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                                                        Abstract 

Hydrogels with mechanical strength and self-healing properties can mimic 

characteristics of biological load-bearing soft tissues. Thus, they have drawn attention 

over the past few years. However, it is quite challenging to incorporate both 

properties simultaneously into the hydrogels. Developing strategies to fabricate 

mechanically robust and self-healable hydrogels is yet to be realized. In this work, we 

developed a one-pot method to prepare nontoxic, environmentally friendly hydrogel 

via free radical polymerization using a modified nano-cellulose cross-linker, natural 

polymer Alginic acid and FeCl3.6H2O. Here, nano-cellulose cross-linker was derived 

from micro-crystalline cellulose and then chemically functionalized with a traditional 

silane coupling agent to introduce a large number of carboxyl groups on the backbone 

chain of the polymer network. By using Ferric ions, we tried to introduce reversible 

and dynamic metal coordination bond, which has been proved to improve mechanical 

and self-healing properties of hydrogels. Dual metal coordination bonds with dynamic 

features will serve as sacrificial bonds leading to the effective self-healing efficiency 

after damage. The mechanical toughness of prepared hydrogel was analyzed by 

universal testing machine and the spectroscopic analysis and rheological 

measurements corroborated the existence of hydrogen and dual coordination bonds. 

Finally, the fabricated hydrogels showed excellent self-healing property, which was 

highly stretchable after damaging without applying external stimulation such as pH or 

temperature. It is expected that the synthesized hydrogel with high mechanical 

properties and time-dependent self-healing ability may diversify its practical 

applications in biomedical fields.   
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1.1 Introduction 

Hydrogels are essential functional materials known for their three-dimensional 

cross-linked hydrophilic networks capable of retaining large amounts of water 

without dissolving [1-3]. They are soft materials formed through the self-

assembly of polymers, creating either covalently or physically cross-linked 

networks [4-6]. Thanks to their unique properties, such as high hydrophilicity, 

permeability, and biocompatibility, hydrogels share similarities with biological 

tissues [7]. As a result, they have been widely used as scaffolds, drug delivery 

vehicles, models for extracellular matrices in cell culture, and tissue engineering 

applications [8-10]. Despite their various applications, most hydrogels suffer 

from poor mechanical strength and low deformation capacity [11]. This 

limitation hinders their high-end use, particularly in load-bearing soft tissues like 

ligaments, cartilage, and tendons, which require stiffness, toughness, fatigue 

resistance, and self-healing properties [12-14]. The fragility of hydrogels 

primarily arises from the random arrangement of cross-linkers [15], necessitating 

a secondary interaction mechanism to reinforce the primary network. One way to 

achieve this is by introducing chemical bonding for additional strength [16]. 

However, chemical bonding tends to be irreversible, and stress concentration 

during loading can lead to damages, significantly reducing mechanical 

performance during repeated loadings. To address these challenges, researchers 

have sought to incorporate non-chemical interactions, such as hydrogen or metal 

coordination bonds [17-18]. These non-covalent bonds can break and reform 

reversibly, leading to enhanced mechanical strength in hydrogels [19]. The 

covalent bonds provide permanent crosslinks that maintain the integrity of the 

hydrogel, while the non-covalent bonds act as sacrificial bonds, contributing to 

the improved mechanical properties. One example of a dynamic non-covalent 

interaction is the metal-ligand coordination bond, which offers a wide spectrum 

of bonding strength, resulting in increased toughness and stiffness [27-29]. By 

combining physical crosslinking with the migration of ferric ions, researchers 

have achieved self-healing capacity in hydrogels [30]. For instance, the 

incorporation of COOH-Fe3+metal-ligand interactions into poly (acrylamide-co-
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acrylic acid) hydrogels have further strengthened their mechanical properties 

[31]. Moreover, nano-crystalline cellulose (NCC) and natural polymer Alginic 

acid, with their native crystalline structures, have gained attention as 

environmentally friendly reinforcing particles due to their modifiability, 

biocompatibility, renewability, biodegradability, and excellent mechanical 

integrity [32]. The introduction of vinyl groups in NCC, achieved through 

modification with 3-methacryloxypropyltrimethoxysilane (MPTS), allows for 

the formation of covalent bonds, serving as sacrificial bonds in a transient 

network to investigate the energy dissipation mechanism. This approach 

successfully enhances the mechanical properties of hydrogels and introduces 

self-healing abilities to them. 

 

In summary, combining physically and chemically cross-linked networks in 

hydrogels offers a promising strategy to integrate self-healing properties and 

improved mechanical performance. By leveraging dynamic non-covalent 

interactions alongside strong chemical bonding, researchers are making strides in 

overcoming the limitations of hydrogels and unlocking their potential in various 

applications. 

1.2 Objectives: 

The main objective of this work is to 

➢  Synthesize of a nontoxic nano-cellulose cross-linker. 

➢ Fabrication of a biodegradable and eco-friendly mechanically strong hydrogel 

using the synthesized cross-linker. 

➢ To incorporate self-healing properties into the mechanically strong hydrogel. 

➢  Establishing the superior mechanical properties of the synthesized hydrogels. 

 

1.3 Background 

1.3.1 Hydrogels 

Hydrogels are networks of three-dimensional hydrophilic polymer chains that can 

store a lot of water and have characteristics similar to solids and liquids [33]. 

Individual polymer chains are cross-linked chemically or physically to retain the 

structure of the  
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Hydrogels [34]. The discovery of hydrogels was first made by Wichterle and Lam in 

1960 [35].For a substance to be considered a hydrogel, water must make up at least 

10% of the total weight (or volume) [36]. Due to their high-water content, it shows 

similarity to biological tissues by having a degree of flexibility. The hydrophilic 

groups -NH2, -COOH, -OH, -CONH2, -CONH -, and -SO3H give the polymer 

network its hydrophilicity [37-38]. For this, several cross-linkers, including 1,4-

butanediol diacrylate (BDDA), N, N-cysteinebisacrylamide (CBA), and N, N-

methylenebisacrylamide (BIS), are utilized [39]. They have a wide range of 

applications, including medication delivery systems, sensors, actuators, and 

biomaterials. Nevertheless, the hydrogel's practical uses are frequently hindered 

because of their poor mechanical properties such as being too weak or brittle, low 

toughness, low stretching and bending ability, and low elastic modulus. [40-41]. 

Recently some steps have already been taken to overcome these limitations. Figure 

1.1 below provides a visual illustration of a hydrogel. 

 

 

 

 

 

 

          

                                     Fig. 1. 1 Picture of the synthesized hydrogel  
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1.3.2 Different types of hydrogel 

Classifications of hydrogels could be made by various ways such as, 

 

1.3.2.1 Types of hydrogels based on crosslinking  

According to how they are cross-linked, hydrogels may be divided into two 

groups: (a) Physically cross-linked hydrogels and (b) Chemically cross-

linked hydrogels [42–43].   

 

1.3.2.2 Hydrogels based on physical crosslinking 

 Physically cross-linked hydrogels are created by ionic contact, crystallization, stereo 

complex creation, hydrophobized polysaccharides, protein interaction, and hydrogen 

bonding [44]. Due to their relative simplicity of manufacture and the benefit of not 

requiring crosslinking chemicals during their synthesis technique, physically cross-li 

nked hydrogels have attracted much interest [45]. Here is a discussion of the 

numerous methods for producing physically cross-linked hydrogels. This category 

includes ionic polymers cross-linked in hydrogel systems using di- or trivalent 

counter ions. The idea behind gelling a polyelectrolyte solution with multivalent ions 

of the opposite charge is based on this technique [46]. Chitosan-glycerol phosphate 

salt hydrogels are an example of hydrogels that fall under this group. Hydrogen 

bonding interactions can be used to create physically cross-linked gel-like structures. 

Developing a hydrogen-bond carboxymethylcellulose (CMC) network by dispersing 

CMC in 0.1 M HCl is the most outstanding illustration of such a hydrogel [47]. In 

this procedure, hydrogen from the acid replaces the sodium ions in the CMC. 



 

 Page 17׀ 

 

1.3.2.3 Hydrogels based on chemically crosslinking 

Covalent bonds connect different polymer chains in chemically cross-linked 

hydrogels. As a result, they are stable and cannot dissolve in any solvents 

without cleaving the covalent crosslinks. A physically cross-linked 

hydrogel’s design flexibility is constrained since it is challenging to 

decouple factors such as gelation time, internal network pore size, chemical 

functionalization, and degradation time [48]. On the other hand, chemical 

crosslinking produces a network with a reasonably high mechanical strength 

depending on the kind of chemical bonds in the building blocks and the 

crosslinks. 

 

 

 

1.3.3 Hydrogel's Responsiveness 

Temperature, pH, electric field, light, magnetic field, and other stimuli are 

common stimuli. Dissolution precipitation, degradation, drug release, 

change in hydration state, swelling or collapsing, hydrophilic or 

hydrophobic surface, shape change, and conformational change are all 

possible responses. Many studies have shown that combining MCC and 

other polymers results in pH-sensitive hydrogels with noticeable mechanical 

strength [49]. Cross-linked, hydrophilic polymer networks called stimulus-

responsive hydrogels change physiochemically in reaction to external 

stimuli, including pH, temperature, light, and analyte concentration. 
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1.3.4 Swelling properties of hydrogel 

When water or a solvent is introduced to a cross-linked polymer hydrogel, it 

undergoes expansion without dissolving. The liquid medium acts as a 

selective filter, allowing some solute molecules to freely diffuse while the 

polymer network acts as a matrix, holding the liquid within its structure. The 

extent of swelling is influenced by several factors, including the density of 

the network, the nature of the solvent, and the interaction parameters 

between the polymer and the solvent. In a hydrophilic polymer network, 

water serves as a plasticizer. When a dry hydrogel absorbs water, the first 

water molecules hydrate the most polar and hydrophilic groups in the 

matrix, forming primary bonded water. As these polar groups become 

hydrated, the network swells, exposing hydrophobic groups that then 

interact with water molecules, resulting in hydrophobically-bound water, 

also known as secondary bound water. This dual mechanism of water 

interaction contributes to the overall swelling behavior of the hydrogel. 

 

 

 

 

 

 

 

                                 Figure 1.2 Water swelling by hydrogel 
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The covalent or physical crosslink opposes this additional swelling, resulting 

in an elastic network retardation force. As a result, the hydrogel will achieve 

an equilibrium level of swelling. When the ionic, polar, and hydrophobic 

groups have become saturated with bound water the additional water that is 

inserted is referred to as free water or bulk water, and it is considered to 

occupy the space between the network chains, as well as the center of larger 

pores, macropores, or voids. The network chains or crosslinks are assumed 

to be degradable if the gel begins to disintegrate and dissolve as the network 

swells. 

 

1.3.5 Mechanical properties   

The mechanical properties of a material can be varied and regulated 

depending on its intended use. It is expected to obtain a stiffer gel by 

increasing or decreasing the crosslinking degree. Different causes and 

variables of polymeric materials are responsible for changing the mechanical 

properties. It is worthy of mention that in a hydrogel, tensile strength is 

essential for a material that will be stretched or under tension. Young's 

Modulus is the result of how water and gel matrices combine together. 

Toughness is the quality of being strong under high stress and not easily 

broken. Whereas, ductility is the ability to be plastically deformed without 

fracture or torn out. The property of ductility is gathered from the value of 

elongation at break in percent. 
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1.3.6 Polymerization condition 

The reaction conditions have a significant impact on the final polymer 

product. Factors with regard to which the polymerization reactions are 

influenced are the amount of monomer, reinforcement agent, reaction time, 

temperature, and type of solvent. The type and quantity of solvent utilized 

during polymerization are very crucial. If the solvent part is used in a large 

ratio during the polymerization, cycles will form rather than crosslinks with 

the crosslinking agent. The effective crosslink density will be reduced due to 

this alteration, lowering the material strength. The copolymer structure may 

change when the criteria of the solvent (for instance, pH or ionic strength) 

are modified. Because ionic strength and pH have varying effects on 

monomer reactivity. These conditions alteration could transform the 

copolymer from random to block or create significant changes in the 

copolymer composition. The structure and nature of the polymer formed in a 

large amount of solvent significantly differ from the polymer formed in bulk 

polymerization. The functional group conversion can be adjusted using the 

abovementioned factors. If, without any post-reaction treatments hydrogels 

are processed, the double bond conversion enhancement can lead to 

drastically improved mechanical properties [50]. Changes in network 

structure and material strength can also be achieved with post-reaction 

treatments.  
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1.3.7 Adsorption capacity of hydrogels 

Leading environmental pollutants that require emergency attention include 

heavy metals, persistent organic pollutants, synthetic colors, and industrial 

wastewater. Hydrogels have lately been studied for wastewater treatment. 

The functional groups of these polymeric networks can be changed, 

resulting in a high binding affinity for various pollutants in wastewater. 

In this article, many forms and variations of hydrogels, with a focus on the 

adsorption capability of model dyes will be discussed targeting to treat 

dyeing industrial effluents. In addition, the adsorption process, kinetics, pH 

dependency, isotherm, and related thermodynamic characteristics of the 

modified hydrogels have been studied using a comparative method. 

 

1.4 Applications of Hydrogel  

 

 1.4.1 Drug delivery applications  

 

Polymeric hydrogels have been a subject of great interest since the 1950s. Their 

unique properties, such as external trigger responsiveness and spatiotemporal release 

mechanisms, make them promising candidates for various physiological applications, 

including cancer treatment, osteoarthritis, diabetes, managing viral and bacterial 

infections, addressing cardiac illnesses, and more [51, 52]. One of the key advantages 

of using hydrogels in drug delivery is their ability to facilitate controlled and 

sustained release of pharmaceutical components, leading to longer-lasting effects 

[53]. Hydrogels excel in drug delivery applications due to their exceptional water-

absorption capacity, being capable of absorbing more than 90% of their weight in 

water. This outstanding hydrophilic property sets them apart from other drug delivery 

methods, allowing for regulated diffusion rates and efficient encapsulation and 

controlled release of active pharmaceutical agents. The ability to provide extended 

drug release over time  
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makes them a valuable tool in the realm of therapeutic treatments. 

 

1.4.2 Hydrogel in Tissue Engineering Tissue engineering 

 Research and development seek to combine principles from cell biology and 

engineering to develop biological substitutes capable of repairing, preserving, or 

enhancing the shape and function of damaged tissues and organs [54]. A fundamental 

aspect of tissue engineering is creating biocompatible and biodegradable cell 

scaffolds, and hydrogels represent a significant class of materials that fulfill this role 

[55]. Hydrogels are widely used as scaffold materials in tissue engineering for several 

compelling reasons. Firstly, they share similarities with soft tissues, being flexible 

and soft in their natural environment. Secondly, when liquid hydrogels are injected 

into the body, they quickly fill tissue defects, solidifying into irregular, nonflowing 

semisolids [56]. This feature facilitates efficient and precise filling of tissue voids. 

Lastly, by tuning the porosity and pore size while expanding the internal surface area, 

hydrogels can create a three-dimensional polymeric network structure that mimics the 

natural extracellular matrix, providing an ideal environment for cell engraftment, 

adhesion, and proliferation [57]. This enables the growth of new tissue and promotes 

the integration of the scaffold with the surrounding biological tissues. 
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Chapter 2 

Experimental  
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2.1 Instruments and materials 

 

2.1.1 Reagents and Chemicals  

 

➢ Acrylic acid (AA)(Sigma Aldrich Chemical Co.) 

     

➢ 3-Methacryloxypropyltrimethoxysilane (MPTS) 

 

➢ Alginic acid 

 

➢ Ferric Chloride Hexahydrate (FeCl3.6H2O) 

➢ Sulfuric acid (Merck, Germany) 

➢ Acetic acid (CH3COOH)                                           

➢ Potassium persulfate (KPS) (BDH) 

➢ Ethanol (CH3CH2OH) (Merck, Germany) 

➢ Tetramethylethylenediamine (TEMED)   

➢ Microcrystalline Cellulose (MCC) (Sigma-Aldrich) 

➢ Deionized water  
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2.1.2 Instrument 

Analysis of the samples was performed using the following instruments:  

• Centrifuge machine (Hettich, Universal 16A) 

• pH meter (Hanna, HI 8424, Romania) 

• Digital Balance (AB 265/S/SACT METTLER, Toleto, Switzerland) 

• Freeze dryer (Heto FD3) 

• Oven dryer (Lab Tech, LDO-030E, Korea) 

• Fourier Transform Infrared Spectrophotometer (SHIMADZU FTIR-8400) 

• Universal testing machine (Test resources, 100P250-12 System, USA) 

• Orbital Shaker 

• UV–Vis spectrophotometer (SHIMADZU UV- 1601) 

 

2.2Method of Preparation 

2.2.1Procedureto prepare NCC through H2SO4 hydrolysis: 

In a 500 mL round bottom flask, 10g of microcrystalline cellulose was added 

with 200 mL 63.4% (w/w) [1-3] H
2
SO

4
. The mixture and a magnetic stirrer 

were placed in an oil bath at 60°C temperature for 1 hour. Cellulose and 

H
2
SO

4 
mixture was hydrolyzed with continuous stirring. After 90 minutes, 

the flask was placed in an ice bath for cooling. The ultra-sonication was 

applied for 15 minutes. The mixture was then allowed to settle until the top 

layer was transparent and was washed with distilled water several times until 

the mixture turned into a white suspension. To eliminate extra acid and 

water-soluble particles, the suspension was put into a centrifuge tube and 

agitated at 4000 rpm for 10 minutes. After that, deionized water was used to 

wash the cellulose suspension. To decrease the acid content, the procedure 

was repeated multiple times. The suspension was then freeze-dried and NCC 

was obtained in powdered form. 
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2.2.2 Visual representation of preparing NCC through         

H2SO4Hydrolysis: 

 

                      Fig. 2. 1 Synthesis diagram of Nano Crystalline Cellulose (NCC) 

 

2.2.3 Preparation of modified nano crystalline cellulose (MNCC) 

At the beginning of this procedure, ethanol and water (9:1 vol %) were poured into a 

round bottom flask. MPTS (10% w/w of NCC) was added carefully into this mixture 

to hydrolyze adequately [4-5]. After that, the pH of the solution was reduced by 

adding acetic acid solution (0.1 molL-1) to obtain pH about 3 to 4. In addition, 3g 

NCC particles were added to the mixture. Then the flask was placed in an oil bath and 

heated to about 60-70°C for about 30 minutes. At the same time, the mixture was 

stirred at 500 rpm using a magnetic stirrer in the oil bath. After finishing the reaction, 

the solution was centrifuged at 4000 rpm. Finally, the product was poured into 

deionized water for 24h to remove any remaining physical absorption. The sample 

then went under several washes by deionized water several times. The cellulose 

sample freeze-dried and powder form of MNCC was collected. 

 

 

 5g microcrystalline 
 cellulose (MCC)  
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2.2.3.(i) Visual illustration of the preparation of MNCC 

 

 

 

 

 

 

 

 

 

                                    Fig. 2.2 The Route of synthesizing MNCC 
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2.2.5 Composition of different kinds of hydrogels   

Table 2.1 Preparation recipe of PAA-Alg-MNCC-Fe
3+ 

hydrogels by varying the 

concentration of Fe
3+

 

 

Sample 

codes 

Acrylic 

acid 

(M) 

MNCC 

(%) 

Alginic 

acid 

(%) 

KPS 

(mM) 

TEMED 

(µL) 

H2O 

(mL) 

FeCl3 

(%) 

PAA-Alg-

MNCC-Fe
3+ 

-0.3% 

4.00 1.00 1.00 0.1 20 4 0.3 

PAA-Alg-

MNCC-Fe
3+

- 

0.45% 

4.00 1.00 1.00 0.1 20 4 0.45 

PAA-Alg-

MNCC-Fe
3+ 

- 0.6% 

4.00 1.001 1.00 0.1 20 4 0.6 

PAA-Alg-

MNCC-Fe
3+ 

- 0.75% 

4.0 1.00 1.00 0.1 20 4 0.75 

PAA-Alg 4.0 1.00 1.00 0.1 20 4 0.0 
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Table 2.2: Preparation recipe of PAA-Alg-MNCC-Fe
3+ 

hydrogels by varying the 

concentration of MNCC cross-linker. 

 

Sample 

codes 

Acrylic 

acid 

(M) 

MNCC 

(%) 

Alginic 

acid 

(%) 

KPS 

(mM) 

TEMED 

(µL) 

H2O 

(mL) 

FeCl3 

(%) 

PAA-Alg-

Fe
3+ 

-MNCC 

0.75% 

4.00 0.75 1.00 0.1 20 4 0.1 

PAA-Alg-

Fe
3+

-MNCC 

1.00% 

4.00 1.00 1.00 0.1 20 4 0.1 

PAA-Alg-

Fe
3+ 

-MNCC 

1.25% 

4.00 1.25 1.00 0.1 20 4 0.1 

 

 

2.3 Characterizations of synthesized materials: 

2.3.1 FTIR spectroscopy analysis   

First, the prepared sample was collected in a plastic test tube and freeze 

dried for about 2 hours. After drying the sample properly as a form of nice 

powder, it was then stored into the refrigerator at 5°C. Before running the 

FTIR spectra, the sample was ground and mixed (1:200) properly with pure 

KBr crystals. A mortar with a pestle was used to get a proper mixture. Next, 

a pellet was made by compressing the sample mixture with pressing tools 

with a pressure of about 8-10 tons. Finally, this prepared pellet is used for 

characterization by simply putting it under a designated sample chamber. 

Shimadzu IR spectrometer was used to collect the transmission mode of 

FTIR spectra. Spectra were obtained for each sample in the 400-4000 cm -1 

range. 
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2.3.2 NMR analysis   

This procedure used a solvent CDCl3 with an internal standard tetramethyl 

silane (TMS). To record 1H-NMR spectra, Bruker BPX-400 spectrometer 

(400 MHz) was used. The coupling constant (j) and chemical shifts (δ) were 

measured in Hz and ppm, respectively. TMS peak and solvent peak at 7.28 

ppm were recorded in chemical shift measurements. In the 1H-NMR spectra 

s,d,t and q represent singlet, doublet, triplet, and quartet, respectively. 

 

2.3.3 FE-SEM with EDS analysis 

Using scanning electron microscopy (SEM), morphological studies were 

conducted.  On a tiny piece of carbon strip, a drop of the diluted solution was applied, 

and it was then dried at 40 °C in a vacuum drier. The sample surface was coated with 

a thin coating of gold to increase electrical conductivity. The sample strip was then 

inserted into the SEM chamber for analysis. The device included a computer 

connection to capture the surface photos. Energy dispersive spectroscopy (EDS) was 

used to explain elementary maps and evaluate the qualitative elemental composition 

of the NCC and MNCC particles. [6-7]. To prepare the sample, it was dried carefully 

into the oven and coated with platinum to ensure the surface's conductivity. Finally, 

the sample was put into the sample chamber, and a SEM integrated with software was 

used to analyze it.   

 

2.3.4 Elongation test 

Tensile tests are carried out to determine the elongation, yield strength, and tensile 

strength of materials. At room temperature, this test was run by a universal testing 

machine (Instron, Model 3369, USA). At the preparation of this test, hydrogels were 

cut into rectangular shapes with measurements of 10 mm long and 4mm thick. The 

crosshead speed was fixed at 50 mm/min. Software attached to the machine helped to 

record the stress-strain curves. The equation used to measure the stress below σ = 

F/πr2. 
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Here, r represents the initial radius of the specimen 

F is the recorded load. 

The strain (ε) was computed using the equation from the variation in the 

measured sample's length (l) from its original gauge length (lo). ε = l / 

lo×100 

The initial slope of stress-strain curve was used to compute the initial 

modulus. The area of the stress-strain curve was integrated to determine the 

fracture toughness. 

 

 

2.3.5 Compressive test 

The compressive properties of hydrogels were measured on a UTM at room 

temperature. A 50 mm/min crosshead speed was used. To ensure consistency, 

each specimen was evaluated at least three times. The cylindrical hydrogel 

samples were made with 10-15 mm diameters and 4–8 mm thicknesses. 
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3.1 Procedure to synthesize of PAA-Alg-MNCC-Fe3+ hydrogel  

The method of synthesis of PAA-Alg-MNCC-Fe3+hydrogel requires much 

attention and careful handling as the procedure is susceptible to temperature. 

First, AA, MNCC, Alg and 20µLTEMED were added in 3mLH2Oin a vial. 

Then the mixture was magnetically stirred and sonicated for about 30 min. 

to get a well-dispersed mixture. At the same time, 0.004gm KPS and 

FeCl3.6H2Owith different ration (1, 0.75, 0.5, 0.25% of monomer) were 

added into 1mL H2O in a test tube. After that, both solutions were 

transferred into a different test tube and bubbled with nitrogen gas for 30 

minutes to remove any dissolved oxygen. After finishing nitrogen bubbling, 

the KPS solution was slowly mixed with monomers. This mixing was done 

under several precautions, as the gel formed immediately due to 

excessive heat from the reaction. Thus it was conducted in an ice bath. 

Finally, the mixture was transformed into a glass mold. The hydrogel 

formation took place about 48h in 45-50ºC temperature. 

3.2 The mechanism of Free-Radical polymerization 

Free-radical polymerization follows a chain mechanism involving three key 

reactions: initiation, propagation, and termination. 

Initiation begins with using thermally unstable compounds, such as 

potassium persulfate, which decompose under the influence of energy, often 

in the form of heat, to produce free radicals. These free radicals then attack 

the double bond of a reactive monomer, such as acrylic acid. Due to the pi 

electrons of the double bond being relatively distant from the nucleus, they 

are susceptible to attack by reactive species. When a free radical interacts 

with the pi electrons, a new pair of electrons is formed at a sigma level, 

while the other electron from the original pi electron pair is transferred to 

the other end of the acrylic acid molecule. This shift of the free-radical site 

occurs at the end of the acrylic acid molecule, allowing it to act as a free 

radical and attack another acrylic acid monomer. 
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Following initiation, the polymerization process enters the propagation 

stage. Here, the radical site in the first acrylic acid monomer unit attacks the 

double bond of a new monomer unit. This results in linking the second 

monomer unit to the first one and the transfer of the radical site from the 

initial monomer to the newly added monomer. The chain now possesses a 

radical site at its end carbon atom, enabling it to attack additional monomer 

units further. This step leads to continuous chain growth until termination 

occurs. 

Termination represents the end of chain growth in the polymerization 

process. Termination can occur through two different mechanisms: coupling 

and disproportionation. Two growing polymer chains come into contact, and 

the radical sites on each chain form a bond, effectively neutralizing their 

reactivity. This bonding process results in the formation of a longer polymer 

chain. One growing polymer chain abstracts a hydrogen atom from another 

chain, forming two polymer chains. One chain ends up with a shorter length, 

while the other retains longer. This abstraction of a hydrogen atom stabilizes 

the radical sites on both chains, preventing further chain growth. 

These steps of initiation, propagation, and termination govern the process of 

free-radical polymerization, enabling the formation of polymer chains from 

monomers.  

 

3.3 Mechanism of free radical polymerization of AA 
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3.4 FT-IR characterization of NCC and MNCC to analyze functional 

groups 

FTIR spectra of NCC and MNCC were conducted to investigate the 

probable functionalization process of the surface of NCC by MPTS. (fig 

3.1). In this spectrum, the characteristic absorption band near 3440 cm-1 

represents O-H bending vibrations in both MNCC and NCC spectra. 

Following modification with MPTS, the extra peak of carboxylic acid 

(C=O), and carbonyl groups (C=C) arise by the region at 1740cm-1 and 1630 

cm-1, respectively. In the MNCC spectrum, some significant band had shown 

near 2957cm-1, 2856 cm-1 due to C-H (-CH3) stretching, C-H (-CH2) 

stretching, respectively. Another absorption peak at 1100 cm-1 

corresponds to Si-O-Si stretching vibration. Finally, it could be estimated 

that there are still a lot of unreacted O-H groups, as it shows a broad 

spectrum in the designated region of O-H. All these peaks and absorption 

bands indicate the successful grafting of functional groups of MPTS onto 

the surface of NCC.  

 

 

                    Fig. 3. 1: FT-IR spectrum of NCC and MNCC 
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Table 3. 1 FTIR analysis chart of NCC and MNCC 

 

Wavenumbers (cm-1)  Interpretation  

3440  

 

O-H stretching vibration 

2957 

 

C-H (-CH3) asymmetric stretching  

2856 

 

C-H(-CH2) symmetric stretching  

1740  

 

C=O Stretching vibration 

1645 

 

C=C Stretching vibration 

1100  

 

Si-O-Si stretching  

 

 

3.5 Scanning Electron Microscopy (SEM) analysis of NCC and MNCC 

Generally, SEM is used to study surface morphology and particle size, especially in 

nano scale. The SEM images of NCC and MNCC are presented in fig 3.2. These 

images were magnified about 50,000 to 100,000 times to analyze the surface of the 

samples. In SEM image of NCC, particles are estimated in nano size below 100 nm. 

This is because, after acid hydrolysis of microcrystalline cellulose, the micro fibers 

were fragmented into nano size. In both images, the particle size is shown below 100 

nm. Nanoparticles in both samples are highly agglomerated, possibly due to the 

unreacted O-H group in the surface of NCC and MNCC which further form the O-H 

bond.   
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Fig. 3. 2 SEM images of a) NCC and b) MNCC 

 

3.6 Energy-Dispersive X-ray Spectroscopy (EDS) analysis of NCC and MNCC 

According to Table 3.2, the mass percentages of C, O in NCC are 59.33%, 

40.67%, and the atomic ratio are 66.02%, 33.98%, respectively. It indicates 

the presence of carbon and oxygen atoms in the sample of NCC. On the 

other hand, table 3.3 shows the value of C, O, and Si in MNCC is 81.42% 

and 18.51%, 0.07%, respectively, whereas the atom percentages are 85.40%, 

14.57%, and 0.03%. Here the change in the percentage of carbon and the 

presence of Si clearly shows the probable successful grafting of a silica-

containing functional group in the surface of NCC. 
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                 Fig. 3.3. EDS image of NCC  

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Fig. 3.4. EDS image of MNCC 
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Table 3. 2 EDS spectra of NCC 

 

Atoms 

 

(KeV)  mass %  atom %  

C  0.277  

 

59.33 66.02 

O  0.525  

 

40.67 33.98 

 

 

 

 

 

Table 3. 3 EDS spectra of MNCC 

 

Atoms 

 

(KeV)  mass %  atom %  

O  0.525 18.51 14.57 

C 0.277 81.42 85.40 

Si 1.739 0.07 0.03 
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3.7 Tensile test of PAA-Alg-MNCC-Fe3+hydrogels 

 

The mechanical properties of PAA-Alg-MNCC-Fe3+ hydrogels have been studied 

under uniaxial tension. Fig 3.5 and 3.6 represents the stress-strain curves of PAA-

Alg-MNCC-Fe3+ hydrogel prepared by varying concentration of Fe3+ ion and the 

mechanical properties are summarized in Table 3.4. According to the data shown in 

fig 3.5 and 3.6, the maximum elongation and the corresponding fracture stress of 

PAA-Alg hydrogel are 1417% and 11kPa, respectively. Furthermore, PAA-Alg-

MNCC-Fe3+ hydrogels are significantly improved by incorporating the Fe3+ in 

contrast to PAA-Alg hydrogel, fracture stress remarkably increases from 11 kPa to 

57 kPa, when the Fe3+ concentration incorporate from 0.3 to 0.75 mol% against AA. 

When the Fe3+ concentration exceeds 0.45%, the fracture stress decreases 

marginally to 55 kPa, decreasing stretchability to 1153%. Similarly, the toughness 

of PAA-Alg-MNCC-Fe3+-0.3% gels is 341.51 kJ/m3, though the PAA-Alg shows 

the highest toughness about 908 kJ/m3 (Fig 3.8).  

Picture demonstrating that the hydrogels have high strength and toughness. When 

the concentration of Fe3+ ion exceeds 0.3%, the tensile strength and elongation at 

break of the PAA-Alg-MNCC-Fe3+ hydrogels decrease gradually with further 

increasing mass fractions of Fe3+. Compared with the PAA-Alg hydrogel, the 

tensile strength of all the PAA-Alg-MNCC-Fe3+ hydrogel increases. This is due to 

various types of interactions. Such as, there is strong electrostatic and hydrogen 

bonding interaction between PAA, Alg polymer chain with MNCC, moreover the 

metal ligands coordination bond between -COO-/ Fe3+ ions.  
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However, the strain at break of PAA-Alg hydrogel is higher, about 1414.6%; we 

believe this is because of entanglement between two polymer chain (the PAA and 

the Alg chain). These chains can easily slide through each other. Thus, it increases 

the stretch ability of this hydrogel. 

After introducing a cross-linker to PAA-Alg hydrogel, the stretchability is 

decreased gradually.  As the ratio of Fe3+ Cross linker increased from 0.3% to 

higher, the stretchability had a significant demotion. It could be because the 

addition of cross-linkers is prohibited the movement of polymer chains, thus, the 

network gets regid. As the mass presentations of cross-linker increased, the rigidity 

and stretchability decreased.  

Furthermore, the improvements in mechanical properties of PAA-Alg-MNCC-

Fe3+ hydrogels originated from synergetic interactions of COO-/Fe3+ ionic 

coordination network [3] PAA covalent Network, high degree of network 

density and chain entanglements. When an external load is applied, the 

reversible physical ionic interactions act as "Sacrificial bonds" to dissipate energy 

[4-9] by rupture. 

 

 

 

 

 

 

 

 

 

 

                                Fig. 3.5 Tensile test of PAA-Alg-MNCC-Fe
3+

hydrogels 

 

 



 

 

  Page | 49 

 

 

 

 

 

 

 

 

 

 

 

                            Fig. 3.6 PAA-Alg-MNCC-Fe3+ hydrogel's stress-strain curves with  

                                        different compositions of Fe3+ 

Table 3.4: Table for tensile properties of PAA-Alg-MNCC-Fe3+ hydrogels 

prepared by varying concentrators of Fe3+ 

 

Sample code  

 

Toughness  

(kJ/m3)  

 

Tensile  

Strength  

(KPa)  

 

Young  

Modulus  

(KPa)  

 

Elongation at break  

(%)  

 

PAA-Alg 

 

908 

 

 

11.55 

 

0.8 1414.6 

 

PAA-Alg-MNCC-Fe3+0.3% 

 

341.51 

 

56.2 

 

4.7 1184.8 

 

PAA-Alg-MNCC-Fe3+0.45% 

 

325.51 

 

55.41  

 

4.9 1115.9 

 

PAA-Alg-MNCC-Fe3+0.6% 

 

61  

 

31 0.91 138 
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3.8 Tensile test of PAA-Alg-MNCC-Fe
3+

hydrogels prepared by varying 

concentrations of MNCC 

Typical strain–stress curves of PAA-Alg-MNCC-Fe3+for different weight (%) of 

cross-linker MNCC are given in Fig.3.7. Hydrogels with 0.75% MNCC cross-linker 

concentration against AA shows the highest tensile strength and elongation at break 

about 90 kPa and 1313 %, respectively. Furthermore, increasing the concentration 

of MNCC cross-linker to 1% decreases the tensile strength and elongation at break 

significantly, 40kPa and 980%, respectively. Increasing the concentration of MNCC 

cross-linker to 1.25% further decreases the tensile and elongation at break to 34 kPa 

and 561%, respectively. Here, hydrogels containing 0.75% MNCC, show high 

toughness, tensile strength at break by increasing the ratio to 1% to 1.25% MNCC, 

the mechanical properties are drastically decreased. This could be due to the 

addition of the MNCC cross-linker. The more MNCC cross-linker, the more rigid 

the polymer chain could get. The graph supports that by increasing the MNCC 

cross-linker to the polymer network, the mobility of the chain decreases, as polymer 

chains cannot slide to each other, the network becomes rigid. Thus, the 

stretchability, as well as elongation at break, reduce significantly. Thus, we 

successfully attributed the mechanical strength in PAA-Alg-MNCC-Fe3+ hydrogels 

to the following two aspects. Firstly, the improvement in mechanical properties of 

the following hydrogels is due to the addition of the well-dispersed MNCC cross-

linker, considered a well-known typical strategy to reinforce polymeric composites 

in previous literature [1-2]. Secondly, the physical and covalent interaction between 

the polymer chain and well-dispersed cross-linker MNCC with PAA matrixes gives 

the polymer chains much freedom to dissipate energy under applied stress. 

Moreover, the dual ionic coordination bonds derived from Fe3+ and carboxylic 

groups of PAA chains and the carboxylated MNCC cross-linker surface act as a 

secondary crosslinking network, eventually improving mechanical performance. 
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                         Fig. 3.7 PAA-Alg-MNCC-Fe3+hydrogel's stress-strain curves with different                                   

                                 compositions of MNCC 

Table 3. 5 Tensile properties of PAA-Alg-MNCC-Fe3+ hydrogels by varying 

concentrations of MNCC  

 

Sample code  Toughness 

(kJ/m3)  

Tensile  

Strength  

(KPa) 

Young  

Modulus  

(KPa) 

Elongation at 

break  

(%) 

PAA-Alg-Fe3+ -

MNCC-0.75% 

589 90 6.8 1313 

PAA-Alg-Fe3+-

MNCC-01.25% 

188 34 7.6 561 

PAA-Alg-Fe3+-

MNCC-0.1% 

151 40 4.5 980 
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Fig. 3.8 Corresponding toughness and energy dissipation of PAA-Alg-MNCC-Fe
3+

 hydrogel 

varying the concentration of Fe 3+ and MNCC cross-linker. 
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3.9 Photographs of PAA-Alg-MNCC-Fe3+ hydrogel during analysis of stress-strain 

curves under uniaxial tensile deformation 
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Fig. 3.9 Picture of PAA-Alg-MNCC-Fe3+ hydrogels while analyzing stress-strain curves 

under uniaxial tension. 
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3.10 Visual representations of self-healable PAA-Alg-MNCC-Fe
3+

hydrogel 

 

Firstly, the samples were cut into two parts and placed at room temperature for 48h. The gel 

was healed without any external stimulation. Finally, the hydrogel healed and showed 

extreme stretchability. Self- healing strategy of this gel might be lies in the concepts of 

sacrificial bonds and energy dissipation mechanisms [10-11]. Based on the energy dissipation 

theory [12-15], the gels consist of two types of bonds. Firstly, the covalent bond results in 

permanent crosslinking and gives integrity to the hydrogel. Secondly, noncovalent bond such 

as hydrogen bond [16], metal-ligand coordination bonds [17] etc., can easily break and 

reform again. Thus, the reversible nature results in self-healing capacity in the hydrogel. 

However, once the covalent networks are ruptured, they cannot be reformed, and the damage 

is irreversible. [18]        

 

 

Original After cutting 

Extremely stretchable even after healing Stretching (after healing) 

Healing  
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One of the specific dynamic noncovalent bonds that give rise to self-healing is the 

metal−ligand coordination bond. Metal-ligand interactions within hydrogels can 

reversibly dissociate and associate rapidly [19]. These interactions have been 

harnessed as physical crosslinks to create high-strength hydrogels due to their 

efficient energy dissipation and quick recovery properties. Additionally, cellulose 

nanoparticles, abundant naturally occurring polysaccharides with a native 

crystalline structure, have gained immense interest as environmentally friendly 

reinforcing particles. Their modifiability, renewability, biodegradability, and 

excellent mechanical properties make them attractive for various applications [20-

22]. NCC with numerous carboxyl groups along the backbone chains are selectively 

incorporated into elastomers. This inclusion expands the range of raw materials 

available for producing components and facilitates the formation of noncovalent 

bonds acting as sacrificial bonds within transient networks, thereby enabling the 

investigation of the energy dissipation mechanism [25]. Initially, MNCC forms a 

primary crosslinking network through hydrogen bonding with PAA chains. 

Subsequently, a secondary crosslinking network is introduced via dual ionic 

coordination bonds between Fe3+ ions and the carboxylic groups from PAA and 

carboxylated NCC [23-24]. This dual-network structure leads to tough gels, 

analogous to traditional hydrogels, where strong bonds create the primary network 

and weak bonds form a sacrificial network. However, in these physical gels, 

coordination bonds act as strong bonds, maintaining the primary structure, while 

hydrogen bonds serve as weak bonds forming the sacrificial network. What sets 

these hydrogels apart is that the coordination bonds, unlike in other hydrogels where 

they act as weak bonds, play the role of strong bonds in the current system. 

Nevertheless, they retain their dynamic nature, serving as sacrificial bonds [26] to 

dissipate energy after hydrogen bond rupture. This unique combination of high 

toughness, fast self-recovery, and significant self-healing properties after 

deformation or damage makes these hydrogels particularly noteworthy. 
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Chapter 4 

Conclusion



 

 

Conclusion          

Biological soft tissues show similarities with hydrogel in terms of softness as well as 

strength under stress with hydrogels. Another specific characteristic of soft tissues is self-

healing ability, which also was proved to be fabricated into hydrogel. This research aimed to 

incorporate special features such as self-healing capability and mechanical strength into 

hydrogel using a modified cellulose cross-linker. To prepare the hydrogel, NCC are 

successfully prepared by acid hydrolysis of microcrystalline cellulose, which was further 

functionalized with a silane-coupling agent,3-Methacryloxypropyltrimethoxysilane (MPTS). 

That Modified cellulose cross-linker was used as cross-linker to the hydrogel, which helped 

improve the gel's mechanical properties. FE-SEM, EDS, FT-IR analysis confirmed 

modification of NCC.FE-SEM micrographs of NCC and MNCC ensure the presence of 

intermolecular hydrogen bonds. Furthermore, NCC and natural polymer Alg were used to 

incorporate the biocompatible, biodegradable, nontoxic properties into the designed hydrogel. 

FeCl3.6H2O was used to expect the straightforward ionic-crosslinking strategy, which had 

been used as an established material to incorporate self-healing properties.PAA-Alg-MNCC-

Fe3+hydrogels were prepared successfully by varying the concentration of Fe3+ and MNCC 

cross linkers by forming covalent and noncovalent bonds between the MNCC, Alg, Fe3+, and 

AA polymer chain through in-situ free-radical polymerization. The PAA-MNCC-Alg-Fe3+ 

crosslinked hydrogel shows excellent toughness and elongation at break than the PAA-Alg 

hydrogel cross-linker containing hydrogel. Compared to PAA-Alg hydrogels, the addition of 

Fe3+ greatly enhances PAA-Alg-MNCC-Fe3+ hydrogels, and MNCC cross linker where the 

fracture stress noticeably rises from 11 kPa to 57 kPa when the concentration of Fe3+ is added 

from 0.3 to 0.75 mol% vs AA. The maximum tensile strength and elongation at break are 

shown by hydrogels with 0.75% MNCC cross-linker concentration compared to AA, 

measuring around 90 kPa and1313%, respectively. The PAA-Alg-MNCC-Fe3+ hydrogels 

showed excellent self-healing property, which is highly stretchable after damage within 24h 

recovery time where any external stimulation such as pH or temperature was not needed. 



 

 

 

Finally, there is still scope to further research on this topic using various types of 

natural polymers such as hyaluronic acid and fulvic acid. This natural polymer will 

help produce biodegradable and biocompatible hydrogel with designated 

characteristics. 
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