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ABSTRACT 

Groundwater is extensively used for household purposes in Kenya’s Rift Valley, 

particularly in drought-prone regions such as Tiaty, Baringo County. However, 

groundwater often contains harmful geogenic pollutants such as fluoride. Majority of 

conventional defluoridation techniques while effective, they are costly and 

complicated to operate. Hence, there is a need to develop simple and low-cost 

adsorbents using locally available materials for fluoride remediation. In this study, a 

silica-based defluoridation sorbent was developed from pumice rock obtained from 

the Paka volcano in Baringo County, Kenya. Alkaline leaching technique was used 

to extract silica particles from pumice rock, which was subsequently modified with 

iron to enhance its affinity for fluoride. To assess its efficacy, randomly sampled 

borehole water was used. Temperature, electrical conductivity (EC), total dissolved 

solids (TDS) and pH were determined onsite using a portable multi-parameter meter. 

Fluoride and sulphate levels were determined using potentiometry and turbidimetry, 

respectively. Flame photometry was used to determine potassium and sodium. 

Calcium and magnesium were analyzed using flame atomic absorption 

spectrophotometry. Bicarbonates, chloride, alkalinity, and hardness levels were 

determined using titrimetry. The scanning electron microscopy, X-ray diffraction, 

Fourier transform infrared and X-ray fluorescence spectroscopy were used to 

characterize the sorbent. Batch experiments were used to determine the optimal pH, 

sorbent dose, and contact time for fluoride removal.  Temperature, pH, EC, and TDS 

were in the range, 27.4 - 40.7 ºC, 6.8 - 8.7, 402.89 - 4212.99 µS/cm, and 201.24 - 

2111.77 mg/L, respectively. The levels of major ions were in the range, HCO3
- 

(127.1 - 1453.2 mg/L), Na+ (46.81 - 856.37 mg/L), Cl- (19.85 - 288.02 mg/L), SO4
2- 

(15.62 - 95.31 mg/L) Mg2+ (1.38 - 29.41 mg/L), Ca2+ (1.73 - 30.84 mg/L), K+ (6.08 - 

26.49 mg/L) and F- (0.88 - 16.4 mg/L). The extracted silica particles were 96.71 % pure 

and amorphous, whereas the iron-functionalized silica particles contained 93.67 % SiO2 and 

2.93 % Fe2O3. The optimal pH, sorbent dose, and contact time for defluoridation using 

initial fluoride concentration of 20 mg/L were 6, 1 g, and 45 minutes, respectively. 

Defluoridation fitted the Freundlich's isotherm model (R2 = 0.989), indicating 

multilayer adsorption on a heterogeneous surface, and it followed pseudo-second-order 

kinetics (R2 = 0.992), implying chemisorption. Fluoride levels in borehole water 

decreased significantly upon deflouridation; Intex 4.57 - 1.1 (75.27 %), Kadokoi 2.46 

- 0.54 (78.05 %), and Naudo 5.39 - 1.2 mg/L (77.74 %). The Fe-modified silica 

sorbent has been demonstrated to significantly remove fluoride from water samples. 

Hence, it can be used as a mitigation strategy against the adverse health effects 

associated with elevated fluoride levels in drinking water. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study 

Groundwater is the most easily accessible source of drinking water, but it is also the 

most polluted, posing a health risk. The World Health Organization (WHO) 

attributes 80 % of all diseases worldwide to poor water quality (Vijila et al., 2021). 

Today one in every three people worldwide lack access to safe drinking water due to 

pollution, yet the Global Sustainable Development Goal 6 (SDG-6) aims to achieve 

universal access to safe drinking water and sanitation by 2030 (WHO & UNICEF, 

2021). Fluoride is one of the water pollutants commonly found in untreated 

groundwater but is also essential in the body as a trace element for the development 

of teeth and bones (Gai & Deng, 2021; Vinati et al., 2015). Prolonged exposure to 

high fluoride levels can cause dental and skeletal fluorosis, as well as harm to the 

kidneys, liver, brain, and thyroid glands (Wambu et al., 2016; Wan et al., 2021). 

Over 260 million people worldwide are exposed to high fluoride levels through 

groundwater in East Africa’s Rift Valley, Asia, Europe, and America (Kebede et al., 

2016; Kimambo et al., 2019; Sharma et al., 2021). This has been attributed to 

geogenic processes such as volcanic activities and weathering of fluoride-rich 

minerals (Fuoco et al., 2021; Olaka et al., 2016).  

Fluoride enrichment in groundwater is also aided by effluents from the fertilizer, 

ceramic, pesticide, glass, aluminium and refrigerant industries (Rafique et al., 2013; 

Sadhu et al., 2022). The World Health Organization (WHO) has established a 

fluoride threshold of 1.5 mg/L in drinking water (WHO, 2017), hence defluoridation 

processes such as ion exchange, adsorption, coagulation, precipitation and reverse 

osmosis are crucial to maintaining fluoride levels within this limit (Wan et al., 2021). 

However, most of these techniques are expensive to maintain and operate. Another 

constraint is the production of toxic sludge through methods such as precipitation, 

coagulation, and membrane filtration. Furthermore, techniques such as reverse 

osmosis and ion exchange are complicated and expensive. These constraints have 
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necessitated the need for more research on the use of adsorbents to defluoridate water 

(Gisi et al., 2016; Pan et al., 2019).  

Adsorption is the most preferred water purification technique because it is cheap, 

efficient, does not generate sludge, is simple to operate, and does not need electric 

power or specialized skills to operate. In addition, the adsorbents can be regenerated 

and reused making them the best at the household level and in small communities in 

less developed rural areas (Ahmadijokani et al., 2021). Commercial activated carbon 

derived from coal is among the most effective adsorbents for fluoride removal from 

water. It has a high specific surface area and is highly porous, however, it is 

extremely expensive and has regeneration difficulties (Gisi et al., 2016). Other 

effective materials include bauxite (Cherukumilli et al., 2018), bone char, metal 

oxides, polymer materials, biosorbents (Nehra et al., 2020), agricultural wastes (Wan 

et al., 2021), sea materials, fly ash, carbonaceous materials (He et al., 2020), 

nanoparticles (Ghosh et al., 2022) and geomaterials (Asgari et al., 2012), all of 

which are low in cost and readily available, as is the case of silica mineral (SiO2).  

Silica is an auspicious material with distinct features that satisfy almost all of the 

selection criteria for an ideal water purification adsorbent, such as chemical 

inertness, structural and thermal stability, high specific surface area, non-toxicity, 

and large pore size (Diagboya & Dikio, 2018). Furthermore, it is abundant and 

widely distributed in nature, particularly in volcanic rocks such as pumice (60-70 %) 

(Mohseni-Bandpei et al., 2020; Soleimani et al., 2019). Silica surface has functional 

groups (-Si-OH and -Si-O-Si-) that are readily modified to increase adsorption 

capacity and enhance selectivity towards a target pollutant. Modification has been 

previously achieved by functionalization with organic groups, coating with metal 

oxides, or doping with metal ions (Diagboya & Dikio, 2018).  Wang et al. (2018) 

used amino-functionalized silica particles for heavy metals removal from water, and 

the high sorption capacity was attributed to strong coordination between amino 

groups on the silica surface with metal ions. In another study, Zhang et al. (2019) 

utilized iron oxide-coated silica particles for the removal of organic pollutants from 

water. Iron oxide coating provides additional binding sites for the pollutants, 

enhancing the removal efficiency. In this study, silica-based defluoridation sorbent 
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was prepared by isolating silica particles from pumice volcanic rock. Its surface was 

then modified with iron to increase sorption capacity due to its high affinity for 

fluoride ions and its ability to form strong complexes with fluoride. In addition, iron 

is non-toxic and abundant in nature. Batch experiments were used to evaluate the 

kinetics and isotherm of fluoride adsorption, as well as the effects of pH, contact 

time, dosage and initial concentration on fluoride removal. The efficacy of the 

adsorbent was then evaluated using borehole water samples. 

1.2 Statement of the Problem  

Access to sustainable safe drinking water remains a challenge for nearly 780 million 

people across the globe, with 50 % relying on groundwater that is often polluted with 

natural pollutants such as fluoride (WHO & UNICEF, 2021). Consequently, 

managing groundwater pollution is critical. The quality of water for household use is 

defined by its chemical constituents as well as their concentrations. Fluoride is a 

harmful pollutant often found naturally in underground water sources and has 

affected over 250 million people globally in countries such as Tanzania, Kenya and 

Ethiopia all within the East African Rift Valley System (Kimambo et al., 2019). This 

has resulted in adverse health effects such as osteoporosis and fluorosis. The WHO 

has established a fluoride threshold of 1.5 mg/L in drinking water. Most of the 

conventional defluoridation techniques such as ion-exchange and reverse osmosis 

though effective, they are complicated and costly to acquire. Hence, there is a need 

for defluoridation using low-cost adsorbents that are efficient, simple to operate, 

readily available, and can be easily regenerated with minimal sludge production.  

1.3 Justification of the Study  

There is an urgent need to remove fluoride, which is commonly found in 

groundwater around the world and has been linked to adverse health effects. 

Adsorption is the most ideal technique for the removal of fluoride from water due to 

its ease of operation, cost-effectiveness, environmental friendliness, simplicity of 

design and availability of a diverse range of adsorbents that can be regenerated, 

reused and chemically modified to enhance the selective affinity of a pollutant. 

However, most adsorbents in use today are ineffective in fluoride mitigation due to 
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flaws such as low specific surface area, low affinity for fluoride ions, low porosity, 

regeneration difficulties, and low adsorption capacity. Thus, the development of 

economical and effective adsorbents with high adsorption capacity and ease of 

regeneration for the efficient removal of fluoride from water remains a challenge that 

demands continued research. Silica is an auspicious material with distinct features 

that satisfy almost all of the selection criteria for an ideal water purification 

adsorbent. Furthermore, it is abundant in nature, and its extraction is simple and 

economical, rendering it superior to many other adsorbents. In this study, a silica-

based defluoridation sorbent was developed using pumice, a silica-rich volcanic rock 

found in abundance along Kenya's Rift Valley.  

1.4 Hypothesis 

Fe-modified silica particles (FMSPs) cannot significantly remove fluoride from 

water. 

1.5 Objectives 

1.5.1 General Objective 

To develop a water purification sorbent from pumice volcanic rock for the removal 

of fluoride. 

1.5.2 Specific Objectives 

i. To determine selected physico-chemical water quality parameters of borehole 

water samples collected from Tiaty, Baringo County in Kenya. 

ii. To extract, modify, and characterize silica particles from pumice volcanic 

rock obtained from Tiaty, Baringo County in Kenya. 

iii. To optimize sorption parameters such as pH, sorbent dose, contact time and 

initial concentration for the removal of fluoride using Fe-modified silica 

particles (FMSPs). 

iv. To determine the efficiency of Fe-modified silica particles (FMSPs) in the 

removal of fluoride from borehole water samples collected from Tiaty, 

Baringo County in Kenya. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Groundwater Pollution 

Groundwater pollution is regarded as an undesirable change in the physical, 

chemical, and biological properties of the groundwater. Physical properties include 

temperature, color, turbidity, taste, and odor. Water can be contaminated biologically 

by the presence of pathogens like bacteria, viruses, algae, and protozoa. Inorganic 

water pollutants are substances such as lead, arsenic, cyanide, fluoride, and mercury. 

Organic contaminants include pesticides, dyes, insecticides, paints, solvents, 

medicine, and disinfectants among others. Radiological pollution of water is caused 

by radioactive elements such as U226, Ra226, Ra228, and Rn228 (Hasan et al., 2019). 

Groundwater pollution is a result of natural processes such as aquifer mineral 

dissolution, volcanic activities, and weathering, as well as anthropogenic activities 

such as mining and agriculture. Drinking contaminated groundwater has negative 

health implications for humans and animals, necessitating the adoption of an 

effective water filtration system (Rasool et al., 2015). 

2.2 Fluoride 

2.2.1 Fluoride Chemistry 

Fluoride is an anion of fluorine, that is classified as a halogen element in the periodic 

table. Fluorine is the 13th most abundant element constituting 0.1 % of the earth’s 

crust (Kut et al., 2016). Fluorine is a greenish diatomic and highly corrosive gas 

(Biswas et al., 2017). It is a very reactive and the most electronegative element in the 

periodic table. For this reason, it cannot be found in its elemental state in nature 

(Jagtap et al., 2012). Due to the small ionic radius of fluoride ion, it acts like a ligand 

and can form several organic and inorganic compounds in air, rock, soil, minerals, 

water, and living organisms (Habuda-Stanić et al., 2014). 
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2.2.2 Occurrence of Fluoride 

Fluoride gets into the human body via sources such as cosmetics, medicine, drinking 

water, and food. However, drinking water is the principal source (Akafu et al., 2019). 

Elevated fluoride in groundwater is mainly due to weathering and dissolution of 

fluoride-rich minerals, ores, and rocks in the aquifers such as amphiboles, mica, 

cryolite (Na3AlF6), fluorspar (CaF2), sellaite (MgF2), and fluorapatite (Ca5(PO4)3F) 

(Akafu et al., 2019; Tomar et al., 2013). Fluoride and hydroxyl ions co-exist in these 

minerals and are capable of ion exchange due to similarities in their charge and ionic 

radius of 1.36 Å and 1.40 Å respectively (Brahman et al., 2013; Ganvir & Das, 

2011). Fluoride effluents can be released from industries into the environment either 

in gaseous (e.g., HF, F2, SiF4, and H2SiF4) or particulate forms (CaF2, NaF, and 

Na2SiF6). Anthropogenic sources such as improper disposal of industrial effluents, 

fertilizers, pesticides, glass manufacturing, aluminum manufacturing, and wood 

preservatives are also responsible for high levels of fluoride in soil and groundwater 

(Alkurdi et al., 2019; Kimambo et al., 2019).  

2.2.3 Benefits and Toxicity of Fluoride 

Fluoride is both harmful and beneficial depending on the dose and duration of 

exposure (Cai et al., 2015). A fluoride concentration of 1.5 mg/L is the maximum 

allowable limit for fluoride in drinking water (WHO, 2017). Below 1.5 mg/L, it is 

critical for skeletal and dental development, where it substitutes the hydroxyl group 

in hydroxyapatite to form harder fluorapatite  (Equation 2.1) (Kimambo et al., 2019). 

…………………..2.1 

Excess fluoride causes the conversion of hydroxyapatite to fluorapatite to go beyond 

the hydroxyl group resulting in denser and brittle teeth and bones (Equation 2.2), a 

condition referred to as fluorosis (Mohapatra et al., 2009).  

……………………..2.2 
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Dental fluorosis arises from fluoride exposure in the range of 1.5-4 mg/L (Malago et 

al., 2017). A dose beyond 4 mg/L for a prolonged period during childhood can result 

in skeletal fluorosis signified by difficulty in walking as a result of permanent bones 

and joint deformity (Cai et al., 2015; Tomar et al., 2014). Fluoride can also cause 

arthritis, infertility, and osteoporosis as well as harm organs such as the kidney, 

thyroid gland, liver, endocrine, and brain (Lin et al., 2016; Tomar et al., 2013). More 

than 260 million people worldwide have been affected by skeletal and dental 

fluorosis (Olaka et al., 2016). Countries within the East Africa Rift Valley System 

including Kenya, Ethiopia, and Tanzania have reported elevated fluoride levels in 

groundwater attributed to volcanic rocks and active volcanoes. In Kenya, this is 

correlated with cases of skeletal and dental fluorosis in places such as Nakuru, 

Naivasha, and Baringo (Alkurdi et al., 2019). To mitigate the above health situations, 

the WHO recommended the limit of fluoride in drinking water from 0.5 to 1.5 mg/L 

(WHO, 2017). To attain this regulation an efficient and affordable water treatment 

system is needed. 

2.3 Defluoridation Techniques 

Fluoride can be removed from water by conventional techniques such as adsorption, 

reverse osmosis, coagulation, Ion exchange, membrane filtration, chemical 

precipitation, and electrodialysis (Thakur & Mondal, 2017). The choice of these 

techniques depends on factors such as costs, the nature of the pollutant, the 

concentration of fluoride, the handling of residue, and the versatility of the method 

(Velazquez-jimenez et al., 2015). The major challenge with the most of these 

techniques is maintenance and operation costs. Another limitation is the generation 

of toxic sludge by methods like precipitation, coagulation, and membrane filtration. 

In addition, techniques like reverse osmosis and ion exchange are complicated and 

quite expensive hence, the adoption of water adsorbents (Gisi et al., 2016). 

Adsorption is the most preferred water purification technique because it is cheap, 

efficient, does not generate sludge, is simple to operate, and does not need electric 

power or specialized skills to operate. In addition, the adsorbents can be regenerated 

and reused making them the best at the household level and in small communities in 

less developed rural areas (Ahmadijokani et al., 2021).  
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2.3.1 Coagulation 

This is a chemical process where fluoride is removed from water through 

precipitation using appropriate precipitating agents. Lime and alum 

 ) are commonly used. Lime dosing is the first step, which causes 

fluoride to precipitate as calcium fluoride (Equation 2.3) and raises the pH of water 

to 11-12.  

 ………….....…2.3 

Alum is then added to cause coagulation via two reactions. First, it reacts with 

hydroxyl ions to form insoluble aluminium hydroxide (Equation 2.4) which then 

reacts with fluoride ions present in water, as described in Equation 2.5 (Kut et al., 

2016). 

………………...……………….………..2.4 

+  ………..2.5 

2.3.2 Ion-Exchange 

In this method, fluoride is removed from water using ion exchange resins containing 

quaternary ammonium functional groups ( . The mechanism of fluoride 

removal is the substitution of chloride ions in the resin with fluoride ions as 

illustrated in Equation 2.6 (Wan et al., 2021). 

…………….….2.6 
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The process progresses until all the active ion exchange sites are fully occupied. To 

regenerate the resin, it is washed with water supersaturated with sodium chloride. 

Through this, the chloride ions are replaced with fluoride ions. Fluoride ions 

substitute chloride ions since it is more electronegative than chloride (Velazquez-

jimenez et al., 2015). 

2.3.3 Membrane Filtration 

This process utilizes a semi-permeable membrane between adjacent phases that serve 

as a barrier for pollutants. Reverse osmosis (RO), nanofiltration (NF), dialysis, and 

electrodialysis are examples of this technique. The efficiency of defluoridation of 

water by membrane filtration is up to 98 % (Meenakshi and Maheshwari, 2006; 

Sadegh et al., 2017). Reverse osmosis is a physical process whereby raw water is 

passed through a semipermeable membrane under pressure. It is the opposite of 

natural osmosis since the pressure is applied to the concentrated region to overcome 

the natural osmotic pressure (Jagtap et al., 2012). The principle of nanofiltration is 

similar to reverse osmosis. However, in NF the membrane pores are relatively larger 

than those in RO. This reduces flow resistance to both solutes and solvents. NF uses 

low pressure and removes mostly larger dissolved solids as compared to RO. In 

contrast, RO operates with high pressure and removes entirely all dissolved solids 

(Meenakshi & Maheshwari, 2006; Mohapatra et al., 2009). In electrodialysis, an ion-

exchange membrane is used to remove ionic contaminants from water under the 

influence of an electric field, whereas, in dialysis, solutes are transported from one 

solution to another across a membrane as a result of a concentration gradient, rather 

than retaining a solute on the membrane while water percolates through it, as in 

nanofiltration (NF) and reverse osmosis (RO) (Mohapatra et al., 2009). 

2.3.4 Adsorption 

Adsorption is a mass transfer process whereby a pollutant is isolated from water by 

accumulation on a solid or liquid surface. The adsorption can either be physisorption 

or chemisorption depending on the nature of the interaction between adsorbate and 

adsorbent. Chemisorption occurs if the forces of attraction between the adsorbate and 

adsorbent surface are strong due to chemical bonding such as covalent or ionic 
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bonding with a monolayer of adsorbate on the adsorbent surface. However, if the 

force of attraction is due to weak Van der Waals forces with multilayers of adsorbate 

on the adsorbent surface, the process becomes physisorption and is usually reversible 

(Aregu et al., 2018; Gisi et al., 2016; Sadegh et al., 2017).  

2.4 Adsorbent Materials 

2.4.1 Commercial Activated Carbon 

The most effective commercial adsorbent material for removing a wide range of 

contaminants from water is activated carbon derived from coal. The adsorbent is 

extremely porous with a high specific surface area. However, the high cost of coal-

based activated carbon and its regeneration difficulties have restricted its extensive 

usage (Gisi et al., 2016). This has necessitated a shift to low-cost and readily 

available alternative materials like industrial wastes, agricultural waste, sea 

materials, and natural geological materials. 

2.4.2 Bone Char 

Bone charcoals are blackish porous low-cost adsorbents derived from burned and 

ground animal bones. The bones are usually packed in columns or buckets then water 

is passed through them. Bone char can effectively remove fluoride from water. 

However, poorly prepared bone char results in an unpleasant taste, odor, and color in 

purified water. The removal of fluoride ion (F-) from water is due to the hydroxyl 

group (OH-) in hydroxyapatite Ion exchange is the key 

mechanism for removal due to the high affinity of fluoride ions to replace the 

hydroxyl group as illustrated in Equation 2.7 (Alkurdi et al., 2019). 

…………..2.7 
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2.4.3 Agricultural Wastes  

Agricultural solid wastes are also classified as cheap and readily available 

adsorbents. The ability of plant material to remove pollutants is due to the presence 

of functional groups such as hydroxyl (-OH), carboxyl (-COOH), and amine (-NH2) 

in the basic components of plants such as hemicellulose, lignin, proteins, simple 

sugars, lipids and starch (Gisi et al., 2016). Fluoride removal has been investigated 

using rice husks loaded with aluminium hydroxide (Ganvir & Das, 2011). 

2.4.4 Natural Geological Materials 

Clays and zeolites are some low-cost natural geological materials that have been 

used as adsorbents. Clays have got large surface area and negative charge on the 

silicate mineral which makes them have high adsorption capabilities. The negative 

charge can be neutralized by a positively charged adsorbate or can be modified by a 

cationic surfactant to attract a negatively charged adsorbate (Gisi et al., 2016). 

Zeolites consist of aluminosilicate minerals with interlinked alumina and silica 

moieties. The adsorption capabilities of zeolite are due to its good ion exchange 

properties and large surface area (Renu et al., 2017). Fluoride removal has been 

investigated using clay minerals (Vinati et al., 2015). 

2.4.5 Aquatic Plants and Materials 

Chitosan and hyacinth are examples of low-cost adsorbents derived from water 

bodies.  Chitosan is a naturally occurring polysaccharide derivative obtained from 

crustaceans, it contains hydroxyl and amino groups responsible for adsorption 

through chelates formation (Renu et al., 2017). Fluoride removal has been 

investigated using hyacinth, an aquatic plant coated with aluminium and iron oxide 

(Murambasvina & Mahamadi, 2020). 

2.5 Silica-Based Adsorbents 

Silica is among the most abundant elements on the earth’s crust and it is present in 

entirely every mineral. Silica-based adsorbents are gaining interest in water treatment 

since they fulfill the criteria for selection of adsorbents such as; chemical inertness, 
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non-toxic, low-cost, non-corrosive, thermally stable, mechanically stable, large pore 

size, and high adsorption capacity due to very high specific surface (Diagboya & 

Dikio, 2018). In addition, silica surface has two functional groups (Figure 2.1); 

silanol (-Si-OH) and siloxane (-Si–O–Si-) that can be modified with organic or 

inorganic chemical groups to increase selectivity towards specific pollutants (Bilici 

& Pala, 2011).  

 

Figure 2.1: Amorphous Silica Structure 

2.5.1 Modification of Silica Surface 

Silica fulfills most of the criteria for the selection of adsorbent for the removal of 

pollutants from water. However, modification of its surface is often necessary to 

enhance its adsorption capacity, selectivity, and stability. Modification can be 

achieved via approaches such as functionalization with organic groups, coating with 

metal oxides, doping with metal ions, or coating with a polymers (Diagboya & 

Dikio, 2018). Wang et al. (2018) used amino-functionalized silica particles for heavy 

metals removal from water, and the high sorption capacity was attributed to strong 

coordination between amino groups on the silica surface with metal ions. Zhang et 

al. (2019) utilized iron oxide-coated silica particles for the removal of organic 

pollutants from water. Iron oxide coating provided additional binding sites for the 

pollutants, enhancing the removal efficiency. Mesoporous silica nanoparticles 

functionalized with chitosan derived from mushrooms resulted in selective and high 

fluoride removal efficiency of 95 %, with a maximum sorption capacity of, 58.8 

mg/g (Srivastava et al., 2020). Pillai and Pandian, (2020) used rice husks derived 

silica nano doped on calcium peroxide for the removal of fluoride from water, and a 

high defluoridation efficiency of 94 % was achieved, with a maximum adsorption 
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capacity of 55 mg/g. This was attributed to increased surface area by calcium 

peroxide (CaO2). Zeolite, a silica-rich material was synthesized from kaolin clay and 

then modified with aluminium sulphate for defluoridation. A higher fluoride 

adsorption efficiency of 98.87 % was reported. This was attributed to zeolite’s large 

surface area and high porosity (Tabi et al., 2021). 

2.5.2 Pumice Volcanic Rock 

Pumice is an igneous volcanic rock that is silica-rich (Mohseni-Bandpei et al., 2020; 

Soleimani et al., 2019). It has a high porosity of up to 85 % and is formed during 

violent volcanic eruptions when gas-rich lava solidifies (Asgari et al., 2012; Heibati 

et al., 2014). Pumice rocks are found in bulk along the Rift Valley System where 

explosive eruptions occur in centralized volcanic centers (Sekomo et al., 2012). In 

Kenya, these volcanic centers include; Barrier, Namanuru, Emuruangogolak, Silali, 

Paka, Korosi, Menengai, Longonot, and Suswa craters (Simiyu, 2010). Studies have 

been done to evaluate the adsorption capacity of pumice rock, being a low-cost, non-

toxic, and naturally available by-product of volcanic eruption, for instance; surface 

modified pumice with a cationic surfactant, hexadecyltrimethylammonium 

(HDTMA) removed 96 % of fluoride from water at pH 6 for 30 minutes with a dose 

of 0.5 gL-1 (Asgari et al., 2012). A study by Salifu et al, (2013) utilized pumice rock 

coated with aluminum hydroxide for the removed of fluoride from water. The 

fluoride levels reduced from an initial concentration of 5 mgL-1 to below the WHO 

limit of 1.5 mgL-1 in 1 hour with a dose of 10 mg/L. To increase the adsorption 

capacity of pumice rock, silica nanoparticles can be extracted from it since they have 

high reactivity and large surface area compared to bulk particles more so they can be 

functionalized easily to increase their affinity towards a target pollutant. Hence, silica 

can be obtained from pumice volcanic rock (Plate 2.1) for the preparation of silica 

nanoparticles. 
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Plate 2.1: Pumice Rock 

2.6 Extraction of Silica Nanoparticles  

2.6.1 Hydrolysis of Tetraethyl Orthosilicate (TOES) 

Stober was the first to synthesize silica nanoparticles (SNPs), by use of tetraethyl 

orthosilicate (TOES) as the silica precursor (Stober & Fink, 1967). This is illustrated 

by the synthesis path way in Scheme 2.1 (Karande et al., 2021). 

 

Scheme 2.1: Synthesis Path Way of Silica Nanoparticles 

Later, silica precursors such as silicon alkoxide and Na2SiO3 were also used to 

synthesize silica nanoparticles on a massive scale (Zulfiqar et al., 2016). In this 

protocol, sand is reduced by carbon at over 1000 ℃ to yield silicon alkoxide, 

whereas Na2SiO3 solution is recovered from quartz using Na2CO3 at elevated 

temperature. These operations are both costly and environmentally unfriendly as they 

consume a lot of power and generate a lot of greenhouse gases such as CO2. 

Consequently, studies on low-cost excellent silica sources such as bentonites 

(Zulfiqar et al., 2016), pumice rock (Mourhly et al., 2015) fly ash,  sugarcane 

bagasse (Rovani et al., 2018), and rice husks ash (Nayak & Datta, 2021) have been 

investigated, with extraction processes that are both economical and eco-friendly. 
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2.6.2 Alkaline Leaching  

This method involves the extraction of silica nanoparticles from silica-rich 

precursors by use of sodium hydroxide at low temperatures. Mourhly et al., (2019) 

demonstrated that it is feasible to isolate cost-effective silica nanoparticles from 

pumice volcanic rock using an alkaline extraction protocol. This method yielded 94 

% pure amorphous silica nanoparticles with a high specific surface area (422 m2g-1) 

and a mean pore diameter of 5.5 nm that was used as a support material for catalysis 

(Mourhly et al., 2019). Silica-rich material is refluxed with 3 M NaOH at 100 ℃ for 

at least 4 hours while stirring to dissolve the silicate and form a Na2SiO3 solution as 

described in Equation 2.8 (Zulfiqar et al., 2016). 

…………………...…….2.8 

The recovered Na2SiO3 is then acidified with drops of 5 M H2SO4 while stirring 

vigorously. Below pH 10, colloidal silica begins to precipitate and ends between pH 

8 and 7. As shown in Equation 2.9, the process begins with the formation of weak 

and unstable silicic acid, which then condenses to form a network of silica gel as 

shown in Scheme 2.2. 

] …...…2.9 

 

Scheme 2.2: Condensation of Silicic Acid to form a Network of Silica Gel 

The silica gel is then left to age at room temperature for 24 hours before being 

filtered and washed with deionized water to eliminate any remaining sulphate salts. 

Thereafter, its dried for 12 hours at 110 ℃ in an oven. The silica powder is further 
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refined by refluxing with 1 M HCl at 100 ℃ for 3 hours to remove any soluble 

minerals such as Fe, Al, Ca, and Mg. The suspension is then filtered, washed, and 

dried for 12 hours in an oven at 110 ℃. Finally, its calcined in a muffle furnace at 

550 ℃ for 2 hours, to yield a very fine white silica nanoparticles powder. 

2.7 Sorption Isotherms Models 

These are mathematical expressions applicable at constant temperature and are used 

in the analysis of adsorption data. There are several models such as Redlich-

Peterson, Langmuir, Freundlich, Sips, Temkin, and Henry's isotherms. However, 

Langmuir and Freundlich's models are the simplest and most commonly used as they 

provide information on the maximum adsorption capacity of the adsorbent and how 

the solute interacts with the adsorbent during adsorption (Kalam et al., 2021). 

2.7.1 Freundlich Model  

This model is used for a heterogeneous system based on the assumption that sorption 

takes place in several sites and as the number of adsorbates increases, the surface 

binding energy decreases exponentially which implies a multilayer formation. The 

model is expressed in Equations 2.10 and 2.11 (Nabbou et al., 2019). 

 ……………………..………..2.10 

 ……………..2.11 

Where; 

 (mg/L) = adsorbate concentration at equilibrium. 

 (mg/g) = amount of adsorbate adsorbed per unit mass of adsorbent. 
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 (mg/g) = constant (Freundlich coefficient) signifying the sorption capacity of the 

sorbent.  

  (unitless) = constant, signifying surface heterogeneity or adsorption intensity 

with its value ranging from 0.1 to 1 (Sadegh et al., 2017). Adsorption is deemed 

favorable when , unfavorable when and irreversible when 

 (Kalam et al., 2021). 

2.7.2 Langmuir Model  

This model supposes that adsorbate species form a monolayer coverage on a 

homogeneous adsorbent surface with insignificant interactions of adsorbed species 

and that after a monolayer of adsorbate is formed the adsorbent is fully saturated. 

The Langmuir model is expressed using Equations 2.12 and 2.13 (Kofa et al., 2017). 

……………………….…….2.12 

(Linear form)…………………..…….2.13 

Where; 

 (mg/g) = amount of adsorbate (fluoride) adsorbed per unit mass of adsorbent. 

 (mg/L) = adsorbate equilibrium concentration. 
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  (mg/g) = maximum monolayer adsorption capacity. 

= Langmuir constant depicting adsorbent affinity towards the adsorbate.  

The suitability of the Langmuir model to fit the experimental data is evaluated by the 

use of separation factor (RL) expressed by Equation 2.14: 

……………………….2.14 

The value of RL indicates whether the isotherm is favorable (0 < RL < 1), unfavorable 

(RL > 1), linear (RL = 1), or irreversible (RL = 0) (Akafu et al., 2019). 

2.8 Kinetic Models 

Kinetic studies are used in determining the mechanisms and rates of sorption 

processes. A good adsorbent should have a fast rate of adsorption as well as a high 

adsorption capacity. Pseudo-first-order and pseudo-second-order models are the most 

commonly utilized models (Agarwal et al., 2016). 

2.8.1 Pseudo-First-Order Model 

Pseudo-first-order is suitable for a simple sorption process where saturation occurs 

faster between 20-30 minutes. The expression for this model is illustrated in 

Equation 2.15 (Kariuki et al., 2017).  

………………………………….……………..2.15 

Integrating Equation 2.15 and linearizing we obtain Equations 2.16 or 2.17 (Pillai et 

al., 2019). 

………………………………….2.16 
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…………………………………….…2.17 

Where;   and  = amounts of adsorbate (mg/g) at time t, and equilibrium 

respectively.       (Min-1) = rate constant. A plot of  versus time (t) 

gives a linear relationship. The values for  and  are obtained from the intercept 

and slope respectively (Lin et al., 2016).  

2.8.2 Pseudo-Second-Order Model 

The pseudo-second-order kinetic model assumes that chemisorption is the rate-

controlling step in the sorption process. Equation 2.18 is the expression for this 

model (Kebede et al., 2016). 

………………………………………………………2.18 

Integrating Equation 2.18 and linearizing it we obtain Equation 2.19 (Pillai et al., 

2020). 

…………………………………….…………………….2.19 

 

Where; 

 and  = amounts of adsorbate (mg/g) at a time (t) and equilibrium respectively. 

 (g mg-1 min-1) = rate constant (Zhang et al., 2017). A Plot of  versus time (t) 

gives a linear relationship. The amount of adsorbate adsorbed at equilibrium ( ) and 

the rate constant (  is determined from the slope and intercept, respectively 

(Kariuki et al., 2017). 
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2.9 Techniques 

2.9.1 Ion-Selective Potentiometry 

Several analytical techniques can be used to determine the concentration of fluoride 

in water samples. Fluoride can be determined using Ion-chromatography, UV-Vis 

spectroscopy, or potentiometry using an Ion-selective electrode (ISE). However, ISE 

is mostly preferred since it is non-destructive, fast, and can analyze ions at trace 

levels as well as colored and viscous samples directly (Glu et al., 2004). ISE has 

shortcomings such as deviation from Nernst’s Equation due to changes in 

temperature, potential, and ion activity. However, these limitations can be eliminated 

quickly and readily. For instance, a shift in potential is solved by re-standardization, 

while a total ionic strength adjustment buffer (TISAB) is used to fix ion strength 

(Bratovcic & Catic, 2009). ISE is an electrochemical sensor that translates the 

activity of a specific ion in solution into an electrical potential. It has a selective 

membrane, a reference electrode, and a voltmeter. Potential difference is created by 

the movement of ions from high to low concentration through selective binding of 

ions with specific sites of the membrane. The potential is measured with respect to a 

reference standard electrode. The potential difference is directly proportional to the 

concentration of the selected ion present. A standard calibration curve is obtained by 

plotting electrode potential versus standard concentrations (Bratovčić & Ćatić, 2009).  

2.9.2 Characterization Techniques 

Silica-based sorbent materials have been characterized by the use of techniques such 

as Scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray 

fluorescence (XRF), and Fourier transform infrared (FTIR) spectroscopy. 

2.9.2.1 X-Ray Diffraction Spectroscopy 

X-ray diffraction spectroscopy is a rapid nondestructive analytical technique used to 

determine the crystallographic structure of a material. In this technique, a material is 

irradiated with an incident X-ray then the scattering angles and intensities of the X-

rays that leave the material are measured. The material is identified by its diffraction 
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patterns, which occur at specific angles (2θ) with respect to lattice spacing and are 

governed by Bragg's Law (Equation 2.20): 

n = 2dsinθ………………………………………2.20 

Where n is an integer representing the order of reflection,  is the wavelength of 

incident X-ray radiation, d is the interplanar spacing of the crystal and θ is the angle 

of incident radiation (Mourhly et al., 2019). In previous studies, silica nanoparticles 

extracted from silica-rich precursors such as rice husks, sugarcane bagasse, and 

pumice rock were all of the amorphous phases, with a distinct single broad peak from 

2 of 15 to 30 and centered at 2 of 22 (Rovani et al., 2018). 

2.9.2.2 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared (FTIR) spectroscopy is a vital and widely used technique 

for elucidating structure and identifying compounds. The functional groups present 

in a sample are identified using FTIR analysis; each functional group absorbs 

infrared radiation at specific frequencies (Rovani et al., 2018). According to previous 

research, the broad peak observed on silica nanoparticles between 3000 and 3700 cm-

1 and centered at 3352 cm-1 is due to the stretching vibration of the O-H bond from 

the silanol group, Si-OH (Imoisili et al., 2020). A strong band at 1048 cm-1 

corresponds to asymmetric stretching of the Si-O bond, whereas bands at 454 and 

789 cm-1 relate to bending and symmetric stretching vibrations of the Si-O bond in 

the siloxane group, respectively (Yadav & Bhattacharyya, 2020). 

2.9.2.3 X-Ray Fluorescence Spectroscopy  

X-ray fluorescence (XRF) is a non-destructive, reliable, and rapid elemental 

analytical technique that measures the secondary X-ray (fluorescent) emitted by a 

sample when excited by a primary X-ray source. When excited, each element in the 

sample emits a unique X-ray with a characteristic wavelength and intensity 

("fingerprint") that is proportional to the concentration of that element present. As a 

result, this method is used for both qualitative and quantitative analysis (Mohseni-

Bandpei et al., 2020). Previously, this technique was used to determine the chemical 

composition of pumice rock, and the results revealed that SiO2 was the most 
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abundant mineral, accounting for 61.6 % (Soleimani et al., 2019) and 63.4 % 

(Mohseni-Bandpei et al., 2020). 

2.9.2.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a critical technique used to obtain a detailed, 

high-quality, and spatially resolved image of a particle. In SEM, a sample is exposed 

to a high-energy electron beam that provides information about the topography, 

morphology, and crystallography of a material. Hence, SEM is a vital technique for 

the characterization of materials. Crystallography implies the arrangement of atoms 

in materials, morphology indicates the material's shape and size, whereas topography 

indicates the surface texture, smoothness, or roughness (Akhtar et al., 2018). 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study Area  

Pumice rock and borehole water samples used in the study were collected from Paka 

volcano in Baringo County, Kenya (36º 10' 59" E and 0º 55' 14" N) (Figure 3.1).  

 

 

Figure 3.1: Location of Paka Volcano and Boreholes in Tiaty, Baringo in Kenya.  

3.2 Samples Collection 

With the assistance of a geologist in the field, approximately 5 kg of pumice rock 

was collected randomly in a clean well-label polythene sampling bag. Grab water 

samples were also randomly collected from boreholes in the study area (Figure 3.1) 
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in clean 1 L polyethylene bottles that were pretreated with dilute nitric acid and 

rinsed thoroughly with deionized water.  

Samples for cations analysis were acidified with 1 mL concentrated HNO3. Zinc 

acetate (2.5 % w/v) was added to samples for SO4
2- analysis to avoid oxidation of 

sulphides to sulphate. No treatment was done to the samples to be analyzed for 

fluoride, chlorides, hardness, alkalinity, and bicarbonate levels. The samples were 

then transported within 24 hours to the Jomo Kenyatta University of Agriculture and 

Technology chemistry laboratory for analysis using the standard protocol defined by 

the American Public Health Association (APHA, 2022).          

3.3 Instrumentation 

The following instruments were used in this study: Hanna HI-935002 thermocouple 

thermometer (Woonsocket, United States), Jenway 430 pH/Conductivity meter 

(London, United Kingdom), Corning 400 flame photometer (Cambridge, United 

Kingdom), Elit 9801 ion meter (London, United Kingdom), Shimadzu AA-7000 

spectrophotometer (Kyoto, Japan), Shimadzu UV-1800 spectrophotometer (Kyoto, 

Japan), Mettler-Toledo Titroline-7800 auto titrator (Columbus, United States), 

Rigaku ZSX Primus II X-ray fluorescence spectrophotometer (Tokyo, Japan), 

Rigaku MiniFlex II X-ray diffractometer (Tokyo, Japan), Shimadzu IRAffinity-1S 

Fourier Transform Infrared spectrophotometer (Kyoto, Japan) and JCM-7000- 

NeoScope Benchtop scanning electron microscope (Tokyo, Japan). 

3.4 Chemicals and Reagents  

The following analytical grade chemicals and reagents were used in this study: 

HNO3 (69 %), HCl (35 %), H2SO4 (98 %), NaOH (99 %), KCl (99.8 %), NaCl (99.9 

%), ethylenediaminetetraacetic acid (99 %), Eriochrome Black (98 %), ammonium 

buffer (99 %), pH buffers (99.9 %), phenolphthalein (99 %), methyl orange (99 %), 

ethyl alcohol (99.9 %), K2CrO4 (99 %), AgNO3 (99.9 %), NaF (98 %), Na2SO4 (99.9 

%), BaCl (95 %), La2O3 (99.9 %), CaCO3 (96 %) and MgO (97 %) purchased from 

Sigma-Aldrich through Kobian Scientific Limited in Kenya and used without further 
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purification. Unless otherwise stated, deionized water was used throughout the 

analysis. 

3.5 Determination of Physico-Chemical Water Quality Parameters 

The physico-chemical water quality parameters were determined using the standard 

protocols as outlined by the American Public Health Association (APHA, 2022).  In 

the field, a Hanna HI-935002 thermocouple thermometer (Woonsocket, United 

States) was used to measure water temperature, while a Jenway 430 pH/Conductivity 

meter (London, United Kingdom) was used to measure pH, electrical conductivity 

(EC) and total dissolved solid (TDS). Total hardness was determined using a 

complexometric titration with 0.01 M ethylenediaminetetraacetic acid (EDTA) and 

Eriochrome Black T (EBT) indicator; at the end-point, the solution changed from 

wine red to blue. Total alkalinity and bicarbonates were determined using titrimetry 

with 0.1 N HCl using phenolphthalein and methyl-orange indicators.  

The concentrations of potassium and sodium were determined using a Corning 400 

flame photometer (Cambridge, United Kingdom) with working standards of 5, 10, 

20, 40, 80, and 100 mg/L and 5, 8, 10, 20, 30, and 40 mg/L, respectively. Calcium 

and magnesium were determined using a Shimadzu AA-7000 spectrophotometer 

(Kyoto, Japan) with working standards of 1, 2, 4, 6, 8, and 10 mg/L and 0.5, 1, 1.5, 2, 

and 2.5 mg/L, respectively. In addition, 1 mL of 50 mg/L La2O3 solution (releasing 

agent) was mixed with 10 mL of each standard, sample, and blank. Chloride levels 

were determined using argentometric titration with 0.1 N AgNO3 and 5 % K2CrO4 

indicator; at the end-point, the solution changed from yellow to red-brown. Sulphate 

levels were assessed using turbidimetry with a Shimadzu UV-1800 

spectrophotometer (Kyoto, Japan). The working standards were 2.5, 5, 10, 15, and 30 

mg/L, and 3 mL of sulphate conditioning reagent was added to 5 mL of each 

standard, samples, and blank in 100 mL volumetric flasks, followed by a spatula full 

of BaCl2, and the absorbances were measured at 425 nm after shaking. Fluoride 

levels were determined using potentiometry with an Elit 9801 ion meter (London, 

United Kingdom) equipped with a fluoride ion selective electrode (ISE) and a 

reference electrode. The working standards were 2, 4, 6, 8, 10, and 20 mg/L, and 5 
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mL of TISAB was mixed and shaken thoroughly with 5 mL of each standard, 

sample, and blank prior to recording the potential developed.  

3.6 Extraction, Modification, and Characterization of Silica Particles  

 3.6.1 Pretreatment of Pumice Rock 

Pumice rock was washed several times with deionized water to remove any 

impurities until the pH was neutral, dried, and then pulverized using a Retsch PM 

400 Model Planetary ball mill pulverizer (New Hampshire, United States). The 

ground powder was then passed through a 180 m sieve to obtain homogeneous 

particle sizes. It was finally activated using a Sentrotech STT-1200C-3.5-12 muffle 

furnace (Strongsville, United States) for 3 hours at 550 ℃ followed by the isolation 

of silica particles using the method proposed by Mourhly et al., (2019). 

3.6.2 Extraction of Silica Particles (SPs) from Pumice Rock  

Silica particles were extracted in triplicate using a low-temperature alkaline leaching 

protocol described by Mourhly et al., (2019). 10 g of ground pumice was refluxed 

with 300 mL of 3 M NaOH at 100 ℃ for 4 hours while stirring at 300 rpm to 

dissolve the silicate and form a Na2SiO3 solution (Zulfiqar et al., 2016). To recover 

Na2SiO3, the slurry was filtered with ashless filter paper (Whatman No 41). The 

filtrate was then acidified by adding a few drops of 5 M H2SO4 to pH 7 while 

vigorously stirring to form silica gel (Imoisili et al., 2020). The silica gel was 

allowed to age for 12 hours before the filtration and washing step. The gel was then 

dried for 12 hours at 110 ℃ followed by refluxing with 1 M HCl for 3 hours at 100 

℃ to remove any soluble minerals such as Fe, Al, Ca, and Mg. The suspension was 

filtered, washed, and dried for 12 hours at 110 ℃. The final product was activated 

for 3 hours in a Sentrotech STT-1200C-3.5-12 muffle furnace (Strongsville, United 

States) at 550 ℃ to yield fine white silica particles (SPs) powder. 
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The amount of silica recovered from pumice rock was calculated using Equation 3.1 

(Mourhly et al., 2019). 

……………….3.1 

The weight of silica in pumice rock is the product of the weight of pumice rock used 

in the extraction and the percent SiO2 obtained from XRF analysis.  

3.6.2.1 Modification of SPs with Iron 

The silica particles were modified with iron according to the method proposed by El-

Moselhy et al., 2017. In a 50 mL solution containing 1 g of Fe(NO3)3.9H2O, 10 g of 

silica particles were dissolved. The pH of the solution was adjusted to 7 with 0.5 M 

NaOH and then stirred at room temperature for 1 hour. The mixture was centrifuged, 

and the resulting particles were washed and dried for 12 hours at 105 ℃. Finally, the 

Fe-modified silica particles (FMSPs) were activated in a muffle furnace for 6 hours 

at 500 ℃ and preserved in a clean high-density polyethene (HDPE) container. 

3.6.3 Characterization  

The bulk chemical composition of pumice rock, silica particles (SPs), and Fe-

modified silica particles (FMSPs) was determined using Rigaku ZSX Primus II X-

ray fluorescence spectrophotometer (Tokyo, Japan). For phase identification, a 

Rigaku MiniFlex II X-ray diffractometer (Tokyo, Japan) with copper radiation 

(CuK = 1.5418 Å) operating at 15 mA and 30 kV was used to record diffractograms 

between 2 of 3º and 50º, with a step size of 0.02 at 2 seconds per step. The 

functional groups were identified using a Shimadzu IRAffinity-1S Fourier transform 

Infrared spectrophotometer (Kyoto, Japan) in attenuated total reflectance mode, with 

spectra recorded between 4000 and 400 cm-1 with a resolution of 4 cm-1. The 

morphology of the silica particles was examined using a JCM-7000- NeoScope 

Benchtop scanning electron microscope (Tokyo, Japan). 
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3.7 Batch Adsorption Studies 

Batch experiments were conducted at room temperature to determine the optimal pH, 

sorbent dose, contact time, and initial fluoride concentration for fluoride removal 

using FMSPs as described in Sections 3.7.1 to 3.7.4. Equations 3.2 and 3.3 were used 

to calculate the amount of fluoride adsorbed at equilibrium ( ) and the percentage 

of fluoride removed (Gogoi et al., 2018).  

 …………………………………………3.2 

…………………………..3.3 

Where; 

 m (g) = sorbent mass. 

 V (L) = volume of the solution. 

(mg/g) = amount of fluoride adsorbed at equilibrium. 

 and  (mg/L) = initial and equilibrium fluoride concentrations, respectively 

(Borgohain et al., 2020). 

3.7.1 Optimization of pH 

The effect of pH on fluoride removal was investigated using 1.5 g of FMSPs and 250 

mL of a 20 mg/L fluoride solution. The pH was varied from 2, 3, 4, 5, 6, 7, 8, 9 to 10 

using 0.5 M CH3COOH/CH3COONa and 0.5 M NH4OH/NH4Cl buffers. The 

solutions were stirred at room temperature for 90 minutes before being filtered with 
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Whatman No. 42 filter paper. The residual fluoride concentration in the filtrate was 

then determined using an ion-selective electrode (ISE). 

3.7.2 Optimization of Sorbent Dose 

The effect of sorbent dose on defluoridation was evaluated by equilibrating various 

sorbent doses of 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 2.5 g with 250 mL of a 20 mg/L 

fluoride solution at the optimum pH of 6. The solutions were stirred at room 

temperature for 90 minutes before being filtered with Whatman No. 42 filter paper. 

The residual fluoride concentration in the filtrate was then determined using an ISE. 

3.7.3 Optimization of Contact Time 

The adsorption capacity of FMSPs as a function of time was studied using 250 mL of 

a 20 mg/L initial fluoride solution at optimal pH (6) and sorbent dose (1 g) by 

varying contact time from 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60 to 90 minutes. 

After stirring the solutions for a predetermined time at room temperature, they were 

left to settle for 2 minutes before filtration with Whatman No. 42 filter paper. The 

concentration of residual fluoride in the filtrates was then determined using an ISE. 

3.7.4 Optimization of Initial Fluoride Concentration 

The effect of initial fluoride concentration on defluoridation was studied using 

optimal pH (6), dose (1 g), and contact time (45 minutes), and the initial fluoride 

concentration was varied from 2.5, 5, 10, 15, 20, 30, 40, 50 to 60 mg/L. After stirring 

the solutions for 45 minutes at room temperature, they were left to settle for 2 

minutes followed by filtration with Whatman No. 42 filter paper and analysis of 

residual fluoride.  

3.7.5 Adsorption Isotherms and Kinetic Models 

The adsorption data was fitted in both the Langmuir and Freundlich adsorption 

models (Ismail et al., 2014). The rate and mechanism of defluoridation were 

evaluated using pseudo-first-order and pseudo-second-order kinetics models (Sadegh 

et al., 2017). 
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3.8 Removal of Fluoride from Real Water Samples 

Borehole water samples collected from Tiaty in Baringo County, Kenya, were 

utilized to evaluate the efficiency of Fe-modified silica particles (FMSPs) in 

defluoridation. Apart from filtration with Whatman No. 42 filter paper, the samples 

were used without any other treatments. The initial fluoride levels were determined, 

and then defluoridation was performed using the optimal sorbent dose (1 g) and 

contact time (45 minutes). The residual fluoride levels were then determined. 

3.9 Regeneration Studies 

A batch desorption experiment was done according to Rafigue and colleagues with 

slight modifications to evaluate the ability of adsorbents to be regenerated and 

recycled (Rafique et al., 2013). Five consecutive cycles of adsorption-desorption 

experiments were done using 0.1 M NaOH as a desorbing agent. The spent sorbent 

was soaked in NaOH for 2 hours, washed with deionized water until the washed 

water pH was 7 then dried in an oven at 90 ℃ for 4 hours. A fluoride solution of 20 

mg/L initial concentration was used with optimum sorbent dose (1 g) and contact 

time (45 minutes). 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Physico-Chemical Water Quality Parameters 

The borehole temperature ranged from 27.4 - 40.7  ℃ (Table 4.1), whereas ambient 

is the ideal temperature for drinking, elevated temperatures can influence the odor, 

color, and taste of water (Chebet et al., 2020). The elevated temperature of up to 

40.7°C for Riong’o borehole could be attributed to being within or close to the Paka 

geothermal system, which can heat up the groundwater (Figure 3.1). As water seeps 

underground and comes into contact with hot rocks or magma chambers, it can 

become heated to high temperatures. The pH ranged between 6.79 - 8.70 (Table 4.1) 

with a mean of 7.94 ± 0.60. The slightly alkaline water is attributed to volcanic rocks 

in the aquifers that are rich in minerals such as sodium, potassium, magnesium, and 

calcium. In addition, the high temperature associated with volcanic activities can also 

increase groundwater alkalinity by promoting the leaching of aquifer minerals. The 

allowable pH limit for drinking water is 6.5 - 8.5 (WHO, 2017); all boreholes except 

Riong'o were within this range. The apparent effect of high pH in drinking water is a 

soda-like taste and a slick feeling. 

The EC values ranged from 402.89 - 4212.99 µScm-1. Except for the Riong'o 

borehole, EC values in this survey were under the WHO criterion of 2500 µScm-1 

(Table 4.1). High EC implies an enrichment of soluble ionic species in the water. The 

TDS values ranged from 201.24 - 2111.77 mg/L (Table 4.1) and the recommended 

limit is 500 - 1500 mg/L (WHO, 2017), hence the Riong'o borehole surpassed this 

limit. According to Boadi et al., (2020) when the temperature of the water rises, so 

do the EC and TDS. As a result, the higher EC and TDS in the Riong'o borehole 

could be attributable to aquifer mineral dissolution aided by high temperatures. 

Drinking water with high TDS can cause gastrointestinal irritation, formation of 

kidney stones, and heart attack (Udhayakumar et al., 2016). Elevated TDS also 

influences the taste, hardness, and corrosive properties of water (Arulnangai et al., 

2019). 
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Table 4.1: Results for Onsite Analysis, Alkalinity, and Hardness (n = 3) 

Site Name Temp. (°C) pH EC (µS/cm) 

Concentration in mg/L 

TDS Total Alkalinity Total Hardness 

Intex 35.7 ± 0.19 8.20 ± 0.01 564 ± 1.28 282.59 ± 0.85 100.23 ± 0.71 56.17 ± 0.58 

Riong'o 40.7 ± 0.30 8.70 ± 0.01 4212.99 ± 2.82 2111.77 ± 1.41 1142.78 ± 1.32 519.72 ± 1.15 

Kadokoi 31.5 ± 0.25 8.12 ± 0.01 677.62 ± 1.82 340.34 ± 0.91 200.12 ± 0.58 102.65 ± 0.76 

Nginyang 33.1 ± 0.37 6.79 ± 0.00 402.89 ± 1.47 201.24 ± 0.74 96.86 ± 1.00 36 .82 ± 0.40 

Tangulbei 36.8 ± 0.40 8.01 ± 0.00 866.94 ± 1.92 433.04 ± 0.96 320.17 ± 1.50 72.35 ± 0.62 

Naudo 37.3 ± 0.27 8.30 ± 0.01 1657.87 ± 2.24 917.11 ± 1.12 464.91 ± 1.31 104.57 ± 0.82 

Orus 27.4 ± 0.25 7.36 ± 0.00 440.71 ± 1.38 244.33 ± 0.69 136.13 ± 1.39 78.15 ± 1.04 

Akuchatis 33.1 ± 0.32 8.05 ± 0.01 1252.77 ± 1.43 623.27 ± 0.72 416.87 ± 0.89 190.83 ± 0.75 
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Hard water is defined as water that does not easily lather with soap and is primarily 

caused by Ca2+, Mg2+, CO3
2-, SO4

2-, Cl-, and HCO3
- (Prasanth et al., 2012). For this 

study, total hardness was in the range 36.82 - 519.72 mg/L (Table 4.1), except for 

Riong'o borehole, which measured 519.72 ± 1.15 mg/L, all of which were within or 

below the WHO standard of 100 - 500 mg/L (WHO, 2017). Water hardness can 

elevate the boiling point of water and cause scaling in pipes, heaters, and boilers 

(Bamigboye et al., 2020). Drinking hard water can lead to renal and cardiac disorders 

in humans (Udhayakumar et al., 2016).  

Alkalinity is the ability of water to neutralize acid and is an estimation of hydroxides, 

carbonates, and bicarbonates levels in water (Karthika et al., 2018). For this survey, 

it ranged from 96.86 - 1142.78 mg/L (Table 4.1), with Riong'o, Tangulbei, Naudo, 

and Akwichatis boreholes surpassing the WHO guideline of 200 mg/L (WHO, 2017). 

The elevated alkalinity levels can be attributed to the presence of dissolved minerals 

such as bicarbonates, carbonates, and hydroxides of calcium, magnesium, potassium, 

and sodium leached from alkaline volcanic rock in the aquifers.   

The levels of major ions in borehole water are shown in Table 4.2 while their 

corresponding calibration curves are presented in Appendices I - VI. The most 

prevalent cation was sodium, its levels ranged from 46.81 - 856.37 mg/L (Table 4.2), 

and it exceeded the WHO acceptable limit of 200 mg/L (WHO, 2017) in the Naudo 

and Riong'o boreholes. This may be due to input from circulating geothermal fluids 

and chemical weathering of albite (Equation 4.1), a sodium-rich mineral invariably 

found in volcanic rocks (Rusiniak et al., 2021).  

………………………..4.1 

High blood pressure, arteriosclerosis, hyperosmolarity, and edema can all be caused 

by an excess of sodium in drinking water (Prasanth et al., 2012).  
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Table 4.2: Concentrations of Major Ions (n = 3) 

Site Name 
mg/L 

Na+ K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- F- 

Intex 114.51 ± 2.06 12.65 ± 1.18  2.43 ± 0.02  1.38 ± 0.24 19.85 ± 1.11 22.59 ± 0.46 233.0 ± 1.86 4.57 ± 0.06 

Riong'o 856.37 ± 2.51 26.49 ± 1.89 1.73 ± 0.01 2.22 ± 1.33 288.02 ± 1.29 95.31 ± 0.89 1453.2 ± 2.43 16.47 ± 0.29 

Kadokoi 117.76 ± 1.49 10.64 ± 1.17 20.12 ± 0.05 13.68 ± 0.04 68.09 ± 0.74 37.93 ± 0.21 254.0 ± 1.23 2.46 ± 0.10 

Nginyang 59.64 ± 1.36 10.12 ± 1.54 4.85 ± 0.01 3.05 ± 0.05 22.69 ± 0.98 15.62 ± 0.19 127.1 ± 0.98 1.35 ± 0.05 

Tangulbei 163.47 ± 1.70 6.08 ± 1.01 17.33 ± 0.02 18.71 ± 0.21 65.45 ± 1.20 24.47 ± 0.30 390.4 ± 1.36 1.33 ± 0.02 

Naudo 325.51 ± 2.63 19.42 ± 1.77 7.39 ± 0.01 7.81 ± 0.37 155.99 ± 1.45 22.77 ± 0.47 566.1 ± 2.67 5.39 ± 0.31 

Orus 46.81 ± 1.07 8.41 ± 1.61 20.91 ± 0.01 10.01 ± 0.23 22.69 ± 1.63 16.42 ± 0.32 170.9 ± 0.97 0.88 ± 0.01 

Akuchatis 188.76 ± 1.32 8.6 ± 1.36 30.84 ± 0.03 29.44 ± 0.16 96.43 ± 1.56 28.59 ± 0.45 507.5 ± 1.38 1.29 ± 0.04 
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The potassium concentration ranged from 6.08 - 26.49 mg/L (Table 4.2). Weathering 

of K-feldspar-bearing rocks and clay minerals from the volcanic aquifers may be the 

cause of potassium levels above the WHO limit of 12 mg/L in Naudo, Intex, and 

Riong'o (Ochieng et al., 2012). Potassium is essential in the human body for 

functions such as water balance, blood pressure, nerve impulses, muscle contraction, 

digestion, and pH balance (Meride & Ayenew, 2016). 

Calcium is required for bone and tooth development in the body; in this study, it 

ranged from 1.73 - 30.84 mg/L (Table 4.2), with no borehole exceeding the WHO 

limit of 200 mg/L (WHO, 2017). 

The magnesium levels ranged from 1.38 - 29.41 mg/L (Table 4.2), with all boreholes 

falling within the WHO threshold of 150 mg/L (WHO, 2017). While magnesium is 

necessary for cardiovascular health, it may have a laxative effect on drinking water 

(Arulnangai et al., 2019).  

Chloride levels ranged from 19.85 - 288.02 mg/L (Table 4.2), with only Riong'o 

surpassing the WHO limit of 250 mg/L (WHO, 2017). The elevated chloride levels 

could be attributed to the leaching of chloride ions from volcanic rocks and minerals 

into the groundwater. In addition, Riong’o borehole is adjacent to the Paka 

geothermal system (Figure 3.1). Geothermal fluids usually contain high 

concentrations of chloride ions, which can mix with groundwater and increase the 

overall chloride levels. Drinking chloride-rich water has been linked to kidney and 

heart problems (Udhayakumar et al., 2016). 

The sulphate concentration ranged from 15.62 - 95.31 mg/L (Table 4.2), with no 

borehole exceeding the allowed peak of 400 ppm (WHO, 2017). Excess sulphate 

levels in drinking water can cause dehydration as well as diarrhea (Chebet et al., 

2020). 

 Bicarbonate was the most prevalent anion in the range of 127.1 - 1453.2 mg/L 

(Table 4.2). This trend is consistent with previous research on groundwater in 
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Kenya's Rift Valley and has been attributed to the conversion of the abundant 

magmatic CO2 to HCO3
- (Gevera & Mouri, 2018; Mwiathi et al., 2022).  

 4.2 Fluoride Levels 

Fluoride levels in the borehole water varied from 0.88 ± 0.11 to 16.4 ± 0.29 mg/L 

(Figure 4.1), with Intex, Riong’o, Kadokoi, and Naudo boreholes exceeding the 

WHO standard of 1.5 mg/L (WHO, 2017). Appendix VI shows the standard 

calibration curve for fluoride.  

 

Figure 4.1: Fluoride Levels in Borehole Water 

The study area is located around the Korosi, Chepchuk, Paka, and Silali quaternary 

volcanoes (Figure 3.1), which are part of the East African Rift Valley System. The 

groundwater occurs in fractured zones in volcanic rocks containing fluoride-bearing 

minerals such as sellaite (MgF2), cryolite (Na3AlF6), fluorapatite (Ca5(PO4)3F), 

fluorite (CaF2), villiaumite (NaF) and topaz (Al2(SiO4)F2) (Mutonga, 2014; Mwiathi 

et al., 2022). Therefore, the high fluoride level in boreholes (Figure 4.1) is likely due 

to interactions between water and these fluoride-bearing minerals present in bedrocks 
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as well as hydrothermal input from fumaroles and circulating magmatic fluids in 

permeable faults which have a significant amount of fluoride. 

4.2.1 Statistical Correlation Analysis 

Spearman's correlation was used to assess the strength and direction of the 

relationship between fluoride and other physico-chemical parameters. Fluoride 

correlates strongly with pH (R2 = 0.993) in groundwater with high fluoride levels 

(Figure 4.2), indicating that alkaline groundwater favors the solubility of fluoride-

bearing minerals. This suggests that the pH of water is very important in determining 

fluoride concentration. Furthermore, the strong correlation between pH and fluoride 

suggests that fluoride may be leached under alkaline water conditions. This is owing 

to the similarity of charge and ionic radii for F- (1.36 Å) and OH- (1.40 Å) (Brahman 

et al., 2013) thereby replacing each other at higher pH, resulting in fluoride 

enrichment in groundwater. 
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Figure 4.2: The Correlation between Fluoride and pH for Fluoride-Rich 

Boreholes 

The correlation between fluoride and TDS is strong (R2 = 0.939), as shown in Table 

4.3. This indicates that an increase in TDS causes an increase in fluoride 

concentration in groundwater. TDS in groundwater is caused by salts of Cl-, SO4
2-, 

K+, HCO3
-, and Na+, which play an important role in achieving a favorable pH for the 

dissolution of fluoride-bearing minerals in the bedrock. Fluoride has a strong linear 

correlation with Cl-, SO4
2-, K+, HCO3

-, and Na+, whereas Mg2+ and Ca2+ have a weak 

and negative correlation with fluoride (Table 4.3). 

Table 4.3: Statistical Correlation Matrix for Physico-Chemical Parameters  

  F- TDS HCO3
- Cl- SO4

2- Na+ K+ Ca2+ Mg2+ 

F- 1                 

TDS 0.939 1               

HCO3
- 0.923 0.993 1             

Cl- 0.890 0.984 0.973 1           
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SO4
2- 0.920 0.917 0.929 0.880 1         

Na+ 0.959 0.996 0.991 0.973 0.933 1       

K+ 0.936 0.888 0.839 0.875 0.778 0.893 1     

Ca2+ -0.598 -0.364 -0.310 -0.294 -0.312 -0.418 -0.637 1   

Mg2+ -0.491 -0.213 -0.143 -0.129 -0.223 -0.263 -0.542 0.919 1 

  

The solubility product principle explains the negative correlation fluoride has with 

magnesium and calcium. According to this principle, an increase in fluoride levels 

will automatically cause a decrease in magnesium and/or calcium in water (Addison 

et al., 2020).  

4.3 Extraction, Modification, and Characterization of Silica Particles  

4.3.1 Silica Yield 

The results for the amount of silica particles extracted from pumice rock are shown 

in Table 4.4. An average of 5.30 ± 0.37 g silica particles (SPs) were recovered from 

9.99 ± 0.01 g pumice rock, representing 86.43 ± 0.41 % yield. This implies that 

alkaline leaching of silica particles from pumice rock is feasible. The yield from this 

study was slightly less than to that obtained by Mourhly et al., (2019). 

Table 4.4: Recovery of Silica Particles from Pumice Rock (n = 3) 

Weight (g) Extraction 

efficiency (%) Pumice rock SiO2 in pumice rock 

from XRF analysis 

SiO2 after extraction 

9.99 ± 0.01 6.13 ± 0.18 5.30 ± 0.37 86.43 ± 0.41 
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4.3.2 Characterization 

4.3.2.1 XRF Analysis 

Table 4.5 shows the chemical components of pumice rock, silica particles (SPs), and 

Fe-modified silica particles (FMSPs) derived from XRF analysis. The main 

components are SiO2 (61.41 ± 0.19 %), Al2O3 (12.07 ± 0.24 %) and Fe2O3 (11.06 ± 

0.63 %). Similarly, in previous research, SiO2 was reported to be the most abundant 

component of pumice rock, accounting for 61.6 % (Soleimani et al., 2019) and 63.4 

% (Mohseni-Bandpei et al., 2020). 
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Table 4.5: Chemical Composition of Pumice Rock, SPs, and FMSPs 

Components 

Composition (% w/w) 

Pumice rock SPs FMSPs 

SiO2 61.41 ± 0.19 97.71 ± 0.19 93.67 ± 0.66 

Al2O3 12.07 ± 0.24 
  

Fe2O3 11.06 ± 0.63 
 

2.93 ± 0.02 

CaO 1.11 ± 0.01 
  

MgO 0.18 ± 0.07 
  

SO3 0.10 ± 0.01 
  

K2O 5.51 ± 0.13 
  

Na2O 6.36 ± 0.45 
  

P2O5 0.08 ± 0.01 
  

MnO 0.45 ± 0.01 
  

Loss on ignition 1.67 ± 0.16 2.29 ± 0.21 3.4 ± 0.41 

 

As indicated in Table 4.5, the retrieved SPs are largely comprised of SiO2. The 

absence of other oxides previously present in raw pumice rock, along with the high 

silica content of 97.71 ± 0.19 %, implies that relatively pure SPs were extracted. 

SiO2 and Fe2O3 contents in FMSPs were 93.67 ± 0.66 % and 2.93 ± 0.02 %, 

respectively. The reduction in SiO2 from 97.71 ± 0.19 % (SPs) to 93.67 ± 0.66 % 

(FMSPs) with the addition of Fe2O3, which was not present in pure SPs, reveals that 

the iron coating of SPs was effective.  

4.3.2.2 XRD Analysis 

An X-ray diffractometer was used to identify the minerals present in pumice rock, 

SPs, and FMSPs. According to the diffractograms in Figure 4.3, pumice rock 

comprises crystalline phase minerals, primarily anorthoclase, feldspar, and quartz 

(Noori et al., 2014). 
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Figure 4.3: Diffractograms of (a) Pumice Rock, (b) SPs, and (c) FMSPs 

The extracted silica particles exhibited a single broad peak from 2 of 15º to 30º, 

centered at 2 of 22º (Figure 4.3), which is a distinctive feature of amorphous silica 

(Rovani et al., 2018). The absence of crystalline peaks previously observed in 

pumice rock confirms that the isolated SPs were predominantly amorphous (Zulfiqar 

et al., 2016). The Fe-coated silica particles were likewise amorphous. 

4.3.2.3 FTIR Spectrophotometry Analysis 

The functional groups present in pumice rock, SPs, and FMSPs are depicted in 

Figure 4.4. The stretching vibration of the O-H bond from the silanol group (Si-OH) 

is responsible for the very weak vibrational band observed between 3000 - 3700 cm-1 

and centered at 3352 cm-1 (Imoisili et al., 2020). This band was attributed to surface-

adsorbed water on silica particles. 
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Figure 4.4: FTIR Spectra of Pumice Rock (a), SPs (b), and FMSPs (c) 

A strong band at 1048 cm-1 (Figure 4.4) corresponds to asymmetric stretching of the 

Si-O bond, whereas bands at 454 and 789 cm-1 relate to bending and symmetric 

stretching vibrations of the Si-O bond in the siloxane group, respectively (Yadav & 

Bhattacharyya, 2020). Similar observations were made by Mourhly et al., (2015) 

while extracting silica nanoparticles from pumice rock. The bands at 2985, 1741, and 

1375 cm-1 on the pumice rock are attributed to the C-H stretch, C=O stretch, and C-H 

bend, respectively (Suneetha et al., 2015). On the other hand, FMSPs had similar 

vibrational bands as those of SPs (Figure 4.4). However, there was a slight decrease 

in the intensity of the Si-O vibrational band at 1048 cm-1 attributed to the interaction 

of iron ions with the silica matrix. The interaction can cause changes in bond strength 

as well as the geometry of the Si-O bonds, resulting in a slight decrease in vibrational 

intensity. The absence of vibrational bands associated with iron-silica in the FTIR 

spectrum of FMSPs could be due to the low concentration of iron in the modified 

silica particles that could not be easily detectable due to their low intensity or overlap 

with other vibrational bands. 
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4.3.2.4 SEM Analysis 

The SEM micrographs in Figure 4.5 demonstrate that the extracted silica particles 

were spherical and agglomerated together to form clusters. This denotes amorphous 

silica and is consistent with XRD data (Figure 4.3). A similar finding was made 

when silica particles were extracted from pumice rock (Mourhly et al., 2019). 

 

Figure 4.5: SEM Micrograph for Extracted Silica Particles  

4.4 Adsorption Studies 

Batch experiments were conducted at room temperature to determine the optimal pH, 

sorbent dose, contact time, and initial fluoride concentration for fluoride removal 

using FMSPs. Their corresponding raw data are presented in Appendices VII-X. 

4.4.1 Effect of pH 

The effect of pH on the removal of fluoride from water by FMSPs was investigated 

by varying the pH from 2, 3, 4, 5, 6, 7, 8, 9 to 10. The results are shown in Figure 

4.6.  
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Figure 4.6: Effect of pH on the Adsorption Capacity of FMSPs  

As illustrated in Figure 4.6, fluoride sorption increased from 41.6 % at pH 2 to an 

optimum of 83.4 % at pH 6 and then decreased as pH increased further. The pH of 

the solution is an important parameter in the adsorption process since it regulates the 

sorbent's surface charge and the degree of ionization of the adsorbate (Bibi et al., 

2015). The reduced sorption capacity at low pH could be due to the generation of 

weakly ionizing hydrofluoric acid, which decreases the availability of free fluoride 

ions for electrostatic interactions with Fe3+ on the sorbent surface (Bibi et al., 2015; 

Kebede et al., 2016). The decline in sorption capacity from 83.4 to 19.6 % when pH 

increased from 6 - 10 may be attributed to competition for the active site on the 

adsorbent between OH- and F- ions due to their similar ionic sizes and charges 

(Asgari et al., 2012). Furthermore, the decrease in sorption capacity at alkaline pH 

can be due to the electrostatic repulsion of fluoride ions with the negatively charged 

adsorbent surface (Sharma et al., 2021). 
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4.4.2 Effect of sorbent dose 

The effect of sorbent dose on defluoridation was investigated by varying the sorbent 

dosage from 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 to 2.5 g at the optimal pH of 6. Figure 4.7 

depicts the outcomes.  

0.5 1.0 1.5 2.0 2.5
0

10

20

30

40

50

60

70

80

90

100

S
o
r
p

ti
o
n

 (
%

)

Sorbent dose (grams)
 

Figure 4.7: Effect of Sorbent Dose on the Adsorption Capacity of FMSPs  

The results show that increasing the sorbent dose from 0.2 to 1.0 g increases fluoride 

removal from 56.4 to 85.8 % as in Figure 4.7. This may be attributed to the 

availability of a greater number of unoccupied active sorption sites and the existence 

of more surface areas for sorption (Kariuki et al., 2017). However, increasing the 

sorbent dose from 1.0 to 2.5 g has no discernible effect on sorption capacity, 

presumably due to sorbent agglomeration or overlap, which reduces the availability 

of active sorption sites at higher sorbent doses (Cai et al., 2015). In earlier studies, 

most adsorbents showed a similar trend (Kariuki et al., 2017; Sadhu et al., 2022). 
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4.4.3 Effect of Contact Time 

The effect of time on fluoride uptake was studied at room temperature using 

optimum pH (6) and sorbent dose (1 g) by varying contact time from 5, 10, 15, 20, 

25, 30, 35, 40, 45, 50, 60 to 90 minutes with 250 mL of 20 mg/L initial fluoride 

concentration. The results are depicted in Figure 4.8.  
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Figure 4.8: Effect of Contact Time on the Adsorption Capacity of FMSPs  

Fluoride sorption increased rapidly in the beginning, from 49.2 to 84.5 % at 5 and 45 

minutes (Figure 4.8). The presence of a higher number of vacant active sites and a 

fluoride concentration gradient may be responsible for the initial high fluoride 

sorption rate (Bibi et al., 2015). After 45 minutes, there were negligible changes in 

fluoride uptake, presumably due to a decrease in the number of active sites and 

fluoride concentration (Sadhu et al., 2022). 

4.4.4 Effect of Initial Fluoride Concentration 

The effect of initial fluoride concentration on fluoride removal was investigated at 

room temperature by varying the initial fluoride concentration from 2.5, 5, 10, 15, 
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20, 30, 40, 50 to 60 mg/L using the optimum pH (6), sorbent dose (1 g) and contact 

time (45 minutes). Figure 4.9 depicts the outcomes.  
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Figure 4.9: Effect of Initial Concentration on the Sorption Capacity of FMSPs  

Fluoride adsorption is greater when the initial fluoride concentration is lower than 

when the initial fluoride concentration is higher (Figure 4.9). This means that the 

sorbent's capability diminishes as the initial fluoride concentrations rise. This could 

be ascribed to sorbent active site saturation as a result of a larger fluoride-to-sorbent 

active site ratio (Tomar et al., 2014). Previous research has also shown that as the 

initial fluoride concentration increases, the sorbent's fluoride removal ability 

diminishes (Akafu et al., 2019; Pillai, Dharaskar, Shah, et al., 2020). 

4.4.5 The Effect of Modification of Silica Particles with Iron on Fluoride 

Removal 

The effect of modifying silica particles with Fe(NO3)3.9H2O on fluoride removal was 

studied by comparing the adsorption capacities of unmodified silica particles with 

Fe-modified silica particles of different concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 



49 

 

2 % w/w) at room temperature using optimum pH (6), sorbent dose (1 g) and contact 

time (45 minutes) with 20 mg/L fluoride solution. Figure 4.10 shows the results. 
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Figure 4.10: Effect of Modifying Silica Particles with Iron on Fluoride Removal  

Unmodified silica particles have a low fluoride adsorption capacity (32.7 %), as 

shown in Figure 4.10. However, after modification, fluoride uptake increased with 

increasing iron concentration from 41.7 % (0.2 w/w) to 83.4 % (1 w/w). This is due 

to the increased Fe3+ concentration on the sorbent surface providing more active sites 

for F- binding. However, the fluoride removal efficiency was found to be negligible 

as iron concentrations increased beyond 1 w/w, which was considered the optimum. 

According to the concept of hard and soft acids and bases (HSAB), Fe3+ is a hard 

acid, whereas F- is a hard base, and hard acids have a high affinity for hard bases 

(Salifu et al., 2013). As a result, it is the modification of silica particles with iron that 

resulted in increased fluoride removal efficiency. 
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4.4.6 Adsorption Isotherms 

The Freundlich and Langmuir models were used to interpret the data from the 

adsorption experiment. The plots are presented in Figures 4.11 and 4.12, 

respectively. 

 

Figure 4.11: Freundlich Isotherm Plot for Defluoridation Using FMSPs 

 



51 

 

 

Figure 4.12: Langmuir Isotherm Plot for Defluoridation Using FMSPs 

 

Table 4.6 shows that the experimental data fit better to the Freundlich isotherm 

model (R2 = 0.989) than the Langmuir isotherm (R2 = 0.941). The values of 1/n 

(0.419) between 0.1 and 1.0 and n (2.384) between 1-10 confirmed the high bond 

strength between the adsorbate and adsorbent, as well as the heterogeneous nature of 

the adsorbent surface. Furthermore, the low value of 1/n indicates the heterogeneity 

of the adsorbent surface (Rafique et al., 2013). The small value of the Langmuir 

constant (KL), 0.277 L/mg, implies a low heat of adsorption (Kofa et al., 2017). The 

RL value of 0.15 (Table 4.6), which is between 0 and 1, indicates favorable 

experimental conditions for sorption. Based on the Langmuir model, qmax is 8.913 

mg/g (Table 4.6). 

Table 4.6: Calculated Freundlich and Langmuir Isotherm Parameters 

Freundlich isotherm 

Intercept  Slope(1/n)  N KF R2   

0.334 0.419 2.384 2.155 0.989  

Langmuir isotherm 
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Intercept  Slope  qmax(mg/g) KL (L/mg) R2 RL 

0.404 0.112 8.913 0.277 0.941 0.15 

4.4.7 Kinetics of Defluoridation 

In this study, the rate as well as the mechanism of defluoridation was evaluated using 

pseudo-first-order and pseudo-second-order kinetics models. The applicability of a 

particular model is based on the goodness of data fit (R2). The linear plots for 

pseudo-first-order and pseudo-second-order models are presented in Figures 4.13 and 

4.14, respectively.  

 

 

Figure 4.13: Pseudo-First-Order Kinetics Plot for Defluoridation Using FMSPs 
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Figure 4.14: Pseudo-Second-Order Kinetics Plot for Defluoridation Using 

FMSPs 

The linear regression plots show that the experimental data fit best to the pseudo-

second-order model, which has a higher correlation coefficient of R2 = 0.992 (Table 

4.7), than the pseudo-first-order model (R2 = 0.988). 

Table 4.7: Kinetics Models Constants 

Pseudo-first-order Pseudo-second-order 

Slope  K1 Intercept qe R2 Slope  qe Intercept K2 R2 

-0.021 0.048 0.460 2.885 0.988 0.206 4.852 1.481 0.029 0.992 

The fit of this data to a pseudo-second-order model shows that adsorption occurs 

predominantly via chemisorption due to electrostatic attractions or, more likely, ion 

exchange processes (Akafu et al., 2019; Yu et al., 2013). These findings are 

consistent with the majority of previous studies on fluoride removal using various 

adsorbents, as shown in Table 4.8. 
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Table 4.8: Comparison of Efficiency of FMSPs with Different Adsorbents 

Adsorbent pH Kinetic model Isotherm 

model 

Adsorption capacity 

(mg/g) 

Reference 

Diatomite modified with Al(OH)3 6.7 Pseudo-second-

order 

Freundlich 1.7 (Akafu et al., 2019) 

Nano silica from rice husk 8.0 Pseudo-second-

order 

Freundlich 12.0 (Pillai et al., 2020) 

Al(OH)3 loaded zeolite from fly 

ash 

6.0 Pseudo-second-

order 

Langmuir 18.1 (Chen et al., 2022) 

Fired clay pots 8.0 Pseudo-second-

order 

Freundlich 1.6 (Kofa et al., 2017) 

Natural clay (Kaolinite) 6.0 Pseudo-second-

order 

Freundlich 3.7 (Nabbou et al., 2019) 

Marble waste powder 7.0 Pseudo-second-

order 

Freundlich 1.2 (Mehta et al., 2016) 

FMSPs 6.0 Pseudo-second-

order 

Freundlich 8.9 Current study 
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4.5 Application of FMSPs to Real Water Samples 

Water samples collected from Tiaty Baringo County in Kenya were utilized to 

examine the efficacy of FMSPs in defluoridation; the findings are displayed in 

Figure 4.15. 
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Figure 4.15: Comparison of Fluoride Levels in Raw and Treated Groundwater 

Fluoride levels in borehole water decreased significantly up to the WHO criterion of 

1.5 mg/L (WHO, 2017); Intex 4.57 ± 0.06 to 1.13 ± 0.03 (75.27 %), Kadokoi 2.46 ± 

0.1 to 0.54 ± 0.02 (78.05 %), and Naudo 5.39 ± 0.31 to 1.2 ± 0.03 mg/L (77.74 %) as 

in Figure 4.15. However, the percentage of fluoride removal was lower than what 

could be obtained using the model solution, which is ascribed to competition for the 

sorbent active sites with other potential anions commonly found in groundwater such 

as Cl-, SO4
2- and HCO3

-as shown in Table 4.2. 

4.6 Regeneration Studies 

Five cycles of adsorption-desorption experiments were performed using 0.1 M 

NaOH as a desorbing agent to evaluate the adsorbent's ability to be regenerated and 
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reused. The spent sorbent was soaked in NaOH for 2 hours, washed with deionized 

water until the pH of the washed water was 7, and dried in an oven at 90 ℃ for 4 

hours. A fluoride solution of 20 mg/L was used, with an optimal sorbent dose (1 g) 

and contact time (45 minutes). Figure 4.16 depicts the results. 
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Figure 4.16: Regeneration of Fe-Modified Silica Particles (FMSPs) 

The adsorption efficiency decreased with the number of cycles, but not significantly. 

This implies that the adsorbent can be recycled several times without losing its 

efficiency, which is an important factor to consider when choosing an adsorbent. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this study, silica-based defluoridation sorbent was prepared by isolating silica 

particles from pumice rock via alkaline leaching. Its surface was modified with iron 

to increase selectivity towards fluoride, and used to evaluate fluoride removal from 

water. The following conclusions can be drawn from the study; 

The temperature, pH, EC, and TDS values were in the range; 27.4 - 40.7 ºC, 6.8 - 

8.7, 402.89 - 4212.99 µS/cm, and 201.24 - 2111.77 mg/L, respectively. whereas the 

major ions levels were as follows: HCO3
- >Na+ > Cl- > SO4

2- > Mg2+ > Ca2+ > K+   > 

F-. Fluoride levels in the borehole water varied from 0.88 - 16.47 mg/L, with Intex, 

Riong’o, Kadokoi and Naudo boreholes exceeding the WHO standard of 1.5 mg/L. 

This was attributed to weathering of fluoride-rich minerals in volcanic bedrock. 

The primary components of pumice rock were SiO2 (61.41 ± 0.19 %), Al2O3 (12.07 

± 0.24 %), and Fe2O3 (11.06 ± 0.63 %). The extracted silica was 97.71 ± 0.19 % pure 

and amorphous, whereas the iron-functionalized silica particles contained 93.67 ± 

0.66 % SiO2 and 2.93 ± 0.02 % Fe2O3. 

The optimal pH, sorbent dose, and contact time for defluoridation using initial 

fluoride concentration of 20 mg/L were 6, 1 g, and 45 minutes, respectively. Fluoride 

adsorption fitted the Freundlich's isotherm model, indicating multilayer fluoride 

adsorption on a heterogeneous surface, whereas defluoridation followed pseudo-

second-order kinetics, implying chemisorption. 

The maximum fluoride removal efficiency in model solutions was 85.82 % under 

optimal conditions, with an adsorption capacity of 8.91 mg/g. The mean percentage 

removal efficiency in real samples was 77.02 %. The lower percentage removal in 

real water samples is attributed to matrix effects. The potential of the silica-based 
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sorbent developed from low-cost, abundant and locally available pumice rock in the 

removal of fluoride from water samples has been demonstrated. 

5.2 Recommendations 

1. Residents who use borehole water with high fluoride levels above 1.5 mg/L 

should be educated about fluoride's health effects and advised to use 

alternative safe sources.  

2. To mitigate the negative health effects associated with elevated fluoride 

levels in drinking water, defluoridation of fluoride-rich borehole water is 

recommended by the use of low-cost sorbents such as iron-modified silica 

particles developed from pumice rock.  

3. A cost-benefit analysis of the defluoridation sorbent developed from pumice 

volcanic rock is recommended to assess its economic viability. 

4. Furthermore, this study recommends that more research be done on the 

effects of competing anions such as PO4
3-, Cl-, SO4

2-, and NO3
- on the 

efficiency of fluoride removal using iron-modified silica particles. 
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APPENDICES 

Appendix I: Standard Calibration Curve for Sodium 
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y = 0.9508x + 0.0271

R2 = 0.9983
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Appendix II: Standard Calibration Curve for Potassium 
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Appendix III: Standard Calibration Curve for Calcium 
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Appendix IV: Standard Calibration Curve for Magnesium 
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Appendix V: Standard Calibration Curve for Sulphate 
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Appendix VI: Standard Calibration Curve for Fluoride 
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Appendix VII: Percent Fluoride Removal at Different pH (Initial Fluoride 

Concentration = 20 mg/L, Sorbent Dose = 1.5 g, and Contact Time = 90 

minutes) 

Ph % Sorption 

2.0 41.62 ± 1.55 

3.0 45.94 ± 1.58 

4.0 56.71 ± 1.68 

5.0 65.69 ± 1.52 

5.5 76.34 ± 1.78 

6.0 83.38 ± 1.98 

6.5 80.88 ± 1.40 

7.0 75.33 ± 1.53 

8.0 63.12 ± 1.81 

9.0 32.41 ± 1.32 

10.0 19.57 ± 1.96 
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Appendix VIII: Percent Fluoride Removal at Different Sorbent Doses (Initial 

Fluoride Concentration = 20 mg/L, pH = 6, and Contact Time = 90 Minutes) 

Dose (g) % Sorption 

0.2 56.44 ± 1.39 

0.4 59.12 ± 1.99 

0.6 68.34 ± 1.63 

0.8 72.41 ± 1.52 

1.0 85.79 ± 1.76 

1.5 85.82 ± 1.92 

2.0 84.11 ± 1.89 

2.5 85.39 ± 1.65 
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Appendix IX: Percent Fluoride Removal at Different Contact Times (Initial 

Fluoride Concentration = 20 mg/L, pH = 6 and Sorbent Dose = 1 g) 

Time (minutes) % Sorption 

5 49.23 ± 1.54 

10 56.68 ± 1.78 

15 61.41 ± 1.43 

20 68.63 ± 1.35 

25 71.81 ± 1.41 

30 78.59 ± 1.32 

35 81.32 ± 1.58 

40 83.67 ± 1.76 

45 84.54 ± 1.97 

50 84.39 ± 1.63 

60 84.43 ± 1.56 

90 84.46 ± 1.89 
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Appendix X: Percent Fluoride Removal at Different Initial Fluoride 

Concentrations (pH = 6, Sorbent Dose = 1 g, and Contact Time = 45 Minutes) 

Initial fluoride concentration (mg/L) % Sorption 

2.5 97.18 ± 1.23 

5.0 96.32 ± 1.31 

10.0 91.37 ± 1.77 

15.0 83.24 ± 1.98 

20.0 78.67 ± 1.61 

30.0 69.42 ± 1.87 

40.0 61.73 ± 1.53 

50.0 61.09 ± 1.41 

60.0 58.17 ± 1.74 
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Appendix XI: Effect of Modification of SPs with Iron on Fluoride Removal 

Fe concentration in sorbent (w/w) % Sorption 

0 32.7 ± 1.22 

0.2 41.7 ± 1.44 

0.4 61.8 ± 1.65 

0.6 77.6 ± 1.19 

0.8 82.7 ± 1.41 

1 83.4 ± 1.87 

1.5 83.1 ± 1.83 

2 83.4 ± 1.36 
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Appendix XII: Freundlich Isotherm Raw Data at Optimum Conditions 

Ce Log Ce qe Log qe 

0.07 -1.15 0.61 -0.22 

0.19 -0.73 1.20 0.08 

0.86 -0.07 2.29 0.36 

2.52 0.40 3.12 0.49 

4.26 0.63 3.94 0.59 

9.18 0.96 5.21 0.72 

15.32 1.19 6.17 0.79 

19.45 1.29 7.64 0.88 

25.08 1.40 8.73 0.94 
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Appendix XIII: Langmuir Isotherm Raw Data at Optimum Conditions 

Ce (mg/L) qe (mg/g) Ce/qe 

0.07 0.61 0.12 

0.19 1.20 0.15 

0.86 2.29 0.38 

2.52 3.12 0.81 

4.26 3.94 1.08 

9.18 5.21 1.76 

15.32 6.17 2.48 

19.45 7.64 2.55 

25.08 8.73 2.87 

 



85 

 

Appendix XIV: Pseudo-First-Order Kinetics Raw Data at Optimum Conditions 

Time (min) qt (mg/g) log (qe-qt) 

5 2.46 0.33 

10 2.835 0.24 

15 3.07 0.18 

20 3.43 0.06 

25 3.59 0.00 

30 3.93 -0.19 

35 4.065 -0.29 

40 4.185 -0.40 

45 4.225 -0.45 

 



86 

 

Appendix XV: Pseudo-Second-Order Kinetics Raw Data at Optimum 

Conditions 

Time (min) qt (mg/g) t/qt 

5 2.46 2.03 

10 2.84 3.53 

15 3.07 4.89 

20 3.43 5.83 

25 3.59 6.96 

30 3.93 7.63 

35 4.07 8.61 

40 4.19 9.56 

45 4.23 10.65 
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Appendix XVI: Publication 

 

 


