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Abstract 

People living in developing nations are challenged by acute water scarcity, hence they often 

rely on groundwater as their primary drinking water sources. Unfortunately, in most cases, 

groundwater is often contaminated with high levels of fluoride and pathogens, posing a 

significant health risk. This dissertation aims to synthesize Zr4+/Ag+ metal oxides modified 

zeolite adsorbent for use in fluoride and pathogens removal from water.  

The first section of this research aimed at optimizing the synthesis of zeolite from bentonite 

clay using the response surface methodology (RSM). The process involved alkali dissolution 

of calcined bentonite clay through ultrasonication, followed by hydrothermal treatment to 

obtain zeolite. The ultrasonication conditions were optimized by varying NaOH concentration 

(0.5 to 2.5 M) and aging time (10 to 120 minutes). Temperature (70 °C to 140 °C) and time 

(1.5 to 6 hours) were evaluated for hydrothermal treatment. The X-ray diffraction (XRD), 

scanning electron microscopy-energy dispersive spectroscopy (SEM-EDX) and Fourier 

transform infrared (FTIR) analysis were used to characterize the obtained materials, 

revealing that crystallinity of the obtained synthesized materials increased at higher 

hydrothermal temperatures and times. Furthermore, the XRD analysis indicated there was 

the formation of zeolite NaP phases at lower temperatures and times, while higher 

temperatures and times led to hydroxy sodalite mineral phases. Preliminary defluoridation 

experiments were conducted on all hydrothermally treated samples, with the sample 

prepared at 2 hours sonication, 105°C hydrothermal treatment, and 1 hour 30 minutes 

exhibiting a capacity for adsorbing fluoride of 0.19 mg/g hence, this zeolite was used 

subsequent experiments. 

The second chapter of results presented the evaluated effectiveness of the synthesized 

zeolite NaP on fluoride and pathogen removal. Batch experiments were conducted to assess 

zeolite NaP's effectiveness in removing fluoride from water under various operating 

conditions while the well-assay diffusion method was used to study the antimicrobial potency 

of the zeolite. The optimum conditions for achieving maximum fluoride adsorption were 

identified as a contact time of 60 minutes, an initial concentration of 6.2 mg/L using a 

synthetic fluoride solution, an initial pH of 2, and an adsorbent dosage of 0.5 g/100 mL. 

Under these conditions, the maximum adsorption capacity reached 0.16 mg/g. Additionally, it 

was determined that the fluoride adsorption process followed a chemisorption mechanism, 

as evidenced by the fitting of experimental data to a pseudo-second-order kinetic model. 

Moreover, the adsorption isotherm data fitted well with the Langmuir model. This indicates 

that fluoride adsorption occurred on a surface in a single layer, with a limit on the number of 

active sites at any given time. Antimicrobial assessments revealed that zeolite NaP lacked 
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potency against gram-negative E. coli and gram-positive S. aureus strains. In conclusion, 

zeolite NaP demonstrated minimal defluoridation efficiency and no antimicrobial efficacy. 

The chapter suggests enhancing fluoride adsorption, antimicrobial potency, and material 

reusability through the introduction of cations into the zeolite frameworks. 

The third chapter of results focused on the modification of zeolite NaP by incorporating 

zirconium/silver metal oxides to enhance its efficacy in removing fluoride and pathogens 

from water. The Zr4+/Ag+ modified zeolite NaP was prepared using 0.5 M and 0.3 M ZrCl4 

and AgNO3 respectively. The mixture of 10 g of calcined bentonite, 2 M of NaOH, and Zr and 

Ag solutions was subjected to ultrasonication for 2 hours followed by hydrothermal treatment 

at 105 °C for 90 minutes. The obtained material was therefore characterized using XRD, 

XRF, FTIR, Particle Distribution Analysis, and SEM-EDS. Defluoridation and antimicrobial 

potency were evaluated through batch adsorption experiments and well-assay diffusion 

method, respectively. Under optimal conditions, including a pH of 6 ± 0.5, a contact time of 

270 minutes, an initial fluoride concentration of 6.2 mg/L, and an adsorbent dosage of 0.5 

g/100 mL at an agitation speed of 250 rpm, the modified zeolite demonstrated a peak 

fluoride removal percentage of approximately 50%. The data fitted better to the pseudo-

second-order kinetic model suggesting the dominance of chemisorption as the fluoride 

removal mechanism while adsorption isotherm data followed the Langmuir isotherm model 

suggesting that adsorption occurred on a monolayered surface for the Zr4+/Ag+ modified 

zeolite. Antimicrobial studies revealed a 15 mm and 12 mm zone of inhibition against the 

gram-negative E. coli and gram-positive S. aureus strains, respectively.  

In conclusion, the synthesized zeolite functionalized with zirconium and silver metal oxides 

exhibited improved fluoride removal efficiency and antimicrobial potency. Further research is 

recommended to improve the properties of synthesized zeolite for better removal of fluoride 

and pathogens from water. 
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1. Chapter 1: Introduction 

 

1.1 Background 

In arid and semi-arid regions, communities depend mainly on groundwater for agriculture, 

domestic, and drinking purposes.  Vargas-Solano et al. (2022) reported that drinking water 

sources, including groundwater contain excessive levels of contaminants, such as fluoride 

and pathogens. This is the case also in arid and semi-arid regions, fluoride and pathogens 

concentrations have been reported in groundwater at levels exceeding the permissible levels 

recommended by the World Health Organization of 1.5 mg/L and 0 colony-forming units per 

100 milliliters (cfu/100 mL), respectively (WHO, 2019, Ed Butts, 2020, Potgieter et al., 2020, 

Khabo-Mmekoa et al., 2022). These high levels of fluoride and pathogens have been 

documented mainly in arid and semi-arid regions of Asia and African continents. Pathogens 

and fluoride contamination in groundwater sources is a worldwide phenomenon with 

countries such as China, Brazil, USA, Sweden, Norway, Korea, Thailand, Pakistan, Ghana, 

Nigeria, and South Africa reporting fluoride and pathogen levels of up to 10 mg/L and 100 

cfu/100 mL, respectively (Onipe et al., 2020, Dong et al., 2023, Kumar et al., 2023).  

In South Africa, elevated fluoride concentrations of up to 41.0 mg/L in Moretele Municipality 

of the North-West Province while in Siloam and Lephalale of Limpopo Province, fluoride 

concentration as high as 5.3 mg/L have been reported (Ntshephe, 2012, Odiyo and 

Makungo, 2012, Onipe et al., 2020). Moreover, pathogen concentrations in groundwaters of 

1.87 cfu/100 mL in Vhuronga 1 Village of the Limpopo province and 579.4 cfu/100 mL in 

Magogoe village in the North-West province while 40.4 cfu/100 mL has been reported in 

Stinkwater community at the Gauteng province (Palamuleni and Akoth, 2015, Abia et al., 

2017, Odiyo et al., 2020).  

Exposure to fluoride concentrations surpassing 1.5 mg/L is associated with the onset of 

conditions such as skeletal and dental fluorosis (Habiyakare et al., 2021). Likewise, the 

presence of pathogenic contaminants at levels surpassing 0 cfu/100 mL has been linked to 

the potential occurrence of diseases such as fever, typhoid, cholera, diarrhea, and 

shigellosis (Ed Butts, 2020, Potgieter et al., 2020). Moreover, 200 million people suffer from 

endemic fluorosis whilst around 2 billion people drink water that is contaminated by feaces 

and 485 000 deaths occur each year due to pathogenic contaminated water (Yetis et al., 

2021, WHO, 2022). Studies have indicated that both fluoride and pathogens can occur 

simultaneously in a single drinking water source, and this unfortunately can influence the 

occurrence of both fluorosis and pathogenic infections in the same region (Edokpayi et al., 

2018, Madilonga et al., 2021). The United Nations Educational, Scientific and Cultural 
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Organization (UNESCO) has forecasted that, by the year 2025, approximately 1.8 billion 

individuals will reside in regions experiencing water scarcity (Sumalatha, 2021). The 

underlying cause could be climate change, which is causing a drop in rainfall in some 

regions, the rise in the global population, poor water management strategies, and 

contamination of water sources.  

Fortunately, there are several water treatment strategies for improving water resources. This 

includes the membrane filtration which uses a porous layer in which certain fluids pass 

through depending on their size, ion exchange method which uses resins such as bone char 

and natural zeolites with ions exchange properties that bind with their respective unlike-

charge ions in water, chemical precipitation which uses chemical reagents such as alum, 

lime or limestone which react with metal ions to form insoluble precipitants and the 

adsorption method which uses materials such as clay, charcoal, zeolite and activated carbon 

that permits water to pass through while immobilizing contaminants (Khairnar et al., 2015, 

Chakraborty et al., 2020).  

However, limitations in their applicability poses doubts about their employability at 

households. For instance, the membrane filtration method is extensive, shows poor 

membrane strength, and easy clogging of the membrane, the chemical precipitation requires 

a flocculation process which uses a complicated mechanism, produces a slurry that is 

expensive to dispose and not eco-friendly, harsh conditions and low contaminants removal 

efficiency and the ion exchange method cannot be applied in large-scale treatment and 

synthetic resins are expensive as compared with the adsorption method (Feng et al., 2022). 

The adsorption method on the other hand has a high removal efficiency between 90-99%, 

uses natural resources that are acquired at low-cost materials, utilizes simple structures, 

consumes minimal energy, is environmentally friendly, and can be employed on a large 

scale, rendering it a practical method for water treatment even in remote areas (Chakraborty 

et al., 2020). This method uses less costly materials such as rice husks, red mud, clays, 

chitosan, and zeolites.  

Among the materials used for adsorption, research indicates that zeolites show promise as 

effective adsorbents for simultaneously removing both inorganic and organic contaminants 

from water (Azizi et al., 2019, Obijole et al., 2019, Bu et al., 2020, Amin et al., 2021). Zeolites 

are defined as crystalline, microporous, hydrated aluminosilicates formed when volcanic rock 

or ash reacts with alkaline water which mainly contain SiO4 and AlO4 tetrahedra frameworks 

that are joined together (Król, 2020). They are occasionally distinguished as sieves at 

molecular levels pertaining to their capability to selectively filter certain molecules in water, 

making them well-suited as adsorbents. Moreover, the distinctive characteristics of zeolites, 
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including their high surface area facilitating interaction with a large volume of molecules, 

eco-friendliness, abundance in nature, insolubility in water, and cation exchange capacity 

(CEC), have captured the attention of scientists (Velazquez-Peña et al., 2017, Sivalingam 

and Sen, 2018). Due to their high CEC, reports indicate that zeolites functionalized with 

metal oxides offer an improved removal efficiency of organic and inorganic contaminants 

and higher regeneration capability showcasing the economic feasibility and sustainability of 

these materials. 

Therefore, this study aims to utilize zeolitic adsorbents that are functionalized with zirconium 

and silver metal oxides to concurrently remove fluoride and pathogens from drinking water. 

In this study, zeolite will be synthesized from bentonite clay via the hydrothermal-ultrasonic 

assisted technique with the assistance of the Response Surface Methodology (RSM) for 

optimization of the synthesis conditions. 

1.2 Problem statement 

Residents living in poverty-stricken areas of South Africa depend on groundwater with 

elevated levels of fluoride and microbial contaminants sourced from groundwater (Edokpayi 

et al., 2018, Khabo-Mmekoa et al., 2022).  Consequently, most suffer from fluorosis while 

others suffer from bacterial infections such as typhoid and cholera because of drinking water 

contaminated by pathogens and fluoride (WHO, 2019, Ed Butts, 2020, Potgieter et al., 

2020). This has been evident in the Eastern Cape, Western Cape, Northern Cape, Gauteng, 

North West, and Limpopo provinces of South Africa (Kalule et al., 2019, Odiyo et al., 2020). 

(Odiyo and Makungo, 2012) investigated the effects of consumption of fluoride-contaminated 

groundwater in Siloam village, Limpopo province and reported that 50% of school learners 

aged 11-14 years old were affected by dental fluorosis which is associated with fluoride 

levels of 5.4 mg/L found in the groundwater of the area.  Also, the National Institute for 

Communicable Disease (NICD)  reported 37 prevalence cases of typhoid infections between 

July 2020 to January 2022 whilst 3000 and 561 cases of diarrhea and typhoid were reported 

respectively in South Africa (Monyatsi et al., 2012, NICD, 2022). Furthermore, reports 

indicate concurrent contamination of water sources by fluoride and microbial contaminants in 

rural regions of South Africa and both contaminants can pose life-threatening risks, 

potentially leading to fatalities (Alqahtany, 2021, Bhandari et al., 2021).  

Available water treatment strategies include reverse osmosis, membrane techniques, ion 

exchange, and the adsorption method (He et al., 2020). However, these methods have 

limitations such as inapplicability in large-scale operations such as the ion exchange method 

whilst the precipitation method require advanced chemicals which are expensive and 

produce sludge after use with negative environmental impacts when compared with the 
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adsorption method (Mitiku, 2020, Yadav et al., 2021). The adsorption method on the other 

hand uses inexpensive material that is abundant in nature and eco-friendly, modifiable 

materials that meet application requirements and materials that are sustainable, feasible, 

and applicable in remote areas (Yadav et al., 2021). Furthermore, minimal work on 

multifunctional water treatment research efforts has been directed toward concurrently 

eliminating both fluoride and pathogens from water. 

Adsorption materials such as zeolites have been adopted in the water treatment strategies 

for anions and pathogens removal in water due to their molecular sieve, high adsorption 

efficiency, and ease modification properties (Król, 2020). When functionalized with various 

cations or metal oxides, these offer an improved adsorption capacity towards anionic 

species in water. Moreover, functionalized metal oxide zeolitic adsorbent can serve as a 

multifunctional adsorbent designed to address both organic and inorganic contaminants, 

featuring enhanced properties like a high surface area, insolubility under normal water 

conditions, and the ability for regeneration. Hence this study seeks to develop a 

multifunctional pathogen and fluoride removal innovative method from water using modified 

Zr4+/Ag+ zeolite synthesized from bentonite clay. 

1.3 Objectives of the study 

1.3.1 Main Objective 

The main aim of this study is to synthesize Zr4+/Ag+ modified zeolites from bentonite clay 

using an ultrasonication method for application in simultaneous fluoride and pathogen 

removal in water. 

1.3.2 Specific Objectives 

 To optimize conditions for the synthesis of zeolite from bentonite clay and further 

determine its physiochemical characteristics. 

 To evaluate the effectiveness of the synthesized zeolite in pathogens and fluoride 

removal by evaluating the adsorption capacity, models and zone of inhibition. 

 To modify zeolite using Zr4+/Ag+ metal oxides and further evaluate its efficiency in 

fluoride and pathogen removal by evaluating the adsorption capacity, models and 

zone of inhibition.  

To evaluate the regeneration potential of the modified Zr4+/Ag+ zeolite by 

evaluating the change in adsorption capacity after each adsorption cycle.1.4 

Hypothesis 

The synthesized Zr4+/Ag+ modified zeolite can effectively remove fluoride and pathogens in 

water simultaneously. 
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1.5 Significance of the study 

This study makes a substantial contribution to the body of science by providing a scientific 

understanding of the water treatment methods, and innovative and sustainable approaches 

to the global health crisis. In addition, the aims of this study align with the United Nations 

Sustainable Development Goals (SDGs) including SDG-6 of clean water and sanitation 

which support the provision of sustainable water treatment technologies. Moreover, the 

removal of both pathogens and fluoride in drinking water assists in meeting the World Health 

Organization’s guidelines for contaminants in water and mitigation of waterborne diseases 

for the provision of clean drinking water. Furthermore, this study seeks to adhere to the 

Water Research Commission Act as well as the South African National Water Act 36 of 1998 

for compliance and provision of clean water and the development of water resources. 
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2. Chapter 2: Literature review 

2.1. Introduction 

Communities in arid and semi-arid regions worldwide frequently sought groundwater for 

drinking water. Research has indicated that groundwater sources in these regions are 

frequently contaminated with fluoride and pathogenic contaminants (Mahagamage et al., 

2020, Yadav et al., 2021, Ling et al., 2022). These contaminants have been found at high 

levels of 10 mg/L for fluoride and 100 cfu/100 mL for pathogens exceeding the 

recommended standards which are not safe for human consumption (Odiyo and Makungo, 

2018, Mutileni et al., 2023). Nations like China, Ghana, India, Mexico, Ethiopia, and South 

Africa have been reported to experience elevated cases of both fluoride and pathogenic 

contamination in their groundwater (Vithanage and Bhattacharya, 2015, Liu et al., 2019, 

Onipe et al., 2021). The World Health Organization has mandated maximum acceptable 

levels of pathogens and fluoride of 0 cfu/100 mL and 1.5 mg/L respectively to mitigate their 

adverse health effects (WHO, 2019, Kothari et al., 2021, Munzhelele et al., 2021).   

Drinking water with elevated fluoride levels can cause health implications such as skeletal 

and dental fluorosis, while pathogens in water can result in diseases such as fevers, cholera, 

and diarrhea (Yadav et al., 2021, Dong et al., 2023). Reports documented more than 200 

million people are afflicted by fluorosis-related diseases while 3.4 million people have 

succumbed to death due to waterborne pathogenic diseases (Yadav et al., 2021, Izah et al., 

2022, Li et al., 2024). According to Rai (2020), fluorosis persists in children under the age of 

12 with 6 million children dying from endemic fluorosis worldwide. Tragically, over 1.4 million 

children lose their lives annually due to diarrheal diseases resulting from the consumption of 

water contaminated with pathogens (Mahagamage et al., 2020).  

To tackle the issue of pathogens and fluoride contaminants in drinking water, various water 

treatment strategies, including precipitation, coagulation, ion exchange, membrane filtration, 

and adsorption methods, have been developed to purify water quality for human 

consumption. (Mitiku, 2020, Rai, 2020, Yadav et al., 2021, Solanki et al., 2022). Among 

these technologies, adsorption-based technologies are often preferred due to their simplicity 

in design and cost-effectiveness (Munzhelele et al., 2021, Gitari et al., 2023). Moreover, it 

uses materials such as rice husks, fly ash, and clays that are easy to source (Mukherjee and 

Singh, 2018).  

This section presents a literature review of the fluoride and pathogens contaminants, their 

occurrence, factors affecting their distribution, health effects, and treatment technologies. 

This section also focuses on an overview literature on zeolite adsorbents as potential 
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fluoride and pathogens removal methods in water, their structural framework and properties, 

their synthesis routes, and their recent application performances towards fluoride and 

pathogens contaminants removal in water. 

2.2. Occurrence of fluoride in groundwater  

Occurrence of excess concentrations of fluoride in groundwater is a global concern as 

shown in Figure 2.1 (Gupta and Ayoob, 2016). Nations including China, India, Thailand, 

Uganda, Nigeria, Ghana, and South Africa have reported cases of fluoride levels surpassing 

1.5 mg/L in the groundwater (Vithanage and Bhattacharya, 2015). High fluoride levels of 40 

mg/l, 21 mg/L, 204 mg/L, 15.5 mg/L, 26 mg/L, and 11 mg/L have been reported in India, 

Pakistan, Ethiopia, China, Tanzania, and South Africa, respectively (Vithanage and 

Bhattacharya, 2015). Onipe et al. (2021) stated that 75% of people in the African continent 

use groundwater for drinking water as their primary source of survival and unfortunately 

some regions are contaminated with these elevated levels of fluoride. Furthermore, 

consumed fluoride in water is deposited in the calcified tissues of the human body mainly 

teeth and bones, hence these excessive concentrations of fluoride increase the risks of 

dental and skeletal diseases among communities (Gupta and Ayoob, 2016, Aloulou et al., 

2021).  

In South Africa, excessive levels of fluoride have been documented in the western and 

northern regions of the country. Concentrations of fluoride above 3 mg/L were reported in 

the Western Cape, Northern Cape, North west and Limpopo provinces (Onipe et al., 2020, 

Onipe et al., 2021, Elumalai et al., 2023). Ncube and Schutte (2005) emphasized that this is 

due to the presence of fluorite and fluorapatite minerals in the groundwater of these areas. 

Fluoride levels of 11 mg/L, 5.08 mg/L, and 6.08 mg/L were reported in Warmbath, Tshipise, 

and Siloam areas in Limpopo province respectively (Onipe et al., 2020). Furthermore, these 

areas are found in arid and semiarid climates which also favors evaporation and precipitation 

of fluoride ions in the groundwater. 
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Figure 2.1: Reported occurrence of fluoride in groundwater across the globe (Gupta and 

Ayoob, 2016) 

2.3. Factors affecting the occurrence of fluoride in groundwater 

Studies revealed that some groundwater sources are contaminated by fluoride ions mainly in 

rural arid and semiarid regions from natural and anthropogenic sources (Khairnar et al., 

2015, Gupta and Ayoob, 2016, He et al., 2020, Jayashree et al., 2020, Habiyakare et al., 

2021). Contamination of groundwater by fluoride is governed by several factors such as the 

geological factor, temperature, water chemistry, and residence time (Xiao et al., 2022, 

Kumar et al., 2023). 

2.3.1 Geological factor 

The occurrence of fluoride in groundwater can be governed by underlying geologic rock 

minerals. These rocks minerals include fluorapatite, fluorite, and cryolite (McCaffrey and 

Willis, 2001). These rock minerals contain elemental fluorine which can then be released 

through weathering of these rock minerals which are in contact with the groundwater. In the 

periodic table, elemental fluorine is recognized as the most reactive and electronegative 

element, and it exists in an unstable form. This gives fluorine a high affinity towards 

positively charged elements and it forms anionic fluoride in aqueous solutions (Hossain and 

Patra, 2020). In addition, dissolution of the fluoride-bearing rocks induces the rate of fluoride 

formations in groundwater. Precipitation and ion exchange chemical processes influence the 

solubilization of rock minerals which contribute to elevated levels of fluoride in groundwater. 

During ion exchange, chemical constituents such as -OH in water may be exchanged with 
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fluorine in fluoride-bearing rocks. However, this condition is also pH dependent wherein 

groundwaters with alkaline pH favor the leaching of fluorine thereby elevating fluoride 

concentration in groundwater (Kumar et al., 2023). 

2.3.2 Temperature 

Environmental temperature has proportional effects on the increase in fluoride ions in 

groundwater. This mainly occurs in groundwaters with shallow depths as they are closer to 

the influence of surface temperatures (Xiao et al., 2022). The increase in temperature favors 

the solubility of fluoride minerals as they easily leach out fluorine during high temperatures 

(Odiyo and Makungo, 2012). During high temperatures, evaporation occurs causing water 

molecules to evaporate leaving high concentration of fluoride salts suggesting that water in 

arid and semi-arid areas exhibits higher fluoride levels as a result (Odiyo and Makungo, 

2012, Xiao et al., 2022). In addition, high temperatures cause the solubility of carbonate 

minerals and form precipitates of calcium ions (Ca2+) (Yan et al., 2020). These ions could 

then form complexes with fluoride ions thereby increasing fluoride ions in groundwater. 

2.3.3 Water Chemistry 

The presence of several chemical species such as hydroxides and bicarbonates influence 

the solubility of fluoride-bearing minerals. Groundwaters with high fluoride concentrations are 

characterized by high pH. This is due to chemical species such as bicarbonate ( ) 

which favors the solubility and dissolution of fluorite minerals resulting in the leaching of 

fluoride ions as shown in equation 2.1. Moreover, alkaline water contains hydroxide ions 

( ) which replace fluoride ions (  in fluorine-bearing rock minerals (Chakraborty et al., 

2020).   

     (2.1) 

2.3.4 Residence time 

Prolonged exposure of groundwater with fluoride-bearing minerals increases fluoride levels 

in water (Xiao et al., 2022). This is due to a long period of contact with fluoride-bearing 

minerals which leads to the accumulation of fluoride ions as prolonged dissolutions and ion 

exchange take place without interference (Mukherjee et al., 2018, Kumar et al., 2023). Also, 

in groundwater with shallow depth, prolonged dry seasons influence fluoride levels in 

groundwater. This is due to high temperatures that influence further and further dissolution 

and ion exchange of chemical species including fluoride as the groundwater becomes overly 

saturated (Mukherjee and Singh, 2018). On the contrary, wet seasons cause interference 

through rain or groundwater recharge by surface water which imposes dilution effects in 

present fluoride ions in groundwater, thereby reducing fluoride levels. Moreover, as time 
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progresses, the mixing of groundwater from different sources with varying fluoride levels 

induces the increase of fluoride or dilutes its concentration in groundwater (Onipe et al., 

2020).   

2.4. Health implications of fluoride in drinking water 

Exposure of the human body to elevated levels of fluoride exhibits varying health risks in the 

human body. Consumption of drinking water with fluoride concentrations lower than 0.5 mg/L 

causes dental caries which is a result of fluoride deficiency and it is characterized by the 

formation of plaque and tiny openings (Gupta and Ayoob, 2016).  Fluoride levels between 

0.5 and 1.5 mg/L have beneficial effects such as protection of teeth enamel which prevents 

tooth decay and sustains dental health. This is crucial, especially in building strong teeth 

hence citizens in countries such as the United States of America and Ireland receive 

fluoridated water specifically in areas without naturally supplied fluoride in water (Gupta and 

Ayoob, 2016).  

Exceeding the World Health Organization's prescribed threshold of 1.5 mg/L for fluoride 

levels in water can lead to skeletal and dental fluorosis (WHO, 2019). To put it in 

perspective, human teeth are composed of hydroxyapatite substances of hydroxyl ions (-

OH). When fluoride-rich water is ingested, these hydroxyl ions can be exchanged with 

fluoride ions from fluorapatite thereby causing these fluorosis diseases (Jha et al., 2013). 

Dental fluorosis is caused by drinking water with fluoride levels between 1.5 mg/L to 5 mg/L. 

This type of fluorosis is characterized by exceptional white spots in teeth which become 

more yellow, or brown-stained as the condition worsens.  

Drinking water with fluoride concentrations exceeding 4 mg/L can cause skeletal fluorosis 

which favors the increase in bone density and result in crippling deformations as observed in 

Figure 2.2 (Gupta and Ayoob, 2016). Skeletal fluorosis is due to the deposition of fluoride 

ions in the bone tissues, and skeletal joints which can cause difficulty in locomotion. Other 

diseases linked to high fluoride levels in water includes Alzheimer’s disease, infertility, 

retarded growth, and cancer (Onipe et al., 2021). Also, Gupta and Ayoob (2016) emphasized 

that the detrimental impacts of excess levels of fluoride consumption have caused a 

decrease in children’s intellectual ability.  This is due to 99% of consumed fluoride by 

humans is deposited in the bones and teeth (Kabir et al., 2019).  
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Figure 2.2: Pictorial view of dental (A) and skeletal (B) fluorosis (Bhowmik et al., 2019) 

2.5. Fluoride treatment methods from water 

There are several water treatment methods to improve water quality for safe and healthy 

drinking water. Several water treatment techniques such as reverse osmosis, Ion exchange, 

chemical precipitation, coagulation, membrane technique, and adsorption method have been 

employed to remove pathogens and anionic species such as fluoride in water (Chakraborty 

et al., 2020, Yadav et al., 2021). However, compared to the adsorption method, these water 

treatment techniques have limitations in their applicability such as low defluoridation 

efficiency, impractical in remote areas, production of sludge with negative environmental 

complications, and use of expensive materials (Chakraborty et al., 2020). 

2.5.1 Ion exchange 

The ion exchange technique uses synthetic chemicals or resins containing cation species for 

exchanging with anions in water. Resins such as bone char, carbon, quaternary ammonium 

selective ion-exchange resin, and natural zeolites are among the materials employed in the 

ion exchange method to selectively remove fluoride ions in water (Khairnar et al., 2015, 

Waghmare and Arfin, 2015, Chakraborty et al., 2020). A resin with chloride ions may be 

used to replace fluoride ions as shown in equation 2.2 (Pillai et al., 2021). The advantages of 

this method include a wide range of resin selections from manufacturers and has 

defluoridation efficiency of 90-95%. (Singh et al., 2020) investigated the efficiency of 

zirconium-impregnated exchanged resins in defluoridation studies and reported a 

percentage removal efficiency of 60%. The disadvantage on the other hand, is that it is 

induced by the pH of the solution, requiring longer reaction times, uses expensive resins that 

cannot be used in large-scale operations which makes it inapplicable in rural areas and 

lastly, it produces fluoride-rich solution which poses environmental complications if not 

properly disposed (Kumar et al., 2023). Furthermore, existing anions such as carbonate can 

cause interference with the ion exchange process.  

(B) (A) 
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       (2.2) 

2.5.2 Membrane filtration 

This technique uses a semipermeable membrane to filter contaminants in pressurized water 

owing to the factor of the particle sizes of the contaminants in water (Yadav et al., 2021). 

The membrane technique is divided into three methods. These are the reverse osmosis 

method which uses a porous membrane to remove heavy metals, the nanofiltration method 

which uses membranes with larger pores compared to the reverse osmosis to filter 

contaminants with bigger particle sizes and the electrodialysis which removes ions with ion 

exchange membranes (Waghmare and Arfin, 2015, Chakraborty et al., 2020). The 

advantages include 45-95% defluoridation efficiency, can removal of multiple metal 

contaminants simultaneously, and filters contaminants in a wide range of pH (Kumar et al., 

2023). A study by (Li et al., 2020) investigated the fluoride removal potential of fluorescent 

cellulose-based membranes and reported a maximum percentage fluoride removal of 90%. 

The disadvantages are that it uses electricity and high energy in water pumping which may 

be inapplicable in rural areas, it is costly, clogging the membrane which requires 

maintenance and the membrane might break which in turn compromises the effluent 

(Jayashree et al., 2020). 

2.5.3 Coagulation 

The coagulation technique uses coagulates as depicted in Figure 2.3 which are added to the 

contaminated water and force targeted ions to precipitate into insoluble salts which may then 

be filtered by employing a semi-permeable membrane. Coagulates used include alum and 

limes are rich in calcium ions prompting precipitation of fluoride ions in the water into calcium 

fluoride salt (Crini and Lichtfouse, 2018).  However, this is contingent on the solution’s pH. 

(Lacson et al., 2021) showcased fluoride removal equations using calcium and magnesium 

as coagulants as presented in equations 2.3 and 2.4. The advantages of this technique 

include applicability in large-scale operations, it is applicable in simultaneous defluoridation 

and bacterial inactivation, and it uses simple mechanisms and simple structures (Crini and 

Lichtfouse, 2018). A study by Qu et al. (2023) conducted fluoride removal by a zirconium-

based coagulant and reported 96.8% of fluoride removal. The disadvantages include the rise 

in pH with the formation of salts which hinders further coagulation and generates sludge 

which may not be eco-friendly if disposed of carelessly (Yadav et al., 2021). In addition, this 

method requires highly concentrated dosages of coagulates which is costly and offers a 

defluoridation efficiency of 18-90% (Jha et al., 2013, Chakraborty et al., 2020, Kumar et al., 

2023). Consequently, the method is not feasible in rural areas as the materials used are not 

reusable.   
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Figure 2.3: Set up of coagulation method in water treatment (Chakraborty et al., 2020) 

2.5.4 Adsorption  

The adsorption method involves binding or accumulation of contaminants on the surface of 

an adsorbent. Adsorbents used include fly ash, chitosan, clays such as red mud, and 

bentonite natural and synthetic zeolites (He et al., 2020). Adsorbents can act as both filtering 

and ion exchange medium. Cations and anionic species such as fluoride in an aqueous 

solution are removed by physical or chemical interaction with the adsorbent as water passes 

through and cations or anions are immobilized as shown in Figure 2.4 (Chakraborty et al., 

2020). Studies reported that depending on the properties of the adsorbent, these materials 

can also be used to inactivate microbial activities in water such as E. coli pathogens (Crini 

and Lichtfouse, 2018). Such adsorbents can serve as multifunctional sorbents of ions and 

pathogens in water simultaneously. The advantages of the adsorption technique include the 

flexibility of adsorbents in integration with other chemical species to suit the required 

application, defluoridation efficiency of 90-99%, use of a wide range of materials including 

waste products which are also available in remote rural areas, and ability to remove a wide 

range of contaminants (Crini and Lichtfouse, 2018, Chakraborty et al., 2020). In addition, the 

used material has the capability of being regenerated making them sustainable and the 

treated water is of high quality (Kumar et al., 2023). Chen et al. (2022) documented a 

maximum defluoridation efficiency of 90% using aluminum hydroxide-loaded zeolite 

adsorbent. Disadvantages include non-selective ions removal in water including essential 

ions for human health and reduction in defluoridation efficiency (Jayashree et al., 2020). 
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Figure 2.4: Water purification set up for the adsorption process (Chakraborty et al., 2020) 

2.6. Microbial contaminants 

2.6.1 Microbial contaminants in groundwater 

Human perception regards groundwater as a safe and healthy water source but sadly this is 

not the case. Bradford and Harvey (2016) indicated that statistics show that 76% of 

waterborne disease outbreaks are linked to groundwater. Sources such as leakage of 

sewage, landfills, and municipal and industrial waste discharge play a major role in 

increasing contamination of groundwater by pathogenic contaminants (Khan and Ahmad, 

2012, Lugo et al., 2021). Among these sources of contaminants, leaking sewers and septic 

tanks have the highest influence on microbial development in groundwater (Lugo et al., 

2021).  

Several pathogenic contaminants have been reported in groundwater sources such as 

Escherichia coli, shigella spp, vibrio cholera, giardia lamblia, and Salmonella typhi (Bradford 

and Harvey, 2016). Pandey et al. (2014) elucidated that pathogens such as E. coli, 

salmonella, and S faecalis are stable in groundwater conditions making matters worse. 

Depending on the current levels of pathogens in groundwater, reports indicate that 

groundwater can transport these contaminants onto rivers and wells through groundwater 

discharge and these risks are high where shallow aquifers exist (Pandey et al., 2014). Also, 

the same can be emphasized on contaminated surface water bodies that are in contact with 

shallow groundwater which enriches the groundwater with microbial contaminants. 
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2.6.2 Global distribution of microbial contaminants in groundwater 

The presence of pathogenic microorganisms in groundwater is a worldwide concern. Studies 

indicate that approximately 1.6 million children of age 5 and below succumb to pathogenic 

infections each year due to the consumption of groundwater containing microbial 

contaminants (Dong et al., 2023). These cases are more prominent in the rural outskirts of 

several countries. Countries in the Asian continent such as India, Thailand, and Indonesia 

have reported microbial infection cases after exposure to groundwater sources. 

Furthermore, almost all countries in the African continent have reported cases of pathogenic 

infections including Ghana, Nigeria, Tanzania, Zimbabwe, and South Africa (Lugo et al., 

2021). Pathogenic infections can occur through ingestion or contact with an open wound on 

the skin (Pandey et al., 2014). Microbial infections in humans depend on several factors 

such as age, previous exposure, nutrition, concurrent infections, immune status, and overall 

health (Khabo-Mmekoa et al., 2022). Children and elderly people are highly susceptible to 

microbial infections and around 700 000 children die worldwide due to diarrheal disease 

(Khabo-Mmekoa et al., 2022).  

Various studies confirmed the presence of microbial contaminates in different groundwaters 

located in South Africa. Khabo-Mmekoa et al. (2022) reported 347 cfu/100 mL of bacterial 

contamination in the groundwater found in Ugu district municipality in KwaZulu-Natal. 

Another study by  Enitan-Folami et al. (2019), reported a high level of e coli microbial 

species with concentrations around 700 cfu/100 mL in the Thulamela municipality, Limpopo 

province.  Such levels of pathogens are widely reported in privately owned and traditional 

boreholes wherein there are no water treatment strategies in place resulting in the 

consumption of pathogenic contaminated water in the community (Pandey et al., 2014, 

Enitan-Folami et al., 2019).  The most challenging and emerging issue of concern is that 

bacterial pathogens have been developing resistance to some available treatment methods 

(Enitan-Folami et al., 2019). Furthermore, Edokpayi et al. (2018) emphasized that the co-

occurrence of microbial contaminants and fluoride ions in the same groundwater increases 

health risks as chances of contracting fluorosis and microbial infections are eminent.  

2.7. Pathogen removal methods 

2.7.1 Filtration method 

This technique is one of the most commonly regarded and relied on for the removal of 

pathogens and contaminants. This method allows water to pass through a medium such as 

a membrane or sand gravel and sieve pathogens from water based on their particle size 

(Habibi-Yangjeh et al., 2020). The filter medium has tiny pores which exclude particles in 

water due to their size (Wang et al., 2021). In this method, inexpensive materials such as 
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sand gravel or clays are used (Bahri et al., 2009). In addition, water passes through slowly 

with the force of gravity and therefore this method is viewed as a low energy demand and 

sustainable technique. However, issues such as saturation and clogging of the medium 

become a problem as it reduces the efficiency of the method.  

2.7.2 Chemical disinfection method 

This approach utilizes chemical agents such as chlorine, ozone, and detergents to inhibit the 

growth of pathogens and reduce their concentration. This method is widely used and 

preferred as it has high efficiency against a significant range of pathogens and can be 

applied in large-scale water treatment plants (Dandie et al., 2019). Parameters including the 

type of disinfectant, pH, contact time, and temperatures are responsible for the effectiveness 

of the chemical agents used. Major concerns of this method are the by-products produced 

i.e. trihalomethanes which have carcinogenic effects (Grzegorzek et al., 2023). These 

compounds can accumulate in water and exposed to the human circulatory system through 

drinking (Latif et al., 2022).  

2.7.3 Coagulation 

This method operates similarly to the disinfection method. Coagulants such as alum and 

lime are added to water and react with the targeted particles to form aggregates that settle 

on the bottom of the water container (Bahri et al., 2009, Dayarathne et al., 2021). The 

targeted particles include microbes and organic matter which do not settle naturally. In 

general, these particles are negatively charged, and addition of coagulates neutralizes them 

and causes them to combine and form flocs which are heavier and then filtered (Dayarathne 

et al., 2021). Hence, pathogens containing water-soluble proteins that are positively charged 

can be neutralized and disassociated to prevent their growth in water (Mitiku, 2020). The 

drawbacks of this method include disintegration of aggregates during flocculation, high 

alkalinity of filtrate water, sludge disposal costs, and residuals of coagulant in filtrate which 

can cause diseases such as Alzheimer's disease after prolonged consumption (Ciobanu et 

al., 2022). 

2.7.4 Ultraviolent Irradiation Method 

This is one of the physical methods of removing pathogens in water through ultraviolet 

exposure from a UV lamp. The UV radiation destabilizes the genetic materials of the 

exposed pathogens thereby disturbing the reproduction of pathogens (Pullerits et al., 2020). 

This method offers advantages such as the inactivation of pathogens in a very short time 

and no sludge production (Delorme et al., 2020). In addition, this method does not involve 

handling of chlorine gases which could be unsafe and have low maintenance costs (Bhatt et 

al., 2020, Delorme et al., 2020, Habibi-Yangjeh et al., 2020). However, issues including 
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industrial or commercial applications persist due to high starting cost, low penetration depth, 

and recontamination (Yemmireddy et al., 2022). 

2.8. Simultaneous/Multifunctional removal strategies  

Methods such as integrated coagulation-filtration, membrane-filtration, and adsorption-

filtration technology have been widely utilized as multifunctional water treatment strategies.  

Numerous materials have been fabricated to facilitate the simultaneous removal of both 

fluoride and pathogens from water. These include materials such as iron doped poly 

composite by Munzhelele et al. (2021), bifunctional biopolymer nanocomposite by Nehra et 

al. (2020), zirconium-silver nano bimetallic network composite by Gupta et al. (2021), silver-

magnesium nanohydroxyapatite cellulose composite by Ayinde et al. (2022) and 

mechanochemically activated aluminosilicate clay adsorbent by Obijole et al. (2019). 

However, studies on multifunctional fluoride and pathogens treatment are few hence this 

study will explore zeolite adsorbent as a multifunctional water purification adsorbent for the 

removal of pathogens and fluoride in water. 

2.9. Zeolites 

Zeolites adsorbents are known as porous and molecular sieving sorbents that can be found 

in abundant  (Reeve and Fallowfield, 2018, Król, 2020). The discovery of their molecular 

dimension properties, high ion exchange, and surface area has led to their diverse 

application ranges in ion-exchange processes, catalysis, and gas and metals adsorption 

studies in water (Price et al., 2021). Studies depict zeolitic materials as eco-friendly and 

sustainable materials as they can be obtained at low cost from natural abundant sources of 

materials. Examples of such sources include clays and waste products such as coal fly ash 

and rice husk. Their abundance in nature makes zeolites versatile as they can also be 

utilized in remote regions. 

2.9.1 Structure of zeolites 

Generally, the matrices of zeolites are composed of alumina (AlO4) and silica (SiO4) 

tetrahedra joined together by an oxygen atom (Johnson and Arshad, 2014, Kumar et al., 

2019, Król, 2020). These materials are crystalline, and they are composed of open pore 

channels, and cavities of molecular dimensions that contain cations and water molecules. 

The presence of cations is facilitated by the net negative charge found within the alumina 

tetrahedra of the zeolite (Król, 2020). Cations such as magnesium (Mg2+), potassium (K), 

and sodium (Na+) balance out the negative charges in the alumina network of the zeolite 

(Abdullahi et al., 2017, Reeve and Fallowfield, 2018). Abdullahi et al. (2017) emphasized 

that it is this cation exchange morbidity that enables the ion exchange of zeolites and its 
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catalysis ability. The following formula denotes the basic structure of zeolites. Equation 2.5 

shows the chemical configuration of the zeolite framework. 

        (2.5) 

Where M represents an alkali or alkaline metal cation, n is the valence of the cation, x, and y 

are the total number of aluminum and silicon tetrahedra per unit cell, respectively and w is 

the number of water molecules per unit cell (Mgbemere et al., 2017, Kumar et al., 2019, 

Khaleque et al., 2020). The ratio value of y/x (Silica to Aluminum) is used to distinguish 

different types of zeolites. This value can range from 1 to 100. Zeolites with silica-to-

aluminum ratios of 1 to 1.5 are defined as zeolite A and have the lowest ratio (Cataldo et al., 

2021). Intermediate zeolites have silica to aluminum ratio of 2 to 5 and they a categorized as 

zeolite Y. Lastly, zeolites with the highest silica-to-aluminum ratio range from 10 and above 

and they are categorized as ZSM-5 zeolite or mordenite (Ayoola et al., 2018, Cataldo et al., 

2021). The increase in the Silica-Alumina ratio of the zeolite induces a decrease in the cation 

exchange capacity of the zeolite (Dutta and Wang, 2019).  

2.9.2 Natural and Synthetic zeolites 

Zeolites occur both naturally and as-synthesized materials. Naturally occurring zeolites are 

found as sedimentary minerals originating in alkaline environments. However, they are 

scarcely found in their pure state, instead, they are found with other impurities such as 

quartz and metals (Cataldo et al., 2021). Mordenite, clinoptilolite, and chabazite are among 

the naturally occurring zeolites (Król, 2020). These types of zeolites can be employed in 

several applications including waste treatment, gas adsorption, and metal adsorption in 

water. Also, their abundance in nature offers a cost-effective approach to water treatment 

strategies in developing nations (Baek et al., 2018, Król, 2020). Although these crystalline 

materials are used in various applications, they have limitations in their applicability which is 

due to their channel diameter, silica to aluminum ratio, and impurities. Both the channel 

diameter and ratio of natural zeolites are limited compared to their synthetic counterpart. 

Furthermore, natural zeolites have a finite silica-to-alumina ratio which affects their reaction 

with polar and non-polar molecules (Wang et al., 2019). In the water purification industry, 

cations impurities present in the naturally occurring zeolites compete with ions in wastewater 

making it difficult for efficient ion exchange and adsorption to take place. 

On the other hand, zeolites can also be obtained artificially through various synthesis 

methods. Unlike naturally occurring zeolites, synthetic zeolites have an immense range of 

applications including agricultural additives, acting as catalysis in petroleum processing, and 

as water purification adsorbents. In water treatment processes, synthetic zeolites are 

preferred as they can be modified to suit the user’s preference (Jia et al., 2022). Also, 
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synthetic zeolites are highly preferred as they are synthesized in their purest form with 

improved properties such as uniformity of particle sizes, high surface areas, and high Cation 

Exchange Capability (CEC) (Khaleque et al., 2020). The unique properties of synthetic 

zeolites have led to their high demand compared to their natural counterpart (Ojumu et al., 

2016). Furthermore, natural zeolites are found in natural deposits which could be 

inaccessible to humans and their production time scale can reach up to a decade whilst 

synthetic zeolites can only take hours or a few days to synthesize (Khaleque et al., 2020).  

Synthetic zeolites are produced in the laboratory using raw natural sources such as clays or 

diatomite and waste materials including rice husk and coal fly ash.  In addition, synthetic 

sources such as sodium aluminate and silica and aluminum gels may also be used to 

improve the ratio silica to aluminum ratio of the synthesized zeolite (Abdullahi et al., 2017). 

Research indicate that natural and waste sources used in synthetic zeolite have an 

economic advantage over synthetic sources due to their abundance in the environment 

(Obijole et al., 2019). However, the purity of adsorbent sources in the environment is 

questionable and pre-treatment steps such as acid leaching and calcination to remove 

impurities may be required (Messing, 2021).  

2.9.3 Synthesis of zeolite 

2.9.3.1 Hydrothermal synthesis  

The conventional hydrothermal synthesis approach has been widely utilized in the 

production of synthetic zeolite products including zeolite A, Y, X, NaP, and Faujasites. This 

procedure includes the use of high-temperature and pressure systems such as autoclave 

reactors, a mineralizing agent, and water to decompose silica and alumina-rich materials 

and recrystallize the mixture to produce zeolitic materials (Campoverde and Guaya, 2023). 

Also, regarded as the earliest duplicate synthesis technique of the natural production of 

zeolite, the hydrothermal synthesis approach offers advantages such as ease of control of 

the mixture and stability of the zeolite, the high reactivity of the reactants, crystal size, shape 

and surface area manipulation and low air pollution (Khaleque et al., 2020, Patuwan and 

Arshad, 2021, Suvaci and Özel, 2021, Sazali et al., 2022). Several parameters such as 

dihydroxylation, dissolution, aging time, and crystallization conditions such as temperatures 

and times are considered during the conventional synthesis of zeolite to produce the desired 

zeolite (Abdullahi et al., 2017, Collins et al., 2020).  

2.9.3.1.1 Dihydroxylation 

According to Salahudeen (2022), natural and waste sources of alumina and silica used in 

zeolite synthesis contain unreactive tetrahedral layers which hinders the yield of zeolite 

products. Hence, raw materials are heated at high temperatures to obtain reactive phases 
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which are ready for transformation into zeolite products. This process of making zeolite 

sources reactive is known as dihydroxylation (Abdullahi et al., 2017). In this process, these 

materials are converted to their oxide form through heating below their melting point in the 

absence of air. Dihydroxylation eliminates hydroxyl groups and other volatile substances 

present in the clay minerals making them more reactive (Corma et al., 2010).  

An important note is that a higher calcination temperature greater than 950 ˚C may lead to 

decomposition and loss of the material whereas lower temperatures below 400 ˚C result in 

less reactivity of the material (Guozhi et al., 2019). Studies indicated that the optimal 

conditions for the activation of these materials revolve around the optimum temperature 

range of 400˚C to 900˚C (Abdullahi et al., 2017, Guozhi et al., 2019). The study of Le et al. 

(2023) reported the effect of temperature during the calcination process of kaolin clay into 

meta kaolin which is the activated and reactive phase of kaolin clays. The study reported 

that during calcination, at 300°C, water molecules are removed while the matrices of kaolin 

clay start to break at 500°C. The disintegration in the clay’s structure continues until the 

metakaolin phases are formed at 900°C. A study by Mahima Kumar et al. (2021) 

investigated the influence of calcination temperature and reported similar results. The study 

indicated that calcination temperatures below 450°C do not affect the activation of kaolin 

clay whilst temperatures above 450°C are effective. However, the study hinted that 1000°C 

leads to the development of mullite and spinel phases which are non-reactive. 

2.9.3.1.2 Dissolution 

In zeolite synthesis, enough alumina and silica from various sources such as fly ash, rice 

husks, and clays are required for the production of zeolitic material. These Si and Al are 

extracted through the dissolution process in the presence of an alkaline medium (NaOH or 

KOH) or acidic medium (HCl) to form the zeolite framework. Studies emphasized that an 

alkaline medium or acidic medium leads to the solubility of silica and alumina from clay 

sources and eases up the extraction of Si and Al as the alkalinity increases. In addition, the 

alkaline medium speeds up the polymerization of aluminate and silicate ions decreases 

nucleation time while accelerating the crystallization of zeolites, and reduces the particle size 

and distribution of zeolites (Johnson and Arshad, 2014).  

Intensive studies have been conducted on the dissolution of zeolite sources in an alkaline 

medium. Among various dissolution agents, sodium hydroxide (NaOH) is highly favored and 

used as it yields higher amount of Si and Al compared to other agents such as potassium 

hydroxide (KOH) (Panagiotopoulou et al., 2006, Akkoca et al., 2013). In some cases, 

hydroxides are widely used as mineralizers for zeolites. However, it is crucial to note that 

higher concentrations of hydroxides can result in zeolite being too soluble thus preventing 
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the crystallization of the zeolite whereas too little amount of hydroxide results in less 

solubility of the material thus there will be little or no crystal growth resulting in the formation 

of amorphous materials (Corma et al., 2010, Kumar and Jena, 2022). Therefore, the right 

concentration ratio between the hydroxide and the raw clay in use must be optimized 

(Corma et al., 2010). In addition, these agents will solubilize the precursor material and 

convey ionic species into forming a new zeolite framework. 

Sazali and Harun (2022) investigated the influence of the concentration of NaOH on the 

synthesis of zeolite LTA from kaolin clay at constant hydrothermal conditions. The study 

conducted the effect of dissolution using 0.5 to 3 Molar concentrations of NaOH of which the 

study concluded that 1 Molar of NaOH was the optimum concentration in the production of a 

highly crystalline zeolite LTA structure. In contrast, Ryu et al. (2020) argued that NaOH 

concentrations lower than 3M do not produce the required zeolite product while 

concentrations of 5 Molar and higher lead to the formation of the hydroxy sodalite phases 

which have lower surface area and are not required. However, an important note is that the 

article used a higher solid-to-liquid ratio during the dissolution of silica and aluminum which 

could have impacted in the effectiveness of NaOH concentrations lower than 3M.  

A study by Dabbawala et al. (2020) investigated the influence of the NaOH concentration in 

the synthesis of zeolite Y at constant crystallization conditions of 24 hours at 100°C. The 

study varied the alkali concentration from 6 to 9 Molar and reported that lower 

concentrations lead to the formation of amorphous structures whereas concentrations higher 

than 7M produced pure zeolite Y phases. The level of alkali needed in the dissolution of Al 

and Si species is influenced by the nature of the precursor material and crystallization 

conditions. 

2.9.3.1.3 Aging  

Aging is the process of generation or formation of crystals/ nuclei through nucleation and 

crystal growth over an extended duration for maturation of the zeolite matrices (Nguyen et 

al., 2023). The aging process reduces the stimulation period and the time for crystallization 

of the materials. This is also known as homogenization and it is carried out prior to 

crystallization. According to Mohd et al. (2020) aging induces reduction or increase in crystal 

size depending on the temperatures used. The effect of aging also extends to the fabrication 

of pure zeolite phases as prolonged aging time provides enough time for solubilization of the 

precursor material. According to Lv et al. (2020), the effect of aging is also observed in the 

increase in stability of the zeolite structure, porosity, and surface area.  

Studies indicate that exposure of clay in use to higher temperatures increases the growth of 

crystals and particle sizes in a short time  (Corma et al., 2010). However, an important note 
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is that prolonged exposure to such high temperatures may result in loss of crystallinity 

(Abdullahi et al., 2017). This can cause disintegration of the zeolite matrices hence aging 

and temperature must be controlled. 

Mohd et al. (2020) conducted a study on the synthesis of the zeolite NaX from sodium 

silicate and aluminate while investigating the effect of aging duration. The aging duration 

varied from 4 to 168 hours. The study reported that zeolite NaP and NaX phases were 

obtained after 4 hours of aging while pure zeolite NaX phases were obtained after 24 hours.  

Hence, the study hinted that aging can have a suppression effect in other peaks of the 

zeolite wherein less aging time can result in impure zeolite with more than one phase, and 

more duration of aging can result in a pure zeolite phase structure. The reduction of peaks 

from X-ray-diffraction analysis was also documented in Arni et al. (2020) and Nguyen et al. 

(2023) wherein the peak intensities decreased with an increase in aging time. Ibsaine et al. 

(2023) reported that an increase in aging time and temperature leads to the fabrication of 

more nuclei needed for the crystallization of the zeolite during hydrothermal treatment, 

thereby reducing the crystallization process. The study reported optimum aging time and 

temperature conditions of 8 hours at 75°C.  

Studies have also reported other notable effects of aging treatment from the properties of the 

zeolite produced.  Campoverde and Guaya (2023) reported that an increase in aging 

duration leads to the formation of small-sized particles confirming the effect of crystal size 

reduction. Kumar and Jena (2022) added that prolonged aging time leads to the formation of 

a more thermodynamically stable zeolite product. When subjected to extended aging 

duration, the molecular rearrangement within the zeolite structure progresses further, 

resulting in the formation of a crystalline framework with enhanced thermal stability. This 

increased stability arises from the optimization of intermolecular interactions, ultimately 

yielding a zeolite product with superior resistance to structural degradation. However, Zhang 

et al. (2020) reported that aging time has a negligible effect on the structure of zeolite 

produced.  

2.9.3.1.4 Crystallization time and temperature 

In hydrothermal synthesis, crystallization temperature and time play a major role in the 

crystallization of the zeolite. These conditions are employed in an in-situ environment to 

prevent water, heat, and pressure loss (Nguyen et al., 2023). Studies urged that the quality 

of the zeolite produced depends solely on the crystallization time and temperature 

conditions. The effect of time can be distinguished by two stages provided the crystallization 

temperature remains constant. The earliest time during crystallization is defined as the first 

stage wherein nucleation induction occurs, and only amorphous structures can be observed 
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at this stage (Patuwan and Arshad, 2021). The later time of crystallization or the last stage is 

distinguished by the detection of zeolite crystals during morphological and phase 

observation. Pei et al. (2022) observed that amorphous phases were detected between 

crystallization time of 0.5 to 1 hour and crystalline zeolite phases were observed between 2 

to 4 hours at a constant crystallization temperature of 82°C.  

A similar effect of crystallization time was observed by Nakhaei and Mohammadi (2021) 

during the synthesis of zeolite  Y & P at a constant crystallization temperature of 90°C. The 

study documented that after 24 hours of crystallization time, only amorphous structures were 

observed emphasizing that the crystallization was in the early stage. After 30 hours of 

crystallization time, fewer peaks associated with zeolite Y were observed. However, zeolite 

Y peaks were completed and consumed after 66 hours, and new peaks of zeolite P were 

observed.  These results were consistent with several studies (Hong and Um, 2021, Kumar 

and Jena, 2022, Ibsaine et al., 2023). In addition, a study by Kumar and Jena (2022) 

reported that zeolite purity is also influenced by the duration of crystallization. The study 

reported that after 40 hours of crystallization time at a constant temperature of 150°C, Xray-

diffraction analysis showed that zeolite Na-P1 peaks were observed along other peaks of 

quartz and mullite phases. However, pure zeolite Na-P1 was observed after 60 hours of 

crystallization time.  

Crystallization temperature is a critical parameter during the synthesis of zeolite. A study by 

Kumar and Jena (2022) conducted the effect of crystallization parameters in zeolite Na-P1 

synthesis. The study optimized the crystallization time from 24 to 48 hours and temperature 

of 100 to 200°C. The study hinted that an increase in temperature and time to 200°C and 48 

hours produces the targeted zeolite Na-P1. In addition, lower crystallization temperatures 

showed that no peaks attributed to the zeolite were observed. Furthermore, Lee et al. (2022) 

reported that an increase in crystallization temperature from 80 to 100°C produces the 

desired zeolite A at a constant hydrothermal time of 24 hours. However, the study 

documented that a further increase in temperature to 120°C led to a decrease in the 

crystallinity of the zeolite produced. This decrease is the transition stage of the 

transformation of the zeolite produced to a highly stable zeolite phase such as hydroxy 

sodalite. This phenomenon can also be observed under prolonged crystallization time.  

The influence of the crystallization temperatures also extends to the structural framework of 

the zeolite produced. Studies indicate that higher temperatures lead to further solubilization 

of silicate species causing a hierarchical assortment of metastable spherical particles of 

sodalite phases (Lee et al., 2022). However,  Liu et al. (2020) added that an increase in 

temperature causes agglomeration of particles hence irregular particles are observed at 
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higher temperatures. Therefore, the type of zeolite produced is based on the hydrothermal 

parameters employed during the synthesis process, and synthetic silica and alumina 

sources are required. 

2.9.3.2 Other methods 

From time to time, the application of conventional hydrothermal synthesis methods has been 

improving as researchers find ways to synthesize zeolites at a much more efficient time and 

temperature. However, alternative methods such as alkali fusion, microwave, and 

sonochemistry have been explored to reduce the cost of zeolite synthesis while producing a 

higher yield (Suvaci and Özel, 2021).   

2.9.3.2.1 Fusion method 

Unlike the conventional hydrothermal synthesis method, this process involves the pre-

treatment of silica and alumina materials in the presence of heat and an alkali agent. During 

the pre-treatment process, the raw materials are fused with alkali under high temperatures to 

decompose silica and alumina salt constituents required to produce zeolitic products 

(Khaleque et al., 2020). This procedure takes place in the absence of water and an inorganic 

compound such as an aluminosilicate material is reacted with an alkali above its melting 

point to produce soluble silica and alumina precursor agents. Thereafter, the soluble salts 

are added to water and are hydrothermally treated for crystallization of the mixture to 

produce the zeolitic product (Lee et al., 2017, Khaleque et al., 2020). It has been 

documented that this approach can produce up to 60% yield of zeolite, however, the 

produced zeolite contains a high silica-to-alumina ratio (Lee et al., 2017). This is due to a 

higher amount of silica produced during the pre-treatment process and sodium aluminate 

may be required to reduce the ratio of the zeolite. Also, properties such as high crystallinity 

and surface area are among the advantages of this method (Samanta et al., 2022). 

Ayele et al. (2016) investigated the synthesis of zeolite through the alkali-fusion-assisted 

hydrothermal method from kaolin clay. In the study, 3M of NaOH was used for the 

decomposition of silica and aluminum materials.  The study concluded that hydrothermal 

treatment alone produced zeolite A with a crystallinity of 75% while the pre-fusion 

hydrothermal method produced the same zeolite with a higher crystallinity of 84%.  This 

gives evidence to the positive effect of pre-fusion treatment of raw materials prior to 

hydrothermal treatment to produce a high crystalline zeolite structure. 

Guozhi et al. (2019) prepared zeolite A through the fusion-assisted hydrothermal method 

employing fly ash as a precursor material. Prior to the fusion of the precursor materials, the 

materials were first subjected to calcination and acid leaching to remove the iron content of 

the raw materials. The obtained products were then fused with sodium aluminate and 
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sodium hydroxide at an optimum alkali fusion temperature of 850°C for 2 hours using 2.5 M 

of NaOH. The study noted that an increase in alkali fusion temperature beyond 850°C 

causes a decrease in the crystallinity of the zeolite while an increase in alkali concentration 

causes the transformation of zeolite into zeolite A.  

Bai et al. (2018) investigated the alkali fusion hydrothermal synthesis of zeolite Na-X from oil 

shale ash. In this study, the effect of ash-to-NaOH ratio, temperature, solid-to-liquid ratio, 

and crystallization parameters such as temperature and time were investigated to outline the 

optimum conditions for alkali fusion-assisted hydrothermal synthesis. The study indicated 

that an optimum fusion temperature of 600°C completely converted the aluminosilicate 

materials of oil shale ash into soluble silicate and aluminate salts as it reacted with NaOH in 

an optimum ash-to-NaOH ratio of 1:1.2 grams. Moreover, the solid-to-liquid ratio evaluation 

proved that the amount of liquid added during the aging process can highly influence the 

crystallinity of the final zeolite. According to the study, the lowest solid-to-liquid ratio of 1:7 

g/mL resulted in a highly reduced crystallinity of 7.89% which is due to a high volume of 

liquid which reduces the alkalinity of the mixture. On the contrary, the highest solid-to-liquid 

ratio of 1:3 g/mL also resulted in low crystallinity of 20.64% which was due to the low volume 

of water and high alkalinity of the solution which further dissolved the already formed 

crystals. However, an optimum solid-to-liquid ratio of 1:4 g/mL was obtained which resulted 

in 76.22% of crystallinity of the zeolite. Thereafter, the optimum crystallization parameters 

were 80 for 24 hours which resulted in high crystallinity of 91.32%.  

2.9.3.2.2 Microwave-assisted hydrothermal method 

Another novel synthesis method includes the microwave-assisted technique. The microwave 

technique releases microwaves in the frequency of 915 to 2450 MHz that directly interact 

with polar or ionic group molecules and cause these molecules to rapidly oscillate and heat 

up (Bukhari et al., 2015, Patuwan and Arshad, 2021). Mainly water molecules absorb this 

heat causing a rise in the temperature of the mixture which initiates the formation of crystal 

nuclei and recrystallisation of silica and aluminum. Electromagnetic radiation also influences 

the rapid and homogeneous mixing of the sol-gel and the faster rate of reaction along with 

the high yield of the zeolite (Samanta et al., 2022).  The microwave-assisted synthesis 

produces zeolites which are highly crystalline at a short interval of time in comparison with 

the conventional hydrothermal synthesis technique. However, limitations such as low surface 

area and porosity are often encountered with this technique. This is due to the production of 

impurities and lack of control over the zeolite conversion rate (Ren et al., 2020) 

A study by Tayraukham et al. (2020) investigated the synthesis of zeolite through 

conventional hydrothermal synthesis and microwave-assisted hydrothermal methods for 
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comparison. The findings of the study revealed that zeolite NaP was obtained after 24 hours 

of conventional hydrothermal treatment at a temperature of 150°C. In contrast, zeolite NaP 

was obtained after 1 hour of microwave irradiation at a similar temperature. This gives 

evidence of the power of the microwave irradiation method which reduces the duration of 

zeolite synthesis. Also, similar observations were made in a study by (Bunmai et al., 2020, 

Makgabutlane et al., 2020, Zhou et al., 2023). Le et al. (2023) hinted at the sustainability of 

the microwave-assisted hydrothermal method during the fabrication of zeolite 4A from kaolin 

clay. The study was able to synthesize zeolite 4A type within 6 minutes of microwave 

irradiation. Furthermore, the zeolite produced was of high quality which emphasizes the 

applicability of the microwave-assisted technique. 

Abdellaoui et al. (2021) described microwave assisted synthesis as a green cost-effective 

method for restructuring strategies for the production of synthetic microporous materials. The 

study further emphasized that microwave synthesis reduces the time and energy needed to 

synthesize zeolite materials making it an ideal sustainable approach. Similarly, Le et al. 

(2023) and Zhou et al. (2023)  documented that, the utilization of the microwave irradiation 

technique reduces energy consumption while also reducing heat loss which is required for 

pressure build-up and crystallization. 

Ramírez Bocanegra et al. (2022) combined both hydrothermal treatment and microwave 

irradiation to synthesize FAU zeolite type using colloidal silica and aluminum hydroxides as 

precursor material. The study concluded that the use of microwave prior to hydrothermal 

treatment reduced the crystallization time from 8 to 1 hour along with the reduction of the 

energy cost. This study also emphasized that microwave treatment influenced pore 

formation on the zeolite while promoting the reduction of particle size. Another study by 

Bunmai et al. (2020) confirmed that employment of the microwave-assisted method 

exhibited positive effects on the nucleation, crystal growth, and formation of stable phases in 

a short time of irradiation of 1 hour.   

2.9.3.2.3 Ultrasonication assisted hydrothermal method 

To reduce the synthesis time and maintain a sustainable synthesis route for zeolite 

synthesis, research studies have developed a breakthrough using techniques such as 

ultrasound method-assisted hydrothermal method. The ultrasound technique utilizes 

powerful ultrasound waves in the range of 20 kHz-10 MHz to dissolve zeolite precursor 

materials and extract silica and alumina species prior to the hydrothermal treatment process 

(Patuwan and Arshad, 2021). This process causes acoustic cavitation which influences 

depolymerization-polymerization equilibria through implosive collapse of microbubbles in the 

reaction mixture which reduces the reaction time and improves product quality (Cao et al., 
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2023).  The ultrasound technology also assists in homogenization, nucleation, and crystal 

formation during the treatment process of the mixture (Khaleque et al., 2020). The use of 

sonochemistry has been widely recognized and emphasized as it offers accelerated 

crystallization, and reduced energy consumption while also producing a zeolitic material with 

a higher surface area and smaller particle sizes (Ju et al., 2020, Lin et al., 2022, Zhang et 

al., 2022).  

To synthesize nanosized zeolite composite from bentonite clay using sonochemistry,  

Khatamian et al. (2019) deduced that as higher power of sonication increases, the 

nucleation speed also increases and causes the formation of more and more nanosized 

particles in the range of 40 nm. Also, the study discovered that ultrasonic treatment provides 

a homogeneous porous layer with high quality, high crystallinity, and uniform particle sizes. 

Ramírez Bocanegra et al. (2022) reported similar effects wherein the ultrasonic-treated 

materials in FAU zeolite synthesis had more crystalline matrices than those treated in the 

absence of ultrasound. 

A study by Zhang et al. (2022) conducted the fabrication of zeolite NaP using waste coal fly 

ash via the ultrasonic-assisted hydrothermal technique. The study hinted that the 

employment of ultrasonication for the dissolution of precursor material reduced the 

crystallization time and temperature from 8 hours to 4 hours and 120 °C to 90 °C 

respectively. Similar findings were reported in (Adamczyk et al., 2021, Rozhkovskaya et al., 

2021). Vaičiukynienė et al. (2020) compared the effect of ultrasonic treatment vs non-

ultrasonic treatment synthesis of zeolite NaA. The study revealed that the solution where no 

ultrasound was employed exhibited amorphous irregularly ordered structures while the 

solution where ultrasound was used showed pronounced crystalline structures owing to the 

effect of ultrasound treatment at constant dissolution conditions.  

A study by Ojumu et al. (2016) which aimed at substituting the high-temperature fusion 

treatment method employed ultrasonic treatment prior to hydrothermal treatment in zeolite A 

synthesis from waste coal fly ash. The study compared fusion treatment with ultrasonic 

treatment prior to hydrothermal treatment. In this study, it was observed that high-

temperature fusion treatment for 90 minutes was successfully replaced with 10 minutes of 

ultrasound treatment. After ultrasound treatment, the study revealed that crystallization of a 

purer zeolite was archived in 2 hours with undesirable phases of hydroxy sodalite developing 

as the time increased at 90 °C. Therefore, this study emphasized that ultrasonic treatment 

has a positive effect on reducing crystallization treatment time. 
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2.10. Application of zeolites in fluoride removal in water 

The utilization of natural and synthetic zeolitic materials for fluoride removal has been 

investigated throughout as a low-cost and sustainable approach in defluoridation studies 

(Zhao et al., 2023). According to Jia et al. (2022) and He et al. (2020), the alumina 

framework of the zeolite has a net negative charge which is repulsive towards anionic 

species such as fluoride. This lowers the efficiency of fluoride removal in water using zeolitic 

adsorbents. Because of this,  natural zeolites are less favorable in defluoridation studies and 

studies tackle this issue through modification of zeolite with certain metal oxides to improve 

the zeolite adsorption efficiency (Yang et al., 2022a). Cations such as aluminum (Al), iron 

(Fe), lanthanum (La), and zirconium (Zr) have been employed in zeolite modification studies 

to enhance the fluoride adsorption efficiency and results indicate a recognized improvement 

of fluoride adsorption percentage of 80-99% by modified zeolitic material (Naskar, 2020, 

Chen et al., 2022, Yang et al., 2022b). Table 2.1 depicts the application of different modified 

zeolites in defluoridation studies and shows case their fluoride removal percentage along 

with their adsorption capacity throughout the years. 
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Table 2.1: Overview of zeolitic materials performance in defluoridation studies 

Author Zeolite type F- initial 

(mg/L) 

Removal % Adsorption 

Capacity (mg/g) 

Sampedro-Duran et al. 

(2018) 

Na Mod Zeolite 10 13 0.01 

Panda and Kar (2018) Zeolite A 25 70 - 

Mukherjee et al. (2018) Zeolite NaA 10 90 22.83 

Nuñez et al. (2019) Clinoptilolite zeolite 15 10 - 

 Ca Mod Zeolite 15 45 - 

Rahmani et al. (2019) Al Mod Zeolite 10 - 1.14 

 Fe Mod Zeolite 10 - 2.4 

Ilayperuma and 

Attanayake (2019) 

Zeolite 10 45 - 

Mahvi et al. (2019) Chitosan-Zeolite 100 95.2 47.6 

Tian and Gan (2019) Zeolite NaA 20 52.5 161 

Naskar (2020) Al Mod Zeolite NaA 50 99 36.13 

Savari et al. (2020) Zr Mod Zeolite 100 80 32.98 

Tabi et al. (2021) Al Mod zeolite 5 98.89 2.43 

Yang et al. (2021) Mn-Ti Mod zeolite 10 80 2.18 

Aloulou et al. (2021) CTAB Mod Zeolite 10 85 2.99 

Gao et al. (2021) Zr Mod Zeolite 5 94.89 0.36 

Jia et al. (2022) La-Fe Mod Zeolite 10 85 2.64 

Yang et al. (2022b) La Mod Zeolite 300 90 141 

Chen et al. (2022) AlOH Mod Zeolite 100 92 18.12 

Yang et al. (2022a) Fe-Zr Mod Zeolite 15 80 - 

Ebsa (2023) Zeolite Na-LSX 10 84.4 - 
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Cheng et al. (2018), conducted a study on the adsorption efficiency of titanium (Ti), 

magnesium (Mg), and aluminum (Al)-zeolite in fluoride adsorption studies from wastewater. 

The study observed a higher fluoride adsorption capacity of 1.64 mg/g in Ti4+ modified 

zeolite. However, Mg2+ and Al3+ modified zeolites exhibited low fluoride adsorption capacities 

of 0.80 mg/g and 0.88 mg/g respectively. The study explained that the higher adsorption 

capacity observed in Ti4+-modified zeolite is due to more active sites found in the zeolite 

composite compared to Mg2+ and Al3+ modified zeolites. However, this could also be due to 

the high affinity of transition metals such as titanium towards halogen ions such as fluoride 

rather than magnesium and aluminum metals which are alkaline earth metals. Furthermore, 

the study concluded that the fluoride adsorption mechanism in modified zeolites is due to 

chemisorption. In contrast, the study documented a low adsorption capacity of fluoride of 

0.48 mg/g in natural/ unmodified zeolite which indicates the low adsorption efficiency of 

unmodified zeolite structures.  

Velazquez-Peña et al. (2017), iron-zirconium (FeZr) modified zeolite was investigated for its 

efficiency in fluoride adsorption studies. Initially, individual iron (Fe) incorporated zeolite and 

zirconium (Zr) incorporated zeolite were investigated in defluoridation studies. An adsorption 

capacity of 2.2 mg/g, 2.5 mg/g, and 1.9 mg/g was observed in zirconium (Zr) incorporated 

chabazite, mordenite, and clinoptilolite respectively. On the other hand, the adsorption 

capacities of 1.6 mg/g, 1.1 mg/g, and 0.8 mg/g were observed in iron (Fe) modified 

chabazite, clinoptilolite, and mordenite respectively. Furthermore, the higher adsorption 

capacities of 3.5 mg/g, 2.6 mg/g, and 1.8 mg/g were observed in FeZr-modified mordenite, 

chabazite, and clinoptilolite respectively. As a result, the study concluded that zirconium-

modified zeolites have higher adsorption capacity due to the high affinity of zirconium to 

fluoride species. Hence, this study will utilize zirconium-modified zeolites for fluoride 

adsorption exploiting the intrinsic chemical affinity between zirconium and fluoride species 

and functionalized the adsorbent with silver metal oxides for simultaneous removal of 

pathogens. This affinity and adsorption efficiency of metals modified zeolite towards fluoride 

ions was also documented in a study by Zhou et al. (2014) and Gao et al. (2021). Additional 

advantages of metal-modified zeolites include high thermal and chemical stability and 

regeneration capability (Gao et al., 2021). 

2.11. Application of zeolites in pathogens removal studies 

Zeolites are among the notable water purification materials in a wide range of applications 

including pathogens removal in water. However, studies indicate that zeolite has minimal 

antimicrobial potency (Sutianingsih and Kurniawan, 2022). This is induced by the 

electronegative charge found in the alumina framework of the zeolite. Hence, this 
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electronegative charge repels the negative charges in the bacterial membrane causing no 

effect on the bacterial activity (Nikolov et al., 2023). Such a minimal effect of natural zeolite 

has been reported in several studies (Reeve and Fallowfield, 2018). Consequently, studies 

suggest that as the alumina framework of the zeolite is balanced by cations, monovalent 

cations such as copper, iron, zinc, and silver can be exchanged with these cations thereby 

enhancing the antimicrobial potency of the zeolite (Yao et al., 2019). The exchanged cations 

are then bonded with the zeolite matrices by electrostatic forces (Nikolov et al., 2023).   

Mintcheva et al. (2021) investigated the potency of zinc oxide (ZnO) modified zeolite and 

copper-zinc oxide (Cu2+/ZnO) loaded zeolite against E. coli and S. aureus pathogens. Using 

the agar well diffusion method the study conducted an antimicrobial test to calculate the 

minimum inhibition concentration (MIC) of the composite zeolite. The findings showed that 

ZnO-zeolite and Cu2+/ZnO-zeolite effectively inhibited E. Coli bacteria with MIC values of 1 

mg/mL and 0.2 mg/mL respectively. A similar trend was also observed against S. aureus 

bacteria in the study. In contrast, the study observed that unmodified synthetic zeolite had no 

antimicrobial activity toward both pathogens. Similar observations were made in a study by 

Vergara-Figueroa et al. (2019) and Kaali and Czél (2012). 

Krishnani et al. (2012) also documented the potency of silver-exchanged zeolite against V. 

cholerae, V. parahaemolyticus, V. harveyi, and E. coli species. The study observed that the 

MIC of the composite against E. coli and V. harveyi was 0.04 and 0.05 mg/mL whilst for V. 

parahaemolyticus and V. cholerae and was 0.06. These results were observed after 48 

hours of contact with the composite and show fast and effective potency of silver exchanged 

zeolite against pathogens. Similar potency of microbial inactivation was also reported and 

recommended in  Dutta and Wang (2019) and Boschetto et al. (2012) studies. 

Egger et al. (2009) incorporated silver ions in zeolite A and investigated its efficiency against 

multiple pathogens. The study determined the minimum inhibition concentration of the 

composite against various pathogens. The study recorded MIC values of 0.08, 0.04, 0.02, 

and 0.02 mg/ml against enterococcus faecalis, E. coli, salmonella enterica, and 

staphylococcus aureus respectively. The study reported that silver-exchanged zeolite 

exhibited excellent growth inhibition potency against a wide range of microorganisms. These 

results give evidence of metal oxide-modified zeolites' potency against pathogens. Several 

studies have reported the removal efficiency of pathogens of up to 90%. Table 2.2 shows the 

reported efficiency of various functionalized zeolites and their reported zones of inhibition. 

 

 



36 
 

Table 2.2: Overview studies of functionalized zeolite materials as antimicrobial agents 

Author Zeolite 

material 

Volume 

(µL) 

Concentration Strains MIC 

efficiency 

(%) 

Zone of 

inhibition 

(mm) 

Rodríguez et al. 

(2017) 

Ag Mod Zeolite - - E. coli - 2.21 

Sánchez et al. (2017) Ag Mod Zeolite 

ZSM-5 

- - C. albicans - 3 

    P. aeruginosa - 5 

    E. coli  10 

Azizi et al. (2019) ZnO-TiO2 Mod 

Zeolite 4A 

20 µL - L. monocytogenes - 9.51 

    P. fluorescens - 9.85 

    E. Coli - 10.73 

    S. aureus - 9.22 

Cui et al. (2019) Ag-Cu-Zn Mod 

Zeolite 

 - S. aureus - 7.68 

    P. aeruginosa - 8.77 

    E. coli - 9.75 

    C. albicans - 7.66 

Vergara-Figueroa et 

al. (2019) 

Cu2+ Mod 

Zeolite 

 1 mg/mL E. coli - 20.2 

    S. aureus - 23 

Mortezaei et al. (2019) Nano-Cu Mod 

Zeolite NaY 

0,04mg - P. aeruginosa - 22.5 

    E. Coli - 16.5 

    S. aureus - 28 

    B. subtilis - 24 

Salar et al. (2020) Ag-Chitosan 

Zeolite 

- - Streptococcus iniae - 16.25 

Zendehdel et al. 

(2020) 

Zn/Ag/Cu 

Exchanged 

Nano zeolite Y 

10 µL - E. coli - 18 

    S. aureus - 17.5 

Rakesh and Antony 

(2021) 

Cu Mod Zeolite 

4A 

- - E. Coli - 16 

    Bacillus subtilis - 20 

Amin et al. (2021) Ag exchanged 

zeolite A 

 1.5 M V. parahaemolyticus 60.2  

    V. Campbell 77.3  

Obijole et al. (2021)  Sod Zeolite 30 µL - E. coli - 15 

Muleja et al. (2022) Co Mod Zeolite  20 µL 0.025 M E. coli 90 36 

Ibrahim et al. (2022) Chitosan Np 

Zeolite Y 

- - S. mutans - 9.57 

    E. faecalis - 7.85 

Wakweya and Jifar 

(2023) 

Ag-ZnO Zeolite 10 µL - S. aureus - 19.6 

    E. coli - 15.5 
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The reported mechanism of inactivation of pathogens through metal oxides incorporated in 

zeolites is through their release from the zeolite framework (Salim et al., 2017). The metal 

ions in the zeolite framework are then slowly released through electrostatic interaction with 

the bacterial membrane. According to Nikolov et al. (2023), some microbes have a 

membrane wall composed of anionic surface charges that interact with positively charged 

ions present in the zeolite framework. This interaction stimulates the reactive oxygen species 

and induces oxidation of the bacteria through oxidative stress (Ayinde et al., 2022). 

Consequently, this results in disruption of the cell membrane, and damage of the 

mitochondria and structural DNA. Hence, microbial production activity is ceased.  

2.12. Conclusion 

This review has provided an understanding on fluoride and pathogens as contaminants in 

drinking water at elevated levels causing diseases such as fluorosis, cholera, fever, and 

diarrhea. More than 200 million people have been reported suffering from endemic fluorosis 

while 1 million people succumb to death due to waterborne pathogen diseases. The 

literature revealed that cases of groundwater contamination have been documented in 

several countries such as Nigeria, Thailand, India, and South Africa with levels exceeding 10 

mg/L for fluoride and 100 cfu/100 mL for pathogens. Factors such as rock weathering, 

mobility, and climate are the main drivers of groundwater contamination by fluoride and 

anthropogenic activities for pathogens in groundwater. Several methods such as ion 

exchange, coagulation, adsorption, disinfection, and UV irradiation are among the employed 

treatment strategies for fluoride and pathogens in water. Adsorbents functionalized with 

cations such as red mud doped iron, silver, loaded cellulose, iron-loaded polymer composite, 

and mechanochemically activated adsorbents are among the investigated adsorbents with a 

percentage fluoride removal of up to 90% and exhibited antimicrobial potency.  

In addition, this section provided an overview of zeolite adsorbents as multifunctional 

adsorbents for fluoride and pathogens removal. Zeolite adsorbents are eco-friendly and less 

costly, with simplicity of use, molecular sieving capability, and regeneration potential which 

showcases their practicality and sustainability. Outlined synthesis routes of zeolites such as 

the traditional hydrothermal method coupled with ultrasound technologies offer advantages 

including high cation exchange capacity and higher surface area. Also, important parameters 

such as concentrations of dissolution agent, aging times, hydrothermal temperatures, and 

times can be adjusted to produce zeolite with unique properties. Scientists have investigated 

several adsorbents exchanged with cations for reinforced fluoride and pathogen removal 

hence this study aims to develop a multifunctional zeolite adsorbent for fluoride and 

pathogens removal in water.  
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3. Chapter 3: Ultrasonication assisted synthesis of zeolite from bentonite 

clay: optimization of synthesis conditions using response surface 

methodology 

 

Abstract 

The aim of this chapter was to optimize conditions for the synthesis of zeolite from bentonite 

clay using the response surface methodology approach. Calcined bentonite clay was 

subjected to alkali dissolution using ultrasonication followed by hydrothermal treatment to 

obtain the zeolite. To determine the optimum ultrasonication conditions, NaOH concentration 

was varied from 0.5 to 2.5 M while the duration of aging was varied from 10 to 120 minutes. 

The optimum dissolution conditions under ultrasonication determined by the RSM were 

found to be 2.5 M of NaOH and 120 minutes of aging time. To determine the optimum 

hydrothermal conditions, hydrothermal treatment was evaluated at treatment times ranging 

from 1.5 hours to 6 hours and temperatures ranging from 70°C to 140°C. The obtained 

hydrothermally treated materials were characterized using scanning electron microscopy 

(SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR). Results 

showed that the crystallinity of the obtained zeolite samples increased with the increase in 

hydrothermal temperature and time. Moreover, the XRD analysis revealed that lower 

temperature of 105 °C to 70 °C and time of 90 minutes resulted in pure zeolite NaP phases 

with higher hydrothermal temperature of 140 °C  and time of 6 hours resulting in the 

formation of hydroxy sodalite mineral phases. Defluoridation experiments were conducted 

using all obtained samples to select the zeolite sample with higher fluoride removal 

efficiency for subsequent experiments. The sample prepared at a sonication duration of 2 

hours and hydrothermal treatment conditions of 105°C for temperature and 90 minutes for 

treatment time demonstrated the greatest fluoride adsorption capacity at 0.19 mg/g, making 

it the preferred choice for subsequent use in fluoride removal applications.   

 

Keywords: Bentonite clay, Zeolite, Hydrothermal, Sonication, Optimization, RSM 
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3.1. Introduction 

Zeolites are distinguished as crystalline aluminosilicate minerals which are characterized by 

their unique properties such as uniform pore size, high cation exchange capacity (CEC), 

molecular sieving, high surface area, and thermal stability (Salahudeen, 2022). According to 

(Sazali and Harun, 2022), zeolites exhibit high mechanical strength and are non-toxic 

making them preferable adsorbents in water purification and wastewater treatment 

processes. Due to their unique properties, these materials have been extensively utilized in 

several industries for catalysis, gas separation, nuclear waste management, water softening, 

and purification (Khaleque et al., 2020). In water purification studies, reports indicate their 

excellent adsorption capacity towards heavy metals, ammonium ions, hydrocarbons, and 

anions such as fluorides (Adamczyk et al., 2021, Obijole et al., 2021). 

Research articles have reported mainly two types of zeolites namely, synthetic and natural 

zeolites (Król, 2020). Natural zeolites include clay minerals such as mordenite, clinoptilolite, 

kaolin, analcime, and chabazite. Conversely, synthetic zeolites include zeolite FAU, ZSM-5, 

LTA, SSZ, and P which are distinguished mainly by their framework and silica to alumina 

ratio (Shahmansouri et al., 2019). Among the two, synthetic zeolites are widely preferred due 

to their unique range of properties including higher surface area, small crystal size, purity, 

and higher CEC which can align with the user’s applications. These types of zeolites can be 

fabricated from waste materials including coal fly ash and rice husks and natural materials 

including clays, silica sand, and volcanic ash (Lin et al., 2022). Synthetic zeolites from waste 

and natural sources contribute to waste management and sustainable practices. Conversely, 

methods such as hydrothermal synthesis, alkali fusion, and sonochemistry are among the 

utilized methods in the fabrication of synthetic zeolite (Khaleque et al., 2020). 

One of the most prevalent zeolite synthesis methods is the hydrothermal synthesis 

technique. The traditional hydrothermal technique is regarded as the cornerstone of the 

production of microporous and crystalline materials hence its widespread application in 

several industries (Salahudeen, 2022). This process involves the formation of zeolites from 

silica and alumina precursors in an aqueous environment at elevated temperatures and 

pressure (Sazali and Harun, 2022). During this process, nucleation and crystal growth within 

the solution occur thereby resulting in the recrystallization of zeolitic materials. The downside 

of this approach is the long duration of hydrothermal treatment which could take hours to 

several days and high energy cost (Behin et al., 2016, Dewes et al., 2022). According to 

Behin et al. (2016) and Khaleque et al. (2020), lack of nucleation control resulting in larger 

crystal size, slow rate of mixing, use of higher temperatures of up to 200°C and less surface 
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area are among the difficult challenges faced in traditional hydrothermal synthesis method.  

Moreover, ongoing research has adopted advanced techniques such as microwave and 

ultrasonication-assisted hydrothermal methods for better zeolite structural characteristics. 

As an alternative method, the use of ultrasound technique for better control of the zeolite 

properties and significant reduction of zeolite synthesis time and energy consumption has 

captured researcher’s interest worldwide (Chen et al., 2020). Ultrasound utilizes sound 

waves at high frequencies generally above 20 kHz to influence chemical reactions in 

aqueous solutions. These waves generate microscopic bubbles that violently implode at 

short intervals creating shock waves, high pressures, and heat (Dewes et al., 2022). This 

mechanism influences the mobility of mass from one another and thereby facilitates mixing 

and nucleation processes in zeolite synthesis (Adamczyk et al., 2021). The facilitation of 

nucleation greatly favors the crystallization of zeolitic materials as nuclei required for crystal 

growth are made available at a shorter sonication time which therefore reduces the 

traditional hydrothermal time of nucleation and crystallization. In addition, the sound waves 

generated are distributed uniformly which results in homogeneous mixing of the solution 

along with the creation of smaller nuclei thereby reducing the crystal size instead of the few 

nuclei in the traditional hydrothermal synthesis which results in larger crystal size (Askari et 

al., 2012). Reduction of crystal size paves the way to an increased surface area of the 

zeolite product.  

The response surface methodology (RSM) plays a significant role in optimizing zeolite 

synthesis parameters such as crystallization time, temperature, pH, silica-to-alumina ratios, 

and concentrations of reactants (Lee et al., 2022). The RSM makes use of mathematical 

equations and models to generate experimental designs, analyzing interrelationships 

between multiple parameters and deduce the optimal conditions for obtaining the zeolite with 

the desired properties (Ibsaine et al., 2023). The RSM develops minimal experimental 

designs for the prediction of multiple parameters on the characteristics of the zeolite through 

predictive modeling. This technique enhances fine-tuning of the structural properties of 

zeolite including pore size distribution, crystal size, and surface area.  

Overall, this chapter seeks to utilize, the ultrasonication assisted hydrothermal method 

coupled with the use of the response surface methodology for the optimization of synthesis 

parameters of the zeolite from raw bentonite clay. The ultrasonication was used for reduction 

of hydrothermal treatment time while enhancing the nucleation induction and RSM assisted 

in deducing the optimal synthesis conditions for the zeolite with minimal experimental runs. 

This represents an innovative and sustainable approach towards the development of an 

advanced and systematic method of zeolite with enhanced properties in a short duration 
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compared to the traditional hydrothermal synthesis technique. Physicochemical 

characterization was also conducted along with preliminary defluoridation experiments to 

deduce the performance of the synthesized zeolite as an adsorbent. 

3.2 Methodology 

3.2.1 Materials 

Bentonite clay used in this study was bought from the Cape Bentonite Mine, Western Cape. 

All chemicals including sodium fluoride and sodium hydroxide were supplied by Merck, 

South Africa and were of analytical grade. Field fluoride rich groundwater was collected from 

Siloam Village, Limpopo. 

3.2.2 Material Preparation 

Raw bentonite clay was washed with Milli Q water (18.2 MΩ/cm) in a mass to liquid ratio of 

1:100. This was done three times before overnight drying in an oven at 105°C. Thereafter, 

the dry bentonite was milled into fine powder by a vibratory disc mill RS20 with particle range 

size of 200 to 63 µm at 700 rpm for 3 minutes. The milled bentonite clay was stored in 

sample bags for further experimental processes, analysis and to ovoid moisture. 

3.2.3 Experimental Method 

3.2.3.1 Synthesis of zeolite from bentonite clay 

The synthesis of zeolite materials from bentonite clay was carried out under ultrasound 

assisted hydrothermal treatment following procedure described by Ojumu et al. (2016) with 

modification. Briefly, three steps were carried out to synthesize zeolite from bentonite clay 

namely, calcination of bentonite clay, dissolution of calcined clay and lastly hydrothermal 

treatment of sonicated gel.  

3.2.3.1.1 Optimization of calcination temperature 

To determine the optimum calcination temperature and time, 10 g of raw bentonite clay were 

transferred into a crucible and then calcined in a Scientific Slab Furnace 930 at varying times 

of 10, 30 and 60 minutes and temperatures of 400°C, 600°C and 800°C as depicted in Table 

3.1. The obtained samples were then characterized using X-ray Fluorescence for chemical 

composition and to determine the optimum calcination conditions. 
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Table 3.1: Variation of calcination temperature and time for dihydroxylation of bentonite clay 

Name Time (Minutes) Temperature (˚C) 

Raw 0 0 

D1 60 400 

D2 60 600 

D3 60 800 

D4 10 800 

D5 30 800 

 

3.2.3.1.2 Ultrasonication assisted dissolution of silica and aluminum from calcined 

clay 

To identify the ideal conditions for the dissolution of alumina and silica from the calcined 

bentonite clay, the NaOH concentration and reaction time were varied using RSM. Table 3.2 

depicts how the dissolution conditions were varied. Briefly, 100 mL of known concentration 

of NaOH was pipetted into a 250 mL plastic bottle and 10 grams of calcined bentonite clay 

were dispersed into the alkaline solution. Thereafter, mixtures were subjected to ultra-

sonication (UP400s Heilscher, Germany) at an amplitude of 100% for varying durations 

indicated in Table 3.2. The obtained mixtures were then centrifuged using the Hermle Z-366 

(USA) centrifuge access liquids were stored and the remaining solids were dried in the oven 

overnight at 90°C. The dried solids were characterized using XRF to determine the optimum 

dissolution conditions by examining the remaining silica and alumina composition in the solid 

samples.     
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Table 3.2: Dissolution conditions for Si and Al from the calcined bentonite clay 

Sample Name Aging Time (Minutes) Concentration of NaOH (Molar) 

C111 120 1.5 

C112 65 1.5 

C113 10 2.5 

C114 10 1.5 

C115 65 0.5 

C116 10 0.5 

C117 120 2.5 

C118 120 0.5 

C119 65 2.5 

 

3.2.3.1.3 Optimization of Hydrothermal Treatment Conditions 

For the hydrothermal treatment, the optimum temperature and time were evaluated using 

RSM.  The solution obtained at optimum dissolution conditions was subjected to 

recrystallization at varying hydrothermal conditions depicted in Table 3.3. Briefly, 20 mL of 

the aged mixture was transferred into a 45 mL capacity autoclave reactor. The autoclave 

reactor was then placed into a 220V~50Hz EcoTherm oven at varying temperatures and 

times as indicated in Table 3.3. Thereafter, the obtained recrystallized zeolite mixture was 

diluted with 2 L deionized water and then centrifuged until neutral pH was reached followed 

by drying overnight in an oven at 90°C. The dried samples were kept safe for further 

analysis. The crystallinity percentage of the obtained samples was also calculated using 

equation 3.1 along with defluoridation studies to determine the optimum hydrothermal 

conditions of the zeolite. 

  (3.1) 
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Table 3.3: Varied conditions for hydrothermal treatment 

Name Time (Hours) Temperature (˚C) 

VN1 3.75 105 

VN2 6 140 

VN3 3.75 70 

VN4 1.5 70 

VN5 3.75 140 

VN6 6 70 

VN7 1.5 140 

VN8 1.5 105 

VN9 6 105 

 

3.2.4 Physicochemical characterization 

The synthesized samples were analyzed using various analytical instruments under specif ic 

operating conditions. Elemental composition was determined using the S1TITAN 600 X-ray 

Fluorescence (XRF) analyzer, at operating voltage of 40 kV and a current of 100 mA. 

Mineral phases and crystallinity were identified using the PANalytical X’Pert Pro powder 

diffractometer (XRD) operating at 40 kV, 40 mA and copper fo radiation. Functional groups 

were characterized using the Platinum ATR Fourier Transform Infrared (FTIR) spectrometer, 

utilizing a spectral range of 4500-400 cm1. Morphological and elemental analysis was 

performed using the TESCAN Scanning Electron Microscope-Energy Dispersive 

Spectroscopy (SEM-EDS), at an accelerating voltage of 15 kV. Particle size distribution 

analysis was conducted using the Shimadzu SALD-2300 laser diffraction analyzer, 

employing a laser wavelength of 633 nm. Pore size and surface area analysis were carried 

out using the TriStar II 3020 Brunauer Emmett Teller (BET) analyzer, operated under 

nitrogen gas at -196°C.. 

3.2.5 Fluoride experiments 

Preliminary fluoride adsorption experiments were conducted using filed groundwater 

collected from a borehole located in Siloam village, Limpopo. The field groundwater had 

fluoride concentration of 6.2 mg/L and pH of 8. A mass of 0.5 g of the zeolite sample was 

added in 100 mL of fluoride rich field groundwater in a 250 mL capacity polyethylene bottle 
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and agitated for 60 minutes at 250 rpm using the SSL2 reciprocating shaker. Thereafter, the 

solution was filtered using a 0.45 µm membrane filter and the filtrate was characterized for 

fluoride concentration using the ORION Ion Selective Electrode (ISE, 9609BNWP) meter. 

Prior to fluoride analysis, TISAB (III) was added to the filtrate in a ratio of 1:10 mL to 

increase the ionic strength of the solution. The fluoride percentage removal was calculated 

using equation 3.2 where Ci is the initial fluoride concentration and Cf is the final fluoride 

concentration in the filtrate. 

     (3.2) 

3.3. Results and discussion 

3.3.1 Optimization of calcination conditions for the raw bentonite clay 

Table 3.4 depicts the variation of Al and Si percentage compositions at various temperatures 

and times. It was observed that the percentage of silica and alumina increases with the 

increase in temperature and time. The physicochemical process responsible for this increase 

could be due to the decomposition of hydroxyl bonds or water molecules in high 

temperatures leading to the release and formation of silica and alumina oxides (Wang, 2016, 

Cheng et al., 2019).  This in turn increases their composition as observed in the calcinated 

samples. Sample number D3 which was calcinated at 800°C for 1 hour was selected as the 

optimum calcination conditions for the raw bentonite clay since there was no longer a 

noticeable difference in the percentage of silica and aluminum.  

In addition, both increases in calcination temperature and time resulted in a decrease in the 

silica-to-aluminum ratio from 5.43 to 4.80. This is due to the increase in the aluminum 

composition during the dihydroxylation process. As the temperature and time increased 

more and more aluminum oxides were formed whilst minimal silica was formed after 600°C 

and thereby favored the decrease in the ratio. According to Abdullahi et al. (2017), silica-to-

alumina molar ratios below 5 often produce hydroxy sodalite zeolites which coincide with the 

obtained XRD results. Similar observations were made in a study by Menshaz et al. (2017). 
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Table 3.4: Calcination conditions of bentonite clay and the composition of silica and 

aluminium, 

Name Time (Minutes) Temperature (˚C) Silica 

(%) 

Alumina 

(%) 

SiO2/Al2O3 ratio 

Raw 0 0 49.03 9.03 5.43 

D1 60 400 61.75 11.53 5.36 

D2 60 600 63.89 13.00 4.91 

D3 60 800 63.91 13.41 4.77 

D4 10 800 61.85 12.85 4.81 

D5 30 800 62.91 13.11 4.80 

 

3.3.2 Dissolution of calcined bentonite clay 

3.3.2.1 Optimization of dissolution condition 

The silica and aluminum percentage compositions in the treated residues which were 

dissolved at various sonication times using different NaOH concentrations are presented in 

Table 3.5. Also, three-dimensional surface graph plots constructed to showcase the changes 

in the residue’s compositions obtained after each dissolution experiment and the 

interrelationship between the response factors are shown in Figure 3.1.  During higher 

concentrations of NaOH observation shows that more silica and aluminum were leached out 

of the clay. This was determined by the lower silica and aluminum oxide percentage 

composition remaining on the analyzed residues as observed in sample C117. Equations 3.3 

and 3.4 summarize the dissolution reaction between Al and Si in the clay mineral with 

sodium hydroxide forming sodium silicate and sodium aluminate (Lee et al., 2017).  

     (3.3) 

     (3.4) 

In this reaction, the hydroxyl ions (-OH) from sodium hydroxide attack the silica and 

aluminum in the clay breaking the bonds between silica and oxygen (Si-O) to form sodium 

silicate which is soluble or aluminum and oxygen (Al-O) to form soluble sodium aluminate. 

As the sodium hydroxide concentration increases, more hydroxyl ions become available 

causing an increase in the rate of breaking the Al-O and Si-O bonds of calcined material and 
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thereby increasing the dissolution process (Hamidi et al., 2016). Similar observations were 

made in a study by Zhang et al. (2020). 

Furthermore, at a longer aging time, more silica and aluminum were leached out which was 

observed by a lower percentage composition of silica and aluminum in the residues as 

observed in sample C117. This could be due to more opportunity for hydroxyl ions(-OH) from 

NaOH molecule to interact with the surfaces of the calcined clay prolonging the breaking of 

Al-O and Si-O bonds hence the dissolution process increases (Pan et al., 2021). In addition, 

the 3D plots showed that aging time and NaOH concentration have a directly proportional 

effect on the dissolution of silica and aluminum as the dissolution process increases with the 

increase of both NaOH concentration and aging time which is in agreement with 

Hajimohammadi and van Deventer (2016) and Król et al. (2019). Therefore, the optimum 

dissolution conditions were a 2.5 M concentration of NaOH and an aging time of 2 hours 

observed in sample C117 which had the least silica and aluminum percentage composition 

of 26.93% and 4.64% respectively.  

Table 3.5: Percentage composition of silica and alumina oxides in residues at varying 

dissolution conditions 

Name Aging Time 

(Minutes) 

Concentration of 

NaOH (Molar) 

SiO2 (%) Al2O3 (%) 

C111 120 1.5 40.94 8.1 

C112 65 1.5 51.85 10.83 

C113 10 2.5 39.42 7.51 

C114 10 1.5 47.52 9.14 

C115 65 0.5 56.68 11.89 

C116 10 0.5 57.64 11.93 

C117 120 2.5 26.93 4.64 

C118 120 0.5 56.28 11.68 

C119 65 2.5 36.24 6.55 
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Figure 3.1: Three-dimensional surface plots of residual silica (A) and aluminum (B) 

percentage compositions at varying dissolution conditions. 

3.3.2.2 Actual vs Predicted values  

The actual values of silica and alumina composition were compared against the predicted 

values presented in Figure 3.2. This was to provide the regression coefficient of the model 

data. The actual vs predicted dissolution of silica and alumina plot in Figure 3.2 

demonstrated that the prediction line passes through the middle of the experimental data 

range for both silica and alumina. This implies that the model’s predictions and actual values 

are within the range. Moreover, the regression coefficient of the model function for silica and 

alumina data was 0.9734 and 0.9622, respectively. Therefore, the obtained regression 

values indicate that the model could predict 97.34% and 96.22% of the experimental data. 

This indicates that there is a correlation between the variables and hence, optimization of 

dissolution conditions was accurately predicted.  

(B) (A) 
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Figure 3.2: Actual vs predicted values plots of dissolution of silica (A) and alumina (B) from 

calcined bentonite clay. 

3.2.3 Analysis of Variance Results 

The Analysis of Variance (ANOVA) was employed to determine the goodness of fit of the 

model towards the dissolution of silica and aluminum from calcined bentonite clay’s 

experimental data and presented in Table 3.6. The ANOVA indicated that the quadratic 

model is the effective and rational method for the analysis of the experimental data. This is 

indicated by the model’s significant p-value of 0.0001 as observed in Table 3.6. Studies 

indicate that a p-value lower than 0.05 significance level shows that the model is significant 

and insignificant if it is above 0.05 significance level (Mourabet et al., 2017). The model also 

exhibited a lack of fit p-value of 0.1708 which is insignificant. Also, the aging time and NaOH 

concentration factor had a significant influence on the silica and aluminum composition from 

the residues. This is justified by increased leaching of silica and aluminum as aging time and 

NaOH concentration increases. Therefore, the quadratic model is best fitted and adequate in 

the analysis of the optimum dissolution conditions. 
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Table 3.6: ANOVA statistics of dissolution of silica and alumina from calcined clay 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value  

Model 935.51 5 187.10 51.24 < 0.0001 Significant 

A-Aging Time (Min) 69.56 1 69.56 19.05 0.0033  

B-Concentration 

(Molar) 

770.89 1 770.89 211.13 < 0.0001  

AB 30.97 1 30.97 8.48 0.0226  

A² 37.58 1 37.58 10.29 0.0149  

B² 5.88 1 5.88 1.61 0.2451  

Residual 25.56 7 3.65    

Lack of Fit 17.36 3 5.79 2.82 0.1708 Not 

significant 

 

3.3 Hydrothermal treatment  

3.3.1 Optimization of hydrothermal treatment conditions 

Hydrothermal conditions such as time and temperature were varied, and the crystallinity of 

the hydrothermally treated samples characterized using XRD analysis and fluoride 

adsorption capacity results of the treated samples are shown in Table 3.7. Three-

dimensional plots were constructed to showcase the effect and interrelationship of varying 

the hydrothermal temperature and time toward the crystallinity of the recrystallized mixtures 

as presented in Figure 3.4. It was observed that at the lowest hydrothermal conditions of 1.5 

hours at a temperature of 70 °C, the obtained material exhibited a profound crystallinity of 

69.78% as observed in sample VN4 which aligns with the results of Dewes et al. (2022). The 

surface plot showed that the crystallinity of the produced samples increases with an increase 

in both hydrothermal temperature and time (Figure 3.4). This is due to the increase in 

temperature which increases the reaction rates, formation of crystal nuclei, and faster crystal 

growth hence the crystallinity of the obtained samples increases as observed in samples 

VN4, 8 to 7, or VN6, 9 to 2 (Zhang et al., 2013).  

Also, increased hydrothermal time increases the duration of the formation and crystal 

growth. According to (Lee et al., 2022), hydrothermal time is proportional to the crystallinity 
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of the obtained zeolite. Hence, an increase in hydrothermal time increases the crystallinity of 

the zeolitic product as observed between samples VN7,5 to 2 or VN4, 3 to 6. The obtained 

recrystallized samples were subjected to defluoridation studies to evaluate the adsorption 

capacity of each hydrothermally treated sample and documented in Table 3.7. Observations 

show that there was minimal relationship between the crystallinity of the hydrothermally 

treated samples and their adsorption capacity. However, a maximum adsorption capacity of 

0.19 mg/g was observed in sample VN8. Therefore, sample VN8 synthesized at a 

hydrothermal time of 90 minutes and temperature of 105 °C was selected as the optimum 

hydrothermal treatment conditions. 

Table 3.7: Percentage of crystallinity and defluoridation efficiency of synthesized zeolite 

materials at different conditions 

Name Time 

(Hours) 

Temperature (°C) Crystallinity (%) F- Adsorption 

Capacity (mg/g) 

VN1 3.75 105 75.16 0.14 

VN2 6 140 83.03 0.18 

VN3 3.75 70 71.09 0.15 

VN4 1.5 70 69.78 0.17 

VN5 3.75 140 77.13 0.16 

VN6 6 70 73.52 0.16 

VN7 1.5 140 75.7 0.18 

VN8 1.5 105 70.49 0.19 

VN9 6 105 78.75 0.16 
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Figure 3.3: 3D plot of the crystallinity of the synthesized zeolite at different crystallization 

conditions 

 

3.3.2 Actual vs Predicted Values 

Comparison of the predicted values by the model and the actual values of the experimental 

data were plotted against each other in Figure 3.5. This was to deduce how the model 

predicts over the experimental data range. It was observed that the line of the model’s 

regression passes through the middle of the experimental data range. Also, the obtained 

regression coefficient of 0.8616 indicates that the actual and the predicted values are in 

good agreement. This further justifies the accuracy of the RSM model and it is effective and 

rational for the optimization of crystallization conditions for zeolite.  
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Figure 3.4: Predicted vs actual percentage values for crystallinity of hydrothermally treated 

samples. 

3.3.3 ANOVA results 

Table 3.8 summarizes the statistical analysis of the hydrothermal treatment conditions using 

ANOVA. The experimental data was analyzed using the linear model function of RSM. The 

results indicate that the model showed a significant p-value of 0.0001 which is lower than the 

0.05 significance level. Also, a lack of fit p-value of 0.4470 was obtained which indicates that 

the lack of fit error was insignificant for the model. Therefore, the linear model function’s 

analysis of the optimal crystallization conditions is adequately fit for the analysis of the 

experimental data. 

Table 3.8: ANOVA statistics of hydrothermal treatment conditions 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value  

Model 138.96 2 69.48 31.13 < 

0.0001 

significant 

A-Time 63.77 1 63.77 28.57 0.0003  

B-Temperature 75.19 1 75.19 33.69 0.0002  

Residual 22.32 10 2.23    

Lack of Fit 14.38 6 2.40 1.21 0.4470 not significant 
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3.4 Physicochemical characterization 

3.4.1 X-ray Diffraction Analysis 

Figure 3.3 depicts the XRD band of the calcined clay including the hydrothermally treated 

samples at various hydrothermal times and temperatures. It was observed that the spectra 

of the calcined clay exhibited three mineral phases namely quarts (Q) phases at 24°, 30°, 

58°, and 81° 2θ, muscovite (M) phases at 10° and 23° two theta, and albite high phases at 

25° and 32° 2θ. The presence of quarts mineral phases was also observed in all 

hydrothermally treated samples which indicates that both calcined and hydrothermally 

treated materials maintained their aluminosilicate nature. This also aligns with the presence 

of Al-O and Si-O functional groups in FTIR analysis results in Figure 3.6.   

After hydrothermal treatment, the muscovite peak at 10° 2θ was substituted with the zeolite 

SSZ-73 (S) phase peak as observed in all hydrothermal treated samples. Also, the 

development of new phases attributed to zeolite NaP (Z) phases at 14°, 20°, and 38° two 

theta were observed as shown in samples VN1, 3, 4, 6, 7, and 8. Similar observations were 

made in a study by Shaban et al. (2017). However, these peaks were observed at lower 

hydrothermal treatment conditions of 105°C at 3.75 hours of treatment time and below. This 

could be due to the incomplete crystallization process, resulting in reduced crystallinity and 

peak intensity. The peak intensity of the zeolite NaP phases increased from the 

hydrothermal temperature of 70 °C to 105 °C and 1.5 hours to 3.75 hours of treatment time. 

The optimal sample VN8 synthesized at 105 °C and 1.5 hours of treatment time reported in 

the RSM section exhibited strong peaks of zeolite NaP phases. 

At higher treatment conditions of 140°C and 6 hours of treatment time, new phases of 

hydroxy sodalite (H) developed at 16°, 28°,37°, 40°, 48° and 50° 2θ in sample VN2 and 5. 

Similar observations were made in a study by Obijole et al. (2019). The development of 

sodalite phases is a common occurrence during the zeolite synthesis process. According to 

Kucuk et al. (2023), this is due to the Ostwald rule of stages where the transition of less 

stable zeolite into a more stable sodalite phase occurs. This effect was also documented in a 

study by Shahmansouri et al. (2019). Therefore, the dominant mineral phases in the 

hydrothermal treated samples are zeolite NaP and hydroxy sodalite. Similar results were 

reported in (Bunmai et al., 2020, Tayraukham et al., 2020, Zhang et al., 2022). 

In addition, samples that had hydroxy sodalite phases namely VN2 and 5 synthesized at 

higher hydrothermal treatment conditions of 6 hours for treatment time and 140 °C for 

hydrothermal temperature exhibited higher crystallinity of 83.03% and 77.13% respectively 

as shown in Table 3.7. In contrast, samples that had zeolite NaP treated at lower 
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hydrothermal conditions of 70 °C and 1.5 hours of treatment time exhibited lower crystallinity 

of 69.78%, 70.79%, and 71.09% due to reduced temperature and time resulting in partial 

crystallization of the synthesized material as observed in samples VN4, 8, and 3 

respectively. Higher crystallinity of sodalite phases at higher treatment times was also 

documented in a study by Rozhkovskaya et al. (2021) and Campoverde and Guaya (2023). 

 

Figure 3.5: XRD spectra of calcined bentonite clay (D3) and hydrothermally treated samples 

at varying conditions  

3.4.2 X-ray fluorescence analysis  

The main elemental percentage values of the calcined bentonite clay (D3) and the 

hydrothermally treated samples are reported in Table 3.9. Observations show that as the 

hydrothermal temperature increases, the percentage of silica composition decreases while 

the aluminum composition increases. Sample VN4 treated at lower hydrothermal conditions 

of 70 °C at 1.5 hours of treatment time had a silica and aluminum composition of 42.44% 

and 10.38%, respectively while sample VN5 treated at higher hydrothermal treatment 

conditions at 140 °C at 3.75 hours of treatment time had a silica and aluminum composition 

of 33.95% and 15.05%, respectively. At lower hydrothermal temperatures and time, the 

crystallization rate is relatively slow hence more opportunity for soluble silica to be 

incorporated during crystallization thereby increasing the silica composition of the zeolite and 
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vice versa at higher hydrothermal temperatures and time. Consequently, the Si/Al ratio 

decreases as the silica composition decreases as observed in samples VN4 and 5 which 

had a Si/Al ratio of 4.09 and 2.26, respectively. Similar results were documented in articles 

by Behin et al. (2016) and Padilla et al. (2022)  

In addition, samples with lower Si/Al ratio namely sample VN 2 and 5 synthesized at higher 

hydrothermal conditions of 140 °C and 6 hours of treatment time had higher crystallinity and 

composed of hydroxy sodalite phases as reported in XRD analysis. Samples with higher 

Si/Al ratio namely VN4 synthesized at lower hydrothermal conditions of 140 °C at 1.5 hours 

of hydrothermal time exhibited lower crystallinity and were composed of zeolite NaP phases. 

Therefore, the crystallinity of the synthesized material is inversely related to the Si/Al ratio. 

However, this study recommends further study on the interrelationship of crystallinity and 

silica to alumina ratio of the synthesized zeolite. 

Table 3.9: Chemical composition of calcined bentonite clay (D3) and hydrothermally treated 

zeolite samples and their Si/Al ratios 

Name Time 

(Hours) 

Temp 

(°C) 

SiO2 

(%) 

Al2O3 

(%) 

Si/Al 

Ratio 

MgO 

(%) 

K2O 

(%) 

CaO 

(%) 

Fe2O3 

(%) 

D3 - - 63.91 13.41 4.77 3.46 0.79 0.86 3.38 

VN1 3.75 105 32.15 12.58 2.56 1.05 0.54 1.26 2.64 

VN2 6 140 25.52 9.9 2.58 1.74 0.46 1.00 2.91 

VN3 3.75 70 39.56 10.92 3.62 1.05 0.48 1.14 2.25 

VN4 1.5 70 42.44 10.38 4.09 1.02 0.56 1.11 2.50 

VN5 3.75 140 33.95 15.05 2.26 1.52 0.65 1.03 2.91 

VN6 6 70 31.93 11.06 2.89 0.86 0.46 1.16 2.29 

VN7 1.5 140 29.74 11.92 2.49 0.78 0.46 1.19 2.53 

VN8 1.5 105 32.33 11.43 2.83 0.89 0.46 1.21 2.38 

VN9 6 105 31.03 12.62 2.46 0.83 0.49 1.34 2.45 

 

3.4.3 Fourier Transform Infrared Analysis 

Figure 3.6 depicts the FTIR spectra of the calcined and hydrothermally treated samples. A 

spectral band corresponding to the bridge bonds of Al-O-Si internal bending vibration was 
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observed at =605 cm-1.  It was observed that the =605 cm-1 band was absent in the calcined 

clay in comparison to the hydrothermally treated samples which is due to the 

dihydroxylation/calcination treatment carried out on the calcined clay. The =605 cm-1 band 

was observed in hydrothermally treated samples. However, during hydrothermal treatment, 

this band decreases in intensity with an increase in both hydrothermal temperature and time. 

In addition, a shift in the =605 cm-1 band to the =669 cm-1 peak position was observed at a 

higher aging time of 6 hours and temperature of 140 in sample VN2. 

The band depicting Al-O symmetric bending of aromatic functional groups at =818 cm-1 

narrow band position was observed. This band was observed in both calcined clay and 

hydrothermally treated samples. However, in calcined clay, the =818 cm-1 band had low 

intensity in comparison to hydrothermally treated samples. In hydrothermally treated 

samples, the =818 cm-1 band exhibited a more profound intensity at lower hydrothermal 

treatment conditions as observed in samples VN4 and VN3. However, this band disappears 

as both hydrothermal temperature and time increases. Which could be due to the 

transformation of precursor species into the desired crystalline phase, leading to the 

elimination of intermediate phases. 

Furthermore, a strong band attributed to the asymmetric stretching of Si-O functional groups 

was observed at the =1034 cm-1 band position. This band exhibited a lower intensity in 

calcined clay samples compared to the hydrothermally treated counterparts. The reduction in 

the intensity of the =1034 cm-1 band is associated with the convention of aluminosilicate 

species into their respective oxides during dihydroxylation treatment. A shift of the =1034 

cm-1 band to the =964 cm-1 band position was observed in all hydrothermally treated 

samples along with an increase in the band intensity. The shift in the Si-O band showcases 

recrystallization and the formation of a new zeolite framework. In addition, the =964 cm-1 

band narrows and increases in intensity as hydrothermal temperature and time increases. 

According to Pangan et al. (2021), the observed bands from =400 to 1500 cm-1 exhibited a 

comparative series of Si oxides which corresponds to aluminosilicate materials.  

New bands associated with the Na-O stretching vibration were observed in the =1415 cm-1 

and 1481 cm-1 band positions. These new peaks were observed only at higher hydrothermal 

conditions of 140 °C and 6 hours of treatment time as shown in samples VN2 and VN5. The 

XRD analysis showed that samples VN2 and VN5 are composed of hydroxy sodalite phases 

which indicates that the Na-O bands are attributed to sodalite phases which agrees with the 

(Obijole et al., 2021) study.  In addition, bands associated with the -OH functional groups at 

=1640 cm-1 and 3470 cm-1 absorbance bands were observed. According to Pei et al. (2022), 

these bands correspond to the absorbed water molecules on the zeolite. The calcined clay 
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exhibited no band associated with the -OH fictional group due to the removal of hydroxyl 

groups during calcination treatment. However, all hydrothermal treated samples showed the 

presence of the -OH functional groups which decrease in intensity with an increase in 

hydrothermal treatment conditions.  

 

Figure 3.6: FTIR spectra of calcined bentonite clay (D3) and hydrothermally treated samples 

at varying conditions.  

3.4.4 Scanning Electron Microscopy Analysis 

Figure 3.7 depicts the morphological properties of the calcined clay and the hydrothermally 

treated samples at various hydrothermal temperatures and times. The morphology of the 

calcined clay (D3) exhibited large granules of irregular microstructures compared to all the 

hydrothermally treated samples. These large microstructure granules are due to the 

deterioration of the structure of the clay due to thermal treatment. Similar results were 

reported by Ahmed (2013). In addition, very small-sized cubic habit particles were observed 

attached throughout the surface of the calcined clay. These particles could be associated 

with the nucleation and formation of crystals during calcination at high temperatures. Shaban 

et al. (2017) also reported cubic habit particles attached to zeolite synthesized from 

bentonite clay. 

Morphological changes were also observed in hydrothermally treated samples. At higher 

hydrothermal temperatures of 140 °C and a crystallization time of 6 hours uniform, large 

spherical crystals with some irregular granules were observed in samples VN 2 and 5. These 

large crystals are attributed to the hydroxy sodalite phases reported in XRD analysis. Also, 
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the observed large crystal morphologies had higher crystallinity as reported in Table 3.7. 

This could be due to the agglomeration of crystals at higher temperatures and time into large 

crystals (Shahmansouri et al., 2019). The micrographs of hydrothermally treated samples at 

lower conditions of 70 °C for 1.5 hours of treatment time exhibited small-sized uniform 

sphere-like particles as observed in samples VN 4 and 8. These small spherical crystals 

correspond to the zeolite NaP phases identified in the XRD analysis section. Also, the 

treated samples had lower crystallinity as reported in Table 3.7. According to Kucuk et al. 

(2023), lower hydrothermal conditions influence the dissolution and formation of multiple 

nuclei that crystallize and form small-sized crystals. Similar spherical morphology attributed 

to zeolite NaP was reported by (Huo et al., 2012, Behin et al., 2016, Tayraukham et al., 

2020, Zhang et al., 2022). 

 

Figure 3.7: SEM micrographs of calcined bentonite clay (D3 and hydrothermally treated 
samples (VN1-VN9). 

D3 VN1 

VN9 VN8 

VN7 VN6 VN5 VN4 

VN3 VN2 



78 
 

3.5 Conclusion 

The overall aim of this chapter was to synthesize zeolite from bentonite clay using 

ultrasonication-assisted hydrothermal technique with the assistance of RSM for optimization 

of synthesis conditions. The response surface methodology successfully predicted the 

optimum zeolite synthesis conditions from bentonite clay. The optimum conditions were 1 

hour at 800°C for calcination and NaOH molar concentration of 2.5 for dissolution of Al and 

Si in 2 hours of sonication time. The study revealed that during hydrothermal treatment, 

samples treated at higher hydrothermal treatment conditions of 140 °C at 6 hours of 

treatment time had higher silica composition and lower aluminum composition consequently 

higher Si/Al ratio from XRF analysis, composed of hydroxy sodalite phases with higher 

crystallinity in XRD analysis and uniform large crystals were reported in SEM analysis. In 

contrast, samples treated at lower hydrothermal treatment conditions of 70 °C at 1.5 hours of 

treatment time had lower silica composition and higher aluminum composition consequently 

lower Si/Al ratio from XRF analysis, composed of zeolite NaP phases with low crystallinity in 

XRD analysis and uniform multiple small sized crystals were reported in SEM analysis. 

Preliminary fluoride adsorption studies of hydrothermally treated samples revealed that 

sample VN8 which is composed of zeolite Nap phases synthesized at optimal conditions of 

105 °C at 1.5 hours of treatment time exhibited a maximum adsorption capacity of 0.19 

mg/g. 
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4. Chapter 4: Evaluating the fluoride removal efficiency of zeolite NaP and 

its antimicrobial potency. 

 

Abstract 

This chapter aims to investigate the ideal conditions for fluoride removal using zeolite NaP 

adsorbent and evaluate its antimicrobial potency.  Batch experiments were carried out to 

evaluate the effectiveness of zeolite NaP in the removal of fluoride from groundwater under 

several operating conditions. In addition, antimicrobial potency of the adsorbent was 

evaluated using the agar well diffusion essay against the gram-positive S. aureus and gram-

negative E. coli strains. Under optimal adsorption conditions, a maximum adsorption 

capacity of 0.16 mg/g was achieved, with a contact time of 60 minutes, an initial 

concentration of 6.2 mg/L, an initial pH of 2, and an adsorbent dosage of 0.5 g/100 mL. The 

experimental adsorption data fitted to the pseudo-second order kinetic model indicating that 

fluoride adsorption took place through chemisorption process. Furthermore, the adsorption 

isotherm data fitted well to the Langmuir isotherm model which indicate that fluoride 

adsorption occurred in a monolayer surface with limited number of active sites. Anti-

microbial studies revealed that zeolite NaP does not have potency against gram-negative E. 

coli and gram-positive S. aureus strains. In conclusion zeolite NaP exhibited minimal 

defluoridation efficiency while no antimicrobial potency was observed. Hence, this chapter 

recommend introduction of cations on the zeolite frameworks for improved fluoride ions 

adsorption, antimicrobial potency and reusability and regeneration of the zeolite material.  

 

 

Keywords: Groundwater, Fluoride, Pathogens, Ultrasonication, Zeolite, Adsorption 
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4.1 Introduction 

In the rural peripheries of developing nations, groundwater serves as the primary and crucial 

source of drinking water, primarily due to the scarcity of government-provided piped water. 

However, lack of water quality monitoring technological resources in these regions leads to 

health problems that are often detected after prolonged exposure to various contaminants. 

Contaminants such as fluoride and pathogens are often reported in groundwater sources at 

levels exceeding the World Health Organization (WHO) drinking water guidelines for human 

consumption (WHO, 2011, Mei et al., 2020). According to the World Health Organization, 

drinking water containing more than 1.5 mg/L of fluoride leads diseases such as fluorosis 

while drinking water containing more than 0 cfu/100 mL is linked to  nausea, fever, cholera 

and diarrhea diseases (WHO, 2019, Gao et al., 2021).   

Studies have reported exceedingly high levels of fluoride and pathogen of up to 10 mg/L and 

10 cfu/100 mL in groundwaters worldwide, respectively (Mahagamage et al., 2020, Odiyo et 

al., 2020, Yadav et al., 2021, Ling et al., 2022). These results were reported in countries 

such as USA, Brazil, India, Ghana, Kenya, Botswana, Mozambique, Sri Lanka and South 

Africa (Aloulou et al., 2021). Likewise, cases of fluorosis and microbial infections have also 

been reported in the aforementioned countries due to drinking of contaminated groundwater 

sources (Malebatja and Mokgatle, 2022, Dong et al., 2023). Odiyo and Makungo (2012) 

investigated the prevalence of fluorosis in a primary school of Siloam, Limpopo South Africa 

and reported 50% cases of positive dental fluorosis among children between the age of 11 

and 14.  Furthermore, a study by Nguyen et al. (2021) investigated microbial infections 

cases in Limpopo, South Africa from 224 children of age 5 and below who drink water from 

groundwater and reported 85 positive cases of giardia infections. Groundwater quality 

analysis studies reveal co-occurrence of fluoride and pathogens in groundwater which 

potentially increases the health risks associated with these contaminants (Alqahtany, 2021, 

Bhandari et al., 2021, Ali et al., 2022). Hence, flexible and sustainable water treatment 

strategies are required in developing nations wherein clean water is scarce. 

Several studies have developed multifunctional adsorbents targeting metals and pathogenic 

contaminants' removal in water simultaneously. These adsorbents includes silver-zeolite 

(Krishnani et al., 2012), activated clay soils (Obijole et al., 2019), biopolymer nanocomposite 

(Nehra et al., 2020), MgO nanostructures (Sivaselvam et al., 2020), iron-doped poly p-

Phenylenediamine Composite (Munzhelele et al., 2021), Ag–MgO–Nanohydroxyapatite 

composite (Ayinde et al., 2022) and hydroxyapatite-bone particle-doped ceramic water filters 

(Omoniyi et al., 2022). Among other investigated adsorbents, zeolite materials have gained 

attention recently as a multifunctional adsorbent. These adsorbents are mostly preferred due 
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to their molecular sieve properties, higher surface area and porosity, and higher Cation 

Exchange Capacity (CEC) (Abdullahi et al., 2017, Zendehdel et al., 2020).  

In the previous chapter, zeolite NaP was synthesized from bentonite using the ultrasonic-

assisted hydrothermal approach. This chapter aims to apply the synthesized zeolite NaP to 

fluoride and pathogen removal in water as a multifunctional adsorbent. This chapter focuses 

on the application of the zeolite NaP adsorbent for fluoride removal and evaluates the effect 

of contact time, initial pH, temperature, and initial concentration. Also, antimicrobial studies 

will be conducted along with the reuse/ regeneration studies of the zeolite NaP material. 

4.2. Methodology 

4.2.1 Materials  

Bentonite clay was supplied by the Cape Bentonite mine, in South Africa. Reagents such as 

sodium hydroxide (NaOH), sodium fluoride (NaF), TISAB (III) solution, and hydrochloric acid 

(HCl) were supplied by Sigma Aldrich, South Africa. Analytical grade reagents were used 

without purification prior to their use.  

4.2.2 Material Preparation 

Bentonite clay was prepared by washing using the Milli Q ultrapure water in three 

consecutive cycles. The obtained clay was dried at 70 °C for 12 hours using the EcoTherm 

220V~50Hz oven. The dried clay was milled using the RS200 vibratory disc mill for 5 

minutes at 700 rpm and stored for safekeeping and further experiments. 

4.2.3 Zeolite synthesis 

The procedures used for zeolite synthesis were described in the previous chapter along with 

the optimization of the synthesis parameters. Briefly, 10 g of the milled bentonite clay were 

calcined at 800 °C for 1 hour using the 930 Scientific Slab Furnace. Thereafter, the calcined 

clay was mixed with 2.5 M of NaOH solution of 100 mL by adding 10 g of the calcined clay. 

The mixture was then subjected to sonication for dissolution and extraction of silica and 

aluminum required for zeolite crystallization. This was done by aging the mixture for 2 hours 

in the UP400s Heilscher probe ultra-sonicator at an amplitude of 100%. A 20 mL of the 

sonicated gel was transferred into a 45 mL capacity autoclave reactor and then 

hydrothermally treated at 105 °C for 90 minutes in the oven for recrystallization. The 

crystallized mixture was then centrifuged using the Hermle Z-366 centrifuge and cleansed 

with deionized water until neutral pH. The mixture was then dried overnight at 70 °C and 

zeolite product was obtained. 
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4.2.4 Physiochemical characterization of the materials 

All solid samples generated were characterized for their surface area using the TriStar II 

3020 Brunauer Emmett Teller (BET) and morphology using the TESCAN Scanning Electron 

Microscopy- Energy Dispersive Spectroscopy (SEM-EDS) technique. The crystallinity of the 

materials was determined using the PANalytical X’Pert Pro powder diffractometer (XRD). 

The functional groups, elemental composition, and particle size distribution were determined 

using the platinum ATR Fourier Transform Infrared (FTIR), S1 TITAN 600 X-ray 

Fluorescence (XRF), and the Shimadzu SALD-2300 laser diffraction particle size analyzer, 

respectively. 

4.2.5 Fluoride Removal Experiments  

Field groundwater obtained from Siloam Village, Limpopo Province, South Africa was used 

to investigate the efficiency of synthesized zeolite towards fluoride removal. The field 

groundwater had pH of 8 ±0.5 and fluoride concentration of 6,2 mg/L. The batch fluoride 

removal experimentations were conducted by investigating the effect of initial pH, contact 

time, temperature, and initial fluoride concentration for optimization of fluoride adsorption. 

The contact time and adsorption kinetics were carried out by dissolving 0.5 g of zeolite in 

100 mL of groundwater and then agitating at varying contact times of 1 to 180 minutes using 

shacking speed of 250 rpm. The effect of initial pH was conducted at 2, 4, 6, 8, and 10 by 

mixing 0.5 g of zeolite adsorbent in 100 mL of groundwater and agitated at 250 rpm for 60 

min. The effect of initial concentration and adsorption isotherms was conducted at 5, 10, 15, 

20, 30, 40, and 50 mg/L by adding 0.5 g of zeolite NaP and then agitated at 250 rpm for 60 

min. After agitation, the mixtures were filtered using a 0.45 µm filter membrane, and the 

filtrate was characterized for residual fluoride concentration using the ORION Ion Selective 

Electrode (ISE, 9609BNWP) fluoride meter. Prior to fluoride analysis, Total Ionic Strength 

Adjustment Buffer III (TISABIII) was added following a volume ratio of 1:10 mL to increase 

the ionic strength of the solutions. Equation 4.1 was used to calculate the fluoride 

percentage removal in water with Cf (mg/L) indicating the final concentration of fluoride in the 

filtrate and Ci (mg/L) indicating the fluoride concentration prior to the fluoride adsorption 

experiment. 

     (4.1) 

4.2.6 Regeneration studies 

The zeolite enriched with fluoride, following defluoridation experiments, was regenerated to 

assess the reusability of the zeolite. This regeneration process involved introducing 0.5 g of 

fluoride-rich zeolite into 100 mL of 0.01 M hydrochloric acid. The mixture was then agitated 

for 30 minutes using the SSL2 Stuart reciprocating shaker at a speed of 250 rpm. Afterward, 
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the mixture underwent sieving with a 0.45 µm membrane filter, resulting in the acquisition of 

fluoride-free zeolite. The obtained zeolite was then dried at 110 °C for 6 hours. 

Subsequently, the regenerated zeolite was employed once more for fluoride adsorption. 

Regeneration of fluoride-rich zeolite adsorbent was repeated up to five times.  

4.2.7 Antimicrobial studies 

Antimicrobial assessments were carried out through the well-agar diffusion method. The 

effectiveness of the zeolite NaP material against microbes was determined by observing the 

minimum inhibition zone against gram-positive S. aureus and gram-negative E. coli indicator 

strains. Mueller Hinton agar with turbidity of 0.5 McFarland was used for microbial culture 

growth as described in Obijole et al. (2019). Thereafter, the grown culture strains were 

inoculated upon the prepared Mueller Hinton agar by adding 50 µl of the strain followed by 

digging of a well upon the agar with a sterile micro-pipette. A volume of 50 µm containing 10 

mg/ml of the synthesized zeolite was pipetted upon the well followed by incubation of the 

agar at 37°C for 24 hours. A ruler was used to measure the inhibition zone and observed 

results were reported. 

4.3. Results and discussion 

4.3.1 Characterization 

4.3.1.1 Chemical analysis 

The chemical percentage compositions of the calcined clay and the zeolite NaP are reported 

in Table 4.1. The elemental composition analysis exhibited that major chemical oxides were 

SiO2 and Al2O3 with percentage composition of 63.91% and 13.71% for calcined clay and 

32.33% and 11.43% for the zeolite, respectively. This confirms that zeolite NaP is an 

aluminosilicate material. This lower silica and aluminum oxide percentage composition in the 

zeolite NaP could be due to the dissolution of the calcined clay materials in alkaline 

conditions with the influence of ultrasound (Behin et al., 2016). Also, the zeolite NaP material 

had lower percentage compositions of metals such as MgO, K2O, and MnO in comparison to 

the calcined bentonite clay material. These results along with the reduction in the chemical 

composition of the synthesized zeolite were also been reported in other studies (Behin et al., 

2016, Zhang et al., 2021).  
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Table 4.1: Principal and minor elemental compositions of calcined bentonite clay and 

synthesized zeolite 

Name Chemical composition 

SiO2 Al2O3 Fe2O3 MgO K2O TiO2 CaO MnO 

Calcined bentonite clay 63.91 13.71 3.38 3.46 0.79 0.38 0.86 0.05 

Synthesized zeolite NaP 32.33 11.43 2.38 0.89 0.46 0.46 1.21 0.03 

 

4.3.1.2 Fourier Transform Infrared (FTIR) analysis 

Figure 4.1 illustrates the infrared spectra of calcined bentonite and synthesized zeolite NaP. 

The FTIR spectra unveiled bands at =650 cm-1, 790 cm-1, and 1034 cm-1 bands which are 

attributed to the bending vibrations of Si-O-Al, symmetrical stretching of Al-O, and 

asymmetrical stretching of Si-O respectively. These functional groups were observed in both 

calcined clay and synthesized zeolite NaP. However, the intensity of these bands in calcined 

clay was very low which could be due to the decomposition of the clay during the calcination 

process. Also, the Si-O functional band number of the synthesized zeolite displayed a shift in 

position to the wavelength of =980 cm-1 which resembles the structural change/alteration 

made from the calcined clay (Shaban et al., 2017). Moreover, the synthesized zeolite 

exhibited a strong band at 980 cm-1 which could be attributed to the recrystallisation of the 

material during the zeolitization process. The presence of Al-O, Si-O-Al, and Si-O functional 

groups indicates the aluminosilicate nature of the zeolite which aligns with the XRF and XRD 

results (Kouznetsova et al., 2020). Furthermore, hydroxyl functional groups were observed 

at =1650 cm-1 and 3400-3650 cm-1 wavelengths. The presence of these groups was due to 

the hydrous nature of the zeolite (Mosai et al., 2019). According to Obijole et al. (2019) and 

Gao et al. (2021), the -OH groups interact with anionic species which consequently enables 

the adsorption of F- ions. However, the calcined bentonite clay resembled no bands of the 

hydroxyl group which emphasizes that the bentonite clay underwent a dihydroxylation 

process.  
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Figure 4.1: FTIR spectra for calcined bentonite clay and synthesized zeolite NaP 

4.3.1.3 X-ray Diffraction (XRD) Analysis 

The XRD spectra of calcined bentonite clay and synthesized zeolite NaP are presented in 

Figure 4.2. The calcined bentonite clay showed major peaks at 24.26, 31.02, 58.91, and 

83,12 2θ which correspond to quartz mineral. A few peaks of muscovite were observed at 

10.28 and 23.03 2θ while a single peak of albite high phase was observed at 32.41 2θ. The 

presence of these minerals also corresponds with the Si-O functional groups reported in 

FTIR analysis. The zeolite material showed high intensity peaks attributed to zeolite NaP at 

14.40, 20.19, 25.28, 32.25, and 39.05 2θ. Similar results were reported by Musyoka et al. 

(2012), Shaban et al. (2017), Bunmai et al. (2020) and Hong and Um (2021). Also, single 

peaks of zeolite SSZ-73 at 10.45 2θ theta and quartz at 31.02 2θ theta were observed. 
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Figure 4.2: XRD spectra of the calcined bentonite clay and the synthesized zeolite NaP 

4.3.1.4 Scanning Electron Microscopy (SEM) analysis 

Figure 4.3 presents the morphological structure of the calcined bentonite clay and 

synthesized zeolite NaP along with their EDS micrographs. The surface morphology of the 

calcined bentonite consisted of irregular granules. However, the synthesized zeolite 

exhibited uniform small-sized crystals along with some very few irregular granules. 

According to Dewes et al. (2022), the presence of multiple uniform small sized crystals on 

the synthesized zeolite could be because of sonication which influence the nucleation and 

crystal growth during the initial stages of zeolite synthesis. The observed crystals of the 

zeolite were mellow spherical shaped crystals which agrees with the documented results 

from Huo et al. (2012), Lin et al. (2013) and Bunmai et al. (2020). The formation of zeolitic 

material is further emphasized by the EDS spectrum which indicate the presence of Na, Si, 

O and Al elements which were also reported in Dasgupta et al. (2021). 
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Figure 4.3: Morphological images and spectra of calcined bentonite clay (A) and synthesized 

zeolite NaP (B) and their corresponding EDS 

4.3.1.5 Particle size distribution and BET results 

The particle size distribution curves were reported in Figure 4.4. The observed particle size 

distribution curves displayed a broad curve for the calcined bentonite clay and a narrow 

distribution curve of the synthesised zeolite with some minor peaks at the range of 0 to 10 

µm. According to (Dewes et al., 2022), this could be influenced by ultrasonication of the clay 

during zeolite synthesis which influences the reduction of particle sizes. This was also 

verified by the decrease in mean particle size from 79 to 22 µm as observed in Table 4.2. 

Decrease of particle distribution due to sonication treatment was also documented in (Ojumu 

et al., 2016, Chen et al., 2020). 
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Figure 4.4 : Particle distribution curves for the calcined bentonite clay and synthesised 

zeolite NaP. 

Table 4.2: Particle distribution size parameters of the calcined bentonite clay and 

synthesised Zeolite NaP. 

Samples Particle size at 90% Mean Average 

Calcined Bentonite clay 180µm 64µm 

Synthesized Zeolite NaP 160µm 22µm 

 

4.3.1.6 BET analysis 

Figure 4.5 depicts the BET adsorption-desorption isotherms at 60°C ambient temperature for 

the synthesized optimal zeolite. The results show a very short negligible steep increase in A 

type IV (H4) isotherm was observed at high pressures from the adsorption-desorption curve 

indicating a mesoporous structure. Moreover, the pore size, pore volume and surface area of 

the fabricated zeolite was 46.65 nm, 0.11 cm3/g and 102.18 m2/g as reported in Table 4.3, 

respectively. In addition, the adsorbent exhibited a pore diameter in the ranges of 2 and 50 

nm indicating that the synthesized zeolite NaP is mainly composed of mesoporous 

structures (Kumar and Jena, 2022). A large amount of surface area showcases multiple 

active sites that could accommodate adsorption of ions whilst a substantial pore volume 

provides the quantity of pores in the zeolite sample that can adsorb molecules there by 

influencing the adsorption capacity of the zeolite (Wu et al., 2020). 
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Table 4.3: The BET pore size, pore volume and surface area of the synthesised optimal 

zeolite 

Sample BET surface area (m2/g) Pore volume 

(cm3/g) 

Pore size (nm) 

Optimal Zeolite (VN8) 102.18 0.11 46.65 

 

 

Figure 4.5: BET adsorption/desorption curve of the zeolite NaP. 

4.3.2 Batch fluoride adsorption results 

4.3.2.1 Effect of pH 

The effect of initial pH was conducted for fluoride up take by the synthesised zeolite and the 

solution pH was adjusted from 2 to 10 using 0.1 M of HCl and 0.1 M of NaOH. The results of 

percentage fluoride removal against pH are presented in Figure 4.6. The results indicated a 

decreasing trend in fluoride (F-) removal percentage as the initial pH in the fluoride solution 

increases.  This could be a factor of the abundance of -OH ions in the solution as the pH 

increases. According to Jia et al. (2022), since -OH ions have similar charges with fluoride 

ions, competition of fluoride adsorption sites occur. Consequently, more hydroxyl ions (-OH) 

will be available resulting in their increase adsorption than fluoride ions hence fluoride 

removal percentage decreases at higher pH. In addition, Dong and Wang (2016) and Uddin 

et al. (2019) suggested that deprotonation occurs at higher pH creating a negatively charged 

surface in the adsorbent which lead to electrostatic repulsion of anions such as fluoride and 

decreases fluoride adsorption even further and vice versa at lower pH as indicated in 

equation 4.2 and 4.3.  A maximum fluoride uptake of ≈ 27% was observed at pH of 2. 
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Positively charged surface at lower pH 

  (Attraction)      (4.2) 

Negatively charged surface at higher pH 

  (Repulsion)     (4.3) 

 

Figure 4.6 : Effect of pH vs fluoride adsorption percentage (0.5 g/100 mL adsorption dosage, 

60 mins contact time at 250 rpm and initial F- concentration of 6.2 mg/L) 

4.3.2.2 Effect of contact time 

The effect of contact time towards fluoride uptake by the synthesized zeolite was 

investigated. Figure 4.7 depicts the percentage fluoride uptake results between 1 to 180 

minutes. The fluoride adsorption increased as contact time increased within the first 60 

minutes with about 27% of defluoridation efficiency. After 60 minutes, no additional 

adsorption was observed, suggesting that equilibrium had been reached. This indicates that 

the adsorption sites were saturated. Therefore, the optimal conditions for subsequent 

experiments for contact time were 60 minutes. 
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Figure 4.7: Effect of contact time vs fluoride adsorption percentage (0.5 g/100 mL adsorption 

dosage, agitation speed of 250 rpm, initial pH of 2, and initial F- concentration of 6.2 mg/L) 

4.3.2.3 Adsorption kinetics 

The data obtained from the effect of contact time was fitted to adsorption kinetic models to 

provide insights into the fluoride removal mechanism. This was determined using the 

pseudo-second order (PSO) and the pseudo first order (PFO) kinetic models. The pseudo 

first-order kinetics assumes that adsorption occurs through physisorption wherein molecules 

are attracted to the sorbent’s surface by forces such as weak van der Waals, London 

dispersion, or electrostatic interaction (Hu et al., 2021, Márquez et al., 2021). In PFO, one 

molecule from the solution is adsorbed by one active site in the adsorbent. On contrary, the 

pseudo-second order assumes that adsorption occurs through chemisorption wherein 

molecules are exchanged from the solution to the adsorbent (Jasper et al., 2020). In PSO, 

one molecule in the solution is adsorbed by two active sites in the adsorbent. The pseudo-

first order and pseudo-second order are expressed through their nonlinear equation 4. 4 and 

4.5 respectively. 

       (4.4) 

        (4.5) 

Where qe and qt represent the amount of fluoride ions adsorbed at equilibrium (mg/g) and at 

a time t (min). Kad (min-1) is the PFO kinetic rate of constant and K2ads (g.mg-1/min) is the 

PSO kinetic rate of constant.  
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Figure 4.8 and Table 4.4 represent the nonlinear plots of PFO and PSO and the calculated 

parameters of the kinetic models respectively. From Table 4.4, the correlation coefficient 

value of the PFO was lower whereas the PSO correlation coefficient value was higher. 

Therefore, the data fitted to the PSO kinetics. The PSO presumes that adsorption occurs 

through chemisorption. In chemisorption, adsorption of fluoride molecules occurs on the 

surface of the sorbent and reacts with atoms of the active sites (Márquez et al., 2021). The 

two share electrons causing the formation of complexes of chemical bonds which are 

irreversible.   

 

Figure 4.8: Nonlinear plots for the pseudo-second order (PSO) and pseudo first order (PFO) 

kinetic models. 

Table 4.4: Parameters for the pseudo-second-order (PSO) and pseudo-first order (PFO) 

kinetic models 

Experimental Pseudo First Order (PFO) Pseudo Second Order (PSO) 

Qe (mg/g) Kads (min-1) Qe (mg/g) R2 K2ads  

(g.mg-1/min) 

Qe 

(mg/g) 

R2 

0.68 1.47 0.30 0.49 7.67 0.31 0.72 

 

4.3.2.4 Initial fluoride concentration and isotherms models 

Figure 4.9 depicts the adsorption capacity against equilibrium concentration at varying 

temperatures. This was done to analyse the impact of adsorbate concentration on fluoride 

removal at different temperatures. A discernible trend of increasing adsorption capacity was 
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observed as the initial fluoride concentration increased. This could be associated with the 

concentration gradient in the solution wherein the concentration gradient in the fluoride 

solution and the surface of the adsorbent is high promoting diffusion of fluoride ions from an 

area of higher concentration to an area of lower concentration (Banat et al., 2000, 

Velazquez-Jimenez et al., 2015, Parashar et al., 2019). As a result, the rate at which fluoride 

molecules adhere to the particle surface of the adsorbent increases. Furthermore, the 

adsorption capacity diminishes with the temperature increase from 25°C to 35°C, but it rises 

from 35°C to 45°C.  

 

Figure 4.9: Initial concentration vs adsorption capacity at different temperatures, Langmuir 

and Freundlich plots for fluoride removal by the synthesized zeolite (0.5 g/100 mL adsorption 

dosage, 270 mins contact time at 250 rpm, initial pH of 6 and initial F- concentration of 6.2 

mg/L) 

To determine the interrelationship between the adsorbate and the adsorbent, the Langmuir 

and the Freundlich isotherm models were employed. Langmuir isotherm models presume 

that an adsorbate is adsorbed in a monolayer surface of the adsorbent and only one 

molecule can be adsorbed in an active adsorption site (Uddin et al., 2019). Also, Freundlich 

assumes that an adsorbate is adsorbed in a surface with multiple active sites that can 

adsorb multiple molecules simultaneously (Jasper et al., 2020). These models are given by 

nonlinear equations 4.6 and 4.7 respectively. 
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          (4.6) 

          (4.7) 

Where qe represents the equilibrium adsorption capacity (mg/g), Ce represents the 

concentration equilibrium of the adsorbate, Kf represents the empirical Freundlich constant 

(mg/g) whilst KL represents the Langmuir constant (L/mg), Qmax value showcases the 

maximum sorption capacity of an adsorption site which is saturated, and 1/n represents the 

adsorption intensity. When the 1/n values are 0<1/n<1, fluoride adsorption occurs. However, 

when 1/n=1 then adsorption cannot be reversed and is unfavourable if 1/n>1. The Kf and n 

values are determined using the slope and intercepts. 

Figure 4.9 incorporates nonlinear adsorption isotherm plots, and the corresponding constant 

values are detailed in Table 5. Based on Table 4.5 showing the tabulated models’ 

parameters, the regression coefficient value of the Langmuir isotherm (R2=0.95) model was 

high compared to the Freundlich isotherm model (R2=0.93). Hence, the Langmuir isotherm 

model provided a better description of the data, indicating the occurrence of fluoride 

adsorption on a surface with a limited number of active sites. According to Tran et al. (2017), 

high values of Qmax and KL indicate a good adsorbent, hence synthesized zeolite is a good 

adsorbent. Also, a range of 0 to 1 of KL value was observed hinting that fluoride adsorption 

was favourable. 

Table 4.5: Parameters for the Freundlich and Langmuir isotherm models 

Temperature (°C) Langmuir Freundlich  

 Qmax 

(mg/g) 

KL (L/mg) R2 KF 

(mg/g)/(mg/L)n 

1/n R2 

25 ºC 1.81 0.03 0.98 0.11 0.61 0.98 

35 ºC 0.92 0.08 0.95 0.15 0.42 0.92 

45 ºC 2.89 0.02 0.95 0.11 0.68 0.93 

 

4.3.2.5 Thermodynamic studies 

To further determine the randomness, spontaneity, and type of reaction of fluoride uptake 

mechanism by synthesized zeolite NaP adsorbent, thermodynamics studies were evaluated. 

The standard entropy change (ΔS0), standard enthalpy (ΔH0), and Gibbs free energy change 

(ΔG0) of thermodynamics were calculated using equation 4.8-10. The parameters of 

thermodynamics were obtained from the InKL vs 1/T plot presented in Figure 4.10.     
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       (4.8) 

         (4.9) 

         (4.10) 

Where distribution constant = KL, ideal gas constant = R (J/mol. K), absolute temperature = 

T (kelvin), concentration at equilibrium = Ce (mg/L), adsorbent mass = m and adsorption 

capacity = qe (mg/g) 

Table 4.6 represents the calculated thermodynamics parameters for fluoride adsorption via 

the zeolite NaP.  Results show that the values of the ΔG0 were positive. This implies that the 

defluorination process was non-spontaneous requiring an external energy input and as 

temperature increases, the ΔG0 values increase. The ΔH0 value was negative which 

represents an exothermic reaction that favors physisorption and chemisorption processes. 

The values of ΔS0 were negative as well which indicates that the adsorption process 

decreased in randomness of fluoride ions at the liquid/solid interface. Similar observations 

were made in a study by Hellal et al. (2023) and Amanzadeh et al. (2024). 

Table 4.6: Thermodynamics parameters for fluoride ions adsorption by the zeolite NaP 

adsorbent 

Adsorbent Temperature 

(K) 

ΔG° (KJ/mol) ΔH° (J/mol) ΔS° (J/mol) 

Zeolite NaP 298 8.69 -14.96 -76.16 

308 6.47 

318 10.34 
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Figure 4.10: Thermodynamics plot of InKL as a function of 1/T 

4.3.3 Regeneration experiment of the zeolite 

The reusability potential of the zeolite was conducted in five sequential fluoride adsorption 

and desorption cycles.  A concentration of 0.01 M of hydrochloric acid was used as a 

regenerant. The obtained results are presented in graphical plots in Figure 4.11. In the initial 

regeneration cycle, the zeolite adsorbent exhibited a maximum percentage fluoride removal 

of 23.57% while in the last cycle, a minimal fluoride removal percentage of 9.75% was 

observed. This phenomenon might be attributed to the irreversible reaction reported in the 

kinetics analysis section, wherein a reaction occurs between the surface of the sorbent and 

the fluoride ions. This irreversible reaction restricts the re-adsorption of fluoride molecules by 

the adsorbent's surface during regeneration cycles, as the reaction cannot be reversed and 

there is limited number of adsorption sites as explained in adsorption models’ section. 

Hence, the incorporation of cations on the zeolite surface could improve the regeneration 

capability of the zeolite.  
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Figure 4.11: Percentage fluoride removal in sequential regeneration cycles of the zeolite 

using 0.01 M of HCl as a regenerant (≈ Fluoride concentration=4.92, agitation time=60 

minutes, agitation speed=250 rpm and pH=2.22) 

4.3.4 Antimicrobial potency 

The antimicrobial potency of the synthesized zeolite against the gram-negative E. coli and 

gram-positive S. aureus strains is presented in Figure 4.12. The synthesized zeolite showed 

no zone of inhibition towards both E. coli and S. aureus strains which indicates that the 

adsorbent exhibits minimal antimicrobial potency. This could be due to the structural content 

of the synthesized zeolite which lacks antimicrobial agents. Similar observations were made 

in a study by Yao et al. (2019), Daou et al. (2020), and Abed et al. (2020).  

  

 

 

 

 

Figure 4.12: The minimum zone of inhibition for synthesised zeolite against E. coli 
and S. aureus strain 

Zeolite NaP vs S. aureus 
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4.4 Conclusion and Recommendation 

This study successfully characterized the synthesized zeolite NaP and elucidated its 

application in pathogens and fluoride removal in water. The XRD and SEM analysis results 

showed that the synthesised zeolite NaP is mainly composed of zeolite NaP phases with 

small uniform spherical crystals. In defluoridation studies, the zeolite adsorbent exhibited a 

maximum fluoride adsorption capacity of 0.32 mg/g at optimal conditions of 0.5g/100 mL for 

dosage,6 mg/L for initial fluoride, and pH of 2 at an agitation time of 60 minutes and speed of 

250 rpm. The kinetic models indicated that fluoride adsorption by the zeolite NaP adsorbent 

occurred through chemisorption, as the pseudo-second-order model exhibited a superior fit 

to the adsorption data. Moreover, the Langmuir isotherm model exhibited a superior fit to the 

experimental data, indicating that the adsorption took place on a monolayer adsorbent 

surface. In antimicrobial studies, the synthesized zeolite exhibited zero antimicrobial potency 

against the E. coli and S. aureus strains. Regeneration experiments of the zeolite NaP 

adsorbent using 100 mL of 0.001 molar of hydrochloric acid as a regenerant showed that the 

adsorbent showed minimal regeneration efficiency. Hence, this study recommends the 

incorporation of cations onto the surfaces of the adsorbent to improve its pathogens and 

fluoride removal from water and improve the regeneration efficiency of the zeolite. 
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5. Chapter 5: Synthesis of zirconium (Zr4+) and silver (Ag+) modified zeolite 

for application in fluoride and pathogen removal 

 

Abstract 

This chapter aims to enhance the fluoride adsorption efficiency and antimicrobial potency of 

synthesized zeolite NaP through the incorporation of Zr4+ and Ag+ metal oxides. The Zr4+/Ag+ 

modified zeolite was synthesized via ultrasound-assisted hydrothermal treatment at optimum 

conditions of 0.5 and 0.3 M for ZrCl4 and AgNO3 respectively, 2.5 M concentration of NaOH 

at 2 hours of sonication for dissolution and hydrothermal conditions of 105 °C for 90 minutes 

of hydrothermal time. The obtained material was characterized using X-ray Diffraction 

(XRD), X-ray Fluorescence (XRF), Fourier Transform Infrared (FTIR), Particle Distribution 

Analyzer, and Scanning Electron Microscopy Energy Dispersive Spectroscopy (SEM-EDS). 

The defluoridation and antimicrobial potency of the modified zeolite were evaluated through 

batch fluoride adsorption and well-assay diffusion experiments, respectively.  A maximum 

fluoride removal percentage of 50% was achieved under optimal conditions, which included 

a pH of 6 ± 0.5, a contact time of 270 minutes, an aqueous solution with an initial fluoride 

concentration of 6.2 mg/L, and an adsorbent dosage of 0.5 g/100 mL, with agitation at a 

speed of 250 rpm. The adsorption data fitted better to the pseudo-second-order kinetic 

model which indicates that the adsorption of fluoride occurred through the chemisorption 

mechanism. The adsorption isotherm data showed a better fit to the Langmuir isotherm 

model which indicates that the adsorption occurred on a monolayered surface of the Zr4+/Ag+ 

modified zeolite. Furthermore, the antimicrobial potency results showed a minimum zone of 

inhibition of 15 mm and 12 mm against the gram-negative E. coli and gram-positive S. 

aureus strains in the antimicrobial test.  This study proved that the Zr4+/Ag+ modified zeolite 

has potency towards fluoride and pathogen removal from groundwater. 

 

Keywords: Groundwater, Fluoride, Pathogens, Adsorption, Zirconium, Silver 
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5.1. Introduction 

Groundwater is regarded as a reliable water source in water-scarce areas mainly in arid to 

semi-arid regions. On occasion, groundwater is a carrier of toxic contaminants such as 

fluoride and pathogens depending on the factors surrounding the environment (Naskar, 

2020). When exposed to the human system, these contaminants cause diseases such as 

fluorosis, cholera, fever, and diarrhea (Gao et al., 2021). Unfortunately, studies have 

reported the presence of high levels of fluoride and pathogenic contaminants in various 

spheres of the groundwater with levels surpassing the mandated levels of 1.5 mg/L and 0 

cfu/mL of the World Health Organization’s water guidelines (WHO, 2011, Mei et al., 2020).   

According to Revelo-Mejia et al. (2021) and Yetis et al. (2021), over 100 million people are 

affected by fluorosis and pathogenic diseases worldwide. Countries including China, India, 

Mexico, Kenya, Malawi, Ethiopia, and South Africa have reported cases of fluorosis, cholera, 

and diarrheal disease as a consequence of drinking contaminated water (Liu et al., 2019, 

Menya et al., 2019, Addison et al., 2021, Yetis et al., 2021). In South Africa, cases of 

fluorosis have been documented in several provinces including North West, Western Cape, 

KwaZulu-Natal, and Limpopo (Edokpayi et al., 2018, Odiyo and Makungo, 2018, Khabo-

Mmekoa et al., 2022).   

Several water treatment strategies are placed to remove these toxic contaminants in water. 

These strategies include the precipitation method which utilizes a chemical agent and forms 

insoluble precipitates, the ion exchange method which utilizes an ion exchange resin for 

selectively removing fluoride ions in water through the exchange of ions and the membrane 

method which uses a semipermeable membrane that selectively allows ions depending on 

their size to pass through (He et al., 2020, Naskar, 2020). However, studies indicated that 

these methods offer a low fluoride removal efficiency of 40-60%, generate concentrated 

sludge, and use expensive and complex systems for the removal of these toxicants (Savari 

et al., 2020, Gao et al., 2021, Gitari et al., 2023).  

The adsorption mechanism however, uses simple adsorption systems, has higher fluoride 

removal efficiency, and uses naturally abundant and eco-friendly materials such as clays, 

coal fly ash, chitosan, and zeolites are less costly compared to the above-mentioned 

defluoridation techniques (He et al., 2020, Naskar, 2020). Among the adsorbents, zeolite 

materials are widely recommended and preferred due to their molecular sieving properties, 

porosity, higher cation exchange capacity, thermal stability, and higher surface area. Zeolitic 

minerals are aluminosilicate in nature composed of alumina and silica tetrahedra which are 

balanced by one oxygen molecule. These materials can be found naturally or synthesized in 

the laboratory to suit their applications making them versatile adsorbents.  
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Although zeolites can be used to sieve metals in the water, they lack affinity to anionic 

species which hinders their ability to remove metals such as fluoride in the water. This is due 

to their alumina framework which has a net negative charge (Jia et al., 2022). This net 

negative is balanced by cations giving the zeolite its cation exchange capability (Aloulou et 

al., 2021). Hence cations such as lanthanum, iron, lithium, magnesium, and zirconium are 

used to improve the fluoride removal efficiency of the zeolite (Zendehdel et al., 2020, Jia et 

al., 2022). This phenomenon is achievable owing to the attraction of cations towards anions. 

Various studies have incorporated zeolitic materials with multiple metal oxides for the 

simultaneous removal of multiple contaminants in water. A study by Cheng et al. (2018) 

modified zeolite with magnesium-aluminum-titanium to remove fluoride ions and reported 

72%, 80%, and 95% defluoridation efficiency respectively. Gao et al. (2021) modified 

zirconium zeolite and reported a defluoridation efficiency of 95%. Furthermore, Cui et al. 

(2019a) investigated zeolite functionalized with silver-copper-zinc metal oxides against E. 

coli and S. aureus and reported a zone of inhibition of 9.75 and 7.68 respectively. Also, silver 

ion functionalized zeolites were investigated in the removal of pathogens such as E. coli, P. 

aeruginosa, V. cholerae, and V. parahaemolyticus and results indicated that the silver 

functionalized zeolite inhibited the growth of these pathogens (Krishnani et al., 2012, 

Sánchez et al., 2017).  

To the author’s knowledge, little has been done on the modification of zeolite materials with 

zirconium and silver metal oxides for the removal of fluoride and pathogens in groundwater. 

In this study, zeolite was modified with zirconium (Zr+4) and silver (Ag+) metal oxides for the 

simultaneous removal of fluoride and pathogens in water. Obtained samples were 

characterized and fluoride adsorption studies were performed to investigate the efficiency of 

the Zr4+/Ag+ modified zeolite. Additionally, an analysis of adsorption kinetics and isotherm 

models was conducted to assess the adsorption mechanisms. The antimicrobial efficacy of 

the modified zeolite was investigated using the well-assay diffusion method. 

5.2 Methodology 

5.2.1 Materials 

Raw bentonite clay was supplied by ECCA Holdings (Pty) Ltd, Cape Bentonite Mine (Cape 

Town, South Africa). Chemicals of analytical grade such as sodium hydroxide (NaOH) 98% 

and silver nitrate (AgNO3) 99.9% used in this study were obtained from Rochelle Chemicals 

and Lab Equipment CC, South Africa Ltd. The E. coli strain, MacConkey agar, Mueller 

Hinton agar and broth, zirconium chloride (ZrCl4), silver nitrate (AgNO3), and TISAB (III) 

solution were obtained from Sigma Aldrich, South Africa. No purification of reagents was 

conducted, and hence the reagents were used as they were.  
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5.2.2 Preparation of Zr4+/Ag+ modified zeolite 

The modification of zeolite with Zr4+/Ag+ metal oxides was conducted following the 

procedures described by Ojumu et al. (2016), Lin et al. (2018), and Amin et al. (2021) with 

slight modification.  Briefly, 10 g of calcined bentonite clay were added to 2.5 M NaOH 

solution. In the same solution, zirconium chloride (ZrCl4) and silver nitrate (AgNO3) metal 

oxides were added at varying molar concentrations as indicated in Table 1. The obtained 

mixture was subjected to sonication in the up 400s Heilscher probe ultrasound for 2 hours at 

an amplitude of 100% and cycle of 0.5. After sonication, the obtained mixture was subjected 

to hydrothermal treatment for crystallization of the material following optimum conditions 

described in the zeolite synthesis report. In this procedure, 20 mL of the sonicated mixture 

was added into a 45 mL capacity Teflon Parr autoclave reactor. The Teflon Parr autoclave 

reactor was then placed in a 220V~50 Hz EcoTherm labotec oven for 90 minutes at 105 ºC. 

The obtained crystallized solution was centrifuged with the Z 366 Hermle centrifuge at 4000 

rpm for 15 minutes and dried in an oven overnight at 70 ºC. The obtained samples were then 

stored in plastic bottles to prevent moisture and for safekeeping. 

Table 5.1: Variation of zirconium and silver metal oxides molar concentration 

Sample Name Zr (Molar) Ag (Molar) 

ZZA1 0.3 0.3 

ZZA2 0.5 0.1 

ZZA3 0.1 0.3 

ZZA4 0.1 0.5 

ZZA5 0.3 0.5 

ZZA6 0.5 0.5 

ZZA7 0.1 0.1 

ZZA8 0.3 0.1 

ZZA9 0.5 0.3 

 

5.2.3 Physiochemical characterization  

The S1 TITAN 600 X-ray Fluorescence (XRF), Shimadzu SALD-2300 laser diffraction 

particle size analyzer, and platinum ATR Fourier Transform Infrared (FTIR) instruments were 

used to determine the elemental composition, particle size, and functional groups of the 

materials respectively. Also, TESCAN Scanning Electron Microscopy- Energy Dispersive 

Spectroscopy (SEM-EDS) and TriStar II 3020 Brunauer Emmett Teller (BET) were used to 

determine the morphology and surface area of the materials respectively. 
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5.2.4 Batch Fluoride Sorption Studies 

Batch fluoride adsorption studies were performed to assess the defluoridation efficiency of 

Zr4+/Ag+ modified zeolite against field groundwater obtained from Siloam village, Limpopo. 

The ORION Ion Selective Electrode (ISE, 9609BNWP) and the ACCSEN PC8 pH meter 

were used to analyze fluoride ions and pH levels in the samples, respectively. Fluoride 

analysis indicated that the field groundwater had a concentration of 6.2 mg/L with a pH of 8 

±0.5. Prior to fluoride analysis, Total Ionic Strength Adjustment Buffer (TISAB(III)) was 

added to the samples at a ratio of 1:10 mL to increase the ionic strength of the ions and 

eliminate any interfering ions. In detail, batch fluoride studies were performed by studying 

the effects of agitation time, pH, concentration, and temperature. The effect of agitation time 

was performed in a 100 mL solution of field groundwater using 0.5 grams of the adsorbent at 

varying times of 1, 5, 10, 20, 30, 60, 90, 180, 270, and 380 minutes (s). This experiment was 

carried out in a 250 mL capacity polyethylene bottle at an agitation speed of 250 rpm using 

the STUART SSL2 shaker. The resulting solution was filtered using a 0.45 µm filter 

membrane and the filtrate was analyzed for fluoride. The effect of initial pH was performed in 

100 mL solutions of field groundwater with varying pH ranges of 2, 4, 6, 8, and 10 which 

were adjusted using 0.1 M of HCl and 1 M NaOH solution in a dropwise manner. The effect 

of concentration was carried out by simulating 100 ml fluoride solutions with various 

concentrations of 5, 10, 15, 20, 30, 40 and 50 mg/L at room temperature. Then, 0.5 g of 

Zr4+/Ag+ modified zeolite was added into the 100 mL fluoride solutions and agitated at 250 

rpm at optimal conditions. Also, the effect of temperature was carried out using the simulated 

fluoride concentrations at 35°C and 45°C. Following batch experiments, fluoride analysis 

proceeded with the application of similar steps. Equation 5.1 was utilized to compute the 

percentage removal of fluoride, with Co representing the initial fluoride concentration and Ce 

representing the final fluoride concentration. 

     (5.1) 

5.2.5 Regeneration experiments  

The regeneration potential of the Zr4+/Ag+ modified zeolite was evaluated using 0.01 M of 

hydrochloric acid. This was conducted by mixing fluoride-rich adsorbent in 100 mL of HCl 

solution and agitated for 1 hour at a speed of 250 rpm for fluoride desorption. The solution 

was then filtered using a 0.45 µm membrane filter to obtain the fluoride-free adsorbent 

residues. The fluoride-free material was then analyzed for fluoride desorbed washed with 

deionized water and dried in an oven for 4 hours at 110 °C following procedures described in 

(Gitari et al., 2023). The dried adsorbent material was then reused in fluoride adsorption 

experiments. This cycle was repeated for five cycles. 
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5.2.6 Antimicrobial studies 

The antimicrobial efficiency of the Zr4+/Ag+ modified zeolite was performed using the agar 

well-assay diffusion method. In this procedure, the E. Coli and S. aureus strains were used 

as indicator bacteria. The preparation of the bacterial cultures was as follows. Agars and 

Broth were prepared in ultrapure water and the mixture was subjected to autoclave for 15 

minutes and then transferred into plate discs. E. coli and S. aureus strains were inoculated 

upon prepared plate discs of MacConkey agar and incubated at 37°C for 24 hours to 

establish colonies. Thereafter, 3 colonies were swabbed from the agar transferred to the 

Mueller Hinton broth, and incubated for 2 hours at 37 °C. Subsequently, 50 µL of incubated 

broth was transferred into plate discs of Mueller Hinton Agar and evenly distributed using the 

glass cell spreader and left to cool for 30 minutes. Holes were punched upon the agar plate 

using the opening end of sterile pipet tips and 50 µL of the adsorbent was pipetted in the 

holes. The agar was then incubated overnight at 37 °C in an inverted position. Lastly, zones 

of inhibition were measured. 

5.3. Results and discussion 

5.3.1 Optimisation of Zr4+/Ag+ modification conditions 

Table 5.2 depicts the percentage composition of the resulting modified zeolites analysed via 

the XRF at various molar concentrations of zirconium and silver metal oxides along with the 

sample’s adsorption capacity toward fluoride ions. Three-dimensional graphs were 

constructed using the design expert software version 13 to predict the optimum conditions 

and relationship between the variables as presented in Figure 5.1. In Figures 1A and 1B, the 

percentage composition of zirconium and silver in the resulting modified zeolite samples 

increased with the increase of molarity concentration of zirconium and silver respectively. 

This indicates that as the molarity concentration of zirconium and silver metal oxides 

increases, more zirconium and silver metals are incorporated in the zeolite matrices. Also, 

the incorporation of zirconium and silver in the modified zeolite matrices was verified by the 

EDS results in Figure 5.5. Similar observations were made in a study by Cui et al. (2019b), 

Barbov et al. (2023), Inglezakis et al. (2023),  and  Marzi et al. (2023). Thereafter, the 

obtained modified zeolite samples were employed to investigate the fluoride adsorption 

capacity of the modified samples as presented in Table 5.2 and deduce the optimum 

modification conditions therein. The highest fluoride adsorption capacity of 1.0 mg/g was 

obtained at higher sample ZZ9 modified using 0.5 M of zirconium and 0.3 molar silver 

concentrations. Therefore, sample ZZA9 was selected as the optimum condition for zeolite 

modification. 
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Table 5.2: Preliminary fluoride removal performance of the modified zeolite samples 

Sample 

Name 

Zirconium 

(Molar) 

Silver 

(Molar) 

Zirconium 

(%) 

Silver (%) Fluoride adsorption 

capacity (mg/g) 

ZZA1 0.3 0.3 10.94 11.37 0.13 

ZZA2 0.5 0.1 23.55 4.1 0.37 

ZZA3 0.1 0.3 5.49 11.82 0.20 

ZZA4 0.1 0.5 2.1 16.44 0.15 

ZZA5 0.3 0.5 7.28 13.96 0.12 

ZZA6 0.5 0.5 11.84 11.55 0.31 

ZZA7 0.1 0.1 5.78 4.52 0.40 

ZZA8 0.3 0.1 18.19 5.6 0.77 

ZZA9 0.5 0.3 18.88 6.94 1.00 

 

5.3.1.1 ANOVA results 

Response surface methodology (RSM) was used to optimize the molarity of zirconium and 

silver metal oxides for modification of zeolite. The composition content of these metal oxides 

was used as the response factor. The obtained Analysis of Variance (ANOVA) indicated that 

the linear model method is the effective and rational method for data analysis as indicated in 

Table 5.3. A significant p-value of 0.0001 was obtained along with a lack of fit value of 

 

Figure 5.1: 3D surface plots of dissolution of silica (A) and aluminium (B) 
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0.7322 which is higher than the threshold for statistical significance. Hence the linear model 

function is best fitted and adequate for this experimental data analysis.  

Table 5.3: ANOVA statistics 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value   

Model 394.08 2 197.04 35.78 < 0.0001 significant 

A-Zirconium 278.8 1 278.8 50.63 < 0.0001   

B-Silver 115.28 1 115.28 20.94 0.001   

Residual 55.07 10 5.51       

Lack of Fit 25.84 6 4.31 0.5894 0.7322 not significant 

 

5.3.1.2 Actual Vs Predicted Values 

The actual values of (A) zirconium and (B) silver metal oxides incorporation on zeolite were 

plotted against the predicted values in Figure 5.2. This data was plotted using the RSM to 

provide the regression coefficient of the data models. The purpose is to establish the 

relationship between the actual experimental data and the predicted values obtained from 

the RSM (Response Surface Methodology) model. The actual vs predicted values plot of 

zirconium incorporation in zeolite demonstrated that the regression line passes through the 

experimental data range. This implies that the actual and the predicted values are within the 

range. A similar trend was observed in the silver ions incorporation in zeolite structure. Also, 

the RSM indicated regression coefficients of 0.8774 and 0.8463 for zirconium and silver ions 

incorporation in zeolite model data, respectively. This further emphasizes that there is a 

correlation between the variables. Therefore, the optimization of the metal oxides 

incorporation in the zeolite can be predicted accurately and precisely with the RSM model 

function. 
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Figure 5.2: Actual vs predicted values plots of zirconium (A) and silver (B) metal oxides 

modification on zeolite. 

5.3.2 Physiochemical characterization 

5.3.2.1 XRF analysis 

Table 5.4 illustrates the principal elemental compositions of both the synthesized zeolite NaP 

and the Zr4+/Ag+ modified zeolite. The XRF results show that the synthesized zeolite NaP 

had the highest percentage of silica (SiO2) and alumina (Al2O3) at 32.33% and 11.43% 

respectively. However, this percentage decreases after modification of the zeolite with the 

metal oxides. Also, the silica-to-alumina ratio of the synthesized zeolite and modified zeolite 

was 2.83 and 6.40 respectively. The increase in the Si/Al ratio of the Zr4+/Ag+ modified 

zeolite is attributed to the sudden decrease of the aluminum composition due to sonication. It 

was also noted that there was a sudden increase in the zirconium (Zr) and Silver (Ag) 

content showing a percentage composition of 18.88% and 6.94%, respectively. This 

indicates that there was a modification of the zeolite matrices. Similar findings were 

documented in studies by Barbov et al. (2023) and Inglezakis et al. (2023) 

Table 5.4: Major elemental compositions of the synthesized and modified zeolite 

Name Chemical composition 

SiO2 Al2O3 Fe2O3 MgO K2O TiO2 CaO Zr Ag 

Zeolite NaP 32.33 11.43 2.38 0.89 0.46 0.46 1.21 0 0 

Zr4+/Ag+ modified 

zeolite 

29.61 4.62 1.92 2.93 0.55 0.24 0.19 18.88 6.94 
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5.3.2.2 FTIR results 

Figure 5.3 depicts the FTIR spectra of the zeolite NaP and Zr4+/Ag+ modified zeolite. As 

indicated in Figure 5.3, the bands observed at =565 cm-1 are attributed to the Al-O bending 

vibrations. However, this band was absent in Zr4+/Ag+ modified zeolite. A band at =740 cm-1 

band was observed to contribute to the symmetric vibration of the Al-O-Si tetrahedra 

functional groups. An intense vibration band at 973 cm-1 was observed which is attributed to 

the Si-O asymmetric stretching in the synthesised zeolite NaP. However, in the modified 

zeolite, a shift in the Si-O band was observed to the =1026 cm-1 band position at low 

intensity which could be due to the dissolution process during Zr4+/Ag+ modification. 

Furthermore, similar bands from the zeolite NaP and the Zr4+/Ag+ modified zeolite samples 

of the -OH functional group at wavenumbers of =1600 and 3400 cm-1 were observed. The 

presence of -OH groups at =3400 cm-1 contributes to the absorption of water molecules 

absorbed by the samples.  No bands associated with the Zr-O and Ag-O functional groups 

were observed. Studies indicate that this could be due to the strong vibrations of the zeolite 

matrices or the overlapping of bands (Velazquez-Peña et al., 2017, Feng et al., 2020, Yang 

et al., 2022). Also, Yu et al. (2021) added that zirconium could enter the zeolite cage instead 

of substituting the framework of the zeolite and forming new bonds hence no zirconium-

related functional groups could be observed. 
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Figure 5.3: FTIR spectra of the zeolite NaP and the Zr4+/Ag+ modified zeolite. 

5.3.2 3 XRD results 

The XRD spectra of the zeolite NaP and Zr4+/Ag+ modified zeolite was plotted and presented 

in Figure 5.4. The XRD spectral band of the zeolite NaP sample showed that the material 

has peaks attributed to quartz at 31.02° 2θ, zeolite NaP at 14.40°, 20.19°, 25.28°, 32.25°, 

and 39.05° 2θ, muscovite at 10.28° and 23.03° 2θ and zeolite SSZ-73 at 10.45° 2θ. 

However, the Zr4+/Ag+ modified zeolite exhibited peaks of quartz at 50.78° 2θ and zeolite 

NaP phases only. The presence of quartz and zeolite NaP phases indicates that the 

materials are aluminosilicate in nature, and this coincides with the FTIR analysis. 

Conversely, no peaks attributed to zirconium and silver metal were observed. According to 

studies, zirconium and silver metal oxides make no significant changes to the zeolite 

matrices (Velazquez-Peña et al., 2017, Malek et al., 2018, Savari et al., 2020, Yang et al., 

2022). 
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Figure 5.4: XRD spectra of synthesized zeolite NaP and Zr4+/Ag+ modified zeolite. 

5.3.2.4 SEM-EDS results 

The morphology of the zeolite NaP (A) and Zr4+/Ag+ modified zeolite (B) were examined 

along with their corresponding EDS micrographs as shown in Figure 5.5. The observations 

from the morphology results indicated that the synthesized zeolite had uniform small-sized 

crystals along with very few irregular granules. The observed crystals of the zeolite were 

mellow spherical-shaped crystals. In contrast, the modified zeolite exhibited a change in 

morphology and a relatively flatter surface. Similar findings were documented by Savari et al. 

(2020) and (Salehi et al., 2020). Furthermore, the EDS micrographs of the zeolite and 

modified zeolite were constructed and presented in Figure 5.5. The EDS spectrum of the 

zeolite indicates the presence of Na, Al, O, and Si elements which are attributed to 

aluminosilicate minerals. This agrees with the XRF and FTIR results. However, the 

introduction of zirconium (Zr) and silver (Ag) elements was also observed in the Zr4+/Ag+ 

modified zeolite. This underscores the successful integration of zirconium and silver metal 

oxides into the zeolite structure. Similar observations were made in a study by Salehi et al. 

(2020), Abdellaoui et al. (2021b), and Gao et al. (2021). 
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Figure 5.5: SEM-EDS morphology and micrographs of the zeolite NaP (A) and Z/Ag modified 

zeolite (B) 

5.3.2.5 BET results 

Table 5.5 showcases the BET results of the synthesized zeolite NaP and the Zr4+/Ag+ 

modified zeolite samples. It was observed that the Zr4+/Ag+ modified zeolite has a higher 

surface area of 174.39 m2/g in contrast to the synthesized zeolite with a surface area of 

102.18 m2/g. The augmentation in the surface area may be ascribed to the integration of 

zirconium metal oxides into the zeolite matrices during the incorporation process. Studies 

indicated that the introduction of zirconium metal oxides in the zeolite structures results in 

the substitution of aluminum species causing the formation of new layers and higher porosity 

(Savari et al., 2020). Consequently, this leads to an increase in the surface area of the 

zeolite. Furthermore, the synthesised zeolite NaP exhibited a pore size of 46.65 nm whilst 

the Zr4+/Ag+ modified zeolite had a higher pore size of 73.53 nm which indicates that the 

Zr4+/Ag+ is composed of microporous structures.  In addition, the pore volume increased 

from 0.12 cm3/g to 0.32 cm3/g. Similar observations were reported in studies by Feng et al. 

(2020), Abdellaoui et al. (2021b), and Gao et al. (2021).  
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Table 5.5: The pore size, pore volume, and surface area of the synthesized zeolite and 

modified zeolite 

Sample BET surface area 

(m2/g) 

Pore volume (cm3/g) Pore size (nm) 

Synthesized zeolite NaP 102.18 0.12 46.65 

Zr4+/Ag+ modified zeolite 174.39 0.32 73.53 

 

5.3.2.6 Particle Size Analysis 

Figure 5.6 represents the particle analysis of the zeolite and the Zr4+/Ag+ modified zeolite. It 

was observed that the particle distribution curve was unimodal for both zeolite and Zr4+/Ag+ 

modified zeolite. The zeolite sample showed a particle size range of 1 µm to 320 µm while 

the Zr4+/Ag+ modified zeolite exhibited a particle size range of 1 µm to 260 µm. Also, a wider 

distribution curve for the Zr4+/Ag+ modified zeolite was observed. Furthermore, the mean 

particle sizes of 22 and 52 µm were observed for the zeolite and the Zr4+/Ag+ modified 

zeolite respectively as shown in Table 5.6. Observations indicate that there was an increase 

in particle size distribution after the modification of the zeolite with zirconium and silver metal 

oxides. The increase in particle size of the Zr4+/Ag+ modified zeolite could be due to the 

agglomeration of the particles.  

 

Figure 5.6: Particle distribution curves for the zeolite and the Zr4+/Ag+ modified zeolite 
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Table 5.6: Particle distribution size parameters of synthesized Zeolite and Zr4+/Ag+ modified 

zeolite 

 

5.3.3 Batch fluoride adsorption results 

5.3.3.1 Effect of pH 

The effect of pH of the initial solution in fluoride uptake by the Zr4+/Ag+ modified zeolite was 

evaluated, and results were presented in Figure 5.7. A graph plot depicting the relationship 

of fluoride percentage removal at varying pH is shown in Figure 5.7. A trend of decreasing 

fluoride removal percentage with increasing initial pH of the solution was observed. 

Research suggests that this phenomenon is governed by the surface charges of the 

adsorbent. Effective fluoride removal tends to occur when the surface carries a positive 

charge, whereas no defluoridation occurs when the surface charges are negative (Savari et 

al., 2020). At low pH values, the adsorbent surface is positively charged, and adsorption 

occurs through electrostatic attraction as negatively charged fluoride anions are attracted to 

the positively charged surface (Siyal et al., 2020). After a pH of 2 percent fluoride removal 

decreased slightly to 36% at a pH of 6 which could be due to the changes in adsorbent 

surface charges. According to Abdellaoui et al. (2021a), an increase in pH results in a 

decrease in positively charged surfaces causing a decrease in the adsorption of anions. 

After a pH of 6, the percentage of fluoride removal dropped sharply which corresponds to the 

increase of hydroxyl (-OH) ions in the solution (Yang et al., 2022). This hydroxyl (-OH) ions 

compete with fluoride ions for adsorption sites on the adsorbent material and an increase in 

alkalinity results in an increase of hydroxyl ions in the solution hence less fluoride adsorption 

is observed at higher pH due to repulsion forces. Consequently, a rise in the final pH of the 

solution was observed as the initial pH of the solution was increased. Thereafter, an optimal 

pH of 6 was chosen for subsequent experiments since the final solution pH was near neutral. 

Samples Particle size at 90% Mean Average 

Synthesized Zeolite 160µm 22µm 

Modified Zeolite 180µm 52µm 
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Figure 5.7: Effect of pH vs fluoride adsorption percentage (0.5 g/100 mL adsorption 

dosage, 270 mins contact time at 250 rpm, and initial F- concentration of 6.2 mg/L) 

5.3.3.2 Effect of Contact Time 

The effect of contact time for fluoride adsorption by the Zr4+/Ag+ modified zeolite was 

investigated, and results are presented in Figure 5.8. Contact time was varied from 1 to 380 

minutes and results of contact time against percentage fluoride removal were plotted in 

Figure 5.8. It was observed that the fluoride removal percentage increased with an increase 

in contact time from 1 to 60 minutes. This adsorption could be associated with the adsorption 

on the readily available active sites from the surface layers of the Zr4+/Ag+ modified zeolite 

causing quick adsorption of fluoride ions. Subsequently, fluoride percentage removal slowed 

down from 60 to 180 minutes which could be a factor of saturation of the available 

adsorption active sites. However, the fluoride removal percentage increased once more from 

180 minutes until an equilibrium was reached at 270 minutes. This second increase in 

fluoride removal percentage could be due to intrapore diffusion wherein fluoride ions diffuse 

into the inner pores of the Zr4+/Ag+ modified zeolite as the contact time increases. A 

maximum percentage fluoride removal of 50.33% was observed at an optimal contact time of 

270 minutes. 
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Figure 5.8: Effect of contact time vs fluoride adsorption percentage (0.5 g/100 mL 

adsorption dosage, agitation speed of 250 rpm, initial pH of 6, and initial F- 

concentration of 6.2 mg/L) 

5.3.3.3 Adsorption Kinetics 

The effect of contact time adsorption data was fitted to adsorption kinetic models namely, 

pseudo first order (PFO) and pseudo second order (PSO) kinetic models, and the results 

were plotted in Figure 5.9. The models were employed to elucidate the factors controlling the 

adsorption rate and the underlying mechanisms involved in the process. The pseudo-first-

order model assumes that adsorption occurs through physisorption whilst the pseudo-

second-order model assumes that adsorption takes place through a chemisorption 

mechanism (Jasper et al., 2020, Márquez et al., 2021). The PFO and PSO linearized models 

are expressed by equations 5.2 and 5.3 respectively. 

       (5.2) 

          (5.3) 

Where qe and qt are the amount of adsorbate adsorbed per unit mass (mg/g) at a time t 

(min). K1 (min-1) and K2 (g.mg-1/min) represent the rate constants for the PFO and PSO 

respectively. The slope and intercepts of log (qe – qt) vs t give the value of K1 whilst the slope 

and intercepts of 1/qt vs t give the values of K2. The PSO and PFO model plots are 

presented in Figure 5.9 and their parameters are in Table 5.7.  

The correlation coefficient (R2) value of the PSO was higher, which indicates that the PSO 

was better fitted with the experimental data. Also, the qe values of the PSO model are closer 

to the experimental qe value in comparison with the qe values of the PFO. This implies that 
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the dominant adsorption mechanism of fluoride by the Zr4+/Ag+ modified zeolite is 

chemisorption. This implies that the atoms of the adsorbent at the surface form chemical 

complexes with the fluoride ions (Márquez et al., 2021). Similar observations were made in a 

study by Feng et al. (2020), Savari et al. (2020), and Abdellaoui et al. (2021b). 

(B) (A) 

 

Figure 5.9: Adsorption kinetic model graphs for pseudo-first-order (A) and pseudo-second-

order (B). 

Table 5.7: Parameters for the pseudo-second-order (PSO) and pseudo-first-order (PFO) 

kinetic models. 

Experimental Pseudo-first order (PFO) Pseudo-second order (PSO) 

Qe (mg/g) K1 (min-1) Qe (mg/g) R2 K2ads  

(g.mg-1/min) 

Qe 

(mg/g) 

R2 

0.68 0.01 0.46 0.89 3.45 0.48 0.98 

 

5.3.3.4 Effect of initial concentration and isotherms 

Figure 5.10 depicts the equilibrium adsorbate concentration as a factor of adsorption 

capacity at varying temperatures of 25-45 °C. A simultaneous increase in adsorption 

capacity along with the equilibrium concentration was observed. In addition, adsorption 

capacity also increased with the temperature rise. To determine the mechanisms involved 

and the relationship between the adsorbate and the surface of the adsorbent, Langmuir and 

Freundlich isotherm models were fitted into the experimental data, and their graphical plots 

were presented in Figure 5.10. To elaborate, adsorption isotherms are mathematical 

equations that showcase the relationship between the number of molecules of adsorbate per 

unit mass as a function of equilibrium concentration in a solution at a constant temperature 
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(Mukherjee et al., 2018). The Langmuir isotherm model assumes that the adsorbent surface 

has a fixed number of adsorption active sites and adsorption takes place in each site which 

takes up one molecule only at a time (Mukherjee et al., 2018, Raghav and Kumar, 2018, 

Gitari et al., 2023). This indicates that adsorption takes place in a monolayer surface and 

there is no mutual interaction with the adsorbent. In contrast, the Freundlich isotherm model 

presumes that the adsorbent has a multinumber of adsorption active sites and adsorption 

takes place in a heterogeneous surface wherein there is mutual interaction of the adsorbate 

with the adsorbent (Mukherjee et al., 2018, Raghav and Kumar, 2018).  The Langmuir and 

Freundlich isotherm models are given by equations 5.5 and 5.6, respectively. 

          (5.4) 

          (5.5) 

Where qe is the adsorption capacity (mg/g), Ce is the equilibrium concentration of the 

adsorbate (mg/L), KL is the Langmuir constant (L/mg), Kf is the Freundlich constant (mg/g) 

and 1/n is the dimensionless parameter indicating the adsorption driving force’s magnitude. 

If 1/n = 1 then adsorption is irreversible, if 1/n > 1 then adsorption is unfavourable, and if 0 < 

1/n < 1 then adsorption is favourable.  

The respective parameters of both Langmuir and Freundlich models for fluoride adsorption 

onto the Zr4+/Ag+ modified zeolite was summarized in Table 5.8. The slope and intercept 

from Ce/qe vs Ce plots determine the value of Qmax and KL while the slope and intercept of log 

qe vs log Ce determine the value of Kf and n.  

The correlation coefficient (R2) for the Freundlich was higher than that of the Langmuir 

isotherm at 25°C which indicates that adsorption occurred on a heterogeneous surface 

rather than a monolayer surface. Nevertheless, experiments conducted at 35°C and 45°C 

exhibited a better fit to the Langmuir isotherm, suggesting that adsorption took place on a 

monolayer surface. This indicates that there were multiple adsorption active sites at 25°C 

whereas there were a limited number of adsorption active sites at 35 and 45°C experiments 

that could only take up a single molecule of fluoride ions at a time. This could be a result of 

differences in surface morphology at different temperatures {Alver, 2020 #363}. These 

results are in agreement with a study by Feng et al. (2020), Abdellaoui et al. (2021a), and 

Gao et al. (2021). Moreover, the value of 1/n was between 1 and 0 which indicates that the 

adsorption of fluoride by Zr4+/Ag+ modified zeolite was favourable.  
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Figure 5.10: Initial concentration vs adsorption capacity at different temperatures, Langmuir 

and Freundlich plots for fluoride removal by Zr4+/Ag+ modified zeolite (F) 

Table 5.8: Parameters for the Langmuir and Freundlich isotherms 

 Langmuir Freundlich  

Experimental Qmax 

(mg/g) 

KL (L/mg) R2 KF 

(mg/g)/(mg/L)n 

1/n R2 

25 ºC 2.28 0.08 0.88 0.4 0.44 0.91 

35 ºC 3.58 0.02 0.98 0.17 0.64 0.97 

45 ºC 4.32 0.03 0.99 0.23 0.64 0.98 

 

5.3.3.5 Thermodynamics experiments 

Thermodynamic studies were evaluated to understand the adsorption process, feasibility, 

and spontaneity of the sorption mechanism of fluoride. The following equations 5.6-5.8 were 

used to calculate the thermodynamics parameters for adsorption, standard enthalpy change 

(ΔH0), Gibbs free energy change (ΔG0), and standard entropy change (ΔS0) (Gao et al., 

2021).  
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       (5.6) 

         (5.7) 

         (5.8) 

Where R represents the universal constant of 8.314 J/ (mol. K) whilst KL is the apparent 

equilibrium constant. Both qe and T are the adsorption capacity (mg/g), and absolute 

temperature (kelvin) respectively. Ce gives the concentration equilibrium (mg/L) while m 

gives the mass of the adsorbent. 

Table 5.9 depicts the parameters of thermodynamics whilst Figure 5.11 shows the 

thermodynamic plot of the adsorption process of fluoride by Zr4+/Ag+ modified zeolite 

adsorbent. It was observed that the Gibbs free energy change (ΔG0) values were positive. 

This indicates that the adsorption process was non-spontaneous. The Gibbs free energy 

change value rises with an increase in temperature. Similar observations were made in a 

study by (Siyal et al., 2020). The recorded negative values for the enthalpy change (ΔH0) 

suggest that the adsorption mechanism is exothermic. Exothermic reactions are conducive 

to both physisorption and chemisorption processes (Gabr et al., 2023). Also, the entropy 

change (ΔS0) exhibited negative values which implies that the adsorption of fluoride ions was 

governed by decreasing randomness at the solid/liquid interface and molecules become 

more confined on the surface of the adsorbent. This observation aligns with findings reported 

in the study conducted by Hellal et al. (2023) and Amanzadeh et al. (2024). 

Table 5.9: Thermodynamic parameters for fluoride adsorption by the Zr4+/Ag+ modified 

zeolite 

Adsorbent Temperature 

(K) 

ΔG° (KJ/mol) ΔH° (J/mol) ΔS° (J/mol) 

Zr4+/Ag+ 

modified zeolite 

298 6.26 -39.39 -155.53 

308 10.02 

318 9.27 
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Figure 5.11: The plot of InKL against 1/T values for thermodynamics parameters 

5.3.4 Regeneration studies 

Regeneration and reusability of the Zr4+/Ag+ modified zeolite adsorbent was evaluated using 

0.01 M of hydrochloric acid as a regenerant to determine the practical applicability of the 

adsorbent. Five sequential regeneration experiments were performed, and the results are 

presented in Figure 5.12. It was observed that the percentage of fluoride removal slightly 

decreased by 1% in the fourth cycle. However, no further decrease was observed which 

indicates that the Zr4+/Ag+ modified zeolite can be reused for up to five cycles which is in 

agreement with (Duan et al., 2017, Savari et al., 2020, Gao et al., 2021, Gupta et al., 2021). 

This demonstrates that the Zr4+/Ag+ modified zeolite has potential in practical applications. 
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Figure 5.12: Percentage fluoride removal of cycles of regeneration for the Zr4+/Ag+ modified 

zeolite using HCl as regenerant with a concentration of 0.01 (≈ Fluoride concentration=5.60, 

pH=6.29, agitation speed=250 rpm and agitation time=270 minutes) 

5.3.5 Antimicrobial studies 

5.3.5.1 Antimicrobial performance studies 

The zone of inhibition results was evaluated to determine the antimicrobial potency of the 

Zr4+/Ag+ modified zeolite against gram-negative E. coli and gram-positive S. aureus strains 

and results were presented in Figure 5.13. Both strains were subjected to adsorbent 

concentrations of 1, 5, 7, and 10 mg/ml wherein the E. coli exhibited zones of inhibition of 

10, 12,13, and 15 mm whilst the S. aureus exhibited zones of inhibition of 10, 11.1, 11.5 and 

12 mm, respectively. These results indicated that the Zr4+/Ag+ modified zeolite has 

antimicrobial potency against the two investigated strains. This is due to the presence of 

silver metal ions in the modified zeolite which deactivate the bacterial cell activity. Several 

studies reported similar results due to the presence of silver ions in the zeolite material 

(Gupta et al., 2021, Hariram et al., 2021, Mintcheva et al., 2021, Ayinde et al., 2022). 
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Figure 5.13: Zones of inhibition for Zr4+/Ag+ modified zeolite against gram-negative E. coli 

and gram-positive S. aureus strains. 

5.3.5.2 Antimicrobial mechanism  

The general mechanism of antimicrobial potency involves contact of the surfactant with the 

bacterial cell followed by disruption of the cell activities and formation of reactive oxidative 

stress which leads to cell damage as shown in Figure 5.14 (Azizi et al., 2019, Rahman et al., 

2019). Salim et al. (2017) described two mechanisms of microbial deactivation by metal 

oxides.  The first mechanism involves the use of a low concentration of the surfactant which 

makes contact and initiates autolysis followed by denaturation of the cell structures and 

enzymes inside the bacteria. The second mechanism involves contact with a high 

concentration of surfactants which solubilize cell membrane properties into mixed micellar 

aggregates which then act as carboxylic groups in the bacteria. This eventually causes 

coagulation in the cytoplasm of the bacteria and death (Salim et al., 2017, Gupta et al., 

2021, Torkian et al., 2022). 
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Figure 5.14: Deactivation of microbial cell functions with silver-modified zeolite (Rahman et 

al., 2019) 

5.4. Conclusion 

The aim of this study is to modify zeolite NaP and improve its fluoride sorption and 

antimicrobial potency. Zr4+/Ag+ zeolite was successfully modified at optimum conditions of 

0.5 and 0.3 M of zirconium and silver, respectively, 2.5 M of NaOH, 2 hours of sonication 

time, and hydrothermal treatment of 105 °C for 90 minutes. Maximum fluoride adsorption 

efficiency of 50% was achieved using a dosage 0.5g/100 mL, initial fluoride concentration of 

6 mg/L, and pH of 6.2, respectively at a contact time of 270 minutes and an agitation speed 

of 250 rpm. Adsorption kinetics and isotherms indicated that chemisorption was the 

defluoridation mechanism in a monolayer surface for the modified zeolite. The 

thermodynamics analysis showed that the exothermic phenomenon was the dominant 

reaction and the adsorption process occurred non-spontaneously. Also, the Zr4+/Ag+ 

modified zeolite was successfully regenerated using 0.01 M of HCl with only 1% loss of the 

defluoridation efficiency indicating that the modified zeolite shows practical capability.  Zones 

of inhibition of 15 mm and 12 mm were observed against the gram-negative E. coli and 

gram-positive S. aureus strains respectively proving the antimicrobial potency of the Zr4+/Ag+ 

modified zeolite. The obtained results in this study show that Zr4+/Ag+ modified zeolite is a 

promising multifunctional adsorbent.  
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Chapter 6: Conclusions and recommendations 

 

6.1 Conclusions 

This study was designed with the main aim of synthesizing Zr4+/Ag+ modified zeolites from 

bentonite clay using ultrasonication assisted method for application in simultaneous fluoride 

and pathogen removal in water. 

The specific objectives of this study were: 

 To optimize conditions for the synthesis of zeolite from bentonite clay and further 

determine its physiochemical characteristics. 

 To evaluate the effectiveness of the synthesized zeolite in fluoride and pathogens 

removal. 

 To modify zeolite using Zr4+/Ag+ metal oxides and further evaluate its efficiency in 

fluoride and pathogen removal.  

 To evaluate the regeneration potential of the modified Zr4+/Ag+ zeolite. 

The dissertation fully described the successful synthesis of Zr4+/Ag+ modified zeolite from 

calcined bentonite clay via the ultrasonication-assisted hydrothermal route. Also, the 

obtained material was used to carry out defluoridation studies and antimicrobial tests along 

with the regeneration studies of the adsorbent. The following major conclusions were made: 

 The calcined bentonite clay was successfully obtained at an optimal calcination 

temperature of 800 °C in 1 hour of calcination time.  

 The dissolution of silica and aluminum was carried out at an ultrasonication time of 2 

hours in a 2.5 M solution concentration of NaOH. 

 The dissolved silica and aluminum extracts were hydrothermally treated at varying 

temperatures of 70 to 140 °C and time of 1.5 to 6 hours wherein the XRD results 

revealed that the crystallinity of the obtained synthesized material increased with the 

increase of both hydrothermal temperature and hydrothermal time. 

 Furthermore, the XRD results indicated that at lower hydrothermal times and 

temperatures, zeolite NaP phases were dominant whilst, at higher hydrothermal 

times and temperatures, hydroxy sodalite phases were observed.  

 Preliminary defluoridation studies showed that the adsorbent synthesized at an 

optimal hydrothermal temperature of 105 °C and time of 90 minutes containing 
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zeolite NaP phases exhibited a maximum fluoride adsorption capacity of 0.19 mg/g 

hence it was selected for subsequent experiments. 

 The selected synthesized zeolite NaP adsorbent was then used in batch fluoride 

removal experiments which reported a maximum fluoride adsorption capacity of 0.32 

mg/g at optimal conditions of 0.5g/100 mL for dosage,6 mg/L for initial fluoride and 

pH of 2 at an agitation time of 60 minutes and speed of 250 rpm. 

 The kinetics and isotherm models revealed that the fluoride sorption mechanism 

occurred through chemisorption in a monolayered surface of the adsorbent and the 

zeolite NaP exhibited minimal regeneration potential. 

 Antimicrobial tests were performed through the well-assay diffusion method and 

reported minimal antimicrobial potency against the gram-negative E. coli and gram-

positive S. aureus strains. 

 To improve the defluoridation, antimicrobial potency, and regeneration potential of 

the synthesized zeolite, zirconium and silver metal oxides were incorporated in the 

zeolite NaP matrices. 

 The zeolite was modified by using zirconium and silver metal oxides through the 

ultrasonication-assisted hydrothermal method and XRF and EDS results showed the 

presence of these metal oxides in the adsorbent’s matrices. 

 The obtained modified was subjected to batch fluoride adsorption experiments and 

reported a maximum defluoridation efficiency of 50% achieved using dosage, initial 

fluoride, and initial pH of 0.5g/100ml, 6 mg/L, and 6.2 respectively at a contact time of 

270 minutes and an agitation speed of 250 rpm. 

 The isotherm and kinetic models showed that the adsorption occurred on a 

monolayered surface through a chemisorption process. 

 The Zr4+/Ag+ modified zeolite showed efficient regeneration potential after showing a 

slight decrease in efficiency by 1% using 0.01 M of hydrochloric acid as a regenerant 

in five regeneration cycles. 

 In addition, antimicrobial studies showed that the Zr4+/Ag+ modified zeolite exhibited 

zones of inhibition of 15 mm and 12 mm against the gram-negative E. coli and gram-

positive S. aureus strains respectively proving that the adsorbent has the potential for 

removal of pathogens in the water. 
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6.2 Recommendations 

 Investigation of the stability of the adsorbent. 

 Further studies on modification of the zeolite are recommended to improve the 

properties and efficiency of fluoride and pathogens in water. 

 Application of the adsorbent in a column study is also recommended. 

 Real-time application in field groundwater for practicality of the adsorbent should be 

considered. 

 The synthesized Zr4+/Ag+ modified zeolite should be modeled and fabricated for use 

at the household level. 

 


