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ABSTRACT 
 

 

An extensive search for a highly efficient, reusable, and non-toxic adsorbent materials 

for the removal of organic dyes from wastewater continues to be of great importance to 

the world. Activated carbon is the most widely used adsorbent material for treating dye 

contaminants from water owing to its high removal capacity and large surface area. 

However, activated carbon is expensive and not easy to regenerate. Hence, the use of 

biodegradable, non-toxic, and cost-effective biopolymer-based hydrogel adsorbents has 

attracted great attention. These adsorbents have high swelling capacity and number of 

adsorptive functional groups to allow adsorption of methylene blue dye. Hence in this 

work, we present carboxymethyl cellulose crosslinked with poly (acrylic acid) 

incorporated with magnetic cloisite 30B clay (CMC-cl-pAA/Fe3O4-C30B) and sodium 

alginate crosslinked with poly (acrylic acid) incorporated with zinc oxide (SA-cl-

pAA/ZnO) hydrogel nanocomposites (HNCs) for the removal of methylene blue from 

aqueous solution. The hydrogel nanocomposites were synthesised through in situ free-

radical polymerisation. 

The structural properties of the prepared materials were studied using Fourier transform 

infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and 

dynamic mechanical analysis (DMA).  The FTIR and XRD confirmed the successful 

synthesis of the CMC-cl-pAA and SA-cl-pAA hydrogels, Fe3O4-C30B and ZnO 

nanoparticles (NPs) and their hydrogel nanocomposites. Furthermore, the co-existence 

of the metal oxide nanoparticles in the CMC-cl-pAA and SA-cl-pAA hydrogel matrices 

was confirmed by XRD. The SEM revealed that upon the incorporation of the Fe3O4-

C30B NPs onto CMC-cl-pAA, the resulting material showed spherical particles of the 

magnetite nanoparticles on the irregular shaped hydrogel structure. As well as on the 

SA-cl-pAA after modification by ZnO nanoparticles, the spherical ZnO particles were 

embedded on the hydrogel surface. The successful modification with metal oxide 

nanoparticles was also confirmed by the presence of characteristic elements of the 
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incorporated materials on the EDS. The TEM coupled with selected area electron 

diffraction (SAED) confirmed the presence of Fe3O4-C30B on the hydrogel structure, in 

which circular bright dotted lines were observed corresponding to light diffracted by the 

lattice planes of different energies on the Fe3O4 structure. The thermogravimetric 

analysis was conducted to study the thermal stability of the materials, the results 

showed that the incorporation of Fe3O4-C30B and ZnO nanoparticles on CMC-cl-pAA 

and SA-cl-pAA hydrogels, respectively improved their thermal stability. Furthermore, 

DMA was used to study the mechanical stability of the prepared hydrogels and their 

composites. In the case of CMC-cl-pAA hydrogel, the storage modulus of CMC-cl-

pAA/Fe3O4-C30B nanocomposite was higher than of the hydrogel, indicating improved 

mechanical stability, and on SA-cl-pAA hydrogel the storage modulus decreased, 

indicating a decrease in mechanical stability on the SA-cl-pAA/ZnO HNC. 

Consequently, the swelling studies revealed that the SA/AA/ZnO HNC was highly 

efficient for water uptake in comparison to SA/AA hydrogel. Whereas, CMC-cl-

pAA/Fe3O4-C30B had lower swelling capacity than CMC-cl-pAA hydrogel.  

Various factors influencing the adsorption of adsorbents were systematically 

investigated. The kinetics, isotherms, and thermodynamics of adsorption were 

examined, and results showed that equilibrium data fitted the Langmuir isotherm model, 

and the adsorption kinetics of MB followed pseudo-second-order model in both the 

CMC-based HNC and SA-based HNC. Maximum adsorption capacities of 1129 and 

1529.6 mg/g were achieved for SA/AA hydrogel and SA/AA/ZnO HNC, respectively, in 

0.25 g/L MB solution at pH 6.0 within 40 min. Whereas maximum capacities of 1165 

mg/g (pH 5) and 806.51 mg/g (pH 7) for CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-

C30B HNC, respectively. Thermodynamic parameters for SA/AA and CMC-cl-pAA 

hydrogels exhibited exothermic adsorption processes and their nanocomposites 

SA/AA/ZnO and CMC-cl-pAA/Fe3O4-C30B exhibited endothermic nature of the 

adsorption processes, respectively. Moreover, the CMC-cl-pAA/Fe3O4-C30B NCH 

showed improved mechanical and thermal properties as compared to CMC-cl-pAA 

hydrogel. In contrast, the SA/AA/ZnO HNC presented outstanding reusability with 

relatively better adsorption efficiencies than SA/AA hydrogel. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 BACKGROUND 

The demand for clean water continues to be a global concern as this affects the quality 

of the life of humans, animals and the environment. South Africa is amongst countries in 

the world that depend on groundwater and surface water as the main sources of water 

supply [1]. It has been reported that the decrease in water quality in South Africa is 

mainly due to increasing pollution and the destruction of water catchments [2]. 

Pollutants that threaten the water supply include insecticides, domestic wastes, food 

processing waste, chemical waste, heavy metals, and volatile organic compounds 

(VOCs) [2]. Among water pollutants mentioned, chemical pollutants such as inorganics 

and organics are the major contributor of water contaminants [3]. For example, the 

textile industry is reported to be the major source of organic dye pollutants such as 

methyl orange, acid blue, brilliant green, methylene blue, and vat blue [4]. The most 

widely used dye in the industries is methylene blue (MB). MB is known to cause various 

health problems such as vomiting, shock, tissue necrosis, cancer, dermatitis and 

mutation in humans [4,5]. Its accumulation in water may block light from penetrating 

through water, therefore, disturbing the photosynthetic processes in water, which may 

lead to the death of some aquatic animals [6]. To resolve these problems, various 

techniques namely; biological treatment, oxidation, flocculation, electrolysis, 

ultrafiltration, and adsorption have been used to remove MB from wastewater [4,5,7]. 

Despite their success in dye removal, these methods suffer major drawbacks, for 

example; membrane filtration suffers from membrane fouling and concentrated sludge 

production [8]. The problem of the ion-exchange method is that it does not remove all 

dye types, adsorption by activated carbon applies for a wide range of dyes but is very 

expensive [9,10]. The photochemical method leads to the production of by-products [8]. 

During electrochemical destruction, relatively high flow rates reduce the amount of dye 

removed [8]. Anaerobic bioremediation systems lead to the production of methane and 

hydrogen sulfide which are harmful [10,11]. Amongst these methods, adsorption 

technique is most preferred [12]. The process in which molecules attach on the solid 
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surface through the formation of bonds or via physical force such as van der Waals 

interactions is called adsorption [13]. Due to its cheap synthesis, operation costs, easy 

design and fast removal of dye, adsorption is the most used technique [11-14]. 

 

1.2 PROBLEM STATEMENT 

As explained above, the adsorption technique is the most efficient technique for 

removing MB from solution and it depends mostly on the type of adsorbent material 

used [12]. An ideal adsorbent material must have high adsorption capacity, be 

environmentally friendly, cost-effective, have an easy recovery, be re-usable, and 

thermally stable [15]. The decolourisation of water by adsorption occurs either through 

sorption or ion exchange. Factors that affect the efficiency of adsorption include the 

surface area of the adsorbent, its particle size, dye-adsorbent interaction, temperature, 

adsorbent dose, dye concentration, pH, and contact time [16]. Examples of adsorbent 

materials used for dye removal include activated carbon (435 mg/g), fly ash (13.42 

mg/g), graphene oxide (714 mg/g), and clay (6.3 mg/g) [17-19]. However, these 

materials suffer from disadvantages such as high costs (activated carbon, disposal 

measure after use are expensive and are not environmentally friendly (fly ash),non-

degradable (GO), and low removal capacity (clay) [17-19]. Recently, biopolymer-based 

adsorbents have been widely explored for use in dye treatment. This is due to their 

availability, environmental friendliness and cost-effective properties [15]. Examples of 

these biopolymers include; starch, chitosan, sodium alginate, chitin, cellulose, etc [20]. 

The literature reports Carboxymethyl cellulose (CMC) and sodium alginate (SA) as the 

most attractive polysaccharides for preparing adsorbents for MB removal owing to their 

non-toxic nature, easy modification, and low cost [20-22]. Begum et al. [23]. removed 

606 mg/g MB using CMC as their adsorbent at pH 5. In the removal of MB using SA, the 

removal capacity was reported to be 213.7 mg/g [24]. The major drawback of these 

biopolymers is their poor mechanical stability [25]. Therefore, chemical or physical 

modification by incorporation of synthetic polymers or inorganic components may 

improve stability and enhance the removal capacity [25]. 
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1.3 RATIONALE 

The realisation of CMC and SA as adsorbents for removing methylene blue, there is a 

need to improve the properties or limitations they suffer. Most researchers have 

reported the crosslinking with a synthetic polymer such as acrylic acid using N, N’ 

methylene bis-acrylamide (MBA) crosslinker [7, 11]. In this case, hydrophobic networks 

of 3D structures called hydrogels are formed and the gel does not dissolve in water [11, 

16]. Other examples of synthetic polymers are; polyvinylpyrrolidone (PVP), polyvinyl 

alcohols (PVA), acrylamide (AM), etc. [25, 26]. Hydrogels are crosslinked polymer 

networks with the ability to trap fluids for a longer period [27]. For this reason, hydrogels 

have found their use in agriculture to trap water for plants, use in making contact lenses, 

drug delivery, diapers, and recently as adsorbents [25]. Although the incorporation of 

the acrylic acid monomer onto the biopolymer backbone may improve adsorption 

through its adsorptive groups (carboxylic groups) and enhance mechanical stability, it is 

not easy to recover the material after removing contaminants [26-29]. It has been 

reported that the incorporation of inorganic materials such as metal oxides (Fe3O4 and 

ZnO) to form hydrogel composites and/or nanocomposites improves the mechanical 

stability and other physical properties of the hydrogels [30,31]. Taking advantage of the 

ferromagnetic properties of magnetic nanoparticles (Fe3O4), its incorporation into the 

hydrogel chain will allow easy recovery of the adsorbent using an external magnetic 

force [30,32]. The problem with magnetic particles is that they tend to form aggregates, 

hence the incorporation of cloisite 30B (C30B) clay allows homogeneous dispersion of 

magnetic nanoparticles with the polymer matrix to avoid agglomeration [33,34]. Hence, 

this study focuses on the preparation of  CMC-based hydrogel modified with magnetic 

C30B clay nanoparticles and SA-based hydrogel coated with zinc oxide (ZnO) 

nanoparticles to produce hydrogel nanocomposites with enhanced properties.  

 

1.4. AIM AND OBJECTIVES 

1.4.1 RESEARCH AIM  

This study aimed to synthesise biopolymer-based acrylic hydrogels incorporated with 

metal oxides for removing methylene blue from aqueous solution. 
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1.4.2 OBJECTIVES 

The objectives of the study were to: 

I. synthesise carboxymethyl cellulose crosslinked with poly (acrylic acid) (CMC-cl-

pAA) hydrogel, magnetic cloisite 30B (Fe3O4-C30B) nanoparticles, and CMC-cl-

pAA modified with Fe3O4-C30B nanoparticles hydrogel nanocomposite for 

removing methylene blue from aqueous solution. 

II. synthesise sodium alginate crosslinked with poly (acrylic acid) (SA/AA) hydrogel, 

zin oxide (ZnO) nanoparticles, and SA-pAA modified with zinc oxide (ZnO) 

(SA/AA/ZnO) nanoparticles for removing methylene blue from aqueous solution. 

III. characterise all the synthesised materials using various analytical techniques. 

IV. apply adsorption kinetics, isotherms, and thermodynamics to understand the 

adsorption processes. 

 

1.5 DISSERTATION OUTLINE 

This dissertation attempts to investigate the efficiency of adsorption of dyes on various 

biopolymer-based hydrogel nanocomposites. 

I. Chapter 1 is based on the background of water purification, research problem 

statement, rationale and lastly the aim and objectives of the study. 

II. Chapter 2 presents a literature review on water pollution, dyes, biopolymer 

hydrogels and their nanocomposites for use as dye adsorbents from aqueous 

solution. This chapter briefly discusses the content which is of paramount 

importance in this research project. 

III. Chapter 3 gives a brief discussion of the analytical techniques used to 

characterise all the synthesised materials in this research.  

IV. Chapter 4 focuses on the synthesis of carboxymethyl cellulose crosslinked with 

polyacrylic acid (CMC-cl-pAA) hydrogel modified with magnetic C30B 

nanocomposite and its adsorption efficiency towards MB. 

V. Chapter 5 focuses on the synthesis of sodium alginate hydrogel crosslinked with 

acrylic acid (SA-cl-pAA) and its modification with zinc oxide (ZnO) for the removal 

of methylene blue from aqueous solution. 
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VI. Chapter 6 gives the overall conclusions drawn from the study and the 

recommendations for future research. 
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CHAPTER TWO 

REMOVAL OF METHYLENE BLUE FROM WASTEWATER USING HYDROGEL 

NANOCOMPOSITES: A REVIEW. 

 

This chapter was submitted for possible publication in the International Journal of Water 

 

CHAPTER SUMMARY 

 

Water pollution by organic dyes continues to pose serious health and environmental 

threat to the ecosystem. Although adsorption using biopolymer-based hydrogels has 

proven to be an ideal technique for the treatment of these dye contaminants from 

aqueous solutions, these hydrogels suffer from lack of mechanical stability and 

recoverability as compared to synthetic polymers. Herein, we review the low-cost 

synthesis of hydrogel nanocomposites incorporated with metal oxides to improve the 

mechanical stability and separation of the hydrogel in removing methylene blue (MB) 

dye from aqueous solution. The literature reports hydrogels and their nanocomposites 

as noble adsorbents well-known for addressing water pollution issues. In adsorption 

technology, hydrogel nanocomposites act as absorbents, prominent to improve 

performance of removal efficiency. This review emphasises the preparation and use of 

hydrogels as efficient adsorbents. In-depth discussions on adsorption and diverse 

synthetic routes of hydrogels have been devoted to applications of these 

nanocomposites and are compared in this contribution to the removal efficiency of MB 

dye from wastewater. 

 

 

 

 

 



10 
 

2.1. INTRODUCTION 

Water is very important for the survival of living things on earth [1]. Despite the need for 

this resource, water pollution continues to be a problem in most countries including 

South Africa, where the mainstream water supplies are underground and surface water 

[2]. Water pollution may be defined as any water that is unsafe for drinking by humans 

and animals [2]. There are two classes of water contaminants namely; point sources 

and non-point sources in which they are defined as a source of pollution at a fixed 

location (mines, industries, power stations, water treatment station, etc.) and pollution 

from moving sources (cars, buses, and trains), respectively [3, 4]. In point source, water 

pollutants may be classified as either inorganic (fertilisers and toxic metals), organic 

(dyes), or microbial (viruses and bacteria) [5]. For example, dyes are organic complexes 

mostly used by textile industries to give colour to fabrics and contribute largely to 

pollution [6]. Other applications may include use in medical, pharmaceutical, paper, 

rubber, plastics, leather, food, and cosmetics industries [7]. Dyes contain aromatic rings 

in their structure and can be made up of either chromophores or auxochromes [7, 8]. 

Chromophores are responsible for the production of colour (OH, NH2, NHR, NR2, Cl, 

COOH) and auxochromes (NO2, NO, and N=N) improve chromophores, make 

molecules soluble in water and improve their affinity to bind materials [8]. The 

discharging of dye effluents into either surface and/or groundwater sources leads to 

contamination which ultimately results in various health and environmental problems [8, 

9]. Consumption of contaminated water by humans can lead to vomiting, mutation, 

cancer, breathing problems, diarrhoea, eyes burn, nausea shock, cyanosis, jaundice 

and tissue necrosis [7, 8-10]. The environmental issues include the death of aquatic 

organisms, leading to the development of foul smell [11, 12]. Hence, the need to 

eliminate dyes from waste effluents before discharging into rivers and other water 

streams. 

Due to the above-mentioned health and ecological problems, various techniques have 

been employed for eliminating dyes from wastewater [13]. However, because of the 

chemical stability and non-biodegradable nature of the dyes, most of these methods are 

not effective [7]. Additionally, each method has its major disadvantage as shown in 

Table 2.1 below. The adsorption technique is most favoured owing to its cheap 
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synthesis and operation costs, easy design and fast removal of dye [15-17]. This review 

summarises the recent advances and developments of adsorbents for wastewater 

treatment. This is realised by doing a detailed review of the reactions and mechanisms 

of adsorption including an overview of the adsorption of methylene blue (MB) dye. Then, 

we introduce hydrogel nanocomposite as an adsorbent for MB removal with great 

emphasis on the structure and synthetic routes. 

 

Table 2.1: Methods of removing dyes from water. 

Adsorbent method Disadvantage References 

membrane filtration membrane fouling and 

production of concentrated 

sludge 

[17] 

Ion-exchange ineffective for all dye types [6,18] 

Photochemical method production of by-products [17] 

electrochemical 

destruction 

moderately high flow rates 

that decrease the amount 

of dye removed 

[17] 

Anaerobic bioremediation 

systems 

lead to the production of 

methane and hydrogen 

sulphide which are harmful 

[18,19] 

Adsorbent using activated 

carbon 

The adsorbent is 

expensive 

[19] 

 

 

2.2. ADSORPTION 

2.2.1. BACKGROUND 

The attachment or adherence of molecules on the surface of solid material is known as 

adsorption [20]. The adsorbent material contains active adsorptive sites on its surface to 

which molecules (gas or liquid) from the bulk solution (adsorbate solution) bind to [21, 
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22]. Adsorption of molecules may occur either physically or chemically [23]. The mass 

transfer process may occur in the form of migration, diffusion, or convection, in which 

liquid or gaseous molecules are transferred to a solid phase [24, 25]. Interactions such 

as Lewis acid-base, van der Waals, and Columbic are characteristic of physisorption 

[26, 27]. Whereas chemisorption is distinguished through the development of new 

adsorbate-adsorbent bonds [28]. The adsorptive sites can have the same or different 

energy, depending on the nature of the material [29]. Owing to its principle, adsorption 

has gained interest for application in hydrogen storage, sensing, drug delivery, gas 

capture, and water treatment [30-33].  

The recent interest in applying adsorption for the treatment of dyes from wastewater 

was attracted by its low operation costs, easy design, efficiency and fast removal of dye 

[34,35]. Before applying an adsorbent material on an industrial scale (column 

adsorption), it is first optimized in batch mode experiments, then if it possesses a high 

removal efficiency, it can be employed for column adsorption studies [36,37]. Factors 

that affect the adsorption process in wastewater treatment include [31,32,36] 

• the adsorbent and adsorbate charges,  

• the solution pH,  

• temperature, 

• dye concentration, 

• adsorbent dose, and 

• the surface area of the solid material. 

When an adsorption process reaches equilibrium, it means the active sites of the 

adsorbent are saturated with adsorbate molecules and no further adsorption can take 

place [37].  

2.2.2 ADSORPTION PARAMETERS 

2.2.2.1 Adsorption isotherms 

The isotherms of adsorption are significant for describing the adsorbate-adsorbent 

interactions [38]. Additionally, they provide information about the mechanisms of 

adsorption, adsorption capacity, and surface properties. This study employs the 
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Langmuir, Freundlich, and Temkin, isotherm models. Below are their brief descriptions 

including their linear and non-linear equations. 

2.2.2.1.1 Langmuir isotherm model 

The Langmuir isotherm was established in 1916 by Irving Langmuir [39]. The model 

theory assumes that the active sites on the solid surface have the same energy, leading 

to homogeneous adsorption of adsorbate molecules (monolayer coverage) [40]. 

Graphically, adsorption equilibrium is observed by a plateau, which is a point where all 

active sites are fully occupied and no further adsorption can occur [41, 42]. The model is 

expressed as follows, non-linear (Equation 2.1) and linear (Equation 2.2) forms; 

qe =
qmbCe

1+bCe
       (2.1) 

 

      
𝑐𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚
+

𝑐𝑒

𝑞𝑚
      (2.2) 

Where Ce is the equilibrium concentration (mg/L) and qe the amount adsorbed at 

equilibrium (mg/g). The Langmuir constants qm (mg/g) represent the monolayer 

adsorption capacity and b relates to the heat of adsorption.  

 

The RL is a dimensionless constant denoted as the separation factor. RL is calculated 

using the following Equation 2.3. 

𝑅𝐿 =
1

1+𝑏𝐶𝑜
      (2.3) 

 If RL >1, adsorption is not favoured. If RL = 1, adsorption is linear. If RL< 1, adsorption 

is favoured, and if RL = 0, the reaction is irreversible [42].  

 

2.2.2.1.2 Freundlich isotherm 

The model assumes multilayer coverage of the adsorbent. The model is expressed by 

the following equations in a non-linear (Equation 2.4) and linear (Equation 2.5) form; 
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qe = KFCe

1
nF⁄

       (2.4) 

ln qe = ln KF +  
1

n
ln ce     (2.5) 

Where qe (mg/g) and Ce (mg/L) are the amounts adsorbed and the solution 

concentration, respectively at equilibrium. KF is the sorption enthalpy and varies with 

temperature. KF and n are the sorption capacity and sorption intensity [43]. The n 

determines the non-linear relation between adsorption and the concentration of the 

solution [43].  

2.2.2.1.3 Temkin isotherm 

The Temkin isotherm theory ignores the concentration values and assumes that the 

decrease in heat of adsorption concerning the temperature is linear instead of 

decreasing logarithmically as suggested in the Freundlich equation. The non-linear 

(Equation 2.6) and linear (Equation 2.7) forms of Temkin model are expressed as 

follows below; 

qe =
RT

bT
ln(KTCe)     (2.6) 

qe =
RT

bT
lnaT +

RT

bT
lnCe     (2.7) 

where aT is the equilibrium binding constant corresponding to the maximum binding 

energy (L/g), bT is the Temkin constant related to the heat of adsorption (kJ/mol), R is 

the universal gas constant (8.314 J/mol/K) and T is the absolute temperature (K) [44].  

 

2.2.2.2 Kinetic isotherms 

 

Adsorption is a process that involves the transfer of mass of a solute from the liquid 

phase to the surface of the adsorbent [45]. The mechanism of adsorption can be 

researched using either the Lagergren’s pseudo-first-order equation or pseudo-second-

order equation. The amount of contaminant adsorbed with time can be analysed 

provided an appropriate model is used [46]. To identify which model is appropriate, the 
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correlation coefficient (R2) is measured and must be close or equal to 1. The model with 

a higher R2 is the most suitable model for adsorption kinetics of a contaminant. 

The non-linear (Equation 2.8) and linear (Equation 2.9) equations for the pseudo-first-

order kinetic model are; 

qe = qe[1 − exp (K1t)     (2.8) 

ln (qe − qt) = ln (qe) − K1t    (2.9) 

 

Where qe and qt refer to the amount of dye adsorbed (mg/g) at equilibrium and at any 

time, t (min). K1 is the equilibrium rate constant of pseudo-first-order sorption (1/min). K1 

will be determined using the slope and intercept of the plot of ln (qe −qt) versus t [47]. 

 

The non-linear and linear equations for the pseudo-second-order kinetic model are; 

qe =
K2qe

2t

1+K2qet
       (10) 

t

qe
=

1

K2qe
2 +

t

qe
      (11) 

 

Where K2 is the equilibrium rate constant of pseudo-second-order adsorption (g/mmol 

min). K2 will be determined using the slope and intercept of the plot of t/qt versus t. 

 

2.2.2.3 Thermodynamics 

During the adsorption process, thermodynamic parameters such as enthalpy (ΔHº), 

entropy (ΔSº) and Gibbs free energy (ΔGº) are required to determine spontaneity and 

heat change [48]. Thermodynamics parameters may be calculated according to the 

formulas below; 

KD =
qe

Ce
      (12) 
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∆G° = −RTlnKD     (13) 

lnKD =
∆S

R
−

∆H

RT
     (14) 

Where 𝐾𝐷 represents the distribution coefficient of the adsorbate, 𝑞𝑒and 𝐶𝑒 represent 

the equilibrium concentration (mg/g) and in the solution (mg/L). R represents the 

universal gas constant (8.314J/mol K) and T is the temperature (K). ΔHº and ΔSº may 

be calculated from the slope and intercept of the plot lnKD vs 1/T. Negative ∆𝐺 values at 

different temperatures are an indication of a spontaneous adsorption process [47, 49]. If 

∆𝐺 decreases when the temperature is increased, it means there is a more efficient 

interface during adsorption. A positive ∆𝐻 value indicates an endothermic adsorption 

process [50]. 

 

2.2.3 ADSORBENT MATERIALS FOR METHYLENE BLUE 

Although the adsorption technique is effective for dye removal. Its efficiency is limited by 

the type of adsorbent used [51]. Various materials have been used for methylene blue 

dye removal. For example, activated carbon is reported to be the most frequently used 

nano-adsorbent for removing a variety of inorganic and organic contaminants owing to 

its high surface area, porous structure, thermal stability and amphoteric nature [52, 53]. 

However, activated carbon has some drawbacks such as intraparticle resistance in 

industrial application, high production costs and regeneration costs [53-55]. Recent 

researches have attempted to find ways to improve the regeneration of activated carbon 

and produce it at a lower cost [53]. On the other hand, alternative adsorbents such as 

fly ash, graphene, clay, carbon nanotubes, and polysaccharides were reported for 

removal of MB [56-63]. Among these adsorbents. Mittal et al. [56] reported using 

polysaccharides as promising adsorbents for methylene blue dye removal from aqueous 

solutions owing to their enhanced adsorption capacity amongst other attractive 

properties. 

2.2.3.1 Polysaccharides 

Polysaccharides can be defined as highly hydrophilic and non-toxic natural polymers 

made up of multiple small units of saccharides that are connected through glycosidic 
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bonds [59-61]. These biopolymers are found and used in plants or animals for structural 

support and energy storage [62]. Examples of polysaccharides include; carboxymethyl 

cellulose, alginate, carrageenan, chitosan, guar gum, starch and locust bean gum [61-

63]. These natural polymers offer the advantages of high absorption capacity, 

biodegradability, and cheap synthesis [64]. However, due to low solubility and other 

physical drawbacks, synthetic polymers are incorporated into the biopolymeric 

backbone to improve their properties [65]. Polysaccharides-based materials have 

recently attracted use for adsorption of dyes and toxic metals because of their non-toxic 

nature, biodegradability, easy availability and low-cost synthesis [66]. Amongst other 

polysaccharides, carboxymethyl cellulose and alginate offer more attractive properties 

for application as dye adsorbents.   

2.2.3.1.1 Carboxymethyl cellulose (CMC)  

Cellulose is the main component of most plants [67]. Carboxymethyl cellulose (CMC) is 

a highly reactive, hydrophilic, water-dissolving derivative of cellulose with many carboxyl 

groups on its surface [68]. Commercially it can be obtained as sodium carboxymethyl 

cellulose with different degrees of saturation (DS), which may range from 0.6-.95 

depending on how it was prepared, and the solvent used [69, 70]. CMC is mostly used 

in paper, packaging, textile, food, cosmetics, and pharmaceuticals [61,68]. Due to its 

sensitivity to pH, non-toxic nature, hydrophilicity, low cost and ability to form gels, CMC 

has been applied on its own or in a composite form as an adsorbent for removing 

inorganic and organic contaminants [71, 72]. 

 

 

Figure 2. 1: Structure of sodium carboxymethyl cellulose [74]. 
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CMC (Figure 2.1) is a cellulose derivative with carboxymethyl groups at carbon 2, 3 and 

6 [74]. In a study conducted by Kono [75], the resonances of CMC were determined 

using 13C NMR as shown in Figure 2.2 spectra of CMC. In the spectrum of CMC, the 

carbonyl carbon (C1, C4), overlap of C2, C3, C5, the carboxymethyl groups, and C6 

were assigned to broad 13C resonances at 178, 104, 83, 75, and 63 ppm [75]. The 

existence of carboxylic groups (COO−) on the polymer chains of CMC allows for 

interactions with multivalent metal cations (Al3+ and Fe3+) which results in the formation 

of stabilised ionotropic hydrogels. Interactions with metal ions through the hydroxyl 

groups of the CMC may improve the water insolubility and stability of the polymer 

aggregates [74, 75].  

 

Figure 2. 2: 13C NMR of CMC [75]. 

The reaction of cellulose with mono chloroacetic acid (MCA) or its sodium salt in the 

presence of an organic solvent under basic conditions produces NaCMC [76]. There are 

various materials of which CMC can be derived from, for example, Petri [77] prepared 

CMC from pineapple peels and in another study, Begum et al. [78], prepared CMC from 

sugarcane bagasse. The synthesis of CMC occurs in three steps; (1) alkalisation, (2) 

carboxymethylation, and (3) neutralisation as outlined in the steps below.  

Step 1: Cell-OH + NaOH → Cell-OH.NaOH 
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Step 2: Cell-OH.NaOH + ClCH2COONa → Cell-O-CH2COO- Na+ + NaCl + H2O 

Step 3: NaOH+ Cl-CH2COONa →  HO-CH2COONa + NaCl 

During the synthesis process, carboxymethyl groups replace hydroxyl groups at 

positions 2, 3, and 6 of cellulose. In the synthesis of CMC, it is important to consider the 

degree of substitution which will govern the porosity and adsorption capacity of CMC 

[78]. Degree of Substitution (DS) refers to the number of hydroxyl groups replaced by 

carboxymethyl groups. Each β-glucopyranose unit of cellulose has three hydroxyl 

groups therefore, hypothetically DS value will range between 0 and 3.0 [79]. Various 

factors may affect the DS of CMC such as the solvent, temperature, and the NaOH 

concentration [80]. For example, most researches report that the use of isopropanol as 

the solvent yields CMC with very high DS [80]. Huang et al. [81] synthesised CMC from 

the pulp of six different plants, the conditions that yielded the best CMC were 20% 

NaOH concentration, the temperature of 60 oC, and 3-5 g of MCA. The group reported 

that CMC yield increased with increasing MCA content. The degree of saturation 

influences the application of CMC [81]. The hydrophilicity of CMC increases with an 

increase in DS. When DS > 0.4 (higher), CMC becomes soluble in water, has better 

viscosity, enhanced cationic exchangeability and improved covalent cross-linking 

through radiation. Whereas when DS < 0.4 (lower), CMC is insoluble, and it swells in 

solution [81]. For example, a study reported the degradation of a polymer with 

irradiation of 10% CMC (0.7 DS), whereas irradiation of CMC of 1.32 DS resulted in 

outstanding crosslinking and high gel-fraction [82]. For adsorption, the properties of 

CMC can be modified by crosslinking to form a gel, which will improve the solubility and 

hydrophilicity of CMC. 

2.2.3.1.2 Alginate 

Alginate is a sentimental term used in the dietetic, cosmetic, pharmaceutical, and 

biotechnological industries [83]. The alginate can be found in salts of magnesium (Mg), 

potassium (K), calcium (Ca), and sodium (Na) [83]. Alginates were discovered in 1929 

by E.C.C Stanford who was a pharmacist [84]. SA is found in brown algae, marine algae 

and produced by some bacteria, hence abundant in nature [85, 86]. Applications of 

sodium alginate include drug delivery, thicker, gel-forming agent, binder during the 
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production of tablets, use as a stabiliser, and matrixing agent [84-87]. The recent use of 

polysaccharides as adsorbents for dyes and other pollutants is mostly due to the 

attractive properties that polysaccharides possess, such as high hydrophilic structures, 

their non-toxic nature, biodegradability and cheap synthesis [88-90].  

 

 

Figure 2.3: Structure of sodium alginate [62] 

Sodium alginate (SA, Figure 2.3) is made up of poly-β-1, 4-D- mannuronic acid and α-1, 

4-L-guluronic acid [91]. The structure consists of carboxylic groups and hydroxyl groups 

which can react with metal ions or crosslinking agents to form hydrogels [92]. Alginate 

can be extracted from its salt forms by ion-exchange methods [93]. As a result of the 

presence of divalent ions, monovalent, water-soluble salts of alginates can transform 

into water-insoluble salts. The COO- and -OH functional groups on the alginate 

backbone will allow adsorption of cationic dye pollutants [94]. However, sodium alginate 

just like other polysaccharides suffers from lack of stability [90]. To enhance the stability 

of SA and its adsorption capacity, the biopolymer may be crosslinked with synthetic 

polymers into forming a hydrogel [95, 96]. This will allow their use as adsorbents without 

them dissolving in the adsorbate solution. The major disadvantage of polysaccharides 

as adsorbents is that they dissolve in water and have low mechanical stability [95,96]. 

To resolve this problem, polysaccharides are crosslinked to form hydrogels, which do 

not dissolve in water. 
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2.3 HYDROGELS 

2.3.1. BACKGROUND 

Hydrogels are hydrophilic polymer chains that are crosslinked to form gel structures that 

swell in aqueous solution and trap fluids for long period without dissolving [59, 60]. 

Hydrogels may contain carboxylic, amine, imide, hydroxyl and sulfonyl groups in their 

3D structure which are responsible for the hydrophilicity and swelling capacity [97]. 

Depending on the nature of the hydrogel, it can be classified based on various 

properties. Classification of hydrogels (Table 2.2) can be based on whether they are 

synthetic (involves the use of synthetic monomers), natural (involves using biopolymers) 

or combination of synthetic and natural monomer resulting in a hybrid hydrogel [98]. The 

polymeric composite classification can be based on the method used to synthesise the 

hydrogel [98]; 

(a) Homopolymeric hydrogels: they are hydrogels consisting of the same type 

of monomer. 

(b) Copolymeric hydrogels: these hydrogels comprise of two or more different 

kinds of monomers such that the network would have at least one 

hydrophilic component on the polymer network chain. 

(c) Multipolymer Interpenetrating polymeric hydrogel (IPN): the hydrogel 

network consists of two components (natural and/or a synthetic polymer) 

that are independently crosslinked.  

It was also demonstrated that hydrogels can be categorised based on whether they are 

[99]; 

a. Crystalline,  

b. Amorphous or, 

c. Semicrystalline: showing properties of both crystalline and amorphous 

phases.  

The other classification is based on whether the crosslinking of hydrogels occurs via 

chemical or physical means. Briefly; 
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a. Physical crosslinking in hydrogels may be through, (1) formation of a 

hydrogen bond, (2) hydrophobic interactions between chains, in which the 

dissipation energy of the bond prevents breakage and improves the 

hydrogel strength, (3) crystallisation where gels are subjected to freeze 

and thaw process in PVA/PVP solution 10 hours at 15℃, then placed at 

room temperature for 2 hours. Lastly, (4) between oppositely charged 

groups [60]. 

b. Chemical crosslinking can be achieved by (1) using aldehydes such as 

acetaldehyde, glutaraldehyde and formaldehyde, (2) radiation using an 

electron beam, gamma rays or ultraviolet rays at room temperature in 

which a free radical is formed, monomers are added to the chain for 

growth and the gel forms at the critical gelling point. Lastly, (3) free radical 

polymerisation using a crosslinker, for example, MBA. In this method an 

initiator such as potassium persulfate generates free radicals, the radicals 

react with other monomers and then MBA is added to the polymer chain to 

form the hydrogel [60,100]. 

In addition, the hydrogels may be classified based on the charge on their crosslinked 

polymer network [101,102]. The charge may be; 

a. Ionic (cationic/ anionic) 

b. Non-ionic (neutral).  

c. Amphoteric (comprising of both basic and acidic groups).  

d. Zwitterionic (contains anionic and cationic components on each repeating 

structural unit). The net charge of the gel is zero. 

Lastly, hydrogels can also be categorised according to what stimulates their response. 

These hydrogels are sometimes called smart hydrogels [98,100]. There are two 

categories of stimulus namely; physical stimuli and chemical stimuli as stipulated in the 

table below. The swelling or de-swelling of hydrogels caused by changes in the 
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environment can be too much to a point that the hydrogel changes phase (volume 

collapse). 

 

 

 

Table 2.2: Physical and chemical stimuli classifications. 

Physical stimuli  Chemical stimuli 

Light Composition of solvent 

Magnetic field pH 

Temperature Molecular species 

Sound Ionic strength 

Electric field   

Pressure  

 

2.3.2. APPLICATION OF HYDROGELS 

Hydrogels have gained much attention for use in various applications owing to their 

outstanding qualities, these include use in the making of disposable diapers, absorbent 

pads, use in hydrogen storage, sensing, CO2 capture, biomedical field (drug & cell 

delivery systems), immobilisation of enzymes, wastewater treatment, and agriculture for 

trapping water [11,24,25]. The ideal properties of a hydrogel depend on its specific 

application. For application in water treatment, the hydrogel must have the following 

properties below [98];  

• High absorption capacity 

• Low residue monomer and soluble content 
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• Cost-effective 

• Recoverable 

• High biodegradability and not produce harmful by-products. 

• Must retain neutral pH after swelling in water. 

• Easy recoverability 

The swelling capacity of hydrogels is indicative of its absorptive capacity. Which may be 

affected by factors such as; the intermolecular spaces in the 3D network, the existence 

of hydrophilic groups on the hydrogel polymer backbone, and the pore size of the 

hydrogel surface [10]. Hence parameters such as the amount of initiator, crosslinker, 

polymer, monomer, and solvent volume are optimised during the preparation of the 

hydrogel to obtain optimum conditions for preparing an ideal hydrogel [101]. 

 

2.3.3 PREPARATION METHODS 

As stated previously that biopolymers suffer poor mechanical, thermal stability and they 

dissolve in water [65]. Most researches have reported that crosslinking, grafting and 

modification with inorganic constituents such as metal oxides and clay improves 

solubility and stability problems associated with biopolymers [3,100]. The type of 

method used to prepare the hydrogel, therefore, affects its structural make-up or 

physical properties. Amongst several physical and chemical techniques used for 

hydrogel synthesis, the most widely used methods are discussed below.  

2.3.3.1 Grafting  

Grafting is the modification of the polymer backbone using synthetic polymers such as 

acrylamide, acrylic acid, methacrylamide, and vinyl alcohol as support materials [102]. 

During grafting, a free radical site is created by an initiator, then a monomer unit is 

added on the generated free radical site [103]. Grafting can occur either via a chemical 

or radiation. Chemical grafting involves using chemical reagents such as ammonium 

persulfate (APS), potassium persulfate (KPS) or other chemical initiators [104]. 
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Radiation grafting involves initiating free radicals using UV visible or microwave 

radiation [105].  

It was shown in the literature that using a microwave radiation method for synthesising 

hydrogels produces sterilised hydrogels [105]. Naturally, polysaccharides suffer from 

poor chemical and physical stability [65]. Grafting has been reported to solve these 

issues including enhancing the performance of hydrogels through the introduction of 

new functionalities from grafted monomers [106]. For example, in a study conducted by 

Tally and Atassi [62], it could be observed from the TGA curves of (a) SA and (b) SA-g-

P(AA-co-AM)/ PVP semi-IPN SAP (Figure 4) that grafting with synthetic polymers 

enhanced the thermal stability of hydrogels by more than 20% weight loss at above 200 

oC. 

 

 

Figure 2.4: Thermogravimetric analysis of (a) SA and (b) SA-g-P(AA-co-AM)/PVP semi-

IPN SAP [62]. 
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A study of the modification of CMC by grafting with poly (3-sulfopropyl methacrylate), 

P(SPMA), in the presence of KPS initiator for methylene blue (MB) removal was carried 

out [68]. The main vibrational peaks at C=O (1718 cm-1), S=O (1085 cm-1), and S-O 

(626 cm-1) were observed in Figure 2.5(A) of the Fourier transform infrared (FTIR) of the 

CMC-g-P(SPMA) hydrogel [68]. The scanning electron microscopy (SEM) image 

showed the well-defined pores and 3D interconnections of CMC-g-P(SPMA) hydrogel, 

for which the hydrogel could allow easy penetration of dye molecules in solution through 

its pores as observed in Figure 2.5(B) [68]. The adsorption of MB by the hydrogel was 

characterised by an absorption peak at 664 nm corresponding to the characteristic 

absorption band of MB (Figure 2.5(C)). From the XRD (Figure 5(D)), the partially 

crystalline structure of CMC was characterised by sharp peaks at 2θ = 9.4 and 20.1◦ 

resulting from the inter- and intramolecular hydrogen bonding between carboxylic 

groups and hydroxyl groups of the biopolymer. Upon grafting on the CMC-g-P(SPMA) it 

could be observed that the peaks were broader, indicating the hydrogen bonds were 

destructed, allowing grafting to take place [68]. 
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Figure 2.5: FTIR spectra (a), SEM images (b), UV-vis (c), and XRD spectra (d) of CMC-

g-P(SPMA) [68]. 

2.3.3.2 Crosslinking  

The process of crosslinking can occur through physical or chemical interactions. 

Physical interactions are irreversible and include electrostatic interactions, hydrogen 

bonding, and the van der Waals forces [107]. Chemical crosslinking involves forming 

irreversible covalent bonds in the hydrogel polymer chain usually through the reaction of 

complementary groups [108]. Chemically crosslinked hydrogels are mostly used in 

medical applications. For example, Liu et al.[109] synthesised chitosan based-hydrogels 

from PEG for application in drug delivery. In another study by Kumar et al., crosslinked 
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hydrogels were produced from glutaraldehyde (GA) as a covalent crosslinker (Scheme 

2.1) [110]. 

 

Scheme 2.1: Crosslinking using glutaraldehyde (GA) to produce hydrogel [110]. 

The most commonly used chemical crosslinkers include ethyleneglycol dimethyl-

acrylate, N, N-methylene-bis-acrylamide (MBA), tetra-ethyleneglycol dimethyl-acrylate 

(EGDMA) or tri-propyleneglycol diacrylate (TPGDA) [111]. However, these crosslinkers 

are usually toxic and result in non-biodegradable hydrogels [112]. Additionally, as a 

result of the lack of internal structural homogeneity and an effective mechanism for 

energy dissipation, chemically crosslinked hydrogels are very brittle [113]. This 

prompted many researchers to consider introducing nanocomposites, ionic interactions, 

hydrogen bonding, and hybrid hydrogel systems to improve the hydrogel properties 

[114-116]. A hybrid system consists of physical interactions that will aid in energy 

dissipation and chemical interaction, which will mainly improve structural properties 

[117]. Figure 2.6 illustrates the preparation of hydrogel beads through ionic interactions 

by Rahmani et al. [118] briefly a mixture containing gum tragacanth (GT), graphene 

oxide (GO) and calcium carbonate (CaCO3) was added dropwise into a concentrated 

solution of Ca2+ which interacted with -OH and COO- groups on the GT and GO to form 

hydrogel beads. Ionic crosslinking offers the advantage of less toxicity [112].  
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Figure 2.6: Showing the preparation of GT-based hydrogel beads [118]. 

 

In a study by Eftekhari-sis et al. [119], hybrid hydrogels constructed from poly (N-

isopropyl acrylamide-co-itaconic acid) and non-toxic octa-vinyl polyhedral oligomeric 

silsesquioxane (OV-POSS) crosslinker were prepared. Their obtained SEM (Figure 2.7), 

XRD and TGA (Figure 2.8) results are discussed. The rough non-homogeneous surface 

was observed on the SEM image (a) of poly (NIPAM-co-IA). Upon hybridisation with 8% 

POSS (b), 12% POSS (c) and 12% POSS (d), the morphology changed to a honey-

comb like structure with homogeneous pores of varying pore sizes as POSS content 

was increased. The study reported that at 12% POSS the honey-comb pattern was 

disrupted, indicating that the degree of uniformity in the hydrogel hybrid can be 

controlled by changing the crosslinking content [119].  
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Figure 2.7: SEM images of poly (NIPAM-co-IA) hydrogel (a) and hybrid poly (NIPAM-co-
IA)/OV-POSS (8%, 10% and 12% POSS) (b-d) [119]. 

 

For example, the XRD patterns in Figure 2.8(a) showed a successful hybridisation and 

a uniform dispersion of the crosslinker as confirmed by the disappearance of 

characteristic crystalline diffraction peaks of OV-POSS at 2θ=9.8, 23.1 and 23.9° [119]. 

The TGA thermogram (Figure 2.8(b)) of showed that the crosslinking with POSS in the 

hybrid hydrogels, increased the thermal stability, wherein the weight loss at 

temperatures 340 to 500 °C, was less than weight loss obtained for poly (NIPAM-co-IA) 

at the same temperature [119]. From the obtained literature it could be observed that 

chemical and physical properties of the hydrogels were improved, including creating 

porous structures that enable penetration of adsorbate molecules.  
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Figure 2.7: XRD and TGA analysis [119]. 

2.3.3.3 Free radical-polymerisation  

Free radical polymerisation is a technique in which polymerisation is achieved by 

generating free radicals to which chain growth occurs in succession [120]. This method 

involves a combination of grafting and crosslinking. The decomposition of the initiator 

may occur using temperature, light or photon which then forms a free radical [121]. 

Decomposition by photon offers advantages such as low costs, it allows better spatial 

and time-based control of the reaction process and does not use chemical solvent [122]. 

Scheme 2.2 below shows a schematic representation of an overview of free radical 

polymerisation for synthesising hydrogels. Firstly, the generation of free radicals by an 

initiator (initiation). Secondly, the free radicals react with the monomer to generate 

vacant active sites (propagation) and lastly, the formation of a polymer network through 

crosslinking (termination) [123]. 
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Scheme 2.2: An overview of thermal free radical polymerisation and cross-linking [123]. 

Free radical polymerisation is the most frequently used procedure in the polymer 

industry [1]. The advantages of using free radical polymerisation are that it is easy to 

carry-out, convenient, it is not easily affected by impurities, and it is suitable for 

designing and preparing polymers that can be used for a variety of applications. Free 

radical polymerisation allows well-characterised reaction kinetics and achievement of in 

situ properties [124]. 

 

2.3.3.4 Modification with inorganic materials 

Depending on the intended application of the hydrogels, their physical properties can be 

further enhanced through incorporation inorganic materials. For example, for use in 

removing contaminants from aqueous solutions, the hydrogel must be mechanically and 

thermally stable for application especially for removing effluents from industries that 

utilise water for cooling reactions [125,126]. Wherein the contaminants may be 

introduced at that point. Additionally, the hydrogels must be easy to recover. Many 
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recent studies have incorporated nanofillers such as clay-based materials, carbon-

based materials, and metal oxides into the hydrogel matrix during the polymerisation 

process to improve stability and recoverability. The blended product is then called a 

hydrogel nanocomposite.  

 

2.3.3.4.1 Carbon-based hydrogels 

Carbon-based hydrogel nanocomposites are hydrogels synthesised by incorporating 

materials such as graphene oxide (GO), biochar, activated carbon and carbon 

nanotubes [127,128]. GO is a carbon material prepared by oxidising graphene through 

chemical or thermal reduction processes. It contains highly hydrophilic groups such as 

hydroxyl, carboxylic and epoxy groups that are essential for adsorbing dyes and toxic 

metals [129]. GO may interact with contaminants through pi-to-pi interactions, 

electrostatic interactions or hydrogen bonding [130]. Owing to its outstanding 

mechanical, electrical and thermal properties, GO has attracted its use in the 

biomedical, energy and environmental field [131].  

Carbon nanotubes are simply graphene sheets rolled up in cylinders of 1nm in diameter 

[132]. As a result of their porous structure, large surface area, high tensile strength 

(0.15 TPa ) and elastic modulus (0.91 TPa), CNTs have attracted interests in use for 

adsorption of pollutants such as dyes, dichlorobenzene, ethylbenzene, and some heavy 

metals [133,134]. CNTs can be categorised into two forms, namely; single-walled 

carbon nanotubes (SWCNTs), which are made up of single layers of graphene sheets 

and multiwalled carbon nanotubes (MWCNTs), which are made up of multiple layers of 

concentric cylinders [132,135]. For example, the incorporation of CNTs in gels improves 

the mechanical properties however the rate of degradation decreases. This is because 

carbon-based materials have high hydrothermal stability, which makes them resistant to 

harsh environments [133]. Scheme 2.3 shows various interactions or applications that 

carbon-based materials can take part in such as surface complexation, physical 

adsorption through its surfaces and electrostatic interactions [136]. 
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Scheme 2.3: Possible interactions of carbon-based materials [136]. 

Amongst recent studies that have used carbon-based materials to modify properties of 

the hydrogel, the incorporation of MWCNT’s onto XG/PAA hydrogel improved the 

surface hydrophilicity and specific area of xanthan gum [10]. Makhado et al., [98] 

conducted studies on xanthan gum polymer crosslinked with polyacrylic acid and 

incorporated with reduced graphene oxide (rGO), the successful synthesis was 

confirmed by FTIR. Various carbon-based nanocomposite hydrogels and their 

adsorption properties for removing contaminants from aqueous solutions are listed in 

Table 2.3.  
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Table 2.3: Carbon-based adsorbent hydrogels and their adsorption properties in 

removing contaminants from aqueous solution. 

Adsorbent  Crosslinker Dye  Adsorption parameter Ref 

 qe 

(mg/g) 

pH Dosage 

(mg) 

Isotherm 

models 

Kinetics 

models 

CMC-

AAm-GO 

MBA AB-133 185.45 6 100 - - [9] 

XG-cl-

pAA/o-

MWCNTs 

MBA MB 521 6 30  Langmuir Pseudo-

first-

order 

[10] 

XG-cl-

pAA/rGO 

MBA MV 

MB 

1052.6

3 

793.65 

5 10 Langmuir  Pseudo-

second-

order 

[98] 

CS/CNTs  

beads 

Alkaline 

mixture 

CR 450.4 5 20 Langmuir  Pseudo-

first-

order 

[137] 

p(AAm)-

CB 

p(AAm)-

WB 

MBA Phenol 1112, 10 50 Langmuir  Pseudo-

first-

order 

[138] 

k-C-g-

pAA/CNT 

MBA CV 118 5-8 200 Langmuir - [139] 

Acid black-133 = AB-133 

 

2.3.3.4.2 Clay-based hydrogels 

Natural clays and their improved forms have recently been used for removing pollutants 

from water [140]. The most commonly used clays, especially for treating toxic metals 

and dyes, are modified kaolinite and montmorillonite [141]. However, these clays are 

difficult to regenerate and reuse because of their colloidal dimensions [142]. This 

prompted the functionalisation of these clays. For example, the modification of 
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montmorillonite to form Cloisite 30B clay. In a study where C30B clay was incorporated 

onto polypropylene grafted with maleic anhydride (PP-g-MA) and thermoplastic starch 

(TPS), it was reported that the biodegradability of the materials was improved [143]. 

Modification of adsorbents by introducing functionalised clay components may improve 

both the physical and chemical properties of adsorbents [142,143]. Other modifications 

with clay results improve the number of adsorbing active sites, enhanced porosity, and 

low levels of mineral impurities [143]. In a recent study, C30B was mixed with a culture 

obtained from an anaerobic sludge to remove hexavalent chromium, where the removal 

capacity of nearly 100% was obtained [144]. Peng et al. [145] prepared cellulose-MMT 

hydrogels for removing MB. The hydrogels had a maximum removal capacity of 1065 

mg/g (Table 2.4). Their viscoelasticity studies from the sweep measurements (Figure 

2.9(a)) showed that when G’<G” the cellulose-MMT systems were in a viscous liquid 

form, however with increasing time when G’>G”, the materials were in a gel form. Figure 

2.9(b) in this case revealed that increasing clay content decreased the gel formation. 

Figure 2.9(c) revealed that the storage moduli (G’) of hydrogels containing clay was 

higher than that of unmodified hydrogel and was proportional to the clay content from 10 

to 15 wt.%. The incorporation of clay, however, increased the gel strength from 0.3 KPa 

to 4.7 KPa as shown in Figure 2.9 (d) and (e), which was approximate 16 times higher. 

Furthermore, the study reported that an increase in clay content from 10-15 wt.% 

reduced the swelling capacity of the hydrogel (Figure 2.9 (f)), reportedly due to a high 

degree of crosslinking. Increasing the crosslinking density of the hydrogel enhanced 

mechanical properties [145]. 
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Figure 2.8: (a) Time dependence of storage modulus (G′) and loss modulus (G″), (b) 

Gelation time (c) Storage modulus at 1 h (d) Compressive-strain curves (e) 

Photographs of M-5 (f) The swelling ratio in distilled water [145]. 
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Table 2.4: Clay-based adsorbent hydrogels and their adsorption properties in removing 

contaminants from aqueous solution. 

Adsorbent  Cross-

linker 

Dye  Adsorption parameter Refs. 

 qe 

(mg/g) 

pH Dosage 

(mg) 

Isotherm 

models 

Kinetics 

models 

K-Carra-

AAm-

MMT 

APS MB 49.52 7 50  Langmuir  Pseudo-

second-

order 

[146] 

CMC-

MMT 

ECH MB 1065 1-10 500 Langmuir Pseudo-

second-

order 

[145] 

P(AA-co-

AMPS)/M

MT 

MBA MB 192 10 - Redlich–

Peterson 

Pseudo-

second-

order 

[147] 

CS-g-

IA/BT 

MBA MB 500 6 30 Langmuir  Pseudo-

second-

order 

[148] 

 

2.3.3.4.3 Metal oxide-based hydrogels  

Metal oxide-based nanoparticles have been reported to have a high density and 

restricted size, which are responsible for their very interesting and unique chemical and 

physical properties [149,150]. Examples of metal oxides include titanium dioxide (TiO2), 

iron oxide (Fe3O4), magnesium oxide (MgO), aluminium oxide (Al2O3). Owing to their 

non-toxic nature, high surface area, high chemical stability, and economical friendliness, 

Fe3O4 nanoparticles are widely used for the removal of toxic metals and organic 

pollutants from water [149-153]. Ion-oxide and zinc oxide nanoparticles are one of the 

most frequently used metal oxides in treating dyes from aqueous solutions [154].  

2.3.3.4.3.1 Magnetic (Fe3O4) nanocomposite hydrogels  

Magnetite (Fe3O4) also known as black iron oxide amongst other transition metals has 

the strongest magnetism and is stable at ambient temperatures [155]. Magnetite is 
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prepared from the coprecipitation of iron oxide salts that result in an inverse spinel 

crystal structure consisting of half of the Fe3+ in tetrahedral coordination and the other 

half Fe2+ ions in octahedral coordination (Figure 2.10) [156,157]. The co-precipitation 

method is the most useful and suitable technique in preparing magnetite at both lab-

scale and industrial scale [158].  

 

Figure 2.9: The inverse spinel structure of magnetite Fe3O4 [156] 

Due to their cheap synthesis costs, susceptibility, stability high porosity, magnetic 

properties, biocompatibility, and easy chemical modification, MNP’s have attracted 

much use in the wastewater treatment field [153-157]. The introduction of MNPs into 

polymer structures to produce nanocomposite hydrogels leads to a hybrid hydrogel with 

advantages of both components, thus improved chemical and physical properties. An 

example of such hybridized hydrogel is Fe3O4-g-pAA hydrogel synthesised via radical 

polymerisation in the presence of MBA crosslinker, which resulted in a highly adsorptive 

hydrogel of 507.7 mg/g removal capacity for MB [159] as shown in Table 2.5. However, 

according to Flory’s theory, the swelling degree of a hydrogel depends on the density of 

crosslinking, the ionic osmotic pressure, and the attraction of the gel for the liquid [160]. 

When the crosslinking density is high, the space between the polymer chains decreases 

making the gel to be stiff due to small nonexpendable pores [160]. Additionally, an 

increase in the amount of MNPs increases the thermal properties but consequently 

reduces the swelling capacity as the Fe3+ from the incorporated MNPs may act as a 

physical crosslinking agent [161]. The greatest advantage of incorporation MNPs into 
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the hydrogel matrix is the improved stability and easy recovery of the material after 

application [162]. 

 

2.3.3.4.3.2 Zinc oxide-based hydrogels 

Zinc-oxide (ZnO) can be found in nature as zincite mineral, however, the majority of it is 

prepared synthetically. Its crystal structure can be found in a hexagonal wurtzite form or 

cubic zincblende form (Figure 2.11). The form that is most stable and commonly found 

at ambient temperature is the wurtzite structure [163]. ZnO is commonly used for 

treating skin related problems such as nappy rash, dandruff, and incorporation in 

ointments used in wound dressing [163]. Other applications of ZnO include the use in 

catalysis, batteries, sensors, and adsorption of contaminants [164-167]. Their 

application as adsorbent material was reported in a study by Khan et al. [168], where a 

guar gum adsorbent hydrogel incorporated with ZnO nanoparticles was used for 

removing chromium (VI) from water. The group reported that incorporating ZnO 

nanoparticles improved the recovery of the adsorbent from the aqueous solution after 

the removal of Cr (VI). In another study, CMC hydrogel was modified with ZnO for 

antimicrobial activity, which was influenced by their inexpensiveness and lack of colour 

[169]. Therefore, looking at these properties, the ZnO would be ideal for preparing 

hydrogels for adsorbing dyes. 
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Figure 2.10: Crystal structure of zinc oxide [163] 

.
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Table 2.5: Metal oxide-based adsorbents for organic dyes removal. 

Adsorbent  Cross-

linker 

Dye  Adsorption parameter Refs. 

 qe 

(mg/g) 

pH Dosage 

(mg) 

Isotherm 

models 

Kinetics 

models 

Fe3O4/p 

(Am-co-Na 

Ac) 

MBA MB 641 7 50  Langmuir Pseudo-

second-

order 

[170] 

PAA-grafted 

MNPs 

MBA MB 507.7 4 20 Langmuir Pseudo-

second-

order 

[159] 

CMC coated 

Fe3O4@SiO2 

nanocompos

ite 

- MB 22.7 11 30 Langmuir Pseudo-

second-

order 

[171] 

Fe3O4/CA 

gel beads 

CaCl2 MV 713 - 20-40 modified 

Langmuir

–

Freundlich 

Pseudo-

second-

order 

[172] 

ZnO–clay–

alginate 

hydrogel 

beads 

Clay CR 546.89 5-7 200 Temkin Pseudo-

first-order 

[173] 

ZnO-PPy 

nanocompos

ite 

- BG 140.8  - 50-200 Langmuir Pseudo-

second-

order 

[174] 

Fe3O4-CS-

Clay 

Clay MB 82 9-12 500 - - [162] 

chitosan/silic

a/ZnO NC 

- MB 293.3 - - Langmuir Pseudo-

second-

order 

[175] 
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2.4 CONCLUSIONS 

In conclusion, this review discusses recent studies applied for removing MB from 

aqueous solution using a biopolymer-based HNCs. Owing to various advantages such 

as low cost and easy design, the adsorption method is recognised as the most 

promising treatment technique for the removal of MB dye. This work discussed the 

principle behind the adsorption method, common adsorbent materials used and its 

advantages. We also briefly explained the hydrogels and methods to improve their 

properties. Three isothermal models: Langmuir, Freundlich, and Temkin models have 

been thoroughly explained with their respective principles. From this review, it was 

observed that the preparation of hydrogels can be affected by various factors and its 

removal capacity is affected by pH, temperature and dye concentration. This 

contribution emphasised the importance of incorporating metal oxide nanoparticles in 

hydrogels for the removal of dyes, and also their advantages and disadvantages 

towards the gel structure and properties. With regards to the research up to date, it has 

been observed that the realisation of hydrogels for practical purposes needs more 

research, especially the preparation of hydrogel nanocomposites with ability to remove 

organic contaminants such as dyes. It was seen that both magnetic nanoparticles and 

ZnO nanoparticles have contributed greatly to improving stability and enabling easy 

separation of adsorbent materials after application. The actual wastewater solutions are 

complex to be treated because they comprise of various ions and pollutants. More 

consideration needs to be paid on adsorption experimentations involving actual 

industrial water samples. Because the adsorbent performance may be noticeably 

different from the one carried in batch mode in the laboratory.  
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CHAPTER THREE 

ANALYTICAL TECHNIQUES 

3.1 INTRODUCTION 

This chapter gives a brief discussion of various analytical instruments, their principles, 

advantages, and disadvantages as well as their recent applications. Analytical 

techniques are instruments used for the identification of samples, quantification and 

isolating components in a sample. Some of these instruments help us study the 

structural composition of materials, determine the nature or phase of composite 

materials, study their physical properties such as mechanical and thermal stability, 

whilst others help us quantify samples. Characterisation techniques can be categorised 

into physical, spectroscopy, and microscopy. Examples of physical techniques used in 

this study include the x-ray diffraction (XRD), thermogravimetric analysis (TGA), and 

dynamic mechanical analysis (DMA). Spectroscopical methods include the Fourier 

transform infrared (FTIR) spectroscopy and ultraviolet-visible (UV-vis) spectroscopy, 

which are used to reveal information about the composition of materials. Then lastly the 

microscopy techniques include scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). In this study, the above-mentioned techniques were used to 

characterise CMC-cl-pAA and SA/AA hydrogels, Fe3O4-C30B and ZnO nanoparticles, 

and the hydrogel nanocomposites 

3.2 PHYSICAL METHODS 

These techniques are focused on analysing the structural properties of materials such 

as the surface area, mechanical stability, crystallinity, and thermal stability. examples of 

such techniques include XRD, TGA, and DMA in this study. 

3.2.1 XRD 

XRD is an analytical instrument employed for identifying the phase of a material. The 

principle of XRD focuses on the constructive interference between the X-rays of a single 

light and the crystalline material [1] as shown in Figure 3.1. 
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Figure 3.1: Representation of the XRD principle [2]. 

 During the analysis of samples, Braggs law must be satisfied, as expressed in Equation 

3.1. 

𝑛𝜆=2𝑑sin𝜃                               (3.1) 

where 𝜆 represents the wavelength of the radiation beam, d is the interplanar spacing 

between two diffracting lines, 𝜃 denotes the diffraction angle, and n represents an 

integer usually equal to 1 [3]. The XRD technique has the advantage that unknown 

materials can be analysed fast (<20 min). Its major drawbacks include peak overlay and 

the detection limit of solid materials is approximately 2% [4]. Vahidhabanu et al. [5] 

prepared clay-alginate hydrogel beads modified with ZnO NP’s (Figure 3.2). The ZnO 

NP’s were observed to be crystalline with their characteristic peaks appearing at 20.46o, 

34.3 o, 39.9 o, 57.9 o, 61.3 o, and 67.8 o (Figure 3.2(a)). Incorporation of the ZnO NP’s 

into the clay-alginate matrix resulted in a shift of the peaks which demonstrated further 

intercalation of the clay and the appearance of a new broad peak was due to the 

amorphous alginate (Figure 3.2 (b-c)), confirming successful modification of clay-

alginate beads with ZnO NP’s [5]. As shown in (Figure 3.2(d),) the peak at 20.46o 

disappeared after adsorption of dye. In this study, XRD was employed for phase 

identification of the synthesised materials (CMC-pAA, Fe3O4-C30B NPs, CMC-

pAA/Fe3O4-C30B HNC, SA/AA, ZnO NPs, and SA/AA/ZnO) by comparing them to 

known reference spectra.  
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Figure 3. 2 XRD patterns of (a) ZnO NP (b) clay–alginate NC (c and d) ZnO–clay 

alginate beads before and after adsorption [5]. 

3.2.2 Thermogravimetric analysis  

During TGA analysis, a sample is placed inside a furnace and heated steadily with 

increasing time [4]. During the heating process, the sample weight loss percentage (wt. 

%) is measured relative to temperature to determine its thermal stability [6]. The uses of 

TGA include understanding thermal processes such as vaporisation, adsorption, 

desorption, sublimation, decomposition, reduction, and oxidation [4]. Furthermore, 

gaseous or volatile products that get lost during chemical reactions can be assessed 

using TGA. These involve nanomaterials, polymers, polymer nanocomposites, etc [7,8].  
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Figure 3. 3: General representation of TGA [9]. 

Figure 3.3 shows a general setup of TGA. Generally, if the material is thermally stable, 

no change in mass will be observed [9]. For example in a study by Salama [9], it was 

observed that modification of carboxymethyl cellulose graft polyacrylic acid (CMC-g-

pAA) with calcium phosphate (CaP) improved the weight loss percentage from 83% to 

59.4% (Figure 3.4). This confirmed mineralisation and improved thermal stability of the 

hydrogel by CaP [10] Reported modification of CMC hydrogel by Fe3O4@SiO2 in 

another study, improved the thermal stability by more than 10% as temperature 

increased. This confirmed the successful coating by the metal oxides NP’s [11]. In this 

study, the thermal stabilities of the prepared materials (CMC-pAA, Fe3O4-C30B NPs, 

CMC-pAA/Fe3O4-C30B HNC, SA/AA, ZnO NPs, and SA/AA/ZnO) were determined. 
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Figure 3. 4: TGA of C MC-g-PAA and CMC-g-PAA/CaP [11].  

3.2.3 Dynamic mechanical analysis  

During a dynamic mechanical analysis of materials, the stress or strain response of 

materials is measured relative to the applied oscillatory force or deformation with time 

[12]. From the analysis, information about the storage modulus (G’), loss modulus (G”) 

and tan delta (δ) can be obtained. DMA analysis is based on either forced frequency or 

free resonance. In which the signal is applied at a specific frequency or the material is 

agitated and permitted to exhibit free resonance decay [12]. Most frequently when 

working with polymers, the modulus and viscosity are measured as a function frequency 

because polymeric or fluids melt with the response to the rate of strain not to the 

amount of stress applied. Thus, viscosity is the main reason most researchers run 

frequency scans. For example, in Figure 3.5, at low frequency, the polymer structure 

behaves as a fluid and at a higher frequency, it behaves like a solid material [13]. In this 

study, the DMA analysis of CMC-pAA hydrogel, CMC-pAA/Fe3O4-C30B HNC, SA/AA 

hydrogel, and SA/AA/ZnO HNC was investigated.  
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Figure 3. 5: General representation of how the frequency influences the modulus and 

viscoelastic characteristic of polymer materials [14]. 

3.3 SPECTROSCOPY 

Spectroscopy focuses on how materials interact with the electromagnetic radiation 

which can be used to help in identifying, for example, the structure and bonds in the 

material. Moreover, it can be used to give quantitative information about the various 

atoms and molecules [15]. 

3.3.1 Fourier transform infrared spectroscopy 

This analytical technique is used to obtain the infrared spectrum of absorption or 

emission response by liquid, solid, or gaseous samples [16]. Figure 3.6 shows the basic 

components of FTIR [16]. The general working principle of FTIR is that light is shone 

onto a sample, the sample then absorbs the light within the infrared region of the 

electromagnetic spectrum, depending on the type of bonds present in the molecule, a 

specific frequency that is the characteristic frequency of that bond is obtained [17]. 

Thus, allowing the characterisation of functional groups or bonds that are present in the 

structure or molecule. The frequencies of the vibrations are obtained in wavenumbers 

within the range 4000–400 cm-1 [17]. The instrument initially records the background 

emission spectrum, which will be used to correct the spectra reading of analyte, and 

then secondly the emission spectrum of the IR source of the sample of interest. The 
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ratio between the sample spectrum and the background spectrum directly correlates 

with the sample's absorption spectrum [18,19].  

 

Figure 3. 6: Basic components of FTIR [16]. 

For example, in Figure 3.7(a) the peaks at 3506.46, 468.6, and 912 cm-1 correspond to 

the -OH, Zn-O and Zn-O-H vibrations [5]. Observation of clay-alginate hydrogel in 

Figure 3.7(b) displayed the characteristic vibration of Si-O-Si of clay at 1035.7 cm-1. 

Other peaks between 1383 and 1634 cm -1 were reported to belong to the COO- 

asymmetric and symmetric stretches. Upon incorporation of ZnO NP’s to clay-alginate, 

two distinctive peaks at 940 and 822 cm-1 were observed, which were due to Zn-O and 

Si-O-H vibrations, respectively [5]. The results confirmed the successful preparation of 

the materials. In another study, conducted by Atta et al, the characteristic vibration of 

Fe-O of magnetite was observed at 586 cm-1 [20] In this study the FTIR was used to 

confirm the structures of the prepared materials (CMC-pAA hydrogel, Fe3O4-C30B NPs, 

CMC-pAA/Fe3O4-C30B HNC, SA/AA hydrogel, and ZnO NPs.  
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Figure 3. 7: FTIR spectra of (a) ZnO (b) clay–alginate (c and d) ZnO, clay and modified 

ZnO–clay–alginate beads before and after adsorption. 

3.3.2 Ultraviolet-visible spectroscopy  

Ultraviolet-visible spectroscopy refers to a study focusing on the absorption or reflection 

of a monochromatic beam of light by a sample in the ultraviolet-visible region [21]. In 

this case, light is shone onto a molecule, the light is then absorbed by π–electrons or 

nonbonding electrons in the sample [22]. The UV technique is governed by the Beer-

Lambert law, which states that: when a monochromatic beam of light is passed through 

a solution containing absorbing molecules, the rate at which the intensity of radiation 

decreases relative to the depth of the absorbing solution is proportional to the 

concentration of the solution and the incident light [21]. Mathematically Beer-Lamberts 

law is expressed as in Equation 3.2. 

𝐴=𝑎𝑏𝑐      (3.2) 
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where A represents the absorbance of the analyte. a, b and c represent the absorptivity 

constant, the path length of a cell and the concentration of the analyte, respectively [22]. 

Since the concentration of the analyte is commonly measured in molarity, M (mol/L), 

Beer’s law can be written as follows [3.3]:  

𝐴=𝜀𝑏𝑐       (3.3)  

where ɛ is the molar absorptivity of the analyte which may be used to deduce the 

conductivity of the materials [22,23]. In this research, UV-vis was employed for 

determining the methylene blue (MB) concentration remaining in solution after removal 

with hydrogel nanocomposites. 

 

3.4 MICROSCOPY 

Microscopy is the study of samples or materials using microscopes to view images at a 

scale that is not limited to the resolution range of an unaided eye. Microscopy can be 

categorised into electron microscopy, scanning microscopy, and optical microscopy. 

 

3.4.1 Scanning electron microscopy  

Scanning electron microscopy is a method that produces high-resolution images of 

material surfaces by making use of a fixated beam of electrons [24]. The basic principle 

of SEM (Figure 3.8) is that a ray of electrons is bombarded on the material surface such 

that the electrons give off signals containing information about the surface and 

composition of materials through interaction with atoms in the sample [25]. Moreover, 

the information resulting from the relaxation energy gives the fingerprint of each element 

present in the sample or material, which is measured by Energy Dispersive 

Spectroscopy detector (also called EDS) [26]. For example, Vahidhabanu et al. [5] used 

SEM in the preparation of ZnO/clay-alginate nanocomposite (Figure 3.9). From the 

results, ZnO NPs were spherical and the clay-alginate hydrogel was rough and irregular 

shaped (Figure 3.9a,b). The group reported that coating of the hydrogel with ZnO NPs 

resulted in a nanocomposite with rough surface in which the spherical ZnO NPs were 

observed on the surface of the hydrogel (Figure 3.9(c-d)).  
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Figure 3. 8: Overview of scanning electron microscopy [26]. 

Another study reported the morphology of CMC coated with Fe3O4@SiO2 to be spongy-

like, with spherical metal oxide nanoparticles on the CMC surface [11]. In a study by 

Kurdtabar et al. [27] CMC incorporated with Fe3O4 reported for drug delivery (Figure 

9(e)). EDX analysis confirmed the presence of iron oxide nanoparticles in CMC through 

observation of Fe, O, and C peaks. In this study, the SEM method was employed for 

studying the morphology of the synthesised SA-based and CMC-based materials, and 

the metal oxide nanoparticles (Fe3O4-C30B and ZnO). 
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Figure 3. 9: SEM images of (a) ZnO NP’s, (b) clay–alginate NC, (c and d) synthesised 

ZnO–clay–alginate beads, and (e) EDX of MIONs–CMC biopolymer-based hydrogel 

[5,27] 

 

 

(e) 
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3.4.2 Transmission electron microscopy  

Transmission electron microscopy is an analytical technique that utilises a high energy 

beam of electrons which are shone through a very thin sample, and the interactions 

between the electrons and the atoms in the sample give information about the crystal 

structure, dislocations and grain boundaries on the material [28]. In principle, a beam of 

electrons is transmitted through an ultra-thin specimen, interacting with the specimen as 

it passes through an image is formed and magnified as it is focused onto an imaging 

device to be detected by a sensor [29]. TEM (Figure 3.10) helps determine information 

about the growth of layers, their composition and defects in semiconductors [30,31]. A 

high-resolution transmission electron microscope can be used to analyse the quality, 

shape, size, and density of quantum wells, wires and dots [28]. 

 

Figure 3. 10: Overview of the transmission electron microscope. 
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In a study conducted by Hashem et al. [32], CMC coated with ZnO was prepared and 

characterised. TEM analysis (Figure 3.11(a)) of the nanocomposite displayed the 

irregular shaped CMC structure coated with hexagonal-shaped ZnO nanoparticle 

crystals [32]. Their diameters ranged from 10 to 20 nm [32]. In another study, Fe3O4 

nanoparticles were incorporated into polyacrylamide hydrogel (Figure 3.11(b)). The 

TEM analysis showed spherically shaped magnetite particles dispersed on the smooth 

surface of PAAm [33].  

 

Figure 3. 11: TEM image of (a) CMC/ZnO and (b) PAAm/Fe3O4 nanocomposite [32,33]. 

 

3.5 CONCLUSIONS 

Briefly, this chapter discussed the principles of each analytical technique and recent 

applications in characterising SA, CMC, Fe3O4, ZnO, and nanocomposite materials. The 

FTIR instrument was used to study the structural properties, hence confirm the 

successful preparation of the hydrogels and their nanocomposites. XRD was used for 

phase identification of the prepared materials whether they are crystalline or 

amorphous. To study the thermal stability of all the prepared materials, TGA was used. 

SEM/EDS was used for studying the morphology of the SA/PAA and CMC-cl-pAA 

hydrogels and their respective hydrogel nanocomposites. HR-TEM is used to examine 
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the internal structures of the synthesised nanocomposites and the prepared 

nanoparticles for which information about the particle size, the d spacing, and structure 

of the material can be revealed. Information about the mechanical strength of the 

hydrogels and their composites is provided by dynamic mechanical analysis (DMA). The 

UV-vis was used to determine the concentration of MB in solutions. 
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CHAPTER FOUR 

SYNTHESIS OF CARBOXYMETHYL CELLULOSE CROSSLINKED WITH 

POLYACRYLIC ACID (CMC-cl-PAA) HYDROGEL MODIFIED WITH MAGNETIC 

C30B NANOCOMPOSITE AND ITS ADSORPTION EFFICIENCY TOWARDS 

METHYLENE BLUE. 

 

CHAPTER SUMMARY 

 

Cellulose-cl-poly(acrylic acid) (CMC-cl-pAA) hydrogel and carboxymethyl cellulose-cl-

poly acrylic acid magnetic Cloisite 30B (CMC-cl-pAA/ Fe3O4-C30B) hydrogel 

nanocomposite (HNC) was prepared  via in situ free-radical polymerisation for 

adsorption of methylene blue (MB) dye. The structural, morphological characteristics, as 

well as thermal and mechanical properties of the prepared materials were studied 

through XRD, FTIR, SEM/EDS, TEM, STA and DMA. Significant improvements in 

thermal and mechanical properties were recognised for CMC-cl-pAA/Fe3O4-C30B HNC 

in comparison to CMC-cl-pAA hydrogel.  Various factors influencing the adsorption 

processes such as solution pH, adsorbent dose, contact time, equilibrium concentration 

and equilibrium temperature were investigated in a batch mode. The adsorption kinetics 

and isotherm modelling data were best described by pseudo-second-order and 

Langmuir model. The maximum adsorption capacity for CMC-cl-pAA hydrogel and 

CMC-cl-pAA/Fe3O4-C30B HNC were found to be 1165.0 and 806.5 mg/g, respectively, 

determined via Langmuir model. The adsorption results conveyed that the CMC-cl-pAA 

hydrogel had enhanced adsorption capacity than the CMC-cl-pAA/Fe3O4-C30B HNC. 

The improved adsorption and swelling capacity led to decrement in the gel strength in 

the case of CMC-cl-pAA hydrogel and inverse for the CMC-cl-pAA/Fe3O4-C30B 

hydrogel nanocomposite. 
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4.1 INTRODUCTION 

Methylene blue is a dye mostly applied in the textile and paper industry [1]. It has a 

planar and complex structure that is responsible for its stubbornness in removing from 

wastewater [2]. Exposure and indigestion to this dye (even at low concentration) may 

cause health problems such as vomiting, nausea, eyes burn and breathing difficulties to 

humans, its accumulation in water may inhibit penetration of sunlight thus hindering 

photosynthesis from taking place [3,4]. Various water treatment techniques namely 

oxidation, membrane filtration, coagulation, adsorption, and biological methods have 

been employed to eliminate MB dye from water [5]. Amongst these techniques, the 

adsorption method has been reported to be the best candidate for removal of MB owing 

to their easy operation, low costs, and easy design [6, 7]. Several materials have been 

applied for MB removal namely; fly ash, activated carbon, graphene oxide, etc [8,9,10]. 

However, these materials have high costs, and non-biodegradability [11]. Hence, there 

is dire need to develop adsorbent materials that are effective, inexpensive and easily 

available to enhance the adsorption efficiency and effectiveness. Hydrogels are 

crosslinked polymer chains that can trap fluids for a long period and are hydrophilic [7]. 

For this reason, hydrogels have found their use in agriculture to trap water for plants, 

use in making contact lenses, drug delivery, diapers, sensing and recently used as an 

adsorbent material [12]. Biopolymer-based hydrogels offer advantages of 

biodegradability. Examples of biopolymers used for hydrogel preparation include; 

cellulose, alginate, chitosan, chitin, and carrageenan [13]. Among these biopolymers, 

CMC is a negatively charged, polyelectrolyte material that behaves as a polyanion at pH 

greater than 4.5 and dissolves in water [14]. Due to its biocompatibility and non-toxic 

nature, CMC attracted much use in environmental, industrial and biomedical fields [15]. 

Its application in wastewater treatment was attracted by its high degree of hydrophilicity 

and non-toxicity [14, 16, 17]. However, CMC suffers from a lack of mechanical stability 

and it dissolves in water [14]. Wang et al. reported that incorporating acrylic acid onto 

the alumina surface improved stability and sorption of Pd (II) [18]. Hence, in this work, 

CMC will be crosslinked with acrylic acid using MBA as the crosslinker to form strong 

3D structures of hydrophobic networks that are non-dissolvable in aqueous solution 
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[18]. To enhance the stability of the gel, magnetic nanoparticles and clay are 

incorporated in this work. 

Recent studies reported that the blending of biopolymers with synthetic polymers 

enhances the solubility and adsorption capacity of the adsorbent [18]. Acrylic acid 

contains carboxyl (COO-) functional groups and CMC contains carboxyl (COO-) and 

hydroxyl (-OH) functional groups, therefore the resulting hydrogel will have more 

adsorptive functional groups, thus increasing the swelling and adsorption capacities 

[17]. Godiya et al. [19], successfully synthesised a cost-effective, highly adsorptive 

CMC/ acrylamide hydrogel composite for removal of Cd2+, Cu2+, and Pd2+. The group 

reported improved adsorption properties by the hydrogel. Another study reported the 

improvement in removal capacity of CMC for MB from 83.3 mg/g to 172.1 mg/g by 

incorporating PVA monomer [20]. Therefore, proof that modification with synthetic 

polymers improves the capacity of adsorption. Although the adsorption capacity and 

solubility of CMC are improved, the hydrogel composites are not easy to separate. 

Therefore, magnetic (Fe3O4) nanoparticles modified with cloisite 30B clay will be 

incorporated to allow easy recovery using an external magnetic force. The incorporation 

of inorganic materials also enhances the stability of the hydrogel. This work reports the 

synthesis of CMC-cl-pAA hydrogel and its Fe3O4-C30B nanocomposite via in situ 

polymerisation. The synthesised hydrogel and its hydrogel nanocomposite were 

characterised using various analytical techniques. The FTIR confirmed the successful 

incorporation of magnetic nanoparticles onto CMC-cl-pAA hydrogel. The hydrogel 

nanocomposite was semi-crystalline as observed from XRD. Both thermal and 

mechanical properties were improved. The magnetic property of CMC-cl-pAA/ Fe3O4-

C30B HNC allowed for easy recovery of the material after application Hence showing 

great potential for use in removing MB and possibly other cationic dyes from aqueous 

solution. 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

The biopolymer (CMC, acrylic acid (AA, 99%) monomer Initiator potassium persulfate 

(KPS) (≥98%; 248614), the crosslinker N, N’-methylene bis-acrylamide (MBA)( 99%) 

was supplied by Sigma-Aldrich (South Africa). Acetone, sodium hydroxide (NaOH), 

ammonia solution (25%) and hydrochloric acid (HCl) were procured from Merck (South 

Africa). Iron (III) chloride hexahydrate (FeCl3.6H2O) and iron (II) chloride tetrahydrate 

(FeCl2.4H2O) were procured from Sigma Aldrich. C30B clay was supplied by Southern 

Clay Products (USA). All reagents used were of analytical grade. For all the 

experiments, deionised (DI) water was utilised. The stock solution of MB (1000 mg/L) 

was prepared by dissolving an appropriate amount of dye, which was purchased from 

Merck (South Africa) in 1 L of DI water, and the stock solution was further diluted for 

batch experiments. 

 

4.2.2 Preparation of CMC-cl-pAA hydrogel 

The method for preparing the hydrogel was adopted from Thakur et al., with slight 

modifications [1]. Briefly, a solution of CMC (0.15 g) in 100 mL deionised water was 

prepared and mixed with calculated amounts of AA (2.6 mL), KPS (0.108 g), and MBA 

(0.062 g) to a final volume of 40 mL was maintained. The reaction of crosslinked 

copolymerisation was initiated by exposing the mixture under a constant temperature of 

70 ℃ for three hrs. During this process, the KPS generated free cellulosic radicals, 

followed by chain elongation through the attachment of AA monomers, crosslinking with 

MBA and lastly, the polymer chain termination or chain transfer resulting from the high 

concentration of free radicals. The obtained CMC-cl-pAA hydrogel was allowed to cool 

at room temperature, diced into small pieces and washed well with acetone to remove 

unreacted reagents. The hydrogel was further washed with distilled water, filtered and 

vacuum dried at 70 ℃ for 48 hrs and then ground to a fine powder using mortar and 

pestle. 
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4.2.3 Preparation of magnetic-C30B nanocomposite 

Briefly, 50 mL solutions of FeCl3.6H2O (8.00 g) and FeCl2.4H2O (4.00 g) in separate 50 

mL DI water were prepared and the two solutions were mixed together. To this mixture, 

1 g of C30B clay in 50 ml distilled water was added. Followed by stirring for 30 min at 

50-60 oC using a magnetic stirrer and addition of ammonium solution until a pH of 10 

was obtained. The precipitated magnetic C30B was centrifuged for 10 min at 4000 rpm. 

The nanocomposite was washed numerous times with distilled water, centrifuged and 

dried at 70 oC for 24 hrs. 

 

4.2.4 Preparation of CMC-cl-pAA/Fe3O4-C30B HNC 

Briefly, CMC (0.15 g) was dissolved in DI water. To this solution, calculated amounts of 

KPS (0.108 g), AA (2.6 mL) and MBA (0.062 g) were added, and the total volume was 

adjusted to 30 mL. To this mixture, 10 mL solution of Fe3O4-C30B (0.5 g) dissolved in 

methanol was added and the procedure followed as discussed in 4.2.2. 

 

4.2.5 Swelling studies 

The swelling ratio (S) of the hydrogels was investigated using DI water as follows; 0.1 g 

of hydrogel was dissolved in 50 mL of distilled water, pH 7.0 at ambient temperature for 

24 hrs to reach the maximum swelling capacity. The swollen hydrogel sample was 

taken out from the water, blotted up with a filter paper and weighed. The swelling ratio 

of the hydrogels was calculated using Eq. (4.1): 

𝑆 (
𝑔

𝑔
) =

𝑊𝑠−𝑊𝑑

𝑊𝑑
× 100                                              (4.1) 

Where S (g/g) is the swelling capacity of the hydrogel, Ws represents the mass of 

swollen hydrogel and Wd represents the mass of the dry hydrogel. 

 

4.2.6 Adsorption studies 

For adsorption kinetics studies, solutions with 150, 200, 250, 300, and 350 mg/L initial 

MB concentrations were prepared and contacted with CMC-cl-pAA hydrogel and CMC-
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cl-pAA/Fe3O4-C30B HNC to investigate the effect of contact time in removing MB. 

Typically, CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite (0.01 g) was mixed with 

30 mL of MB solution at a pH of 7.0 in a water bath shaker. The mixture was stirred at 

170 rpm and a constant temperature of 25 °C, and aliquots (3 mL) were taken at 

selected time intervals. The collected samples were filtered using 0.45 μm cellulose 

acetate syringe filters and analysed. The amount of MB was calculated using the Eq. 

(4.2): 

𝑞𝑒 = 𝑞𝑡 = (
𝐶𝑂−𝐶𝑒

𝑚
)  𝑉                  (4.2) 

where qe and qt represent the equilibrium capacity of MB dye on the adsorbent (mg/g) 

and amount of MB adsorbed per unit mass of the adsorbent (mg/g) at a certain time (t), 

respectively. Ce is the equilibrium concentration of MB (mg/L); m is the mass of the 

adsorbent (g), and V is the volume of the MB dye solution (L). 

 

4.2.7 Regeneration studies 

Regeneration experiments were carried out by immersing the MB-loaded adsorbents 

into 50 mL of ethanol and agitated at 170 rpm for 2 hrs. The collected absorbents were 

washed with DI water, dried at 50 °C, ground to a fine powder using mortar and pestle, 

and reused in the next cycle of adsorption. The dye adsorption/desorption runs were 

repeated at least four times. 

 

4.2.8 Determination of point of zero charge 
 

The point of zero charge (pHpzc) is simply the pH at which the adsorbent surface has a 

net charge of zero. The pHpzc is obtained from the difference between the initial and the 

final pH (∆pH). To determine the pHpzc, measured amounts of the hydrogel and the 

hydrogel nanocomposite were immersed in aqueous solutions of pH ranging between 

2.0-10.0 and agitated in a shaker (170 rpm, ambient temperature) for 48 hrs. The 

solution pH was recorded and the pHpzc was calculated as shown from the following Eq. 

(4.3): 

https://www.sciencedirect.com/science/article/pii/S0141813018340728#fo0015
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                                                       ∆𝑝𝐻 = 𝑝𝐻𝑓𝑖𝑛𝑎𝑙 − 𝑝𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙    (4.3) 

 

4.2.9 Characterisation techniques 

The morphologies of the prepared materials were investigated using the SEM 

(JSM7500F, JOEL) together with EDS was utilised to observe the morphologies and to 

acquire elemental mapping of samples. Spectrum II spectrometer (Perkin Elmer) was 

employed to record FTIR spectra in the wavenumbers between 400 and 4500 cm-1. The 

thermal analyses were performed by STA instrument (Perkin Elmer), where the 

prepared materials were heated at a rate of 10 ᵒC/min from 30 to 600 ᵒC in nitrogen gas 

flow rate of 20 mL/min. XRD patterns were acquired with a PAnalytical Xpert Pro 

spectrometer employing Ni filtered CuK radiation with (λ = 1.5406 Å). The diffraction 

data were plotted between 5 to 70° in 2Ɵ utilising continuous scanning at a rate of a 

step size of 0.01 °/s. To study the internal structures of the synthesised materials the 

TEM and HR-TEM together with selected area electron diffraction (SAED) were used to 

study the internal morphology at 200 kV accelerating voltage with camera length of 100 

mm (JOEL JEM 2100, Tokyo, Japan).  

DMA was conducted on a single-cantilever bending mode using (Perkin Elmer DMA 

8000) to study the mechanical stability of the synthesised materials. The frequency 

dependence of the loss modulus and storage modulus were performed at a fixed 

temperature (30 °C). The strain amplitude was set at 0.05%, and the ramp rate was 

5°C/min in the frequency range 0.01 to 100 Hz. Ultraviolet-visible spectrometer (UV-vis) 

was utilised to analyse the MB solutions at different concentrations and determine the 

remaining MB concentrations after adsorption. The pH of the solution was adjusted 

using (0.1 M) HCl and/or NaOH and the pH readings were obtained with a Henna 

instrument. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Optimisation study based on the synthesised hydrogel and hydrogel 

nanocomposite. 

 

The swelling capacity of hydrogels is controlled by the size of its pores, the presence of 

hydrophilic groups on its surface and intermolecular spaces in its structure [21]. An 

increase in the amount of initiator (KPS) between 0.11-0.65 g, resulted in a decline in 

the swelling capacity of the hydrogel. The decrease in the swelling capacity with 

increasing content of initiator could be attributed to the presence of many radicals being 

generated, which encouraged chain termination. Therefore, the optimum KPS content 

was 0.11 g. These results agree with those obtained by Makhado et al. [21], in removing 

methylene blue using Xanthan gum-based hydrogel incorporated with o-MWCNTs. 

Below an initiator amount of 0.11 g, the hydrogel could not form as there was not 

enough initiator to encourage chain formation. The optimum initiator amount was 0.11 g 

(Figure 4.1(a)). Optimisation of the cross-linker showed the swelling capacity decreased 

with an increasing amount of cross-linker (Figure 4.1(b)). This was due to the inability of 

the hydrophilic polymer chain to dissolve in water as a result of hindrance by the 

crosslinker (MBA) [22]. During optimisation of the volume of acrylic acid (AA) monomer 

(Figure 4.1(c)), the swelling capacity of the hydrogel increased at lower volumes, 

followed by a decrease with increase in AA. The initial increase in swelling capacity 

could have been due to the abundance in hydrophilic groups. The further decrease may 

have been due to the inability of the monomer and free radicals to freely move due to 

increased viscosity or secondly, preferential homo-polymerisation may have been 

favoured over polymerisation with AA [23]. 
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Figure 4.1: Effect of the initiator (a), crosslinker (b), and monomer (c) on the 
optimisation of the CMC-cl-pAA hydrogel. 

 

4.3.2. Characterisation of materials 

4.3.2.1. FTIR analysis 

The structural changes on CMC were confirmed by FTIR as revealed in Figure 4.2(a). 

The spectrum of CMC shows the presence of hydroxyl groups from 3000-3500 cm-1, a 

CH stretch at 2900 cm-1, asymmetric and symmetric -OH groups of carboxylic acid at 

1442 and 1392 cm-1 [24,25]. The peaks at 1000 cm-1 are assigned to the C-O-C 

stretches, those at 1650 cm-1 match to the carbonyl groups of the carboxylic acid 

functional groups. These results are in good agreement with the results obtained in the 
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literature [26]. Upon crosslinking of pAA with CMC, there was a shift in the peaks and 

an increase in intensities. This could be attributed to the influence of the same groups 

coming from the acrylic acid moieties. Furthermore, a peak at 1392 cm-1 on CMC 

disappears upon crosslinking with acrylic acid, indicating the symmetric -OH groups 

took part in reacting with the monomer during polymerisation as also reported by 

Salama, [27]. Therefore, confirming the successful synthesis of CMC-cl-pAA hydrogel. 

On the spectrum of Fe3O4-C30B, two major peaks at 528 cm-1 and 1080 cm-1 

corresponding to the Fe-O bend of the magnetite and the Si-O-Si stretch of C30B were 

observed [28, 29]. This suggested the successful incorporation of magnetite particles 

onto the clay surface. After incorporation of magnetic C30B to the CMC-cl-pAA 

hydrogel, new peaks were observed on the CMC-cl-pAA/Fe3O4-C30B spectrum at 

approximately 1000 cm-1 and 528 cm-1, which correspond to the Si-O-Si stretch of C30B 

clay and the Fe-O vibration of Fe3O4 [30, 31]. The appearance of these peaks confirms 

the successful preparation of CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite. 

 

4.3.2.2. XRD analysis 

The XRD analysis was carried out for phase identification of all the synthesised 

materials. In Figure 4.2(b) diffractogram of CMC, two sharp peaks of CMC are observed 

at 2𝜃 = 9.0° and 2𝜃 = 21.8°, indicating a well organised CMC with a polycrystalline 

structure [27]. Upon copolymerisation and crosslinking with pAA, the CMC peaks were 

broader with decreased intensities, indicating the glassy amorphous nature of the 

hydrogel composite [27]. According to Shen et al., the disruption of the ordered 

arrangement of CMC indicated that polymerisation had taken place [28]. The CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite diffractogram shows the CMC/pAA 

amorphous broad peak at 2𝜃 = 18.5° with the appearance of new peaks at 2𝜃 = 5°, 

corresponding to the C30B diffraction and 2𝜃 = 30.0° (220), 36.0° (311), 44.1° (400), 

57.0° (511) and 62.2° (440) corresponding to the characteristic diffractions of Fe3O4 

[28,33]. Furthermore, the shape of some peaks changed, some increased in height, 

others became small and their width broadened in some cases, demonstrating a good 

distribution of the magnetic clay layers [34]. This suggests cross-linking with Fe3O4-

C30B was successfully achieved.  
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4.3.2.3. Thermal analysis 

The CMC thermogram in Figure 4.2(c) showed two degradation steps. The 10% weight 

loss from 100-300 °C could be due to the moisture lost and the second 45% weight loss 

could be the polysaccharide backbone decomposition [32]. On the CMC-cl-pAA 

hydrogel, three stages are observed, the first degradation from 100-250 °C is due to the 

moisture lost in the structure and residual solvents. From 250-330 °C the step is due to 

degradation of the CMC polymer chains, and the last step from 330-500 °C is due to 

degradation of the pAA moiety. Mishra and Shen reported similar results [32, 35]. From 

these results, it could be observed that the degradation of CMC-cl-pAA/Fe3O4-C30B 

hydrogel nanocomposite occurs at a slower rate than the hydrogel alone. Degradation 

of CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite takes place in two steps. The 

initial degradation step shows a weight loss of about 11% from 112 to 317 °C, which 

could be attributed to the loss of moisture and solvents [36]. The second degradation 

could be attributed to the disruption of the crosslinks in the polymer structure and the 

decomposition of the CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite [33, 37, 38]. 

The slow degradation and decreased weigh loss of the CMC-cl-pAA/Fe3O4-C30B HNC 

indicated that the coating with magnetic C30B enhanced the thermal stability of the 

hydrogel. At lower temperatures, both the hydrogel composite and the hydrogel 

nanocomposite are stable, which is important for application in the removal of dyes to 

ensure that the adsorbent material will be able to remove pollutants without losing its 

structural integrity.  
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Figure 4. 2:FTIR (a), XRD spectra (b), and TGA of CMC, CMC-cl-pAA hydrogel, Fe3O4-
C30B, and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite. 

 

4.3.2.4. Morphological characterisations  

The scanning electron microscopy (SEM) images in Figure 4.3 show the surface 

morphology of CMC, CMC-cl-pAA hydrogel, Fe3O4-C30B, and CMC-cl-pAA/Fe3O4-

C30B. According to Bao et al., the ability of a hydrogel to retain and absorb water 

depends on the porosity and the pore size of the material [39]. Therefore, the more 

microporous the material is, the higher its ability to absorb fluids. On the CMC 

micrograph in Figure 4.3(a), the structure of CMC was observed to be irregularly 

shaped with some pores. These results were similar to those obtained by Salama [27]. 

Upon crosslinking with pAA Figure 4.3(b), the CMC inter-connections were more well-

defined, with more irregular shape [40]. The pores formed in the hydrogel are 

convenient for the penetration of water and dye molecules across the hydrogel 

composite structure [41]. The image in Figure 4.3(c) showed tiny spherical magnetite 
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particles on the surface of the clay sheet [1]. In Figure 4.3(d), a structure of well-defined 

pores with well-defined interconnections was observed. This was due to the presence of 

C30B clay and Fe3O4 which acted as a crosslinker and increased the crosslinking 

density of the material [34, 39]. Additionally, tiny particles of magnetite were observed 

on the surface of the irregular-shaped hydrogel, this confirmed the successful synthesis 

and incorporation of magnetic clay on the hydrogel surface. Furthermore, the existence 

of Fe3O4-C30B in the hydrogel composition was confirmed by EDS analysis Figure 

4.3(e). The EDS spectrum showed the oxygen(O) and iron (Fe) peaks of the magnetite 

nanoparticles, and the silicon (Si), aluminium (Al) and sulphur (S) peaks of C30B clay.  
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Figure 4. 3: SEM image resolution of 25x of CMC (a), CMC-cl-pAA hydrogel (b), Fe3O4-

C30B (c), CMC-cl-pAA/ Fe3O4-C30B (d), and EDS analysis. 

 

Figure 4.4(a) and (b) show the dispersion of spherical shaped magnetic particles over 

the C30B clay sheets. At some parts of the product, the magnetite particles are 

clustered together indicating agglomeration [42]. The HRTEM and SAED were 

employed to further investigate the crystallinity of the Fe3O4-C30B nanocomposite. 

Figure 4.4(c), HRTEM shows the internal crystalline structure of magnetite and a 

characteristic d-spacing of 0.2505 nm corresponding to the 311 planes of magnetite 

[44]. From the SAED shown in Figure 4.4(d), a white dash line circle which is 

characteristic of crystal structures is observed [43]. Furthermore, dotted concentric rings 

were observed, which occur as a result of the diffraction of particles of different 

orientations, in this case, the planes of cubic Fe3O4 [28]. The scattered white light from 

the nanoparticles is not very bright compared to the results reported by Sitthichai et al, 

which could be due to the CMC hydrogel contents [28]. It could, therefore, be confirmed 

that the material possessed both crystalline and amorphous properties as also observed 

from XRD results. 
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Figure 4. 4: TEM images (a) and (b), HR-TEM image (c), and SAED pattern (d) of CMC-

cl-pAA/Fe3O4-C30B hydrogel nanocomposite.. 

 

4.3.2.5. Mechanical properties 

The response of the CMC-cl-pAA/Fe3O4-C30B HNC to an oscillatory deformation in 

tension-torsion mode relative to the temperature was measured using DMA. Figure 4.5 

shows the storage (G’) and loss (G’’) moduli response to the frequency of CMC-cl-pAA 

hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposites. Upon observation, 

the storage modulus of the CMC-cl-pAA/Fe3O4-C30B HNC was higher than of the CMC-

cl-pAA hydrogel, indicating that the HNC can store deformation energy better than the 

hydrogel [45]. This could be attributed to the highly crosslinked nature of the 

nanocomposite as a result of crosslinks from the MBA and the ability of iron atoms and 
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the C30B clay to act as cross-linkers [34]. These findings are in line with the results 

obtained in a study by Peng et al., of cellulose-MMT hydrogel for removing MB dye [16]. 

The literature also suggests that the storage modulus is directly propositional to the 

crosslinking density [46]. These findings suggest that the blending of inorganic 

components with hydrogel polymer matrices enhance the hydrogel mechanical 

properties [47]. Enhanced mechanical properties could allow the stability of material 

when applied in removing the dye in different conditions. The loss modulus as observed 

in Figure 4.5(b) overlap with each other, this indicates that both the CMC-cl-pAA 

hydrogel and the CMC-cl-pAA/Fe3O4-C30B HNC lose heat energy similarly. 

 

 

 

Figure 4. 5: Storage (a), and loss modulus (b) of CMC-cl-pAA hydrogel and CMC-cl-

pAA/ Fe3O4-C30B hydrogel nanocomposite.   
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4.3.3. Adsorption studies 

4.3.3.1. Factors affecting the adsorption process 

 

4.3.3.1.1 Effect of pH and dose 

The effect of solution pH in removing methylene blue (MB) using CMC-cl-pAA hydrogel 

and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite was studied at 25 oC (Figure 

4.6(a)). The solution pH was controlled in the range of 3.0 to 10.0. CMC and AA contain 

hydrophilic groups such as the carboxylic (COO-) group on their surface [17]. At lower 

pH, the active sites are protonated, resulting in repulsion between the positive 

adsorbent and the cationic MB dye molecules. When the solution pH was increased 

from 3.0 to 10.0, the removal capacities of CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite increased from 528 to 597 mg/g and 312 to 

592 mg/g, respectively. The adsorption equilibrium was obtained from pH 5.0 for the 

hydrogel and from pH 7.0 for the CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite.  

 

At higher pH, the active sites become negatively charged which encourage electrostatic 

attraction with the cationic dye molecules, thus the adsorption capacity is increased in 

both cases for the CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite. Pourjavadi et al. reported similar results in the removal of malachite 

green dye [49]. The removal capacity of MB for the nanocomposite was observed to be 

lower than that of the hydrogel. This could be due to the incorporation of Fe3O4-C30B 

clay which promoted more crosslinked networks in the polymer matrix, leading to a 

decline in the removal capacity [48]. Similar results were also reported by Makhado et 

al. [21], in the removal of MB using XG-cl-pAA/o-MWCNTs hydrogel nanocomposite.  
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Figure 4. 6: Effect of pH (a) and dose (b) on the removal of MB by CMC-cl-pAA 

hydrogel and CMC-cl-pAA/Fe3O4-C30B HNC. 

 

The adsorbent dose effect was investigated from the range of 10-50 mg. In Figure 

4.6(b), it could be seen that the removal capacity of both adsorbents decreased with 

increasing adsorbent dose. Hu et al., reported that at a lower dose, the active sites fully 

take part in adsorbing MB, resulting in high removal capacity [50]. However, at high 

dose, the equilibrium is readily reached owing to the presence of osmotic pressure 

despite the abundance of active sites. These results are following the result obtained by 

Makhado et al., where they reported that the agglomeration of the active sites on the 

adsorbent surface and the heightened diffusion path length could also be responsible 

for the reduction in adsorption capacity [21]. The removal capacity for the CMC-cl-pAA 

hydrogel was higher compared to the CMC-cl-pAA/ Fe3O4-C30B hydrogel 

nanocomposite. This could also be attributed to the highly crosslinked structure of the 

polymer caused by incorporating the nanofillers [48]. 

 

 

 



98 
 

4.3.3.1.2 Point of zero-charge 

 

To study the surface charge of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B 

hydrogel nanocomposite, the pHpzc was performed and the plot of ΔpH as a function of 

pHinitial is depicted in Fig.4.7 (a,b). The pHpzc of CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite are 3.13 and 3.63, respectively. At pH > 

pHpzc, the surface of adsorbents had a net positive charge, while at pH < pHpzc the 

surface had a net negative charge. Both adsorbents showed a similar trend throughout 

the studied pH range. However, CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite 

displayed a slightly higher pHpzc than CMC-cl-pAA hydrogel. This surface change 

confirms the incorporation of Fe3O4-C30B nanocomposite on the CMC-cl-pAA hydrogel 

network. These findings suggest that the change in the pH value during the adsorption 

process can induce changes in the adsorption pathways. The effect of pH on the 

adsorption was explained by strong electrostatic attraction between synthesized 

adsorbents and MB molecules. Makhado et al. [21,22] observed similar trends in the 

case of xanthan gum-cl-poly acrylic acid/oxidized MWCNTs (XG-cl-pAA/o-MWCNTs) 

hydrogel nanocomposite. 

 

Figure 4. 7: The pHpzc of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B HNC. 
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4.3.3.2. Adsorption kinetic studies 

Adsorption kinetics rate equation is important for determining the rate of adsorbing MB. 

In Figure 4.8(a), the dependence of adsorption on contact time was examined and it 

could be seen that as the contact time increases, the adsorption capacities of CMC-cl-

pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite also increases 

[8]. This could be due to enough time given for the anionic adsorbent to interact with the 

cationic MB. The adsorption reached equilibrium after 25 min. Therefore, the optimum 

time for MB adsorption by the CMC-cl-pAA hydrogel composite was 25 min, which was 

faster than that of the CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite. The plots of 

pseudo-first order (Figure 4.8(a)) and pseudo-second-order (Figure 4.8(b)) kinetics 

models for the CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite were investigated. The obtained data were fitted onto the linearised 

kinetics equations namely; pseudo-first order (Eq. 4.3) and pseudo-second-order (Eq. 

4.4) to study the adsorption rates. From the obtained data tabulated in Table 4.1, the 

correlation coefficient (R2) obtained from pseudo-second-order was higher and/or closer 

to 1 than that of the pseudo-first order. This implies that the surface adsorption is the 

rate-limiting step and is governed by chemisorption and the physicochemical 

interactions between two phases. In addition, the experimental qe values (597.9 mg/g 

and 537.0 mg/g) were closer to the calculated qe (598.8 mg/g and 546.4 mg/g) obtained 

from the pseudo-second-order kinetics for CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite, respectively. 

 

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝐾1𝑡                                       (4.3) 

 

 
𝑡
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′𝑞𝑒
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                                (4.4) 
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Figure 4. 8: Effect of time (a), pseudo-first order (b), and pseudo-second order (c) 

kinetics models for CMC-cl-pAA hydrogel and CMC-cl-pAA/ Fe3O4-C30B hydrogel 

nanocomposite. 
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Table 4.1: Shows pseudo-first order and second-order isotherm models result for CMC-

cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite. 

 

 

4.3.3.3. Adsorption isotherm studies 

From the plot of concentration versus removal capacity Figure 4.9(a), it could be 

observed that as increasing the concentration of MB solution increased the removal 

capacity. The sorption equilibriums were reached at 300 mg/L for the CMC-cl-pAA 

hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite, respectively. The 

increase with increasing initial concentration could be ascribed to the rise in the driving 

force of the concentration gradient [51,52]. Additionally, the diffusion of dye molecules in 

bulk solution increases towards the CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-

C30B hydrogel nanocomposite external surface.  

The Langmuir, Freundlich and Temkin adsorption isotherm models were used to study 

the adsorption mechanism governing the removal of MB. Details of the isotherm models 

are discussed in the supplementary information. Using the linear regression method, the 

values of isotherm constants were determined and recorded in Table 4.2. From the data 

obtained, the calculated values of correlation coefficient (R2) for each isotherm model 

were compared for both the hydrogel and the hydrogel nanocomposite, in which the 

 Pseudo-first-order Pseudo-second-order 

Parameters qe (cal.) 

(mg/g) 

K1  

(min-1) 

R2 qe (cal.) 

(mg/g) 

K’2 

(min-1) 

R2 

CMC-cl-pAA 

hydrogel 

3.063 0.0169 0.92

9 

598.9 5.431 0.999 

CMC-cl-

pAA/Fe3O4-C30B 

hydrogel 

nanocomposite 

 

8.648 0.007 0.98

0 

546.4 0.333 0.998 
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highest value of R2 suggested the best fitting model of adsorption. The values of R2 

decreased in the order; Langmuir > Freundlich > Temkin. The Langmuir isotherm model 

had the highest R2 values of 0.948 and 0.989 for the CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B HNC, respectively. Therefore, Langmuir isotherm model was 

favoured, suggesting that adsorption of MB on the surfaces of CMC-cl-pAA hydrogel 

and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite occurred in a monolayer 

coverage, further implying that the active sites attracted the MB molecules with the 

same amount of energy such that a single layer of homogeneous sorption was 

obtained. Similar results were reported by Bhaumik et al. [51], in the removal of 

hexavalent chromium. The RL values found in the present study were in the range of 

0.12-0.47 and 0.02-0.38 for CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B 

hydrogel nanocomposite, respectively, indicating that adsorption of MB was favourable 

(0 < RL < 1). These results demonstrate that CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite is a more efficient adsorbent for removing MB dye from aqueous 

solution. The adsorption capacity (qm) obtained in the present study was compared with 

reported adsorption capacities in the literature (Table 4.3) for the removal of methylene 

blue. The synthesised CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite possessed higher adsorption capacity. This could be attributed to the 

availability of adsorptive groups resulting from the acrylic acid and the 

carboxymethylated cellulose backbone. 
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Figure 4. 9: Effect of concentration (a), Langmuir (b), Freundlich (c), and Temkin (d) 

isotherm models for CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite. 
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Table 4.2: CMC-cl-pAA hydrogel and CMC-cl pAA/Fe3O4-C30B HNC for various 

isotherm models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sotherm models  Isotherm 

constants 

CMC-cl-pAA 

hydrogel 

CMC-cl-pAA/Fe3O4-

C30B  HNC 

Langmuir qm(mg/g) 

b 

RL 

R2 

1165 

0.383 

0.115-0.465 

 0.948 

806.5 

0.544 

0.017-03380 

0.989 

Freundlich 

 

N 

KF 

R2 

5.180 

554.7 

0.228 

11.01 

531.4 

0.250 

Temkin AT (L/g) 

bT 

β (J.mol-1) 

R2 

31.32 

16.00 

154.8 

0.314 

8020 

41.90 

59.81 

0.241 
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Table 4.3: Comparison of adsorption capacities of MB onto different adsorbents. 

Adsorbents  Removal 

capacity (mg/g) 

Reference 

CMC/PVP hydrogel 

CMC-based hydrogels beads 

Regenerated CMC-based hydrogels beads 

hydroxypropyl cellulose (HPC)/graphene oxide 

Poly (AA-co-AMPS)/MMT  

CMC-based hydrogels 

MCA–E/CMC microspheres 

Magnetic carboxyl functional nano-porous polymer 

Fe3O4/p(Am-co-Na Ac) 

Xylan/p(acrylic acid) Fe3O4 

CMC/pAA hydrogel 

CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite 

 

83.33 

82.00 

350.00 

118.48 

192.31 

5-25.00 

998.20 

57.74 

635.60 

438.60 

1165.0 

806.50 

[17] 

[53] 

[53] 

[54] 

[55] 

[56] 

[57] 

[58] 

[59] 

[60] 

Present study 

Present study 

 

4.3.3.4. Adsorption thermodynamics 

 

To explore the capacity and thermodynamics during MB removal by the hydrogel and its 

nanocomposite, experiments were performed at different temperatures. From the plot in 

Figure 4.10(a), of the CMC-cl-pAA hydrogel it could be observed that as the 

temperature increases, the removal capacity decreases. According to Pakdel and 

Peighambardoust, [18], natural hydrogels lack mechanical stability. Hence, they are 

disrupted when subjected to high-temperature water, leading to a decrease in removal 

capacity. In contrast, when the temperature is increased for the CMC-cl-pAA/Fe3O4-

C30B hydrogel nanocomposite, the removal capacity increases. Similar results were 

reported by Song et al., in the case of chitosan-g-poly (acrylic acid) hydrogel [61].  
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Figure 4. 10:  Thermodynamics graph for CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B HNC. 

 

Thermodynamics parameters such as the change in the Gibbs free energy (∆𝐺° kJ/mol), 

enthalpy (∆H° kJ/mol), and entropy ∆S° J/mol K) were determined from the plot of ln 

(qe/Ce) in Figure 4.10(b) using Eq. S9 and S10 from the supplementary information and 

recorded in Table 4.4. The obtained values of ∆H°(kJ/mol) and ∆𝑆° (kJ/mol/K) were -

306.98 (kJ/mol) and -0.365 (kJ/mol) for CMC-cl-pAA hydrogel. Indicating an exothermic 

reaction with less disorder [62]. In contrast, ∆H° (887.9 kJ/mol) and ∆S° (3.396 

kJ/mol/K) for CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite were positive, 

indicating an endothermic reaction with more disorder and randomness [62]. The 

negative change in Gibbs free energy ∆𝐺° values for both the hydrogel and the hydrogel 

nanocomposite indicated a spontaneous reaction. According to the literature, a 

spontaneous endothermic reaction for CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite is possible “when the entropy increases by more than the change in 

enthalpy” [63]. Which usually occurs at high temperatures [61,63]. This confirms the 

increase in removal capacity as temperature increases. The adsorption of MB by the 

hydrogel and the hydrogel nanocomposite was dominated by chemisorption since ∆𝐺°  

was between -80 and -400 kJ/mol. These results agree with the pseudo-second-order 

rate law. 
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Table 4.4: Thermodynamics parameters for CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite. 

Adsorbent Temperature 

(K) 

∆G° (kJ mol-1) ∆H° (kJ mol-1) ∆S° (J mol-1 K-

1) 

CMC-cl-pAA 

hydrogel 

298.15 -198.2 -306.9 -0.365 

308.15 -194.5   

318.15 -190.5   

CMC-cl-

pAA/Fe3O4-

C30B hydrogel 

nanocomposite 

298.15 -124.7 887.9 3.396 

308.15 -158.6   

318.15 -192.6   

 

 

4.3.3.5 Regeneration studies 

The practical applicability, stability and reusability play an important role in the 

adsorption process. Four cycles of adsorption-desorption were carried out to investigate 

the regeneration of adsorbents (Figure 4.11). The results revealed that both CMC-cl-

pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite maintained high 

adsorption percentage even after four successive cycles under the same conditions. 

Nonetheless, CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite showed that there was 

no significant reduction in the adsorption percentage, which implied that CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite was more stable for adsorption of MB in an 

aqueous solution than CMC-cl-pAA hydrogel. Thus, CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite holds great potential for remediation of dyes in aqueous solutions. 
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Figure 4. 11: Regeneration of CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B 

hydrogel nanocomposite for adsorption of MB. 

 

4.3.3.6 Adsorption mechanism 

It is well established that the adsorption surface characteristic plays a vital role in the 

adsorption process [1]. Both adsorbents (CMC-cl-pAA hydrogel and CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite) contain hydrophilic functional groups on 

their surface (Scheme 4.1). These functional groups have an influence on MB 

adsorption processes through factors such as pH, dose, contact time, concentration and 

temperature. The effect of pH, as well as pHpzc studies, demonstrated that the 

adsorption between synthesized adsorbents and MB dye depended mainly on the 

changing pH values. In acidic medium, the adsorption of MB was not favourable 

because the carboxylic groups on the surface of the adsorbents were protonated. 

Therefore, electrostatic repulsion occurred between adsorbents and MB dye. At high 

pH, the carboxylic groups on the surface of the adsorbent were completely ionized as a 

result strong electrostatic interaction between anionic adsorbents and cationic MB dye 

as shown in Scheme 4.1 [21]. Furthermore, the adsorption capacity of MB for the CMC-

cl-pAA/Fe3O4-C30B hydrogel nanocomposite was observed to be comparatively lower 

than that of the hydrogel. This could be due to the incorporation of Fe3O4-C30B 
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nanocomposite, which could promote more cross-linking networks in the polymer 

matrix, leading to a decline in the number of active hydrophilic functional groups.  

 

Scheme 4.1. A plausible mechanism for the removal of MB dye from aqueous solution 

using hydrogel nanocomposite. 
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4.4. CONCLUSIONS 

 

In this study, CMC-cl-pAA hydrogel and CMC-cl-pAA/Fe3O4-C30B hydrogel 

nanocomposite were successfully synthesised and characterised using various 

analytical techniques. The TGA and DMA revealed that the thermal stability and 

mechanical characteristics of the hydrogel were improved after incorporating Fe3O4-

C30B into the hydrogel polymer matrix. Adsorption studies were performed to evaluate 

the adsorption capacity and efficiencies of both synthesised materials. The isotherm 

studies revealed that the CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite was more 

efficient in removing MB. The improved physical and chemical properties could aid in 

the easy recovery of the adsorbent after application and allow removal of contaminants 

in harsh conditions such as high temperatures. The hydrogel and its nanocomposite 

removed MB better compared to other adsorbent materials reported. The kinetics 

followed pseudo-second-order and the thermodynamics showed that the removal of MB 

was spontaneous.   
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CHAPTER FIVE 

THE SYNTHESIS OF SODIUM ALGINATE HYDROGEL CROSSLINKED WITH 

ACRYLIC ACID (SA/PAA) AND ITS MODIFICATION WITH ZINC OXIDE (ZnO) FOR 

THE REMOVAL OF ORGANIC DYE FROM AQUEOUS SOLUTION 

 

CHAPTER SUMMARY 

 

In this study, we report the preparation of graft copolymerisation of sodium alginate (SA) 

onto acrylic acid (AA) in the presence of ammonium persulfate (APS), MBA and zinc 

oxide nanoparticles (ZnO NPs), as initiator, cross-linker and nanofiller, respectively. 

FTIR confirmed the functional groups on the synthesised materials. XRD results 

confirmed the amorphous structure of the SA/AA hydrogel through the presence of 

broad peaks. Interestingly the incorporation of ZnO NP’s led to increased intensity. 

Using the scanning electron microscopy and high-resolution transmission electron 

microscopy, spherical ZnO NP’s were observed on the rough surface of SA/AA hydrogel 

confirming the successful modification with metal oxide nanoparticles. Further analysis 

from the simultaneous thermal analysis showed thermal stability was improved after 

incorporating ZnO NP’s, further confirming that surface modification was achieved. The 

dynamic mechanical analysis confirmed the mechanical properties of both the hydrogel 

and the hydrogel nanocomposite. The influence of initial solution pH, adsorbent loading, 

contact time, equilibrium concentration and temperature of the dye adsorption were 

systematically investigated. The assessment of the adsorption kinetic model and 

isotherms showed that the pseudo-second-order and Langmuir model better fits the 

experimental data, respectively. The maximum adsorption capacity of 1129.0 and 

1529.6 mg/g was achieved at pH 7.0 and 6.0 for hydrogel and hydrogel nanocomposite, 

respectively. Thermodynamic parameters for SA-cl-pAA hydrogel and SA-cl-pAA/ZnO 

HNC substantiated the exothermic and endothermic nature of the adsorption processes, 

respectively. Moreover, SA-cl-pAA/ZnO HNC presented outstanding reusability with 

relatively better removal efficiencies as compared to SA-cl-pAA hydrogel. 
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5.1. INTRODUCTION  

The existence of organic dyes in water streams originates from several industrial 

activities through textiles, leather, cosmetics, food processing, paper and pulp, and 

plastics industries [1]. Dye-containing industrial effluents are highly toxic and 

carcinogenic due to their complex chemical structure as well as their non-biodegradable 

nature [2]. Hence, the treatment of dyes in water streams is one of the world’s foremost 

challenges [3]. Numerous traditional technologies are being applied for the removal of 

organic dyes from aquatic systems. Among various wastewater treatment techniques, 

the adsorption technique is deemed to be a favourable technique due to its exceptional 

benefits like low operation cost, simplicity, high removal efficiency and high regeneration 

[4-8]. In recent years, there is an ongoing search on the preparation of high-affinity 

adsorbents towards dye removal from industrial wastewater. 

Dyes have been adsorbed by various adsorbents such as clays, metal oxides, activated 

carbons, polymers and their composites [9-12]. Although abovementioned materials are 

being utilised for adsorption of dyes from wastewater, they have some shortcomings 

such as low adsorption capacity, poor recyclability and lack of specificity. Currently, 

significant attention is focused on developing hydrogel-based adsorbents for adsorption 

of various aquatic contaminants. Hydrogels are considered as ideal adsorbents for the 

sorption process owing to their unique characteristics including functionality, 

regeneration as well as reuse of the adsorbents, high sorption ability, and 

biodegradable nature [13].  

Sodium alginate (SA) is a linear anionic polymer, which is biodegradable, low cost, non-

toxic, hydrophilic, it can be easily tailored, and it is abundant natural [14-16]. SA is 

applied in various industries including pharmaceuticals, agriculture, food, and cosmetics 

[17,18] Recently, Zou and co-workers developed a three-dimensional network structure 

via emulsion polymerisation of acrylamide and sodium alginate. This material was 

utilised for methylene blue uptake and hey found that the synthesised material was able 

to remove about 1070.54 mg/g [19]. Thakur et al. reported the preparation of SA 

crosslinked acrylic acid (AA) [20]. The as-synthesised material subsequently utilised as 

an adsorbent in the extraction of dyes from aqueous medium [20]. Although hydrogels 
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exhibit excellent properties their weak mechanical strength limits their practical use in 

various applications, as highlighted by in many studies [21]. This hurdle can be 

overcome by preparing organic-inorganic hybrid polymers. Several studies reported on 

the incorporation of additional inorganic components in hydrogel matrices and the 

synthesized hydrogel composites and/or nanocomposites are being used as adsorbents 

for removing various pollutants from wastewater [22]. This approach proved to be more 

suitable for enhancing some of the characteristics of hydrogels i.e. specific surface area 

to volume ratio, sorption capacity, thermomechanical properties, and regeneration 

ability to some extent [23-26]. Incorporation of inorganic components in hydrogel 

matrices have outcompeted the conventional adsorbents and could expand their 

applications in the various field [27]. 

In recent years, the development of hydrogel-based metal oxide nanoparticles has 

intensified in wastewater treatment due to their ability to remove various contaminants 

in water as well as efficient recovery of adsorbents after adsorption processes. Among 

nano-sized metal oxides, zinc oxide nanoparticles (ZnO NPs) were served as one of the 

emerging materials for the development of ZnO NPs-based nanocomposites.  In this 

regard, ZnO NPs-based hydrogel has drawn a surge of attention as good materials with 

enhanced antibacterial activity for wound dressing [18]. The use of ZnO NPs-based 

hydrogel as adsorbents have not been explored much for removing organic dye from 

aqueous solution. Recently, Çınar et al. [29] reported a facile strategy to prepare 

chitosan composite beads in the presence of ZnO NPs.  In their study, they used nano-

ZnO/chitosan composite beads adsorbent to remove Reactive Black 5 from aqueous 

medium and in their study, they achieved an adsorption capacity of 189.44 mg/g [29].  

Tamer et al. [30] successfully synthesized zinc oxide using alginate as a polymer 

template. Their observation revealed that their material was able to adsorb MB from an 

aqueous medium within a very short period [30]. In another study conducted by 

Vahidhabanu et al. [31] reported the incorporation of ZnO-based sepiolite clay onto 

alginate hydrogel beads, and subsequently used this material for the uptake of Congo 

red from aqueous medium. In their study, they reported an adsorption capacity of 

546.89 mg/g. Furthermore, as-synthesized hydrogel beads improved regeneration [31]. 
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In the view of above, here we report on the synthesis of ZnO NPs embedded onto 

sodium alginate crosslinked acrylic acid towards MB removal. Characterisation of as-

synthesised SA/AA/ZnO HNC was carried out by HR-TEM, SEM, FITR, XRD, TGA, and 

DMA. The influence of initial pH, adsorbent dosage, time, equilibrium concentration as 

well as temperature was carried out in a batch mode. Moreover, adsorption kinetics, 

isotherms as well as thermodynamics were studied. SA/AA/ZnO HNC was more 

propitious to adsorb MB than SA/AA hydrogel. 

 

5.2. MATERIALS AND METHODS 

5.2.1. Materials 

Ammonium persulfate (APS), ammonium carbonate ((NH4)2(CO3)), acrylic acid (AA), 

MBA, MB dye,  sodium hydroxide (NaOH), zinc nitrate (Zn(NO3)2) and the biopolymer, 

SA having a formula weight of 176.10 g/mg and molecular formula C6H8O6 were bought 

from Sigma-Aldrich (south Africa). HCl and acetone were supplied by Merck (South 

Africa). Deionised water was utilised in all experiments. Typically, 1 g of MB powder 

was dissolved in 1000 mL volumetric flask in deionised water, stock solutions were 

further prepared by diluting as-prepared stock solution for batch experiments.   

 

5.2.2. Preparation of ZnO NPs 

In a typical procedure of ZnO NPs preparation, about 1.5 mol/L of Zn(NO3)2 and 2.25 

mol/L of (NH4)2CO3 were dissolved in deionised water in separate beakers. Then a 

solution of Zn(NO3)2 was added drop-wise into a beaker containing ((NO4)2CO3 solution 

with stirring. Then, the precipitates formed from the reaction mixture were filtered 

washed several times in a large quantity of deionised water and subsequently with 

ethanol solution. The obtained precursors were vacuum dried at 70 °C then calcined at 

550 °C for 2 hrs. 

5.2.3. Preparation of SA/AA hydrogel 

In this procedure, a biopolymer solution was obtained by dissolving 0.1 g of SA into 10 

mL of deionised water. Appropriate amounts of APS (10× 10−3M), AA (15× 10−4M) as 
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well as MBA (7.5× 10−3M) were dissolved in deionised water and added in the above-

mentioned beaker maintaining the overall volume of 30 mL. The beaker was transferred 

in an oven for 90 min at 70 °C. Finally, SA/AA hydrogel was precipitated with acetone to 

remove adhered homopolymer. The precipitated SA/AA hydrogel was filleted and 

vacuum dried at about 60 °C overnight. Using mortar and pestle, SA/AA hydrogel was 

ground to form a powder sample.   

 

5.2.4. Preparation of SA/AA/ZnO HNC  

The synthesis of SA/AA/ZnO HNC was done by following the procedure given in 

Section 5.2.3 with a slight modification. In brief, 0.1 g of SA powder was liquefied into a 

beaker containing 10 mL of deionised water. To this beaker, optimum amounts of APS 

(10× 10−3M), AA (15× 10−4M) and MBA (7.5× 10−3M) were added. Furthermore, 150 

mg of ZnO NPs was dispersed into 10 mL deionised water in 10 mL of deionised water, 

followed by ultrasonication. Then ZnO NPs suspension was added drop-wise into the 

other reaction mixture. Then, the reaction mixture was stirred and transferred in an oven 

for 90 min at 70 °C. Finally, SA/AA/ZnO HNC was washed by immersing in acetone 

followed by stirring several times to remove unreacted materials. The precipitated 

SA/AA/ZnO HNC was filtered then dried at 60 °C for about 24 hrs. Finally, SA/AA/ZnO 

HNC was ground to form a powder sample using mortar and pestle. The schematic 

presentation of the synthesis of SA/AA/ZnO HNC is provided in Scheme 5.1. 
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Scheme 5. 1: The schematic representation for the synthesis of the SA-poly(AA)/ZnO 

HNC. 

 

5.2.5 Characterisation 

The techniques used in this study were as discussed in section 4.2.9. 
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5.2.6. Swelling studies 

The equilibrium swelling capacity of samples was investigated by immersing the known 

amount of sample in deionised water. Typically, 20 mg of samples were soaked in 80 

mL of deionised water for 24 hrs. then the swollen sample was taken out of the water 

and the excess water on the surface was wiped gently and weigh up again to calculate 

the swelling capacity of samples. The swelling capacity of samples was measured using 

the following Equation 5.1:  

 

 Swelling capacity (g/g)  =   
Ws−Wd

Wd
 x100                             (5.1) 

where Wd and Ws denote the weight of the initial dry sample and weight of the swollen 

sample, respectively.  

 

5.2.7. Adsorption studies 

The sorption behaviour of MB onto SA/AA hydrogel and SA/AA/ZnO HNC was 

investigated batch-wise. The adsorption studies were performed in 40 mL of dye 

solution using 10 mg of adsorbents in a temperature-controlled shaker set at 160 rpm 

for desired time. The dye solutions after adsorption were withdrawn and filtered with 

0.45 m PVDF syringe filters. The concentration of the un-adsorbed dye was measured 

on a UV-VIS spectrophotometer (Cary 300 Model) at the λmax of 663 nm for MB dye. 

The percentage adsorption ((%) Adsorption) and adsorption capacity qe were calculated 

using Equation 5.2 and Equation 5.3: 

(%)Adsorption =
Co−Ce

Co
× 100    (5.2) 

 qe = qt =
Co−Ce

m
× V      (5.3) 

Where Co and Ce are the initial and equilibrium concentration of MB (mg/L), 

respectively; is the equilibrium capacity of MB on the adsorbent (mg/g), qt denotes the 
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equilibrium capacity at a defined time (mg/g), V is the volume of the MB solution (L); 

and m is the weight of the adsorbent (g).  

5.2.8. Regeneration studies  

Reusability of samples was studied through repeated adsorption-desorption 

experiments. The adsorbents dye loaded were recovered and recycled by rinsing with 

(0.1 M) of HCL solution, then neutralised with (0.1 M) of NaOH solution. The collected 

absorbents were further rinsed with deionised water and then dried at 50 °C, ground to 

a fine powder. Thereafter, the adsorbent was reused for adsorption.  

 

5.2.9 Determination of point of zero charge 

The point of zero charge (pHpzc) is simply the pH at which the adsorbent surface has a 

net charge of zero. The pHpzc is obtained from the difference between the initial and the 

final pH (∆pH). To determine the pHpzc, measured amounts of the hydrogel and the 

hydrogel nanocomposite were immersed in aqueous solutions of pH ranging between 

2.0-10.0 and agitated in a shaker (170 rpm, ambient temperature) for 48 hrs. The 

solution pH was recorded and the pHpzc was calculated as shown from the following Eq. 

(5.4): 

 

     ∆𝑝𝐻 = 𝑝𝐻𝑓𝑖𝑛𝑎𝑙 − 𝑝𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙     (5.4) 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Optimisation study for SA/AA hydrogel preparation 

 The swelling of hydrogels depends on various features such as the presence of 

functional groups hydrogel, pore size and intermolecular spaces created in the hydrogel 

network structure [22]. Optimization study of the synthesised hydrogels was based on 

the swelling ratio. The swelling degree of the hydrogels was carried out by changing the 

amount of SA from 0.1 to 0.5 g and the equilibrium swelling decreased from 405 to 314 

g/g with increasing the mass of SA from 0.1 to 0.5 g, respectively (Figure 5.1(a)). When 

https://www.sciencedirect.com/science/article/pii/S0141813018340728#fo0015
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the proportion of SA increased, the swelling ratio of SA/AA hydrogel showed a 

downward trend. The water uptake of SA/AA was studied by varying the concentration 

of monomer from 3 × 10-4 to 15 × 10-4 M (Figure 5.1(b)). The swelling ratio increased 

continuously with increasing AA concentration from 3×10-4 M to 12.5×10-4 M. However, 

beyond 12.5×10-4 M on further increment was noticed with increasing AA concentration. 

This could be attributed to the -coo- groups which can interact with water molecules via 

hydrogen bonding [20]. 

The influence of initiator concentration on the swelling ratio was examined by changing 

the APS concentration from 10 × 10-3 to 50 × 10-3 M and optimum swelling ratio of 610 

g/g was reached at 10 × 10-3 M (Figure 5.1c). Further increase in the APS concentration 

showed a trend of decreasing the swelling ratio of SA/AA hydrogel. The subsequent 

decrease in the swelling ratio of SA/AA hydrogel could be attributed to the excess 

radicals causing termination step reaction via bimolecular collision, thereby enhancing 

cross-linking density [32,33].  

The effect of cross-linker was investigated in the range of 8×10-3 to 40×10-3 M and the 

swelling equilibrium ratio was achieved at lower MBA content (Figure 5.1(d)). The 

equilibrium swelling of SA/AA hydrogel was reduced drastically with increasing the 

content of crosslinker. More content of crosslinking agent increases the crosslinking 

density and reduce the space between the copolymer chains [27]. Furthermore, highly 

cross-linked polymer structure may cause the polymer network to not expand in an 

aqueous environment, thereby reducing the swelling ratio of SA/AA hydrogel.  

The SA/AA hydrogel having the maximum equilibrium swelling capacity was further 

incorporated with ZnO NP (Figure 5.1(e)). The effect of ZnO NPs on the swelling ratio of 

SA/AA hydrogel was studied by altering the ZnO NPs content from 0.15 to 0.25 g. 

SA/AA hydrogel having 0.15 g of ZnO NPs exhibited enhanced swelling capacity than 

SA/AA hydrogel having 0.2 g and 0.25 g of ZnO NPs. A similar trend was also observed 

in the sorption of dye, which showed the increase in the percentage adsorption for MB 

with the incorporation of 0.15 g of ZnO NPs and thereafter the incorporation of ZnO NP 

exhibited a slight reduction in the percentage sorption of MB (Figure 5.1(f)). Based on 
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the above results, SA/AA/ZnO HNC formed with 0.15 g of ZnO NPs was selected for 

subsequent assays and applied for adsorption of MB from aqueous medium.  

 

Figure 5. 1: Dependence of equilibrium water adsorption capacity as a function of (a) 

biopolymer (SA), (b) monomer (AA), (c) initiator (APS), (d) cross-linker (MBA), (e) 

nanofiller (ZnO NPs) and (f) effect of ZnO NPs on the percentage adsorption.   
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5.3.2. Characterisation of SA/AA hydrogel and SA/AA/ZnO HNC 

5.3.2.1. FTIR analysis  

The FTIR spectra of ZnO, SA, SA/AA hydrogel and SA/AA/ZnO HNC are displayed in 

Figure 5.2(a). Analysing the FTIR spectra for ZnO NPs revealed a peak at 500cm-1 was 

mainly due to the Zn-O stretching. The infrared spectra showed a broad band in the 

range 3100 to 3620 cm-1 assigned to the stretching vibration of the OH group present in 

the SA polymer chain. The band at about 2925 cm-1 may be due to the C-H stretching of 

the CH2. Two bands at 1600 and 1418 cm-1 were attributed to the COO- groups. The 

absorption peak at 1017 cm-1 was assigned to the C-O stretching frequencies. The 

characteristic band at 800 cm-1 corresponds to the Na-O of the SA [22].  

In the FT-IT spectra of SA/AA hydrogel and SA/AA/ZnO HNC, a hump in a broad band 

between 3620 and 3000 cm-1 corresponding to the carboxylic acid O-H stretching 

vibrations. Both SA/AA hydrogel and its nanocomposite revealed a characteristic peak 

at about 2941 cm-1 indicated the C-H stretching vibration of acrylic acid [11]. As shown 

in Figure 5.2(a), both hydrogel and its nanocomposite showed a new characteristic peak 

at about 1701 cm-1 was due to the C=O bond associated with carboxylic acid [13]. The 

peak at 1401 cm-1 arose from acrylic acid and was assigned to the symmetric stretching 

mode of -COO. The band intensity observed at about 1401 cm-1 was reduced after the 

formation of SA/AA hydrogel and its nanocomposite. The appearance of a new band at 

1175 cm-1 was attributed to the carboxylate groups stretching vibration. Moreover, the 

intensity of the characteristic peak at 800 cm-1 was increased after the formation of both 

SA/AA hydrogel and SA/AA/ZnO HNC. In the view of the above results, there is 

evidence for the co-existence of the acrylic acid in the synthesized hydrogel and its 

nanocomposite. In the view of above data, graft copolymerisation of acrylic acid onto SA 

backbone was achieved [22].  

5.3.2.2. X-ray diffraction analysis  

The spectra of ZnO NPs, SA, SA/AA hydrogel and SA/AA/ZnO HNC are illustrated in 

Figure 5.2(b). The XRD spectra of ZnO NPs revealed several diffraction peaks at 2θ = 

31°, 34°, 36°, 47°, 56°, 62° and 67°, which are assigned to (100), (002), (101), (102), 

(110), (103) and (112), respectively, showing crystal planes of the hexagonal wurtzite 
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zinc oxide structure (JCPDS Card No. 36-1451) and no characteristic peaks were 

observed other than ZnO. X-ray diffraction measurements of SA exhibited diffraction 

peaks at 2θ= 13.8°, 21.5°, and 39.1°, assigned to the (110) plane from polyguluronate 

unit, (200) plane from polymannuronate and the latter from amorphous halo. The 

pattern of SA/AA hydrogel showed one broad peak at about 2θ of 20°, corroborating the 

amorphous nature of the sample. This result confirmed that hydrogel nanocomposite 

was formed via graft copolymerisation of SA and AA as well as ZnO NPs. Interestingly; 

SA/AA/ZnO HNC exhibited a very broad peak 2θ of 20°, with increased intensity in 

comparison to SA/AA hydrogel. This phenomenon implies that there was an interaction 

between polymeric chains of SA/AA hydrogel and ZnO NPs. 

 

5.3.2.3 Thermal stability 

The TGA of the ZnO, SA, SA/AA hydrogel and SA/AA/ZnO HNC are shown in Figure 

5.2(c). It was noticed that ZnO NPs exhibited stable degradation temperature in the 

studied range (30 to 700 oC). SA presented the initial weight loss below 100 oC due to 

loss of adsorbed moisture. The second degradation is the main degradation stage and 

occurs between 201 to 294 oC, and in this stage about to 55.5% weight was in the case 

of SA, which is attributed to the decomposition of SA backbone [20]. The third loss falls 

at temperatures above 520 oC, with a mass loss of 59.5% corresponding to the 

formation of Na2CO3 and other carbonaceous materials [34].  

 The TGA thermograms of SA/AA hydrogel and SA/AA/ZnO HNC exhibited a similar 

trend throughout the studied temperature; SA/AA/ZnO HNC presented enhanced 

thermal stability in comparison to its counterpart. The onset decomposition stage for 

both SA/AA hydrogel and its hydrogel nanocomposite was noticed at above 100 oC. The 

second degradation stage lies in between 217 and 350 oC which could be attributed to 

the degradation of the residual polymer. For both SA/AA hydrogel and SA/AA/ZnO 

HNC, the mass loss lying in between 370 and 530 oC was ascribed to the breakages of 

carboxyl groups in the acrylic acid chain. In comparison to SA, both SA/AA hydrogel 

and SA/AA/ZnO HNC showed slower weight loss rate from 30 to 423.6 and 458.5 oC, 

respectively. These observations may be due to the graft copolymerisation of AA onto 
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SA backbone. Based on the above results, it is vividly clear that the thermal stability of 

SA was enhanced by grafting with AA (30 to 423.6 oC). Also, incorporation of ZnO NPs 

into SA-based hydrogel could further enhance the thermal stability (30 to 458.5 oC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2: (a) FTIR, (b) XRD, and TGA of ZnO, SA, SA/AA hydrogel and SA/AA/ZnO 

HNC. 

 

5.3.2.4 Mechanical properties 

Viscoelasticity of the SA/AA hydrogel and SA/AA/ZnO HNC was investigated the gel 

strength. The storage modulus (G’), loss modulus (G”), and tan delta (tan δ) are shown 

for the as-synthesized SA/AA hydrogel and SA/AA/ZnO HNC as functions of frequency 

are presented in Figure 5.3. The G of both SA/AA hydrogel and SA/AA/ZnO HNC 

exhibited similar tendency and the Gincreased as the frequency increased (Figure 
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5.3a). SA/AA hydrogel showed higher G values as compared to that of SA/AA/ZnO 

HNC in the studied frequency range (0.01 to 100 Hz). This behaviour suggested that the 

SA/AA hydrogel had a higher degree of cross-linking character as compared to its 

hydrogel nanocomposite. The decrease in G could be due to impregnation of ZnO in 

the SA/AA hydrogel polymer matrix which decreased the cross-linking network density, 

hence SA/AA/ZnO HNC showed lower G’. The G’ values were greater than the G” 

values throughout the studied frequency range, suggesting the solid-like behaviour. 

Moreover, G values were almost independent of the frequency, which verified the 

cross-linked hydrogel network. The tan  is determined by the ratio of G and G values. 

It can be observed that there is no noticeable change in the tan δ for both samples 

(Figure 5.3(c)).  

 

5.3.2.5. Swelling behaviour 

The swelling capacity of SA/AA hydrogel SA/AA/ZnO HNC was examined by varying 

the solution pH in the range 3.0 to 10.0. As depicted in Figure 5.3(d), SA/AA/ZnO HNC 

exhibited a high swelling degree than SA/AA hydrogel in the investigated pH range. 

Both SA/AA hydrogel and SA/AA/ZnO HNC showed that the equilibrium swelling 

capacity rose from lower pH to neutral pH (pH 3.0 to 7.0). In the acidic medium, 

carboxylic groups are protonated therefore reduction repulsion of anion-anion leads to a 

reduced swelling capacity [35]. High swelling capacity was achieved when the solution 

pH was above neutral; above this pH, carboxylic groups are ionized and can then 

interact with water molecules, which resulted in greater water adsorption. The 

incorporation of ZnO NPs led to a decrease in the crosslinking density, which frees the 

movement of the polymer chains, thus increasing the equilibrium swelling capacity of 

SA/AA hydrogel. The swelling behaviour of SA/AA hydrogel and SA/AA/ZnO HNC 

corroborate the obtained result from DMA studies. The water molecules were easily 

diffused into the SA/AA/ZnO HNC matrix and eventually, a decrement in the storage 

modulus [36]. The enhancement in the degree of equilibrium swelling changes inversely 

with the gel strength. The converse results could be attributed to the degree of cross-

linking in the polymer matrix.   
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Figure 5. 3: Dynamic mechanical analysis of SA/AA hydrogel, SA/AA/ZnO HNC; (a) 

storage modulus, (b) loss modulus, (c) tan delta, and (d) equilibrium swelling. 

 

5.3.2.6 Morphological characterisation 

To examine the structural features of the SA, SA/AA hydrogel, SA/AA/ZnO HNC and 

ZnO NPs, SEM and HR-TEM were employed. The SEM image of SA showed a 

fragment-like loose surface (Figure 5.4(a)). The morphology of as-prepared SA/AA 

hydrogel exhibited a relatively continuous coarse surface (Figure 5.4(b)), SEM image of 

SA/AA/ZnO HNC smooth fractured surface morphology with well-dispersed white 

sphere-shaped ZnO NPs in the polymer matrix (Figure 5.4(c)). Figure 5.4(d and e) 

0 10 20 30 40 50 60 70 80 90 100

-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09(c)

T
an

 D
el

ta

Frequency (Hz)

 SA/AA hydrogel

 SA/AA/ZnO HNC
 

 

0 10 20 30 40 50 60 70 80 90 100

0

1x10
8

2x10
8

3x10
8

4x10
8

5x10
8

Frequency (Hz)

 SA/AA hydrogel

 SA/AA/ZnO HNC

L
os

s 
m

od
ul

us
 (

P
a)

(b)

 

 

0 10 20 30 40 50 60 70 80 90 100 110

5.25x10
9

5.40x10
9

9.80x10
9

1.01x10
10

1.05x10
10

S
to

ra
ge

 m
od

ul
us

 (
P

a)

Frequency (Hz)

 SA/AA Hydrogel

 SA/AA/ZnO HNC

(a)

 

 

3 4 5 6 7 8 9

0

5000

10000

15000

20000

25000

 SA/AA hydrogel

 SA/AA/ZnO HNC
S

w
el

li
ng

 c
ap

ac
it

y 
(g

/g
)

pH

 

 

(d)



133 
 

illustrate SEM and TEM micrographs of ZnO NPs, respectively. The SEM results 

revealed that the ZnO NPs are spherical with a particle size in the range 30-100 nm.  

HR-TEM micrograph, selected area electron diffraction pattern (SAED) and the 

corresponding SAED diffraction intensity profile of ZnO NPs is displayed in (Figure S1). 

SAED pattern of ZnO NPs demonstrated continuous cycles, which confirm the 

presences of polycrystalline grains. Additionally, ZnO NPs exhibited an interlayer 

spacing of about 0.263 nm, which is corresponding to the (002) planes of the ZnO. To 

further confirm the presence, as well as the distribution of ZnO NPs on the SA/AA 

hydrogel surface TEM, was employed (Figure 5.4(f)). Furthermore, elemental scanning 

of SA/AA/ZnO HNC was studied (Figure 5.4(g)), Zn element mapping (Figure 5.4(h)) 

and O element mapping (Figure 5.4(i)) were found to be uniformly distributed on the 

SA/AA/ZnO HNC surface. The existence of ZnO NPs in the polymer matrix of 

SA/AA/ZnO HNC was also confirmed by EDS analysis (Figure 5.4(j)). Table S1 lists the 

elemental composition of SA/AA/ZnO HNC. The presence of ZnO NPs in the 

SA/AA/ZnO HNC was about 10% validate the existence of ZnO NPs in the SA/AA 

hydrogel matrix. 
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Figure 5. 4: SEM images of (a) SA, (b) SA/AA hydrogel, (c) SA/AA/ZnO HNC, (d) ZnO 

NPs, (e) TEM image of ZnO NPs, (f) STEM image of SA/AA/ZnO HNC, (g) EDS 

compositional mapping analysis for SA/AA/ZnO HNC, (h) Zn elemental mapping, (I) O 

element mapping, and (j) EDS. 
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5.3.3. Adsorption study of adsorbents for MB 

5.3.3.1. Parameters influencing adsorption  

5.3.3.1.1 Influence of solution pH and adsorbents dose 

The solution pH affects the sorption process to a great extent. The solution pH has been 

reported to be a vital parameter which governs the electrostatic interaction between 

adsorbate molecules and adsorbent surface in the sorption process. The sorption 

experiments of MB on SA/AA hydrogel and SA/AA/ZnO HNC were conducted by 

varying initial solution pH from 2 to 9 keeping other parameters fixed and the results are 

displayed in Figure 5.5(a). It was observed that the adsorption capacity of SA/AA 

hydrogel increased significantly (72.8 to 583.6 mg/g) from (pH 2.0 to 6.0) respectively 

and thereafter the equilibrium was reached. On the account of SA/AA/ZnO HNC, the 

experimental results showed that MB sorption was increased as the initial solution pH 

increased. The high adsorption capacity (qe) of 579.2 mg/g was achieved at pH 5.0. 

These results suggest that as the pH approaches neutral most carboxylic groups 

became ionized, which led to electrostatic interaction between the adsorbents and the 

MB dye, hence maximum adsorption capacity was achieved at pH above 5.0.   

The optimum adsorbent dose was investigated by varying the amount of SA/AA 

hydrogel and SA/AA/ZnO HNC from (10 to 40 mg) in 200 mg/L in 40 mL of MB dye 

solution at pH 6.0 and 5.0, respectively. Figure 5.5(b) depicts the influence of dose on 

the sorption experiments. Both adsorbents exhibited maximum adsorption capacity at 

low dosage (10 mg). These results may be due to the increased surface area of 

adsorbents as well as the availability of a large number of active adsorption sites. 

Further increase in the adsorbents dose (20 to 40 mg) led to a reduction in the 

adsorption capacity. These results may be as a result of saturation.   
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Figure 5. 5: Effect of (a) initial pH and (b) adsorbent dose using SA/AA hydrogel and 

HNC. 

5.3.3.1.2 Point of zero charge 

 

To study the surface charge of SA/AA hydrogel and SA/AA/ZnO HNC, the pHpzc was 

performed and the plot of ΔpH as a function of pHinitial is depicted in Fig. 5.6. “The point 

of zero charge (pHpzc) is defined as pH of the solution at which charge of the positive 

surface sites is equal to that of the negative ones, i.e. the adsorbent surface charge has 

zero value” [37]. As observed in Figure 5.6., pHpzc is obtained at pH 2 for both the 

SA/AA hydrogel and SA/AA/ZnO HNC. At pH < 2 (pHpzc) the surface charge was 

positive and at pH > 2 (pHpzc) the surface charge was negative for both adsorbents. 

Hence for both adsorbents in the effect of pH, the removal capacity was increasing at 

pH above 2. These findings demonstrated that indeed the overall charge of an 

adsorbent does affect its adsorption capacity, especially for electrostatic interactions 

between the adsorbent and the MB dye. 
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Figure 5. 6: Point of zero charge of the SA/AA hydrogel and its HNC. 

 

5.3.3.2. Adsorption kinetic studies  

The effect of time on the adsorption of MB over SA/AA hydrogel and SA/AA/ZnO HNC 

was investigated to better understand the mechanism of the sorption phenomenon. 

Pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models were 

applied on the adsorption equilibrium data.  

       The adsorption kinetics plots of pseudo-first-order, pseudo-second-order, and intra-

particle diffusion are presented in (Figure 5.7). The details of the studied adsorption 

kinetics models (Equations S1-S3) are given in the supplementary information. 

Moreover, the corresponding kinetics details of the studied models are summarized in 

Table 5.1. Both SA/AA hydrogel, SA/AA/ZnO HNC showed that the pseudo-second-

order was the better fitting model than the pseudo-first-order and intra-particle diffusion 

kinetics model. Also, the obtained correlation coefficient (R2) values of the pseudo-

second-order were higher, which suggests that chemical adsorption was the rate-

controlling step. The experimental points in the intra-particle diffusion model did not 
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pass through the origin suggesting that the adsorption was not the rate-limiting step and 

might be jointly controlled by a range of adsorption mechanisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 7: Adsorption kinetic plots for MB onto SA/AA hydrogel, SA/AA/ZnO HNC (a) 

pseudo-first-order, (b) pseudo-second-order, and (c) second-order model. 
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Table 5. 1: Adsorption kinetics parameters for the MB dye adsorption. 

 

 

5.3.3.3. Adsorption isotherm studies 

The equilibrium adsorption is a vital parameter in the sorption process because it aids in 

determining the adsorption capacity. Adsorption isotherms analysis provides crucial 

information for the sorption mode between the adsorbent surface and adsorbate 

molecules. The experimental adsorption data interpreted by commonly used isotherm 

models namely Langmuir, Freundlich and Temkin models. These adsorption isotherms 

models were applied to elucidate the affinity and adsorption capacity.  

       The isotherm models were analysed by fitting the adsorption equilibrium data 

(Figure 5.8), and all the parameters for the isotherm models were calculated using 

(Equation S4-S11) given in the isotherm section of the supplementary file and the 

results are tabulated in Table 5.2. The selection of the obeying adsorption isotherm 

model was ruled on by R2 values close to unity. Based on R2 values, the Langmuir 

isotherm model is the one which correlated the experimental data. The R2 values for the 

Langmuir isotherm model for both SA/AA hydrogel (0.999) and SA/AA/ZnO HNC 

(0.997) than other studied models (Figure 5.8(a)). These findings authenticate the 

monolayer adsorption of MB onto both SA/AA hydrogel and SA/AA/ZnO HNC. 

Furthermore, the values of RL locate between 0.026 and 0.008 for SA/AA hydrogel, and 

0.056 and 0.016 for SA/AA/ZnO HNC. The RL values of SA/AA hydrogel were negative 

Temperature (°C) Pseudo-first-order Pseudo-second-order Intra-particle diffusion 

Parameters K1 R2 K2 qe 

(cal.) 

R2 Ki C R2 

SA/AA hydrogel  0.052 0.753 2.5×10-

4 

1230.

7 

0.99

8 

32.2

2 

908.5 0.87

8 

SA/AA/ZnO HNC 0.051 0.774 2.6×10-

4 

1357.

2 

0.99

9 

34.5

1 

1019.

5 

0.77

8 
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and on the account of SA/AA/ZnO HNC RL values were in the range (0<RL<1) 

substantiating that the MB sorption was a favourable process. The maximum adsorption 

capacity obtained from Langmuir was found to be 1129.0 and 1529.6 mg/g for SA/AA 

hydrogel and SA/AA/ZnO HNC, respectively. To compare the performances of these 

adsorbents, the maximum adsorption capacity (qmax) of both SA/AA hydrogel and 

SA/AA/ZnO HNC were compared with earlier related reported adsorbents employed for 

adsorption of MB from aqueous solution [37-43]. A brief list of various adsorbents, 

including the prepared adsorbents in this study, is presented in Table 5.3.  

 

Figure 5. 8: Adsorption isotherm plots for MB onto SA/AA hydrogel, SA/AA/ZnO HNC 

(a) Langmuir, (b) Freundlich, and (c) Temkin model.   
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Table 5. 2: Langmuir, Freundlich, and Temkin isotherm models for the MB sorption.  

 

 

 

 

 

 

 

Isotherm models  Isotherm 

constants 

SA/AA 

hydrogel 

SA/AA/ZnO HNC 

Langmuir qm(mg/g) 

b 

RL 

R2 

1129.0 

0.100 

0.026-0.008 

 0.999 

1529.6 

0.049 

0.052-0.016 

0.997 

Freundlich 

 

N 

R2 

-56.82 

0.654 

19.89 

0.837 

 

Temkin AT (L/g) 

bT 

β (J.mol-1) 

R2 

6.34×1028 

-120.73 

-20.53 

0.667 

1.98 ×106 

35.407 

70.01 

0.819 
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Table 5. 3: Comparison of the MB adsorption capacity of adsorbents with other 

adsorbents. 

Adsorbents qmax (mg/g) Reference 

PVP/PCMC/GO/bentonite hydrogel 172.1 [38] 

Magnetic PVA/laponite RD hydrogel nanocomposite 251.0 [39] 

Chitosan/silica/ZnO nanocomposite 293.3  [40] 

Xylan/poly (acrylic acid) magnetic nanocomposite 

hydrogel 

438.6 [41] 

TG/CC@EDTA ef-hydrogel nanocomposite 469.0 [42] 

TiO2NP-containing Gg-cl-PAAm composite hydrogel 1305.5 [43] 

GK-cl-(PAA-co-AAM)/SiO2 hydrogel nanocomposite 1408.7 [44] 

SA/AA hydrogel 1129.0 Present 

work 

SA/AA/ZnO HNC 1529.6 Present 

work 

https://www.sciencedirect.com/topics/chemistry/hydrogel


143 
 

5.3.3.4. Adsorption thermodynamics studies 

Thermodynamics studies give information about the influence of temperature on the 

sorption process. To evaluate the influence of temperature various parameters such as 

enthalpy change, (∆H°), entropy change (∆S°), and Gibbs free change (∆G°) were 

determined using Vant Hoff’ equation, which is expressed as shown in Equation 5.4 and 

5.5: 

∆Gᵒ = ∆Hᵒ − T∆Sᵒ                                                  (5.4) 

 

ln (
qe

Ce
) =

∆Hᵒ

RT
−

∆Sᵒ

R
                                                  (5.5) 

where R is a universal gas constant (8.314 J/mol K), T is the temperature (K) and 

(qe/ce) is equilibrium constant. The values of ∆H° and ∆S° were calculated from the 

slope and intercept of the linear plot between In (qe/ce) and 1/T (Figure S2), the values 

of ∆Gᵒ were obtained from equation (5.4) and all thermodynamic parameters are 

tabulated in Table 5.4. The negative ∆S°, ∆H°, and ∆Gᵒ values indicate that the 

adsorption process was more ordered on the SA poly(AA) hydrogel surface, exothermic 

and spontaneous, respectively. On the contrary, the positive ∆S°, ∆H°, and ∆Gᵒ values 

show the endothermic nature of the sorption process, disordering, and randomness at 

the solid-liquid interface for SA-poly(AA)/ZnO HNC. Moreover, the negative ∆Gᵒ values 

for SA-poly(AA)/ZnO HNC suggested that the sorption process was spontaneous. 



144 
 

Table 5. 4: Thermodynamic parameter for the sorption of MB onto SA/AA hydrogel, 

SA/AA/ZnO HNC. 

Adsorbent Temperature 

(K) 

∆G° (J mol-1) ∆H° (kJ mol-1) ∆S° (kJ mol-1 K-1) 

SA/AA 

hydrogel 

298.15 -1.08 -1.63 -1.84 

308.15 -1.06   

318.15 -1.05   

SA/AA/ZnO 

HNC 

298.15 -1.99 0.75 9.21 

308.15 -2.08   

318.15 -2.17   

 

 

5.3.3.5. Adsorption/desorption studies  

The regeneration of adsorbents is an important index that is decisive to its applicability. 

Adsorption/desorption experiments were studied to assess the ability of both SA/AA 

hydrogel, SA/AA/ZnO HNC. Figure 5.9 shows the influence of four regeneration cycles 

on the adsorption percentage. SA/AA hydrogel exhibited a decrement of 4.2% after the 

fourth cycle. The percentage (%) adsorption of SA/AA/ZnO HNC showed a slight 

decrease after the fourth cycle, demonstrating the excellent recycling performance. 

Based on these results, SA/AA/ZnO HNC can be regeneration and reuse without a 

significant decrease in MB dye affinity. 
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Figure 5. 9: Dye adsorption percentage of adsorbents as a function of the number of 

adsorption/ desorption cycles. 

 

5.3.3.6 Adsorption mechanism 

It is well established that the adsorption surface characteristic plays a vital role in the 

adsorption process [22,45,46]. The structure of adsorbents was negatively charged due 

to the presence of carboxylic acid. Based on the adsorption studies (the influence of pH 

and ionic strength) it can be concluded that the MB dye molecules were attached on the 

surface of SA-poly(AA)/ZnO HNC through electrostatic interactions. At high pH, the 

carboxylic groups on the surface of the adsorbents were completely ionized as a result 

strong electrostatic interaction between anionic adsorbents and cationic MB dye. The 

SA-poly(AA)/ZnO HNC demonstrated superiority for adsorption of MB in comparison to 

SA poly( AA) hydrogel. This may be due to the right degrees of ZnO NPs dispersion on 
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the hydrogel polymer matrix, which may also contribute to the high MB dye adsorption. 

The most likely mechanism for SA-poly (AA)/ZnO HNC and its interaction with the MB 

molecules is presented in Scheme 5.2.  

 

Scheme 5. 2: Plausible mechanism for interaction of MB with SA poly(AA)/ZnO HNC. 

 

5.4. CONCLUSIONS  

In this study, SA/AA hydrogel and SA/AA/ZnO HNC were successfully prepared and 

employed for the removal of MB from an aqueous medium. The as-prepared adsorbents 

were characterised in more details by XRD, FTIR, TEM, SEM, TGA, and DMA. The 

incorporation of ZnO NPs in the SA/AA hydrogel matrix increased the water uptake, 
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which sequentially led to decrement in the gel strength. The swelling ability of hydrogel 

depends strongly on the crosslinking and charge density of the polymer network. The 

MB sorption process was influenced by solution pH, adsorbent dosage, time, 

equilibrium concentration and temperature. The MB dye adsorption process was found 

to be influenced by parameters such as solution pH, adsorbent dose, contact time, 

equilibrium concentration and temperature. SA/AA/ZnO HNC showed very good 

sorption performance for MB in contrast to SA/AA hydrogel. The adsorption kinetics and 

isotherm modelling data for both SA/AA hydrogel and SA/AA/ZnO HNC were best 

described by pseudo-second-order rate equation and Langmuir isotherm models, 

respectively. The maximum adsorption capacity (qmax) of SA/AA hydrogel and 

SA/AA/ZnO HNC were 1129.0 and 1529.6 mg/g, respectively. SA/AA/ZnO HNC 

demonstrated to be a great adsorbent material for the regeneration of MB dye from 

aqueous solution. Also, SA/AA/ZnO HNC substantiated the spontaneous nature of the 

sorption process. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 CONCLUSIONS 

This chapter focuses on the general discussion of the results obtained in this work and 

recommendations for future work regarding the synthesised hydrogel adsorbents. The 

overall aim of this work was to prepare a hydrogel nanocomposite with exceptional 

thermal and mechanical properties and high efficiency in removing methylene blue from 

aqueous solution. The choice of adsorbent material was guided by the fact that 

biopolymers are cost-effective, non-toxic, insensitive to dye contaminants, 

biodegradable, able to regenerate and have a high abundance of adsorptive functional 

groups. Cellulose derivative, carboxymethyl cellulose and sodium alginate offer high 

abundance in carboxylic and hydroxyl functional groups which are essential in MB dye 

removal. Acrylic acid (AA) also contains carboxylic functional groups and crosslinks with 

the biopolymers to create hydrophobic crosslinked 3D networks in the polymer matrix to 

produce porous hydrogels which are insoluble. This incorporation of AA improves the 

number of active sites and prevents the biopolymer-based adsorbents from dissolving in 

water. The incorporation of Fe3O4-C30B and ZnO NPs is to improve mechanical 

properties, thermal stability and the removal capacity.  

Chapter one focuses primarily on the introduction of this work, the background of this 

study, and problem statement. The use of biopolymer hydrogels was briefly identified as 

the solution to the problem of pollution by organic dyes and the motivation was clearly 

stated with the aims and objectives of the study outlined. Chapter two covered literature 

review which was based on the background of water pollution, purification methods and 

brief discussion of hydrogels and their modifications. Furthermore, hydrogel 

nanocomposites with metal oxides were discussed in detail. Chapter three focused on 

the review of analytical techniques, in which structural, microscopic and spectroscopic 

techniques of characterising the CMC-cl-pAA/Fe3O4-C30B and SA/AA/ZnO HNCs and 

other prepared starting materials such as FTIR, XRD, TGA, DMA, SEM, TEM, and UV-

vis were discussed.  
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The first approach was taken in Chapter four, where it focused on the discussion of the 

synthesis of carboxymethyl cellulose crosslinked with polyacrylic acid (CMC-cl-pAA) 

hydrogel modified with magnetic C30B nanocomposite hydrogel. The prepared 

composite was obtained via in situ free-radical polymerisation technique. The 

synthesised hydrogel nanocomposite was characterised. From the FTIR, the successful 

preparation of the hydrogel nanocomposite was confirmed through the presence of the 

Fe-O (528 cm-1) and Si-O-Si (1080 cm-1) stretches on the hydrogel matrix. The 

diffractogram from XRD revealed that the hydrogel nanocomposite was semi-crystalline. 

These results were also observed from the SAED images. Incorporation of magnetic 

C30B nanoparticles onto the CMC-cl-pAA hydrogel improved the mechanical and 

thermal stabilities of the adsorbent, enabling it to remove MB even in harsh conditions 

such as high temperatures. Through batch adsorption studies, the removal efficiency of 

CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite for MB dye was investigated. It was 

observed that the removal efficiency greatly depended on the solution pH, adsorbent 

dose, time, temperature and dye concentration. The rate kinetics indicated pseudo-

second-order rate mechanism was favoured. Further investigation of the mechanism of 

adsorption indicated a monolayer coverage of MB on the adsorbent surface and that 

CMC-cl-pAA/Fe3O4-C30B hydrogel nanocomposite was more efficient in removing MB 

from an aqueous solution than most reported hydrogel nanocomposites, including its 

CMC-cl-pAA hydrogel. Its maximum adsorption was 806.5 mg/g. Thermodynamics 

studies revealed that the reaction was, highly disordered, endothermic, yet 

spontaneous. The magnetic property of the hydrogel nanocomposite allowed easy 

recovery of the material through an external magnetic force. 

Chapter 5 focuses on the synthesis of sodium alginate hydrogel crosslinked with acrylic 

acid (SA/pAA) and its modification with zinc oxide (ZnO) for the removal of methylene 

blue from aqueous solution. The hydrogel nanocomposite was synthesised via in situ 

polymerisation technique. All the prepared materials in this study were characterised 

using various analytical techniques. The successful incorporation of ZnO NP’s onto 

SA/pAA hydrogel matrix was confirmed structurally by the appearance of the Zn-O (500 

cm-1) stretch on the modified SA/AA spectrum. Analysis using the XRD revealed that the 

SA/AA hydrogel was amorphous, which agreed with the SEM results where it was 
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observed that the SA/AA has an irregular shape, indicating an amorphous material. The 

internal morphology of the prepared materials was studied using TEM, in which the tiny 

spherical ZnO NP’s were observed on the surface of the irregular-shaped hydrogel 

matrix. The prepared hydrogel and its hydrogel nanocomposite were further used for 

removal of MB from aqueous solution. The experiment was performed in batch mode 

while investigating the effect of various parameters such as pH, time, solution 

concentration, dose and temperature. Just as obtained in the study of CMC-cl-

pAA/Fe3O4-C30B hydrogel nanocomposite, adsorption of MB in this study was greatly 

influenced by the above-mentioned parameters. The kinetics studies revealed that the 

pseudo-second-order rate was favoured. The Langmuir isotherm mechanism of 

adsorption was favoured, indicating monolayer adsorption with removal capacities of 

1129.0 and 1529.6 mg/g for SA/AA hydrogel and SA/AA/ZnO HNC, respectively. From 

these results, it could be concluded that SA/AA/ZnO HNC was a great adsorbent 

material for the removal of MB dye from aqueous solution. Also, SA/AA/ZnO HNC 

substantiated the spontaneous nature of the sorption process. 

 

6.2 RECOMMENDATIONS FOR FUTURE WORK 

This work was aimed at fabricating alternative highly adsorptive, cost-effective and 

stable hydrogel nanocomposite adsorbents based on CMC and SA incorporated with 

metal oxide nanoparticles for adsorption of methylene blue from aqueous solution. In 

future, Brunauer-Emmett-Teller will be important for use in determining the surface area 

of the synthesised materials. Furthermore, improvement in the method of synthesising 

the CMC-pAA hydrogel may be necessary to enhance its regeneration and reusability 

properties so that it sustains more adsorption cycles making it more cost-effective. More 

studies are needed to investigate the activity of the prepared nanocomposites towards 

anionic pollutants and metal ions for simultaneous removal. Even though C30B clay 

incorporation allowed easy dispersion of the magnetic NPs in the polymer matrix, its 

incorporation increased crosslinking density which reduced the removal efficiency in 

exchange for stability, which is a challenge considering the main aim is to be able to 

remove large amounts of MB from aqueous solution. Because the removal of MB was 
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done in the lab in batch mode, real-life application of the adsorbent materials using 

actual industrial effluents would provide come conclusive results on the actual 

adsorption capacity of the hydrogel nanocomposites. Furthermore, implementation of 

the CMC-cl-pAA/Fe3O4-C30B HNC and SA/AA/ZnO HNC for column studies which is a 

system that is being used in industries would be of great importance on the potential 

use of the adsorbents for up-scaled industrial application and therefore potential 

commercialisation. Nonetheless, the CMC-cl-pAA/Fe3O4-C30B and SA/AA/ZnO 

hydrogel nanocomposites could offer great potential in water treatment and 

environmental remediation in future. 
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SUPPORTING INFORMATION 

THE SYNTHESIS OF CARBOXYMETHYL CELLULOSE CROSSLINKED WITH 

POLYACRYLIC ACID (CMC-cl-PAA) HYDROGEL MODIFIED WITH MAGNETIC 

C30B NANOCOMPOSITE AND ITS ADSORPTION EFFICIENCY TOWARDS MB 

 

Adsorption isotherm studies 

The Langmuir isotherm model is based on the monolayer adsorption of adsorbate and 

assumed that the adsorption takes place at the specific homogeneous adsorbent 

surface [1], and this is presented in Eq. (1):  

                                                    qe =
qmbCe

1+bCe
                                                                (1) 

when linearised, Eq. (2) becomes: 

                                                    
Ce

qe
=

1

qmb
+

1

qm
 Ce                                                       (2) 

where qm is the monolayer adsorption capacity per unit of adsorbent (mg/g), qe is the 

adsorption capacity at equilibrium (mg/g), and b relates the heat of adsorption (L/mg). 

Ce is the concentration of MB at equilibrium (mg/L). The essential feature of the 

Langmuir isotherm is known as separation factor (RL), which can be expressed as the 

following (3): 

                                                     RL =
1

1+bCo
                                                               (3) 

where RL value reveals the shape and feasibility of the sorption isotherm. The 

adsorption isotherm can either be unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 

0) or favorable (0 < RL < 1). 

The Freundlich isotherm model is valid for the multilayer adsorption of adsorbate at the 

heterogeneous adsorbent surface [2]. Furthermore, the adsorption capacity depends 

upon the concentration of adsorbate. The Freundlich isotherm is generally expressed by 

the following empirical Equation. (4): 

                                                      lnqe = lnKf +
1

n
lnCe                                                (4) 
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The linear expression takes the following form Equation. (5): 

 

                                                      qe = Kf Ce

1

n                                                              (5) 

 

where KF is the Freundlich equilibrium constant (mg/g(L/mg)1/n), Ce is the equilibrium 

concentration (mg/L), and the parameter 1/n is the adsorption heterogeneity constant 

(varies with the nature of the adsorbent/adsorbate system) and qe is the amount of 

adsorbate adsorbed per unit adsorbent at equilibrium (mg/g). 

The Temkin isotherm model considers adsorbate-adsorbate interactions on the 

adsorbent surface [3]. This model also suggests that the heat of adsorption decreases 

linearly with the increase in adsorption quantity. The model is provided by Eq. (6-8) as 

follows: 

                                                        qe =
RTlnAT

bT
+

RT

b
lnCe                                               (6)                                                                                                                                                                  

                                                         b =
RT

bT
                                                                     (7)                                 

                                                        qe = βlnAT + βlnCe                                                 (8)                        

where bT is Temkin isotherm constant, AT is the Temkin isotherm equilibrium binding 

constant (L/g), β is constant related to the heat of adsorption (J/mol), R is the universal 

gas constant (8.314 J/mol/K) and T is the temperature at (273.15 K).  

Thermodynamics studies 

Thermodynamics parameters such as the change in the Gibbs free energy (∆G°: 

kJ/mol), enthalpy (∆H°: kJ/mol), and entropy ∆S°: J/mol K) can be investigated and 

determined using the Eq. (9 and 10) below; 

(∆G° = ∆H° − 𝑇∆𝑆       (9) 

𝑙𝑛 (
𝑞𝑒

𝐶𝑒
) = (

∆S°

𝑅
) − (

∆H°

𝑅𝑇
)       (10) 
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Where, qe (mg/g) is the amount of dye adsorbed at equilibrium, and Ce (mg/L) is the 

concentration of dye at equilibrium, R (8.314 kJ/mol/K) is the universal gas constant. 

From the plot of ln (qe/Ce) versus 1/T, the data was fitted on equations 12 and 13. 

When ∆H°(kJ/mol) is negative the reaction is exothermic, negative ∆S° (kJ/mol/K) 

indicates less disorder, and a negative ∆G° indicates a spontaneous reaction. The 

opposite. In contrast, when ∆H°(kJ/mol) is positive the reaction is endothermic, positive 

∆S° (kJ/mol/K) indicates more disordered reaction, and a positive ∆G° indicates a non-

spontaneous reaction [4-6]. When ∆G° ranges between -20 and -80 kJ/mol physisorption 

are taking place, and when (∆G°  is between -80 and -400 kJ/mol chemisorption is taking 

place [7]. 
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SUPPORTING INFORMATION 

THE SYNTHESIS OF SODIUM ALGINATE HYDROGEL CROSSLINKED WITH 

ACRYLIC ACID (SA/PAA) AND ITS MODIFICATION WITH ZINC OXIDE (ZnO) FOR 

THE REMOVAL OF ORGANIC DYES FROM AQUEOUS SOLUTION. 

 

S1: Results 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S. 1: HRTEM micrograph of ZnO NPs (a); selected area electron diffraction 

pattern (SAED) of ZnO NPs; and the corresponding SAED diffraction intensity profile 

(c). 
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Figure: S2 

 

 

 

 

 

 

 

 

Figure S. 2: Thermodynamic graph between ln(qe/ce) vs 1/T. 

 

Table S. 1: Elemental analysis of SA/AA/ZnO HNC 

Element 

  Line 

Weight % 

 

Weight % 

  Error 

Atom % 

 

Atom % 

  Error 

   C K   68.27 ± 0.29   80.01 ± 0.34 

   O K   18.74 ± 0.23   16.49 ± 0.20 

  Al K     0.51 ± 0.03     0.26 ± 0.02 

   S K     2.45 ± 0.05     1.07 ± 0.02 

   S L       ---       ---       ---       --- 

  Zn K   10.03 ± 0.46     2.16 ± 0.10 

  Zn L       ---       ---       ---       --- 

Total 100.00  100.00  

0.00315 0.00320 0.00325 0.00330 0.00335
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Adsorption kinetics studies 

The kinetic models present the relationship between amounts of dye adsorbed as a 

function of contact time. Several kinetic models such as pseudo-first-order [1], pseudo-

second-order [2,3] and intra-particle diffusion [4] models were introduced to fit the 

experimental data points. The linear form of pseudo-first-order [1], pseudo-second-order 

[2,3], and intra-particle diffusion [4] kinetic models are given by the following Eqs.:  

ln(qe − qt) = ln qe − K1t                                                                                              (S1) 

t

qt
=

1

k′qe
2 +

t

qe
                                                                                                                 (S2) 

qt =  kit
0.5 + C                                                                                                              (S3) 

where qe, qt and t are adsorption capacity at equilibrium (mg/g), the amount adsorbed 

at defined contact time (mg/g) and the contact time (min), respectively. K1 denotes the 

rate constant of the pseudo-first-order (min-1), K2 is the rate constant of the pseudo-

second-order (g mg/min-1) Ki is the intra-particle diffusion rate constant (mg/g min-0.5) 

and C is a constant related to the extent of the boundary layer effect.  

 

Adsorption isotherm studies 

The Langmuir isotherm model is based on the monolayer adsorption of adsorbate and 

assumed that the adsorption takes place at the specific homogeneous adsorbent 

surface [5], and this is presented in Eq. (S4):  

   qe =
qmbCe

1+bCe
                                                                                                                 (S4) 

when linearized, Eq. (S5) becomes: 

  
Ce

qe
=

1

qmb
+

1

qm
 Ce                                                                                                         (S5) 

where qm is the monolayer adsorption capacity per unit of adsorbent (mg/g), qe is the 

adsorption capacity at equilibrium (mg/g), and b relates the heat of adsorption (L/mg). 

Ce is the concentration of MB at equilibrium (mg/L). The essential feature of the 
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Langmuir isotherm is known as separation factor (RL), which can be expressed as the 

following (S6): 

RL =
1

1+bCo
                                                                                                                    (S6) 

where RL value reveals the shape and feasibility of the sorption isotherm. The 

adsorption isotherm can either be unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 

0) or favorable (0 < RL < 1). 

The Freundlich isotherm model is valid for the multilayer adsorption of adsorbate at the 

heterogeneous adsorbent surface [6]. Furthermore, the adsorption capacity depends 

upon the concentration of adsorbate. The Freundlich isotherm is generally expressed by 

the following empirical Eq. (S7): 

lnqe = lnKf +
1

n
lnCe                                                                                                    (S7) 

The linear expression takes the following from Eq. (S8): 

 

qe = Kf Ce

1

n                                                                                                                    (S8) 

 

where KF is the Freundlich equilibrium constant (mg/g(L/mg)1/n), Ce is the equilibrium 

concentration (mg/L), and the parameter 1/n is the adsorption heterogeneity constant 

(varies with the nature of the adsorbent/adsorbate system) and qe is the amount of 

adsorbate adsorbed per unit adsorbent at equilibrium (mg/g). 

The Temkin isotherm model considers adsorbate-adsorbate interactions on the 

adsorbent surface [7]. This model also suggests that the heat of adsorption decreases 

linearly with the increase in adsorption quantity. The model is provided by Eq. (S9-S11) 

as follows: 

  qe =
RTlnAT

bT
+

RT

b
lnCe                                                                                                 (S9)    
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 b =
RT

bT
                                                                                                                        (S10)   

qe = βlnAT + βlnCe                                                                                                     (S11)  

where bT is Temkin isotherm constant, AT is the Temkin isotherm equilibrium binding 

constant (L/g), β is constant related to the heat of adsorption (J/mol), R is the universal 

gas constant (8.314 J/mol/K) and T is the temperature at (273.15 K).  
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