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ABSTRACT 

The rapid degradation of water quality caused by industrial effluent presents a significant threat 

to public health and the ecosystem. This necessitates ecologically sustainable solutions through 

the coagulation treatment method. Coagulation with chemical coagulants (e.g. alum) is cost-

effective, but comes with non-recoverability, health and environmental risks. As a result, this 

study proposes a magnetic-coagulation separation technique as an alternative. Against this brief, 

the goal of this research was to produce specialized magnetic coagulants for the treatment of 

industrial wastewater. Three magnetized coagulants (MCs) viz. chitosan magnetite (CF), eggshell 

magnetite (EF), and rice starch magnetite (RF) were synthesized via the co-precipitation 

technique by using chitosan, eggshell, or rice starch with Fe3O4 nanoparticles (F) in three distinct 

ratios (1:2, 1:1, and 2:1).  

The analytical results via the Fourier-transform infrared (FTIR) spectroscopy, Brunauer–

Emmett–Teller (BET) analyzer, X-ray diffraction (XRD) analyzer, and scanning electron 

microscopy (SEM) combined with energy-dispersive X-ray (EDX) spectroscopy respectively 

affirmed the success of MCs functional and molecular properties, surface area, crystal structure, 

surface morphology, and elemental compositions. Following that, a series of investigations were 

carried out utilizing coagulation and dissolved air flotation (DAF) methods to investigate the 

application and treatability performance of the MCs. Amongst the MCs, the RF(1:1) was found 

to be the most successful, removing over 75% of the turbidity, total suspended solids (TSS), and 

over 50% of the chemical oxygen demand (COD) from a local industrial effluent. Furthermore, 

response surface methodology (RSM) based on a Box–Behnken design (BBD) was used to 

optimize and compare the coagulation and DAF methods.  

With coagulant dose (2 – 4 g), settling/flotation time (10 – 60 min) and mixing rate (50 – 150 

rpm), the optimum coagulation conditions of 4 g dose, 30 minutes of settling time, and a mixing 

rate of 50 rpm, achieved a desirability of 87.20%. A 15-min flotation time, with a mixing rate of 

50 rpm, and a coagulant dose of 4 g resulted in 77.4% desirability in the DAF method. The DAF 

method was considered to be more favorable with a shorter settling/flotation time and a 

desirability of 75% with 95% confidence. Notably, the RSM-BBD models demonstrated a strong 

correlation (0.9 < R2 < 1) with predicted results that were consistent with the experimental data. 

The recent findings indicate that the prospects of MCs are possible for wastewater treatment, and 

hence magnetic separation technology should be given consideration in water and wastewater 

treatment settings. 
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RSM    Response surface methodology  
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1 CHAPTER 1-INTRODUCTION 

1.1 Background 

Clean water has been the crucial naturally occurring resource required by all lifeforms, including 

humans, who drink, bathe, wash, and use latrines (Ali 2014; Ugya et al. 2016; Kumar et al. 2017b; 

Kurniawan et al. 2020; Nath et al. 2020; Chaudhary et al. 2021). Humans may survive for many 

weeks without food but may not survive for several days without water, since it is continually 

necessary for the proper functioning of the body's cells, tissues, and organs (Iloms 2018). Aside 

from human use, water is crucial in a variety of industries, including agriculture, cattle ranching, 

horticulture, fish stocks, energy production, industrial activities, as well as other sorts of 

innovation (Tyagi et al. 2013; Beyene et al. 2016). Agriculture and industrialization are reported 

to consume more water than home users across the world (Teh 2014). Water reservoirs, such as 

rivers, lakes, and the ocean, are part of the hydrological cycle and help to maintain an ecological 

balance (Ambashta et al. 2010; Tyagi et al. 2013; Nath et al. 2020). However, alongside the rise 

in human population, industrialization, and urbanization, clean water sources are depleting daily 

and is associated with wastewater pollution generation (Ernest et al. 2017; Tetteh et al. 2019; 

Khouni et al. 2020; Nath et al. 2020; Zhang et al. 2021b). When this effluent is released into the 

ecosystem without adequate treatment, it poses a severe ecological concern with significant 

environmental consequences (Tetteh  et al. 2019; Gautam et al. 2020; Noor et al. 2021). Apart 

from the effects upon abiotic components such as soil and water, this has a significant impact on 

the health of living creatures (Teh 2014; Gautam et al. 2020).  

Also, agricultural operations are severely affected since farms end up not having access to enough 

water supplies for year-round irrigation and animal farming (Ezugbe et al. 2020). In developing 

countries, most people drink untreated polluted water, resulting in water-borne illnesses like 

diarrhoea, hepatitis, and others (World Health Organization 2011; Nath et al. 2020) and cause 

mortality, paticularly among youngsters, the elderly, and individuals suffering from chronic 

illnesses (Bodlund 2013b; Khettaf et al. 2021). As a result, many countries' economies are 

jeopardized in terms of water, food, and energy security (Tetteh 2018a). Wastewater treatment 

plants (WWTPs) are a significant source of pollutants discharged into bodies of water (Tetteh et 

al. 2017; Chollom et al. 2020; Tetteh  et al. 2020b) because they do not meet the Environmental 

Protection Agency's stringent criteria for controlling effluent plant quality (Zahrim et al. 2013; 

Sibiya et al. 2021). Most industrial effluents are treated differently, which depends on the 

industry. Wastewater could include the range of contaminants like lactose, oils and greases, 

proteins, nitrogen and phosphorus-rich compounds, sediments, other organic materials, and 
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detergents (Nharingo et al. 2015; Gautam et al. 2020; Nath et al. 2020; Nimesha et al. 2021; 

Sibiya et al. 2021). However, not all recovered effluents fulfil necessary disposal or reuse 

standards (Tetteh et al. 2019). Heavy metals, viruses, bacteria, nitrates, and viruses are some of 

the pollutants present in wastewater that can be hazardous to the ecosystem and human health 

(Beyene et al. 2016; Iloms 2018; Ahmed et al. 2020b; Chollom et al. 2020; Chaudhary et al. 

2021). Major producers of industrial effluents include palm oil mills (Saifuddin et al. 2011; 

Jagaba et al. 2020; Noor et al. 2021), slaughterhouses (Chollom et al. 2019), dairy industries 

(Devi et al. 2012; Muniz et al. 2020), paper and pulp industries (Pokhrel et al. 2004; Ahn et al. 

2009; Hubbe et al. 2016), breweries and wineries (Muhammad 2014), cosmetic industries, 

tannery industries, paint industries, etc. (Sahu et al. 2013; Gautam et al. 2020). In essence, 

industrial effluent compositions make them needed to be treated for de-oiling, desalination, 

reduction of suspended particles, soluble organics, dissolved gases, natural organic matters 

(NOM) and to remove excess water hardness (Ødegaard et al. 2010; Igunnu 2014).  

Figure 1-1 shows a conventional waste treatment process that  has been explored to enhance the 

quality of water to meet the water demand (Hong et al. 2016; Kurniawan et al. 2020; Ullah et al. 

2020; Nimesha et al. 2021) at a low- cost (Siddique et al. 2016). These technologies are classified 

into three groups; (1) physical (settling, filtration and membrane technology), (2) chemical 

(coagulation, ion exchange, disinfection, oxidation, catalytic reduction and softening processes) 

and (3) biological (microbial biodegradation, bioreactor processes, etc.) treatment techniques 

(Mahmoud 2009; Momba et al. 2009; Sher et al. 2013; Karhu et al. 2014; Hong et al. 2016; Crini 

et al. 2018; Nizamuddin et al. 2019; Nimesha et al. 2021). 

 

Figure 1-1 Conventional waste treatment process, adapted from Hong et al. (2016) 
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Coagulation is a frequently used primary technique in water and wastewater treatment (Amran et 

al. 2018; Gautam et al. 2020) to effectively minimize the organic burden prior to further remedial 

methods (Saifuddin et al. 2011; Hossain et al. 2019; Ahmed et al. 2020b; Muniza et al. 2020; 

Nimesha et al. 2021). It aggregates tiny particles to bigger aggregates (flocs), then dissolved 

organic matters are attracted to particle aggregates, allowing these contaminants to be removed 

in subsequent separation techniques (Jagaba et al. 2016; Cui et al. 2020; Gautam et al. 2020; Nath 

et al. 2020; Nimesha et al. 2021). Furthermore, it has sparked widespread attention in the 

industrial sector because of its ease of use, high efficiency and low cost (Jagaba et al. 2020; Zhang 

et al. 2021b). Coagulation involves a sequence of stages, beginning with the electrostatic  

interaction of cationic ions to negatively charged suspended contaminants and ending with 

particle destabilization (Kumar et al. 2016; Cui et al. 2020; Nath et al. 2020). This is 

accomplished through three distinct pathways: (1) charge neutralization (particle destabilization 

at low coagulant dosage), (2) sweep (the addition of coagulant at sufficiently high concentrations 

to produce anhydrous, amorphous precipitates enmeshing colloidal particles in these precipitates), 

and (3) bridge formation (Fearing 2004; Amran et al. 2018; Muniza et al. 2020; Nath et al. 2020; 

Sibiya et al. 2021). The parameters of the raw wastewater affect the efficacy of the coagulation 

process (Kumar et al. 2004; Carmona et al. 2006; Nath et al. 2020), the pH and temperature of 

the solution, the type and dose of coagulants, and the intensity and time of mixing (Jagaba et al. 

2016; Ernest et al. 2017; Tetteh 2018a; Mosaddeghi et al. 2020). Coagulants or flocculants can 

alter the physical state of wastewater, causing charged particles to become unstable and promoting 

agglomeration (Freitas et al. 2017; Tetteh et al. 2019; Cui et al. 2020; Noor et al. 2021).  

They can be divided into inorganic coagulants (aluminum sulfate: alum, ferric chloride), inorganic 

polymeric coagulants (poly aluminum chloride [PAC] and polysilicate aluminum chloride 

[PASiC]), organic synthetic polymeric flocculants (polyacrylamide [PAM] and its derivatives), 

natural polymeric flocculants (starch, chitosan, cellulose, okra leaves, banana or orange or cassava 

peels, neem leaves and other polysaccharide materials), and microbial flocculants (Anju et al. 

2016; Rezaeiana et al. 2016; Kurniawan et al. 2020; Nimesha et al. 2021; Zhang et al. 2021b). 

Nonetheless, alum and ferric chlorides are coagulants that are normally utilized in the coagulation 

method (Jagaba et al. 2020; Kurniawan et al. 2020; Noor et al. 2021; Sibiya et al. 2021). However, 

previous researchers have indicated that aluminium-based coagulants can be harmful to aquatic 

life by generating hazardous sludge with costs, and may cause Alzheimer's disease (Yang et al. 

2010; dos Santos et al. 2018a; Mateus et al. 2018b; Chollom et al. 2019; Hossain et al. 2019; Oke 

et al. 2019; Mosaddeghi et al. 2020; Muniza et al. 2020). The disadvantages of synthetic 

coagulants have prompted in the quest for environmentally firendly and renewable coagulants in 

their use.  
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Several possible electrochemical technology-based systems have been proposed (Ni’am 2006) 

and the progress of nanotechnology has substantially contributed to the creation of innovative 

ways of tackling several human health and environmental concerns whilst using less power 

(Ambashta et al. 2010; Rossi et al. 2013; Santos et al. 2016; Tetteh et al. 2020; Sibiya et al. 2021). 

Previous studies have demonstrated great efficiency in the reduction of heavy metals and 

hazardous chemicals from wastewater (Singh et al. 2011; Akbarzadeh et al. 2012; dos Santos et 

al. 2018b; Mateus et al. 2018b; Chua et al. 2021b) using iron oxide nanoparticles like maghemite 

(y-Fe2O3), magnetite (Fe3O4), and Hematite (∝-Fe2O3) (Singh et al. 2011; Akbarzadeh et al. 2012; 

dos Santos et al. 2018b; Mateus et al. 2018b; Chua et al. 2021b). Furthermore, they have recently 

emerged as better adsorbents than metallic nanoparticles for the removal of different 

contaminants in water due to their exceptional sorption capabilities and the ability to 

attain equilibrium in short periods of time  (Dung et al. 2009; Akbarzadeh et al. 2012). There 

are many methods that have been employed to synthesize these materials which includes co-

precipitation, thermal decomposition, chemical vapor deposition, electrochemical, electron-

spinning, hydrothermal, reverse micelle, gamma irradiation, and sol-gel processes (Starowicz et 

al. 2011; Hasany et al. 2013; Ealias et al. 2017; Saratale et al. 2018; Yadollahpour 2020; Zhao et 

al. 2021c). Other techniques include sonolysis, hydrolytic and non-hydrolytic wet chemical 

processes, liquid phase, laser evaporation, and micro-emulsion (Willard et al. 2004; Hasany et al. 

2013; Rossi et al. 2013; Yao et al. 2015; Abdelsalam et al. 2017). Due to large capital investment, 

operational expenses, and safety concerns, only a handful them have been commercialized for 

industrial-scale production. The following are some of the most important aspects of nanoparticle 

synthesis: particle size uniformity, size control, crystal structure, shape control, and device 

alignment (Hasany et al. 2013).  

The synthesis of distict magnetic nanoparticles having diameters from 2 to 20 nm is critical due 

to their usage in multi-terabit magnetic storage systems (Mu et al. 2011; Hasany et al. 2013; 

Peeters et al. 2016; Nizamuddin et al. 2019; Li et al. 2020). Magnetic nanoparticles (NPs) are 

used to coat a variety of surfactants to prevent aggregation induced by magnetic dipole - dipole 

attractions between particles (Dung et al. 2009; Akbarzadeh et al. 2012). They offer unique and 

advantageous properties in terms of application, such as low cost and health effects, magnetism, 

longevity and bio-compatibility and ease of separation from aqueous solution (Wang et al. 2008; 

Dung et al. 2009; dos Santos et al. 2018a). Owing their powerful magnetic characteristics, they 

can be safely utilized in both medical and biological disciplines such as medication 

administration, biosensors, systems for purifying water, and bio molecular separation (Singh et 

al. 2011; Akbarzadeh et al. 2012). Their stiny size and large surface area have unique physical 
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and chemical properties when combined with natural polymers (Karapinar 2003; Dung et al. 

2009; Akbarzadeh et al. 2012; Ealias et al. 2017; Cartwright et al. 2020; Tetteh et al. 2020; Khan 

et al. 2021b).  

Natural coagulants like eggshells (ES), moringa oleifera (Mo) seeds, chitosan (CS), starch, etc. 

have also received a lot of attention as an efficient heavy metal adsorbent because of nitrogen and 

sulfur atoms' great capacity and affinity to interact with metal ions (Morsi et al. 2018; Chaudhary 

et al. 2021; Sibiya et al. 2021). The super paramagnetic characteristics indicates that they respond 

to a magnet, making sampling and collecting easier and faster (Ni’am 2006; Wang et al. 2008; 

Saifuddin et al. 2011). However, their magnetization fades if the external magnetic field (MF) is 

removed. MF improves sedimentation capabilities, lowering the concentration of suspended 

solids and activated sludge and increasing wastewater treatment efficiency (Haritwal et al. 2015). 

Its speculation has an impact on water treatment technical processes and is classified as: 

crystallization during magnetic water processing and contaminant coagulation in wastewater 

treatment (Ni’am 2006). After magnetic separation, the NPs can be reused by eliminating the 

adsorbed hazardous pollutants (Chang et al. 2006; Shen et al. 2009). 

1.2 Problem statement 

Water resources are at risk as a result of over-exploitation, poor management, and environmental 

pollution (Aboelfetoh et al. 2021; Ahmed et al. 2021c). The statistics show that about 2.3 billion 

people lack access to clean water in their household and over four billion people face acute water 

shortages at minimum once a year (Pavon 2019; Ang et al. 2020b). Approximately 80% of 

diseases in underdeveloped nations are directly tied to dirty drinking water countries directly 

related to polluted drinking water (World Health Organization 2011). The use of coagulation and 

flocculation techniques to pre-treat industrial wastewater is very critical in order to successfully 

lower the organic pollutants before subsequent treatment operations (Prosper et al. 2021; Sibiya 

et al. 2021). However, the coagulation/flocculation technique employs synthetic chemicals, which 

are problematic because of their semi nature, incapacity to dissolve, and the health hazards 

associated with persistent residues (Muniz et al. 2020; Tetteh et al. 2020). Furthermore, the 

problem of disposing of large amounts of sludge and metals in effluents, like the utilization of 

hydroxide precipitation, necessitates the development of technology to extract precious or 

dangerous metals from sludge (Nnaji et al. 2014; Oke et al. 2019; Tetteh et al. 2019). 

As a result, there has been a search for environmentally benign and viable natural coagulants in 

usage and synthesis. Nanotechnology appears to solve the high coagulant reliance, pH correction, 
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and high sludge production with complexions in the event of coagulation (Naghizadeh  et al. 

2017; Tetteh et al. 2020). Therefore, this study aimed to develop and identify eco-friendly  

coagulants that address the water scarcity issues. 

1.3 Aims and objectives 

This study aims to develop and test magnetic coagulants as a replacement for alum in the pre-

treatment of industrial effluents. The specific objectives are: 

1. To synthesize and characterize an iron oxide nanoparticle (Ferro-magnetite) and 

functionalize it with natural coagulants viz. chitosan, egg shell, and rice starch in different 

ratios (1:1; 1:2 and 2:1).   

2. To apply and evaluate the synthesized coagulants treatability efficiency using coagulation 

with settling and dissolved air flotation (DAF) techniques. 

3. To apply the best-synthesized coagulant and optimize the coagulation with settling and 

DAF process using response surface methodology (RSM). The input variables considered 

were settling/flotation time, mixing rate and coagulant dosage as a function of COD, 

turbidity and TSS. 

4. To compare and validate the coagulation and DAF treatability efficiency under the 

optimum conditions.  

1.4 Approach 

The availability of potable water is vital for supporting human well-being as well as enhancing 

people's ecological integrity and livelihoods across the world. Proper water treatment methods 

not only assist end users or customers, but they may also increase production in the water sector. 

Furthermore, they contribute to environmental conservation and the general improvement of the 

waterways. Local governments are in charge of treating and delivering excessive water supplies 

to all users. As a result, the study utilized approaches from the literature to satisfy SDG 2030 

number 6: Clean water & Sanitation. The wastewaters used in the study were acquired after 

chlorination from local wastewater treatment facilities in Umbilo, Pietermaritzburg, and 

Pinetown, in the KwaZulu-Natal province, South Africa. The Fe3O4 nanoparticles were created 

using the co-precipitation process with a molar ratio of 1:2 for Fe (II): Fe (III). The first set of 

experiments examined different coagulants for wastewater treatment and these were performed 

in triplicate. The best performing coagulant was utilized to optimize the overall treatment process 

with 14 runs for coagulation and DAF using the Box Behnken Design of response surface 
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methodology (RSM) and synthetic wastewater. Finally, at the acquired optimal conditions, three 

confirmation runs for coagulation and the DAF techniques were performed. 

1.5 Structure of the thesis 

This dissertation is divided into five chapters, which are briefly summarized below; 

Chapter 1: The first chapter introduces and contextualizes the whole investigation, emphasizing 

the purpose for the study and the intended conclusion.  

Chapter 2: The second chapter provides a review of the literature, focusing on the existing and 

traditional wastewater treatment methods. It also presents coagulant types, their mechanisms and 

inadequacies, and the need for improvement in connection with industrial wastewater 

characteristics, as well as the fundamental water management that is handled. Furthermore, the 

discusions about various types of nanoparticles and synthesis processes, the design of experiment 

(DoE) knowledge, which is a tool for process optimization is clearly displayed. 

Chapter 3: The third chapter describes the research approach for synthesizing magnetic 

coagulants, including materials, procedures, and equipment descriptions. In addition, the 

processes for the characterization of industrial effluents are described in depth. It also outlines the 

two setups (coagulation and DAF) employed in this investigation, as well as their operating 

circumstances. Finally, it explains the process optimization, analytical and data simulation 

approaches. 

Chapter 4: The findings and discussions from the characterization of magnetized coagulants 

(MCs) and their applications are presented in this chapter. The findings and discussions are 

provided and discussed as follows: the comparison of magnetized coagulants on contaminant 

removals, the impacts of settling time on contaminant removals, the influence of the magnetic 

field (MF), coagulation kinetics, and comparative studies between the performance of coagulation 

and DAF are presented. Finally, the results of RSM optimization are provided. 

Chapter 5: The conclusion and recommendations are presented in this chapter. This chapter 

summarizes the major results of the study and draws recommendations for future works. 
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2 CHAPTER 2- LITERATURE REVIEW 

2.1. Introduction 

Chapter two entails a depth background on coagulation and dissolved air flotation (DAF) 

mechanisms for wastewater treatment using magnetized coagulants. As a focus, an exhaustive 

survey was employed to evaluate some conventional wastewater treatment techniques such as 

coagulation-sedimentation, coagulation-flotation, their mechanism, operational conditions, and 

limitations. Also, the novelty of using magnetized coagulants and the techniques of synthesising 

are explored. Response surface methodology is highlighted as an experimental design, modeling, 

and optimization tool. A summary of the literature survey was provided with a knowledge gap 

underpinning the use of coagulation and DAF techniques identified.  

2.2. Wastewater treatment 

Rapid industrial expansion, along with a rapid population increase, has exacerbated difficulties 

dealing with water scarcity as the global desire for freshwater grows (Nharingo et al. 2015; Goli 

et al. 2018; Tetteh 2018a; Gautam et al. 2020; Gumbi 2020; Zhang et al. 2021b). Increasing water 

shortage is amongst urgent concerns across the world. Herein, the upsurging water pollution from 

industrial operations in the petroleum, agricultural, mining, pharmaceutical, and other 

manufacturing industries poses a great threat to available freshwater resources (Diya’uddeen et 

al. 2011; Muhammad 2014; Tee et al. 2016). Globally, wastewater treatment remains a complex 

process associated with many challenges such as sludge disposal, health-hazardous chemicals, 

and dissolved organic materials discharged into rivers (Hubbe et al. 2016; de Souza Fermino et 

al. 2017). In addition to the environmental consequences,  sludge disposal and chemical usage 

also come with a cost (Gautam et al. 2020). Meanwhile, industries continue to emit a variety of 

pollutants that have hazardous chemicals viz high organic matter like biological oxygen demand 

(BOD) and COD, nitrates and nitrites, and abundant nutrients like phosphate and ammonia 

(Gautam et al. 2020; Adeogun et al. 2021). Volatile organic compounds (VOCs), polyaromatic 

compounds (PAHs), pharmaceuticals and personal care products (PPCPs), industrial by-products, 

food additives, and engineered nanomaterials are among the other pollutants (El-Gohary et al. 

2010; Abdallh et al. 2016; Ali et al. 2017; Gutierrez et al. 2017; Al-Khalid et al. 2018). It becomes 

critical to remove these pollutants using appropriate wastewater treatment techniques (Mecha et 

al. 2016; Kurniawan et al. 2020; Ullah et al. 2020) towards clean water usability and a sustainable 

environment  (Sahu et al. 2013; Tetteh et al. 2019).  
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In addressing this, a robust wastewater treatment process is warranted to reprocess wastewater 

for reuse while meeting all stringent bylaws of the state (van Wilgen et al. 2016). Some  bylaws 

and policies used in regulating South African water treatment are highlighted in Section 2.2.1. In 

essence, selection of treatment technologies are usually based on the wastewater chemistry and 

avaliability, the objective of the end user and disharge limits (Gupta et al. 2012; Hubbe et al. 

2016; Ernest et al. 2017; Crini et al. 2018; Tetteh 2018a; Gumbi 2020). In general, wastewater 

treatment is accomplished by combining a series of processes to obtain the required effluent 

quality (Tetteh et al. 2017). Some of these conventional techniques include  filtration, anaerobic 

digestion, coagulation, sedimentation, DAF, disinfection or chlorination, and flocculation (Ewerts 

et al. 2014; Tetteh  et al. 2019; Ezugbe et al. 2020). Of recent, advanced oxidation processes 

(AOPs), membrane and adsorption technologies are gaining attention (Qu et al. 2013; 

Palansooriya et al. 2020). Section 2.3 of this dissertation contains a comprehensive description of 

the water treatment techniques applicable to this study. 

2.2.1. South Africa’s regulations that protect the environment 

2.2.1.1. Act 36 of 1919: Public Health Act 

This legislation was made applicable in South Africa to prevent and control infectious illnesses, 

venereal diseases, and epidemics through sewage disposal (Ngwena 2003). This is also used in 

regulating sanitation, food, and public water supply. The Chief Officer of the Public Health 

Department in charge of this policy must guarantee that the best solutions are available to reduce 

pollution caused by sewage disposal. Furthermore, avoid liquid effluents from sewage treatment 

from being released directly into aquatic bodies without adequate treatment. 

2.2.1.2. Act 54 of 1956: Water Act 

It has been renamed Act 36 of 1998. Its goal is to regulate the use, treatment, and disposal of 

industrial liquid effluents (Tempelhoff 2017). It guarantees that adequately treated water is 

returned to bodies of water such as reservoirs, the sea, and so on to avoid depletion. It also intends 

to reduce pollution since there is too much natural organic mattersin wastewater. 

2.2.1.3. Act 36 of 1998: National Water Act 

This act ensures that the nation and its resources are safeguarded, advanced, confined, utilized, 

maintained, and conserved through the following factors while fostering equitable access to water 

(King et al. 2011). 
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• Encouraging basic needs for current and future generations, 

• Promoting dam safety, 

• Promoting beneficial, sustainable, and well-organized use of water in the public interest, 

• Facilitating social and economic expansion, 

• Redressing the consequences of the previous gender and racial discrimination, 

• Meeting international obligations, 

• Prevent and minimize water supply pollution, 

• Provide for accumulating demand for water usage, and 

• Manage floods and droughts. 

2.2.1.4. Act 39 of 2004: Air Quality Act 

This Act is aimed to safeguard the environment and improve air quality. It also prohibits air 

pollution and environmental degradation in SA by prohibiting activities or emissions that could 

have an adverse effect on the environment (Tshehla et al. 2019). 

2.3. Current and conventional water treatment technologies 

Conventional wastewater often involves the integration of physical, chemical, and/ or biological 

procedures and operations to eliminate solids from effluents such as colloids, organic matter, 

nutrients, and soluble pollutants (metals, organics, and so on). Furthermore, they are intended to 

generate high-quality effluent prior releazing it into the environment (Tiwari et al. 2017). They 

had great success in removing organics and other pollutants from wastewater (Tetteh et al. 

2018b). Figure 2-1 shows a wide range of techniques classified as conventional methods, 

established recovery processes, and developing removal methods that are available for 

wastewater. 
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Figure 2-1 Classification of various pollution removal methods, as well as examples of 

approaches, adapted from (Crini et al. 2018; Ince et al. 2019) 

2.3.1. Screening, filtration and centrifugal separations 

Screening is usually the first stage in a wastewater treatment process. Its primary goal is to 

eliminate solid waste from the effluent, and eliminate fabric scraps, paper, wood, cork, hair, fiber, 

kitchen trash, fecal solids, and other materials from wastewater (Gupta et al. 2012; Asthana et al. 

2017; Ince et al. 2019). Efficient removal of these components will safeguard the downstream 

systems from potential damage, needless wear and tear, pipe obstructions, and the accumulation 

of undesirable material that may interfere with the essential wastewater treatment procedures. 

Screening is classied into two categories: coarse and fine screening. Coarse screening will remove 

big particles, rags, and debris from wastewater and often have apertures of 6 mm (0.25 in.), 

whereas small screens normally have openings ranging from 1.5 to 6 mm (0.06 to 0.25 in.) and 
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very fine screens with openings of 0.2 – 1.5 mm (0.01 – 0.06 in.) are used to remove suspended 

particles to levels similar to those attained by primary clarity (Asthana et al. 2017). Filtration is a  

physical process of removing turbidity and suspended solids from the wastewater  

(Shanmuganathan et al. 2017). The filtration process involves the use of filter media with holes 

varying from 0.1 to 0.5 mm to remove particles with a particle size less than 100 mg/L.  (Gupta 

et al. 2012; Ince et al. 2019). In an emblematic filtration process, wastewater runs down through 

the filter bed, forming a layer of algae, plankton, and other tiny plant life on top (Gumbi 2020). 

Particles in suspension are eliminated through straining through the seive pores of the filtration 

medium (Zahrim et al. 2013). Sand filters are effective at retaining suspended materials such as 

algae, organic matter, fine sand, silt, micro-plastics, pesticides, and nitrates (Hoslett et al. 2018; 

Gumbi 2020; Wolff et al. 2021).  

Ideally, after a month or two, filter beds should undergo a backwashing or cleaning process or the 

top 2 cm of the sand media should be replenished with new sand media (Zanacic et al. 2016). 

Sand filters are classified based on the driving force as either a slow or rapid filtration process 

(Gumbi 2020). Slow sand filters have largely been replaced by fast gravity sand filters, that are 

preferable for coagulant-treated water (Deshmukh et al. 2016). In the centrifugal separation 

process, different kinds of centrifugal machines that are employed to extract suspended non-

colloidal particles sized up to 1 µm (Gupta et al. 2012; Ince et al. 2019). When separating solid 

materials by centrifugation, the density of suspended particles is the most essential characteristic 

(Ince et al. 2019).   

2.3.2. Sedimentation-Flotation 

The suspended particles, grits, and silts are removed in the sedimentation process by allowing 

water to remain undisturbed or semi-disturbed over a period of time in various types of tanks 

(Ince et al. 2019; Gumbi 2020). The suspended solid materials fall to tanks’s bottom due to 

gravity. This mechanism occurrence usually varies based on the size and density of the suspended 

solid material (Ince et al. 2019). The settling time is determined by the size and density of the 

solids, as well as the velocity of the water in motion (Gupta et al. 2012). However, without the 

usage of coagulation, it is reported that about 60% suspended solids can be removed by 

sedimentation or gravity settling (Khiadani et al. 2014; Ince et al. 2019). On other hand, flotation 

works directly oppposite to sedimentation. Herein, the suspended solids are aggregated on top of 

the clear water at the bottom for easy removal. Its advantage is that it separates extremely tiny 

particles like lipids, oils, and lubricants, which can be eliminated more effectively using a 

scrubber (El-Gohary et al. 2010; Gupta et al. 2012; Tetteh 2018a; Gumbi 2020; Santos et al. 
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2021). Flotation processes are commonly used for the treatment of wastewater from the paper and 

refining industries (Gupta et al. 2012; Ince et al. 2019). This technique was utilized to reduce 

suspended contaminants like oil and lubricants, which were easily removed with a 75 to 99% 

efficiency (Gupta et al. 2012; Tetteh 2018a; Ince et al. 2019; Khouni et al. 2020; Zhang 2020). 

Flotation may be accomplished through a variety of techniques such as electrolytic, DAF and 

dispersed-air flotation (Edzwald 2010; Tetteh 2018a; Tetteh  et al. 2020a). For instance, the DAF 

process uses air bubbles as the driving force to transport the particles in the liquid phase to the 

top surface (Tetteh 2018a; Gumbi 2020; Khouni et al. 2020), as shown in Figure 2-2. Changes in 

the separation phase are caused by four mechanisms: (1) air bubble creation due to coagulant 

addition, (2) interaction between air bubbles with particles, attachment of gas bubbles to 

particulates, and (4) surging up of an air bubble-particulate mixture (Meyer et al. 2005; Hanafy 

et al. 2007; Tetteh et al. 2019; Azadi et al. 2020).  

 

Figure 2-2 Schematic of coagulation coupled with dissolved flotation process, adapted from 

Tetteh et al. (2019) 

2.3.2.1. Dissolved air flotation (DAF) 

The design and integration of DAF into wastewater treatment systems is recently gaining much 

attention (Tetteh 2018a; Basso et al. 2019). Aside from the wastewater treatment settings, DAF 

has numerous applications namely the mineral sector, sludge thickening, biological algae 

separation, and the petrochemical and oil refinery industries (Edzwald 2010; Fonseca et al. 2017; 

eSilva et al. 2018; Sanchez et al. 2018; Jelodar et al. 2021; Soares et al. 2021). Furthermore, DAF 

has proven to be the best method for treating ultra-fine material containing brittle flocs as it 
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necessitates less denser flocs (Amaral Filho et al. 2016; Dlangamandla et al. 2018; Tetteh 2018a; 

Tetteh et al. 2019). The DAF process was found to be much favorable for the treatment of large 

volumes of wastewater at rates of 100 to 20,000 m3/h to achieve the necessary footprint 

(Mokonyama et al. 2017). In a typical DAF system, the dissolved air bubbles are produced 

through the saturation of the water with an air saturator at a pressure between 3 and 6 atm (Karhu 

et al. 2014; Tetteh  et al. 2020a; Santos et al. 2021). The saturated water discharge via needle 

valves or orifices produces micro-bubbles with diameters ranging from 10 to 100 µm (Santana et 

al. 2012; Karhu et al. 2014; Santos et al. 2021).  

2.3.2.2. DAF operating parameters 

The DAF is a multidimensional system. Its treatability efficiency is commonly affected by the 

operating parameters. Some of these parameters similar to that of the coagulation process include 

the percentage of air-water recycling, contact zone up flow rate and residency time, cross-flow, 

and hydraulic loading speed (Wang et al. 2007; Khannous et al. 2011; Oliveira et al. 2014; Tetteh 

2018a; Tetteh et al. 2018a). 

a) Residence time 

The optimal retention period for the air-water combination is calculated in DAF when the 

pressurized saturator air-water is released into the floating zone (Tian et al. 2018). The flotation 

machine is visible at this phase because the air bubbles are attached to or enclosed by the flocs. 

This activity causes the flocs to become more buoyant, allowing flocs toreach the sludge zone; 

thus, a lengthy period of time is required. Flotation normally takes 10 to 15 min, but in practice, 

the period normally ranges from 10 to 40 min (Tetteh 2018a). 

b) Bubble generation 

The bubble is created by injecting pressurized air into the flotation tank then dissolve air under 

pressure. The air supplied for flotation is stated as a percentage of the air-water flow rate ranging 

from 5 to 12% (Khuntia et al. 2012; Sobieszuk et al. 2021). The air bubbles are produced to entrap 

the agglomerated flocs causing them to be buoyant to float and be collected by a skimmer (Tetteh 

2018a). However, when particle-bubble contact time increases, tiny bubbles rise to the top more 

slowly, but bigger bubbles disturb or cause turbulence of the float layer (Dlangamandla et al. 

2018; Epoyan et al. 2020; Qrenawi et al. 2021; Souza et al. 2021). The nature of air bubble size 

enhances the agglomerated pollutant particle-bubble adhesion before flotation. As a result, the 
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upward movement of water and bubbles in the interface region does not affect specific minimum 

particle sizes, resulting in low flotation efficiency. The particle density becomes the determining 

element for floatability in this case. Theoretically, particle sizes ranging from 10 to 50 µm proved 

to be appropriate for the use of DAF in treating wastewater (Edzwald 2010). DAF can efficiently 

treat particles with diameters much larger than 50 µm (Tian et al. 2018; Epoyan et al. 2020; Kyzas 

et al. 2021). 

c) Rising velocity 

The rate of ascent is determined by a pace at which waters in the floating zone rises. It is a critical 

part of determining the DAF's effectiveness. This is also known as the surface loading or the 

overflowing speed, therefore, is defined as the flow rate per unit surface area of the clarification 

tank. The quicker the floating period, the earlier the flocs will start to collapse, which the process 

typically claimed to take around 10 and 30 minutes (Edzwald 2010; Khuntia et al. 2012; Karhu 

et al. 2014; eSilva et al. 2018; Soares et al. 2021). 

d) Air: Water recycle ratio 

In a pressurized vessel, water is saturated with air. Water fills up to 80% of the overall volume, 

which is then sealed closed (Tetteh 2018a; Tian et al. 2018; Satpathy et al. 2020). Thereafter, the 

pressurized air is released into the contact region through the nozzle at the desired saturator 

operating pressure. The vapour ratio refers to the quantity of air introduced into the DAF to help 

the suspended solids float. Regrettably, no set-theoretical estimations of air to solid ratio exist 

since it is dependent on the kind of materials and the DAF setup (dos Santos Pereira et al. 2018; 

Fuad et al. 2021; Mukandi et al. 2021; Nikfar et al. 2021). About 6 to 22% of water is recycled 

back (Edzwald 2010). 

e) Hydraulic loading 

Hydraulic loading rate (HLR) is a significant component of DAF units, with a rate of 5 to 40 m/h 

contrasted to sedimentation flow rate of 0.5 to 5 m/h. However, this is generally determined by 

the flow velocity and quality of the water, as well as the temperature and shape of the flotation 

tank (Tetteh 2018a). HLR (Equation 2.1) is the maximum amount of input that may have been 

applied per DAF surface area over time. The inflow for the effective separation area equates the 

sum of feed solution flow velocity and plus the recycled air-water flow velocity. Nevertheless, 

when HLR is managed, does not produce turbulence into the working fluid (Dassey et al. 2012; 

dos Santos Pereira et al. 2018; Nikfar et al. 2021). 



16 

 

Hydraulic load rate (HLR) =
Effluent flow rate (m3

h⁄ )

Total clarifier footprint (m2)
    Equation 2.1 

2.3.2.3. Types of DAF systems 

There are three prominent DAF designs based on the manner of producing air pressure, (1) 

vacuum flotation (VF), (2) micro-flotation (SF), and (3) pressure flotation (PT) (Al-Shamrani et 

al. 2002; Younker et al. 2014; Wu 2017; Choi et al. 2018; Yang et al. 2019; Al-Abri et al. 2020; 

Hollanda et al. 2021). Aside from potable water, the DAF idea offers a diverse set of uses in 

wastewater treatment, including the mineral sector, sludge thickening, biological algae separation, 

and the petrochemical and oil refinery industries (Edzwald 2010; Fonseca et al. 2017; eSilva et 

al. 2018; Sanchez et al. 2018; Jelodar et al. 2021; Soares et al. 2021). Furthermore, DAF has 

proven to be the most suited approach for treating an ultra-fine material with brittle flocs as 

because it necessitates a less thick floc (Amaral Filho et al. 2016; Dlangamandla et al. 2018; 

Tetteh 2018a; Tetteh et al. 2019). The DAF process has been observed to be more favorable for 

treating large amounts of wastewater at rates of 100 to 20,000 m3/h to achieve the necessary 

footprint (Mokonyama et al. 2017). However, VT, SF, and PT are determined process of creating 

air pressure (Younker et al. 2014; Choi et al. 2018; Yang et al. 2019; Al-Abri et al. 2020; Hollanda 

et al. 2021). All these processes necessitate a supply of air bubbles in order to promote liquid-

solid separation. 

a) Vacuum flotation (VT) 

In this technique, wastewater is saturated with air at atmospheric pressure (Tetteh 2018a). The 

flotation tank is then vacuumed to generate a moderately super - saturated solution, leading in the 

discharge of air in the form of little bubbles. The vacuum's practicality on the amount of air 

available for floating restricts the usage of this technique (Al-Shamrani et al. 2002; Kamaruddin 

et al. 2017; Song et al. 2017; Tetteh et al. 2018a; Zhao et al. 2020). 

b) Micro-flotation (SF) 

In this technique, the quantity of water in the saturator vessel must be pressured first to enhance 

the bubbles. As a result, the water is aerated in the down flow segment, and the quantity of water 

with dissolved air will increase as the hydrostatic pressure (HP) rises. HP reduces when water 

increases in the upstream flow phase, as a result of which air bubbles are released. To facilitate 

successful led to improvements or bubble formation, water must be pushed up and down a 10-
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meter-deep shaft, where the amount of air given impacts the quantity of air accessible (Tian et al. 

2018; Ortiz-Oliveros et al. 2019; Satpathy et al. 2020). 

c) Pressure flotation (PT) 

Pressure flotation is based on the fluctuation of air solubility in water with system pressure (Santos 

et al. 2021) that may be utilized in modes namely full-flow, split-flow, and recycled-flow 

pressurization (Edzwald 2010; Morozova et al. 2017; Shi et al. 2017; Tetteh 2018a; Tetteh et al. 

2018c). In full-flow, entire wastewater is compressed and aerated inside the flotation tank to 

generate bubbles. Furthermore, it is widely utilized in businesses with influent streams containing 

particulates including more than 800 mg/L (Tetteh 2018a). While in split-flow, about 30-50% is 

pressurized and the rest travels directly to the flotation tank (Edzwald 2010). Spit-flow is typically 

used when the concentration of suspended materials is low or where micro bubbles are required 

to improve separation. The split flow pressure configuration system is far more costly compared 

to the full flow pressure configuration system because the saturator and piping system just manage 

a portion of the total flow sample. Furthermore, divided circulation offers very little air but yet 

demands significant pressure to give that very same volume of air (Yu et al. 2013; Dlangamandla 

et al. 2018; Sánchez Ortega 2019; Souza et al. 2021). In the recycle flow, a portion of the treated 

effluent, ranging from 15 to 50%, can be compressed and returned back to the flotation tank. This 

is done through a pressure discharge mechanism with air bubble sizes ranging from 20 to 100 µm 

(Tian et al. 2018). In wastewater treatments, the recycle-flow pressurization phase is preferred 

because the other phases may interfere with the coagulation process (Edzwald 2010; El-Gohary 

et al. 2010; Karhu et al. 2014; Crini et al. 2018). 

2.3.3. Coagulation/ Flocculation 

Coagulation is the act of using chemicals or coagulants to destabilize suspended particles in order 

to ignite the commencement point for them to combine. When the destabilized suspended 

particles get together, form agglomerates, flocculation begins (Usefi et al. 2019; Cui et al. 2020; 

Gautam et al. 2020; Muniz et al. 2020; Khettaf et al. 2021; Noor et al. 2021; Sibiya et al. 2021). 

The agglomerated flocs can then be eliminated by either  sedimentation or direct filtration or 

flotation process (Jagaba et al. 2016; Ugya et al. 2016; Gumbi 2020; Tetteh et al. 2020). Since 

water contains negatively charged suspended particulates owing to the same sort of surface 

charge, it causes repulsion and prevents aggregation and settling (Bodlund 2013a; Jagaba et al. 

2016). This becomes very critical in decontamination of turbidity, color, COD, and TSS of 

wastewater (Varjani et al. 2017; Varjani et al. 2020). A successful coagulation results in the 
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elimination of approximately 90% of the suspended materials (Matilainen et al. 2010; Zahrim et 

al. 2017; Momeni et al. 2018; Tetteh et al. 2019; Jagaba et al. 2020; Sibiya et al. 2021).  

2.3.3.1. Mechanisms of coagulation/flocculation  

Coagulation changes the colloidal particles in water such that they may approach and cling to one 

another to produce bigger flocs as shown in figures 2-3 (Ernest et al. 2017). This phenenomon 

can occur in three distinct mechanisms (1) charge neutralization (particle destabilization at low 

coagulant dosage), (2) sweep (the addition of coagulant at sufficiently high concentrations to 

cause anhydrous, amorphous precipitate enmeshing colloidal particles into precipitates), and (3) 

bridge formation (Amran et al. 2018; Cui et al. 2020; Sibiya et al. 2021). However,  the majority 

of coagulants and flocculants used in potable water and wastewater treatment contain divalent 

positively charged chemical compounds (Balls 2014). The negatively charged polymers have 

large molecular weight flocculant (Kurniawan et al. 2020). According to Sahu et al. (2013), the 

charge density of the coagulants can contribute to the agglomerated floc size of diameters between 

10-7 to 10-14 cm. In essence, agglomeration of the suspended particles usually depends on the 

source, content, and ionic strength of the coagulant. Also, operation factors such as temperature, 

pH, effluent quality, dose, and coagulant type can affect the coagulation mechanism (Xiao et al. 

2009; Yang et al. 2010; Ernest et al. 2017; Tetteh et al. 2018a; Ince et al. 2019; Tetteh et al. 2019; 

Gumbi 2020; Mosaddeghi et al. 2020; Khettaf et al. 2021). The type of interactions between 

chemical coagulants and colloidal particles determine the coagulation process (Sahu et al. 2013). 

 

Figure 2-3 Modified schematic diagram of a coagulation process, adapted from (Gumbi 2020) 

Adsorption and bridging, double-layer compression, charge neutralization, and sweep coagulation 

can all cause colloidal particle instability. Each of these mechanisms is discussed in detail below.  
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Double-Layer compression 

This mechanism involves decreasing of the double layer around the colloidal particle due to a 

change in ionic strength caused by adding new coagulants that can lead to colloid instability 

(Freitas et al. 2017; Ghorpade et al. 2018; Wahaab et al. 2019; Xia et al. 2020). The suspended 

particles in the solution are negatively charged, attracting counter-ions (Teh et al. 2016; 

Vepsäläinen et al. 2020; Bhamidipati et al. 2021). Surface attraction is caused by opposing ion 

charges moving towards the surface of an electrolytic solution, whereas repulsion is caused by 

ions with the same charge moving away from the surface. Stern layer is formed because of 

electrostatic and Van der Waals forces (Pokhrel et al. 2004; Teh et al. 2016; Vepsäläinen et al. 

2020). A diffuse layer forms surrounding the Stern Layer by attracting co-ions of the primary 

colloid onto the counter-ions size (Tripathy et al. 2006; Amran et al. 2018; Bhamidipati et al. 

2021). Figure 2-4 shows a representation of an electrical double layer formed by charge separation 

on the top of a colloidal particle (Pokhrel et al. 2004; Tripathy et al. 2006).  

 

Figure 2-4 Representation of electrical double layer adapted from (Pokhrel et al. 2004; 

Vepsäläinen et al. 2020) 

Electric double layer is a diffused layer that consist of anions and cations (Tripathy et al. 2006; 

Teh et al. 2016; Tetteh 2018a). Colloidal particles are difficult to approach one other under steady 

circumstances with low counter-ion concentrations due to their thick double electrical barrier (Teh 

et al. 2016; Freitas et al. 2017). However, when the quantity of counter-ions increases as a result 

of salt (counter-ion) addition, the diffuse layer thins and particles can interact more intimately 
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prior experiencing repulsion (Bhamidipati et al. 2021). Shearing transports just a portion of the 

diffuse layer with the colloid, and the potential at the shear surface is referred to as the zeta 

potential (Bhamidipati et al. 2021). Compression of the electrical double layer, is the major 

coagulation mechanism for divalent ions, namely Ca2+ and Mg2+, in the usual pH range of water 

treatment (Duan et al. 2009; Freitas et al. 2017). The interface of a charged surface can be 

explained by the Helmholtz, Gouy, and Chapman models (Doblhoff-Dier et al. 2021). Stern used 

the aforementioned models to create an electrical double layer model (Vepsäläinen et al. 2020). 

The electrical double layer is divided into two regions as the Stern/Helmholtz layer (inner plane) 

and the Gouy-Chapman layer (outer plane), where ions are strongly attached to the surface and 

ions move about due to diffusion (Tripathy et al. 2006; Vepsäläinen et al. 2020). A capabilty of 

an inner area affects colloidal particle stability. Furthermore, the ionic strength and valence of the 

ions have a significant influence on the thickness of the double layer (1/k) shown in equation 2.2 

(Vepsäläinen et al. 2020). The thickness of the double layer diminishes as the ionic strength 

increases, and maximal destabilization occurs when the colloidal surface's zeta potential 

approaches 0 mV (Duan et al. 2009; Freitas et al. 2017; Vepsäläinen et al. 2020). 

1

k
= 1010 [

2000e2NAI

ε0KT
]

−0.5

                Equation 2.2                                                                                                 

Where; 

1

k
 Debye-Hückel length (m)  

K Boltzmann’s constant (J/ K) 

T Temperature (K) 

NA Avogadro’s number (6.02214076× 1023)  

I Ionic strength (mol/m3) 

𝜀0 Permittivity in vacuum (8.854 × 10-12 Farad /m) 
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a) Adsorption and bridging 

This mechanism is only conceivable with plant-based coagulants and proceeds by polymer 

adsorption, in which long chain polymers or electrolytes attach themselves to the surface of the 

colloidal particle (Tripathy et al. 2006; Freitas et al. 2017; Amran et al. 2018). A crucial 

prerequisite for bridging is that the particles provide enough empty surface area for the adsorption 

of polymer chain segments trapped on other particles (Freitas et al. 2017; Bhamidipati et al. 

2021). Figure 2-5 shows stages of this mechanism.  

Adsorption must occur uniformly throughout the solution for successful coagulation, hence 

polyelectrolytes must be disseminated at fast mixing for a brief amount of time (Bhamidipati et 

al. 2021). Thereafter, polymer chains are linked to the particle at various adsorption sites, 

minimizing dangling ends (Tetteh 2018a; Vepsäläinen et al. 2020) as shown in figure 2-5a. 

Molecular mass of the natural coagulant is critical in particle bridging. Natural coagulants with a 

larger molecular weight can create strong bridges with particles, resulting in the production of 

strong flocs and improved settling (Ang et al. 2020b; Nimesha et al. 2021).  

Adsorption consists of three types namely electrostatic interaction, hydrogen bonding and ionic 

bonding (Amran et al. 2018; Bhamidipati et al. 2021). Only a few polymer segments are 

connected to the particle, with the remainder forming loops and tails (Tripathy et al. 2006; 

Vepsäläinen et al. 2020; Bhamidipati et al. 2021; Nimesha et al. 2021). Colloidal particles 

connect to these tails and loops, resulting in the creation of huge flocs, which is at the heart of 

polymer bridging as shown in figure 2-5b. 

 

Figure 2-5 Systematic presentation of mechanism (a) adsorption (b), bridging adapted from 

Bhamidipati et al. (2021) 
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The availability of adsorption sites on the particles near polyelectrolytes is a critical criterion for 

bridging. This is determined by the concentration of polyelectrolyte used; if the dose is too high, 

full adsorption occurs, and no sites for inter-particle bridging are available (Tripathy et al. 2006; 

Sher et al. 2013; Bhamidipati et al. 2021). When it is low, it results in poor adsorption and 

bridging. As a result, there is an ideal polymer dose based on the number of adsorption sites 

accessible and hence on particle concentration (Choy et al. 2015; Freitas et al. 2017; Tetteh 2018a; 

Kristanda et al. 2021). 

b) Charge neutralization 

The ability to add cationic metals or polymeric materials to particles to balance their negative 

charges whilst reducing double layer repulsion is known as charge neutralization (Sahu et al. 

2013; Freitas et al. 2017; Amran et al. 2018; Tetteh 2018a; Ang et al. 2020b; Nath et al. 2020; 

Bhamidipati et al. 2021; Nimesha et al. 2021) as shown in figure 2-6. An ionizable polymer 

(polyelectrolytes) is utilized as a coagulant because it keeps negatively charged colloidal particles 

stable (Nimesha et al. 2021). To stabilize the particles, polycation is used, resulting in a zeta 

potential near to zero (Amran et al. 2018). The optimal polyelectrolyte dose will be determined 

by the charge distribution of the polyelectrolyte. Electrostatic interactions cause substantial 

adsorption in these systems, as well as particle surface neutralization and even charge reversal 

(Zouboulis et al. 2000; Teh 2014; Choy et al. 2015; Vepsäläinen et al. 2020). 

 

Figure 2-6 Charge neutralization mechanism, adapted from (Nath et al. 2020) 

c) Sweep Coagulation 

This mechanism occurs when suspended particles get entwined in metal hydroxide precipitates 

or are washed out of the water by an irregular hydroxide precipitation (Duan et al. 2003b; Tetteh 
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2018a; Vepsäläinen et al. 2020; Bhamidipati et al. 2021). In general, this provides far greater 

particle elimination as opposed to soley charge neutralization (Duan et al. 2003b; Freitas et al. 

2017). However, the flocs created are weaker than those formed in the bridging mechanism 

(Bhamidipati et al. 2021). 

2.3.4. Types of coagulants 

A coagulant is added to industrial and surface wastewater to speed up the process by converting 

suspended particles into flocs, which allow them to bridge together while improving strength, 

settling time, and reaching ideal weight (Abdelaal 2004; Beyene et al. 2016; Ang et al. 2020b; 

Kurniawan et al. 2020). An enhanced efficiency coagulation method facilitates the microbial 

quality of the end product and increases the longevity of filter media, lowering the overall cost of 

treated water (Kumar et al. 2016; Kamaruddin et al. 2017; Kumar et al. 2017b; Nimesha et al. 

2021). Coagulants are used in treating wastewater rely on the composition of the wastewater 

(Tetteh 2018a; Tetteh et al. 2019; Nath et al. 2020). Additionally, it is important to explore the 

selection of suitable coagulants (Figure 2-7) based on long-term treatment plant performance, 

chemical usage reduction, and production of high-quality water (Sahu et al. 2013; Tetteh 2018a). 

 

Figure 2-7 Factors to consider when choosing coagulants, adapted from (Abdelaal 2004; Kumar 

et al. 2017b; Saxena et al. 2018; Tetteh 2018a; Gautam et al. 2020; Nimesha et al. 2021) 
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2.3.4.1. Natural coagulants  

Coagulants come in a variety of forms, including inorganic and polymeric organic coagulants. 

(Abdelaal 2004). Organic and inorganic coagulants have been used over decades due to their easy 

access and low cost (Jagaba et al. 2020; Muniza et al. 2020; Noor et al. 2021). Furthermore, they 

do not exhibit toxic properties in an aquatic environment (Gautam et al. 2020; Muniz et al. 2020; 

Nimesha et al. 2021). The natural polymers can be categorized into three groups such as animal-

based, plant-based, and microorganism-based as shown in figure 2-8. Natural coagulants are 

supplied locally, are abundant, create less sludge, and produce biodegradable sludge (which may 

be reused) and may be waste-based resources such as fruit wastes, eggshells, cassava peel, okra 

leaves, etc. (Choy et al. 2014; Anju et al. 2016; Amran et al. 2018; Ang et al. 2020b; Gautam et 

al. 2020; Asharuddin et al. 2021). This research focuses on three natural coagulants: chitosan, 

eggshells, and rice starch, which are discussed more below. 

 

Figure 2-8 Categories of natural coagulants 

a) Chitosan 

Chitosan (CS) is known as poly[β-(1→4)-2-amino-2-deoxy-D-glucopyranose] (Dung et al. 2009; 

Zaidi et al. 2014; Morsi et al. 2018; Vidal et al. 2018; Kocabas et al. 2019; Prasetiyo et al. 2021), 
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and is a high-molecular-weight biopolymer derived from the deacetylation of chitin (Vishakha et 

al. 2012; Lozano-Navarro et al. 2018; Nimesha et al. 2021). Chitin or poly(b-1-4)-2-acetamido-

2-deoxy-D-glucopyranose is the second most prevalent natural polymer following cellulose 

derived from crustacean shells such as snails, crabs, bugs, and prawns (Vishakha et al. 2012; 

Vidal et al. 2018; Jo et al. 2019; Ang et al. 2020a; Prasetiyo et al. 2021). It is present in mollusks, 

annelids, and arthropods, as well as in the mycelia and spores of numerous fungi (Vishakha et al. 

2012; Jana et al. 2019; Fufaeva et al. 2020).  

Chitin is a cellulose derivative in which the hydroxyl groups are on the second carbon of each 

glucose unit. Chitin deacetylation s associated with the formation of amine groups (NH2) from 

acetamide groups (NHCOCH3) in many ways, the most frequent are reactions with alkaline 

aqueous medium at high temperatures, which can take up to three hours depending on the reaction 

conditions (Vishakha et al. 2012; Lozano-Navarro et al. 2018; Vidal et al. 2018; Jo et al. 2019; 

Ang et al. 2020a). The degree of acetylation (DA) is a metric that describes the average 

concentration of N-acetyl-d-glucosamine units in chitin, which generates a range of chitosan with 

changing physical and chemical parameters like solubility, relative molecular mass, pKa, and 

viscosity (Frick et al. 2018; Lozano-Navarro et al. 2018; Vidal et al. 2018; Prasetiyo et al. 2021). 

Depending on the deacetylation process utilized, the degree of deacetylation (DD) reflects the 

average value of d-glucosamine units on the chain content of 50 to 95 percent (Figure 2-9).  

 

Figure 2-9 Structure of chitosan with acetylated and deacetylated units, adapted from (Vidal et al. 

2018) 

The relationship between these factors is given by Zhang et al. (2021c) as follows: DA (%) =100 

- DD (%). CS has a good catalytic activity and recyclability for its free main –NH2 and -OH 

groups (Wang et al. 2008; Hoang Tran et al. 2009; Kumar et al. 2017b; Ang et al. 2020a). In 
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solution, CS shows to be positively charged (Saifuddin et al. 2011; Vidal et al. 2018; Zhang et al. 

2021c). Furthermore, CS may be dissolved in an acidic solution via interaction between H+ and 

the amine group due to inter-molecular and intra-molecular hydrogen bonding (Wang et al. 2009; 

Mansoori et al. 2020; Prasetiyo et al. 2021). At pH < 6, Acidic liquids promote the degradation 

of chitosan and render it insoluble, lowering its efficacy (Frick et al. 2018; Vidal et al. 2018; 

Vainshtein et al. 2020). When the pH rises over 6, the chitosan amine groups start to denature, 

and the polymer precipitates. Since pKa value is greatly reliant on DA, chitosan solubility is 

determined by the degree and manner of deacetylation utilized, the distribution of the acetyl 

groups on its structure, and its molar mass (Vidal et al. 2018; Mansoori et al. 2020). Thus, the 

more protonated groups there are, the higher the electrostatic opposition between the chains, as a 

result, he greater the molecular effects on the overall in an aqueous solution (Kumar et al. 2017b).  

Due to their inherent biological features and biodegradability, chitosan-based materials have the 

potential to be environmentally benign coagulants and flocculants in the harvesting process (Vidal 

et al. 2018; Gautam et al. 2020). Furthermore, its recyclability, effectiveness and ability to chelate 

arsenic, molybdenum, cadmium, chromium, lead, and cobalt ions makes it an appealing choice 

for treating industrial effluents (Ummalyma et al. 2016; Ang et al. 2020b). 

There are several techniques for physically or chemically modifying raw chitosan flakes to 

improve their adsorption behavior for different kinds of contaminants (Bhatnagar et al. 2009; 

Frick et al. 2018; Vidal et al. 2018; Mansoori et al. 2020; Prasetiyo et al. 2021; Zhang et al. 

2021c). All of the alterations reveal that there could be only one improvement between two 

parameters, either molecular weight or water solubility, and not both (Wang et al. 2009). Even 

though crosslinking reduces adsorption capacity, it increases the resistance of chitosan against 

acid, alkali, and other chemicals (Ngah et al. 2002; Babakhani et al. 2020; Okpaegbe et al. 2021). 

Furthermore, cross-linking alters the crystalline structure of CS, stabilizing and preserving its 

strength in both acidic and basic conditions (Zeng et al. 1998; Jana et al. 2019; Fufaeva et al. 

2020; Kildeeva et al. 2020; Mansoori et al. 2020).  

b) Rice starch 

In the last 5000 years, rice (known as Oryza sativa L.) has been a significant cereal grain and a 

basic food supply for more than 50% of the worldwide people (Wani et al. 2012; Chua et al. 

2019). During the rice milling process, around 20 to 30% of milled rice ends up as broken rice 

(Teh et al. 2014a; Chua et al. 2021a; Nimesha et al. 2021). Rice starch (RS) are the tiniest found 

in cereal grains, with sizes ranging from 2 to 7 µm (Wani et al. 2012). As a result, the usage or 
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valorization of this by-product is extremely advantageous. RS has a distinct flavor, a milky, chewy 

texture, and a smooth finish. These properties include hypoallergenicity, digestibility, consumer 

acceptability, bland flavor, tiny granules, white color, enhanced paste freeze-thaw stability, better 

acid resistance, and a wide spectrum of amylose: amylopectin ratios (Wani et al. 2012). 

Starch is the most essential element of rice, contributing for more over 80% of the overall content 

(Chua et al. 2019). It occurs in nature as distinct particles known as granules. Starch, also known 

as amylum, is a carbohydrate composed of a high number of glucose units linked together by 

glycosidic bonds (Vishakha et al. 2012). All green plants synthesize this polysaccharide as an 

energy storage (Singh et al. 2012; Amran et al. 2018). It seems to be the most prevalent kind of 

carbohydrate reserve in green plants, and it is especially abundant in seeds and subterranean 

organs (Hamidi et al. 2021).  

Starch, is one of the world's most prevalent natural polymers,is made up of two polymers of 

anhydroglucose units, amylose, and amylopectin, in its unrefined form (Wani et al. 2012; Teh 

2014; Irinislimane et al. 2017; Amran et al. 2018; Chua et al. 2021a; Kumar et al. 2021b). 

Amylose is a non-branching helical polymer made up of -1,4 connected D-glucose monomers, 

whereas amylopectin is a highly branched polymer made up of both -1,4 and -1,6 linked D-

glucose monomers as shown in figure 2-10 (Damager et al. 2010; Singh et al. 2012; Vishakha et 

al. 2012; Amran et al. 2018; Chua et al. 2021a; Hamidi et al. 2021). Amylose is the most 

important component controlling rice starch's physicochemical qualities. Starch expands 

irreversibly and its crystalline structure collapses when heated in aqueous solutions, a condition 

known as gelatinization. 

 

Figure 2-10 Structure of a) Amylose b) Amylopectin, adapted from Vishakha et al. (2012) 
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Amylopectin can expand starch, but amylose has been shown to inhibit it (Goel et al. 2020; Hong 

et al. 2021; Mosisa et al. 2021). Gelatinization is the process by which starch is transformed into 

tangible form that is beneficial in in several food production (Wani et al. 2012). Starch gels, on 

the other hand, are thermodynamically unstable and undergo changes that affect their technical 

applicability (Lupi et al. 2020). When starch molecules cool, they re-associate in a complex 

crystal growth process known as retrogradation, and is typically related with gel water separation 

(Wani et al. 2012). These modifications may cause textural and optical gel degradation 

(Fredriksson et al. 2000; Chelliah et al. 2019).  

Starch has attracted commercial attention as a coagulant because of its its recyclability, 

biocompatible, and inexpensive (Pal et al. 2005; Teh 2014; Choy et al. 2016; Usefi et al. 2019; 

Chua et al. 2021a; Hamidi et al. 2021). The majority of existing research has focused on starch 

modification to boost the efficacy of the coagulant in effluent treatment, which has several 

downsides such as formaldehyde, extremely corrosive caustic soda, and a high volume of solvent 

(Choy et al. 2016; Chua et al. 2019; Hamidi et al. 2021; Kumar et al. 2021b). These modifications 

are accomplished by graft copolymerization, in which synthetic polymers like acrylamide are 

mixed with starch to increase the total molecular weight of the polymer (Whistler 2009; Choy et 

al. 2016). Unmodified starches might be used in conjunction with chemical coagulants to reduce 

the negative effects of these proprietary coagulants (Teh 2014; Hamidi et al. 2021). A study by 

Teh et al. (2014b) achieved 84.1% TSS removal solely by utilization of RS as a coagulant. RS, 

on the other hand, has more advantages than other starches (corn, cereal, wheat, oat, potatoes, 

barley, etc.) because of its great stability, as well as acid resistance.(Chua et al. 2019).  

c) Eggshells 

The disposal of egg shells causes severe land contamination, bad odors as a result of 

microbiological action, and costly disposal expenses (Kulpa et al. 2018). However, the method 

of employing eggshells has a fantastic upsurge of excellent ideals (Guru et al. 2014; Naghizadeh  

et al. 2017). Eggshells have between 7000 and 17000 pores and are an excellent alternative 

biosorbent, particularly for the elimination of dyes and dangerous inorganic ions (Kocabas et al. 

2019) as well as the capacity to remove  heavy metals from water (Jayan et al. 2015). These pores 

exchange materials between the exterior and interior of eggshells while being strong enough to 

avoid cracking from impact.  

 

When compared to the microstructure of sea turtle eggshells (Kitimasak et al. 2003), chicken 

eggshells are more compact, suggesting that the porosity structure of eggshells is influenced by 

the damp environment. These eggshells are a highly organized structure with five structurally 
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distinct layers (Moreno-Azanza et al. 2016). hese are the shell membranes (inner and outer), 

mammillary layer, palisade layer, vertical crystal layer, and cuticle, from the inside out as shown 

in figure 2-11.  

 

Crystal arrangement and size vary over various strata (Teyssier et al. 2015). The mammillary 

layer is the first mineralized layer formed by the inner membranes and is considered to include 

randomly oriented calcite (CaCO3) crystals (Guru et al. 2014; Jayan et al. 2015; Naghizadeh  et 

al. 2017; Kulpa et al. 2018). A variety of experiments, including powder line broadening research, 

have shown that the calcite crystals are enormous, with dimensions more than 1 mm (Guru et al. 

2014). The palisade layer comprises of majority of the calcified component of the shell; here, 

calcite crystals form with a long aspect perpendicular to the surface (Guru et al. 2014). The 

palisade layer is continuing as the vertical crystal layer, which is a thin layer just beneath the 

cuticle. 

 

Figure 2-11 The five structurally distinct layers within the eggshell are depicted schematically, 

adapted from Guru et al. (2014).  

Eggshells (ES) are a low-cost, readily accessible biomaterial, and their waste is frequently 

employed as a bone replacement, for catalysis, scaffolding, and useful bio-templates due to their 

high catalytic activity, ease of handling, reusability, and benign nature (Yang et al. 2002; Valtchev 

et al. 2008; Viriya-empikul et al. 2010; Kocabas et al. 2019). They have several surface functional 

groups, including as amines, amides, and carboxylic groups (Jayan et al. 2015). Precisely 
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eggshells contain calcium carbonate (94%), magnesium carbonate (1%), calcium phosphate (1%) 

and organic matter (4%) (Cai et al. 2007; Guru et al. 2014; Naghizadeh  et al. 2017).  

In biological systems, organic components are hypothesized to impact nucleation, govern crystal 

development and form, and have a role in defining the mechanical characteristics of the final 

composite (Gautron et al. 2021). Proteins are the primary elements of eggshell and shell 

membrane organic matter, with minor quantities of carbohydrates and lipids (Zeidler 2002; Mine 

2007; Pundir et al. 2009; Okubo et al. 2018; Guha et al. 2019; Kalifah 2019).  

Concentrations of "organic matrix cores" and matrix material at the ends of the shell mammillae 

aid in the diffusion of a physiological decalcifying agent developed during the chick's embryonic 

development into the mammillary "mineral cores". Furthermore, the shell matrix contains an acid 

mucopolysaccharide that acts as a calcium chelator during shell formation (Guru et al. 2014). 

Proteins, proteoglycans, and fibronectin in the matrix may thus contribute to the mechanical 

properties of ES (a) indirectly by affecting the shell calcite fabric and (b) directly by influencing 

the elasticity of the shell when these biomolecules get incorporated into the shell (Kaur 2010; 

Johnson 2015; Teyssier et al. 2015; Nys et al. 2018). 

2.3.4.2. Chemical-based coagulants 

This type is classified into three types of chemical coagulants: hydrolyzing metallic salts (alum, 

ferric chloride, ferric sulfate, magnesium chloride), pre-hydrolyzing metallic salts 

(polyaluminium chloride, polyferic chloride, polyferrous sulfate, polyaluminium ferric chloride), 

and synthetic cationic polymers (polyamine, polyethylenimine, polyalkylene, aminomethyl 

polyacrylamide) (Abdelaal 2004; Freitas et al. 2017; Tetteh 2018a; Cui et al. 2020; Asharuddin 

et al. 2021; Nimesha et al. 2021). Iron (ferric sulfate, ferrous sulfate and ferric chloride) and 

aluminum (aluminium chloride, aluminium sulfate as alum and sodium aluminate) metal salts are 

two of the most often utilized inorganic coagulants (Ugya et al. 2016; Freitas et al. 2017; Cui et 

al. 2020; Gautam et al. 2020; Nimesha et al. 2021) because of their inexpensive cost, simplicity 

of use, handling, storage, and mixing capabilities (Sher et al. 2013; Jagaba et al. 2016; Freitas et 

al. 2017). Also hydrated lime and magnesium carbonate are commonly used chemicals as 

coagulants (Kumar et al. 2017b; Nath et al. 2020). 

Chemical coagulants are divalent or trivalent metal ions that have been used to neutralize the 

charge on the surface of anionic particles and aggregate them into bigger flocs (Teh et al. 2016; 

Ernest et al. 2017). Both the aluminum and iron-based salts interact with the hydroxyl ions  

(OH-), producing monomeric and polynuclear species that react with the negatively charged 
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particles (Freitas et al. 2017; Tetteh 2018a; Nath et al. 2020). This causes the salts to dissociate 

into their trivalent ions (i.e., Al3+, Fe3+), which hydrate to to form multiple water molecules and 

securely attach onto an anionic particles (Teh et al. 2016; Freitas et al. 2017; Cui et al. 2020). The 

benefits and drawbacks of the most commonly utilized coagulants are shown in Table 2-1. 

Table 2-1 Effectiveness and disadvantages of chemical coagulants, adapted from (Kumar et al. 

2017b; Tetteh 2018a; Nath et al. 2020) 

Common name Chemical formula Effectiveness Disadvantages 

Lime Ca (OH)2 It is widely utilized; 

it is extremely 

effective; and it does 

not add salts to 

effluent. It improves 

the removal of heavy 

metals (manganese) 

and softens the water. 

pH dependant; generates a 

substantial amount of sludge; 

overdosage can result in poor 

effluent quality. 

Alum Al2 (SO4)3 .18H2O Simple to use and 

apply; generates less 

sludge than lime; best 

effective between pH 

5.5 and 7.7. 

Adds dissolved particles (salts) 

to water; its toxicity may lead to 

neurological conditions. 

Sodium aluminate Na2Al2O4 Effective in hard 

water; and generally, 

a minimum quantity 

is required. 

Frequently used in conjunction 

with alum; expensive; and it is 

ineffective in soft waters. 

Polyaluminium 

Chloride (PAC) 

Al13(OH)20(SO)4. Cl15 Floc produced is 

denser and settles 

faster than alum in 

various applications. 

Not widely utilized; little full-

scale data as compared to other 

aluminum derivatives. 

Ferric Sulfate Fe2(SO4)3 It is effective 

between pH 4-6 and 

8.8-9.2. It can 

remove color at a low 

dose. 

Adds dissolved solids (salts) to 

water; and generally, it requires 

alkalinity. 

Ferric Chloride FeCl3.6H2O It is effective 

between pH 4 and 11. 

Adds dissolved particles (salts) 

to water; uses twice as much 

alkalinity as alum. It is very 

corrosive to almost all metals. 

Ferrous Sulfate 

(Copperas) 

FeSO4.7H2O Not as sensitive to 

pH as lime. It 

effectively controls 

odour by avoiding 

the development of 

hydrogen sulphide. 

Adds dissolved solids (salts) to 

water; and generally, it requires 

alkalinity. 
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2.3.5. Factors affecting coagulation 

There are various operational elements that affect the parallel and consecutive processes that take 

place whenever a coagulant is added to wastewater. There are a number of transportation 

processes that occur to enhance interparticle bridging and floc formation, including Brownian 

diffusion and fluid motion (Tetteh et al. 2019). All of these factors (2.3.5.1. to 2.3.5.6.) have an 

impact on the efficiency and efficacy of the wastewater coagulation process. 

2.3.5.1. Coagulant dosage 

Coagulant dose is an important component in determining how coagulants interact with organic 

material in wastewater to increase clarity (Tetteh et al. 2019). In general, the insufficient or 

excessive dose would result in poor flocculation performance (Daud et al. 2015; Teh et al. 2016; 

Ernest et al. 2017; Tetteh 2018a; Asharuddin et al. 2021). Charge neutralization is often the 

dominant mechanism at low coagulant dosages (Sahu et al. 2013; Saxena et al. 2018). A further 

increase in dose may result in a return to normal. Coagulation develops as the dosage is increased 

further. Controlling the correct dose for charge neutralization becomes critical since an excess 

dose might result in destabilization (Saxena et al. 2018; Tetteh 2018a). The amount and form of 

the NOM have been shown to regulate coagulant dosages for the high color source water (Othman 

et al. 2008; Qiu et al. 2019; Gonzalez-Perez et al. 2021). 

2.3.5.2. Temperature 

Temperature is a crucial factor impacting coagulants in water treatment (Xiao et al. 2009). This 

affects both the coalescence and the properties of the polymer, like fluidity, mobility, interaction 

and solubility, density, and the ascending or descending velocity of the flocs (Othman et al. 2008; 

Tetteh et al. 2019). Temperature influences the solubility of the metal hydroxide precipitate as 

well as the rate of production of metal hydrolysis products (Sahu et al. 2013; Moruzzi et al. 2018; 

Sun et al. 2019; Gautam et al. 2020; Nimesha et al. 2021). At lower temperatures, larger flocs are 

broken down hence, the flocculation effectiveness is diminished (Xiao et al. 2009; Tetteh et al. 

2019; Gautam et al. 2020). Warmer temperatures are hence favored for improved flocculation 

due to an increase in wastewater viscosity (Fitzpatrick et al. 2004; Othman et al. 2008). However, 

warm water tends to raise the concentration of algae and other organic materials in raw water 

(Sahu et al. 2013; Asharuddin et al. 2021). At low temperatures, alum flocs are particularly 

susceptible to breaking apart because of fluid shear, also the weak ferric floc became harder than 
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the strongest alum agglomerates, which has a major impact on sedimentation. (Fitzpatrick et al. 

2004; Tetteh 2018b; Nimesha et al. 2021). Nonetheless, multiple studies on natural coagulants 

have revealed that they work best at room temperature (Teh 2014; Asharuddin et al. 2021; Kumar 

et al. 2021b). 

2.3.5.3. pH/Alkalinity adjustment 

The pH has a considerable impact on the pre-treatment stage , such as the efficacy of the charge 

adsorption-neutralization mechanism (Bratby 2016; Gautam et al. 2020; Asharuddin et al. 2021). 

The pH of the wastewater regulates the efficiency of coagulants in wastewater treatmen (Yang et 

al. 2010; Tetteh 2018a; Tetteh et al. 2019; Gautam et al. 2020). The pH must be adjusted before 

coagulation in order to improve the series of reactions that will take place (Yang et al. 2010; 

Beyene et al. 2016). The pH between 4 and 8 influences the solubility of metal hydroxide species 

(Wei et al. 2018). The residual conductivity increased at pH greater than 5, indicating a larger 

presence of the OH- ions in the treated water supernatant (Othman et al. 2008). Therefore, 

recommended range for effectiveness coagulation is between 6.0 and 8.5. When the pH is too 

low, the coagulation process may be ineffective, whereas excessive pH can disperse coagulated 

particles (Ernest et al. 2017; Asharuddin et al. 2021). The efficient metal-based ions, can impact 

floc generation through double –layer compression (Tetteh et al. 2019; Yaseen et al. 2019). As 

the pH rises, those species become electrified, causing a shift in behavior. For example, pH will 

affect oxidation reaction if the colloidal particles are hydrophilic, like acids. 

2.3.5.4. Mixing conditions 

The mixing time and speed are critical in pre-treatment stage (Nimesha et al. 2021). 

Destabilization and agglomeration of coagulated flocs occur sequentially via two stirrig 

mechanisms, namely rapid and slow stirring (Sahu et al. 2013; Tetteh et al. 2019). Rapid mixing 

occurs once the coagulants are added, which necessitates turbulent mixing to generate a 

homogenous solution (Gupta et al. 2012). A lack of fast mixing may result in poor coagulant 

performance owing to underdosing or overdosing (Sahu et al. 2013). Slow mixing, on the other 

hand, occurs shortly after vigorous stirring and is meant to improve particle trapping as well as 

floc development (Kurniawan et al. 2020; Nimesha et al. 2021). Furthermore, persistent slow 

mixing enhances floc aggregation and particle entrapment in suspension to improve separation. 

Slow mixing produces a motion differential for particles of identical size, that can be larger 1 µm 

in size (Tetteh et al. 2019). As a result, the relationship between aggregation of a particular size 
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and polymer molecular weight may boost the bridging or breaking forces of the flocs to either 

settle or float (Akratos 2016; Kyzas et al. 2021).  

2.3.5.5. Ionic strength 

The ionic strength that induces floc formation has a substantial impact on polyelectrolyte 

alignment in solution. When a metal-based coagulant is introduced to a solution, metal ions inhibit 

hydrolysis activity (Akratos 2016; Tetteh et al. 2019). When there is reciprocal repulsion, like-

charges in a polymer chain tend to extend. As ionic strength decreases, the viscosity of a 

polyelectrolyte solution increases. Furthermore, a rise in ionic strength covers the polymer's 

charged region, influencing its hydrodynamic volume expansion by reducing solution viscosity 

(Lee et al. 2014; Liu et al. 2017; Sun et al. 2019; Zhao et al. 2021a). 

2.3.5.6. Molecular weight (MW) and charge density (CD) 

MW and CD of a polymer influence the inter-particle bridging and electrostatic force mechanism, 

both that may aid in coagulation efficiency (Verma 2017; Gautam et al. 2020; Ramesh et al. 

2021), such that increasing molecular weight increases agglomeration and floc development. 

Despite the fact that negative charge on the polymer might prevent adsorption onto an undesired 

surface, it strengthens the polymers by equal charge repulsion between polymeric chains. (Lee et 

al. 2014; Tetteh et al. 2019). Organic polymer concentration is based on ionic strength rather than 

molecular weight. As illustrated in equation 2.3 to 2.5, CD is stated according to length (qL), area 

(qA), and volume (qV) in relation to the quantity of ionic charge (qQ) in coulomb (C) per length (L 

in meter (m)), area (A in square meter), or volume (V in cubic meter). 

qL(𝐶
𝑚⁄ ) =

dQ

L
        Equation 2.3  

qA (𝐶
𝑚2⁄ ) =

dQ

A
        Equation 2.4 

qV (𝐶
𝑚3⁄ ) =

dQ

V
        Equation 2.5 
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2.4. Natural-based coagulant economic obstacles  

The majority of natural compounds have demonstrated coagulation characteristice in eliminating 

COD, BOD, TSS, turbidity, and other contaminants; however, few have been approved and 

commercialized (Choy et al. 2017; Freitas et al. 2017; Nath et al. 2020; Nimesha et al. 2021). 

Four factors are impeding natural coagulant commercialization namely financial competence, 

regulatory permission, market awareness, and research development which are summarized in 

table 2-2 (Choy et al. 2014; Freitas et al. 2017; Nimesha et al. 2021).  

Table 2-2 Summarized commercialization challenges for natural coagulants 

Environmental and technical 

restrictions 

Economic and social restrictions References 

Complicated extraction procedure Inadequate funds and time to 

engage in research and 

development. 

(Choy et al. 2014; 

Kurniawan et al. 2020) 

Lack of mass planting for bulk 

processing 

Failure to reach the bare minimum 

of quality. 

Inability to maintain a consistent 

supply of raw resources. 

(Freitas et al. 2017; 

Nimesha et al. 2021) 

COD levels may rise as a result of 

the organic characteristics of 

natural coagulants. 

Plant-based coagulants do not have 

regulatory authorization. 

(Oladoja 2015; Freitas et al. 

2017; Saleem et al. 2019) 

A lack of toxicity investigations 

on pure coagulants. 

A lack of market awareness and 

enthusiasm. 

(Freitas et al. 2017) 

Seasonal fluctuations in a few 

plant sources (Cactus grow in hot 

weather). 

Market is well-established and 

competitive. 

(Choy et al. 2017; 

Kurniawan et al. 2020) 

A lack of study on actual usage 

and challenges that arise during 

plant operations. 

Expensive early start-up costs. (Oladoja 2015; Nimesha et 

al. 2021) 

A lack of suitable storage 

procedures for natural coagulants 

in stock. 

Industrial acceptability. (Kurniawan et al. 2020) 

Insufficient estimate of the 

qualitative features of the treated 

water 

A lack of understanding about how 

to enhance one's health. 

(Choy et al. 2014; Oladoja 

2016; Nimesha et al. 2021) 

 

2.5. Nanotechnology 

Current nanotechnology research provides the prospect of generating technically and 

economically feasible alternatives to traditional techniques (Ambashta et al. 2010; Anju et al. 
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2016; dos Santos et al. 2018a; Patil-Sen et al. 2018; Boskovic et al. 2021; Galluzzia et al. 2021). 

It is at minimal cost and a reliable way of boosting the volume and consistency of water (Nadejde 

et al. 2015; Khan et al. 2021b). In this realm of technology, the amount of manufacturing 

applications for cutting production overall energy consumption, as well as enhancing quality and 

environmental controls, is expected to expand (Lakshmanan et al. 2013; Samanta et al. 2016; 

Abdulhameed et al. 2019; Mohammad et al. 2019). This technique is based on the application of 

materials on the nanometre scale (1-100 nm), allowing novel structures, components and 

materials to be manufactured at the atomic level (Akbarzadeh et al. 2012; Rossi et al. 2013; 

Samanta et al. 2016; Ealias et al. 2017; Khan et al. 2021b; Samrot et al. 2021). These materials 

are composed of carbon (fullerene, graphene, carbon black & carbon nanofiber), metals (Fe, Zn, 

Au, Pb, Cu, Co, Ag, Al, etc.), metal oxides (cerium oxide, zinc oxide, cobalt oxide, iron oxide, 

magnesium oxide, manganese oxide, silicon dioxide, aluminium oxide, etc.) and organic matter 

such as dendrimers, micelles, liposomes and ferritin (Okoli et al. 2011; Rossi et al. 2013; Hasan 

2015; Vaiano et al. 2016; Zhang et al. 2016; Ealias et al. 2017; Mateus et al. 2018b; Saratale et 

al. 2018; Madhura et al. 2019; Abdelwahab et al. 2020; Li et al. 2020; Chaudhary et al. 2021).  

Silver oxides, titanium dioxides, aluminum oxide, and zinc oxides, on the other hand, are 

nanoparticle catalysts with enhanced efficacy for eliminating microbiological and hazardous 

element pollutants from water and they are recyclable (Nizamuddin et al. 2019; Shamshad et al. 

2019; Ahmed et al. 2021a). While highly magnetic elements like cobalt and nickel are prone to 

oxidation and are poisonous, they are of less enthusiasm (Akbarzadeh et al. 2012; Kanwal et al. 

2019; Sule et al. 2020; Sargazi et al. 2021). Pollutants become much more volatile and quicker 

to break down as a result of nanoparticle catalysts. Toxic components such as lead as well as other 

organic and inorganic contaminants, and a wide range of deadly microbes, have been effectively 

eliminated utilizing various nanomaterials (Samanta et al. 2016; Mohammad et al. 2019; Sekoai 

et al. 2019; Ahmed et al. 2020a). NPs have the potential to revolutionize several industries, 

including health, energy, materials, consumer goods, and manufacturing (Hasany et al. 2013; Jiao 

et al. 2021).  

NPs have distinct chemical and structural properties that have pushed research into the 

knowledge-based economy (Khan et al. 2021b). Apart from their substance, nanoparticles vary 

in dimensions, shapes, and sizes (Nadejde et al. 2015; Cartwright et al. 2020; Burns et al. 2021). 

It might have a shape of a sphere, circle, tube, cone, hollowed core, spiral, flat, or irregular in 

shape. The surface might be smooth or heterogeneous. Some nanomaterials are crystal or 

unstructured, with single and multi solids that are scattered or aggregated (Hasany et al. 2013; 
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Machado et al. 2017; Martins et al. 2017; Chang et al. 2019; Nizamuddin et al. 2019; Al Kindi 

et al. 2021; Conde-Cid et al. 2021).  

A nanoparticle can indeed be zero-dimensional, with length, width, and height fixed at a single 

position, as in nanodots, one-dimensional only with one parameter, as in graphene, two-

dimensional, with length and breadth, as in carbon- nanotubes, or three-dimensional, with all 

parameters, as in gold nanomaterials (Ealias et al. 2017; Ramadan et al. 2020). Iron-based 

nanomaterials stand out as one of the most efficient nanomaterials due to their widespread 

availability, adsorption capacity, and cheaper manufacturing costs when compared to other 

nanoparticles (Sahu et al. 2013; dos Santos et al. 2018b; Nizamuddin et al. 2019; Hassan et al. 

2020; Serrani et al. 2021). Numerous research by scientists, engineers, chemists, and physicians 

have discovered that iron oxide nanoparticles are beneficial because of their distinguishing 

qualities such as low size-specific surface energy, reactivity, and transferrable atomicity, as well 

as their unusual traits such as their vast surface area (Akbarzadeh et al. 2012; Nadejde et al. 2015; 

Khan et al. 2018; Nizamuddin et al. 2019; Ain et al. 2020; Chaudhary et al. 2021; Ganea et al. 

2021; Khan et al. 2021c).  

2.5.1. Iron-based NPs 

Iron-based nanomaterials have recently demonstrated exceptional adsorption ability for removing 

heavy metals, pigments, and inorganic and organic chemicals (Akbarzadeh et al. 2012; Rossi et 

al. 2013; Madhura et al. 2019; Nizamuddin et al. 2019; Zhou et al. 2019; Tan et al. 2020a; 

Chaudhary et al. 2021; Zhao et al. 2021d). Over the last two decades, the remarkable performance 

and benefits of employing iron oxide nanoparticles have opened doors and led to a new stride in 

the field of nanotechnology (Xiao et al. 2012; Reed et al. 2014; Nizamuddin et al. 2019; Zhao et 

al. 2019; Frattini et al. 2021). The diameter of the particle controls the magnetic behavior of single 

nanomaterials, resulting in unique phenomena such as superparamagnetic, high electric field 

irreversibility, high saturation field, extra anisotropy contributions, or altered loops post field 

cooling (Huang et al. 2018; Blanco-Gutiérrez et al. 2019; Escoda-Torroella et al. 2020; 

Foltynowicz et al. 2020; Das et al. 2021). A ferromagnetic particle with a size smaller than a 

threshold particle size (< 15 nm) would have a single magnetic domain (Rossi et al. 2013; Liu et 

al. 2018; Satheeshkumar et al. 2020; Wei et al. 2020; Chen et al. 2021). Domains are areas in 

which all of the atomic moments point in the same direction, causing the magnetization to be 

saturated and reach its maximum value inside each domain (Owens et al. 2008). Above the 

blocking temperature, the magnetic behavior of these particles is identical to that of atomic 

paramagnets (superparamagnetism) according to Rossi et al. (2013). 
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At barrier temperature, particle latent heat is larger than the energy of particle-particle interaction 

with the magnetization, causing the magnetic moments of the particles towards the direction of 

the magnetization and the chances of being disorganized (Moerland et al. 2019; Polichetti et al. 

2020; Galluzzia et al. 2021; Yang 2021). Nanoscale zero-valent metals (NZVMs) represent the 

cutting edge of technology and are regarded to be prospective materials for environmental clean-

up and antibacterial impact because of their excellent reduction and adsorption abilities. NZVMs 

have been important in research since the 1980s as a class of effective reducers for eliminating 

pollutants from water (Bhateria et al. 2019; Li et al. 2021c). Due to its redox potential of -0.44 V, 

iron is an efficient outcome when it is combined with oxidized pollutants in water (Xue et al. 

2017; Zeng et al. 2020). Its core-shell structure, as depicted in figure 2-12, make heavy metal 

removal and conversion easier. The metallic core serves as an electron source and reducer, whilst 

the oxide shell can absorb pollutants by electrostatic interactions and surface complexation, and 

the competent electron can travel from the metallic core to the surface (Liu et al. 2014; Cheng et 

al. 2021; Sepúlveda et al. 2021). The core is mostly made up of zero-valent iron and provides 

lowering the power required for interactions with contaminants in the ecosystem. As a result of 

the oxidation of zero-valent iron, the shell is made up of iron oxides or hydroxides. The shell 

serves as a platform for the development of chemical complexes such as chemisorption (Li et al. 

2006; Vilardi et al. 2018; Bhateria et al. 2019). 

 

Figure 2-12 Core-shell model of zero-valent iron NPs, adapted from Li et al. (2006) 

The exterior iron oxide and inner core of Fe were found to have thicknesses of 10 and 20 nm, 

consecutively (Tanboonchuy et al. 2011; Bhateria et al. 2019; Filip et al. 2019; Handojo et al. 

2019). The shell is mostly magnetite with some maghemite and lepidocrocite (y-FeOOH) thrown 

in for good measure. When nano iron comes into contact with air, it becomes extremely reactive 
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(Ali et al. 2016; Phenrat et al. 2019b), lowering its surface reactivity. Iron NPs have both zero-

valent iron (reduction) and iron hydroxide properties (complex formation) (Bhateria et al. 2019; 

Phenrat et al. 2019a). 

2.5.1.1. Iron oxide NPs 

Iron oxide may be found in nature in a variety of forms, including goethite, lepidocrocite, 

akaganeite, schwertmannite, feroxyhyte, ferrihydrite, bernalite, green rusts, wustite, maghemite, 

magnetite, hematite, and others (Ramimoghadam et al. 2014; Xiao et al. 2018; Setyawan et al. 

2019; Braga de Oliveira et al. 2020; Svobodova et al. 2020; Cai et al. 2021; Samrot et al. 2021). 

However, maghemite, magnetite, and non-magnetic hematite shown in figure 2-13a, are 

frequently utilized as nano-adsorbents because they have been discovered competent and most 

accepted prospects because of polymorphism, which includes temperature-induced phase lag. 

(Hasany et al. 2013; Madhura et al. 2019; Nizamuddin et al. 2019; Li et al. 2020; Svobodova et 

al. 2020; Cai et al. 2021; Namgung et al. 2021).  

These iron oxides exhibit specific biochemical, magnetic, catalytic, and other characteristics, 

making them promising for technical and biological uses (Ramimoghadam et al. 2014; Bhateria 

et al. 2019). The physical and chemical characteristics of iron oxide magnetic nanoparticles differ 

from those of their atoms and bulk counterparts (Shamaila et al. 2017; Patil-Sen et al. 2018; Li et 

al. 2020; Sultan et al. 2020; Ali Dheyab et al. 2021; Chaudhary et al. 2021; Mohammadi et al. 

2021). Therefore, section 2.5.3 of this study focuses on different kinds of iron oxide synthesis 

processes. 

 

Figure 2-13 Hematite, magnetite, and maghemite crystal structures and crystallographic data (the 

black ball is Fe2+, the green ball is Fe3+, and the red ball is O2-), adapted from Bhateria et al. (2019) 
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a) Hematite 

Iron oxide in the form of hematite is the most stable (Bhateria et al. 2019). Maghemite may be 

converted into hematite, a very weak ferromagnet (Starowicz et al. 2011). It's environmentally 

friendly, non-toxic, biocompatible, cost-effective, and corrosion-resistant. It has n-type 

semiconducting characteristics and is frozen in the space group of the rhombohedral system R-3c 

(2.1 eV band gap)  (Wu et al. 2015; Bhateria et al. 2019). In bulk hematite, the Neel temperature 

(TN) is at approximately 960 K, while the Morin transition temperature (TM ) occurs at 

approximately 263 K (Samrot et al. 2021). Above TM, the material is weakly ferromagnetic; below 

TM, the material is anti-ferromagnetic. TM decreases as particle size decreases and disappears for 

particles that are 10 nm or less in size (Tadic et al. 2009; Arasu et al. 2019; Roy et al. 2021). To 

encapsulate and produce hematite nanoparticles with octyl ether and oleic acid, a simple chemical 

method was adopted in a study by Kausar (2020). They discovered that the existence or absence 

of morin transition is controlled by changes in magnetic properties caused by tiny particle size, 

i.e. 7–25 nm. 

b) Magnetite 

Magnetite is distinct from several other iron oxides in that it contains either divalent and trivalent 

iron. At room temperature, magnetite is ferrimagnetic. Magnetite is ferrimagnetic at ambient 

temperature and has a Curie temperature of 850 K (Samrot et al. 2021). It has a cubic inverse 

spinel structure with a cubic close-packed arrangement of oxide ions, with Fe2+ ions occupying 

half of the octahedral sites and Fe3+ ions distributed consistently throughout the remaining 

octahedral and tetrahedral sites (Bhateria et al. 2019). Magnetite has a solitary domain 5–20 nm 

in diameter (Mu et al. 2011; Hasany et al. 2013; Teh 2014; Peeters et al. 2016; Gutierrez et al. 

2017; Nizamuddin et al. 2019; Li et al. 2020; Sibiya et al. 2021).  

At room temperature, magnetite particles that are less than 6 nm are superparamagnetic, albeit 

their magnetic characteristics are heavily dependent on the procedures employed in their synthesis 

(Starowicz et al. 2011). Magnetite with diameter varying from 10 - 15 nm were produced and 

employed in ultrasonic aided adsorption in a study by Ghaedi et al. (2015). Both, with maghemite, 

have great oxidative stability and are currently the only nontoxic magnetic materials that are 

recognized for medical purposes (Starowicz et al. 2011; Nanda et al. 2020; Boskovic et al. 2021; 

Kumar et al. 2021a). Magnetic fluid hyperthermia may have medicinal benefits, such as bringing 

about beneficial results in alternative cancer therapy (Neuberger et al. 2005), magnetic field-

directed medication delivery (Voltairas et al. 2002) as well as its use as a contrasting agent in 

nuclear magnetic resonance (Cheng et al. 2005). 
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c) Maghemite 

Maghemite is ferrimagnetic at ambient temperature, weak at high temperatures and reduces 

resilience (Starowicz et al. 2011; Roostaee et al. 2020; Samrot et al. 2021). Its effective activity 

as a photocatalyst on organic pollutant degradation processes and metallic pollutant reduction, as 

well as on virus inactivation in aquatic media, demonstrate the material's potential for application 

in residual water purification (Ambashta et al. 2010; Gadkari et al. 2018; Yarima et al. 2020). 

Maghemite has a cubic structure with 32 O2- ions, 21⅓ Fe3+ ions, and 2⅓ vacancies. The oxygen 

anions are arranged in a cubic close-packed pattern, whilst the ferric ions are distributed on 

tetrahedral (eight Fe ions per unit cell) and octahedral sites (the remaining Fe ions and vacancies). 

As a result, maghemite may be considered as a totally oxidized magnetite with n-type 

semiconductor properties and a band gap of 2.0 eV (Wu et al. 2015; Ahmed et al. 2021b; Jung et 

al. 2021). 

2.5.2. Magnetized coagulants 

Natural coagulants are a kind of polymers that are frequently employed in conjunction with 

artificial coagulants since they have limited turbidity reduction when used alone (Choy et al. 

2014). NPs functionalized with natural coagulants ,e.g. eggshells, chitosan, rice starch, banana 

peels, moringa oleifera seeds, seashells, cashew nuts, okra peels, neem leaf powder, cassava peels, 

and others are attracting interest in wastewater treatment settings (Freitas et al. 2017; Saratale et 

al. 2018; Xu et al. 2019; Ang et al. 2020a; Mosaddeghi et al. 2020; Tetteh et al. 2020; Sibiya et 

al. 2021; Sibiya et al. 2022b). This technique is considered particularly appealing because of large 

efficacy, ability to minimize the quantity of sludge, rapid sedimentation, and low cost 

(Akbarzadeh et al. 2012; Lakshmanan et al. 2013; Nnaji et al. 2014). Furthermore, it improves 

the biocompatibility and biodegradability of organic materials, facilitating the usage and re-use 

of nanoparticles (Okoli et al. 2012; Santos et al. 2016; Inozemtseva et al. 2018; Mateus et al. 

2018b; Kristianto et al. 2020). Nevertheless, it has been observed that its application is very 

limited in wastewater treatment. When evaluating the performance of several coagulants 

discovered in the literature, polymers functionalized with ferromagnetite show a tremendous 

promise for potential large-scale uses in industrial effluent treatment, as displayed in table 2-3. 
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Table 2-3 Comparative study on various nanocomposites used in wastewater treatment 

Nanocomposite/(s) Effluent or 

contaminants 

Operating 

condition(s) 

Contaminant 

removal 

efficiency 

Reference 

Fe2O3-MO Surface raw water 400 mg/L dosage 

30 min 

sedimentation 

94.4% turbidity, 

87.5% color 

(dos Santos et al. 2018b) 

Food industry 

wastewater 

pH = 3 

10 min magnetic 

exposure 

68.33% color (Mateus et al. 2018a) 

Textile wastewater 10 min magnetic 

exposure 

92.37% color 

91.43% turbidity 

(dos Santos et al. 2018a) 

Superficial raw water 400 mg/L dosage 

10 min 

sedimentation 

96.8% turbidity 

97.10% color 

Mateus et al. (2018b) 

Sanitation wastewater 30 min magnetic 

exposure 

 

90% turbidity 

85% color 

(Santos et al. 2016) 

Congo red synthetic 

wastewater 

pH = 3 

30 min 

sedimentation 

80% turbidity 

90% color 

(Kristianto et al. 2020) 

Synthetic textile 

wastewater 

20 min 

sedimentation 

 

93.7% color (Miyashiro et al. 2021) 

Fe3O4-Eggshell Synthetic wastewater 20 mg/L dosage 

30 min 

sedimentation 

94.86% TSS 

92.56% turbidity 

96.24% color 

(Sibiya et al. 2021) 

Fe3O4-Alum 99.75% TSS 

99.50% turbidity 

99.66% color 

Fe3O4-Alum Textile wastewater 45 mg/L dosage, pH 

= 4 

50 min magnetic 

exposure 

85% turbidity 

82% color 

(Tetteh et al. 2020) 

Fe3O4-CS Palm oil mill effluent 

(POME) 

pH = 6 

370 mg/L dosage 

 

97.7% TSS 

91.70% COD 

42.70% turbidity 

(Saifuddin et al. 2011) 

α − Fe2O3 − Mo 

 

 

Textile wastewater 400 mg/L dosage 

10 min 

sedimentation 

92.37% color 

91.43% Turbidity 

dos Santos et al. (2018a) 
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2.5.3. Synthesizing methods 

This section reveals different techniques to synthesize magnetite. So far, these approaches have 

been established to achieve enough control over particle diameter, morphology, orientation, 

crystalline nature, and magnetic properties of magnetic iron oxide. There are three main synthesis 

methods namely physical (powder ball milling, laser-induced pyrolysis, gas-phase deposition, 

aerosol, electron beam lithography and pulse laser ablation), chemical (Figure 2-14), and 

biological (bacteria mediated, Fungi mediated and protein-mediated) (Aziz et al. 2013; Hasany et 

al. 2013; Calvino-Casilda et al. 2019; Roostaee et al. 2020). Chemical approaches are the most 

extensively utilized because of their simplicity and ease of control over the size, content, and even 

form of the nanoparticles. Furthermore, they are more viable, and reproducible than physical and 

biological techniques. 

 

Figure 2-14 Statistical analysis of previous studies employing various chemical synthesis 

methods, adapted from Hasany et al. (2013) 

2.5.3.1. Chemical co-precipitation 

Co-precipitation from aqueous solutions of ferric and ferrous salts has been the most employed 

technique (Majewski et al. 2007; Dung et al. 2009; Jiang et al. 2010; Mateus et al. 2018b; Morsi 

et al. 2018). Iron precursors are converted to iron oxides in this procedure by utilizing a moderate 

reductant like NaOH, NH3, and so on (Ramimoghadam et al. 2014; Samrot et al. 2021) in addition 

to adequate aging. According to Hribernik et al. (2012), their diameter, form and composition are 



44 

 

associated to the type of salts (chlorides, nitrates, sulfates, acetates) used. The interaction of a Fe 

(III) salt, a base, and a moderate oxidant in aqueous solutions can produce  spherical magnetite 

particles (<20 nm) (El Ghandoor et al. 2012; Hasany et al. 2013; Aziz et al. 2020; Biswas et al. 

2020; Elhambakhsh et al. 2020; Islama et al. 2020; Sibiya et al. 2021). Fe3O4 can be synthesized 

via the chemical reaction described in equation 2.6 and its precipitation is likely to occur at a pH 

of 8 to 14 (Ramimoghadam et al. 2014; Bhateria et al. 2019; Samrot et al. 2021). Magnetite, 

prone to oxidation and transformation into maghemite (y-Fe2O3)  when exposed to air as shown 

in equation 2.7. 

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O      Equation 2.6 

Fe3O4 + 2H+ → y − Fe2O3 + Fe2+ + H2O      Equation 2.7 

Magnetite is not the only chemical that oxidizes when exposed to air; changes in the pH of the 

solution can allow for the transmission of various electrons or ions. As shown in equation 2.7, 

iron ions are desorbed from the surface of magnetite, resulting in cationic vacancies and the 

formation of maghemite to maintain the structure's charge balance. As a result, beneath basic 

circumstances, magnetite oxidation is the oxidation-reduction of the magnetite's surface. 

Magnetite is distinct from maghemite in terms of the distribution of Fe ions in the spinel 

structure's octahedral and tetrahedral sites. Maghemite, unlike magnetite, has cationic vacancies 

in the octahedral site (Ramimoghadam et al. 2014). The vacancy ordering approach is associated 

with the synthesizing method and results in symmetric reductions and maybe superstructures. The 

vacancies might be partial or total random or clearly arranged. According to the results by Morales 

et al. (1999) of FTIR spectroscopy and X-ray diffraction, only particles larger than 5 nm are 

subject to vacancy ordering. 

The co-precipitation technique takes advantage of the large number of nanoparticles that can be 

produced. However, because crystal growth is solely controlled by kinetic factors, particle size 

distribution is difficult to control. The mechanism is divided into two phases (Cornell et al. 2003). 

The first brief nucleation occurs as the reactant concentration reaches critical supersaturation, and 

the second is the steady development of the nuclei caused by solute diffusion to the crystal's 

surface (Ramimoghadam et al. 2014). To obtain monodisperse iron oxide nanoparticles, the 

above-mentioned two processes must be differentiated; it is preferred that no nucleation occur 

while crystal formation is being conducted (Tartaj et al. 2005; Katz 2019; Varshney et al. 2021).  

Furthermore, because the ultimate particle number is decided by the end of the nucleation and 

does not vary throughout the growth stage, size management of monodispersed particles is 
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normally conducted during the first step. Many different factors may be changed during the 

process of synthesizing the iron oxide nanoparticles to influence their size, magnetic 

characteristics, and surface qualities. The particle state and diameter is determined by the 

concentration of cations, the presence of counter ions, and the pH of the suspension (Chastellain 

et al. 2004; Maneeprakorn et al. 2017; Oliveira et al. 2018; Aziz et al. 2020; Nelson et al. 2020; 

Zahoor et al. 2021). The mean particle diameter may be maintained at 2-15 nm by changing the 

pH and ionic strength (Tartaj et al. 2005; Hribernik et al. 2012; Hasany et al. 2013; Ali et al. 

2018; Gulbagca et al. 2020; Muro Cruces 2020; Satheeshkumar et al. 2020; Villacorta et al. 2020; 

Chen et al. 2021; Li et al. 2021b; Materón et al. 2021; Plachy et al. 2021). Nanoparticles are more 

inclined to combine to minimize their surface energy because of irregular surface area to volume 

ratio (Hasany et al. 2013; Ali et al. 2016; Samrot et al. 2021). The use of anionic surfactants as 

dispersion agents results in the stabilization of the nanoparticle suspension (Kim et al. 2003; Lin 

et al. 2005; Amatya et al. 2021; Asri et al. 2021; Hajalilou et al. 2021; Khan et al. 2021a; Kurnia 

et al. 2021).  

Adsorption of substances such as proteins, starches, non-ionic detergent, and polyelectrolytes 

stabilizes the particles at electrolyte concentrations that would otherwise cause coagulation 

(Cornell et al. 2003; Kim et al. 2003; Hasany et al. 2013; Alabresm 2020; Cai et al. 2021; de 

Oliveira et al. 2021). Massart et al. (1987) were the first to use alkaline precipitation of FeCl3 and 

FeCl2 to prepare the superparamagnetic iron oxide particles with a diameter size of 8 nm. 

2.5.3.2. Micro-emulsion 

Water-in-oil micro-emulsions are stable solutions since their drops are exceedingly active and the 

density fluctuation in the continuous liquid phase induces Brownian motion (Hasany et al. 2013; 

Ramimoghadam et al. 2014; Samrot et al. 2021). Furthermore, microemulsion droplets undergo  

coalescence and decalescence with other droplets. This causes an interchange of the water pool's 

contents, and a reaction may occur if such contents are reactive. Such dynamic motion guarantees 

that any solubilized reactant in the water pools is distributed uniformly. This method was proven 

quite effective in producing a broad variety of metal oxides with large surface areas (Bumajdad 

et al. 2009; Calvache-Muñoz et al. 2017; Pujar et al. 2020; Cam et al. 2021). The presence of 

surfactants reduces the surface tension between the continuous and immiscible phases, allowing 

the droplets to remain stable (Ramimoghadam et al. 2014). In other words, they are in charge of 

micellization, which allows the produced iron oxide nanoparticles to spread.  
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Surfactants have a large impact on iron reductions, resulting in distinct polymorphs of iron oxides 

(Salazar Alvarez 2004; Hasany et al. 2013; Ahmed et al. 2018; Stojanovic et al. 2018; Liu et al. 

2020). If anionic surfactants are employed, it will result in 𝛼-Fe with a body centered cubic crystal 

structure (Kombaya-Touckia-Linin et al. 2019). However, if a non-ionic surfactant is used, a face-

centered cubic crystal structure emerges (Kalita et al. 2017; Fantechi et al. 2020; Basina et al. 

2021; Duran-García et al. 2021). Tuttolomondo et al. (2013) researched the production of 

monodispersed magnetic silica nanoparticles in the absence of co-surfactants utilizing a unique 

water-in-oil reverse microemulsion method. It revealed many advantages like obtaining saturation 

magnetization of 10 emu/g, particle homogeneity, etc. over microemulsion approach. 

Zhu et al. (2013) investigated a comparison of basic and surfactant-modified reverse 

microemulsion (RM) procedures for the manufacturing of iron oxide or silica core-shell colloidal 

particles. Their findings revealed that short-chain alcohols were utilized as a co-surfactant in the 

alcohol- RM technique. The particle size increased to about 100 nm, with a weak core-shell 

structure in the basic RM whilst the particle size increased to over 200 nm in the emulsifiers pair 

modified RM approach, and a restricted growth window was shown to be advantageous for 

improving the stability and stiffness of the surfactant’s layers.  

The fundamental benefit of RM technology is the variety of nanoparticles that may be produced 

by modifying the kind and quantity surfactant and co-surfactant, the oil phase, or the reacting 

conditions. Due to the oil and water phases frequently including many dissolved components, the 

surfactant (and cosurfactant) of choice is determined by the physicochemical properties of the 

system. Surfactants of various sorts, such as cationic, anionic, or non-ionic, can be utilized. 

Research by Kekalo et al. (2012) synthesized iron oxide nanoparticles using a microemulsion 

process with three distinct surfactants: octane, and n-butanol, yielding nanoparticles with a core 

size of 8 – 16 nm and shell size of 2 to 3 nm. The primary disadvantages of the microemulsion 

technology are the difficulty in scaling-up operations and the negative impact of residual 

surfactants on particle characteristics (Hasany et al. 2013). 

2.5.3.3. Hydrothermal reaction methods 

According to Sierra-Pallares et al. (2016), hydrothermal synthesis is a classic example of bottom-

up synthesis. Furthermore, it is a simple technique that was previously known to make metal 

oxide crystals such as (AlOOH, Fe3O4, NiO, CoFe2O4, ZrO2, CeO2, VO2, and TiO2) in the reactor/ 

autoclave from a metal salt aqueous stream combined with a superheated water stream (Hasany 

et al. 2013; Dunne et al. 2015; Tran et al. 2021). Nanocrystalline products with mean diameter < 
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10 nm and tny particle size distributions can be produced using a continuous flow reactor (Becker 

et al. 2008). According to Aoki et al. (2016), the benefits of the hydrothermal process over other 

conventional processes include enhanced nucleation rate, higher dispersion, faster response rate, 

and improved shape control.  

Supercritical conditions (374 ℃ and 22.1 MPa) are useful in the pilot-scale production of 

nanoparticles because the spectacular properties of supercritical water are advantageous for the 

synthesis of crystalline and surface-modified luminescent nanoparticles (Hasany et al. 2013; Aoki 

et al. 2016). These nanoparticles are capped with long alkyl chains of organic modifiers on the 

particles' surfaces to make them dispersible in nonpolar solvents (Singh et al. 2014). Furthermore, 

this approach is inexpensive, sustainable, and provides highly scalable pathways (Dunne et al. 

2015). It displays some of the favorable qualities of nanoparticles generated in continuous 

methods, such as low viscosity and high diffusivity (Aoki et al. 2016). However, it is dependent 

on the capacity of water to separate and dry out metal salts at increased temperatures (>374 ℃) 

(Hasany et al. 2013; Bhateria et al. 2019; Park et al. 2021). According to Sierra-Pallares et al. 

(2016), when superheated water reaches a critical temperature (374 °C) and pressure (22.1 MPa), 

It undergoes a transformation from a polarized liquid to a liquid with a small dielectric value and 

ionic product, which is necessary for some applications (Adschiri et al. 2001) but not all materials 

(Aoki et al. 2016). Many researchers have proven their synthesis using batch type reactors since 

they are simple to run and suitable for lab-scale output (Singh et al. 2013; Singh et al. 2014) 

because large-scale piloting can be hard; due to low process dependability, repeatability, and 

control (Lester et al. 2006). As a result, rapid mixing is critical to achieving a regulated reaction 

state, and a quick temperature increase is necessary to obtain a high degree of supersaturation 

with the creation of tiny and homogenous nanoparticles. For high throughput and repeatability of 

nanoparticles, the mixing process must be closely regulated (Lim et al. 2014).  

The size and form of the nanoparticles may be adjusted using the hydrothermal process by altering 

the reaction time, temperature, reactant concentration and ratio, type of solvent, complexing 

strength, and precursors (Ramimoghadam et al. 2014). A study by Hasany et al. (2013) 

investigated how precursor concentration, temperature, and residence time affected the diameter 

and shape of the particle and shape. They observed an increase in particle size and dispersion as 

the concentration increased. Nonetheless, as compared to precursor concentration, residence time 

had a significantly greater influence on average particle size. The shape and size of the particles 

rely on the stirring process occurring inside the reactor due to its subsequent influence on the 

nucleation rate (Ramimoghadam et al. 2014; Sierra-Pallares et al. 2016). As a result, while 
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constructing a reactor for supercritical synthesis of nanoparticles, it is important to first address 

the mixing device to get particles on a nano-scale (Lester et al. 2006).   

2.5.3.4. Sonochemical 

Acoustic cavitation is the physical phenomenon that causes the sonochemical process. 

Sonochemistry is the study of molecules that undergo chemical reactions as a result of the use of 

strong ultrasonic radiation ranging from 20 kHz – 10 MHz (Gedanken 2004; Xu et al. 2013; 

Lauterborn et al. 2015). In a normal liquid, sound velocity speed varies from 1000 to 1500 m/s, 

and ultrasonic wavelengths range from around 10 cm down to 100 µm (Lauterborn et al. 2015). 

In sonochemistry, acoustic cavitation or the development, growth, and implosive collapse of a 

bubble in an irradiated liquid , creates a transitory localized hot spot as shown in figure 2-15 with 

an effective temperature of 5000 K and a nanosecond lifespan (Pokhrel et al. 2016; Majumdar 

2019; Kolasinski 2021), pressures greater than 1000 atmospheres, and heating and cooling speeds 

more than 1010 K/ s (Xu et al. 2013). The above-mentioned conditions (temperature and pressure) 

are dissimilar from those seen in other common synthetic processes such as photochemistry, wet 

chemistry, hydrothermal synthesis, or flame pyrolysis (Bang et al. 2010; Lim et al. 2021; Santiago 

et al. 2022).   

 

Figure 2-15 A schematic representation of the acoustic cavitation process: the development, 

growth, and implosive collapse of bubbles in a liquid treated with high intensity ultrasound, 

adapted from Xu et al. (2013) 

Light (200 to 800 nm)  is produced by acoustic bubbles containing highly energetic particles for 

a limited time (about 100 ps), when they shrink (Pokhrel et al. 2016; Vukovic et al. 2021; Yasui 

2021). This is referred as sonoluminescence, should be utilized to examine the condition of the 

acoustic bubble (Suslick et al. 2008; Suslick et al. 2011; Ghorbani et al. 2018). The implosive 
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collapse process is essentially adiabatic in its later phases and is responsible for the sonochemical 

severe circumstances (Xu et al. 2013). The hotspot, or core area, is characterized by high energetic 

particle collisions that create energy as high as 13 eV (Flannigan et al. 2005; Pokhrel et al. 2016). 

Though controversial, nuclear fusion during cavitation exemplifies the influence of ultrasound 

and provides a simple, feasible technique for studying nuclear processes (Taleyarkhan et al. 

2002). Such circumstances can cause anomalous physical and chemical changes, as well as 

enhance the most fundamental interaction between atoms and molecules, resulting in an 

exceptional class of materials (Vabbina et al. 2014) and they also enable tabletop syntheses in a 

room-temperature liquid that would usually necessitate high temperatures, high pressures, or 

extended interaction periods (Xu et al. 2013).  

Microjets and shock waves are the most essential physical phenomena for preparing or modifying 

nanomaterials. According to Blake et al. (1987), bubbles produce microjets when they collide at 

an extended surface (surfaces that are several times bigger than the bubble radius). A laser-

induced collapsing bubble can produce a shock wave. In water, this shock wave may achieve 

pressure about 6000 MPa and a speed of 4 km/s (Xu et al. 2013). The benefit of sonochemistry, 

on the other hand, stems from the fact that the ions and radicals within the bubble are derived 

from the chemical solution; thus, selecting acceptable chemicals based on their vapor pressure 

may assist and adapt the whole process (Pokhrel et al. 2016). When a liquid is exposed to high-

intensity ultrasound, high-energy chemical reactions occur. Sonochemistry is used to synthesize 

compounds from volatile or non-volatile precursors, although often by distinct methods, as seen 

in figure 2-16. Primary sonochemistry involves the sonolysis of weak metal–carbon bonds from 

fragile organometallic within the collapsing bubble, which then diffuses into the bulk liquid to 

form functional nanomaterials. Secondary sonication products can be produced by chemically 

active species (for example, chemical radicals from vapour sonolysis) that form inside the bubble 

but then infiltrate into the liquid phase and react with solution precursors to produce a variety of  

nanomaterials.The physical phenomena occur as a result of either implosion caused by ambient 

pressure or explosion caused by a barrier. Bubbles that reach the border blow outwards, producing 

microjets with unique applications (Bang et al. 2010; Dheyab et al. 2020; Zhao et al. 2021e). 

Similarly, exploding bubbles create shocks that accelerate particles of non - soluble solute to 700 

m/s (Pokhrel et al. 2016; Tan et al. 2020b). Collision at 700 m/s causes substantial structural 

alteration and can be employed for a variety of applications. 
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Figure 2-16 Primary and secondary sonochemistry utilized to prepare nanomaterials, adapted 

from (Xu et al. 2013; Pokhrel et al. 2016) 

Ductile materials decompose into pieces to generate small particles, a process known as 

sonofragmentation and has been shown to be more effective and less harmful than milling or 

comparable techniques (Pokhrel et al. 2016). Shock waves can also directly affect particles and 

cause fragmentation without the necessity for collision  (Zeiger et al. 2011; Pokhrel et al. 2016). 

Aside from fragmentation, the physical effect is often used in graphite, boron nitride, 

molybdenum disulphide, and others to form 2D equivalents (Viculis et al. 2003; Xu et al. 2011; 

Wang et al. 2013; McKenzie et al. 2019; Pradeep et al. 2021; Raksha et al. 2021). The influence 

of sonochemistry on the surrounding environment is largely benign since the dispersal of particles 

and the effects of vibration that follow a bubble death barely cover a small region. 

Sonochemistry's associated, facilitating impacts that enable the production of delicate and 

uncommon substances like proteins, liquid microspheres, hollow nanospheres, graphene, fibers, 

etc, and the usage of substrates such as paper, cotton, nylon, and so on (Zhang et al. 2010; 

Gottesman et al. 2011; Li et al. 2019; Pugazhendhi et al. 2021; Zhao et al. 2021b). 

2.5.3.5. Thermal decomposition  

Another method for creating monodisperse iron oxide nanoparticles is thermal degradation of iron 

organic precursors under extreme temperature, often known as thermolysis. hermal 

decomposition of iron organic precursors at high temperatures is another approach for producing 

monodisperse iron oxide nanoparticles and it is also known as thermolysis (Ramimoghadam et 

al. 2014). This seems to be an endothermic because the links between molecules must be 

destroyed using heat. Iron precursors such as iron pentacarbonyl and iron (III) acetylacetonate are 
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used in this process, along with organic solvents and surfactants (Starowicz et al. 2011). Iron 

oxide nanoparticles of good quality and size approximately 15 nm may be produced using this 

process (Gonzales-Weimuller et al. 2009; Batlle et al. 2021).  

A study on the thermal degradation of iron oxide nanoparticles using Fe(CO)5 in the existence of 

oleic acid produced extremely crystalline and monodisperse particles with diameters varying from 

4 to 16 nm (Zhang et al. 2005). Iron oxide nanoparticles can be produced by heating precursor 

molecules, such as organometallic precursors until they break down into iron oxide molecules 

(Wu et al. 2008; Samrot et al. 2021).  

Hyeon et al. (2001) successfully synthesized monodispersed maghemite from iron pentacarbonyl 

and oleic acid by thermally decomposing them at 100 °C and oxidizing the resulting iron oleic 

acid metal complex to yield maghemite particles. When iron chloride is utilized in the existence 

of sodium oleate surfactant at 317 °C to acquire iron oxide nanocrystals (Xu et al. 2010), iron 

(III) acetylacetonate is phenyl ether in the existence of alcohol, oleic acid, and oleyl amine at 265 

°C (Sun et al. 2002) , iron carboxylate salts (William et al. 2004) , Fe(CO)5 (Woo et al. 2004)], 

iron pentacarbonyl (Park et al. 2005) and the synthesise of iron oxides in the existence of sodium 

oleate at 320 °C (Hufschmid et al. 2015).  

Nanocrystalline magnetite was produced utilizing thermal decomposition and iron choline citrate 

(C11H24FeNO11) in the study by Fu et al. (2012). Also, the fabrication of superparamagnetic 

nanoparticles via a thermal decomposition technique with no solvent has been reported (Karami 

et al. 2020; Keçili et al. 2021). Solvothermal energy has been employed by several researchers 

using ethylene diamine as a solvent to manufacture magnetic platelets lowering agent/solvent 

(Morales et al. 1999; Tartaj et al. 2005; Katz 2019; Varshney et al. 2021).  

2.5.3.6. Electrochemical 

Only a few applications have been identified for electrochemical ways of producing metal 

nanoparticles in an electrolyte. This technique is utilized to generate maghemite and magnetite 

nanoparticles (Jahangirian et al. 2020). An electrochemical synthesis is essentially defined as the 

passage of an electric current between two or more electrodes, known as the anode and cathode, 

which are placed in an electrolyte, as illustrated in figure 2-17. In this approach, the anode may 

be oxidized to metal ion species in the electrolyte, and the metal ion is then reduced to metal by 

the cathode with the help of stabilizers. Generally, synthesis occurs at the electrode-electrolyte 
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contact. The electrochemical synthesis technique transpires near the electrode in the electric 

double layer, which has a strong potential gradient of 105 V/cm (Ramimoghadam et al. 2014).  

 

Figure 2-17 The standard electrochemical cell, adapted from Ramimoghadam et al. (2014) 

According to these parameters, electrochemical reactions typically produce compounds that 

cannot be obtained by chemical synthesis. Normally, the product is placed on the electrode in the 

form of a coating or a thin layer. Furthermore, a solid–liquid interface promotes the formation of 

coatings on substrates with varying morphology. As a result, when a suitably designed counter 

electrode is used, homogeneous polarization is obtained. This approach does not necessitate high 

temperatures and should not surpass the boiling point of the electrolyte.  

Kinetic control is achieved by varying the current flowing through the cell, whereas 

thermodynamic control is achieved by varying the cell potential. Due to the fact that 

electrochemical synthesis is based on an oxidation/ reduction process, so by varying and 

modifying the cell voltage, the oxidizing and/ or reducing power may be continually varied and 

correctly selected, which is not possible with other techniques of chemical synthesis. The film 

structure can be manipulated by altering the bath composition, and the tests are simple to carry 

out and the tools are inexpensive and readily available. Due to the reactions that are carried out at 

ambient temperature, the electro synthesis approach frequently creates poorly ordered products, 

making detailed structural characterisation difficult (Fu et al. 2012; Fantechi et al. 2020). 
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A study by Starowicz et al. (2011) proposed a simple electrochemical process for the manufacture 

of magnetic nanoparticles, primarily in the maghemite phase. The reaction was carried out in a 

LiCl solution containing ethanol and water. The spherical form nanoparticles with an average size 

of 5 to 40 nm were produced when the water-to-ethanol ratio was adjusted.  

According to Gopi et al. (2016), the electrochemical production of super paramagnetic cubic 

magnetite nanoparticles via electro-oxidizing iron in an aqueous solution containing 0.1 M Fe 

(ClO4)2 at 50 mA/ cm2. Therefore, homogenous particles with a size of 15 ± 6 nm were produced. 

These findings indicate the possibility of a surface plasmon resonance effect in iron oxide 

nanoparticles when no micelles, stabilizing agents, or surfactants were used to prevent cluster 

formation (Ramimoghadam et al. 2014).  

Pascal et al. (1999) did research on the electrochemical production of y-Fe2O3 nanoparticles in an 

organic solution. The particle size was promptly monitored by the used current density. 

Furthermore, the introduction of cationic surfactants improved the stability of the colloidal 

suspension, and average particles ranging in size from 3 to 8 nm formed a narrow particle size 

distribution. 

Franger et al. (2004) reported the electrochemical production of pure, homogenous, and ultrafine 

magnetite particles at ambient temperatures using an Fe electrode immersed in an alkaline 

solution containing complexing chemicals. Their findings reveal that at 300 K, pure magnetite 

exhibits a magneto resistance of around 3% when subjected to a magnetic field (MF) of 1 Tesla 

(T). The agents of complexity can be utilized in the improvement of charge transfer kinetics to 

asisst in reducing the diameter of produced particles to the nano-scale (Franger et al. 2004; 

Thenuwara et al. 2019; Li et al. 2021a).  

2.5.4. Magnetic properties of iron oxide phases 

Magnetic separation technique impacts particle aggregation by numerous external factors such as 

magnetic gravity, van der Waals forces, an electric double layer, gravity, Brownian motion, and 

fluid motion to produce separation (Cui et al. 2020). It has been proven to be more efficient in 

mineral processing  industries (Karapinar 2003) to anti-scale treatment of pipe lines to seeding 

magnetic flocculent (Ambashta et al. 2010). Hence, it has been recommended for wastewater 

treatment because when wastewater passes through a MF, it consequently alters some of its 

physicochemical properties (Ni’am 2006; Zaidi et al. 2014). In addition, due to various their 

action on water molecules located surrounding colloids, MF causes asymmetry in hydrated shells, 
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which leads to increased electro-kinetic activity among the colloids. The application of this 

technique is simple, cost-effective, shows ecological purity, and safety and can operate at a high 

flow rate to remove non-magnetic water pollutants (Karapinar 2003).  

2.5.4.1. Magnetic properties  

Iron-based nanoparticles have gained a significant deal of interest recently due to their unusual 

features and possible technological uses (Akbarzadeh et al. 2012; Rossi et al. 2013; dos Santos et 

al. 2018a; Kristianto et al. 2020; Boskovic et al. 2021). These types of materials are susceptible 

to an external MF (Figure 2-18a) and behaves similarly to a paramagnetic material, however 

removing the applied MF instantaneously returns the total net magnetic moment to zero (Ni’am 

2006; Shuang et al. 2012; Al Kindi et al. 2021) as shown in figure 2-18b. As a result, super 

paramagnetic NPs have no "magnetic memory", and they may be retrieved and redistributed 

instantly after the MF are terminated by introducing distant MF as shown in figure 2-18. By 

removing the adsorbed toxic contaminants by a magnet, NPs can be reused after magnetic 

separation (Shen et al. 2009; Okoli et al. 2011; Singh et al. 2011; Lombi et al. 2012; Kango et al. 

2013; Sirivisoot et al. 2015; Zaidi et al. 2018; Omara et al. 2019). Equation 2.8 show important 

characteristics such as magnetization of a material (J) after exposure to magnetic field (M) and 

magnetic susceptibility (k) of the electrons in molecules owing to magnetization., that are used to 

characterize particle magnetic properties. Magnetic susceptibility can be expressed in terms of 

volume (v) in , or mass (x), m3/kg (Ramimoghadam et al. 2014; Zaidi et al. 2014). 

 J (
Amperes

meter⁄ ) = k × M (Telsa)      Equation 2.8 

 

Figure 2-18 Magnetic characteristics of Fe3O4 NPs in both the existence (a) and exclusion (b) of 

a MF applied, adapted from Rossi et al. (2013) 
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2.5.4.2. Types of magnetism 

Diamagnetism is an inherent a property of all chemicals that produces a little repulsion by MF. 

As a result, a diamagnetic substance's magnetic susceptibility is expected to be tiny, negative, and 

temperature-independent (Makarova 2005; Mukherjee 2011; Ramimoghadam et al. 2014; Chen 

et al. 2019). Extra forms of magnetism can be found in iron oxides.  

Paramagnetic compounds are drawn in the direction of MF. These compounds have unpaired 

electrons that are arbitrarily positioned on various atoms. Each atom (ion or molecule) of a 

paramagnetic material can be seen as a tiny magnet with its intrinsic magnetic moment. Using 

MF causes these magnets to be (partially) oriented parallel to the field (Bozhinova 2004; Ni’am 

2006). The magnetic susceptibility (Xm), a positive characteristics of paramagnetic materials and 

modest < 0.01 (Ramimoghadam et al. 2014). It is temperature-dependent, and its behavior may 

be represented by the Curie–Weiss law, as shown in equation 2.9. 

Xm =
Cm

T−Tc
          Equation 2.9   

where T is an absolute tempereature,TC is Curie temperature,both in Kelvin and Cm is a material-

specific Curie constant in Kelvin. The temperature dependency is the outcome of two conflicting 

tendencies; the greater alignment of the magnetization in the material is resisted by stronger 

thermal vibrations as the temperature goes up, resulting in a fall in value. Compounds undergo a 

magnetically ordered state transition below a particular temperature (Neel or Curie) depending on 

the kind of oxide and becomes ferromagnetic, ferrimagnetic, antiferromagnetic, and/ or 

speromagnetic (Machala et al. 2007; Šesták et al. 2011; Muscas et al. 2018; McCloy 2019). The 

transition temperature for ferromagnetic and ferrimagnetic materials is TC, while for 

antiferromagnetic materials, is TN (Ramimoghadam et al. 2014; Počuča-Nešić et al. 2019; Guillou 

et al. 2020; Das 2021).  

Ferro- and ferrimagnetic materials are strongly drawn to MF. They include unpaired electrons 

with moments caused by interactions between nearby spins that are at least partially aligned even 

when no MF are present. The spin coupling has positive energy. Electron spins in a ferromagnetic 

material are parallel aligned. Such materials exhibit a significant important magnetization 

potential, with a quite great susceptibility  of 0.01 to l06 (Ramimoghadam et al. 2014; Pathak 

2020; Paudel 2021), and a high magnetic permeability. When the temperature rises, the ordered 

alignment of the spins decreases concerning thermal fluctuations of the individual magnetic 

moments, and the susceptibility decreases dramatically. The Curie–Weiss law does not apply to 
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the temperature-dependent behavior of susceptibility. The electron spins in an anti-ferromagnetic 

substance have an equal magnetic moment and are organized in an anti-parallel configuration 

(Ramimoghadam et al. 2014; Cook 2016).  

These materials have a zero overall magnetic moment, a tiny positive susceptibility of 0 to 0.1, 

and a positive permeability. Temperature increases frequently which increases sensitivity because 

the anti-parallel ordering is disrupted. Ferrimagnetic materials, like anti-ferromagnetic materials, 

are made up of at least two interpenetrating sub lattices with anti-parallel spin alignment. Different 

spins in a ferrimagnetic material, on the other hand, have uneven moments; hence, a ferrimagnetic 

substance has a net magnetic moment.  

Ferromagnetic, ferrimagnetic, and anti-ferromagnetic materials all have a domain structure; 

however, only particles with sizes ranging from 50 to 500 nm are made up of a single domain 

spin (Filippou 2019). The spin inside a domain can be either anti-parallel or parallel, but the spin 

alignment varies between domains. Domains must be removed in a ferro- or anti-ferromagnetic 

material, by employing sufficient and strong MF; when the used MF are increased, the alignment 

of the spins in the domains increases (Shai 2012; Paudel 2021). At sufficiently large MF, 

saturation magnetization occurs, i.e., all domain spin orientations become parallel. 

2.5.4.3. Magnetic behavior of iron oxides 

The most important kind of magnetic contact amongst Fe ions on contiguous sites in a solid 

material is electrostatic exchange interaction, which causes spins to align in parallel or anti-

parallel alignment. Because the Fe (III) ions in iron oxides are surrounded by O2- orOH- ions, the 

exchange interactions begin via the intervening ligand. This is referred to as super-exchange. 

Unpaired electrons in the e- orbitals of the Fe (III) ions engage magnetically with electrons in the 

p- orbitals of the O2- ions, resulting in a chain coupling effect that percolates through the crystal 

if the cation and ligand are near enough to allow electron coupling (Shai 2012; Ramimoghadam 

et al. 2014). The observed exchange constants for these processes were discovered to be bond 

length and are angle-dependent. When the Fe (III) bond angles are within 120 to 180°, exchange 

contacts are robust, but they become significantly weaker when the angle is 90° (Aparnadevi et 

al. 2016). Super exchange interactions in Fe (II) oxides have a similar reliance on a bond angle. 

As a result of the existence of both Fe (II) and Fe (III) in magnetite, electron delocalization can 

occur between iron ions on a neighboring site (Wright et al. 2002; Tang et al. 2003; He et al. 

2005; Ramimoghadam et al. 2014). 
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2.6. Process optimization 

An optimization is a method of achieving optimal operating circumstances for a production 

process in order to maximize and create the optimum response. An unsatisfactory approach, on 

the other hand, may result in major environmental issues, excessive energy consumption, high 

maintenance costs, and high chemical usage (Tetteh 2018a). 

2.6.1. Application of Response surface methodology (RSM) 

One of the most difficult issues in utilization of various physicochemical processes for treating 

effluents is the right selection of experimental circumstances, which may be accomplished 

through a larger concept known as design of experiments (DoE) (Karimifard et al. 2018). Design 

Expert software (Version .11.1.0.1, Stat-Ease Inc., Minneapolis, MA, USA)  was used to create 

the experimental design. Herein, optimization and modelling studies have been explored 

successfully utilizing the Response Surface Methodology (RSM) statistical approach. RSM 

incorporates both the independent variables and the experimental data input before producing a 

prediction model as the output or response (Tetteh et al. 2017). This statistical design of 

experiment is a significant tool for optimizing various chemical and biological processes 

(Chinenye Adaobi Igwegbea et al. 2019; Louhichi et al. 2019; Bell et al. 2021; Khettaf et al. 

2021; Rodriguez-Granrose et al. 2021). RSM is commonly used because of its speed and less 

necessary experimental runs, well-designed regression analysis, assessment and selection of the 

most significant input variables that can impact the process, and supporting the investigator in 

focusing on discovering and managing the process (Khannous et al. 2011; Yusri et al. 2018). 

Meanwhile the conventional way of DoE via one factor at a time (OFAT) has some limitations, 

including (a) a lack of interactive effects among the input variables on the response; (b) requiring 

a significant amount of time and resources to complete an investigation for the influence of input 

on the output ; and (c) requiring a large number of experimental runs, which increases 

experimental costs in terms of chemical usage and analyses (Tetteh 2018a; Khettaf et al. 2021).  

In addressing this, RSM is gaining attention over the conventional OFAT method due to the major 

advantages it offers in statistical analysis and cost savings of the experiment at work (Pambi et 

al. 2016; Tetteh et al. 2017). RSM is capable of eliminating bias in an experiment, effectively 

isolating noise within the experiment from its improvements (Li et al. 2016). Again, using RSM, 

the interaction between operational factors may be explored, with the option of simultaneously 

altering these variables (Iqbal et al. 2016; Chaves et al. 2021; Sarkar et al. 2021). Another 

significant benefit of RSM is the ability to optimize important process parameters, which is 
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difficult to do using OFAT (Elumalai 2018; Fath et al. 2020). To ensure statistical significance 

and accurate portrayal of DoE data, analysis of variance (ANOVA), half-normal plots, and a 

variety of other model-defining techniques are used. Analysis of variance (ANOVA), half-normal 

plots, and a batch of other model-defining techniques are used to ensure statistical significance 

and accurate portrayal of DoE data. Contour plots and response surface plots give excellent visual 

effects that aid researchers in understanding the changes in process factors and their responses 

(Jiang 2015; Chinenye Adaobi Igwegbea et al. 2019; Mohd-Salleh et al. 2019; Bell et al. 2021; 

Rodriguez-Granrose et al. 2021). 

2.6.2. The Box-Behnken Design (BBD) 

There seem to be a number of experimental designs featuring focus points for interdisciplinary 

design optimization. There are three kinds of Response surface methods: the first-order, the 

second-order, and three- level fractional factorial. The most well-known second-order models are 

central composite design (CCD), Doehlert design (DD), and Box–Behnken design (BBD) (Li et 

al. 2016; Li et al. 2017; Tetteh 2018a). When these three are compared, DD is found to be the 

most efficient design system followed by the BBD. Additionally, DD provides the capability of 

sequentiality. However, DD uniform shell designs have not been widely used since their design 

variables are treated unequally. Hence, BBD was chosen for optimization. Using three levels of 

incomplete factorial designs, these are rotatable or nearly rotatable second-order designs (Ferreira 

et al. 2007; Alwan et al. 2020; Alhajabdalla et al. 2021).  

The number of experimental runs that should be performed are adjusted by using BBD in such in 

such a way that it analyzes the probable interactions between the investigated variables and their 

potential effect on the process's response. The BBD contains three levels for each variable: -1, 0 

and +1, which correspond to three positions,namely, low, center, and maximum, respectively 

(Iqbal et al. 2016; Tetteh et al. 2017; Louhichi et al. 2019; Blandin et al. 2021).  

2.7. Summary 

From the literature survey, the growing fresh water needs and industrial activities has exacerbated 

the lack of available clean water. Furthermore, fresh water supplies are being depleted as a result 

of  anthropogenic activities. Coagulation has been utilized extensively among the different 

procedures and technologies (physical, chemical and biological treatment) used to improve water 

quality. Conventional coagulants (iron and aluminium salts) are mostly used in  most of the 

WWTPs. However, the bottlenecks associated with these conventaional coagualants include the  
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inefficiency for the treatment of eliminating emerging pollutants (EPs) as well as  producing 

secondary pollutants. They include the need for expensive machinery and monitoring systems, 

high reagent and energy costs, and/or the production of hazardous sludge or other waste products 

that need to be disposed. This poses a significant risk to both public health and aquatic species. 

Hence, researchers and water sector stakeholders are looking for frinendly and cost-effective 

coagulants. 

Against this background  of working towards zero-waste and sustainable environment the use of 

natural materials and magnetized nanocomposite were found to have great potential to be explored 

as coagulants.  Egg shells are found to be a cheap and readily accessible biomaterial. Hence, using 

them as coagulants will be advantageous, due to their high catalytic activity, simplicity of 

handling, reusability, and benign nature. The production of rice generates waste, so converting 

unwanted rice into coagulants comes in handy. It is a common and affordable natural polymer 

that offers more benefits than other starch because of its excellent stability and acid resistance. 

Also, chitosan was found to possess positively charged functional groups, which have a greater 

potential for interacting with hydroxyl groups (OH-) in wastewater. Furthermore, it has a high 

density, is biodegradable, simple to handle, non-toxic, leaves no residual metal in treated water, 

and eliminates secondary contamination issues. Due to the benefits indicated above, chitosan, rice 

starch, and eggshells were chosen for this study. Furthermore, they are available locally, generate 

less sludge, and produce biodegradable sludge (which may be reused). 

Some of the methods of synthesizing the nanocomposites were explored, whereby co-

precipitation was found to be the most suitable for engineering magnetized nanocomposites. 

Furtheremore, RSM via Design Expert was found as a potential tool for experimental design, 

process optimization, statistical data analysis and modelling. Therefore, employing the RSM for 

optimizing the operating conditions of the coagulation and DAF process comes in handy.  
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3 CHAPTER 3-MATERIALS AND METHODS 

3.1. Introduction 

The section describes the experimental strategy utilized to meet the objectives of the study. It 

discusses the synthesis of magnetic coagulants, the chemicals utilized, wastewater sampling, and 

characterization together with the analytical equipment and protocols employed. The 

experimental setup such as the coagulation and DAF descriptions and operating procedures are 

outlined. The DAF tester experimental setup includes installation, troubleshooting, and 

commissioning. A primary study on coagulation and the DAF process was carried out using the 

OFAT approach. The experimental design, process optimization, and modeling using the Box-

Behnken design (BBD) of response surface methodology (RSM) adapted from the design expert 

(DOE) software (Stat-Ease Inc, Minneapolis, USA) are highlighted.  

3.2. Chemicals and materials 

All of the chemicals and reagents utilized in the research were of analytical quality and did not 

require additional purification except for the stated ones. In the solution preparation, deionized 

water (ELGA PURELAB Option-Q water deionizer, UK) was utilized. Sigma Aldrich supplied 

ferric chloride hexahydrate (FeCl3.6H2O), iron sulfate (FeSO4.7H2O), chitosan, oleic acid, sodium 

hydroxide pellets (NaOH), ethanol (95%), chitosan (with a deacetylation level of 75–85%) as 

well as the other chemicals used to prepare synthetic wastewater. The raw eggs and rice starch 

were acquired from a local South African market in Durban, KwaZulu Natal Province, and were 

thoroughly rinsed with distilled water. The technique developed by Anju et al. (2016) was adapted 

to prepare the eggshell and rice starch powders.  

3.3. Wastewater samples and analytical instruments 

The wastewaters used in the study were acquired after chlorination from local wastewater 

treatment facilities in Umbilo, Pietermaritzburg, and Pinetown, KwaZulu-Natal province, South 

Africa. Immediately upon collection, the effluents were characterized as per APHA (2012) for 

turbidity ,TSS and COD. A Hach 2100N turbidimeter (Hach Company, Loveland, CO, USA) was 

used to measure turbidity, whilst a spectrophotometer (HACH DR3900: Hach Company, 

Loveland, CO, USA) was used to measure COD and TSS. However, 0.2 mL of each wastewater 

sample was measured and put into the COD vials using the COD high range vials from Hach. 

After that, it was digested for 2 hours at 150 °C and let to cool to at 23 ± 2 °C. By selecting the 
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specifid COD range, the spectrophotometer (DR3900) was used to measure the COD.  Also for 

the primary study, a synthetic wastewater was simulated at room temperature by dissolving 

peptone (4 g), glucose (2.75 g), NaHCO3 (27.5 g), urea (0.75 g), meat extract (6.25 g), 

MgSO4·7H2O (0.05 g), K2HPO4 (0.7 g), CuCl2.2H2O (0.00125 g), NaCl (0.22 g) and CaCl2 (0.10 

g) (Figure A-6), in 20 L of wastewater and 5 L of distilled water (Sibiya et al. 2021). Then it was 

characterized for different scenarios as reported in table 3-1. The use of synthetic wastewater 

provides for improved control over the process, standardization of test conditions, and process 

replicability (Bi et al. 2007; Muniz et al. 2020).  

Table 3-1 Feed composition of each objective 

Wastewater 

parameters 

Objective 2: 

Coagulation 

Objective 2: 

DAF 

Objective 3: 

Coagulation 

RSM 

Objective 3: 

DAF-RSM 

COD (mg/L) 315 ±0.781 351.80 ±0.718 293.20  ±0.471 493.20 ± 0.538 

TSS (mg/L) 68.20 ± 0.748 43.20  ± 0.216 91.80  ± 0.816 41.80 ± 0.519 

Turbidity (NTU) 45.60 ± 0.290 39.20 ± 0.419 83.10 ± 0.519 46.92 ± 0.470 

3.4. Synthesis of magnetized coagulants 

Firstly, 1 L stock solution for each chemical was computed using their mass (g) and molecular 

weights as shown in Table 3-2.  In fact, the  0.4 M Fe3+, 0.2 Fe2+, and 3 M NaOH stock solutions 

were prepared with respective weights of 108.12 g, 55.61 g, and 199.99 g dissolved in 1 L distilled 

water (Amo-Duodu et al. 2021). These were estimated based on a known concentration and 

volume with Sigma Aldrich mass molarity calculator.  

Table 3-2 Stock solution composition 

Chemicals Concentration (M) Molar mass (g/mol) Mass (g) 

FeCl
3
.6H

2
O 0.4 270.29 108.21 

FeSO
4
.7H

2
O 0.2 287.55 55.61 

NaOH 3 39.997 199.99 
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3.4.1. Co-precipitation 

Fe3O4 NPs were produced via co-precipitation as stipulated by equation 3.1 (El Ghandoor et al. 

2012; Mascolo et al. 2013; Amo-Duodu et al. 2021; Samrot et al. 2021; Sibiya et al. 2022b) . The  

Fe3O4 was then produced in a volume ratio of 1:1 by utilizing 0.5 L of each of the Fe3+ and Fe2+ 

stock solutions.  To achieve homogeneity, the solution was constantly agitated at 50 rpm while 

adding 2 mL oleic acid as a surfactant. The addition of the surfactant was to enhance the 

compatibility between iron oxides surface and the organic molecules such as the natural 

coagulants. Surfactants also play a role in providing the entropic repulsion needed to overcome 

the short-range van der Waals attraction, which would otherwise result in irreversible particle 

aggregation (Maity and Agrawal 2007; Zhang et al. 2006; Zhu et al. 2011). 

FeCl2 ∙ 4H2O + 2FeCl3 + 8NaOH → Fe3O4 + 8NaCl + 20H2O    Equation 3.1 

Subsequently, the pH of the solution was regulated between 11 and 12 by dropwisely adding 0.25 

L of 3 M NaOH until a black precipitate is formed. After that, the thick black precipitate heated 

(aged for 2 hours) at 70 ± 5 °C, was allowed to cool at ambient temperature (Amo-Duodu et al. 

2021). To remove any undesirable particles, the supernatant was decanted, and the precipitate was 

washed three times with distilled water and ethanol. The precipitate was then oven dried for 12 

hours at 80 ± 5 °C. Table 3-3 indicates the quantity of natural coagulants/polymers functionalized 

with magnetite to form magnetized coagulants (MCs), which were then calcined for 1 hour at 

550 °C. Following that, the MCs were packed for characterization. 

 Table 3-3 Amounts measured for polymer and magnetite to make 10g of magnetized coagulants 

MC 

ratio/(s) 
CF EF RF 

CS (g) Fe
3
O

4 
(g) ES (g) Fe

3
O

4 
(g) RS (g) Fe

3
O

4 
(g) 

1:1 5 5 5 5 5 5 

2:1 6.667 3.333 6.667 3.333 6.667 3.333 

1:2 3.333 6.667 3.333 6.667 3.333 6.667 

*CF-magnetized chitosan, EF-magnetized eggshells, RF-magnetize rice starch 
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Figure 3-1 Flow diagram for the co-precipitation synthesis of magnetic coagulants  

3.4.2. Characterization 

3.4.2.1. Morphological and elemental examination 

The morphology and elemental analysis of the resulting MCs and magnetite were detected using 

scanning electron microscopy and energy dispersive X-ray (SEM/EDX) at the University of Cape 

Town, South Africa (Nova NanoSEM coupled with EDT and TLD detector). This was done using 

a 5 kV acceleration voltage and a magnification of 10–50 kx. 

3.4.2.2. Crystal structure examination 

The crystal structures of the produced MCs were examined using an X-ray diffractometer (Bruker 

AXS, D8 Advance) linked with PANalytical software (Empyrean, PRO MPD, Netherlands) at 40 

kV and a target current of 40 mA ( Figure A-2). The samples were packed tightly in a rectangular 

glass cell and scanned using a J-J scan in conjunction with the copper anode (Cu-K∝ radiation: 

λ=1.5406 Å) and Bragg-Brentano setup. After the sample was put in the center of the sample 

holder on a glass slide and leveled up to the desired height, the materials to be studied were finely 

ground, homogenized, and the average bulk composition was calculated. The measurements were 

performed within a range of 15 to 80 (2𝜃) with an average step size rate of  0.0340 °/min. Lyn-

Eye, a feature attributes monitor, was utilized to capture diffraction data at a typical speed of 0.5 
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sec/step, which was comparable to an effective time of 92 sec/step for a dazzling counter. The 

diameters of the MCs were determined from the XRD data using the Debye-Scherrer equation 

3.2, which gives a link between particle size and peak enlargement. 

d =
0.98 δ

β cos 𝜃
         Equation 3.2 

Where d is the particle size of the crystal, 𝛿 is the wavelength of X-ray radiation (CuKα = 0.15406 

nm), 0.98 is the Sherrer constant, β is the line broadening in radians obtained from the full width 

at half maximum height (FWHM) of the peak (determined using Origin software), and θ is the 

Bragg diffracting angle of the XRD diffraction patterns. 

3.4.2.3. Functional and molecular examination 

A Fourier Transform Infrared spectrometer (Shimadzu FTIR 8400) was used to record the 

organic, polymeric, and inorganic molecular structures and functional groups of the NPs spanning 

the 400 – 1200 cm-1 range at a resolution of 7 cm-1. 

3.4.2.4. Surface area examination 

The Brunauer–Emmett–Teller (BET) analysis was carried out using Micromeritics TriStar II Plus 

equipment (Durban, South Africa) and Tristar Plus software version 3.01. Helium and nitrogen 

were employed as the carrier gases. Samples were weighed and put into a sample holder on the 

analyzer and degassed separately for 24 hours at 400 °C. They were then allowed to cool before 

being stored under nitrogen gas at a pressure of 5 mmHg for 24 hours. 

3.5. Experimental configurations 

3.5.1. Coagulation configuration process 

The jar test is the most often used method for performing the water treatment test (Gregory 2009; 

Ng et al. 2021). The basic premise of the jar test is to add coagulant to untreated or polluted water. 

Figure 3-2 depicts the jar test equipment (JTL6) made by Velp Scientifica (Velp Inc, USA) and 

outfitted with six 1 L beakers used to assess the coagulant settling time (10-60 min). A 500 mL 

homogenized wastewater sample was placed into each beaker, leaving a 500 mL headspace. Then 

swiftly stirred (at 150 rpm – quick coagulation) for 2 min at a constant pH (7.2) using Hannah 

pH-meter (HI98130, Hanna Instruments, Woonsocket RI, USA, shown in figure A-4 and a dose 

of 3 g, accompanied by 15 minutes of gentle stirring (at 30 rpm – slow coagulation). The 
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supernatant sample was collected with a syringe at 2 cm under the surface after the settling time 

had passed (10-60 min) without disturbing the settled floc particles. Equation 3.3 was used to 

calculate the treatability efficiencies. 

 

Figure 3-2 Schematic diagram of jar test (JTL6) 

Rremoval(%) =
ZA−ZB

ZA
× 100       Equation 3.3 

Where ZA and ZB represent the initial and final values of each pollutant (TSS or turbidity or COD), 

and R is the % removal.  

3.5.1.1. The Kinetics modelling 

Brownian motion of suspended particles directs coagulation in the early stages (Kumar et al. 

2016; Sibiya et al. 2021). When colloidal particles collapse and agglomerate to a diameter larger 

than 1 μm, Brownian motion becomes feeble (Sun et al. 2019; Ghernaout 2020). The rate of 

turbidity reduction is described by the kinetics of the coagulation process, which is described by 

the rate equation (Nnaji et al. 2014; Kumar et al. 2016; Zahrim et al. 2017; Sibiya et al. 2021). 

Furthermore, the kinetics govern the pace of floc production and help to shorten the crucial period 

before flocs collapse. Kinetics research is critical because the rate of pollutant removal from 

effluent is determined by kinetic parameters (n and k). An independent variable (t), a dependent 

variable (C), and kinetic parameters are all included in the rate equation 3.4.  

dC

dt
= −kCn         Equation 3.4 
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where C denotes particle concentration, t the coagulation time, k the nth order coagulation rate 

constant, and n is the coagulation process order. The collision efficiency is used to calculate the 

rate constant (Nnaji et al. 2014; Oke et al. 2019). However, particle concentration is related to 

time in an indirect manner denoted by a negative sign (Oke et al. 2019; Fard et al. 2021a). The 

quantity contaminant concentration absorbed by the coagulant used can be directly related to the 

rate of contaminant reduction (Nnaji et al. 2014; Sibiya et al. 2021). The rate constant (k) in 

equation 3.5 is the product of collision efficiency (E) and the Smoluchowski rate constant (KRC) 

for a rapid coagulation process (Daud et al. 2015; Oke et al. 2019; Fard et al. 2021a). 

k = E × KRC         Equation 3.5 

Where equation 3.6 shows the formular for KRC  

KRC =
4KB×T

3μ
         Equation 3.6 

Where μ denotes the viscosity of a fluid. Also, equation 3.7 give the Brownian diffusion 

coefficient (DB).  

DB =
KB×T

β
         Equation 3.7 

β = 2k          Equation 3.8 

T denotes absolute temperature in Kelvin, and DB denotes particle diffusivity. In practical, 'n' 

theoretically is 1 ≤ 𝑛 ≤ 2 for perikinetic aggregation of particles in coagulation/flocculation 

systems (Oke et al. 2019). Equation 3.4 is integrated for the first order reaction (n = 1), to produce 

Equation 3.9: 

ln (
C

C0
) = k1 × t        Equation 3.9 

where C0 and C are the initial and ultimate concentrations (mg/L) of an effluent at time t and k1 

is the first order rate constant in 1/min. Using equation 3.9, a plot of ln(C/C0) against t will provide 

a straight line passing through the origin with a slope of k1 (Othman et al. 2008; Nnaji et al. 2014; 

Singh et al. 2020b; Fard et al. 2021a). However, if the line does not intersect the origin but instead 

passes through another y-intercept, it follows the second order process (Nnaji et al. 2014; Kumar 

et al. 2016; Oke et al. 2019; Singh et al. 2020b; Fard et al. 2021b). Hence, equation 3.10 expresses 
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the kinetic equation for the second-order (n = 2) coagulation process. Equation 3.11 shows the 

linearized version of the differential equation after it has been solved and simplified. 

dC

dt
= −kC2         Equation 3.10 

1

C
=

1

C0
+ K2         Equation 3.11

    

Equation 3.11 is a straight line with a slope of k2 or second-order rate constant (L/mg.min) and 

ln (1/C0) is the intercept produced by the line along the y-axis. 

3.5.2. DAF configuration process 

In this study, Jar equipment (JTL6, Velp Inc, USA) was utilized for the coagulation process 

together with Platypus DAF Tester Accessories (Assembly part number, 4GSAT) as shown in 

figure 3-3. The following are included in the Platypus DAF Jar Tester Accessories kit; 

• Air compressor 

• 2 L Saturator with level sight tube, air pressure regulator, air diffuser and static air bleed 

facility. 

• DAF assembly for 2 L jars, including dispersers and subnatant sample taps. 

• 4 port distribution manifold tubing with push-in connections and easy disconnect (air in 

or saturator out). 

 

Figure 3-3 Components used for DAF experiments 
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3.5.2.1. Operational procedure 

The operating steps mentioned in the handbook are detailed in Appendix B. The air saturator 

vessel was filled with deionized water to around 80% (1600 mL) of its entire volume, sealed shut, 

and properly attached to the compressor. To pressurize the water, the valve connecting the air 

compressor and the air saturator vessel was opened, and the compressor was turned on. 

Compressed air was pumped into the system until the pressure reaches 400 ± 50 kPa. The 

compressor was subsequently disengaged, and the valve was closed. For about 30 seconds, the 

saturator was shaken intermittently, which aided in the full mixing and dissolving of the air into 

the water. Each DAF jar testing beaker was filled with a measured 1500 mL wastewater sample. 

Following that, test trials were carried out under constant working circumstances of a high stirring 

rate of 150 rpm for 2 min, accompanaied with genttle stirring rate of 30 rpm for 15 min. Following 

the completion of the mixing, the distribution manifold outlet isolators and saturator outlet were 

fully opened, and a retention time of 30 seconds was employed to introduce air/water mix into 

the wastewater samples. The jar test unit was left undisturbed for 10-60 min to allow the sludge 

to float to the surface. After 10 min of floating time, a marked sample A bottle was located beneath 

every outlet port to obtain 50 ml samples for analysis. Equation 3.3 was used to calculate the 

treatability efficiency for TSS, COD, and turbidity. 

3.6. Design of experiments and optimization using Box Behnken Design (BBD) 

Design expert software (Design Expert software V.11.1.0.1, Stat-Ease Inc., Minneapolis, MA, 

USA) was used for the systematic layout of the experiment in this study to obtain enough 

information to optimize the process with the fewest amount of tests possible. The purpose was to 

determine the best range of operating parameters and the most important aspects for controlling, 

improving, and optimizing the percent removal efficiency in coagulation and DAF technique. 

Also, to collect data that can be used to fit and create modelling techniques for each response 

(COD, TSS, and turbidity), to establish a comprehensive knowledge showing the interactions and 

relationships between the input factors and turbidity/TSS/COD. BBD generated 14 runs with 

three replications, three input factors, three levels, and five center points for each process (Table 

3-4). The three distinct standardized middle levels were encoded as 1, 0, +1, correlating to the 

elements' low, median, and maximum. To eliminate bias, these experimental runs were 

randomized. The best conditions have been used for confirmation runs, which comprised of three 

separate runs under identical conditions. 
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Table 3-4 BBD-adapted from RSM experimental design conditions and factor values 

Process Input variables Coded level 

-1 0 1 

Coagulation X1: Mixing rate (rpm) 50 100 150 

X2: Settling time (min) 15 22.5 30 

X3: Coagulant dosage (g) 2 3 4 

DAF X1: Mixing rate (rpm) 50 100 150 

X2: Settling time (min) 15 22.5 30 

X3: Coagulant dosage (g) 2 3 4 
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4 CHAPTER 4- RESULTS AND DISCUSSIONS 

4.1. Introduction 

The section discusses the outcomes of the synthesizing and characterizating MCs as alternative 

coagulants to alum. Also, the engineered coagulants applicability was evaluated using the 

conventional Jar tester and the DAF tester.  Results obtained in terms of treatability performance 

and decontamination efficiency were compared and discussed. Furthermore, highlights of the 

experimental data evaluation via kinetic modeling and the process optimization using RSM are 

presented. Additional information related to this study is presented in the candidate’s published 

papers (I-VI). These also highlighted the kinetics, optimization, and economic viability of using 

magnetized coagulants for the treatment of different wastewater streams.  

4.2. Characteristics of the MCs 

4.2.1. Scanning electron Micrography (SEM)/Energy Disperse X-ray (EDX)  

This section describes the shape and size of the magnetized coagulants produced from natural 

coagulants utilized in this study. Figure 4-1 (a-d) shows the SEM results of chitosan (CS), eggshell 

(ES), rice starch (RS), and magnetite (Fe3O4) which were obtained at width distances (WD) of 

5.30, 5.33, 5.6, and 6.0 mm, respectively, ranging from low to  large porosity. It was found that 

the Fe3O4, ES, CS (Figure 4-1a-c), and all different ratios of MCs (Figure 4-3 and 4-5) were 

acquired at a microscale of 1 µm, with a magnification of 50 Kx, view field of 4.5 µm, and 

accelerating voltage of 5 kV. Whereas, the RS ( Figure 4-1d) was obtained at a microscale of 10 

µm, with a magnification of 10 kx, horizontal view width of 29.8 µm, and a landing energy 

capacity of 20 keV. The difference in their appearance and view width may be due to the high 

calcination temperature of 550 °C, which increased the liquid-solid adsorption capacity (Amo-

Duodu et al. 2021; Sibiya et al. 2021). Figure 4-1a shows that Fe3O4 has a regular cellular 

appearance with a slightly agglomerated structure (Petcharoen et al. 2012; Nechita 2017; Tetteh  

et al. 2022), showing that the iron crystals were partially obscured by carbon particles, possibly 

as a result of the sample's calcination process and carbon coating prior to the analysis (Rao et al. 

2003; Deravi 2009; Amo-Duodu et al. 2021). Figure 4-1b shows morphology of ES, were textural 

and irregular structures of eggshell particles may be observed (Tsai et al. 2006b; Zaman et al. 

2018). Furthermore, the presence of particles of varying sizes was also observed. Figure 4-1c- 

depicts the aggregation of CS particles on the surface, which was heterogeneous and produced a 

smooth surface (Mohanasrinivasan et al. 2013; Taspika et al. 2020). Figure 4-1d depicts the SEM 
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of RS, which had a polygonal irregular shape with a smooth surface, as seen in the images 

observed by (Xu et al. 2012; Teh 2014; Kumar et al. 2017a; Han et al. 2020). In this study, RS 

was calcined far above the temperature (62 to 78 ℃) at which crystals shred their deformability, 

commonly referred to as the gelatinization temperature (Teh 2014; Castanha et al. 2018; Karp et 

al. 2021). RS granules swelled, and the crystallites melted as a result of the continuous heating (1 

hr calcination), as a consequence of which amylose and amylopectin have been completely 

separated from the starch (Ratnayake et al. 2006; Xing et al. 2018; Gerçekaslan 2020; Azanza et 

al. 2021).  

 

 

Figure 4-1 SEM images (a-d) of natural coagulants and Fe3O4 
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Figure 4-2a–d depicts the EDX analyses of Fe3O4, ES, CS, and RS, together with their respective 

elemental distributions. Fe3O4 spectrum (Figure 4-2a) revealed the composition Fe (39.13%) > O 

(38.43%) > C (10.36%) > S (9.72%) > Cl (2.37%) (Sibiya et al. 2021). The presence of carbon 

(C) in figure 4-2a was apparently due to the samples being coated with carbon gases (Amo-Duodu 

et al. 2021). The CS spectrum (Figure 4-2b) showed the composition C (92.89%) > O (6.86%) > 

Na (0.25%); whereas ES (Figure 4-2c) revealed the composition O (50.15%) > Ca (31.93%) > C 

(17.92%); and the composition C (84.55%) > O (14.62%) > P (0.43%) > K (0.40%) was found 

for RS (Figure 4-2d).  
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Figure 4-2 EDX images (a-d) of natural coagulants and Fe3O4 
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Figure 4-3 a-c shows the SEM micrographs of an uneven, non-homogeneous, and rough surface 

of the magnetized coagulants in CF ratios. The formation of a wide pore size distribution (CF 

(1:1) > CF (1:2) > CF (2:1), as 7.69 > 7.44 > 6.19 mm, respectively). Figure 4-3d appears to be 

distinct from the other RF ratios (Figure 4-3e-f); it contains smaller and more heterogeneous 

granules. Furthermore, it had the greatest porosity (8.18 mm), followed by figure 4-3f (6.02 mm) 

and figure 4-3e (5.98 mm). Figure 4-3e indicates that morphology was more compact, suggesting 

the production of bigger, firmer, and extremely easy flocs. These flocs with huge particle 

diameters settle more quickly (Sibiya et al. 2022b). The porous aspect of ES is seen in Figure 4-

4g with an angular pattern of fracture in the organization – of eggshell granules (Tsai et al. 2006b). 

In general, the micro porous eggshell powder's high porosity provides a broad contact surface for 

initiating the process (Mosaddegh et al. 2013). Figure 4-4h-i clearly shows that these two samples 

have surfaces that are porous and not homogeneous compared to Figure 4-4g (Asgari et al. 2019).  

 

Figure 4-3 SEM images (a-f) of the magnetized coagulants 
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Figure 4-4 SEM images (g-i) of the magnetized coagulants 

 

Figure 4-5 and 4-6 depicts the EDX spectrum with the tabulated elemental distribution of all 

magnetized coagulants, with observation of Fe binding energies at 0.6, 6.4, and 7 keV. Also, 

carbon (15 to 64.31% C), oxygen (24 to 43% O), sulphur (0.82 to 13.1% S), chlorine (0.8 to 

15.70% Cl) and iron (7.0 to 26.4% Fe) were found to be the most dominating constituents in all 

MCs. This affirms with Equation 3.1, which revealed that  the magnetite is made up primarily of 

Fe and O (Petcharoen et al. 2012; Talekar et al. 2017; Amo-Duodu et al. 2021; Samrot et al. 

2021).While additional components (S and Cl) may increased their surface area, allowing for 

better biosorption and reusability (Amo-Duodu et al. 2021). In addition to the foregoing elemental 

compositions of the magnetized, RF, EF, and CF included potassium (0.3 to 2.2% K), calcium 

(4.7 to 17.50% C), and sodium (1.5 to 6.80% Na), respectively.   
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Figure 4-5 EDX images (a-f) of magnetized coagulants 
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Figure 4-6 EDX images (g-i) of magnetized coagulants 
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4.2.2. Crystal structure examination (XRD) 

X-ray diffraction (XRD) analysis were performed in equipment seen in figure A-2 to determine 

the structure, crystallinity, and formation of a metal oxide (Wong et al. 2015; Helwani et al. 2020). 

The Debye-Scherrer equation 3.2, which demonstrates a link between X-ray diffraction peak 

broadening and crystallite size, may be used to estimate the crystallite size of produced Fe3O4-

NPs (Yuvakkumar et al. 2014; Ouyang et al. 2015). The XRD pattern of iron oxide nanoparticles 

generated is remarkably similar to the JCPDS pattern (Table 4-1) for magnetite, natural 

coagulants, and MCs studied in this research. The reflection at 2𝜃 values of 21.398°, 35.423° and 

46.8° correspond to lattice planes of (14), (227) and (148), respectively, for magnetite as shown 

in figure 4-7. In addition, the Scherer's equations with a pseudo-Voigt Function were applied to 

the peak at 2𝜃 of 35.423° to determine the size of magnetite crystallites of magnetite obtained at 

various periods (Baumgartner et al. 2013; Rashid et al. 2020). The investigated diffraction peaks 

corresponded closely to the conventional magnetite XRD patterns, indicating a cubic 

crystallographic system (Yew et al. 2016). Furthermore, by contrasting the XRD patterns to the 

maghemite JCPDS pattern number 00-039-1346, the nanoparticles were confirmed to be 

magnetite rather than maghemite. Figure 4-7a, shows the XRD patterns of CS and its magnetized 

coagulants (CF ratios). Chitosan pattern revealed one distinctive wide diffraction peak at 2𝜃 =

20.15°, which is typical of semi-crystalline chitosan (Bourtoom et al. 2008; Jana et al. 2015; Dey 

et al. 2016; Billah et al. 2020). This peak is associated with crystal I and crystal II in the chitosan 

structure, and it indicates that the chitosan has a high degree of crystallinity (Kumar et al. 2012; 

Mohanasrinivasan et al. 2013). The (225) plane corresponds to the peak at about 30.1°. Its 

magnetized coagulants exhibit similar behaviour with notable peak at about 35.423° which 

correspond to the (227) plane.  

The XRD patterns of ES and its magnetized coagulants is shown in figure 4-7b. The pattern of  

ES revealed the presence of a thermodynamically stable calcite (CaCO3) phase defined by its 

indices (167) in 2𝜃 of 29.406° as a major component (Tsai et al. 2006a; Zaman et al. 2018). which 

is comparable to a calcium carbonate mineral (Mosaddegh et al. 2013). Also, peak 37.381° 

represent calcite while those occurring at 2𝜃 = 36.0°, 39.323°, 43.144°, 47.104°, and 48.463° 

belong to the calcium oxide (CaO) phase defined by plane indices (167) which is also found by 

Pradhan et al. (2017) and Haddad et al. (2021). These findings support the existence of calcite 

and calcium oxide as the primary elements of ES (Verziu et al. 2011; Eswararao et al. 2016). 

Therefore, this resulted in the occurrence of more than 90% CaCO3 with a rhombohedra structure 

(Guatame-Garcia et al. 2018; Zaman et al. 2018; de la Torre et al. 2019). Lastly , the EFs show 

calcium oxide peaks at 2𝜃 = 57.381° and 64.304° (Haddad et al. 2021).  
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Figure 4-7c shows the XRD image of RS and its magnetized coagulants. RS displayed a typical 

A-type XRD pattern with strong peaks at 2𝜃 = 17.374° (160), 24.482° (225) and 25.432° (63) 

which was widely accepted as the typical cereal starch and legume crystal form (Bule´on et al. 

1998; Shih et al. 2007; Matmin et al. 2018; Yang et al. 2021). The presence of very small 

crystallite sizes was suggested by the broad and difficult-to-distinguish diffraction peaks (Matmin 

et al. 2018). Starches with an A-type diffraction pattern are described as having a helical 

arrangement in the unit cells with monoclinic symmetry (Rao et al. 2014). RF (2:1), RF (1:1) and 

RF (1:2) exhibit a similar pattern with major peaks at 33.153°, 35.423°, 54.5° and 63.5° which 

correspond to lattice plane of (104), (227), (116) and (214), respectively which similar to the study 

by Matmin et al. (2018). However, RF (1:1) have higher values of intensity compared to other 

RF ratios in figure 4-7c.  
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Figure 4-7 XRD spectra (a-c) of the magnetized coagulants (MCs) with their compositions defined in Table 3-3
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Table 4-1 Physical and chemical properties of the MCs characterised obtained from the XRD 

2θ (degree) Miller 

indices 

plane (hkl) 

dhkl 

(nm) 

Crystal structure Nanostructure JCPDS 

pattern 

24.865 (62) 3.549 Orthohombic β-FeSO4 00-033-0682 

28.294 (0) 2.297 Monoclinic Calcium sulphite 00-038-0701 

24.482 (225) 1.988 Face-centered cubic Sylvite 00-41-1476 

46.8 (148) 3.157 Rhombohedral Mikasaite 00-047-1774 

21.398 (14) 3.202 Monoclinic Ferrimagnetite 00-070-2091 

25.432 (63) 2.961 Base-centered 

orthohombic 

Calcium sulfate (CaSO4) 01-070-0909 

48.491 (12) 2.106 Monoclinic Clinoptilolite 01-071-1425 

76.561 (59) 3.606 Orthohombic Iron oxide chloride 01-072-0619 

47.197 (63) 3.654 Base-centered 

orthohombic 

Iron sulfate 01-073-1057 

36.989 (15) 3.102 Base-centered 

monoclinic 

Szomolnokite 01-074-1332 

51.44 (44) 2.162 Base-centered 

orthohombic 

Sodium nitrate 01-075-2073 

22.337 (12) 2.174 Monoclinic Heulandite 01-082-1228 

40.224 (152) 2.635 Hexagonal Quartz 01-083-0539 

27.589 (15) 1.572 Monoclinic Sodium oxide hydrate 01-083-0597 

67.934 (139) 3.232 Body-centered 

tetragonal 

Calcium oxide (CaO) 00-003-0865 

29.406 (167) 2.711 Rhombohedral Calcite (CaCO3) 00-005-0586 

27.335 (225) 2.163 Face-centered cubic Halite (NaCl) 00-005-0628 

32.497 (29) 2.263 Orthohombic Thermonatrite 00-008-0448 

20.212 (13) 1.96 Monoclinic Iron chloride hydrate 00-016-0123 

35.525 (227) 4.523 Face-centered cubic Magnesioferrite 00-017-0464 

35.423 (227) 5.197 Face-centered cubic Magnetite (Fe3O4) 00-019-0629 

27.335 (53) 3.336 Orthohombic Iron sulfate 00-021-0428 

41.806 (150) 1.712 Hexagonal Antarctictite 00-026-1053 

33.837 (15) 2.124 Monoclinic Trona 00-029-1447 

17.374 (160) 3.065 Rhombohedral Hydronium jarosite 00-031-0650 

33.153 (104) 5.27 Rhombohedral Hematite (α-Fe2O3) 00-033-0664 

24.717 (148) 3.06 Rhombohedral Mikasaite 00-033-0679 

35.631 (110) 4.858 Cubic Maghemite (y-Fe2O3) 00-039-1346 

 

4.2.3. Functional and molecular examination (FTIR) 

The functional groups of the coagulants examined were determined using FT-IR spectroscopy. 

For each measurement, 200 scans were collected between 400 – 1200 cm–1 with a resolution of 7 
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cm–1 (Figure 4-8).The peaks between 1200 - 900 cm-1, corresponds to the vibrational area in 

agreement with the surfactant utilized in this investigation, oleic acid was used (Benning et al. 

2004; Zhang et al. 2006). The absorption bands of the Fe3O4 were observed at 1055, 936, 846, 

548 and 436 cm-1 (Figure 4-8). The peak at 1055 cm-1 was attributed to the C–O stretching band, 

which is associated with the C–O–SO3 group (Barros Gomes Camara et al. 2011; Yew et al. 

2016). The appearance of an aromatic C–H bending band was revealed by the absorption peaks 

936 and 846 cm -1. Also, Fe3O contained two notable peaks at 548 and 436 cm-1, which correspond 

to the stretched vibration mode of Fe–O (Khoza et al. 2012; Demir et al. 2013; Beasley et al. 

2014; Massoumi et al. 2018; Mohammadi et al. 2021). The metal oxygen band at 548 cm-1 

corresponded to intrinsic metal stretching vibrations at the tetrahedral site (Yew et al. 2016), 

whereas the metal-oxygen band at 436 cm-1 was assigned to octahedral-metal stretching of Fe–O 

in magnetite (Demir et al. 2013). The formation of Fe3O4-NPs was confirmed by these 

characteristic peaks, as the peaks located between 400 and 600 cm-1 corresponded to the magnetite 

phase (Zhang et al. 2006; Petcharoen et al. 2012; Yuvakkumar et al. 2014).  

Figure 4-8a shows the absorption bands at 1160 cm-1 (asymmetric stretching of the –COOC– 

bridge), 1086 cm-1 and 1030 cm-1 (skeletal vibration involving the COO stretching) were typical 

of CS’s saccharine structure (Kumar et al. 2012; Jana et al. 2015; Dey et al. 2016). Also, at 680 

cm-1, off plane bending -OH vibrations are found. In general, the FTIR spectra of CS contains 

distinctive bands corresponding to amide groups between 1305 and 1660 cm-1 (El Knidri et al. 

2016; Wang et al. 2021a) and N-H peaks as well as hydrogen-bonded hydroxyl groups between 

3270 and 3800 cm-1 (El Knidri et al. 2016; Ren et al. 2017; Danko et al. 2021). The FTIR spectra 

for RS and its magnetized coagulants (Figure 4-8b) showed a distinct strong peak at around 995 

cm-1 that was assigned to the C-O of C-O-C bonds of starch (Teh 2014; Ferreira-Villadiego et al. 

2018). It also shows that shoulder peaks at approximately 939 cm-1 (skeletal mode vibrations of -

1,4 glycosidic linkage) similar to the study by Talekar et al. (2013) and Fan et al. (2012), 1085 

cm-1 (C-O-H bending), and 1148 cm-1 (C-O , O-H and C -C stretching) were observed (Kizil et 

al. 2002; Yao et al. 2002; Fan et al. 2012; Kumar et al. 2017a; Matmin et al. 2018). A distinct 

peak at 852 cm-1 was caused by C -H and CH2 deformation in the region below 900 cm -1 (Teh 

2014). The C-C stretching caused a peak at 760 cm-1 and lastly peaks obtained between 600 to 

400 cm-1 are found to be skeletal modes of pyranose (Bourtoom et al. 2008; Bashir et al. 2017; 

Kumar et al. 2017a; Matmin et al. 2018).  

If RS was incorporated with Fe3O4, changes in the characteristic spectra peaks influenced the 

physical versus chemical interactions (Bourtoom et al. 2008). The RFs show a similar behavior 

throughout, however the RF (1:2) displays a highest transmittance > RF (2:1) > RF (1:1). The C-
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O stretch peak in RFs spectrums shifted from 1148 to 1100 cm-1. Also, the C-C stretch peak 

shifted from 852 to 689 cm-1. This phenomenon revealed the presence of interactions between the 

hydroxyl groups of RS and Fe3O4 (Bourtoom et al. 2008) which may result in the formation of 

hydrogen bond as the result of interactions (Xu et al. 2012; Kumar et al. 2017a; Yang et al. 2021). 

The positions of the peaks in the FTIR patterns of the EFs were identical (figure 4-8c). An 

intensity band at 700 cm-1 is ascribed to enhanced vibration of the P–OH group (Tsai et al. 2006b; 

Mosaddegh et al. 2013). The involvement of phosphorus as phosphate in eggshell has been 

mentioned in the literature (Witoon 2011; Waheed et al. 2020; Burezq 2021). In the presence of 

calcium carbonate, there are two detectable peaks at roughly 700 cm-1 and 850 cm-1, which should 

be related with the in-plane deformation and out-of-plane deformation modes, respectively 

(Donners et al. 2002; Tsai et al. 2006b; Krithiga et al. 2011; Mosaddegh et al. 2013; Pradhan et 

al. 2017; Luna Vera et al. 2018). Also, the oscillations of the carbonate CO3
-2 anions are 

responsible for the absorption bands at 1080 cm-1 (Engin et al. 2006; Rohim et al. 2014; Eswararao 

et al. 2016; Ni et al. 2018). The Ca–O band exists between 670 and 400 cm-1 (Rohim et al. 2014). 

CaO is particularly sensitive to moisture and it was easily converted to its hydroxide form during 

calcination (550℃), which is responsible for dehydration (Luna Vera et al. 2018). As a result, the 

FTIR and XRD spectra of eggshell powder confirms the presence of calcite in the polymer 

structure and demonstrates that this product is hygroscopic and certainly contains water 

(Mosaddegh et al. 2013; Rohim et al. 2014).  

  



84 

 

  

Figure 4-8 FTIR spectra (a-c) of magnetized coagulants (MCs) with their composition defined in table 3-3
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4.2.4. Surface area examination (BET) 

BET gas sorptometry analysis was used to investigate the porosity nature of magnetite, natural 

coagulants, and MCs (Table 4-2). The findings revealed that incorporating Fe3O4 into polymers 

(eggshell, chitosan, and rice starch) increased the surface area of the magnetic coagulants, 

improving their adsorption capacity due to the fact that magnetite has distinct magnetic 

characteristics and stability (Teh et al. 2014a, 2014b; Maksoud et al. 2020; Amo-Duodu et al. 

2021; Sibiya et al. 2021). RF (1:1) had the highest surface area of pores and porosity among the 

coagulants examined. The BET results strongly endorse the concept that the RF (1:1) has a high 

surface area (SBET), which is consistent with the SEM observations (figure 4-3e). The greater the 

SBET of coagulant particles, the higher the reaction conversion (Viriya-empikul et al. 2010; 

Mosaddegh et al. 2013). The descending order of surface areas was RF (1:1) > RF (2:1) > RF 

(1:2) > Fe3O4 > EF (1:1) > CF (1:1) > EF (2:1) > CF (2:1) > CF (1:2) > EF (1:2) > RS > CS> ES. 

ES had a slightly larger pore size (21.1610 nm) than the other samples because the grafting 

reaction caused some pores to collapse, increasing the cumulative pore volume as indicated by 

Figure 4-1b (Tsai et al. 2006b).  

 

Table 4-2 Comparison of the BET surface area of the  coagulants 

Sample/(s) SBET surface area 

(m
2

/g) 

Pore volume 

(cm
3

/g) 

Pore size (nm) 

Fe3O4 27.597 0.0080 1.4840 

RS 1.267 0.0020 6.7600 

RF (1:1) 31.438 0.0015 1.6102 

RF (2:1) 30.021 0.0012 1.6098 

RF (1:2) 29.388 0.0010 1.5418 

CS 1.2010 0.0007 5.4180 

CF (1:1) 18.773 0.0008 4.5560 

CF (2:1) 16.291 0.0008 4.5110 

CF (1:2) 13.918 0.0004 3.7361 

ES 0.0921 0.0061 21.1610 

EF (1:1) 21.112 0.0059 1.3817 

EF (2:1) 17.164 0.0048 1.3560 

EF (1:2) 11.854 0.0032 1.2424 
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4.3. Coagulation-sedimentation 

4.3.1. Effect of different magnetized coagulants on contaminants removal 

The organic content in the sample can be described by both COD and turbidity (Bachmann et al. 

2015; Abdelsalam et al. 2019; Gumbi 2020). TSS and COD measurements were taken utilizing a 

HACH spectrophotometer (DR3900) at a wavelength of 630 nm (Figure A-3a). Figure 4-9 (a and 

b) depicts the effect of MCs on turbidity and TSS reduction, respectively. Most coagulants had 

removal efficiency values for turbidity and TSS in the descending order of RF (1:1): 84.80% and 

86.13% > RF (1:2): 82.07% and 82.75% > EF (1:1): 81.89% and 81.74% > RF (2:1): 80.17% and 

80.60% had over 80% removal with content in table 3-3. RF (1:1) had the highest turbidity and 

TSS removal reduction, with 84.80 and 86.13%, respectively. The larger molecular weight chain 

of amylopectin in the rice starch produced is similar to other starches, leading in higher efficiency 

destabilization, resulting in the maximum turbidity and TSS removal efficiency, as found in this 

study, which is consistent with prior studies (Lin et al. 2011; Teh 2014; Teh et al. 2014a; Sibiya 

et al. 2022b). RS has been discovered as one of the most efficient coagulants for turbidity 

reduction (Choya et al. 2018) and it is ideal for adsorption of negatively charged particles due to 

the concentration of cationic components (Asharuddin et al. 2018; Huzir et al. 2019). Figure 4-

9c represents that EF (2:1) performed admirably, with a COD reduction rate of 51.73% at an 

initial COD concentration of 315 ± 0.781 mg/L. Thereafter, comes RF (1:1): 50.02% > RF (2:1): 

49.34% > RF (1:2): 47.98% > CF (1:1): 45.77%.  

 

Figure 4-9 Effect of magnetized coagulants on (a) turbidity; (b) TSS and (c) COD removal (%) 
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4.3.2. Effect of settling time on contaminants removal  

Settling time is an essential metric to evaluate for the pre-treatment process since it affects the 

entire cost and efficiency of the process (Teh et al. 2016; Asharuddin et al. 2018). This study 

compared the magnetized coagulants to find cheap coagulant for treating of industrial effluent. 

The jar test trials for each coagulant (with 3 g dose) were conducted by varying the settling time 

(10–60 min) to determine the optimum settling time. The supernatants were pipetted ,the 

contaminant (TSS, turbidity, and COD) levels were measured according to APHA (2012) and 

their efficiencies calculated by equation 3.3. The results for turbidity and TSS removal are 

presented in figure 4-10, and COD removal in figure 4-11 using different magnetized coagulants 

at different settling time. It was discovered that there is an intermolecular link between turbidity 

and TSS removal (Figure 4-10), since both exhibit a similar pattern (Mateus et al. 2018a; Sibiya 

et al. 2021). Findings (Figure 4-10) show that increasing the settling time enhances the efficacy 

of removal for CF (1:2,1:1), EF (1:2 and 2:1) and RF (1:2,1:1 and 2:1) until 40 min is reached, at 

which point the effectiveness begins to decrease until 60 min. The residual contaminants diminish 

between 10 and 40 minutes due to the formation of large-size flocs with a higher settling velocity 

(Asharuddin et al. 2018; Momeni et al. 2018) while from 50 to 60 minutes the trend is almost 

reversed which might be due to the occurrence of colloidal entrapment and high attractive force 

dominants (Zhao et al. 2011; Zahrim et al. 2017; Sibiya et al. 2021; Zhang et al. 2021a). In figure 

4-10, EF (1:1) shows an increase from 10 until 30 min, followed by a sharp drop at 40 min and 

thereafter it increases until the 60th min. 

Also, CF (2:1) had highest contaminant removal at 30 min. Even though most coagulants 

performed better after 40 minutes, owing to the economic implications, 30 minutes was chosen 

as the most appropriate. Consequently, the lesser the period of settling, the greater the technique 

in terms of sludge reduction or handling (Sibiya et al. 2021). At 30 min, the removal efficiency 

values for turbidity and TSS were respectively recorded in descending order for each coagulant 

as RF (1:1): 86.25% and 87.11% > RF (1:2): 83.46% and 84.22% > RF (2:1): 82.96% and 

81.13%> EF (1:1): 82.04% and 83.40% > EF (2:1): 79.10% and 81.12% > EF (1:2): 77.46% and 

78.33% > CF (1:1): 74.91% and 74.02% > CF (2:1): 74.57% and 73.97% > CF (1:2): 74.50% and 

72.96%. RF (1:1) which provides the turbidity removal above 80% at all the settling times. 
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Figure 4-10 Effect of settling time on the removal of turbidity (a) and TSS (b) by magnetized 

coagulants with their content in table 3-3 

Figure 4-11 shows the COD removal for all coagulants over 60 min settling time. Findings show 

the efficiency of CF (2:1) decreases from 10 to 30 min while the rest of the coagulants have an 

increasing trend from 10 to 20 min. After 20 minutes, coagulants exhibit an uneven pattern, which 

might be due to sampling during the settling phase, which caused the contained pollutant to break 

apart and increase the quantity of COD. This also validates the disadvantages of the coagulation 

process's settling time. Other research has suggested that low efficacy may be due to pH, because 

at low pH, the surface of the coagulant is massively protonated by cations (H+), which tends to 

result in an electrostatic strength between the contaminated molecules and the surface, causing 

strong adsorption (Freitas et al. 2017). At 20 min, the top performing coagulant is EF (2:1) with 

an efficiency of 53.34%. This confirms that there was an increase in hydrolyte, which created 

additional cationic charged species for the pollutants to coalesce (Teh et al. 2014a; Jagaba et al. 

2016; Jagaba et al. 2020; Sibiya et al. 2021). Natural coagulants like ES, CS, RS, bentonite, and 

others include carbonyl, hydroxyl, and aliphatic amine functional groups (Vishakha et al. 2012; 

Nnaji et al. 2014; Nharingo et al. 2015; Siddique et al. 2016; Usefi et al. 2019; Gautam et al. 

2020; Nath et al. 2020; El-Gaayda et al. 2021; Noor et al. 2021). At 20 min, each coagulant shown 

distinct responded differently in terms of COD removal, as follows: EF (2:1) > RF (1:1) > RF 

(1:2) > RF (2:1) > CF (1:1) > CF (1:2) > CF (2:1) > EF (1:2) > EF (1:1). 
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Figure 4-11 Effect of settling time on the removal of COD by magnetized coagulants with their 

content in table 3-3. 

4.3.3.  Effect of magnetic field vs settling time on decontamination using RF (1:1) 

The influence of MF on removing contaminants (Figure 4-12) was examined by comparing alum 

and RF (1:1) treaments with and without an external magnetic field. The results show that 

exposing RF (1:1) to a magnetic field greatly improved contaminant removal (TSS, turbidity, and 

COD). When alum was used, colloidal aggregation and destabilizing (as seen in the treatment of 

organic material and hydrophilic organic matter) were detected to have improved with settling 

times ranging from 10 to 30 min. Colloidal stability and destabilization can be caused by an 

increase in ionic strength with a little decrease in zeta potential and a drop in the thickness of the 

diffuse half of the electrical double layer (Duan et al. 2003a; Maiga et al. 2020; Matusiak et al. 

2021; Rakshit et al. 2021; Sibiya et al. 2021). Thereafter, both contaminants treatability became 

unstable. This was caused by the flocs' poor settling capacity as a result of colloidal breakdown 

in suspension (Daud et al. 2015; Tetteh et al. 2020) since more contaminants had been adsorbed. 

This may have rendered the surfaces more hydrophilic (less hydrophobic) due to the interaction 

between groups contained by oxygen (hydroxyl and carboxyl) and negatively charged colloidal 

particles (Zhao et al. 2011; Siddique et al. 2016; Arulmathi et al. 2019; Sibiya et al. 2021; Xue 

et al. 2021). Figure 4-12c, shows that has alum (>30 min), the efficiiency dropped at 40 min and 

then increased until the 60th min. In comparison, RF(1:1) and RF(1:1)_MF removed considerably 

greater COD, TSS, and turbidity (50 to 88%) than alum (40 to 75%). According to Baek et al. 
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(2015) and Xiang et al. (2019), any use of iron-oxide NPs in treating wastewater seems to be more 

beneficial because magnetite contains several adsorption sites that may take a variety of 

pollutants. 

 

Figure 4-12 Comaprative results on (a) turbidity, (b) TSS and (c) COD removal (%) with the 

effect off settling time  

4.3.4. Comparative study of magnetic effect using RF and Alum  

Figure 4-13 depicts the turbidity efficiency of alum and the best performing coagulant (RF (1:1)) 

with and without exposure of a magnetic field (20 mT), as shown if figure A-9. According to the 

findings, the RF reduced turbidity by more than 80% in both samples, whereas alum reduced 

turbidity by more than 70%. When a magnetic field was supplied during the settling phase (60 

min), the turbidity efficiency of the coagulation process employing RF (1:1) improved from 

84.78% to 87.57% (figure 4-13). According to Alabdraba et al. (2013), MF has a significant 

impact on sedimentation but a minor impact on slow and quick mixing stage of coagulation. 
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Therefore, it is preferable to remove the magnetic field during the two phases namely slow and 

quick mixing to achieve high efficiency. Also, the positively charged magnetite aided the 

adsorption of negatively charged pollutants in the wastewater sample (Saifuddin et al. 2011), 

while the cationic exchange mechanism (electrostatic, van der Waals, and chemical bonding) and 

the generation of hydroxide on the surface of magnetized rice starch coagulant were used to 

remove turbidity by magnetic measures (Hatamie et al. 2016; Tetteh et al. 2020; Sibiya et al. 

2022a). Lastly, rice starch contains amylase and amylopectin which destabilize the colloidal 

particles by bridging and aggregation (Teh 2014; Bratby 2016; Sibiya et al. 2022a). Table 4-3 

shows the other pollutants (COD and TSS) that had been reported for all coagulants. The maximal 

COD and TSS for RF (1:1) exposed in a magnetic field were 56.22 and 86.53%, respectively. The 

current study shows that the magnetic field had no effect on contaminants removal using alum 

which proves that alum does not contain any ferromagnetic materials. Hence, the results obtained 

with and without MF were the same. The presence of magnetite in rice starch and MF resulted in 

improved efficiencies which can enhance greater controlling ability, simpler manipulation, and 

comparably reduced energy usage (Ambashta et al. 2010; Zhang et al. 2016). 

 

Figure 4-13 The effect of magnetic field using alum and RF (1:1) on turbidity removal (%) 

*MF-Exposed in magnetic field  
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Table 4-3 Comparison results of alum and RF (1:1)  

Contaminant removal 

(%) 

Alum_ MF  RF (1:1)  Alum  RF (1:1) _MF  

TSS 70.45 83.55 70.52 86.73 

COD  42.92 50.94 42.96 56.22 

4.3.5.  Coagulation kinetics 

The amount of aggregation was measured to better understand the coagulation–flocculation 

dynamics. This was accomplished by examining the influence of sedimentation (time 10–60 min) 

with and without a magnetic field at a constant dose of 3g for the best performing coagulant (RF 

(1:1). Figure 4-12 shows that a short time (10 – 30 min) of the lag phase is preferable owing to 

energy and time savings. The raw acquired data (resultants is RF (1:1) turbidity efficiency in 

figure 4-12a) was fitted to kinetics in equations 3.4 and 3.11 to assess the performance of the 

pollutants' treatment. The rate of contaminant reduction in a reaction-based system is affected by 

a variety of internal and external parameters, including temperature, dose, and the properties of 

the wastewater itself (Adelodun et al. 2020; Sibiya et al. 2021). Pollutant particles connect to both 

chemical and physical binding sites as the process progresses. The reaction continues until the 

free sites are completely saturated, followed by quick settling. The incorporation of Fe3O4 into 

natural coagulants increased agglomeration efficacy (Hashem 2013; Svobodova et al. 2020; 

Tetteh et al. 2020; Sibiya et al. 2021; Sibiya et al. 2022b) compared to coagulants such as rice 

starch, eggshell, chitosan, alum, bentonite,  moringa oleifera, etc. (Pritchard et al. 2010; Choy et 

al. 2014; Siddique et al. 2016; Freitas et al. 2017; Gaikwad et al. 2019; Adelodun et al. 2020; 

Muniza et al. 2020). As a result, the acquired data was well fitted and significant enough for the 

model to be used for turbidity reduction (Figure 4-14).  
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Figure 4-14 Kinetics of (a) second order and (b) first order models for the removal of turbidity 

The coefficient of determination (0.85 < R2 < 0.95) for the magnetic field (MF) was clearly 

preferred in both kinetic models (Table 4-4). Furthermore, the highest contaminant removal 

matched to realistic kinetic constants (Tan et al. 2017; Sibiya et al. 2021). The plateau of R-values 

demonstrated the degree of particle aggregation in relation to the time required for floc 

breakdown. The existence of flocculation, as well as the findings obtained, demonstrate that the 

integration of magnetite enhanced the molecular weight (Gaikwad et al. 2019; Adelodun et al. 

2020) and BET surface area of the coagulant components (Table 4-2). 

Table 4-4 Comparative kinetic study 

First-order kinetics 

Kinetics parameters MF exposure Non-MF exposure 

R2 0.9248 0.8457 

K1 0.0008896 0.0005207 

SSE 0.0002344 0.0001889 

y-intercept 0.06539 0.05849 

Second-order kinetics 

R2 0.8874 0.8424 

K1 0.009270 0.004491 

SSE 0.06146 0.05648 

y-intercept 1.82599 1.72186 
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4.4. Coagulation –Flotation (DAF) 

Edzwald (2010) and (Tetteh 2018a) found above 50% reduction of the contaminants with the 

saturation pressure range of 300 to 500 kPa. Hence, the mean saturated pressure (400 ± 50 kPa) 

was used in this study. This was done with a jar tester (Figure 3-3) under coagulation conditions 

of costant dose (3 g for RF (1:1), quick stirring (150 rpm) for 2 minutes, slow stirring (30 rpm) 

for 15 min, a 10% air-water ratio, an air saturator pressure of 400 ± 50 kPa and flotation time (10-

60 min). The wastewater had an initial concentration of 39.20 ± 0.419 NTU turbidity, 43.20 ± 

0.216 mg/L TSS, and 351.80 ± 0.718 mg/L COD. Extending the flotation period from 10 to 60 

min enhanced the removal of contaminants, as a result of which there has been a massive rise in 

reduction of TSS and turbidity from 86 to 95%, and COD from 50 to 65% (Figure 4-15). This 

was owing to a strong charge layer around the flocs, which resulted in good contaminant 

aggregation and floatability, as well as clarity of the treated water (Santana et al. 2012; Karhu et 

al. 2014; eSilva et al. 2018; Tian et al. 2018; Soares et al. 2021). By prolonging the floating phase, 

the surface area of the contact zone between the air bubble and contaminants was increased, 

strengthening the flocs' bonds and preventing them from breaking (Al Ansari et al. 2021; Kyzas 

et al. 2021; Levitsky et al. 2022). 

 

Figure 4-15 Effects of flotation time on pollutant removal (%); employing RF (1:1) at 3 g dosage 
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4.5. Optimization of coagulation and DAF using RSM 

The main purpose of optimazation was to establish the optimal operating conditions for industrial 

wastewater (Table 3-1) treatment. The OFAT technique was used to generate ranges for the 

operational parameters (coagulant dosage, mixing rate and settling or flotation time). Tables 4-5 

and 4-6 present the results of 14 runs using the BBD design matrix for coagulation and DAF, 

respectively. The findings consist of the investigated factors in coded form, the 

experimentalresults, and the model-predicted response factor results. The experimental values are 

the calculated COD and turbidity (using equation 3.3) and measured TSS (using DR 3900 HACH 

spectrophotometer) response data from a particular run, whereas the predicted values are 

computed from the model (Tables 4-5 and 4-6). These results were subjected to four step 

processes of the RSM analysis: (i) the statistical significance of the model developed was tested 

using ANOVA, (ii) the diagnostic and response plots were used to establish the optimum region 

and interactive conditions, (iii) a numerical optimization technique was used to optimize the 

desired goals fixed for maximum TSS (mg/L), turbidity and COD removal (%), and (iv) validation 

was conducted (Sibiya et al. 2022a). The coefficient of determination (R2), adjusted R2, standard 

deviation (SD) and coefficient of variance (CV), and adequate precision (AP) demonstrated the 

model's fit. In addition, Fisher’s F-values and associated p-values with 95% confidence level were 

utilized to determine the relevance of the model equations for each output parameter (Tables 4-7 

to 4-9 and Tables 4-11 to 4-13). 

4.5.1. Coagulation-sedimentation process 

The acquired findings were then examined using ANOVA to determine the "goodness of fit" 

(Ghafari et al. 2009; Singh et al. 2020a). ANOVA is used to assess the interactions between 

variables and their corresponding responses (Galan et al. 2021; Pandit et al. 2021; Usman et al. 

2021; Rifi et al. 2022). Equations 4.1 to 4.3 represent the software-generated models for the COD, 

turbidity and TSS, respectively in coded form for the coagulation process. The predicted results 

had been defined as the sum of a constant and three first-order effects (terms in A , B and C), and 

three interaction effects (AB, BC, and AC) as a result of mixing rate (A), settling time (B), and 

coagulant dosage (C). The linear model was found to be the most acceptable in terms of turbidity 

and COD removal while turbidity reduction was acceptable for a 2FI (two factor interaction) 

model. 

COD removal = 42.281 + 2.7094 A + 0.6839 B + 8.1764 C   Equation 4.1 
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Turbidity  removal = 64.9662 − 0.2224  A + 0.2711 B + 0.0543 C − 0.4351 AB +

0.3856 AC + 0.4386 BC       Equation 4.2 

TSS removal = 44.8056 − 1.3081  A + 1.6259 B − 0.4051 C   Equation 4.3 
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Table 4-5 BBD design matrix for coagulation technique, displaying the experimental and predicted results 

Std. Run FACTORS Experimental Responses RSM Predicted Responses 

Resp. 1 Resp. 2 Resp. 3 Resp. 1 Resp. 2 Resp. 3 

A: Mixing 

rate (rpm) 

B: Settling 

time (min) 

C: Coagulant 

dosage (g) 

COD 

removal 

(%) 

Turbidity 

removal (%) 

TSS 

reduction 

(mg/L) 

COD 

removal (%) 

Turbidity 

removal (%) 

TSS 

removal 

(mg/L) 

14 1 100 22.5 3 41.95 64.96 43.42 42.22 64.97 44.81 

4 2 150 30 3 45.34 64.51 43.96 45.61 64.58 45.12 

12 3 100 30 4 50.81 65.66 46.84 51.08 65.73 46.03 

7 4 50 22.5 4 47.41 64.99 45.25 47.69 64.86 45.71 

9 5 100 15 2 33.08 65.14 43.32 33.36 65.08 43.58 

10 6 100 30 2 34.45 64.81 47.50 34.73 64.74 46.84 

1 7 50 15 3 38.55 64.55 43.42 38.82 64.48 44.49 

8 8 150 22.5 4 52.83 65.45 43.37 53.10 65.18 43.09 

13 9 100 22.5 3 45.77 64.45 44.18 42.22 64.97 44.81 

3 10 50 30 3 39.92 65.96 48.13 40.19 65.89 47.74 

6 11 150 22.5 2 36.48 64.44 43.45 36.75 64.30 43.90 

11 12 100 15 4 49.44 64.24 43.35 49.71 64.31 42.77 

2 13 150 15 3 43.97 64.84 43.32 44.24 64.91 41.87 

5 14 50 22.5 2 31.06 65.52 47.78 31.33 65.52 46.52 

*Resp. – Response 
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Table 4-6 BBD design matrix for DAF technique, displaying the experimental and predicted results 

Std Run FACTORS Experimental Responses RSM Predicted Responses 

Resp. 1 Resp. 2 Resp. 3 Resp. 1 Resp. 2 Resp. 3 

A: Mixing 

rate (rpm) 

B: Flotation 

time (min) 

C: Coagulant 

dosage (g) 

COD 

removal 

(%) 

Turbidity 

removal (%) 

TSS 

reduction 

(mg/L) 

COD 

removal (%) 

Turbidity 

removal (%) 

TSS 

removal 

(mg/L) 

14 1 100 22.5 3 50 78.31 4.45 48.20 79.15 3.98 

4 2 150 30 3 45.15 83.51 5 45.76 83.51 4.93 

12 3 100 30 4 50.38 77.12 5.09 50.41 77.12 5.30 

7 4 50 22.5 4 53.12 80.03 4.79 52.85 80.03 4.72 

9 5 100 15 2 45.39 82.27 2.45 46 82.27 2.66 

10 6 100 30 2 48.19 84.06 2.56 48.80 84.06 2.66 

1 7 50 15 3 50.62 84.46 3.85 50.65 84.46 2.76 

8 8 150 22.5 4 44.85 85.13 5.83 45.17 85.13 3.78 

13 9 100 22.5 3 47.89 80 3.77 48.20 79.15 5.76 

3 10 50 30 3 53.42 82.23 3.20 53.45 82.23 3.98 

6 11 150 22.5 2 45 84.23 3.30 43.56 84.23 3.13 

11 12 100 15 4 47.58 83.14 4.99 47.61 83.14 3.23 

2 13 150 15 3 42.35 85.52 4.14 42.96 85.52 5.19 

5 14 50 22.5 2 50.93 86.99 2.26 51.24 86.99 4.07 

*Resp. – Response 
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4.5.1.1. Model fitting and statistical analysis 

Using Design-Expert software, regression analysis and ANOVA were used to investigate the 

statistical fitness of the created model at the 95% confidence level (Singh et al. 2020a; Pandit et 

al. 2021; Rifi et al. 2022; Sibiya et al. 2022a). F-value describes the variation in responses, which 

can be verified by the regression equation whereas, p-value ascertains the statistical fitness of the 

developed model. For a model to be significant, the p-value cannot be greater than 0.05, whereas 

the p-value for the lack of fit (LOF) test must be more than 0.05 (Singh et al. 2020a; Khui et al. 

2021; Sada 2021; Wu et al. 2022; Zubair et al. 2022). The R2 values for COD, turbidity, and TSS 

reduction were 0.9778, 0.9446, and 0.8724, respectively, indicating a solid relationship between 

dependent and independent variables. This also revealed that the total variance explained by the 

developed model was 97.78%, 94.46%, and 87.24%, respectively, and that 2.22, 5.54, and 12.76 

% of the overall variance was not addressed by the produced model. The adjusted R2 for COD, 

turbidity, and TSS reduction was determined to be 0.97109, 0.9256, and 0.8691, respectively, 

which were extremely close to the R2 values presented in Tables 4-7 to 4-9. As a result, the 

prediction of experimental data is very good, with a difference of less than 13%. The models were 

well verified since all of the LOF were not significant, indicating the model's incapacity to 

adequately capture the functional agreements between the experimental components and the 

response variables (Tetteh 2018a; Chen et al. 2022; Nocera et al. 2022).  

Furthermore, the appropriate precision values were larger than 4, indicating that the model is 

adequate and may be securely utilized to explore the whole design space (Ghafari et al. 2009; 

Baytar et al. 2020; Chen et al. 2022). The coefficient of variance (CV), described as the ratio of 

the standard deviation of estimation to the mean value of the observable response, determines the 

repeatability and reliability of the model (Jalilibal et al. 2021; Wang et al. 2021b; Arachchige et 

al. 2022). In this situation, the CV for COD, turbidity, and TSS reduction were determined to be 

2.7608, 0.3718, and 2.3034%, respectively, indicating that the models are replicable since their 

CV was less than 10% (Singh et al. 2020a; Jalilibal et al. 2021; Khui et al. 2021; Pandit et al. 

2021; Arachchige et al. 2022; Chen et al. 2022; Rifi et al. 2022). 
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Table 4-7 ANOVA of linear regression model for COD removal 

Source Sum of 

Squares 

Df Mean F-value p-value 
 

Model 597.2990 3 199.0997 146.5542 <0.0001 significant 

A-Mixing rate 58.7280 1 58.7280 43.2288 <0.0001 
 

B-Settling 

time 

3.7417 1 3.7417 2.7542 0,1280 
 

C-Coagulant 

dosage 

534.8292 1 534.8292 393.6797 <0.0001 
 

Residual 13.5854 10 1.35854 
   

Lack of Fit 6.2702 9 0.6967 0.0952 0,9898 not 

significant 

Pure Error 7.3152 1 7.152 
   

Cor Total 610.8843 13     

R² 

(0,9778) 
Adjusted 

R² 

(0.97109) 

Predicted 

R² 

(0.97272) 

Adeq 

Precision 

(34.9454) 

Std. Dev. 

(1.1656) 

Mean 

(42.2182) 

C.V. % 

(2.7608) 

 

Table 4-8 ANOVA of 2FI regression model for turbidity removal 

Source Sum of 

squares 

df Mean F-value p-value 
 

Model 3.1289 6 0.5215 8.9400 0.0054 significant 

A-Mixing rate 0.3957 1 0.3957 6.7835 0.0352 
 

B-Settling time 0.5880 1 0.5880 10.0810 0.0156 
 

C-Coagulant 

dosage 

0.0236 1 0.0236 0.4043 0.5451 
 

AB 0.7574 1 0.7574 12.9837 0.0087  

AC 0.5948 1 0.5948 10.1961 0.0152  

BC 0.7695 1 0.7695 13.1917 0.0084  
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Residual 0.4083 7 0.0583 
   

Lack of Fit 0.2759 6 0.0460 0.3471 0.8594 not 

significant 

Pure Error 0.1324 1 0.1324 
   

Cor Total 3.5372 13     

R² 

(0,9446) 

Adjusted 

R² 

(0.9256) 

Predicted 

R² 

(0.9243) 

Adeq 

Precision 

(9.3158) 

Std. Dev. 

(0.2415) 

Mean 

(64.9662) 

C.V. % 

(0.3718) 

 

Table 4-9 ANOVA of linear regression model for TSS removal  

Source Sum of 

squares 

Df Mean F-value p-value 
 

Model 36.1494 3 12.0498 11.3129 0.0015 significant 

A-Mixing rate 13.6885 1 13.6885 12.8515 0.0050 
 

B-Settling time 21.1481 1 21.1481 19.8549 0.0012 
 

C-Coagulant 

dosage 

1.3128 1 1.3128 1.2325 0.2929 
 

Residual 10.6513 10 1.0651 
   

Lack of Fit 10.3628 9 1.1514 3.9905 0.3713 not 

significant 

Pure Error 0.2885 1 0.2885 
   

Cor Total 46.8007 13     

R² 

(0,8724) 

Adjusted 

R² 

(0.8691) 

Predicted 

R² 

(0.8661) 

Adeq 

Precision 

(10.6369) 

Std. Dev. 

(1.0321) 

Mean 

(44.8056) 

C.V. % 

(2.3034) 
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Figure 4-16 depicts the relationship between predicted and experimental COD, turbidity, and TSS 

removal values. These diagnostic plots aided in determining the model's suitability. They showed 

a good agreement between the experimental data and the predicted results of the models, implying 

that the models are well-matched to form a relationship between independent and dependent 

variables during the coagulation process (Baytar et al. 2020; Singh et al. 2020a; Galan et al. 2021; 

Pandit et al. 2021; Wu et al. 2022). Furthermore, all replies with AP values greater than four 

(Tables 4-7 to 4-9) show that all anticipated models may be employed to explore the design space 

(Ghafari et al. 2009; Baytar et al. 2020; Jalilibal et al. 2021; Wu et al. 2022). 

 

Figure 4-16 Design expert plot, predicted vs. actual plots (a) COD (b) turbidity and (c) TSS 

removal  

4.5.1.2. Three dimensional (3D) and contour plots 

The graphical depiction of the effects of settling time and mixing rate on COD, turbidity and TSS 

removal is shown in 3D and contour plots in Figures 4-17 to 4-19, with regards to each response 

regression model. The fixed variables were chosen based on the variables' sensitivity to the 



103 

 

responses as shown in perturbation plots (Adlan et al. 2011) of figures C-15 to C-20. All the 3D 

graphs exhibit distinct peaks, showing that the optimal circumstances for maximal response 

values in the design space are attributable to mixing rate and coagulant which were established to 

be within the design space's range. Figure 4-17 shows that the influence of settling time on COD 

efficiency is constant. COD reduction did not change from 15 to 30 minutes. This leads to a COD 

reduction effectiveness of 40%. Increasing the mixing rate resulted in a rise in COD removal 

efficiency, suggesting that a high mixing rate with a short settling time can achieve a high COD 

efficiency (>40%). 

 

Figure 4-17 Response surface plots showing cross factor interactions for COD removal (%); (a) 

3D plot (b) contour plot  

In Figure 4-18, the mixing rate and settling time interaction indicated that turbidity removal 

decreased for settling times ranging from 30 to 15 min and increased at mixing rates ranging from 

50 to 150 rpm. The settling time and mixing rate were adjusted according to the relevance of the 

perturbation plot (Figure C-16). Similar trends are also attained in figure 4-19, the efficiency of 

TSS shows an increasing trend between 15 and 30 min and drecreasing trend when the mixing 

rate increases to 150 rpm. 



104 

 

 

Figure 4-18 Response surface plots showing cross factor interactions for turbidity removal (%); 

(a) 3D plot (b) contour plot  

 

Figure 4-19 Response surface plots showing cross factor interactions for TSS removal (mg/L); 

(a) 3D plot (b) contour plot  

4.5.1.3. Optimazation of the coagulation technique 

To optimize the three coagulation operational variables, the numerical optimization tool in RSM 

was used. Table 4-10 demonstrates that all process responses were maximized whereas the input 

variables (mixing rate, settling time and coagulant dosage) remained within the range. Figure 4-



105 

 

20 shows the ramp graphs that indicate the optimal operating parameters and the desirability 

gained. It was discovered that with a coagulant dose of 4 g, a settling period of 30 minutes, and a 

mixing rate of 50 rpm, at a desirability performance of 87.20%, 48.631% COD removal, 

66.0021% turbidity removal and 47.3345 mg/L TSS removal was achieved. The models' validity 

and forecasting effectiveness under the optimal circumstances (Figure 4-20) were evaluated using 

triplicated experimental runs, as detailed in section 4.6. 

 

Table 4-10 Conditions for optimization of coagulation process variables 

Variables Low limit High limit Goal 

Mixing rate (rpm) 50 150 is in range 

Settling  time (min) 15 30 is in range 

Coagulant dosage (g) 2 4 is in range 

COD removal (%) 31.0592 52.8309 Maximize 

Turbidity removal (%) 64.2423 65.9603 Maximize 

TSS removal (mg/L) 43.3198 48.1262 Maximize 
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Figure 4-20 Ramp plot displaying the optimized conditions of coagulation process variables 

at a desirability of 87.20% 

 

4.5.2. Coagulation-Flotation (DAF) process 

These equations (4.4 to 4.6) were also computed as the sum of a constant, two first-order effects 

(terms in A, B, and C), three interaction effects (AB, AC, and BC), and three second-order effects 

(A2, B2, and C2). Equation 4.5 depicts the reduced quadratic model, and equations 4.4 and 4.6 

depict the linear and 2FI models, respectively. Positive terms in the equations imply a positive 

influence, whilst negative signs suggest an antagonistic effect of each factor (Bala et al. 2020; 

Singh et al. 2020a; Kassem et al. 2022). 

COD removal = 48.2046 − 3.8421 A + 1.3990 B + 0.8028 C   Equation 4.4 

Turbidity  removal = 79.1528 + 0.5861  A − 1.0608 B − 1.5169 C + 0.0543 AB +

1.9640 AC − 1.9523 BC + 3.6120 𝐴2 + 1.1642 𝐵2 + 1.3305 𝐶2   Equation 4.5 

TSS removal = 3.9773 + 0.5205 A + 0.0523 B + 1.2669 C + 0.3757 AB Equation 4.6 
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4.5.2.1. Model fitting and statistical analysis 

The ANOVA results for the created models are shown in the tables below (Tables 4-11 to 4-13). 

The significant p-values for LOF was greater than 0.05 and for COD, turbidity, and TSS were 

determined to be 0.9256, 1 and 0,9747, respectively, which were insignificant, as shown in these 

tables. P-values are between 0.05 and 0.1 suggests that the models are marginally significant 

(Tetteh 2018a; Galan et al. 2021; Sada 2021; Rifi et al. 2022). The R2 values obtained for COD 

(linear regression), turbidity (quadratic regression), and TSS (2FI regression) were 0.9509, 

0.9864, and 0.9704, which are very close to 1 (Ghafari et al. 2009; Baytar et al. 2020; Sada 2021; 

Rifi et al. 2022). These models are suitable since their R2 were within limit with adjusted R2 

values as (0.9362, 0.9457, and 0.9485), predicted R2 (0.9164, 0.9457  and 0.9485), AP (23.1550, 

19.5001 and 26.0273) and CV (1.7569, 0.7249 and 5.7783%).  

Table 4-11 ANOVA of linear regression model for COD removal 

Source Sum of 

squares 

Df Mean F-value p-value 
 

Model 138.9083 3 46.3028 64.5534 7.566E-07 significant 

A-Mixing rate 118.0945 1 118.0945 164.6424 1.552E-07 
 

B-Flotation time 15.6582 1 15.6582 21.8300 0.00088 
 

C-Coagulant 

dosage 

5.1556 1 5.1556 7.1877 0.0022305 
 

Residual 7.1728 10 0.7173 
   

Lack of Fit 4.9385 9 0.5487 0.2456 0.9256 not 

significant 

Pure Error 2.2343 1 2.2343 
   

Cor Total 146.0810 13     

R² 

(0.9509) 
Adjusted 

R² 

(0.9362) 

Predicted 

R² 

(0.9164) 

Adeq 

Precision 

(23.1550) 

Std. Dev. 

(0.8469) 

Mean 

(48.2046 

C.V. % 

(1.7569) 
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Table 4-12 ANOVA of quadratic regression model for turbidity removal 

Source Sum of 

squares 

df Mean F-value p-value 
 

Model 104.2251 9 11.5806 32.2702 0.0022 significant 

A-Mixing rate 27481 1 2.7481 7.6579 0.0505 
 

B-Flotation time 9.0032 1 9.0032 25.0881 0.0074 
 

C-Coagulant 

dosage 

18.4089 1 18.4089 51.2980 0.0020 
 

AB 0.0118 1 0.0118 0.0329 0.8648  

AC 15.4289 1 15.4289 42.9939 0.0028  

BC 15.2453 1 15.2453 42.4822 0.0029  

A² 41.7489 1 41.7489 116.3368 0.0004  

B² 4.3373 1 4.3373 12.0862 0.0254  

C² 5.6644 1 5.6644 15.7842 0.0165  

Residual 1.4355 4 0,3589 
   

Lack of Fit 0 3 0 0 1 not 

significant 

Pure Error 1.4355 1 1.4355 
   

Cor Total 105.6605 13     

R² 

(0,9864) 

Adjusted 

R² 

(0.9558) 

Predicted 

R² 

(0.9457) 

Adeq 

Precision 

(19.5001) 

Std. Dev. 

(0.5991) 

Mean 

(82.6423) 

C.V. % 

(0.7249) 
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Table 4-13 ANOVA of 2FI regression model for TSS removal 

Source Sum of 

squares 

df Mean F-value p-value 
 

Model 15.5946 4 3.8986 73.8078 7.0696E-07 significant 

A-Mixing rate 2.1672 1 2.1672 41.0286 1.2449E-04 
 

B-Settling time 0.0218 1 0.0218 0.4136 0.5362 
 

C-Coagulant 

dosage 

12.8410 1 12.8410 243.1019 8.0579E-08 
 

AB 0.5645 1 0.5645 10.6871 0.0097  

Residual 0.4754 9 0.0528 
   

Lack of Fit 0.2448 8 0.0306 0,1327 0.9747 not 

significant 

Pure Error 0.2306 1 0.2306 
   

Cor Total 16.0701 13     

R² 

(0,9704) 

Adjusted 

R² 

(0.9573) 

Predicted 

R² 

(0.9485) 

Adeq 

Precision 

(26.0273) 

Std. Dev. 

(0.2298) 

Mean 

(3.9773) 

C.V. % 

(5.7786) 

 

Figure 4-21 depicts plots of predicted vs actual values for a better understanding of the proposed 

model's suitability. In this case, all of the points for the replies were scattered pretty near to the 

line of equality; the distribution of the points observed shows that the models' fitting precision is 

good, and the experimental results agree with each other. Appendix C depicts further diagnostic 

analyses (effect of process variables on contaminants removal and response surface plot of 3-

factors) of the produced models. 
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Figure 4-21 Design expert plot, predicted vs.actual plots (a) COD, (b) turbidity, and  (c) TSS 

removal  

 

4.5.2.2. Three dimensional (3D) and contour plots for DAF 

COD removal shows and increasing trend when the flotation time increases to 30 minutes (Figure 

4-22). This proves that the flocs were unstable and soon disintegrated. Higher COD efficacy was 

achieved at low mixing rates due to the fact that efficiency diminishes as mixing rate increases.  
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Figure 4-22 Response surface plots showing cross factor interactions for COD removal (%); (a) 

3D plot (b) contour plot  

 

The lowest turbidity efficiency is found in figure 4-23 towards the middle values of both flotation 

time and mixng rate. The turbidity efficiency steadily increases when the mixing rate is increased 

from 50 to 150 rpm. Lower values of flotation time suggest basically steady turbidity removal 

effectiveness. In figure 4-24, TSS efficiency declines as flotation time rises, whereas it increases 

when the mixing rate is increased to 150 rpm. 
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Figure 4-23 Response surface plots showing cross factor interactions for turbidity removal (%); 

(a) 3D plot (b) contour plot  

 

Figure 4-24 Response surface plots showing cross factor interactions for TSS removal (mg/L); 

(a) 3D plot (b) contour plot  
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4.5.2.3. Optimization of the DAF process 

Figure 4-25 shows the results of another optimization study. The ramp plots indicate the ideal 

operating conditions as well as the desirability that was achieved. This was accomplished by 

keeping the input variables (coagulant dose, mixing rate, and flotation time) within their 

respective ranges and the responses maximized to target 95%  confidence predicted levels (Table 

4-14). Following the achievement of 100 conditional solutions, the ideal condition with 77.4% 

desirability was obtained at 4 g coagulant dose, 15 min of flotation time, and mixing rate of 50 

rpm. This corresponded to removal efficiency of COD, turbidity, and TSS of 51.45%, 84.26%, 

and 5.05 mg/L, respectively. Three confirmation runs were used to validate these findings (Table 

4-15). 

 

Table 4-14 Conditions for optimization of DAF process variables 

Variables Low limit High limit Goal 

Mixing rate (rpm) 50 150 is in range 

Settling time (min) 15 30 is in range 

Coagulant dosage (g) 2 4 is in range 

COD removal (%) 42.3518 53.4204 Maximize 

Turbidity removal (%) 77.1174 86.9901 Maximize 

TSS removal (mg/L) 2.2597 5.8346 Maximize 
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Figure 4-25 Ramp plot displaying the optimized conditions of DAF process variables at 

desirability of 77.40% 

 

4.6. Comparative study of coagulation and DAF based on optimization 

Table 4-15 presents the three experimental runs for each process that were performed under ideal 

operating circumstances to test the appropriateness and validity of the suggested models (figures 

4-20 and 4-25). The coagulation method yielded mean COD, turbidity, and TSS removal values 

of 46.43%, 68.42%, and 46.69 mg/L, respectively at a settling time of 30 min. DAF achieved 

levels of 50.545, 85.50%, and 6.06 mg/L, for COD, turbidity and TSS, respectively at 15 min 

flotation time. These observed values were close to the predicted values and their difference was 

found to be less than 5%. This is indicating that the models can appropriately capture the link 

between experimental and numerical results. Hence, the models showed acceptable for predicting 

and improving coagulation-sedimentation and coagulation-flotation performance. DAF was more 

successful and had a major benefit (like time saving) (15 min flotation time) over the 

sedimentation-coagulation process with 30 min settling time. According to Tetteh (2018a), DAF 

requires less costs in downstream treatment and produces less sludge. 
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Table 4-15 Results attained for confirmatory runs in each process, using 4 g dosage and 50 rpm 

mixing rate 

Variables Run 1 Run 2 Run 3 Average 

(Run) 

values 

RSM Pred. 

Values 

COAGULATION PROCESS: 30 min settling time 

COD removal (%) 45.94 46.86 46.48 46.43 48.37 

Turbidity removal (%) 69.45 67.13 68.68 68.42 66.00 

TSS removal (mg/L) 45.94 46.86 46.10 46.69 47.33 

DAF PROCESS: 15 min Flotation time 

COD removal (%) 50.03 50.60 50.99 50.54 51.45 

Turbidity removal (%) 85.75 84.65 86.10 85.50 84.26 

TSS removal (mg/L) 6.21 6.32 5.91 6.15 5.05 

 

4.7. Summary  

The study synthesized nine magnetic coagulants, and the best coagulants were chosen based on 

their ability to remove contaminants (COD, turbidity and TSS). At a settling period of 30 min, 

RF (1:1) was shown to be more effective at removing turbidity and TSS with above 80% 

efficiency. EF (2:1) was superior for COD removal at the optimum time of 20 min, with 53.34% 

effectiveness, followed by RF (1:1) with 51.58%, showing a 1.76% difference between the 

coagulants. The best efficient coagulant was subsequently determined to be RF (1:1). RF (1:1) 

was then evaluated in the DAF process which provided a glimpse at how powerful the coagulant 

would be if used on a pilot-scale. With 4 experimental runs, which had resulted in fewer 

coagulants utilized, the optimization of coagulation and DAF processes using RSM was proven 

to be economically feasible. The optimum parameters for the coagulation process were discovered 

to be 4 g for the coagulant dosage, 30 min of settling time, and mixing rate of 50 rpm, with 

desirability of 87.20% obtained. Whilst the DAF process achieved 77.4% desirability at 15 min 

flotation time and the same mixing rate (50 rpm) and coagulant dosage (4 g) as the coagulation 

process. Three tests were carried out under the above optimal circumstances to demonstrate the 
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consistency in findings obtained from models for both processes. The results show that the RSM 

in conjunction with the DoE approach is an effective tool for optimizing the operational 

conditions of industrial wastewater treatment with magnetized rice starch.  
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5 CHAPTER 5-CONCLUSIONS AND RECOMMENDATIONS 

The study focused on the development and the use of three magnetized coagulants (chitosan 

magnetite (CF), eggshell magnetite (EF), and rice starch magnetite (RF)) as a substitute for alum 

in the pre-treatment of industrial effluents. This chapter summarizes the key results and makes 

recommendations for future research and decision-making.  

The specific objectives were: 

1. To synthesize and characterize an iron oxide nanoparticle (Ferro-magnetite) and 

functionalize it with natural coagulants viz. chitosan, egg shell, and rice starch in different 

ratios (1:1; 1:2 and 2:1).   

2. To apply and evaluate the synthesized coagulants treatability efficiency using coagulation 

with settling and dissolved air flotation (DAF) techniques. 

3. To apply the best-synthesized coagulant and optimize the coagulation with settling and 

DAF process using response surface methodology (RSM).  

4. To compare and validate the coagulation and DAF treatability efficiency under the 

optimum conditions.  

5.1. Conclusion 

Three magnetized coagulants (MCs)  such as chitosan magnetite (CF), eggshell magnetite (EF), 

and rice starch magnetite (RF) were  synthesized via  co-precipitation technique by using  

chitosan, eggshell, or rice starch with Fe3O4 in three distinct ratios (1:2, 1:1, and 2:1). The 

analytical results via   the  Fourier-transform infrared (FTIR) spectroscopy, Brunauer–Emmett–

Teller (BET) analyzer, X-ray diffraction (XRD) analyzer, and scanning electron microscopy 

(SEM) combined with energy-dispersive X-ray (EDX) spectroscopy  respectively affirmed the 

success of the MCs functional and molecular properties, surface area, crystal structure, surface 

morphology, and elemental compositions. SEM/EDX confirmed the existence of multivalent ions 

(Fe, Ca) and their related carbonates, confirming a successful synthesis. Furthermore, the BET 

findings revealed that adding magnetite to natural coagulant greatly changed the pore size of the 

MCs. 

Subsequently, a series of investigations were carried out using coagulation and dissolved air 

flotation (DAF) techniques, whereby application and treatability performance of the MCs were 

explored. Amongst the coagulants investigated, RF (1:1) demonstrated a treatability efficacy of 
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more than 80% reduction of turbidity and TSS), and above 50% in COD reduction from local 

industrial effluent.  Therefore, RF (1:1) was shown to have special physiochemical features, 

including the capacity to be isolated from suspension via MF, altering the pollutants removal. The 

BBD adopted from RSM was used to experimentally develop, optimize, and evaluate the 

influences of the input variables (coagulation dose, mixing rate, and settling/flotation duration) 

on the responses like turbidity, TSS, and COD removal. The acquired findings were analyzed and 

modeled as a function of the input parameters using ANOVA with a significant regression 

coefficient (R2 > 0.85  for coagulation and 0.95 for DAF) at a 95% confidence level. Furthermore, 

the optimization and comparison of coagulation and DAF techniques was employed. At numerical 

optimal circumstances of coagulant dose (4 g), settling and flotation time (30 and 15 min, 

respectively), and mixing rate (50 rpm), the DAF and coagulation processes achieved 77.40% and 

87.20% desired treatability efficiency, respectively. Herein, by using settling/flotation time and a 

desirability of 75% at 95% confidence, the DAF process was recommended to be more favorable 

with a shorter settling/flotation time. 

5.2. Recommendations 

The milestone of this study has demostrated sythesizing of magnetized natural coagulants is 

feasibile for water and wastewater treatment with great recoverability potential for reuse. Also 

exploring magnetic seperation technology together with engineering green coagulants as a niche 

area of research has great economic potential of adding value to organic waste. Therefore, 

enforcing these findings on real world wastewater treatment settings warrants future research 

interest in toxicological analysis, life cycle assessment, cost-benefit analysis and process 

optimisation using 4IR tools such as artificial neural networks (ANN). The thermodynamic 

kinetic reaction analysis of these coagulants, as well as their further characterization, were not 

carried out since the expenditures involved surpassed the budget for this study; nonetheless, it is 

recommended for the future. Furthermore, because to Covid-19, this trial ran longer than 

expected, limiting further study.  
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A. APPENDIX A: GENERAL PROTOCOLS 

 

Figure A-1 The flow diagram for co-precipitation method used to synthesize magnetite 
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Figure A-2 Diffractometer used for XRD analysis 
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Figure A-3 Instruments used for COD  and TSS ; (a) HACH spectrophotometer (DR3900), and 

(b) HACH reactor (DRB 200)  

 

Figure A-4 Hach 2100N turbidimeter 
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Figure A-5 ELGA PURELAB Option-Q water deionizer 

 

Figure A-6 Chemicals used to synthesize wastewater  
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Figure A-7 Coagulants used in the study includes ,(a)-Alum, (b)-Eggshell, (c)-Rice starch , (d)-

Magnetite, and (e)- Choitosan 

 

Figure A-8 Sampling the industrial effluent 

 

Figure A-9 Different settling configuration ,(a) normal settling , and (b) with magnetic field 
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B. APPENDIX B: DAF JAR TESTER 

B1: Preparation of the DAF Saturator 

1. The saturator was visually inspected for any visible damage or detached hoses, and any 

hoses that were displaced were reconnected. 

2. Jars tubing was attached to the saturator's outlet and manifold. It was made certain that 

all manifold valves were closed. 

3. The water fill valve was opened, and the saturator was filled to the 0mL point on the level 

indicator with clean water. 

4. The water fill and air bleed valves were then closed. 

5. The compressed air line to the compressed air inlet was connected. It was assured that the 

air pressure did not surpass 700kPa. 

6. The pressurized air used to pressurize the saturator was admitted. 

7. After the pressure gauge exhibited a static reading, the air bleed valve was opened to 

begin saturation. 

B2: Preparation of the saturator for storage 

When all testing is finished, the saturator should be depressurized and kept empty. This was 

accomplished by doing the following: 

1. The compressed air inlet valve was closed, and the compressed air line and jars were 

disconnected. 

2. The water fill funnel cover was removed, and the water fill valve was flipped open to 

decrease the pressure to 0 kPa. 

3. The water fill funnel cap was replaced, and the fill valve was turned off. The Platypus 

DAF saturator was then ready for storage. 

B3: Maintenance 

1. Keep the device clean and dry while not in use. When not in use, be certain that all 

equipment is drained. 

2. Perform routine visual inspections. 

3. The flow controller fitted to the 2L DAF Jar has a very narrow opening. If foreign bodies 

enter the saturator during filling, they may become trapped in the flow controller. To 

clean the orifice, remove the elbow from the flow controller on the 2L DAF Jar and rinse 
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with clean water using a syringe. Before reassembling, be certain that the foreign body 

has been removed. 
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C. APPENDIX C: RSM RAW DATA 

C.1. Coagulation process 

 

Figure C-1 Response surface plot of 3-factors for COD removal (%) from BBD design for Coagulation 14 

experimental runs 

 

Figure C-2 Effects of coagulation variables on COD removal (%); A: mixing rate; B: settling time 

; C: coagulant dosage 
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Figure C-3 Response surface plot of 3-factors for turbidity removal (%) from BBD design for Coagulation 

14 experimental runs 

 

Figure C-4 Effects of coagulation variables on turbidity removal (%); A: mixing rate; B: settling 

time ; C: coagulant dosage 
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Figure C-5 Response surface plot of 3-factors for TSS removal (mg/L) from BBD design for Coagulation 

14 experimental runs 

 

Figure C-6 Effects of coagulation variables on TSS removal (mg/L); A: mixing rate; B: settling 

time ; C: coagulant dosage 



184 

 

 

Figure C-7 Optimization solution results for the Coagulation process 
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C.2. DAF process 

 

Figure C-8 Response surface plot of 3-factors for COD removal (%) from BBD design for DAF 14 

experimental runs 

 

Figure C-9 Effects of DAF variables on COD removal (%); A: mixing rate; B: flotation time ; C: 

coagulant dosage 
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Figure C-10 Response surface plot of 3-factors for turbdity removal (%) from BBD design for DAF 14 

experimental runs 

 

Figure C-11 Effects of DAF variables on turbidty removal (%); A: mixing rate; B: flotation time 

; C: coagulant dosage 
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Figure C-12 Response surface plot of 3-factors for TSS removal (mg/L) from BBD design for DAF 14 

experimental runs 

 

Figure C-13 Effects of DAF variables on TSS removal (mg/L); A: mixing rate; B: flotation time 

; C: coagulant dosage 
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Figure C-14 Optimization solution results for the DAF proces 

 

Figure C-15 Perturbation plot for COD removal (%) in coagulation process 
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Figure C-16 Perturbation plot for turbidity removal (%) in coaglation process 

 

Figure C-17 Perturbation plot for TSS removal (mg/L) in coagulation process 
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Figure C-18 Perturbation plot for COD removal (%) in DAF process 

 

Figure C-19 Perturbation plot for turbidity removal (%) in DAF process 
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Figure C-20 Perturbation plot for TSS removal (mg/L) in DAF process 
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D. APPENDIX D-PUBLICATIONS 
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