a brittle or 

highly crosslinked morphology likely due to the high concentration of Gellan Gum. The 

surfaces are largely smooth but irregularly oriented, reflecting a compact network. At 200 µm 
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(b), more detailed features emerge, including torn and fibrous protrusions that suggest partial 

stretching or shearing during drying, which may be influenced by HEC's entanglement within 

the matrix. Image (c, 100 µm) reveals a smoother lamellar surface with fine linear textures and 

minor bulges, indicating regions of aligned polymer chains and possibly local swelling or 

nutrient interaction during gelation. In image (d, 50 µm), the surface shows a prominent 

transition from smooth to roughened textures, with rippling and wrinkling at the edges. This 

suggests mechanical deformation or phase separation during freeze-drying, and possibly the 

influence of HEC on surface topology. 

 
Figure 2.12: SEM micrographs of 14 GGH-HEC-MG and various magnifications. scale bar: 

a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.12 presents SEM micrographs of a highly functionalized hydrogel composed of 

14 mg/cm³ Gellan Gum, 5 mg/cm³ Hydroxyethyl Cellulose (HEC), and 1 mL of concentrated 

nutrient solution, shown at four magnification levels corresponding to scale bars of 500 µm, 

200 µm, 100 µm, and 50 µm. At the 500 µm scale (a), the structure appears as a highly 

branched, sponge-like network with significant open spaces between polymeric strands, 

suggesting extensive gel swelling and structural expansion. Moving to 200 µm (b), the network 

becomes more detailed and reveals interconnected, web-like structures that display a high 

degree of uniformity and continuity, indicative of strong gelation and crosslinking between 
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Gellan Gum and HEC. At 100 µm magnification (c), individual fibrillar branches are clearly 

discernible, with twisted and rough surface textures likely formed by polymer entanglement 

and nutrient interaction. These features indicate good structural integrity and potential for 

nutrient entrapment. Finally, at 50 µm (d), the image reveals intricate, bark-like surface textures 

and dense micro-scale ridges on the hydrogel struts, reflecting fine-scale phase interactions and 

possibly nutrient crystallization within the polymeric matrix. 

 

Table 2.5: SEM analysis summary of GG-HEC composites at different gellan gum 

concentrations, with constant HEC and nutrient content across all samples. 

Gellan Gum 

Concentration 

General 

Morphology 

Fiber 

Distribution 

Surface 

Texture 
Interpretation 

10 GGH-HEC 

Matrix. 

Folded and 

interconnected 

matrix with fibre 

bridges  

  

Sparse, some 

localized 

clusters 

Mixed 

smooth and 

rough regions 

Moderate reinforcement 

visible; suggests partial 

embedding and weak 

fibre-matrix bonding 

10 GGH-HEC -

MG Matrix. 

Layered and 

cracked matrix 

with fibrous 

surface features 

Sparse but 

extended fibre 

traces, some 

aggregation 

Mixed 

smooth and 

slightly 

fibrous 

Some fibre exposure and 

entanglement present; 

modest reinforcement; 

rougher texture at higher 

magnification 

12 GGH-HEC 

Matrix. 

Fragmented, 

brittle sheet 

layers 

Very minimal 

or absent 

Clean, 

striated 

surfaces 

Appears brittle with weak 

cohesion; likely a control 

or low-reinforcement 

sample 

12 GGH-HEC -

MG nutrient 

Matrix 

Brittle and 

delaminated 

sheets with 

striations 

Thin linear 

features, but 

sparse fibre 

presence 

Smooth with 

occasional 

surface lines 

Limited fibre integration: 

cracks suggest brittle 

failure; poor interfacial 

bonding 

14 GGH-HEC 

Matrix.  

Fractured matrix 

with striated 

patterns 

No clear 

fibrous 

structure 

Rough ridges 

and tear line 

Clear signs of fracture 

mechanics; no evident 

fibre presence, low 

interfacial bonding likely 

14 GGH-HEC-

MG Matrix. 

Highly porous, 

sponge-like 3D 

network 

Dense, 

entangled fibre 

web 

throughout 

Irregular, 

textured 

surface 

Very strong fibre network 

visible at all 

magnifications; likely 

excellent porosity and 

interfacial interaction; 

potentially ideal for high 

surface area applications 

(e.g., scaffolds or 

filtration) 

 

The SEM analysis of GG-HEC matrices at varying concentrations, both with and without the 

addition of concentrated nutrients, reveals significant structural and morphological differences. 
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At 10 mg/cm³, the plain GG-HEC matrix shows a folded structure with sparse, localized fibre 

bridges, suggesting only moderate reinforcement, while nutrient addition leads to a cracked 

matrix with more visible fibre entanglement and slightly rougher texture, indicating modest 

improvement in fibre integration. At 12 mg/cm³, both matrices—without and with nutrients—

exhibit brittle, fragmented or delaminated sheets with minimal fibre presence, striated surfaces, 

and poor interfacial bonding, suggesting low mechanical integrity. In contrast, at 14 mg/cm³, 

the plain matrix remains fractured and fibrously deficient, but the nutrient-enriched version 

transforms into a highly porous, sponge-like 3D network with a dense, entangled fibre web and 

irregular surface, pointing to significantly enhanced porosity and fibre interaction, potentially 

advantageous for filtration or scaffold-based applications. 

 

2.3.1.3 SEM Analysis of Gellan Gum and Gellan Gum with CMC with and without 

Nutrients 

 

 
Figure 2.13: SEM micrographs of 10 GGH-CMC and various magnifications. scale bar: a) 

500 µm b) 200 µm c) 100 µm d) 50 µm. 

Figure 2.13, which presents SEM micrographs of a composite made from 10 mg/cm³ of Gellan 

Gum (GG) + 5 mg/cm³ of Carboxymethyl Cellulose (CMC) at four different magnifications: 

At low magnification (500 µm, a), the structure reveals layered, sheet-like morphology, 
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indicating a well-stacked composite. This might reflect how the GG and CMC interact to form 

a lamellar or stratified matrix. With increased magnification (200 µm, b), the layered 

architecture becomes more prominent, showing the organized stacking of flat sheets. These 

formations suggest limited interpenetration between polymer phases, favouring parallel 

alignment. At 100 µm, c), fractures and separations between sheets begin to emerge, indicating 

potential brittleness or points of mechanical weakness, likely due to insufficient crosslinking 

or weak interfacial bonding. The highest magnification (50 µm, c) reveals fine surface cracks 

and delamination, with no visible fibrous reinforcement. This surface morphology suggests 

poor energy dissipation and may correlate with a brittle fracture mode under mechanical stress. 

 

 

 
Figure 2.14: SEM micrographs of 10 GGH-CMC-MG and various magnifications. scale bar: 

a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.14 displays SEM micrographs of a composite composed of 10 mg/cm³ gellan gum 

(GG), 5 mg/cm³ carboxymethyl cellulose (CMC), and 1 mL of concentrated nutrient, observed 

at four magnifications (a–d). At low magnification (a, 500 µm), the surface appears densely 

packed with a rough, sponge-like texture, indicating a highly porous macrostructure. At 
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medium magnifications (b, 200 µm and c, 100 µm), interconnected pores and channel-like 

features become increasingly visible, suggesting good internal connectivity. At the highest 

magnification (d, 50 µm), the material reveals a well-defined, open porous network with 

rounded cavities and thin walls, indicating a highly porous microarchitecture. These structural 

features suggest that the nutrient addition promotes pore formation and phase separation, 

resulting in a scaffold-like material suitable for applications requiring high surface area, such 

as biomedical scaffolds, controlled release systems, or filtration media. 

 

 
Figure 2.15: SEM micrographs of 12 GGH-CMC and various magnifications. scale bar: a) 

500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.15 presents SEM micrographs of a composite made from 12 mg/cm³ gellan gum (GG) 

and 5 mg/cm³ carboxymethyl cellulose (CMC) at increasing magnifications: At (a (500 µm 

scale): The image reveals a distinct vertically aligned lamellar architecture, resembling a 

columnar or blade-like structure. The organization suggests directional solidification or phase 

alignment during processing. At (b) (200 µm scale): The lamellae become more defined and 

clearer at this magnification, with noticeable parallel alignment and spacing. This pattern 

indicates structural regularity and potentially directional mechanical strength. At (c) (100 µm 

scale): A closer view shows tightly packed, elongated lamellae with smooth, layered surfaces 
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and consistent vertical orientation. The clear separation between layers reflects a high degree 

of internal order, enhancing anisotropic properties such as stiffness or diffusion along the 

vertical axis. At (d) (50 µm scale): At the highest magnification, individual lamellar walls 

appear sharp-edged, thin, and continuous, with minimal surface defects. This refined structure 

may contribute to enhanced mechanical integrity and controlled transport pathways, making it 

suitable for filtration, barrier materials, or scaffold applications. 

 

 
Figure 2.16: SEM micrographs of 12 GGH-CMC-MG and various magnifications. scale bar: 

a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.16 presents SEM micrographs of a composite composed of 12 mg/cm³ gellan gum 

(GG), 5 mg/cm³ carboxymethyl cellulose (CMC), and 1 mL of concentrated nutrient, captured 

at increasing magnifications. At low magnification (a, 500 µm), the structure appears as a 

disordered and crumpled sheet-like matrix with significant surface roughness, indicating a 

loosely packed, layered formation. As the magnification increases (b, 200 µm), fibrous bridges 

and torn sheet edges become more apparent, suggesting partial fibre exposure and uneven 

integration within the matrix. At 100 µm (c), the fractured morphology becomes clearer, 

revealing irregular gaps and thin overlapping flakes, indicative of a fragile and heterogeneous 

internal structure. Finally, at the highest magnification (d, 50µm), the surface shows signs of 
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possible nutrient-induced aggregation or phase separation, with some areas appearing denser 

or roughened. Overall, this composite displays a heterogeneous, brittle morphology with 

incomplete fibre-matrix bonding, likely leading to weak mechanical cohesion but increased 

surface area, which could be useful in applications like absorption or low-load scaffolding. 

 

 
Figure 2.17: SEM micrographs of 14 mg/cm3 of Gellan Gum+ 5 mg/cm3 of CMC and various 

magnifications. scale bar: a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.17 presents SEM micrographs of a composite composed of 14 mg/cm³ gellan gum 

(GG) and 5 mg/cm³ carboxymethyl cellulose (CMC) at four magnifications. At the lowest 

magnification (a, 500 µm), the structure reveals a densely packed, highly aligned lamellar 

formation, with layers appearing tightly stacked in a uniform direction. As magnification 

increases (b, 200 µm and c, 100 µm), this layered, sheet-like morphology becomes more 

pronounced, showcasing thin, elongated sheets with sharp interfaces and minimal disruption 

indicative of a well-ordered internal structure. At the highest magnification (d, 50 µm), the 

surface features remain smooth and consistent, with tightly adhered layers and no visible 

porosity or fibre exposure. 
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Figure 2.18: SEM micrographs of 14 GGH-CMC-MG nutrient and various magnifications. 

scale bar: a) 500 µm b) 200 µm c) 100 µm d) 50 µm. 

 

Figure 2.18 shows SEM micrographs of a composite made from 14 mg/cm³ gellan gum (GG), 

5 mg/cm³ carboxymethyl cellulose (CMC), and 1 mL concentrated nutrient, captured at four 

magnifications. At low magnification (a, 100×), the surface appears highly disordered and 

fragmented, with a rough, uneven morphology and loosely packed flakes. As the magnification 

increases (b and c), the structure reveals a chaotic network of overlapping sheets and irregular 

voids, suggesting weak matrix cohesion and poor structural uniformity. At the highest 

magnification (d, 1000×), the image shows some surface roughening and partial fibre 

entanglement, but the sheets remain largely delaminated, with limited bonding between layers. 

Overall, this composite displays a heterogeneous, brittle morphology influenced by nutrient 

addition, which seems to disrupt the lamellar alignment seen in the non-nutrient sample 

(Figure 2.17). The resulting structure may offer increased surface area but likely suffers from 

reduced mechanical strength and interfacial stability, making it more suited to low-load or 

functional applications such as adsorption or diffusion-based systems. 
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Table 2.6: SEM analysis summary of GG-CMC composites at different Gellan gum 

concentrations, with constant CMC and nutrient content across all samples. 

Gellan Gum 

Concentration 

General 

Morphology 

Fiber 

Distribution 
Surface Texture Interpretation 

10 GGH-CMC 

Matrix. 

Layered and 

fractured 

structure with 

partial 

compaction  

Horizontal 

lamellar 

stacking with 

step-like edges 

Smooth and dense 

with limited 

porosity 

Indicates a brittle, 

anisotropic structure; 

suggests potential for 

mechanical strength in 

one direction but limited 

flexibility or diffusion. 

10 GGH-CMC -

MG Matrix. 

Irregular and 

interconnected 

network 

Clearly visible, 

forming an 

internal web 

Rounded and 

continuous 

surface cavities 

Indicates a well-integrated 

structure with fibre 

interaction; likely offers 

good internal complexity 

and interaction potential 

12 GGH-CMC 

Matrix. 

Vertically 

aligned 

lamellar 

network 

Highly ordered, 

upright layers 

in parallel 

Very smooth, with 

crisp edges and 

minimal voids 

Excellent structural 

alignment; likely 

improves directional 

stiffness and controlled 

flow. Suitable for 

scaffolds or directional 

barriers. 

12 GGH-CMC -

MG Matrix 

Crumpled, 

layered flakes 

Sparse, partially 

embedded 

Rough, uneven, 

with flake overlap 

Suggests weak interfacial 

bonding and moderate 

fibre reinforcement; may 

exhibit limited strength 

and cohesion 

14 GGH-CMC 

Matrix.  

Overlapping, 

tightly packed 

sheets 

Horizontally 

stacked 

lamellae, 

moderately 

disordered 

Smooth and 

continuous with 

faint delamination 

lines 

Suggests good 

compaction and 

mechanical cohesion. 

Suitable for dense film-

like applications or 

structural matrices 

14 GGH-CMC -

MG Matrix. 

Fragmented 

and disordered 

layers 

Minimal, 

poorly defined 

Smooth in some 

regions, with 

signs of cracking 

Reflects a brittle, weakly 

bonded matrix; reduced 

mechanical integrity and 

limited fibre effectiveness 

 

2.3.2 EDX and EDX map of Gellan Gum and Modified Gellan Gum 

 

An Energy Dispersive X-ray Spectroscopy EDX analysis was conducted on every sample. 

(EDX) analysis was conducted to compare the samples GGH with and without nutrients and 

notice any obvious variations at three different concentrations.  As well as Examine and 

contrast the disparities between gellan gum hydrogels and composites of gellan hydroxyethyl 

cellulose hydrogels and carboxymethyl cellulose (GGH-HEC and GGH-CMC) with and 

without nutrients. 
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2.3.2.1 EDX and EDX map of GGH and GGH-MG at three concentrations 

 

 
Figure 2.19: EDX mineral analysis of a)10 GGH, b) 10 GGH-MG.. Showing the elemental 

composition (%) within the selected area (red square). 

 

Figure 2.19 presents EDX (Energy-Dispersive X-ray Spectroscopy) mineral analysis of two 

hydrogel samples: (a) 10 mg/cm³ gellan gum hydrogel, and (b) 10 mg/cm³ gellan gum hydrogel 

supplemented with 1 mL of nutrient solution. The red squares in the SEM images indicate the 

regions selected for elemental analysis. In image (a), the EDX spectrum shows main peaks for 

carbon (C) and oxygen (O), which are normal parts of the organic gellan gum structure. Small 

amounts of sodium (Na), sulphur (S), phosphorus (P), and potassium (K) are also found, likely 

coming from the gellan gum or the buffers used in preparation. In image (b), the EDX spectrum 

shows a similar mix of elements but with much stronger signals for P, S, K, and Na, indicating 

that adding nutrients boosted the levels of these elements in the hydrogel. The higher amounts 

of these minerals match the added nutrients and show that the solution successfully added 

minerals to the hydrogel. Overall, the EDX comparison shows that adding nutrients changes 

the elemental makeup of the hydrogel, especially by raising the levels of important mineral 

elements that play a role in biological or chemical functions. 
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Figure 2.20: EDX mineral mapping of gellan gum hydrogel with a) 10 GGH and 

b) 10 GGH-MG. The elemental map illustrates the distributions and relative percentages of 

each element. 

 

Figure 2.20 presents EDX mineral mapping of gellan gum hydrogels under two conditions: 

(a) with 10 mg/cm³ of gellan gum alone, and(b) with 10 mg/cm³ of gellan gum supplemented 

by 1 mL of concentrated nutrients. Each map shows the spatial distribution and relative 

abundance of four key elements: sodium (Na), phosphorus (P), sulphur (S), and potassium (K), 

color-coded as yellow, green, red, and magenta respectively. In image (a), potassium (K) 

dominates the elemental composition at 72%, while sulphur (S), sodium (Na), and phosphorus 

(P) each appear at much lower levels (13%, 8%, and 8% respectively). This suggests a more 

uniform, potassium-rich baseline composition in the untreated gellan gum hydrogel. In 

contrast, image (b) shows a distinct shift in elemental distribution following nutrient addition. 

Phosphorus increases dramatically to 36%, while potassium drops to 43%, and sulphur rises 

slightly to 15%. Sodium remains relatively constant at 7%. The enhanced phosphorus signal 

indicates successful incorporation of phosphate-rich nutrient components, while the more 

balanced presence of elements reflects a broader mineral profile and more complex chemical 


