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ABSTRACT 

Groundwater contamination with elevated levels of fluoride has been an age-long 

environmental problem in many countries including Nigeria. Adsorption is an effective 

defluoridation technique; however, most of the effective adsorbents are not readily available. It 

is therefore necessary to explore the adsorptive potentials of local materials such as Raffia 

Palm Shells (RPS) for fluoride containment in groundwater. This study was designed to 

produce and characterise activated carbon from RPS for groundwater defluoridation. 

Fluoride contents of groundwater in Makurdi, Nigeria, were determined using 63 samples 

collected from boreholes in 21 locations following standard procedures. The USEPA Hazard 

Quotient (HQ) was used to evaluate the human health risk potentials in relation to fluoride 

contamination for infants, children, teenagers and adults. The RPS were sourced from Ugbema 

market in Benue state and processed into activated carbon using phosphoric acid as activating 

agent. Response Surface Methodology (RSM) was used to optimise the quality (Specific 

Surface Area (SSA) and Carbon Yield (CY)) of Raffia Palm Shell Activated Carbon (RPSAC). 

The surface of RPSAC was coated with aluminium hydroxide to produce Aluminium-oxide-

Coated-RPSAC (ACRPSAC) using functionalization principle. Physical characteristics 

(Brunauer-Emmett-Teller Surface Area (BETSA), Bulk Density (BD), Moisture Content 

(MC), Total Pore Volume (TPV), Average Pore Diameter (APD) and pHpzc) of the adsorbents 

were determined using standard methods. Adsorbents’ surface compositions were determined 

by SEM/EDX, FTIR and XRD analyses. Groundwater defluoridation potentials of the 

adsorbents were evaluated using batch adsorption method in comparison with a Commercial 

Activated Carbon (CAC). Linear regression and ANOVA at α0.05 were used to analyse the data 

sets.  

The fluoride contents in the water exceeded the WHO limit of 1.5 mg/L in 33.3 % of the 

samples and ranged from 0.32 – 2.06 mg/L (mean=1.26±0.41). The HQ exceeded the threshold 

value of 1 in 66.7, 71.4, 52.4 and 9.5 % of the water samples for infants, children, teenagers 

and adults, respectively. Optimum conditions for the synthesis of RPSAC were 524 oC, 77.0 

%, 4.00 g/mL and 104 minutes for temperature, concentration, impregnation ratio and time, 

respectively. The optimized values of SSA and CY were 1762.93 m2/g and 78.0 %, 

respectively. The physical characteristics of RPSAC and ACRPSAC were 456.1 and 715.8 

m2/g, 0.45 and 0.37 g/cm3, 18.5 and 4.2 %, 0.25 and 0.47 cm3/g, 2.13 and 1.85 nm, 2.10 and 

4.05 for BETSA, BD, MC, TPV, APD and pHpzc respectively. The SEM/EDX showed that the 

adsorbents had both micro and meso-porosities. The abundance of hydroxyl functional groups 

on the adsorbents’ surface was evident. The RPSAC was found to be amorphous, while the 

ACRPSAC was microcrystalline due to the formation of graphite-like structures. Batch 

fluoride adsorption performances of the adsorbents were in the order of ACRPSAC > RPSAC 

> CAC (removal efficiency= 80.0–99.0%) and were significantly different. Fluoride removal 

obeyed the Langmuir (R2=0.8802–0.9751) and Pseudo second order (R2=0.9974–0.9999) 

models which signified that its adsorption by the adsorbents was chemisorption-controlled. 

Aluminium-oxide-coated raffia palm shell activated carbon is a suitable adsorbent for 

groundwater defluoridation in batch systems.  

Keywords: Batch adsorption, Defluoridation, Groundwater contamination, Raffia activated 

carbon.  

Word count:  484. 
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CHAPTER ONE 

INTRODUCTION 

1.1    Background to the Study 

Adulteration of aquifers with fluoride is recently acknowledged to be among the 

foremost worldwide ecological contamination problems (Mahamud, 2012). Aside 

arsenic and nitrates, the global governing body on health: the WHO has categorized 

fluoride as one of the pollutants of potable water that promotes large-scale wellbeing 

problems. Raised levels of F- in aquifers are reported in several continents and nations 

of the globe and are mostly documented to be wide-spread in Asia, South America and 

Africa (Ali et al., 2016; Dhanya and Shaji, 2017). On the African continent, studies 

have revealed high levels of fluoride in Uganda, Ethiopia, Sudan, Kenya, Nigeria, 

Tanzania, Malawi, Ghana, Algeria and South Africa and among others (Malago et al., 

2017).  

Amit et al. (2011) posited that F- is expansively dispersed in ecological media and 

released to aquifers by slow disintegration of fluorine-bearing minerals. Fluoride is the 

ionized form of fluorine among the known halogens. It is light and do not exist as an 

element in nature because of its extraordinary electronegativity and reactivity (WHO, 

2006; Mohammed et al., 2018). Fluoride is vital for calcification of teeth and bone 

improvement in humans when present in tolerable concentrations (Mandal and 

Mayadevi, 2009). It is deposited in water by nature-based events (volcanic activities) 

and industrial/anthropogenic undertakings (electroplating, steel and fertilizer 

industries) (WHO, 2006). It is a hard base that has enormous attraction to hard acids 

like Al+3 and Fe+3 which could be further ascribed to its lesser ionic size and robust 

electronegativity.  

Based on the health implications of consuming groundwater polluted with questionable 

amounts of F-, the WHO has stipulated a tolerable threshold of 1.5 mg/L for healthy 

consumption of fluoride holding water (WHO, 2008). Fluoride ion is vital and as well 

detrimental for teeth and skeleton establishment in persons. It is beneficial to human 
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health when in small concentrations (0.5 – 1.5 mg/L) because it foils dental caries and 

aids in the establishment of robust skeletons in both growing and fully matured 

humans. Nonetheless, consumption of materials (food and water) with exceeding 

amounts (1.5 mg/L) of fluoride promotes diverse human health issues including 

fluorosis, stumpy intelligent quotients in children, diminished maternity, nervous 

disorders, and gland damages among others (Mohammed et al., 2018). Moreover and 

most importantly epidemiological evidence has revealed that unwholesome water 

intake is the main doorway of F- into humans. Fluoride in drinking water occurs 

naturally through rock-water interactions or through the addition of fluoridated salts to 

drinking water.  

The northern and southwestern parts of Nigeria are the most affected regions with 

regards to fluoride content in groundwater exceeding the WHO threshold value 

(Akpata et al., 2009). For instance several local government areas in Gombe, Oyo, 

Ogun, Ondo, Lagos, Taraba, Plataeu, Adamawa, Benue, Katsina, Niger, Sokoto, 

Nassarawa and Borno states etc. of Nigeria have elevated F- contents in  groundwater. 

However, such groundwater are the major sources of domestic water provisions to over 

90 % of the residents in these areas (Bura and Goni, 2012; Gbadebo, 2012; Tukur and 

Amadi, 2014;Amadi et al., 2015; Okunola et al., 2016; Olasehinde et al., 2016; 

Gwaha, 2017; Bura et al., 2018; Emenike et al., 2018a; Emenike et al., 2018b; Malum 

et al., 2019).  

As a collaboration of the foregoing assertions, several works and surveys have 

revealed medium to excessive occurrence degrees of fluoride-linked ailments (dental 

caries and fluorosis) in several parts of Nigeria. This suggests that fluoride enrichment 

of domestic water supplies in such areas is to blame (El Nadeef and Honkala, 1998; 

Wongdem et al., 2000; Akpata, 2004; Umesi-Koleoso, 2004; Ajayi et al., 2012; 

Ephraim-Emmanuel et al., 2013; Danbature et al., 2014; Dirisu et al., 2016; Ephraim-

Emmanuel et al., 2016; Fulata et al., 2017) Potable water obtained from aquifers and 

unwholesomely ingested is believed to be the main channel of F- -linked ailments in 

most parts of Nigeria (Uriah et al., 2014). 

In the bid to avert the inherent risk of consuming fluoride laden water, there has been 

an age long battle by researchers globally to identify suitable and sustainable 

technologies/approaches for defluoridation of potable water sources in several places 
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of the globe including Nigeria. The foregoing has however been linked with limited 

degrees of successes, thus requiring further efforts in this regard. 

1.2    Problem Statement 

Up till now, there are minute or negligible inputs aimed at fluoride containment in 

potable water sources before its intake at the domestic or communal/municipal levels 

in remote and urbanized environments in the less developed countries. The foregoing 

has perpetually exposed such populations that depend on unwholesome groundwater 

sources for their potable uses to the spiteful effects of fluoride contamination.  

Several expertise including adsorption, precipitation (Nalgongo technique), electro-

dialysis, reverse osmosis and nano-filtration were tried for containing F- in potable 

water (Mahamud, 2012). Among these technologies, adsorption sustained by Activated 

Alumina (AA) is viewed to be low-cost, simplistic and yet effectual for containment of 

F- ions in drinkable water sources. In the past, a number of nature-based resources like 

clay, red mud, AA, bauxite, pumice, charcoal and lateritic soils etc. have been 

employed with relative success for fluoride removal in potable water (Onyango, et al., 

2004; Mandal and Mayadevi, 2009; Mwampashi, 2011; Mahamud, 2012). The uneven 

spread of such minerals around the world is responsible for the relativity in the 

efficacy of these techniques. The foregoing implies that dependency on nature-based 

adsorbents for potable water treatment could hamper the practicability and usefulness 

of these technologies in some locations. 

 Lately, scientists have adopted the metal precipitation norm to modify nature-based or 

biomass-derived activated carbon (AC) or composites for F- containment in water with 

auspicious and workable outcomes. With the adoption of the metal precipitation 

principle, it is guaranteed that the oxides of metals such as Al, Mn, Fe, Ce etc are 

placed on both the exterior and interior portions of the adsorbents by precipitation 

reactions resulting from the hydrolysis of such metal salts. These metal oxides are 

recognized as possessing great attractions towards the extremely electronegative 

fluoride ions in water. Thus, in general, very high defluoridation rates could be 

achieved through ion exchange and pore diffusion mechanisms when a fluoride 

contaminated media is interacted with activated carbon-metal oxide composites 

(Salifu, 2017).  
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A chronicle of selected metal oxide-coated adsorbents explored in the past is 

highlighted as follows; bauxite coated with Al2O3 (Mahamud, 2012), charcoal 

decorated with Al2O3 (Mahamud, 2012), bark of Morinda tinctoria decorated with 

hydrous Al2O3 (Almaraj and Pius, 2016), nano particles of hydrous Al2O3 coated on 

tea biomass (Cai et al., 2016), Al2O3 surface-decorated pumice (Salifu et al., 2016), 

nano particles of Al2O3 (Rathore and Mondal, 2017).  

Literature evidence has shown that the majority of these materials for sequestrating F- 

in water were obtained from the nature-based minerals with only a handful of them 

synthesized from renewable materials such as agro-based biomass. It is thus sacrosanct 

to test the suitability of the available biomass leftovers including Raffia palm (Raphia 

hookeri) shells for the production and utilization of metal oxide coated activated 

carbon for drinking water defluoridation. The foregoing would heighten the 

effectiveness of the efforts geared towards fluoride removal in water especially in 

regions where water contamination with fluoride and prevalence of fluorosis is 

endemic. 

Remarkably, owed to its high carbon, low ash content and abundance, Raffia palm 

(Raphia hookeri) shells (RPS) are viewed to be a promising candidate with potentials 

for transformation into adsorbing materials for groundwater defluoridation. RPS has 

inherent immediate compositions that qualify it to be efficaciously changed into AC 

for home and work-based water management uses. In spite of the enormous potentials 

inherent in Raffia palm shells for its exploitation in water treatment applications, only 

a few researchers have documented its uses as base-resource in AC synthesis for water 

management applications (Inyinbor et al., 2016; Ghogomu et al., 2016; Inyinbor et al., 

2017). Notwithstanding, none of these studies have attempted to apply the raffia palm 

shells-derived activated carbon or bio-sorbents for fluoride removal in water. 

The current work was therefore designed to synthesize a tailored activated carbon 

obtained from RPS by initially stimulating it with H3PO4 and then functionalizing its 

surface with aluminium oxide to offer amplified affinities for F- in solution. In the 

future, the fallouts of these microcosm scale experiments would be handy for building 

household-scale point of use F- containment systems using the best-performing and 

newly synthesized adsorbent in this work. Furthermore, this study seeks to embark on 

an all-inclusive assessment of groundwater sourced from boreholes (a major source of 
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drinking water) in Makurdi metropolis, North-central, Nigeria, with a focus on its 

fluoride concentrations and linked human health issues. The novelty of the current 

research as started above would benefit the achievement of the age long goal of the 

search for a cheap, effective and workable local technology for fluoride containment in 

drinking water sources at decentralized/household levels. 

1.3   Aim and Objectives of the Study 

The current research aims to develop and evaluate new adsorbents derived from RPS, 

namely; Raffia Palm Shell Activated Carbon (RPSAC) and Aluminium (Hydr) Oxide-

Coated Raffia Palm Shell Activated Carbon (ACRPSAC) for groundwater F- 

containment through batch adsorption techniques. The research is thus intended to 

address three specific objectives: 

1. To optimally produce and brand novel AC of RPS origin for batch-mode 

groundwater F- sequestration. 

2. To assess the efficacy of the as-synthesized AC for groundwater defluoridation 

using batch adsorption experiments. 

3. To assess groundwater obtained from boreholes in Makurdi Metropolis, North 

Central-Nigeria and determine the health risk potentials with emphasis on 

fluoride content. 

1.4     Justification of the Study 

Previously, a number of biomass materials belonging to the palm family such as 

coconut shells, coconut husk, palm kernel shell etc were adequately transformed into 

AC and used for environmental remediation. However, not much of these have been 

achieved using RPS, especially for fluoride removal in water. Interestingly and as 

reported by Ogwuche (2016), RPS possesses useful proximate and ultimate 

compositions that make it stand out as a potent precursor for AC synthesis. Therefore, 

it can be effectively exploited for the synthesis of AC for domestic and industrial water 

treatment uses. These would go a long way in ensuring environmental sustainability by 

reducing the dependency on fossil resources for activated carbon production and would 

also ensure the safety of water bodies. 

There is therefore the need for the production of tailored agro-based AC with efficient 

fluoride removal potentials for drinking water treatment in Nigeria where most of the 

naturally occurring adsorbents are found in limited quantities.  
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In the current study, two optimally tailored activated carbon RPS origins were 

developed, characterized and comparatively tested for F- containment in potable water 

by batch adsorption methods. As it is with the custom of adsorption system designs, 

the outcome of this work will benefit the design and deployment of batch PoU 

defluoridation units at family scales.  

Furthermore the quality valuation of groundwater in Makurdi metropolis and its 

environs would provide valuable insights into the underlying threat linked with the 

intake of F- laden groundwater in several locations considered. The findings of this 

work would highlight the need or otherwise for the adoption of a suitable technology 

for the containment of fluoride contamination in groundwater at household and 

community scales. This is the first attempt towards a rounded valuation of 

groundwater quality from boreholes in Makurdi, Nigeria with a focus on its F- levels 

and linked well-being issues. It is also the first attempt toward the synthesis of tailored 

AC of RPS origin for groundwater defluoridation, thus the novelty of the current 

research work. 

1.5    Scope of the Study 

The current work is constrained to the following activities and outcomes. Firstly, only 

raffia palm (Raphia hookeri) shells were used as precursor for the preparation of 

RPSAC and ACRPSAC employed for fluoride adsorption in the current effort, while 

H3PO4 was adopted as the sole stimulating mediator and aluminium sulphate adopted 

as starting material for coating the adsorbent surface with aluminium (hydr) oxide. 

Response Surface Methodology (RSM) was adopted for optimization of the adsorbent 

quality during the activated carbon production process. As such, only four factors 

(stimulation time, temperature, and stimulating agent concentration and impregnation 

ratio) presumed to affect the quality of activated carbons were optimized, while only 

two responses (carbon yield and specific surface area) which are major determinants of 

a quality activated carbon were considered. This was done to reduce process times and 

cost of the study.  

The inherent composition of the precursor was ascertained while the categorization of 

the optimally blended AC was limited to the ascertaunment of its BET surface area, 

pHpzc, porosities, FTIR spectrums, SEM-EDX, XRD, moisture content and bulk 

density. 
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Furthermore the study considered the comparative influence of temperature, contact 

time, carbon dosage, initial fluoride concentration and solution pH on the fluoride 

removal efficiencies and adsorption capacities of the adsorbent (RPSAC and 

ACRPSAC) using batch adsorption experiments with simulated fluoride solutions in 

comparison with a CAC (charcoal activated) from where the fluoride adsorption 

mechanisms, types and nature were again comparatively determined for all adsorbents 

considered in the study. Furthermore the study again employed RSM to optimize 

fluoride uptake on the most potent adsorbent (ACRPSAC) as evidenced in the initial 

comparative fluoride adsorption tests. Confirmation experiments at the established 

optimal conditions were also done on actual drinking water samples gotten from 

already known fluoride endemic regions in Nigeria. Possible regeneration studies for 

the novel adsorbents were also elucidated as well as the influence of rival anions in 

solution on the fluoride removal abilities of the adsorbents. 

The characteristics of groundwater systematically sampled from selected deep wells 

(21 locations) in the Makurdi town with a focus on fluoride contamination and related 

human health risks as well as the sources of pollution were succinctly elucidated. It 

should be noted that this was the first study in the study location that focused on 

human health risk and exposures to fluoride contamination on the parts of residents of 

the town and it was also the first to employ multivariate statistics and water quality 

index tools to give a holistic outlook of the deep well water quality in the area. 

Thus holistically, the study succeeded in developing efficient adsorbents that were 

utilized in batch adsorption systems for sustainable fluoride removal from drinking 

water sourced from boreholes and elsewhere. This was primarily undertaken to protect 

human health in developing countries where most residents source their domestic 

water from unwholesome sources.  
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CHAPTER TWO 

    LITERATURE REVIEW 

2.1 Fluoride and its Health Effects 

 Fluorine as an element is known to be beneficial for healthy dental development. 

Intake of fluoride in low quantities encourages dental caries and as such, the usage of 

fluoride-inclusive pastes and mouth cleaners is popularly encouraged to minimize the 

problems of poor dental health. In most countries, augmentation of natural fluoride 

concentrations in drinking water sources is undertaken by fluoridation (addition of 

fluoride). Nonetheless, in spite of the paybacks, optimum prescriptions of fluoride 

seem to plunge within a slim range. Long term ingestion of high fluoride amounts has 

been documented to be responsible for teeth decay, and in extreme cases, skeletal 

fluorosis in humans. Although yet to be fully established, these high dosages have also 

been reported to be carcinogenic (Marshall, 1990: Hamilton, 1992). 

Fluoride concentrations in natural water have values that typically range between 0.2 – 

12 mg/L (Adimalla and Li, 2019). Thus water could be the foremost cause of fluorine 

toxicity to humans in areas where the concentrations are high and such water is 

unwholesomely consumed. Values of about 1.0 mg/L are usually considered as 

optimal, however, long term intake of water with fluoride values around or beyond 1.5 

mg/L could be injurious to man’s well being (WHO, 2006). The WHO has stipulated a 

threshold of 1.5 mg/L as the extreme acceptable boundary that will guarantee human 

health (WHO, 2006; WHO, 2017). Many countries of the world including Nigeria 

have adopted this limit as their national guideline values for fluoride control in 

drinking water (NISDWQ, 2007), while other countries have set lower or higher limits 

as their own national guidelines depending on the amounts of fluoride in their natural 

water supplies and also the availability and cost effectiveness of technologies for 

fluoride removal in drinking water supplies. Excessive fluoride levels are most times 

linked with groundwater as they are known to amass fluoride from rock dissolutions 

and geothermal processes. Regions with high fluoride content in groundwater have 

been identified across the globe. These include; China, Indonesia, India, Pakistan, 
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Ethiopia, Kenya, Tanznia, Nigeria, Ghana, Western USA, Mexico, Sri-Lanka and 

Argentina to mention a few (Makoba and Mazuka, 2018, Karunanidhi et al., 2019; 

Malum et al., 2019, Liu et al., 2020;). 

Defluoridation is undertaken in most nations. Nevertheless, because most of endemic 

regions are found in emerging nations, defluoridation activities differ greatly and most 

sources with elevated fluoride levels are consumed unwholesomely.  Consequently, 

enormous groups of persons in the emerging nations grieve with the consequences of 

long-term endemic fluorosis. Figures are not properly documented, however, over two 

hundred million persons globally are suspected to access their potable water from 

sources with worrisome F- levels. This figure caters for the over 60 million people 

reported for India (Bello, 2020), forty-five million in China (Su et al., 2021) and about 

six million persons in Mexico (Limon-Pacheco et al., 2018). In Africa, the number of 

persons is not known, however, it is estimated to also be in tens of millions (Diaz-

Bariga et al., 1997).  

Irrespective of the strong proof of wellbeing glitches associated with the occurrence of 

F- in potable water and the acquaintances concerning F- incidence and mineral-water 

interaction, there are only a hand-full of updates on the hydro-geochemistry of F-. The 

subsequent section seeks to address the hydro-geochemical phases of fluoride in water, 

with particular emphasis on groundwater. 

2.2 Fluorine Chemistry 

Several authors (Turner et al., 2005; Reddy et al., 2010a; Reddy et al., 2010b) reported 

that fluorine is a more abundant halogen as compared to chlorine. It amounts to over 

600 mg/kg beneath the surface of the earth, while that of chlorine is just 130 mg/kg. 

Chloride is greatly transportable in water and mostly occurs in the seas. Contrastively, 

fluorine is typically held-up in rock crystals. Fluorine is the lightest and most electron-

lossing element in the halogen family. The size of its ion is quite comparable to 

hydroxyl ions and replaces freely in OHˉ locations in recently-developed crystals of 

volcanic formations. 

According to Kilham and Hecky (1973) fluorine is transportable at high-temperature 

settings and as a result of its dainty volatile nature, it could co-exist with boron and/or 

chloride in hydrothermal solutions.  
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Fluoride contents are mostly confined in its geological existence. Fluoride is mostly 

present in acidic volcanic rocks, mineralized strains and deposited landforms where 

bio-geochemical interactions have occurred. It exchanges with OH- ions locations in 

mineral formations like biotites and amphiboles in the following manner: 

K2(MgFe)4(Fe,Al)2[Si6Al2O20](OH)2(F,Cl) (Handa, 1995). 

Upon disintegration of the minerals formations, fluorine is preferably let out of the 

weathered formations and can find its way into water environment especially where 

the weathered formation (for example granite) contains biotites and/or amphiboles. 

High temperature fluorine-bearing minerals like Topaz have lower solubility. Apatite 

(Ca5(ClFOH)(PO4)3), on the other hand can be formed at both elevated and lowered 

temperatures and could be another major source of fluoride in water. However, 

replaced apatite containing large amounts of fluorine seems to be a more soluble 

mineral as compared to purer (high-temperature) apatite. The chief fluorine-bearing 

mineral is Fluorite (CaF2) and it exists in local subordinate hydrothermal strain 

deposits and also as a comparatively occasional antigenic rock crystal in deposits 

(Ashley and Burley, 1994).  

Bio-geochemical processes requiring phosphorus recovery as well as adsorption of 

fluorine onto clays encourages the concentration of fluorine in marine deposits. 

Limestone is also known to possess localized amounts of fluorapatite, principally in 

the form of francolite. Conversely, sandstone contains negligible amounts of fluorine 

and thus the F- contents in its neighborhood groundwater is usually negligible (Fawell 

et al., 2006) 

A strong relationship thus exists between the occurrence of F- in water and the 

abundance of local fluorine-bearing minerals/landforms (Reddy et al., 2010a) It is also 

sturdily correlated with the solubility of the minerals for which fluorite is known to be 

the least soluble with a positive kinetics of dissolution especially at mild heat 

conditions, Fluorite existence in mineral formations could be seen as the major 

controlling feature for the occurrence of fluoride in aqueous media. The solubility 

product (Kfluorite) determines the extreme limit on fluoride activities in aqueous and can 

be given as in equations 2.1- 2.3 (Handa, 1995; Turner et al., 2005). 

𝐶𝑎𝐹2 =  𝐶𝑎2+ +  2𝐹−                    (2.1) 
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𝐾𝑓𝑙𝑢𝑜𝑟𝑖𝑡𝑒 = (𝐶𝑎2+). (𝐹−)2 =  10−10.57 𝑎𝑡 25 °𝐶                               (2.2) 

or 

𝐿𝑜𝑔𝐾𝑓𝑙𝑢𝑜𝑟𝑖𝑡𝑒 =  𝐶𝑎2+ + 2𝐿𝑜𝑔(𝐹−) =  −0.57               (2.3) 

The foregoing shows a vital association as it demonstrates that with the existence of 

fluorite, the amounts of fluoride are directly relational to Ca2+ amounts. For instance, 

when Ca2+ is present at concentrations of 10 – 30 mg/L at 25°C, soluble fluoride ions 

would be around 3.1 mg/L. This suggests that the absence of Ca2+ in solution would 

likely be responsible for the heightened and stabilized amounts of F- in solution, even 

though carbonate precipitation has also been associated with reduced fluoride 

concentrations in aqueous media (Adimalla and Venkatayogi, 2017; Emenike et al., 

2018b). 

Generally, groundwater with diminished calcium content are prevalent in mountaneous 

areas subjugated by alkaline active formations as well as in situations where natural 

cation exchange processes are eminent in which Ca2+ removal is reached through ion 

exchange mechanisms with clay-mineral derived sodium ions (Kilham and Hecky, 

1973; Ashley and Burley, 1994; Handa, 1995). In each case, the typical 

hydrogeochemical facies to be found is the Na-HCO3 water type. This usually takes 

place in soils and in aquifers following established flow lines in retort with evolving 

chemical reactions (Edmunds and Walton, 1983) especially in areas associated with 

salt-water intrusions.  

Also as asserted by Handa (1995), another controlling factor for fluoride levels in 

aqueous environments is the reaction time with the aquifer minerals. Consequently, 

elevated fluoride levels are expected in groundwater with lengthy reaction times in the 

host aquifer, which can further be described as digenetic reactions. Surface water and 

most shallow dug wells are known to contain low levels of fluoride because they 

epitomize fresh, newly permeated, rainwater. Thus, long-formed and deep-occuring 

groundwater as in deep wells is thus more probable to comprise elevated levels of F-.  
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Table 2.1: Typical composition of ground water in areas with high fluoride levels 

Parameter Unit Country 

Ghana UK Sri-Lanka Argentina Canada Tanzania 

Water Type  Unconfine

d 

Confine

d 

Unconfine

d 

Unconfine

d 

 Unconfine

d 

Well Depth M 26 99 Nd 16 >30 110 

pH  6.63 8.32 6.96 8.1 9.2 8.86 

Temperature °C 31.2 11 29.5 - - 27.7 
*SEC mg/L 348 - 3840 2610 598 1360 

Ca mg/L 27.6 2.0 173 24.1 4.3 17.6 

Mg mg/L 13.7 4.1 179 22.9 0.7 1.37 

Na mg/L 18.8 540 355 616 137 332 

Ca mg/L 1.56 4.0 3.02 12.6 0.4 2.07 

HCO3 mg/L 146 506 516 1180 232 845 

SO4 mg/L 1.65 33 15.5 190 13.6 20.8 

Cl mg/L 5.89 490 1050 113 56.7 13.6 

NO3-N mg/L 4.92 <0.1 9.00 45.9 Nd 7.81 

F mg/L 3.6 5.6 4.4 15.8 10.9 17.5 

Si mg/L 34.4 6.0 45.0 28.1 3.5 54.2 

Fe mg/L 0.37 0.48 0.007 0.055 0.087 0.053 

Al µg/L 30 14 Nd 40 67 81 

Be µg/L 1 Nd Nd 83 Nd 2 

U µg/L 1.3 Nd Nd 71 Nd Nd 

B mg/L - - 0.15 4.58 - 0.46 
Nd: Not determined.  Source: Bolye and Chagnon (1995)*is Specific electrical conductivity 
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However, where hydrothermal inputs are inevitable, all of surface water, shallow 

groundwater and deep groundwater could contain questionable levels of fluoride. 

Arid climatic zones are also known to contain excessive amounts of fluoride in 

groundwater (Fuhong and Shuquin, 1988; Handa, 1995; Smedley et al., 2002). This is 

because in such situations, groundwater flow and infiltration rates are generally 

slowwhich promotes extended rock-water interactions. Conversely, in humid/tropical 

environments, groundwater fluoride contents are lower due to the diluting effect of 

high precipitations on groundwater chemistry. Table 2.1 depicts the elemental 

structures of a number of characteristic fluoride-ladened groundwater in different 

regions of the world. The overriding effect of Na over Ca is illustrated in the data 

presented as well as the elevated amounts of HCO3
- that symbolise fluoride-ladened 

water. Likewise, it shows the probable principal classes, estimated by the PHREEQC 

approach (Parkhurst and Appelo, 1999). 

Unrestricted fluoride could be seen as the overpoweringly main form in most natural 

water that have negligible extra quantities of multiplexes containing key positively 

charged ions like Ca2+, Mg+ and Na+. Nevertheless, the distribution of these ions is 

intensely pH-reliant. Strong complexation with hydroxyl and aluminium ions could 

take place under acidic situations (Deng et al., 2011), whereby, hydrogen fluoride 

dominates at around pH of 3.5 (Hem, 1985). Fluorine also voluntarily combines with 

boron, vanadium uranium, iron, silicon etc. to create multiplexes in water which may 

encourage fluoride mobility when found in high concentrations in solution.  

2.3 Raffia Palm Fruit  

The Raffia palms (Raphia hookeri) are a major source of agro-waste especially during 

its harvesting season. The edible part of raffia palm fruits is the chewy portion. The 

shells are not edible and are typically thrown away as unwanted materials. Raffia palm 

has emerged as a vital species in the economic point of view. This is evident in its 

surged domestic demand in most countries including Nigeria Consequent upon the 

increased intake of the fruit’s consumable portions, enormous volumes of Raffia palm 

shells are indiscriminately discarded in the environment (Ghogomu et al., 2016)..  

This practice promotes environmental degradation arising from the slow decay of the 

shells and ensuing discharge of odour. For enhanced beneficial utilization of cheap and 
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profuse agricultural biomass, Raffia palm shells could be converted into activated 

carbon for subsequent use in environmental remediation. This would solve the 

problems of agro waste management and curb environmental pollution. Conversely, 

only a few studies have been reported on the conversion of raffia palm shells into 

activated carbon for water purification, with none considering it for fluoride removal in 

water (Ghogomu et al., 2016; Inyinbour et al., 2016; Inyinbor et al., 2017; Akpen et 

al., 2018). 

Raffia palm seed is characterized by a large ellipsoid seed within the oily 

mesocarp of the fresh fruit and a hard endocarp (Plate 2.1a). At maturity, the seed 

appear to be intermittently furrowed and ridged at the outer parts. The inner part 

houses the endosperm which has a deep but slender cogitation. The fruit is not 

much studied for its value as a source of food but is mostly used for beautifications. 

The endocarp is hard and presents handy for use in arts and actifacts development. The 

braches are soft and durable and can be easily sawn into usable shapes for furniture-

making (Ghogomu et al., 2016; Inyinbor et al, 2017). 

The shells of raffia palm fruit are not known for much use. Despite their high carbon 

content, they are considered as waste (Ogwuche, 2016). The focus of this work was to 

convert the waste into wealth for a friendlier environment through activated carbon 

production using the shells. Plate 2.1b shows an image of raffia palm fruit, while plate 

2.1c shows the image of Raffia palm shells (the starting material for AC synthesis in 

the current study). 

2.3.1 Uses of Raffia Palm 

There are many valuables derived from raffia tree around the world. Its economic 

value has been tested in the following endeavors: 

A. Raffia Palm Fibre 

Throughout the world, Raffia fibre is extensively utilized for making of twine, basket, 

brooms, ropes, hats, shoes, mats and clothing etc. Membranes of the downside of the 

palm leaves are mainly used for the fibre production. Removal of the membrane leads  
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Plate 2.1a: Image of Raffia Palm fruit endocarp 

Source: Aniogbu, 2017 

 

 

 

Plate 2.1b: Raffia palm fruit                                 Plate 2.1c: Raffia palm shells 

Source: Aniogbu, 2017                Source: Ogwuche, 2016 
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to the formation of long thin fibres that could be coloured and converted into clothing 

materials and other products as mentioned earlier (Ogwuche, 2016). 

Furthermore, in most nations, the fibres could be imported and utilized in form of 

natural strings for farmland separation and plant support during grafting or soilless 

culture in greenhouses (Ogwuche, 2016).  

B.  Raffia Wine 

Raffia palm also serves as a source of a cherished local wine regularly consumed in 

east and southern regions of Nigeria. The juice contains sugars and is typically gotten 

by creating a box-like cutting on the topmost portion of the tree and then placing a big 

siphon that collects the whitish-milky outpour; a process that usually leads to the death 

of the plant as opposed to oil palms which survive similar exposures.. The collected 

liquid could be better enjoyed as a source of alcohol if allowed to ferment in  

a few days as the freshly harvested sap is sugary and partially carbonated. During the 

fermentation process, most of the sugars are converted into alcohols and is natively 

referred to as “wine”.  The Wines of Raffia palm origin are usually sweeter no matter 

the age as compared to wines of oil palm origin. However, both kinds could be further 

distilled to produce spirits locally called “Ogogoro”. As a tradition in most cultures 

where Raffia or oil palms are abundant, visitors and spirits are symbolically offered 

these wines derived from the palms (Ogwuche, 2016). 

Most agricultural biomass including Raffia palm shells are also useful as materials for 

the synthesis of AC (Table 2.2). The produced AC is usually used for removing 

contaminants in various ecological media including soil, water and air (Rahmani et al., 

2009). 

2.4 Activated Carbon 

Activated carbon (AC) could be described as an amorphous material with a very huge 

inner surface area and pore volume. These exclusive features of AC account for its 

adsorptive potentials that could be explored in several liquid- and gas-phase uses. 

Usually, the adsorptive performances of ACs toward environmental remediation are 

enhanced by several factors including the type of starting material, the activation 

method and manipulation of preparation conditions (Okwuchukwu, 2017).  
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Table 2.2: Production of Activated Carbons from Biomass Residues 

 

Author Year  Precursor Activation 

Method   

Application 

Erabee  et. al.,       2017 Sargo palm 

bark 

ZnCl2 Not applied 

Hu and 

Srivinasen    

2001 Coconut and 

Palm kernel   

shells 

ZnCL2 and CO2    Adsorption of 

phenol and 

methylene blue 

Guo and Lua 2003 Palm shells H3PO4  Ammonia 

adsorption 

Mozammel et. 

al. 

2002 Coconut shells ZnCL2 Adsorption of 

iodine 

Hu et. al. 2001 Coconut and 

Palm kernel   

shells 

ZnCL2 Dye and phenol 

adsorption 

Daud and Ali 2004 Coconut and 

Palm kernel   

shells 

Physical 

activation 

Nitrogen gas  

adsorption 

Iwar  2015 Coconut, palm 

kernel   shells 

and their 

mixture 

H3PO4 Treatment of 

brewery 

wastewater 

Ogwuche 2016 Raffia palm 

shells and 

seeds      

ZnCL2 Treatment of 

abattoir 

wastewater 

Okwuchukwu 2017 Raffia palm 

shells 

HNO3 Cadmium 

adsorption 

Alhogbi, et al., 2021 palm tree fibre 

waste 

H3PO4, H2SO4, 

KOH 

Anionic and 

cationic dyes 
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2.4.1 Origin and History of Activated Carbon (AC)  

ACs has been in use for ages to the extent that its place of beggining is not precisely 

established. However, the first knowledge of its use as charcoal was by the Egyptians 

and Samarians for the lessening of metals used in the production of bronze, as well as 

household charcoal for cooking (Oloworise, 2006). 

Charcoal (carbon) has the ability to adsorb vapours from organic chemicals and 

decolorize aqueous solutions. Nevertheless, those derived from wood at that moment 

did not perform effectively in this regard, because of its poorly formed pore structure 

emanating from mere carbonization. Thus, consequent attempts to increase the 

porosity of these charcoals gave birth to activated carbon (Oloworise, 2006).  

The first method of producing ACs using both heat-based and chemical procedures 

was done by heating plasma with ash to create AC that had over 50 times higher the 

colour removal performance of bone char (Oloworise, 2006). Thereafter, scholars and 

researchers started searching for ways of producing AC industrially from vegetable 

materials (agro wastes) with improved porosity (i.e. large surface area). In recent 

times, activated carbons production techniques employed the methods of incorporation 

of carbonaceous materials with activating agents such as; phosphoric acid, carbonate, 

salts, metallic chlorides, sulphuric acid, hydrochloric acid to yield activated carbons 

with superior/high adsorptive properties (Alkali, 2016). 

2.4.2  Properties of Activated Carbon 

AC is a material that has elevated carbon content and has been subjected to the 

activation/stimulating procedures. Alternatively, they could be viewed as materials 

whose adsorptive potentials have been enhanced by anthropogenic procedures. 

According to Soleimani and Kaghazchi (2008), AC is the professional designation for 

a carbonaceous material that has enhanced pore formations and huge surface area. 

Generally, they can be defined as non-hazardous, treated, carbon-rich materials with a 

great extent of pore formations with and extensive internal surface coverage. Thus they 

are capable of adsorbing a vast quantum of contaminants from the environment. AC is 

amorphous in structure which indicates the absence of regular atomic structures in 

them as compared to other forms (allotropes) of carbon such as diamond, fullerenes or 

nano-tubes. It is usually hydrophobic and non-polar in nature. 
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AC is extensively applied for various purposes with regard to its enhanced surface area 

and micro-pore structure (formed during carbonization/activation) which promotes 

adsorption or chemical reactions (Barret et al., 1951). It can be applied for water and 

wastewater purification, adsorption of toxic and emerging contaminant, air 

purification, separation of gases, and recovery of valuable organic and inorganic 

chemicals form air and water (Rahmani et al., 2009). 

Similarly, it is used in the polishing of electroplating liquid as a major procedure for 

adsorption of organic contaminants in solution. Table 2.2 shows a summary of some 

previous studies on the use of some agricultural residues as low cost ACs. 

2.4.3  Uses and Applications of Activated Carbon 

AC is used in diverse applications including as filters in pressurized air, gas cleaning, 

refinement of gold, metal abstraction, caffeine removal, water/wastewater treatment, 

drug delivery and poison removal among other uses.  

A. Industrial Uses 

The main industrial use of AC is in the field of metal finishing where it is largely used 

in the polishing of electroplating liquids. As an instance, the use of AC is a major 

treatment procedure for eliminating organic contaminants in perky nickel plating 

liquids. During such procedures, a vast number of organic substances are mixed with 

the plating liquids to enhance its deposition abilities and improve metal features such 

as brightness, smoothness, ductility. The mechanisms are such that as direct current is 

passed and electrolytes interact at the anode and cathode, the added organic chemicals 

produce unsolicited degradation by-products in the plating liquids which must 

thereafter be removed by the use of AC. The extreme formation of these unwanted by-

products can harmfully influence the features and quality of the finished metals if not 

removed by the use of activated carbon (Faraji and Ani, 2015; Maher et al., 2021). 

A. Medical Applications 

In medicine AC is commonly utilized for the containment of ingested poisons or drug 

overdoses in humans and animals. Usually and in most developed nations, activated 

carbon capsules or tablets are used as a common drug to contain health conditions like 

dyspepsia, turgidity and diarrhea. On the contrary, AC performs poorly when used to 
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contain poisons such as glyphosate, strong acids and bases, cyanide, heavy metals, 

methanol and ethylene glycol (The American Society of Health-System Pharmacists). 

Furthermore, wrong uses of AC for medical purposes such as in the lungs could lead to 

respiratory injuries that can cause death if immediate medical attention is not sought 

(Elliott et al., 1989). 

B. Environmental Applications 

Activated carbon adsorption serves for a number of uses in the industrial and domestic 

fields aimed at eliminating contaminants in water and air media. Such application 

include, determination of radon quantities in air, oil spill cleaning, soil remediation 

from heavy metals, leachate treatment, groundwater treatment, air scrubbing, capture 

of volatile organic substances during gasoline dispensing and dry cleaning activities, 

nutrient recovery, wastewater/sewage treatment among others (Utsev et al., 2020). 

In the initial execution stages of the 1974 “Safe Drinking Water Act” in the USA, there 

was a strong rule that required all proposals aimed at the establishment of potable 

water treatment facilities to use granular activated carbon (GAC). This rule was 

enforced by the officials of the USEPA. However, the prohibitive costs of GAC led to 

strong negative agitations by the water supply industrialist including the biggest water 

utilities in California. The foregoing compelled the USEPA to set aside the rule.  

C. Agricultural Applications 

AC is a permitted material for use for organic farming toward the production of 

livestock and wine. It is applied as a pesticide, feed stabilizer (questionable benefit), 

handling aid, non-agricultural constituent and sterilizer in livestock production. For 

organic-based wine production, AC is unrestrictedly utilized as a process aid in organic 

wine making to adsorb tanned colour pigments from white grape distillates. It is also 

used for soil amendment towards effective soil fertilization (Dominguez et al., 2020). 

 

2.5 Production of Activated Carbon 

Chemically and physically activated carbons are both widely used in contemporary 

technologies. Although products of high quality can be obtained from both activation 

methods, in most cases, these are not correspondingly decent for all application. For 

instance, in solvent recapture and/or adsorption refrigeration, Activated carbons of 
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chemical modifications perform better, while for wastewater management, both 

activation methods can suffice (Smisek and Cerny, 1970). 

1. Physical/Thermal activation: In this method the precursor is converted into 

activated carbon by subjecting it to hot gaseous treatment after which air is applied to 

scrub the gasses by burning This process leads to the formation of a well-sorted, 

partitioned and dust-free AC . Usually one or a mixture of the following procedures is 

adopted:  

i. Carbonization: The precursor with adequate proximate composition (carbon 

content) is carbonized at temperatures of 400 - 800 °C, in the presence of argon 

or nitrogen with limited or avoided oxygen supplies. 

ii. Activation/Oxidation: The precursor or pyrolyzed product is subjected to 

oxidizing situations using steam or oxygen, usually at elevated temperature 

ranging from 600 to 1200 °C.   

The stimulating/activating media destroys the volatile parts of the carbon network at 

raised temperatures. The interaction between the stimulating/activating media/agent 

and the carbonized material (intermediates) occurs at the interior portions and leads to 

the formation of additional adsorption sites with the liberation of H2, CO2, CO and O2 

from its matrix. The reaction that takes place between the activating agent and the 

carbonized intermediate is known as the “water-gas reaction”.  

2. Chemical activation: Here, before pyrolysis, the precursor is mixed with a chosen 

chemical substance which is usually an acid, strong base or salts (eg. HCL, NaOH, 

ZnCl2, respectively). The next steps involve the subjection of the impregnated 

precursor to pyrolysis at moderate temperatures of 450 - 900 °C. The assumption is that 

both carbonization and activation occur at the same time. Usually, the mechanism for 

chemical activation involves the degradation or desiccation of the cellulosic matrix of 

the precursor (Hussein et al., 1995). Scientist and industrialists choose chemical 

activation ahead of physical activation because of the lower temperatures and lesser 

processing times required in the former.  

2.5.1 Phosphoric Acid (H3PO4) Activation 

The synthesis of high quality AC using H3PO4 as activating mediator involves the 

optimal manipulation of influential factors such as The proximate composition of the 

precursor, the chemical (acid) to starting material ratio (impregnation ratio), activation 
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temperature and time as well as the heating rate. In general, wood and agro-biomass 

such as coconut shells, walnut shells, flamboyant pods and other carbon-rich 

precursors with appreciable volatile content are the utmost frequently used in the 

chemical activation method using H3PO4 (Menéndez-Díaz and Martín-Gullón, 2006). 

As posited by the authors, the following illustrate the general phases involved in the 

synthesis of AC using H3PO4 as activating agent: 

i. Pulverization and characterization of the precursor; 

ii. Interacting the precursor with the ideal concentrations and ratio of H3PO4  

iii. Carbonizing the filtered, washed and dried material at lower temperatures of 400 – 

500 °C in the absence or limited supply of oxygen to avoid complete burn-out. 

iv. Further carbonization at higher temperatures of 673 to 773 °C. 

v. Recovery of unreacted acids by repeated washing of the carbonized product with 

distilled water, then oven-drying and characterization.  

Steps (iii) and (iv) above could be undertaken in the same furnace without requiring an 

initial cooling step. Residence times for steps (iii) and (iv) may be about one hour 

each. As a comparison with AC synthesized via thermal method, wood-derived AC by 

H3PO4 possess diminished densities and resistance to attrition, but have higher meso-

pore structure formation. The highlighted features of AC are linked to the hollow 

fibrous configuration in wood, which is responsible for macro-pore volume formation 

in AC. 

Within the past two decades, the impregnation of lignocellulosic precursors using 

H3PO4 as a chemical activation method for industrial-scale AC production has 

increased alarmingly (Table 2.3) This is attributed to the inherent ecological benefits of 

H3PO4 such as; the simplistic nature of the material recovery, reduced energy  
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Table 2.3: Experimental conditions of activated carbons activated with H3PO4 

Precursor H3PO4 

(%) 

 

Impregnation 

ratio 

 

Activation 

temperature 

(°C) 

 

Heating rate 

(°C min-1) 

 

Reference 

Avocado 

Kernel seed 

85 6 800 5 Elizalde- 

gonzalez et 

al.(2007) 

China fir 50 4.6 475 5 Zuo et 

al.(2009) 

Coconut 

fibre 

30 4 900 20 Phan et 

al.(2006) 

Fruit stones 60 1.02 800 - Puziy et 

al.(2005) 

Jackfruit 

peel waste 

85 4 550 - Prahas et al. 

(2008) 

Jute 30 4 900 20 Phan et 

al.(2006) 

Licorice 

residues 

89 1.5 400 2.5 Kaghazchi 

et al.(2010) 

Oil palm 

shell 

85 1.09 450 5 Arami-Niya 

et al. (2011) 

Olive stone 50 2 400 5 Yavuz et al. 

(2010) 

Olive waste 75 2.4 500 10 Moreno-

Castilla et 

al. (2001) 

Pecan shell 50 - 450 - Ahmendna 

et al. (2000) 

Pine wood 85 1.5 400 - Hared et al. 

(2007) 

Pistachio-

nut shells 

89 0.5 400 5 Kaghazachi 

et al. (2010) 

Sea-

buckthorn 

stones 

85 0.5 550 10 Mohammadi 

et al. (2010) 

Stem of 

date palm 

85 5 600 10 Jibril et al. 

(2008) 

tea plant 85 3 350 - Yagmur et 

al. (2008) 

Source: Virginia et al. (2012) 
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Inputs and enhanced carbon yields.. As in Table 2.3, H3PO4 theatres dual distinct roles 

in the course of AC synthesis viz: 

i. Acting as acidic promoter for bond cleavage, hydrolysis, desiccation and 

condensation, supplemented by interrelated reactions between H3PO4 and bio-

based polymers; 

ii. Template functioning due the volume occupied by H3PO4 in the inner parts of 

the activated originator which coincide with the micropore volume of the 

activated carbon produced (Zuo et al., 2009). 

The features of AC derived from activation of precursors using H3PO4 are usually 

influenced by the synthesis conditions including acid concentration, activation time, 

impregnation ratio, pyrolysis temperature and heating rate. Similarly, some current 

studies have revealed the all-important influence of the atmospheric conditions during 

the pyrolysis state on the somatic and non-somatic features of AC (Zuo et al., 2009).  

2.6 Factors Affecting Activated Carbon Production 

Several conditions influence the quality of activated carbon synthesized irrespective of 

the synthesis route considered. These influential conditions are highlighted in the 

subsequent sections. 

2.6.1 Nature of Precursor 

A number of carbon-rich organic precursors which would not fuse after pyrolysis hold 

great potentials for conversion into AC (Rodriguez-Reinoso, 2002). The choice of 

precursor for synthesis of AC is usually influenced by various variables such as: 

i. Raised amounts of fixed carbon. 

ii. Less ash content. 

iii. Raised density and high volatile matter 

iv. The handiness and accessibility of precursor. 

v. Probable degree of activation required. 

vi. Low-cost 

vii. Storability 

The most widely employed precursor is lignocellulosic constituents, which represents 

about 45 percent of all unprocessed materials used in the production of AC. Low 
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organic matter percentage is crucial for producing activated carbon that contain 

reduced ash percentage, however, a reasonably high volatile percentage is also 

required for process control. Several forms of activated carbon are made from 

precursors (Table 2.4) such as oil palm fruit shells, walnut shells and date stones etc, 

which have a comparatively high density, rigidity, and percentage of unstable 

constituents, making them excellent for making rigid granular AC. Coconut shells, as 

well as peach and olive stones, are commercially employed to make micro-porous AC 

that can be employed in a variety of uses. Additional information on the proximate 

features of ideal precursors for AC synthesis is presented in Table 2.4. 

2.6.2 Temperature 

The features of the AC formed are prejudiced by temperature, notably the absolute 

activation temperature. This is commonly done with a combination of steam and CO2 

at temperatures higher than 800 °C for industrial AC making (Miguel et al., 2001; 

Miguel et al., 2003). To save money and time, researchers have recently been focused 

on optimizing the absolute activation temperature. Activation temperature has been 

shown to have a considerable impact on both the product percentage and the surface 

coverage of AC, according to numerous publications. Temperatures as low as 200 °C 

(Haimour and Emeish, 2006) and as high as 1100 °C were employed in the past 

(Miguel et al., 2003). 

Studies in the past have posited that the optimal temperatures for various precursors 

were between 400 and 500 °C, irrespective of activation duration and extent of 

impregnation (Srinivasakannan and Zailani, 2004). The product percentage is 

continually lowered with a hike in the activation temperature. According to Guo and 

Lua (2003), this is anticipated because when the temperature is raised upto 900 °C, an 

increased amount of unstable materials are produced. The foregoing promotes the 

declinine in the product yield.. 

In the past, Haimour and Emeish (2006) submitted that the amount of unstable material 

content was reduced with a hike in pyrolysis temperature. Such reduction in the 

volatile was more evident in a pyrolysis temperature range of 200 and 800 °C, which 

was ascribed to the speedy carbonizing effects. The feasibility of AC synthesis at 

pyrolysis/carbonization temperature above 800 °C is doubtful as a result of the 
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Table 2.4: Proximate Features of Common Activated Carbon Precursors 

Precursor Carbon 

Content 

(%) 

Volatile 

Content 

(%) 

Density 

(kg/m3) 

Ash 

Content 

(%) 

Appearance 

Lenient 

wood 

41-46 50-65 0.3-0.6 0.4-1.4 Lenient, 

enormous 

porosity 

Tough 

wood 

41-43 50-65 0.6-0.9 0.4-1.5 Lenient, 

enormous 

porosity 

Lignin 34-41 55-60 0.2-0.45 ----------- Lenient, 

huge 

porosity 

Biomass 

shell 

41-44 50-63 1.5 -2.0 0.6-0.8 Tough, 

enormous 

multiple 

porosity 

Lignite 50-65 30-45 1.5-2.0 4-7 Tough, 

lesser 

porosity 

Lenient coal 65-85 30-35 1.3-1.55 3-10 Partially 

hard, 

moderate 

micro-

porosity 

Petroleum 

coke 

75-85 10-25 1.4-1.5 0.4-0.8 Partially 

hard, 

moderate 

micro-

porosity 

Partially 

durable 

coal 

70-80 0-20 1..5-2.0 6-20 Tough, 

enormous 

porosities 

Durable 

coal 

90-95 6-12 1.5-2.0 3-10 Tough, huge 

pore volume 

 

Source: Nurul’Ain (2007) as cited by Ogwuche (2016) 
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corresponding minute reductions in the volatile content at such high temperature. The 

foregoing occurred simultaneously with a rise in the fixed carbon and ash percent, as a 

result of the elimination of volatile contents during the pyrolysis step which lead to the 

formation of stabilized carbon and ash-producing minerals (Haimour and Emeish, 

2006).  

The Brauner-Emmet-Teller (BET) surface area is also a foremost characteristic that 

portrays similar influence of activation temperature on the AC features. The BET 

surface area usually rises as the activation temperature increases (Haimour and 

Emeish, 2006). This could be due to the formation of new pores consequent upon the 

evolution/elimination of volatile materials as well as the expansion of older pores 

when the activation temperature rises. 

2.6.3 Activation Time 

Other than the temperature of activation, the duration (activation time) similarly 

influences the pyrolysis step AC characteristics. Earlier studies have reported that the 

ideal duration of activation ranged from 1 – 3 hours for palm and coconut biomass-

based precursors (Srinivasakannan and Zailani, 2004). Usually, it is documented that 

as the duration of activation is increased, there is a corresponding reduction in the AC 

yield and an increase in the BET surface area. This trend is linked with the formation 

and release of unstable materials from the precursor (Kim et al., 2001). 

2.6.4 Activating Agent Concentration 

In any adsorption process, it is evident that the extent is mostly determined by the 

adsorbent's accessible surface. Adsorption is almost always reversible, and a defined 

equilibrium is quickly attained, depending on the initial adsorbate concentration in 

solution as well as the amount of adsorbent added (Bhatia, 2009). 

2.6.5 Chemical Impregnation Ratio (IR) 

This is the ratio of the weight of activating agent to the weight of starting material; be 

it of biological or non-biological origin. Thus aside temperature and the other process 

factors that influence AC synthesis, the IR is also critical in ensuring adequate porosity 

in AC and must be considered carefully (Bhatia, 2009). 
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2.7 Classification of Activated Carbon 

Based on the functionality, surface features, and paramount criterion, AC can be hardly 

classified. Nonetheless, general grouping of AC could be done on the basis of size, 

means of synthesis, and commercial uses. 

2.7.1 Granular Activated Carbon (GAC) 

A typical SEM image of GAC is depicted in Plate 2.2. It possesses a comparatively 

higher particle size than PAC and accordingly, possesses a lesser exterior surface 

morphology which is responsible for the extent of dispersal of the target pollutant in 

adsorption process. GAC is ideal for gaseous/vapour-based adsorption uses, since they 

disperse more swiftly. They can also be applied in the treatment of water and 

wastewater, odour control, flow constituent split-and in speedy blend sinks. GAC 

come in extruded or granulated nature and could be in sizes like 8×20, 20×40, or 8×30 

for liquid mode uses and 4×6, 4×8 or 4×10 for gas mode uses. The frequently used 

GAC for aqueous mode operations are the 12×40 and 8×30 sizes, owing to their 

balanced size, BET surface area and favourable pressure loss features 

(Srinivasakannan and Zailani, 2004). 

2.7.2 Powdered Activated Carbon (PAC) 

A typical micrograph of PAC obtained from SEM analysis is as shown in Plate 2.3. 

The fractal-like outline of the constituent-parts suggests its huge surficial area which is 

seemingly visible. Apart from being just about 0.1mm, every particle displayed on the 

micrograph possesses a large surface area in multiple square meters. Generally, AC is 

synthesized in particulate nature as dusts or fine grains of below 1.0 mm in size and an 

average radius of 0.075 - 0.125 mm. Therefore it has a huge area/capacity ratio 

accompanied by a diminished dispersion space. Furthermore they are better utilized in 

small-scale batch adsorber systems for water or gas purification (Srinivasakannan and 

Zailani, 2004). PAC is rarely deployed in uninterrupted flow-through water/wastewater 

purification schemes due to its propensity to encourage channeling and clogging of the 

system, thus hiking the process cost.  
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Plate 2.2: SEM micrograph of GAC                

Source:https://www.sciencedirect.com/topics/social-sciences/scanning-

electron-microscopy: Retrieved on 12th June, 2020 
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Plate 2.3: SEM micrograph of PAC  

Source:https://www.sciencedirect.com/topics/social-sciences/scanning-

electron-microscopy: Retrieved on 12th June, 2020 
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PAC consists mainly of crinkled or pulverized carbon bits, of which about 90 – 100 

percent would pass through an assigned mesh size. Normally the American Society for 

Testing Materials (ASTM), groupsconstituent-parts that pass througha 0.78 mm sieve 

and the lesser as PAC. It is worthy to note that the application of PAC in continuous 

flow-through systems is unsatisfactory as a result of the associated huge pressure drops 

(Kim et al., 2001). It can thus be otherwise efficiently applied in batch treatment 

operations such as in clarifiers, water intakes, speedy blend sinks and gravity filters. 

2.8 Characteristics of Activated Carbon 

The characteristics of AC that presents it as an excellent adsorbent are its, enormous 

internal surface area and pore-structure. AC could also be seen as froth solid with a 

huge surface area and firm particle assembly of comparatively lesser volume. Large 

surface area of AC is responsible for its excellent capabilities in the adsorption of 

pollutants in liquid or gaseous phases. Furthermore, the adsorption propensity of AC 

results from the large interior pore formations that ensue in the course of its synthesis 

(Cuhadar, 2005).  

Based on the nature of the precursor and method used for AC synthesis, it may contain 

foreign materials in diverse proportions Activated carbon is not a pure carbon. Some of 

these impurities usually mixed with the carbon elements include: H, O2, N2 and S. The 

presence of such impurities in AC influences its catalytic or adsorptive performances 

in environmental matrix. Similarly, the type of precursor employed also impacts the 

surfacial appearance of the adsorbent material. Thus the features of CAC determine its 

most suitable application with regards to liquid or gas mode operations. The 

characteristics of AC are broadly classified to be either physical or chemical in nature.  

2.8.1 Ash Content 

When carbon-bearing material is burnt-off, the obtained residual matter is referred to 

as the ash content. It is capable of retarding the performance of AC in environmental 

remediation and prohibits the regeneration or reuse of AC. Metal oxides like Fe2O3 

could be leached out of an AC matrix leading a secondary pollution problem in the 

treatment media. Water and acid-soluble ash content is of more significance in this 

regard as compared to the total ash content. For instance in aquaculture, the soluble ash 

in AC could be of great concern as they encourage algae blooms as a result of the 
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leaching of iron oxides. Thus AC with minimal soluble ash percent are recommended 

for use aquaculture wastewater treatment and reuse to avert the risk of heavy metal 

toxicity in fish as well as algae blooms (Nurul’ ain, 2007).  

2.8.2 Specific Surface Area (SSA) 

According to Guo and Lua (2003), activated carbon adsorption capabilities are found 

to increase with increase in its SSA. Common CAC possess SSA of up to 2000 m2/g 

(Nurul’ain, 2007). Pore volume of AC on the other hand determines the type of 

molecular sized compound that would be likely adsorbed by the AC. Thus the 

adsorption performance of activated carbon could be said to be greatly dependent on 

its SSA and pore capacity. The SSA (m2/g) of AC is most customarily obtained from 

its gas adsorption extent based on the BET theory (Hu and Srinivasan, 1999). 

Interpretation of the equilibrium isotherm of nitrogen flows at 77 K is the usual 

method for unveiling the BET surface area of AC. However, apart from nitrogen, 

argon could also be used at a similar temperature (Ogwuche, 2016).  

Other approximations have also been used in the past for obtaining SSA of AC where 

equipment for the BET method is not available. These methods include the Sear’s 

method, the methylene blue and iodine number method. Details of these 

approximation-based procedures which should be used with caution as they only 

provide approximate values and not a true representation of the AC surface area could 

be obtained elsewhere (Itodo et al., 2010a; Itodo et al., 2010b; Mianowski et al., 

2007). 

2.8.3 Moisture Content (MC) 

The pricing of AC greatly depends on its MC as a moisture free AC is most desired, 

however, AC may sometimes contain MC in the range of 2 – 11 % which could be 

tolerated. Most activated carbons when kept in a humid environment may adsorb 

substantial moisture from the environment in a short time interval unless packaged in 

containers that are airtight. AC can adsorb upto 35% moisture and still look dry based 

on physical observations. However, in most instances, high moisture levels in AC do 

not affects its performance during use, but could certainly dilute the carbon nature. 

Thus an absolutely dry AC is recommended for any environmental remediation uses as 



 

 
 

33 

this would guaranty its repeated uses and consequently cut down on costs (Hu and 

Srinivasan, 2001; Okwuchukwu, 2017). 

2.8.4 Iodine Number (IN) 

Simply put, IN is the quantity (mg) of iodine taken up by a unit mass (g) of AC when 

the level of iodine in the resulting filtrate is 0.01 normal. It is a major characteristic 

feature of AC and could serve as an indicator of the AC pore volume. It is used to 

elucidate on the micro-pore extent in AC, found to be usually between 0 – 20 Å or 0 – 

2 nm. This is equivalent to SSA 900 - 1100 m²/g (Radovic, 2001).  AC meant for water 

treatment applications usually have iodine numbers that fall between 600 and 1100 and 

can be used to infer the extent of exhaustion of an AC under operation. As stated 

earlier, this method must be employed with caution as foreign materials may also 

compete with iodine for the active sites on the AC surface and hinder its full 

adsorption leading to false outcomes. Thus, the adoption of iodine number method as a 

determinant of the exhaustion rate of an AC is only allowable if it is ascertained that 

foreign chemicals are not present (Ogwuche, 2016). Apart from the foregoing, an 

empirical association between IN and the extent of enervation must be previously 

ascertained for the intended use.  

2.8.5 Surface Functional Groups 

The selectivity of AC in adsorption processes rely heavily on its surface composition 

and spread of its pores (Radovic, 2001). Usually, AC surface appears to be nearly not 

charged in a way that it hampers on the adsorption of polar and ionic substances as 

compared to organic compounds. Thus AC is preferably supposed to be tailored in 

terms of its surface composition to promote the effectiveness of its intended use. The 

chemical configurations of precursors affect the surface chemistry of AC and offer a 

hypothetically more facile means of altering the qualities of AC. For instance, 

activated carbon fibers made from nitrogen-rich isotropic pitches are known for their 

hyper-active roles in the catalytic conversion of SO2 to H2SO4 (Radovic, 2001). 

Several oxygen, nitrogen and heteroatom-bearing functional groups have been found 

on the surfaces of most AC. In the course of AC production, the developed large pore 

structure of AC alongside its abundant chaotic sites is responsible for the voluntary 

combination of the heteroatoms on its surface (Yang and Lua, 2003). Heteroatoms are 
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fused into the grid and are also strongly attached to the boundaries of the planes. These 

heteroatoms so attached take the feature of the functional groups that are usually seen 

in aromatic compounds, and interact in a similar manner with most chemicals. The 

adsorption mechanisms of most ACs could be explained if the alterations in the 

functional clusters are noted at the end of an adsorption cycle (Yang and Lua 2003). 

Various procedures are available for ascertaining the surface functionalities of AC, but 

the most recent and frequently used is the Fourier transform Infra-Red (FTIR) method 

(Utsev et al., 2020).  

2.8.6 Porosity 

The term ‘pore’ emanates from the Greek expression ‘porous’ connoting ‘passage’. 

This It therefore shows the behaviour of a pore which is similar to that of a 

passage/channel for the exterior and the interior surfaces of a solid. This channel 

permits matter including liquids, gases and vapour to have access into, through or out 

of the matrix. Porosity is therefore a common attribute of any adsorbent employed for 

catalysis of decontamination uses. Thus creation of porosity on a solid matrix is most 

practicable means of creating huge internal and external surface area in solids 

including AC (Plate 2.4 and Fig. 2.1).  

According to Guo and Lua (2003) in describing the availability and accessibility of 

porosity, five terminologies therefore come to play viz: 

‘Open pore’ – This is a type of porosity that is linked to the exterior surface of a 

material, which permits the conduct of a contaminant in the material.  

‘Closed pore’ – This is a pore in a solid matrix that is not linked with the exterior 

surface and as such exist in isolation.  

‘Transport pores – They are numerous in most solid materials and serve to interlink 

several points on the exterior portion of the matrix with the interior formed porosities. 

‘Blind pores’ – These are linked with the transport pores but do not connect with any 

other porosity or material surface. 

‘internal surface’ – This is made up of the region on the material that encompasses 

the closed pores and every openings and cracks that go down deeply into the inner 

portion of the solid matrix. They are usually deep with minimal width and ‘external  
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Plate 2.4: Typical Pore Structure of Activated Carbon 

Source: Ogwuche (2016) 
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Figure 2.1: Interior pore formations in a typical AC 

Source: Ogwuche, 2016 
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surface’ – on the other hand have lager widths than depths and are made up of the 

emerging flanges and apparent fissures/openings on the material. Plate 2.4 shows the 

pore structure of AC and Fig. 2.1 is a graphic illustration displaying the pore network 

within a carbon adsorbent. The adsorptive potentials of AC towards molecular 

compound of varying shape and sizes is influenced by changes in the extent of pore 

opening in the AC and remain a paramount basis for the choice of adsorbent for a 

given application.  

As pointed by IUPAC (Guo and Lua, 2003), porosity can be categorized based on pore 

size in terms of its width as follows (Fig. 2.1):  

Micropores- < 2nm 

Mesopores- 2 - 50nm 

Macropores- > 50nm 

2.8.7 Activated Carbon Morphology and Crystallinity  

The morphology of AC is ascertained with the aid of scanning electron microscopy 

(SEM) which employs concentrated rays of high intensity electrons that yield a diverse 

array of indicators at the periphery of solid materials. These indicators so generated 

provide useful hints about the material including its texture, chemical make-up, 

crystallinity and alignment of the material constituents. Common uses of this technique 

require the collection of information around a region of interest on the material 

surface, which are then used to produce 2-D micrograph the shows spatial changes in 

the sample characteristic. Regions covering about 1 – 5 µm wide could be micro-

graphed in a scanning-approach by means of normal SEM procedures, i.e intensities of 

30X – 35000X and resolutions between 60 – 110 nm (Yihunu et al., 2020). The SEM 

procedure could also be used to analyze the properties of points of interest on a 

material and is mostly applied in the quantitative or partially quantitative determination 

of chemical configurations (by means of EDX) and crystallinity (by means of XRD 

analysis).  SEM instrument operates in a similar fashion with the EPMA and also have 

similar capabilities.  

2.9 Response Surface Methodology (RSM) 

RSM is an assembly of mathematics/statistics-based procedures for modeling, analysis 

and optimization of difficult situations where a parameter of interest (response) is 

affected by a number of factors (variables).  It is commonly employed for multivariate 
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experimental designs, modeling and product/process optimization (Singh et al., 2010, 

Xin-hui et al., 2012). In such applications of RSM, product/process optimization 

requires that the parameter of interest should be maximized at the feasibly established 

levels of the influential factors. RSM has also been documented to be effective for 

adsorption processes as evidenced from the lesser variability and use resources 

involved (Anupam et al., 2011; Khataee, 2010).  

Various experimental designs are inherent in RSM and the most suitable and robust is 

usually preferred. Common designs in RSM include; The Box Benkhen Design 

(BBD), Central Composite design (CCD), three-level factorial design, Optimal Design 

and Use of historical data (Ahmad et al., 2009, Khataee, 2010). Inspite of the 

application of RSM for optimization of activated carbon synthesis conditions, there is 

much still needed to be done in this regard as not all possible precursors of influential 

factors have been tested. The advantage of RSM for optimization uses comes to play in 

situations where the variables under study alongside their levels and the output of 

interest and not clearly understood. Ultimately, CCD is preferably used by many 

researchers for product and process optimization because of its robust nature even with 

a reduced number of experimental runs, which also saves the cost of experimentation 

(Alslaibi et al. 2013; Magoling and Macalalad, 2017).  

2.10 Theories of Adsorption in Batch Systems 

Metcalf and Eddy (2003) have defined adsorption is a phenomenon that describes the 

movement and adherence of dissolved substances on the periphery and interior 

portions of an adsorbent. It usually takes place in situations where the attractive forces 

at the periphery of the adsorbent overpower the attractive forces medium containing 

the adsorbate. 

Usually, GAC is known to be the most suitable adsorbent owing to its enormous area 

to volume ratio. Typical surface area of CAC could be as high as 1000 m2/g. Such 

large surface area allows for the buildup/accretion of a diverse number of pollutant 

fragments  

The authors have also detailed the theories of adsorption to include the following sub-

section 
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2.10.1 Adsorption Capacity 

The ability of any adsorbent to remove pollutants from a polluted media depends 

largely on the definite surfacial area, the concentration of the pollutant in the aqueous 

media and the apparent molecular pull that exist. Adsorption isotherms are the main 

techniques used to test the efficacy of activated carbon for pollutant abstraction from 

the environment. Adsorption isotherms depict the experimentally-determined 

interactions amid the uptake capability (mg/g) of an AC and the equilibrium pollutant 

concentration. For liquid phase operations, this interaction can be represented as shown 

in equation 2.4 (Metcalf and Eddy, 2003). 

𝑋

𝑀
= 𝐾𝐶

1
𝑛⁄                  (2.4) 

Where: 

X/M = Quantity of pollutant adsorbed in a single weight of adsorbent 

C = Concentration of pollutant in solution 

K, n - Experimental constants specific to the pollutant 

The constants K and n are obtained from a Log-Log paper-based graph of the 

adsorption capacity against the pollutant concentration. From such graph the value of 

K is the intercept on the vertical axis, while the slope represents the value “1/n”. These 

experimental constants without a dimension are valuable for comparatively relating the 

adsorption capacities for diverse pollutants or for evaluating the uptake capabilities of 

different adsorbents.  

For a number of particular pollutants, corresponding liquid-mode equilibrium 

isotherms of commercially available activated carbon (CAC) have been determined 

and are available for use in design of adsorption systems employing such CAC. Thus 

adsorption isotherms are explicit to a given pollutant and the type of adsorbent 

employed (Metcalf and Eddy, 2003). 

2.10.2 Activated Carbon Particle Size 

Adsorption rate kinetics and access to AC surface area is higher and faster when the 

AC particle size is finer (Jiaping, 2012). However, this must be applied with caution in 

gas adsorption systems to avoid drastic head loss that could heighten the process costs. 

Cautious thought about the ideal particle size distribution of AC could offer substantial 
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working benefits. Nevertheless for adsorption of minerals like boron or gold, AC 

particle size distribution of 1.5 - 3.50 mm is ideal. On the other hand, AC of less than 1 

mm is appropriate for doffing pollutants from an AC. 

2.10.3 Types of Adsorption 

Generally, two adsorption types exist, namely; physisorption and chemisorption 

(Jiaping, 2012). It depends on the mechanisms controlling the pollutant uptake onto an 

AC surface. 

2.10.4 Physisorption (Vander Waals Forces) 

Physisorption is said to occur when and where there exist some attractive inter-particle 

forces between adsorbent molecules and the pollutant adsorbed. Physisorption is 

always reversible and as such may not be a preferred mode of adsorption of AC for 

certain applications. However, such reversibility is useful on an industrial scale when 

useful resources like phosphorus could be recovered from the surface of an AC after its 

adsorption from solution (Bhatia, 2009). 

2.10.5 Chemical Adsorption 

This involves chemical associations involving the adsorbent and the adsorbed 

pollutant. When chemisorption is the driving tool during pollutant uptake, the pollutant 

uptaje heat and force of adhesion is usually higher as compared to mechanisms 

involving physisorption. Most often, chemisorption processes are irreversible and is of 

particular significance to catalytic processes. Certain pollutants may be removed from 

solution at low temperature by physisorption mechanisms and at higher temperatures 

by chemisorption or both (Metcalf and Eddy, 2003). 

2.11 Regeneration of Activated Carbon 

AC regeneration/reactivation is simply the restoration of the exhausted AC adsorption 

capacity by recovering the adsorbate from the periphery of the adsorbent. This can be 

achieved using either the thermal or chemical approaches (Sabio et al., 2004). 
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2.11.1 Thermal Reactivation 

Thermal reactivation is the most popular regeneration pathway in most industrial 

applications and it involves three basic steps (Sabio et al., 2004) viz:  

 Drying of exhausted media at around 110 °C  

 Subjecting the dried media to high temperature treatment of around 400 – 

1000 °C in the absence of oxygen. 

 Left over organics gasification by an oxidizing vapour such as CO2 or steam at 

high temperatures of over 900 °C. 

The high temperature exposure phase utilizes the exothermically-lead adsorption and 

leads to elution, fractional cracking and polymerization of the adsorbed substances. 

The last phase helps to take-off the residuals produced in the pore matrix of the AC 

during the earlier phase of regeneration and as such brings back the actual surface 

features of the AC. This guarantees the reusability of the so regenerated carbon for 

several cycles. For each adsorption-thermal reactivation cycle, about 6 – 11 % by 

weight of the AC is lost, which also leads to a decrease in its adsorption capacity 

(Miguel et al., 2001).   

It is however, less popularized due to the huge energy and cost involvements and as 

such can only be practiced by large scale industries with such regeneration facility on 

site (Sabio et al., 2004). Such onsite regeneration facilities could also serve for smaller 

industries that may transport their exhausted AC for regeneration for a fee that would 

be much profitable for them (Alvarez-Puebla et al., 2004).  

2.11.2 Chemical Regeneration 

Reactivation of exhausted AC by chemical routes is also a viable alternative for the 

restoration of the uptake potentials of the exhausted adsorbent media. It has recently 

been proven to be the most preferred method by a number of scholars (Nabbou et al., 

2019: Gitari et al., 2020: Kiram et al., 2020). AC regeneration using chemicals 

involves the soaking of the exhausted media in a known molar acidic or basic solution 

for a predetermined period. The foregoing is done in order to enhance desorption of the 

adsorbed contaminant into the acidic or basic solution, thereby making available again 

the adsorption spots on the periphery of the AC (Adak et al., 2017). Thus in this way 



 

 
 

42 

the adsorption/desorption experiments could be done in several cycles up to 6, 

depending on the quality of the AC (Adak et al., 2017). 

2.12 Factors Affecting Adsorption in Batch Systems 

According to Bhatia (2009), many factors affect the adsorption process, these include, 

pH, contact time, adsorbent dosage, column height, or carbon bed depth adsorbate 

concentration, flow rate, temperature and particle size among others. 

2.12.1 pH 

The solution pH influences adsorption to a large extent. This influence is most 

evidenced in the adsorption capacity. It influences both the solution chemistry and the 

peripheral adsorption spots on the AC and rely on the adsorbent’s ionic charge. 

Negatively-charged adsorbent surface favour the adsorption of pollutants at lower pH 

because in such circumstances the large number of hydroxyl ions existent in the lower 

pH range counterbalances the anionic state of the adsorbent surface, thus decreasing 

interruption to adsorbate diffusion for a significant adsorption to occur. Conversely, 

positively-charged adsorbent surface retards pollutant adsorption at lower pH of 

solution due to completion between the hydroxyl ions and the cationic surface of the 

adsorbent (Jiaping, 2012). 

2.12.2 Contact Time 

Usually, the quantity of pollutant taken up by the adsorbent exists in a condition of a 

changing equilibrium with the quantity taken off from the adsorbing material. Such 

time taken to reach the state of steadiness is referred to as the equilibrium/steadiness 

contact time and is a very significant factor in the adsorption process which varies 

from adsorbent to adsorbent and from pollutant to pollutant. The quantity of pollutant 

taken up by the adsorbent at the steadiness time represents the highest uptake 

capability of the material at the given conditions of operation (Bhatia, 2009). 

2.12.3 Initial Adsorbate Content 

The extent of adsorption mechanisms in any adsorption process relies heavily on the 

nature and composition of the adsorbent’s surface. Usually, any adsorption process is 

reversible and a defined equilibrium point is quickly attained, with respect to the 

primary pollutant content in the reacting media and the amount of adsorbent added 
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(Bhatia, 2009). In most cases, a hike in the starting/primary pollutant concentration in 

solution is accompanied by a lowered adsorbate removal percent with a hike in the 

uptake capability. 

2.12.4 Pressure and Temperature  

Higher temperatures and lower pressures tend to favour the degree of adsorption of a 

given adsorbate from its aqueous solution. According to the Le Chatliers principle, 

such heat of adsorption is captivated in the process. Similar to the temperature of 

solution, the heat of adsorption could either be differential or integral and must be 

well-known. When the exact quantities of these heats of adsorption are known, the 

mechanisms of adsorption involved for a particular adsorbate could be precisely 

elucidated. As reported by Jiaping (2012), several researchers have attempted to 

empirically provide accurate estimates of the heat of adsorption of several adsorbates 

on different adsorbents, which lead to the precise elucidation of the adsorption 

mechanisms that are useful knowledge in the design of effective adsorption systems 

and processes. 

2.12.5 Surface Area and Particle Size Distribution  

The exterior surficial area of adsorbing materials tends to be better enhanced when its 

particulate size dispersal falls in the smaller range: A phenomenon that is responsible 

for the higher adsorption performances of small-particulate sized adsorbents as 

reported in several literatures for different adsorption experiments.  

However, the use of adsorbent with small particle sizes is challenged when the 

adsorption process is designed to be continuous or semi-continuous. In continuous or 

semi-continuous adsorption processes, the use of small-sized adsorbents would 

promote channeling and pressure drop effects, which would decrease the process 

efficiency and increase cost. Thus, the use of small particle-sized adsorbents is only 

recommended for batch processes, while larger sizes or granulated adsorbents with 

tailored surface compositions to balance for the disparity in exterior surface area are 

preferred for continuous or semi-continuous systems (Jiaping, 2012). 
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2.13 Modeling Batch Adsorption Systems 

This section gives a breakdown of basic adsorption models that are relevant for setting-

up batch-mode adsorption processes/systems. These models are classified on an 

equilibrium isotherm, kinetic and thermodynamic basis. 

2.13.1 Equilibrium Isotherm Models 

Mathematical representation of adsorption equilibrium is of utmost importance within 

the field of adsorption basics as it provides relevant information for adsorption process 

design and assessment Adsorption equilibrium is directly influenced by the kind of 

pollutant/adsorbent interactions present and also by the external characteristics of the 

aqueous media including temperature, pH and contending adsorbates in solution. 

Single solute adsorption description is used as an ideal means for describing adsorption 

equilibrium even though this is not realistic in real water or wastewater adsorption 

systems as adsorbate competition is inevitable. This is largely because most aspects of 

the adsorption processes could better be described in a situation where only one 

adsorbate is considered. It also aids in effective comparisons in the capabilities of 

various adsorbents.  

Finally, single solute adsorption equilibrium studies are useful for the formulation of 

mixed solute adsorption models. Thus it is useful to firstly study the single solute 

adsorbate/adsorbent interactions for any system before embarking on multiple solute 

experiments. Based on the forgoing, this study only gives a description of some of the 

most commonly applied single solute adsorption isotherm equilibrium models. 

Therefore, for a single solute adsorption setting, the general equilibrium description is 

given as in equation 2.5 (Metcalf and Eddy, 2003; Jiaping, 2012). 

𝑞𝑒𝑞 = 𝑓(𝐶𝑒𝑞. 𝑇)        (2.5) 

Where qeq is the amount of pollutant adsorbed at equilibrium, Ceq is the adsorbate 

concentration at equilibrium and T is temperature (constant).  

Many researchers have developed several specific equilibrium isotherms that have 

been deployed to describe many adsorption systems. Most of these models are 

typically formulated to be non-linear and are mostly linearized to ease their application 

in the description of adsorption data. Mathematical representations of the linearized 

form of some of these models are given in Table 2.5. 
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Table 2.5: Equilibrium Isotherm, Kinetic and Thermodynamic Model  

S/N

o 

Model Equation Definition of 

Parameters 

Plots 

1 Isotherm    

 (a) Langmuir 

 

(b) Freundlich 

 

 

(c) Temkin 

1

𝑞𝑒
=  

1

𝑏𝑞𝑚𝐶𝑒
+ 

1

𝑞𝑚
    

 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑘𝑓 +  
1

𝑛
𝑙𝑛𝐶𝑒  

 

𝑞𝑒 =  𝐵1𝑙𝑛𝑘𝑇 +
 𝐵1𝑙𝑛𝐶𝑒                                                                                                                                                                                                                                                                                                                                  

Where, Ce is 

concentration at 

equilibrium (mg/L), qm 

is the single layer uptake 

capability (mg/g) and b 

is the Langmuir constant 

(L/mg). Kf is adsorption 

capacity (mg/g) and 1/n 

is the Freundlich 

constant. B1 and kT (L/g) 

represent the Temkin 

constants. 

(a) 1/qe vs 

1/Ce 

(b) lnqe vs 

lnCe 

(c) qe vs lnCe 

2 Kinetic    

 (a) Pseudo First 

Order 

 

(b) Pseudo 

Second Order 

 

(c) Elovich 

 

(d) Pore Diffusion 

 

(e) Intra-particle 

Diffusion 

𝐼𝑛(𝑞𝑒 −  𝑞𝑡) = 𝐼𝑛𝑞𝑒 −
 𝑘𝑎𝑑𝑡  
 
𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡   

 

𝑞𝑡 =  
1

𝛽
𝐼𝑛(𝛼𝛽) +

 
1

𝛽
𝐼𝑛(𝑡)   

 

 𝐿𝑜𝑔𝐿𝑜𝑔 (
𝑐𝑖

𝑐𝑖−𝑞𝑡𝑚
) =

𝐿𝑜𝑔 (
𝑘𝑜

2.303𝑣
) +∝ 𝐿𝑜𝑔𝑡 

 

𝑞𝑡 = 𝑘𝑖𝑝𝑡1/2 + 𝐶  

                                                                                                                                                                                                                                                                                                                     

β is the desorption 

constant (g/mg). qe is the 

uptake capability at 

equilibrium, Ci is the 

starting pollutant content 

(mg/L), V is solution 

volume (mL), m is the 

mass of sorbent (g/L), qt 

(mg/g)  is the pollutant 

uptake at time t (min)  

and α, k2, kad, k0, Kip and 

C are constants 

(a)  ln(qe – qt) 

vs t 

 

(b) t/qt vs t. 

 

(c) qt versus 

ln(t) 

 

(d) 𝐿𝑜𝑔𝐿𝑜𝑔 (
𝑐𝑖

𝑐𝑖−𝑞𝑡𝑚
) 

versus 

Logt 

 

(e) qt versus 

t1/2 

3 Thermodynamic 

(a) Vant Hoff 𝑙𝑛𝐾𝑑 =  
∆𝑆𝑜

𝑅
−  

∆𝐻𝑜

𝑅𝑇
 

∆𝐺𝑜 =  −𝑅𝑇𝐼𝑛𝐾𝑑       

 𝐾𝑑 =  
𝑞𝑒

𝐶𝑒
        

     ∆𝐻𝑜 =  ∆𝐺𝑜 + 𝑇∆𝑆𝑜                                                                                                                                                                                                               

R is worldwide gas 

constant (8.314 J/mol 

K), T is absolute 

temperature (Kelvin) 

and Kd is the coefficient 

of distribution (L/g), qe 

is adsorption capacity 

(mg/g), Ce is the final 

concentration (mg/L) 

lnKd vs1/T 

 

Source: Adapted from (Jiaping, 2012; Metcalf and Eddy, 2003). 
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2.13.2 Adsorption Kinetic Models 

The adsorption equilibrium for most porous adsorbents is not attained instantaneously. 

The mass transfer resistance is known to constrain the mass transfer from solution to 

adsorbent surface. This ultimately determines the equilibrium time. This time progress 

of an adsorption process is referred to as the adsorption kinetics.  

Adsorption rate is typically restricted by diffusion processes near the exterior 

adsorbent surface and inside the permeable adsorbent particles. Inquiries into the 

adsorption kinetics are essential to explain the rate-limiting mass transfer mechanisms 

and to appraise the typical mass transfer factors. The mass transfer factors and the 

equilibrium data are indispensable inputs necessary for ascertaining the requisite 

reaction times in slurry contactors and fixed-bed adsorber designs (Jiaping, 2012).. 

Although diffusion/mechanistic models were previously seen too be more appropriate 

in the description of the adsorption process kinetics, presently, the simple reaction 

based kinetic models have been adopted and successfully utilized in this regard. Based 

on the foregoing, the current work seeks to basically highlight on some of the 

diffusion/mechanistic as well as the reaction-based kinetic models useful in the 

description of adsorption process. In this case, only the linear forms of such models are 

presented as shown in Table 2.5. Typical representations of reaction-based adsorption 

kinetic models according to the first and second order equations are as shown in 

equations 2.6 and 2.7 respectively. While that for the diffusion/mechanistic model is 

shown in equation 2.8 (Metcalf and Eddy, 2003).. 

𝑑𝑞

𝑑𝑡
=  𝑘1(𝑞𝑒𝑞 − 𝑞)                  (2.6) 

𝑑𝑞

𝑑𝑡
=  𝑘2(𝑞𝑒𝑞 − 𝑞)2                  (2.7) 

𝑑𝑞

𝑑𝑡
=  𝑘𝑠

∗(𝑞𝑒𝑞 − 𝑞)                  (2.8) 

Where k1 and k2 are the 1st and 2nd order kinetic constants respectively and 𝑘𝑠
∗ is the 

mass transfer coefficient. 

2.13.4 Thermodynamic Models 

Thermodynamic models are useful for describing the energy evolvement and type of 

the adsorption system. The models are useful in the design of effective batch and fixed 
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bed adsorption systems. They are mathematically stated according to the Vant Hoff 

equations as depicted in Table 2.5 above. 

2.13.5 Design of Batch Adsorption Systems 

Different process configurations and reactors are used in most batch adsorption 

designs. The choice of technology is positively inclined to the particle size of the 

chosen adsorbent(s). Succinctly, when powdered adsorbents are chosen, a batch/slurry 

adsorber is most suitable for design. On the other hand, granular adsorbents are better 

designed with fixed bed adsorber. Small particle-sized adsorbents like powdered 

activated carbon (PAC) are advantageous from the kinetic point of view because with 

them, the rate of adsorption is high and rapid and as such the contact times are shorter. 

Secondly, they are easier to deploy as compared to the fixed bed systems. However, 

PAC cannot be deployed in fixed bed systems because of the likely excessive increase 

in flow resistance that would be experienced. The most significant disadvantages of 

batch/slurry adsorption systems are that, firstly, the amount of adsorbent required to 

achieve a target treatment performance is higher and secondly, an additional filtration 

or flocculation stage is needed to separate the adsorbent from the liquid phase, which 

may give rise to additional costs. Irrespective of the foregoing, The batch asorption 

system is adopted over the fixed bed system in the current study owing to the singular 

advantage of simplicity and ease of deployment (Ozacar and Sengil, 2006; Bhatia, 

2009). 

Batch adsorption systems could be deployed such that the adsorbent (PAC) is 

constantly in contact with adsorbate solution until equilibrium is attained. Thus for a 

single solute solution, the batch adsorption system design is quite simple and involves 

just the combination of material balance and isotherm equation as given in equation 

2.9 (Salman and Hussein, 2014). 

𝑚𝐴(𝑞𝑒𝑞 −  𝑞𝑜) =  𝑉𝐿(𝐶𝑜 −  𝐶𝑒𝑞)               (2.9) 

Where, 𝑚𝐴 is the quantity of adsorbent added, 𝑞𝑒𝑞 and 𝑞𝑜 are the equilibrium and 

opening adsorbed amount, 𝑉𝐿is the solution volume, 𝐶𝑜 and 𝐶𝑒𝑞 are the adsorbate 

concentration at the initial and equilibrium stages respectively. 
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2.14 Global Fluoride Distribution in Groundwater and Health Concerns  

Heightened amounts of F- past the safe boundary of 1.5 mg/L in potable water are 

responsible for fluorosis-related ailments in humans. Such high amounts have been 

documented to occur in several countries and parts of the globe. Similarly, reduced F- 

amounts lower than the stipulated relevant dose of 0.50 mg/L that encourages dental 

caries has also been documented in literature across the globe. Based on the foregoing, 

fluoride content of drinking water is normally seen as a double-edged sword and as 

such it is imperative to monitor drinking water sources in order to maintain the safe 

limits for oral consumption. This study sought to review literatures published within 

the last decade (2011 – 2021) highlighting the concentration of F- in aquifer water and 

its linked human wellbeing risk potentials in the various continents of the world and a 

particular paragraph dedicated to such scenarios in Nigeria. 

In light of the above, high amounts of F- in aquifer water has been predominantly 

reported to occur in Asia, South America and Africa particularly in absolutely and 

partially dry environments, while moderate to low levels are documented in North 

America, Europe, Antarctica, and Oceania (Adeyeye et al., 2021; Islam and Mostapha, 

2021). Geogenic fluoride occurrence is largely associated with volcanic activity, 

presence of fumaric acids and availability of thermal water. Probable immediate 

pointers to raised fluoride concentration in aquifer water include; lowered calcium and 

magnesium content, raised sodium and bicarbonate concentrations, alkaline pH 

(Malago et al., 2017). However, Thole, (2013) cautioned that there could be some 

exceptions to this conditions in which high fluoride levels could be experienced in 

groundwater (Table 2.6). 

Furthermore, Islam and Mostafa (2021) asserted that on a global scale, children are 

more prone to risk (78 %) of ailments related to excessive fluoride intakes as a result 

of the potable uses of fluoride loaded groundwater as compared to adults (22 %). 

Earlier, it was documented in 2015 that fluoride contamination and prevalence of 

fluorosis was endemic in over 25 countries of the world and that there are possibilities 

that more countries could join the league as geogenic activities, rising sea levels, 

desertification etc. continue to plague the globe (Babu et al., 2015).  

The thrust of this review therefore is to ascertain the latest trends for fluoride 

contamination of groundwater across the globe (mostly in developing countries in  
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Table 2.6: Global occurrence of Fluoride in groundwater and human health risk          

S/No Continent/Country/Location No of 

Sampled 

wells 

Fluoride 

Concentration 

Range (mg/L) 

Mean 

Fluoride 

Concentration 

(mg/L) 

Hazard Quotient (HQ) Remark Ref. 

Infant Chil

dre

n 

Teenagers Adults 

1. South America/ Mexico/ 

Lerma-Charpala Basin and 

valley of Mexico 

27 and 9 0.02 – 1.31 

and 0.29 – 

1.06 

0.30 ± 0.28 

and 0.51 ± 

0.31 

* * * * Low levels of 

fluoride 

pollution 

Valdez-

Alegria et 

al., (2019) 

2. Asia/ India/ Bihar district.  

63 

2.15 – 

 3.20 

2.64 ± 1.81  >1 >1 >1 High levels of 

fluoride 

pollution in 

groundwater 

Mridha et 

al., (2021) 

3. Asia/ India/Punjab district 76 0.60 – 5.07 * * 0.67 

– 

5.63 

* 0.29 – 

2.41 

High levels of 

fluoride 

pollution in 

groundwater 

Chetan and 

Suthar 

(2019) 

4. Asia/India/ Telangana state 105 0.50 – 3.50 * * 0.87 

– 

7.08 

* 1.17 – 

9.57 

High levels of 

fluoride 

pollution in 

groundwater 

Adimalla 

and Li 

(2019) 

5. Asia/India/Andhra Pradesh 123 0.4 – 5.80 * * * * * High levels of 

fluoride 

pollution in 

groundwater 

Adimalla et 

al., 2019 

6. Asia/Mongolia/Inner 

Mongolia 

30 0.07 – 7.70 2.51 ± 1.80 * * * * Moderate risk 

for fluoride 

contamination 

Nakazawa 

et al., 2020 

7. Asia/India/ Shanmuganadhi 

 

61 0.01 – 2.50 0.96  ± 0.70 * 0.07 

– 

7.66 

* 0.10 – 

5.67 

Moderate 

fluoride 

contamination 

and risk of 

fluorosis 

Kurunanidhi 

et al., 2019 
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8 Asia/China/ Loess Plateau 128 * 3.8 * > 1 * > 1 High level of 

fluoride in 

water and a 

high risk to 

children and 

adults 

Jia et al 

2019 

9 South 

America/Argentina/Santiago 

del Estero 

110 0.01 – 2.80 0.90 ± 0.60 * * * * Moderate 

fluoride 

contamination 

and risk of 

fluorosis 

Gomez et 

al., 2020 

10. South America/Argentina/Sla 

Ballenera catchment 

34 1.10 – 2.50 1.90 ± 0.71 * * * * Moderate 

fluoride 

contamination 

and risk of 

fluorosis 

Calvi et al., 

2016 

11 South America/Brazil, Sao 

Joao do Rio do Peixe 

111 0.11 – 9.33 1.64 ± 1.80 High Hig

h 

High High High fluoride 

contamination 

and risk of 

fluorosis 

De Souza et 

al., 2013 

12 Asia/Pakistan/River Swat 

Flood Plains 

53 0.7 – 6.4 1.65  ± 1.22 * * * * High risk of 

fluorosis 

Rashid et 

al., 2018 

13 Asia/China/ Yuncheng Basin 79 0.10 – 14.1 2.32  ± 1.74 * * * * High to 

moderate risk 

of fluorosis 

Liu et al., 

2020 

14. Africa/ Tanzania/Mt. Meru 65 1.50 – 84.0 24.1 ± 22.55# * * * * High levels of 

fluoride 

pollution in 

groundwater 

Makoba and 

Mazuka, 

2017 

15 Africa/Kenya/Nakuru County 32 0.5 – 72.0 11.08 ±  24.63 * * * * High levels of 

fluoride 

pollution in 

groundwater 

Gevera and 

Mouri, 2018 
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16 Africa/Kenya/Bomet County 58 * 4.37 ± 0.57 

and 4.51±0.50 

* * * * Moderate risk 

for fluoride 

contamination 

Mosonik, 

2015 

17 Africa/Ethiopia/Rift Valley 138 1.1 – 68.0 9.4  ± 10.5 >1 >1 >1 >1 Very high 

risk of 

fluorosis 

Rango et 

al., (2012) 

18 Africa/Ghana/North-Easthern 

Region 

88 0.05 – 13.29 3.26 ± 1.49 0.02 – 

4.43 

0.07 

– 

18.8

3 

0.03 – 8.86 0.03 – 

6.86 

Very high 

risk of 

fluorosis 

Sunkari et 

al., 2019 

19 Africa/Ghana/ Upper East 

Region 

64 0.11 – 4.27 * * > 1 > 1 > 1 Moderate risk 

of fluorosis 

Ganyaglo et 

al., 2019 

20 Africa/Ethiopia/ Southern Rift 29 0.2 - 5.60 2.1 ± 0.82 * 0.75 

– 

8.44 

* 0.27 – 

3.01 

0.34 – 

3.88  

High risk of 

fluorosis in 

children 

Haji et al., 

2021 

21 Nigeria/Gombe 

State/Kaltungo 

30 0.60 – 1.53 1.31 ± 0.08 * * * * Moderate 

fluoride 

contamination 

Danbature 

et al., 2014. 

22 Nigeria/ Borno State/ Chad 

formation aquifers 

127 0.00 – 9.00 * * * * * Moderate to 

high risk of 

fluorosis 

Bura et al., 

2018 

23 Nigeria/Gombe 

State/Kaltungo 

108 1.6 – 2.1 and 

1.5 – 1.7 

1.9 and 1.6# * * * * Moderate 

prevalence of 

dental 

fluorosis 

Malum et 

al., 2019 

24 Nigeria/Ogun State/Abeokuta 

South 

63 0.48 – 1.84 1.23  0.90 – 

3.02 

0.37 

– 

1.38 

0.21 – 1.03 0.28 – 

1.14 

Moderate risk 

of fluorosis 

Emenike et 

al., 2018a 

*not reported, #Mean fluoride concentration in hand dug wells 

Source: Author’s Survey (2021) 
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Asia, South America and Africa) and its related health risk effects on humans based on 

reliably documented literatures. For this purpose only cases reported in the last decade 

were considered in this review. 

Valdez-Alegria et al. (2019) gauged the longitudinal dispersal of F- in groundwater 

within the Lerma-Charpala Basin and valley of Mexico. It was asserted that fluoride 

contents of water in the studied vicinity reached 0.02 – 1.31 and 0.29 – 1.06 with mean 

values of 0.30 ± 0.28 and 0.51 ± 0.31 for Lerma-Charpala Basin and the valley of 

Mexico respectively. No work on human health risk assessment was reported, 

however, it was concluded that water obtained in the studied regional aquifers was safe 

for potable uses in relation to its fluoride content. 

Mridha et al. (2021) conducted an appraisal of groundwater pollution with fluoride in 

two regions of Bihar district in India. They reported a mean fluoride level of 2.64 ± 

1.81 mg/L which surpassed the WHO tolerable threshold of 1.5 mg/L. It was 

specifically reported that 91 and 48.1 % of groundwater trials surpassed the acceptable 

limit threshold (1.50 mg/L) in Rajuali and Banky Bazar regions of the district 

respectively. The authors concluded that a good number of the population in the 

district were already suffering from fluoride related ailments and that all age groups in 

the population risked developing dental or skeletal fluorosis with a hazard index 

greater than 1 (Table 2.6).  

Similarly, Chetan and Suthar (2019) undertook an assessment of fluoride adulteration 

in aquifer-derived water and its associated human wellbeing potentials on the 

population in 14 districts of Malwa region in Punjab, India. The researchers reported  

fluoride concentrations of 0.60 – 5.07 mg/L and asserted that several samples out of 

the total 76 surpassed the Indian allowable maximum of 1.0 mg/L. Additionally, the 

hazard quotient due to raised up fluoride contents in the water was estimated to be 0.29 

– 2.41 for adults and 0.67 – 5.63 for children and concluded that the population 

residing in the area who secure their drinking water from groundwater sources were 

liable to develop fluoride-linked ailments like fluorosis and brain damage. The 

deployment of cost-effective technologies for groundwater defluoridation at source 

before its consumption was recommended for the study area. 

Earlier, Adimalla and Li. (2019) examined fluoride and other ionic concentrations of 

groundwater in the mineral-dominated and partially dry area in Telangana municipal of 
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India. The water in the district was predominantly alkaline and was of the Ca∙Mg–

HCO3 and Na–HCO3 types. It was further reported that fluoride concentrations ranged 

between 0.5 – 3.50 mg/L in which around 48 % of the 105 trials had values that 

surpassed the postulated extreme boundary of 1.5 mg/L. The eastward sections of the 

studied location were recounted as having upper amounts of F- in groundwater. With 

regard to risk posed to humans, it was observed that the total hazard index were 0.87 – 

7.08 and 1.17 – 9.57 for adults and children respectively. It was concluded that water 

rock interactions were the major causes of fluoride enrichment of groundwater in the 

area and recommended the use of contaminant filters and the adoption of rainwater 

harvesting techniques to lessen the risk of compromised wellbeing in the populations 

residing in those locations. 

Similarly, F- amounts of 0.4 – 5.8 mg/L were documented in the rural portions of 

Andhra, Pradesh, India by Adimalla et al. (2019). No human health risk analyses were 

conducted; however a high prevalence of fluorosis already existing among the studied 

population was documented. It was also documented that the aquifer content was 

alkaline in nature with a pH range of 7.18 – 9.32 which favoured the dispersion of 

fluoride into groundwater. Furthermore, the water samples were predominantly of the 

Na+-HCO3
- and Ca2+-HCO3

- type and fluoride concentration were higher in the regions 

with the Na+-HCO3
- of groundwater. F- was affirmatively associated with pH and 

HCO3
- and was negatively correlated with Ca2+ and NO3

-. The authors concluded that 

water-rock interaction was the main mechanisms for fluoride enrichment in 

groundwater. 

Nakazawa et al. (2020) examined the quality of groundwater, surface water and tap 

water used for drinking purposes in Inner Mongolia. It was asserted that ground water 

was largely polluted with regards to fluoride (0.07 – 7.70 mg/L) and arsenic (0.31 – 

47.0 µg /L). To avert the risk associated with the consumption of high fluoride bearing 

water, the use of snow as an alternative potable water source in the region and most 

specifically in the winter periods was recommended.  

Kurunanidhi et al. (2019) carried out an assessment of fluoride concentrations and 

human wellbeing hazards analysis related to the intake of groundwater in the 

Shanmuganadhi watershed in Southwards of India. A total of 61 trials were made from 

sampled groundwater, which were analysed for various physical and chemical 
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variables including fluoride. Findings revealed that 23 % of the trials had F- levels that 

surpassed the tolerable maximum (1.5 mg/L). Furthermore, it was reported that the HQ 

for risk of fluorosis was 0.07 – 7.66 and 0.1 – 5.67 for children and adults 

correspondingly, and over 80 % of sampled water were observed to surpass the 

allowable HQ limit of 1. In conclusion, the authors pointed that children in the area 

were at a higher risk of developing fluorosis as compared to the adults. 

In Argentina, Gomez et al. (2020) assessed fluoride levels in ground water in the 

Santiago del Estero Province. Altogether, 110 samples were obtained from 23 diverse 

points in the study location and analysed for its physicochemical properties. Results 

indicated that the samples had moderate fluoride contamination ranging from 0.01 – 

2.80 with a mean value of 0.90 ± 0.60 for combined sampling campaign covering both 

the waterless and rainy periods. It was further asserted that fluoride concentrations in 

the water surpassed the National permissible threshold of 1.00 mg/L in approximately 

51 % of trials. PCA and HCA were found to be useful tools in providing understanding 

about the state and mechanisms of contamination of the studied samples.  

Similarly, another research group (Calvi et al., 2016) considered the fluoride 

concentration in groundwater around the La Ballenera catchment in South-Easthern 

Argentina and reported that fluoride concentration ranged from 1.10 – 2.50 mg/L 

(mean = 1.90 mg/L). It was asserted that the water was of the Na-HCO3 type, having a 

mean pH value of 8 and concluded that the differences in the F- levels of the water 

were as a result of the geological, geomorphological and the geochemical factors in the 

catchment. 

de Souza et al. (2013) undertook a groundwater quality assessment in partially-dry 

area in northwards of Brazil. In all, about 110 trials were made from various 

groundwater sourced in the area for ascertaining the physico-chemical compositions 

and variations. It was reported that F- contents were in the range of 0.11 - 9.33 mg/L 

and around 30 % of trials surpassed the safe extreme of 1.50 mg/L. Similarly, 12 % of 

the samples had calcium to fluoride ratio that was suitable for the inhibition of dental 

caries, while there was a minimal risk of fluorosis in this population. However, based 

on a mapping of fluoride distribution in the area, it was reported that about 2465 and 

1057 persons had heightened tendencies of portraying symptoms of teeth and skeleton 
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fluorosis separately. It was thus concluded that majority of drinking water sources 

were unsafe for such purposes in the study area. 

Ranasinghe et al. (2019) gauged the longitudinal spread of fluoride content in 

groundwater and the populace that risked having dental caries and fluorosis in Sri-

Lanka using the spatial mapping approach. It was found that 12 % of children below 

the age of 12 years could suffer from fluorosis, while more than 84 % of the 

population that lived in the areas with low fluoride levels in groundwater could suffer 

tooth decay (dental caries). It was concluded that the spatial approach was useful for 

controlling inherent fluorosis in the region. 

In Pakistan, Rashid et al. (2018) assessed the prevalence of fluoride in underground 

aquifers in the vicinity of a fluorite excavating region in the inundation savannahs of 

River Swat. An aggregate of 53 samples were acquired from superficial, mid and 

subterranean aquifers in the region and tested for its fluoride and other physico-

chemical compositions using standard procedures. F-concentration in the samples were 

0.70 – 6.40 mg/L (mean = 1.65 mg/L) and about 64 % of the total trials were found to 

have fluoride concentrations that surpassed the threshold limit (1.50 mg/L). 

Predominantly, the water was of the NaHCO3 type. The Dean's classification method 

proved that most of the water was unsuitable for potable uses. It was concluded that 

fluorite-bearing rocks had strong influence on the spread of fluoride-related ailments in 

the area and rock weathering (granite and gneisses) as well as dissolved silicate 

materials and ion exchange were responsible for the poor quality of the water 

especially with regards to its fluoride levels. 

Similarly, Liu et al. (2020) explored the processes controlling fluoride enrichment in 

groundwater using Principal Component Analysis (PCA) in the Yuncheng Basin in 

China. The authors reported low – high amounts of F- in the shallow groundwater of 

the various regions considered. Multivariate statistics were deployed to trace fluoride 

origin. The authors asserted that numerous hydro-chemical processes including 

weathering and evaporation controlled groundwater fluoride enrichment in the area. 
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Figure 2.2: Incidence of Fluoride in Groundwater in Africa 

Source: Malago et al. (2017) 
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It was concluded that groundwater sourced from shallow aquifers presented very high 

risk of fluorosis to the population. 

Again, in China, Jia et al. (2019), investigated the fluoride hydro-geochemistry of 

groundwater around the southwards end of the Loess plateau. It was observed that 64.0 

% of the studied water had fluoride concentration that exceeded the allowable 

threshold. The authors asserted that groundwater enrichment with fluoride was mainly 

dependent on the dissolution of fluoride-containing minerals, alkalinity of the water 

which promotes rock-water interface and ion exchange by calcium removal processes. 

Human health risk (HQ) for children and adults were reported to be > 1 in 94 and 60 % 

of the samples respectively. Popularization of fluoride removal techniques and the 

optimization of water supply strategies by relevant bodies in the area were highly 

recommended. 

In Africa, excessive groundwater F- contents are documented in countries such as the 

East African Valley, Ethiopia, Ghana, Nigeria, Tanzania, Sudan, Uganda, Kenya, 

Malawi, Algeria and South Africa (Fawell et al., 2006: Thole, 2013). Very high levels 

(2 – 9 mg/L) are reported around the Eastern Africa (Figure 2.2) including Kenya  and 

Tanzania, high levels (1.5 – 2 mg/L) around West and North Africa including Nigeria, 

Tunisia and Algeria, moderate levels (1.1 – 1.5 mg/L) in Sudan and Ghana and low  

levels (0.4 – 1 mg/L) in Southern Africa. Specific countries scenarios for groundwater 

contamination in Africa are presented in the subsequent paragraphs. 

Rango et al. (2012) evaluated the quality of groundwater and the pervasiveness of 

teeth fluorosis in countryside occupants of the main Ethiopian Rift valley. Extremely 

raised intensities of F- in shallow groundwater (1.1 – 68 mg/L) with an average 

quantity per unit volume of 9.4 ± 11.5 mg/L were reported. It was also confirmed that 

extreme F- contents were obtained in samples with alkaline pH, high salinity, high Na+, 

HCO3
-, and SiO2 contents with a corresponding reduction in Ca2+ contents. Signs of 

dental fluorosis in all individuals between the ages of 7 – 40 years in the area were also 

found.  

Makoba and Mazuka (2017) evaluated the features of undergroundwater in the vicinity 

of Mt Meru in Northwards Tanzania.It was asserted that fluoride (mean concentration 

17.6 mg/L) was the major naturally occurring inorganic contaminant bedeviling water 
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quality for domestic use in the area, while the raised Na+, potassium and HCO3
- 

contents in the water were the limiting factors for irrigation. 

Similarly, Gevera and Mouri (2018) assessed the natural occurrence of fluoride as a 

potential harmful contaminant in groundwater around Nakuru-County, Rift Valley, 

Kenya. It was observed that out of the 32 samples collected from borehole sources; a 

total of over 86 % had fluoride concentrations surpassing the safe maximum (1.5 

mg/L). F-contents were reported to range between 0.5 – 72 mg/L (mean = 11.08 mg/L) 

and showed resilient affirmative correlations with the main physicochemical variables 

and a damaging relationship with ca2+. In conclusion, the authors asserted that the 

buildup of liquefied solids in the water bearing rocks and evaporative fortifications as a 

result of raised heat levels were responsible for the heightened fluoride contents in 

groundwater.  

Mosonik (2015) also undertook the valuation of potable water bases in the low-lying 

areas of Bomet County, Kenya. High mean levels of fluoride (4.37 ± 0.57) in the rainy 

term and 4.51±0.50 in the arid stint were reported. It was concluded that residents of 

the area were highly probable of manifesting signs of fluorosis if their groundwater 

intake patterns were not checked. 

Sunkari et al. (2019) evaluated the incidence, wellbeing risk and ecological modes of 

F- enrichment in groundwater in a Northeastern region in Ghana. A total of 88 samples 

were retrieved from functional boreholes which served as foremost cradle of drinking 

water for the inhabitants and analysed for its hydrogeochemical parameters with a 

special focus on its fluoride levels. Findings revealed that the grology of the region 

comprised shale, sandstones, mudstones and carbonate-bearing rocks of the 

Oti/Pendjari Group. It was found that the groundwater was largely alkaline and of the 

Na-HCO3 type. F-contents were 0.05 - 13.29 mg/L (mean = 3.26 mg/L) with 70 % of 

trials having F- values higher than the tolerable threshold.  The authors also asserted 

that children stood a higher chance of manifesting fluorosis (HQ: 0.07 – 18.83) as 

compared to infants (HQ: 0.02 – 4.43), teenager (HQ: 0.03 – 8.86) and adults (HQ: 

0.03 – 6.86) and concluded that the pH, rock-water interface, evaporation, dissolved 

minerals, precipitations, intense weathering and contributions from human 

undertakings including those from industrial releases and home-based sewage were 

some of the mechanisms of fluoride enrichment in the water. Complete defluoridation 
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of the water to avert the threat ascribed to high fluoride contents was strongly 

advocated. 

Similarly, Ganyaglo et al. (2019) investigated groundwater pollution with respect to F- 

and the probabilistic health risk to humans in a Ghanaian province using the Mont-

Carlo simulation technique. It was reported that 27.27 and 15.38 % of the studied 

water contained excessive F- amounts in the Bongo and Kassena Nankana West 

districts respectively. Furthermore, they posited that the non-cancer risk connected 

with the ingestion of F- showed a mean Hazard Quotient (HQ) > 1 for children in both 

areas suggesting possible wellbeing risk to this population.  

Haji et al. (2021) overhauled the quality of potable water in the Bilate watershed, 

southwards of the Ethiopian Rift Valley using multivariate techniques. About 29 

samples of groundwater were randomly obtained from dug wells and tested for its 

physical and chemical parameters with a focus on F- concentrations and related risk to 

human well-being. It was observed that 59 % of the studied water displayed F- 

concentrations in exceedance of the tolerable benchmark value. F- Contents varied 

from 0.20 to 5.60 mg/L (average = 2.1 mg/L). Similarly, sodium and HCO3
- were the 

major ions controlling the water chemical interactions in the study area. Well-being 

risk analyses revealed that the HQ was 0.75 – 8.44, 0.34 – 3.84, 0.27 – 3.01 for kids, 

adult females and adult males separately. Rock-water interfaces were the dominant 

mechanism governing groundwater chemical compositions in the region. 

In Nigeria, several studies have revealed the incidence of F- ions at elevated levels in 

undergroundwater which is mostly sort as a major potable water source in the country. 

Several studies have also indicated the occurrence of dental and skeletal fluorosis in 

Nigeria as well as an alarming potential risk to human wellbeing linked with the intake 

fluoride-rich water. These studies cut across the northern and southern parts of Nigeria, 

thus making groundwater pollution with F- an important national issue.  

For instance, Danbature et al. (2014) undertook a bill of undergroundwater fluoride 

concentration in Kaltungo area of Gombe state. On the whole, about 30 groundwater 

samples were retrieved from four separate settlements within the region and tested for 

its F- concentrations. Fluoride concentrations that varied from 0.6 – 1.53, an alarming 

dominance of fluoritic disease conditions with an increased level of bone fracture due 
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to reduced bone strengths in the resident  was reported. The foregoing observations 

were ascribed to the unwholesome intake of F--ladened groundwater. 

Similarly, Bura et al. (2018) undertook a survey of the incidence and spread of F- in 

aquifer water within the Chad founding aquifers in Borno state, North-Eastern, 

Nigeria. An aggregate of 127 water trials were obtained from boreholes and shallow 

wells, then subjected to physico-chemical characterization with a special focus on 

fluoride concentrations. It was found that F- contents in the samples were within the 

safe limit in the upper zone aquifer except for one sample that had an elevated fluoride 

amount of 1.8 mg/L. In the mid and lower zone aquifers, it was found that fluoride 

concentrations were as high as 4.6 - 9.0 mg/L. It was further asserted that there was 

evidence of teeth and skeleton-related fluoride effects especially in the New Marte 

settlement where the highest fluoride concentration (9.0 mg/L) was recorded. The 

authors concluded that the raised F- amounts in the trials was influenced by its alkaline 

nature, moderate EC, and leaching from confined clay layers, long residence time and 

high temperature. 

Similarly, Malum et al. (2019) assessed the temporal spread of F- in groundwater 

within the Kaltungo area in Gombe state, northern-Nigeria. Water trials were obtained 

from shallow wells and boreholes for duration of 12 consecutive months giving rise to 

a total of 108 samples. The samples were analysed for its physical and chemical 

features with a special focus on F- concentrations. The researchers documented that F- 

concentrations were 1.6 - 2.1 mg/L (mean = 1.9 mg/L) in the samples from the hand 

dug wells and from 1.5 - 1.7 mg/L (mean = 1.6 mg/L) in the borehole samples.  

It was concluded that the high F- amounts in the groundwater of Kaltungo town is 

responsible for teeth mottling among the people and recommended that a central water 

treatment plant be installed in the area to reduce high fluoride content before pumping 

the water for public consumption. 

Emenike et al. (2018a) assessed the ionic and fluoride concentration of groundwater 

obtained from 21 locations in Abeokuta South, Ogun State, southwards, Nigeria. It was 

perceived that F- concentrations in the samples (n = 63) was strongly and positively 

correlated with pH and TDS. Furthermore, the authors found fluoride concentrations of 

0.48 - 1.84 mg/L with 33 % of the samples violating the recommended limits. The 

authors adopted the HQ approach to ascertain the dangers of human wellbeing linked 
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with fluoride contact through the dermal and oral routes. Findings showed that HQ for 

infants (6–12 months) in over 91% of the studied locations exceeded the allowable 

threshold (<1). Conversely, the HQ for the other populations (11–16 years, > 65years, 

18–21 years, 21 years, 16 –18 years) were greater than 1 in 95.2, 90.5, 80.95 and 100 

% of the locations considered respectively.  It was concluded that the HQ established 

in their work could provide preliminary knowledge for water governance, policy, and 

the larger society headed for averting or controlling such contamination problems 

(Table 2.6). 

2.15 Empirical Review of Technologies for Fluoride Removal in Water 

Globally, the main technologies for fluoride removal in water are reverse osmosis, ion 

exchange, electrodialysis, coagulation/precipitation and adsorption (Loganathan et al., 

2013; Vithanage and Bhattacharya, 2015: Kumar et al., 2019). These methods 

especially adsorption employing several different adsorbent materials have been 

conveniently and successfully used by several researchers across the globe for 

treatment of high fluoride levels in groundwater sources meant for drinking. This work 

focused mainly on the adsorption technologies used for water defluoridation.  

According to Kumar et al. (2019), several adsorbents have been tested for their 

effectiveness in groundwater defluoridation with a special focus on the affordability 

and efficiency. Some of the tested adsorbents include: Activated alumina, modified 

activated alumina, nano-composites, nano-sorbents, iron-based adsorbents, activated 

carbons, bio-sorbents, agro-biomass-based sorbents, industrial waste-based sorbents, 

metal oxide functionalized materials etc. Most defluoridation techniques are associated 

with high costs and secondary pollution issues which make them less attractive.  

Several authors have elaborated on the various techniques for water defluoridation 

(Yadav et al., 2019) and hypothesized that coagulation was the most popular 

defluoridation method but was limited by the poor and unsatisfactory fluoride removal 

performance (Ayoob et al., 2008). Membrane-based procedures comprising reverse 

osmosis and electrochemical processes such as electro-dialysis for fluoride removal in 

water are associated with prohibitive cost implications and skilled manpower 

requirements which limit its adoption in most climes. Therefore, of the several 

defluoridation technologies, adsorption seems to hold great potentials for adoption and 

wide utilization due to its cheap and easy mode of operation (Mohammed et al., 2018). 
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However, one promising endeavor for a wide adoption of the technique is the need for 

synthesis of locally available, efficient and affordable adsorbents for fluoride 

abstraction in aqueous media. Fig. 2.3 is an abridged symbolic representation of the 

various techniques used for fluoride exclusion in water (Kumar et al., 2019), while 

Fig. 2.4 illustrates some of the mechanisms involved during fluoride adsorption from 

aqueous media. Table 2.7 shows a summative comparison of the most recent and 

widely used defluoridation techniques. 

 

2.15.1 Carbon-Based Adsorbents, Composites and Bio-sorbents  

Activated carbons (ACs) are promising candidates for water treatment because of the 

raised carbon content, porosity and huge surface area they poses. ACs can be 

synthesized from both natural and biomass materials, they can also be further 

functionalized for specific application by coating its surface with metallic oxides or 

their nano-forms. Similarly, unmodified biomass and micro-organisms could also be 

used as bio-sorbents for environmental remediation. Based on the foregoing, AC 

obtained from coal, biomass-based AC, AC composites and bio-sorbents have 

beenwidely synthesized and studied by various researchers for abstraction of F- in 

water using batch adsorption techniques.  

Notably, Rajkumar et al. (2019) used thermally treated (300 - 700 °C) carbon derived 

from cow dung (CDC) for F- abstraction from synthetic fluoridated water. The CDC 

was characterized by SEM, EDX, BET and FTIR techniques, where the material 

carbonized at 500 oC was selected and used for fluoride adsorption experiments. 

Optimum F- removal capability of 15.5 mg/g was reported at pH 7.25, while removal 

efficiency of 80 % was also achieved. Fluoride adsorption was suitably represented by 

the Freundlich, PSO and intra-particle diffusion models. Presence of HCO3 was 

observed to most significantly retard the process efficiency. Regeneration of the  
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Figure 2.3: Techniques for Fluoride Removal in Water 

Source: Kumar et al. (2019). 
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Figure 2.4: Mechanisms for Fluoride Removal from Water by Adsorption  

         Technique 

Source: Kumar et al. (2019). 
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Table 2.7 Comparison of Various Technologies for Fluoride Removal in Water 

Technology Advantages Disadvantages 

Coagulation/Precipitation Extensively utilized, high 

efficiency, commercially 

available technique 

Costly as a result of huge 

chemical requirements. 

Effectiveness is pH-

dependent and competing 

ion could also retard 

efficiency. Tiresome due to 

pH adjustments 

requirements. Sludge 

disposal issues are eminent. 

Not suitable for water with 

low F- levels (< 5 mg/L). 

Membrane processes: reverse 

osmosis, nano-filtration 

Highly efficient, eliminate 

other contaminants. No 

chemicals required. 

Prohibitive initial and 

running costs due to huge 

energy and maintenance 

requirements. Disposal 

problems related to 

concentrates generated. It is 

not selective. May be pH 

dependent and unattractive. 

Associated with fouling, 

clogging and scaling 

problems.  

Electrochemical treatments: 

dialysis, Electrodialysis 

High efficiency and 

selectivity. No chemical 

required. No waste 

production 

High cost during installation, 

operation (energy) and 

maintenance. Not selective. 

Requires skilled man-power. 

Issues of polarization. 

Ion exchange Highly efficient, simple and 

flexible design. 

Expensive due to the resins. 

Competing ions retard 

removal efficiency of target 

pollutant. Regeneration or 

replacement of exhausted 

media leads to secondary 

pollution problems. Process 

depends on pH.  

Adsorption Affordable, available and 

simple to design and 

operate.  

High efficiency often 

demands adjustment and 

readjustment of pH. 

Interferences of competing 

ions. Issues connected with 

exhausted adsorbent 

replacement or regeneration 

including disposal issues.  

Source: Halla et al. (2015) 
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exhausted media was found to be possible by soaking the fluoride loaded adsorbent in 

alkaline solution made using NaOH. Fluoride removal mechanism was controlled by 

outer surface complexation. The authors concluded the richness of the grasses 

consumed by the ruminants (cow) in essential cations which also remained inherent in 

the dungs were responsible for the high F- scavenging prowess of CDC and as such 

CDC could be effectively deployed for fluoride containments in rural environments. 

In a separate work, byproducts (chars) of the rapid heat-treated (400 - 450 °C) pine 

wood (PW) and pine bark (PB) were obtained by Mohan et al. (2012), checked for its 

inherent features and applied as adsorbent for fluoride containment in water. 

Temperature, pH and dosage were varied during the batch empirical studies. The 

highest F- uptake capability (7.66 and 9.77 mg/g for PW and PB respectively) was 

noticed at pH 2 and heat treatment (25 °C), while equilibrium was reached after 48 h at 

a dosage of 10 g/L. The kinetic data obtained fitted excellently with the PSO model. 

Fluoride sorption on the sorbents was noticed to hike with a hike in its initial 

concentration (1 – 100 mg/L) and decreased with rising temperatures. The steadiness 

single temperature data was suitably represented by the Langmuir and Toth models for 

PW and PB adsorbents respectively. It was concluded that F- adsorption on the 

adsorbents was higher than conventional AC with larger BET surface area and that the 

underlying process mechanisms were ion exchange and metal precipitation. 

Similarly, Mondal and Kundu (2016) investigated fluoride uptake onto lichen and Ca-

loaded lichen using batch adsorption systems. The operational factors including 

rotating speed, dosage, pH, initial F- concentration, particulate size and temperature 

were influential to the extent of F- uptake by the adsorbents. The rate kinetics was 

modeled using PFO, PSO and intra-particle diffusion models. SEM technique was 

helpful in understanding the superficial make-up of the materials. The bio-sorption 

studies evidenced that the Ca-loaded lichen removed more fluoride (78.3 %) at pH 6. 

The adsorption figures complied with the Langmuir model for each bio-sorbent with a 

supreme capability of 0.81 and 1.72 mg/g for lichen and Ca-loaded lichen respectively. 

The adsorption rate followed the PSO model. The mechanism for fluoride adsorption 

on Ca-treated lichen proposed to be electrostatic attraction. Regeneration of the 

adsorbent was feasible using NaOH solution. The Ca-treated lichen was effective in 

lowering the fluoride contents of groundwater obtained from two villages below the 

stipulated safe limits. 
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Also recently, Yihunu et al. (2020) utilized Eragrostis tef as starting material to 

synthesize two new adsorbents viz: activated biochar (BTS) and hydrochar (HTS) for 

F- sequestration in water. The activated biochar produced through heat treatment of the 

precursor was established to be meso-porous with a huge superficial area of 627.71 

m2/g, while the hydrochar was produced through an acid-enhanced hydrothermal 

carbonization procedure. Both adsorbent materials exhibited enormous fluoride 

removal abilities at process conditions of 2, 120 minutes and 200 rpm for pH, 

interaction time and rotation speed respectively. The process was seen to be 

thermodynamically exothermic with the empirical data connoting the Freundlich and 

Langmuir isotherms for the BTS and HTS respectively. The highest monolayer uptake 

capabilities were 212 and 88.70 mg/g for BTS and HTs separately.  The superior 

superficial area of BTS was concluded as being responsible for its better performance 

in F- removal in water.  

Cai et al., (2016) synthesized a cheap and efficacious ball-milled tea powder bio-

sorbent, packed with zirconium (UTP-Zr) for F- sequestration in potable water. The 

features of the prepared bio-sorbent were scrutinized using advanced material 

characterization techniques, including, FTIR, BET, SEM, XRD, XPS etc. The effects 

of bio-sorbent amount, interaction time, pH, starting F- content and competing ions 

were studied experimentally.  The pH (3 – 10) did not affect the F- uptake efficiency of 

UTP-Zr and was able to remove fluoride to insignificant levels (0.01 mg/L) in water. 

The empirical data was well represented by the Langmuir ideal with a supreme 

capability of 12.43 mg/g at 25 °C. The PSO model was appropriate for recounting the 

adsorption rates. They posited that UTP-based bio-sorbents was valuable and benign 

for F- uptake in potable water. 

Suneetha et al. (2015) prepared an AC (NVNC) using Vitex negundo bark as precursor 

and nitric acid as stimulating agent and explored its fluoride uptake potentials in water. 

The highest F- uptake percent was noticed at neutral pH (7.0), adsorbent amount: 4.0 

g/L; interaction time: 50 minutes, Particulate size: 45μm and temperature: 30 ± 1°C. 

The experimental figures were sufficiently collaborated with the Langmuir and 

Freundlich ideals. The rate was controlled by the PSO dynamic ideal. Phosphate and 

bicarbonate were the most influential competing anions towards fluoride adsorption by 

NVNC. They concluded that NVNC was efficient in sequestrating F- in water. 
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In another study, Sahu et al. (2021) probed the efficacy of a magnetic activated 

carbon composite of Pisum sativum peel origin for fluoride uptake in water. The 

adsorbent was synthesized at a temperature of 500 °C and characterized for its 

surface morphology and functionality. Batch-mode adsorption performance showed 

that the composite’s highest F- uptake capacity was 4.71 mg/g, achieving also a 

removal efficiency of up to 100 % at pH of 2. The empirical data obtained was 

adequately explained by the Freundlich and the PSO models (R2 = 0.995 – 0.975). 

The process mechanisms were complex and explained as complexation, hydrogen 

bonding, electrostatic attraction and ion exchange.  

Earlier, Getachew et al. (2015) studied the ability banana peel and coffee husk as 

adsorbents for fluoride uptake in solution. These bio-sorbents were produced through 

heat treatment of the precursors to enhance the surface morphology and compositions. 

Best F- removal performance of the adsorbents was observed at pH 2 at a dosage of 96 

g/L and 13 hours interaction time for banana peel, while the best performance of coffee 

husk bio-sorbent were found at 2, 72 g/L, and 3 hours for pH, dosage and interaction 

time respectively. At the optimal process conditions, these bio-sorbents were found to 

remove up to 84 % of F- in actual water samples obtained from different industries 

having initial F- concentrations ranging from 6.72 – 12.54 mg/L. The uptake statistics 

were soundly described using the Langmuir and PSO models. Based on the smaller 

dosage involved and shorter time taken to equilibrate, the coffee husk derived bio-

sorbent was concluded to be a better material for F uptake in water as compared to 

banana peel.  

Almaraj and Pius (2017) investigated the viability of a cheap AC obtained from the 

wail of Morinda tinctoria and enhanced with Al2OH3-coatings for F- sequestration in 

aqueous media without pH regulations. IR, SEM/EDAX techniques were applied to 

scrutinize the morphology and functionality of the adsorbent prior to and after F- 

adsorption experiments. The fluoride uptake ability of the material was studied at 

varying process conditions (interaction time, dosage and F- concentration). The data 

obtained revealed enormous adsorption capacity of about 26.0 mg/g at pH 7 and the 

process was well represented by the Freundlich, intra-particle diffusion and the PSO 

models (Table 2.8). The influence of competing anions did not have significant 

hindrance to the F- uptake capacity of the new material.  
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S/N Adsorbent 

Class/Type 

Effectiv

e pH 

Range 

Maximum 

Adsorption 

Capacity 

(mg/g) 

Remova

l 

Efficien

cy (%) 

Influent

ial 

Competi

ng Ions 

Suitable 

Isotherm/Kinetic 

Models 

Regener

ation/ 

Reusabil

ity 

Removal Mechanisms Reference 

(a) Cow dung carbon 

(CDC) 

7.25 15.5 80.0 Bicarbon

ate 

Freundlich, PSO 

and Intra-particle 

diffusion 

NaOH Outer sphere surface 

complexation 

Rajkumar et al. 

(2019) 

(b) Pine wood and Pine 

bark chars 

2.0 7.66 and 9.77 NR None Langmuir, Toth 

and PSO 

ND Ion exchange and metal 

fluoride precipitation 

Mohan et al. 

(2012). 

(c) Ca-Treated Lichen 6.0 1.72 78.3 ND D – R, Langmuir 

and PSO 

NaOH Electrostatic attraction Mondal and 

Kundu (2016). 

 

(d) Teff straw Biochar 

(BTS) 

2.0 212.0 NR ND Freundlich and 

PSO 

NaOH Electostatic attraction 

and Ion exchange 

Yihunu et al. 

(2020) 

(e) zirconium(IV) 

loaded ultra-fine tea 

powder (UTP-Zr) 

3 – 10 12.43 NR Bicarbon

ate 

Langmuir and PSO NaOH up 

to 5 

cycles 

Chemisorption and 

Electrostatic attraction 

Cai et al. 

(2016) 

(f) Vitex negundo 

Activated carbon 

(NVNC) 

2 – 6 NR 97.0 Sulphate 

and 

Bicarbon

ate 

Langmuir, 

Freundlich and 

PSO 

ND Chemisorption Suneetha et al. 

(2015) 

(g) Magnetic activate 

carbon of Pisum 

sativum peel 

2.0 4.71 100 NR Freundlich and 

PSO 

ND Complexation, hydrogen 

bonding, ion exchange 

and electrostatic 

attraction 

Sahu et al. 

(2021) 

(h) Banana peel and 

coffee husk activate 

carbon 

2.0 0.395 and 

0,415 

NR ND Langmuir and PSO ND Chemisorption Getachew et 

al. (2015) 

(i) Morinda tinctoria 

bark coated with 

Al(OH)3 

7.0 26.03 ND Bicarbon

ate 

Freundlich, Intra-

particle diffusion 

and PSO 

ND Electrostatic attraction Almaraj and 

Pius (2017) 

Table 2.8: Activated Carbon, Composites and Bio-sorbents for Fluoride removal in Water 
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In another study, Inaniyan and Raychoudhury (2018) systematically investigated the 

suitability of a new cerium infused AC-composite for F- uptake in polluted 

groundwater. To accomplish the aim, firstly the authors made a number of 

groundwater tests to confirm fluoride contamination of the water from two separate 

regions in India. The foregoing was then followed up with F- batch adsorption tests 

utilizing the newly synthesized adsorbent material at varying process conditions and 

pH adjustments. The authors posited that the F- concentrations in the water samples 

had strong relationship with the water pH, alkalinity level and presence of sodium 

ions. Fluoride sorption capacity of the adsorbents was greatly retarded at high pH, 

CO3
2- and HCO3

- levels. The pH adjustment to the acidic range was found to favour 

fluoride uptake except for the problem of cerium leaching into solution which also 

relied on the working content of fluoride in the samples. A summary of activated 

carbon, bio-sorbent and composites used for water defluoridation is presented in 

Table 2.8. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Production and Characterization of RPSAC 

Table 3.1 highlights on the resources adopted for synthesis and descriptions of 

RPSAC ACRPSAC. Every chemical utilized in the research was of diagnostic quality. 

Table 3.2 further reveals the origin, manufacturers and intended use of all chemicals 

adopted in the current study.  

3.1.1 Experimental Background 

The emphasis of this work work was to ascertain the appropriateness or otherwise of 

RPSAC (synthesized via chemical activation route) for decontamination of fluoride 

laden potable water. The activating agent (phosphoric acid) used for the production of 

RPSAC was formulated in five separate concentrations as 20, 40, 60, 80 and 100%. 

3.1.2 Synthesis of Oxidizing/Activating Agent 

 Phosphoric acid (H3PO4) was utilized as the acidic oxidizing mediator. It was 

prepared in five different levels as stated above with the aid of distilled water (DW). 

To achieve this, 20, 40, 60 and 80 milliliters of H3PO4 were mixed with 80, 60, 40 and 

20 milliliters of DW to obtain 20, 40, 60 and 80 % by volume content of H3PO4. The 

oxidizing agent (H3PO4) was used without any dilution with DW to obtain a 

concentration of 100 %.  

3.1.3 Sample Collection and Preparation 

Raffia palm fruit bunches were obtained at Ugbema market in Buruku district, Benue 

state. The shells were retrieved from the fruits, washed and dried under the sun for 

seven days as shown in Plates 3.1(a-b) (Inyibour et al., 2017). After dehydration, the 

shells were ground to reduced particle sizes with the aid of a pestle and mortar and 

further kept in the sun for 3 hours to expel all dampness. They were then kept in the 

oven at 80 oC for 3 hours. The material was then sieved to obtain particles of 3 – 6mm 

and stored in air tight vessels for further empirical uses (Nwabanne, 2010). 
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Table 3.1: Constituents and Gadgets for Creation and Description of 

Adsorbents 

S/No Constituent/Gadget Depiction Quantity 

1 pH meter Elico pH meter-Model L1 – 120 1 

2 Crucibles 250ml capacity 10 

3 Adhesive - 2 

4 Measuring Beaker 250ml capacity 2 

5 Measuring cylinder 30ml capacity 5 

6 Sieves Sizes 6mm and 3mm, made by 

ENDECOTTS Ltd. 667924, 

London, England 

1 

7 Activating agent Phosphoric acid 4Litres 

8 Digital Weighing 

balance 

25kg capacity, Mettle Telode-

AB204 

1 

9 Raffia Palm Shells Freshly collected from local 

markets in Benue State 

20kg 

10 Furnace  Carbolite- Model GPC 

12/81+103, Max Temp. 

120000C, Sheffield, England 

1 

11 Oven Gallenkamp Oven, Made in 

Germany 

1 

12 Scanning Electron 

Microscope 

Phenom ProX 1 

13 Infrared spectrometer Agilent  Cary 630 FTIR 1 

14 Surface Area and 

Porosity Analyzer 

Quantachrome Novawin 

Version 11.0 

1 

15 X-Ray Powder 

Diffractometer 

Rigaku Mini Flex  1 

17 Vacuum Filter Model QF 120C 1 

18 Whatman Filter Paper  No 42 1 Pack 

19 Glass Column Set-up  1 

20 Stop-Watch  1 
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Table 3.2: List of Reagents, Suppliers and Intended Uses 

S/No Reagent Supplier Purpose 

1 Sodium Fluoride Guanzough JHD 

Chemical Co. 

Ltd., China 

Preparation of 

synthetic Fluoride 

solutions 

2 Aluminium Sulphate PVT. Ltd., India Coating of 

Adsorbents 

3 Sodium Hydroxide BDH, Dubai, UAE pH adjustment 

4 Hydrochloric Acid BDH, Dubai, UAE pH adjustment 

5 Palintest No. 1 Tablet Wagtech Ltd., U.K  Fluoride Test 

6 Palintest No.2 Tablet Wagtech Ltd., U.K Fluoride Test 

7 Sodium Chloride Guanzough JHD 

Chemical Co. 

Ltd., China 

Determination of 

pHpzc and 

preparation of 

chloride ion 

solutions 

8 Charcoal Activated carbon Loba Chemie Pvt. 

Ltd., India 

Fluoride 

Adsorption Test 

9 Potassium dihydrogen 

Phosphate 

BDH, , Dubai, 

UAE 

Preparation of 

phosphate ion 

solutions 

10 Sodium bicarbonate MERCK KGAA, 

Germany 

Preparation of 

bicarbonate ion 

solutions 

11 Anhydrous Sodium Sulphate Fisher Chemicals, 

Germany 

Preparation of 

sulphate ion 

solutions 

12 TISAB I Orion Group, 

Korea 

Buffering of 

Fluoride solution 
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Plate 3.1(a): Raffia Palm Fruits under Sun-drying     

 

 

Plate 3.1(b): Raffia Palm shells under sun-drying 
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The prepared material was later infused with different concentrations of the H3PO4 

activating agent (20, 40, 60, 80 and 100 %). To achieve this, 50 g of the as prepared 

precursor was measured and impregnated separately at activation ratios of 1:1, 1:2, 

1:3, 1:4 and 1:5. For the purpose of this work the ratios were convenience in the 

present work they were labeled as ratios 1, 2, 3, 4 and 5 mL/g respectively. The 

H3PO4 infused precursor was let to interact for 24 hours without heat treatment after 

which the mixture was clarified and dried in the room for 3 days.  The dried materials 

was then subjected to carbonization in a muffle furnace at varying temperature 

conditions (200 – 1000 °C) at intervals of 200 °C each at residence times ranging 

from 30 – 150 minutes.  

At the end of carbonization, the furnace was switched-off, allowed to cool and then 

the heat-treated materials were taken out and rinsed severally with DW to attain a 

neutral pH in the wash water.  The washed activated carbon was then oven heated at 

105 °C for 1 hour, pulverized to particle sizes of 0.85 - 2.0 mm (granular activated 

carbon) using a standard sieve 200 µm. The sieved material was designated as 

RPSAC and put in airtight vessels for continued empirical studies. Plates 3.3 - 3.5 

show some of the steps taken to produce RPSAC. 

3.1.4 Determination of Proximate Composition of Precursor 

Proximate content of the raffia palm shells precursor was done with a view to 

ascertain the initial features of the precursor. It was necessary to classify the shells in 

terms of its moisture content, volatile content, percentage ash and fixed carbon; a pre-

indication of the of the suitability or otherwise of a biomass derived precursor for AC 

synthesis. The inherent make-up of the starting material was determined in harmony 

with the approaches described by Alkali, (2016). 

A. Determination of Moisture Content (MC) 

A pre-determined amount of the precursor was weighed and its weight detailed as W1 

(g). It was then subjected to oven heat at 105 °C for 1 hour.  After heating, the 

material was subjected to cooling and final weight measurement. The weight obtained 

after cooling was designated as W2 (g). The MC was thereafter estimated from 

equation 3.1 (Kwaghger, 2012). 
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Plate 3.2(a): Pulverized Sieved Precursor    Plate 3.2(b): Weighing Balance and  

       Activation Process   

 

 

Plate 3.2(c): Phosphoric Acid-modified and Carbonized RPSAC in Preservation Bags 
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𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝑊1−𝑊2

𝑊1
× 100                                                   (3.1) 

 

B. Ash Content Estimates 

5g of the sample was evaluated and put on a ceramic receptacle and transmitted into a 

muffle furnace operated at 600 OC for 60 minutes in order to reduce mineralization. 

After the designated time, the content was retrieved from the heat chamber and left to 

remove heat in desiccators (Ogwuche, 2016).  The weight of the ash obtained was 

taken and the ash content estimated in accordance with equation 3.2. 

% Ash Content =

 
Wash

X g
 X 100 %                                                                                                                           (3.2)  

Where; Wash is the weight of ash (g) 

X g is the weight of material transferred to the furnace without heat. 

C. Determination of Volatile Matter (VM) 

The muffle furnace was kept at 600 °C before the precursor sample was transferred 

into it and allowed to heat for half an hour. The precursor was put in half sealed 

ceramic receptacle and the initial weight obtained before inserting it in the furnace. At 

the end of the heat treatment, the ceramic receptacle containing the precursor was 

taken out and allowed to cool in desiccators. Then the final weight of the material was 

determined and the weight difference noted. Thus the VM was estimated from 3.3 

(Leco, 2010). 

Volatile content =
W1−W2

W1
 X 100 %                (3.3) 

Where; W1 is weight of ceramic receptacle and sample (g) 

  W2 is weight of ceramic receptacle and the ash (g) 

D. Fixed Carbon Content (FCC) Estimates 

The FCC of the starting material was estimated using the expression below; 

100 – [Ash content + Volatile content + Moisture content] (Leco, 2010).    
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3.2   Physical Characteristics of RPSAC and ACRPSAC 

3.2.1 Moisture Content (MC) Estimates 

Effective moisture levels for CAC ranges from 3 – 10 %. Thus beyond this limits the 

quality and of course demand for CAC is diminished. Activated carbon usually take-

up moisture from the atmosphere when exposed to a humid environment over time. 

Such moisture absorptions could be as high as 20 – 35 % and yet display the AC to 

appear dry by mere observation (Alkali, 2016). To estimate the moisture content of 

the adsorbents, the initial weight of the material was recorded as W1 (g) using a digital 

weighing balance. Then it was subjected to heat in an oven at 110 °C for a 24 h 

duration after which its temperature was steadied with that of the room. Then the final 

weight of the adsorbent was again taken and designated as W2 (g).  The adsorbent MC 

was then estimated using eq. 3.4 for both RPSAC and ACRPSAC. 

% MC =
W1−W2

W1
 X 100 %                             (3.4) 

3.2.2 Determination of Ash Content 

The level of ash in the synthesized materials (RPSAC and ACRPSAC) RPSAC was 

ascertained following the ASTM D2866-94 (2004) standard method. Succinctly, a 

ceramic receptacle initially subjected to heat maintained at about 500 °C. The crucible 

was the left in desiccators to extract the excess heat before its final mass was noted. 

Then about 1.5 g of the materials was taken and put on ceramic receptacle and its total 

weight noted. Both the ceramic receptacle and its material content were again exposed 

to heat treatment in a muffle furnace at 500 °C for 1h. Finally, the heated materials 

were the ejected from the furnace, temperature equilibrated with the room using 

desiccators and weighed again. The amount of ash present was estimated with eq. 3.5. 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝐴𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑂𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100                                                  (3.5) 

3.2.3 Bulk Density Estimations 

A Pre-weighed gauging tube was filled with the prepared ACs (RPSAC and 

ACRPSAC) and softly crammed to a point where there was no observable variation in 

the depth of the sample in the gauging tube. The sample filled volume was then 

depicted as Vs. The weight of the unfilled gauging tube was recorded as Wc, while the 

combined weight of gauging tube with sample was denoted as W. Thus the weight 
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(Ws) of AC sample was estimated using eq. 3.6. Thereafter, the bulk density of AC 

was estimated with the aid of eq. 3.7 (Ahmedna et al., 2000). 

𝑊𝑠  = 𝑊 −  𝑊𝑐                                                                                                   (3.6) 

𝐵𝑑(𝑔|𝑚𝐿)  =  
𝑊𝑠

𝑉𝑠
                                                                                                 (3.7) 

3.2.4 Determination of Carbon Yield 

The carbon yield of the adsorbents was estimated following the methodology 

described by Tan et al. (2007). Weight (g) of dry starting material was determined 

using a digital weighing balance and denoted Wp. After AC synthesis, its final weight 

(g) was determined and denoted as Wf. Then the carbon yield was obtained using eq. 

3.8. 

𝑊𝑓

𝑊𝑝
× 100                                                                                                                   (3.8) 

3.2.5 Estimation of Specific Surface Area (SSA) 

To ascertain the the SSA of the samples, the Sear’s methodology was employed. 

About 2.0 g of every single sample was variegated with drops of dilute hydrochloric 

acid (HCl), up to a point when a pH range of 3 – 3.5 was attained. Then, thirty grams 

of NaCl was spiked under constant stirring to the mixture: then DW was spiked with 

the mixture to increase its capacity to the 150 mL mark. Then titration of the solution 

with NaOH (0.1 mol) was done to a point when a solution pH of 9 was attained 

(Mohammed et al., 2015). The capacity of NaOH consumed to arrive at such pH 

values was recorded. Thus the SSA of AC sample was estimated using eq. 3.9.  

S = 32V − 25                                                                                                                         (3.9)    

Where, V is the capacity of NaOH consumed to heighten the solution pH to 9, and S 

is the SSA (m2/g). 

3.3  Optimization of Synthesis Condition for the Production of RPSAC 

Design-Expert 10 statistical software was used to guide the optimal synthesis of 

RPSAC using Response Surface Methodology (RSM). RSM is an assemblage of 

mathematical procedures that are suitable for demonstrating and investigating difficult 

situations in which an interesting parameter is prejudiced by numerous other variable 

factors (Montgomery, 2001). It is a tool used to unravel the interrelationships among 
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various variable process or product factors that have been optimized. This method is 

suitable for fitting various models and also for providing optimal values of the 

effective parameters, with an advantage of a reduced number of experiments 

(Azargohar and Dalai, 2005). It is also used to determine which factors and 

interactions between factors have significant effects on the process. These results help 

in focusing on what is important, so that money and time could be saved, thus 

creating the best product and enhancing efficiency. A response surface analysis helps 

to determine the combination of factors that are necessary to achieve the best 

response.  

In this work, quadratic and 2FI models as suggested in design-expert software were 

derived with the aid of the Central Composite Design (CCD) in RSM comprising of 

30 empirical runs for the activating agent considered for the production of RPSAC.  

The adequacy of the developed models in predicting the AC SSA and yield was 

additionally warranted using analysis of variance (ANOVA). The ANOVA was used 

to identify which factors or their interactions in the model were significant in 

obtaining a particular response. The ANOVA was carried out at 95% confidence level 

from where the factors or combinations of factors that significantly influenced the 

studied responses were determined.  

Design expert 10, was also used to achieve optimization. The terms in the model 

having P values ≤ 0.05 were taken as significant factors. This is because, ascertaining 

the competence of models is an imperative aspect in data processing, as it would lead 

to over or under estimations if its adequacy is not justified/proven. The best 

optimization results as indicated from the analysis were selected and RPSAC 

produced at those optimum conditions for validation of the models, further 

characterization of the optimal product was done and a second adsorbent (ACRPSAC) 

was synthesized from the optimally produced RPSAC by coating it with aluminium 

hydroxide following the method described by Salifu (2017) as described below in 

details. This adsorbent was so prepared in order to improve its affinity for fluoride 

adsorption in aqueous solution and compared its performance in terms of fluoride 

adsorption with that of the optimally synthesized RPSAC. 
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3.3.1 Design of Experiment for Optimization of RPSAC 

This was done following the “Central Composite Design” (CCD) in RSM. The CCD 

is robust and easily unravels the interactive outlook of the variables considered, while 

ensuring a reduced quantum of experiments to save time and cost of research in 

accordance with equation 3.10. 

N = 2n + 2𝑛 + 6                             (3.10) 

Thus, “N” is the overall quantum of experiments to be conducted and “n” is the 

number of independable factors (4) chosen in this work (Table 3.3). 

In the current work, the autonomous factors that were optimized were the AT (oC), 

ATT (hours), AAC (%) and IR (g/mL). The dependent variables were CY (%) and 

SSA (m2/g). Thus ‘N’ was computed Putting n = 4 (variables) to give thirty 

experimental runs (Table 3.4) as follows: 

N = 24 + 2x4 +6 = 30 (Experimental runs).     

3.3.2. Regression Model Development 

Relationships in form of experiment-based models were provided to show the 

interactions of the autonomous and dependent factors in accordance with a general 

quadratic illustration as in equation 3.11 with all variablescontained there-in as 

defined by Mohammed et al. (2014). 

Y = 𝑏𝑜 + ∑ biXi
n
i=1 + ∑ biiXi

2n
i=1 + ∑ ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1           (3.11) 

3.3.3. Statistical and Graphical Analysis 

Standard statistical and graphical illustrations were deployed to analyse and interprete 

the data in accordance with the suggestions of De Lima et al. (2011) as well as that of 

Hassani et al. (2014) and Roy et al. (2014). 

3.3.4. Process Optimization for Synthesis of RPSAC 

The production conditions of RPSAC which gave the optimal SSA and yield were 

established using the desirability option in the software that was described earlier. 

Suitable goals were set for all variable categories (Appendix A). Similarly, suitable 

limitations for each variable were adopted as depicted in Table 3.3 (Hassani et al., 

2014). 
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Table 3.3: Process Variables and stages Adopted for the CDD in RSM 

Variable Stage 

-α   α   0 α   +α   

*IR (g/mL) 1 2 3 4 5 

AT (°C) 200 400 600 800 1000 

ATT 

(minutes) 

30 60 90 120 150 

AAC (%) 20 40 60 80 100 

*IR is impregnation ratio, AT is activation temperature, ATT is activation time and 

ACC is activating agent concentration. 
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Table 3.4: CCD Scheme for RPSAC Production 

 Variable 1 Variable 2 Variable 3 Variable 4 

 RUNS A: 

Activation 

Temperature 

B: 

Activation Time 

C:  

Chemical 

Impregnation 

Ratio 

D:  

Activating 

Agent 

Concentration  

 °C Minutes g/mL % 

AC1 800 120 2 40 

AC2 800 60 4 40 

AC3 800 120 4 40 

AC4 600 90 3 60 

AC5 600 90 1 60 

AC6 800 60 4 80 

AC7 1000 90 3 60 

AC8 600 90 3 60 

AC9 400 60 2 80 

AC10 600 90 3 60 

AC11 600 150 3 60 

AC12 400 120 4 40 

AC13 400 120 2 40 

AC14 200 90 3 60 

AC15 600 90 3 100 

AC16 400 120 4 80 

AC17 600 30 3 60 

AC18 800 120 4 80 

AC19 600 90 5 60 

AC20 400 60 2 30 

AC21 400 120 2 80 

AC22 600 90 3 60 

AC23 800 60 2 40 

AC24 600 90 3 60 

AC25 800 120 2 80 

AC26 800 60 2 80 

AC27 600 90 3 60 

AC28 400 60 4 40 

AC29 600 90 3 20 

AC30 400 60 1 80 
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3.3.5. Model Authentication 

This was used to validate the reliability of the models. As such confirmatory 

experiments were re-conducted at the model indicated optimal conditions and a 

comparison through error analysis was made between the model-derived and 

experimental optimal values of the dependent variables (Roy et al., 2014). 

 

3.3.6 Functionalization of RPSAC with aluminium oxide to produce 

ACRPSAC 

The as-synthesized RPSAC was reacted with a solution of Al3SO4 in order to form 

oxides of aluminium on its surface to produce a composite called ACRPSAC in 

accordance with the functionalization principle (Amalraj and Pius, 2017; Salifu, 

2017). To achieve this, 550 mL of Al3SO4 (0.6 M) was shaken in reacting vessel. 

Then 100g of the as-synthesized RPSAC was gently added to the contents of the 

reacting vessel under constant stirring to guaranty the wholesome soaking of RPSAC 

in the solution. Afterwards, the slow addition of a 3M NaOH solution to the reactor 

contents was carried-out with further constant mixing at 250 rpm until the solution pH 

of 7 was reached. At this point the mixture was guaranteed to contain a mixture of 

ACRPSAC and excess sodium salts. The generated mixture was then alienated with 

the aid of vacuum separator; a process which yielded a sieve lump of ACRPSAC. The 

ACRPSAC cake was thereafter dehydrated for three hours in an oven set at 110 °C. 

Thereafter, it was carefully washed using distilled water to eliminate all salt 

impurities. The washing of ACRPSAC was continued until the wash water had a 

concentration of sulphate ions that was lower than 1 mg/L and oven-dried for 3 hours 

at 100 °C.  

The ACRPSAC alongside the optimally synthesized RPSAC were characterized using 

advanced techniques for ascertaining the surface area/porosity, surface 

morphology/elemental composition, crystallographic/mineral composition and surface 

functional groups of materials with the aid of the Brunauer-Emmett-Teller (BET), 

SEM/EDX, XRD, Fourier Transform Infra-Red (FTIR) methods respectively. Other 

physical characteristics of the adsorbents such as pHpzc, bulk density, moisture 

content, and percentage ash and particle size were also ascertained following standard 

procedures. The adsorbents were at this point used for batch F- sequestration in 

simulated and actual drinking water trials. 
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3.3.10 Characterization of Produced Activated Carbon and Composite 

As earlier stated, the adsorbents (RPSAC and ACRPSAC) synthesized in the current 

(Plate 3.3 (A and B) respectively, were characterised using SEM/EDX, FTIR, BET 

and XRD methods. These analyses were sacrosanct as they were aimed at providing 

more insights as to the likely mechanisms to be encountered when deploying the 

adsorbents for groundwater defluoridation in batch systems.  

3.3.8 SEM and FTIR Analyses 

In a bid to unravel the functionalities on the adsorbents’ exterior, the FTIR analysis 

was deployed, while the surface appearance was scrutinized via the SEM analyses. 

The Infra-Red (IR) spectrums were detailed using a Nicolet Avatar FT-IR (4000 and 

400 cm-1). Potassium bromide disk were adopted as the reference. The complete 

instrument set-up for FTIR analysis is as in Plate 3.4A. The surface appearances of 

the adsorbents were scrutinized with a SEM set up (Phenom Pro X) at appropriate 

magnifications and pressure. The materials were treated with gold before subjecting it 

to the SEM procedure (Giwa et al., 2013). 

 3.3.9 Determination BET Surface Area and Porosities 

Nitrogen uptake at 77 °C was used to estimate the BET surface area, summed pore 

volume and mean pore-diameter of the adsorbents (RPSAC and ACRPSAC) with the 

aid of a Quantachrome Novawin Version 11.03 analyser following the procedures of 

Kang et al. (2013) as shown in Plate 3.4B. 

3.3.10 X-ray Diffraction (XRD) Analysis 

The mineral and crystallographic make-up of the synthesized materials (RPSAC and 

ACRPSAC) were scrutinized using a Rigaku Mini Flex X-ray Diffractometer and in 

accordance with the methods of Kang et al. (2013) with slight modifications. Briefly, 

the samples were crushed and regimented before the mean bulk configuration was 

ascertained. The finely grounded samples were then arranged with the aid of the 

sample grounding block and trampled in the level sample holder to form a level, 

exterior that was afterwards fixed on the sample stage in the XRD cabinet. 

The reflection-transmission rotator stage was used to analyse the samples at the ɵ - ɵ 

settings. The 2ɵ opening spot was 4 degrees and terminated at 75 degrees with a 2ɵ  
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Plate 3.3, (A): A sample of RPSAC, (B): ACRPSAC 
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Plate 3.4, (A): FTIR Instrumental Set-up, (B): BET Surface Area and Porosity 

Analyser 
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step of 0.026261 at 8.67s/step. Current supply in the tube was set at 40mA with a 

tension of 45VA. The 2λ spot of the diffraction peak was usually measured as the 

centroid of the peak at 80% peak height. 

3.3.11  Measurement of Adsorbents’ pHpzc  

This was done by means of the salt addition method for the newly synthesised 

adsorbents (RPSAC and ACRPSAC) and a commercial activated carbon (CAC). Plate 

3.5 shows a sample of the CAC used in this study. Precisely, fifty milliliters of NaCl 

solution (0.01 mol/L) was reassigned into a number of laboratory flasks. The pH of 

the flask contents was controlled with HCL and NaOH solutions. Thereafter, 0.6 g of 

the sample was put in the mixture and shaken on a rotary spinner for an hour and left 

to settle and equilibrate quiescently at room conditions for about 48 hours. The 

solution pH was then noted for the sample in question. A plot of the starting pH (pHo) 

against the change in pH after addition of adsorbent (ΔpH) was made from where the 

pHpzc for each sample (adsorbent) was taken as the spot where ΔpH = 0 (Abia and 

Asuquo, 2007). 

3.4 Batch-Mode Adsorption of Fluoride using RPSAC and ACRPSAC 

Table 3.5 shows the materials and instruments that were utilized for testing the 

adsorption of fluoride in simulated ground water by the synthesized adsorbents 

(RPSAC and ACRPSAC). The experiments were carried-out in both batch 

equilibrium isotherms, kinetic and thermodynamic experiments using simulated 

fluoride contaminated water. The best performing adsorbent (ACRPSAC) with regard 

to the F- uptake capability and removal percent was selected from the batch 

adsorption experiments for further studies (batch adsorption modeling and 

optimization and experiment with actual groundwater samples). 

3.4.1 Comparing Fluoride Adsorption onto ACRPSAC, RPSAC and CAC 

The optimum RPSAC and ACRPSAC were evaluated in batch operation mode in the 

laboratory for F- uptake from simulated aqueous media in comparison with a CAC 

(Plate 3.5). The essence was to elucidate on the commercial value or otherwise of the 

newly produced adsorbent materials.  The influence of process parameters (interaction 

period, pH, temperature, carbon amount per given solution volume and primary 

fluoride levels) on the adsorbents’ adsorption capacity and fluoride removal efficiency  
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Plate 3.5: Sample of the purchased Commercial Activated Carbon (CAC) 
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Table 3.5:  Materials and Instruments for Batch Fluoride Adsorption Studies  

S/No Resources/ Gadgets Detail Number 

1 pH, TDS and EC 

meters 

Hanna -ModelHI98107, HM 

Digital TDS-4 Pocket Size, 

Suntex model SC-120 

1 each 

2 Crucibles 250ml capacity 10 

3 Adhesive - 2 

4 Measuring Beaker 250ml capacity 10 

5 Measuring cylinder 100 ml capacity 50 

6 Glass columns Locally made, 3cm diameter and 

30cm  

3 

7 Peristaltic pump  1 

8 Isothermal Magnetic 

shaker 

Model HY-2 1 

9 Digital Watch  1 

11 Reagents Analytical grade  

12 Activated Carbons RPSAC 

ACRPSAC 

Activated Charcoal and 

Activated Alumina 

3kg 

3kg 

1kg each 

14 Portable Data logging 

Spectrophotometer 

HACH model, 2300 1 

15         Thermostatic Water 

Bath 

 2 

16. Digital Analytical 

Balance 

Adam model PW 184 1 

17. Photometer Wagtech, Model 7100 1 

18. Palintest Fluoride No. 

1 Tablet 

Wagtech 100 Tablets 

19. Palintest Fluoride No. 

1 Tablet 

Wagtech 100 Tablets 

20. 

 

21  

 

22 

UV-Visible 

Spectrophotometer 

Fluoride Ion Selective 

Electrode 

pH/Multimeter 

UNICO, model 2800P 

 

Orion, Model 25100 

 

Xplorer GLX, Model PS-2002 

1 

 

1 

 

1 
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were evaluated. The experimental results obtained were snugged with existing unit 

temperature, dynamic and temperature-dependent dynamic ideals in other to elucidate 

on the F- uptake scenarios of the tested adsorbents and also provide data for design of 

adsorption systems targeted at fluoride removal in drinking water. The adsorption 

parameters determined for the best performing adsorbents from the batch experiments 

undertaken in the current work would be useful for the development of a household-

Point of Use (PoU) adsorption system for F- containment in drinking water. 

3.4.2 Conditioning Main F- Solution 

 A 1000 mg/L stock solution of F- ions was prepared by liquefying 2.21g of NaF 

(without initial water) in a litre of DW. Thereafter, aliquots of desired F- contents 

were made from the stock by serial dilution and utilized in the batch F- uptake tests. 

Every chemical utilized was of approved quality. 

3.4.3 Batch Equilibrium Isotherm, Kinetic and Thermodynamic Experiments  

Batch adsorption and modeling experiments were undertaken extensively in the 

laboratory (Environmental Chemistry Laboratory, Benue State University, Makurdi) 

using several laboratory flask (capacity = 250 mL) holding about 100 mL of the F- 

solutions. F- c oncentrations ranging from 2 – 10 mg/L were separately reacted with a 

known dose (2 g/L) of the adsorbing media (RPSAC, ACRPSAC and CAC) and 

agitated at a speed of 150 rpm on a constant-temperature (303 K) shaker (model HY-

2) (Table 3.5) for 120 minutes at a constant pH of 6.0. 

After agitation, the mixture was separated using a separating media (Whatman No 4) 

and the residual concentration of fluoride in the filtrate determined with the aid of 

Orion 25100 ISE connected to an Xplorer GLX, PS-2002 multimeter (ASTM D9214). 

The filtrate solution was diluted with a TISAB I solution (at 1:1). The instrumental 

set-up was attuned with a known F- solution standard in a manner which allowed the 

fluoride concentration of the unidentified to be within the limit of the standard. The 

batch adsorption tests were helpful in the estimation of preliminary optimal operating 

conditions with regard to the primary F- content, adsorbent dosage, interacting period, 

pH and temperature that would lead to high fluoride adsorption capacity and removal 

efficiency by the adsorbents. Furthermore, acquired data after the variations of initial 

F- concentration were used for adsorption isotherm modeling; those from the 
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variations of contact time and temperature were utilized for kinetic and 

thermodynamic modeling respectively. To guaranty the reproducibility and quality of 

the experimental data, all assays were repeated thrice and average values recorded. 

3.4.4 Influence of Solution Hydroxyl Ions (pH) on F- Uptake Ability  

The influence of pH on F- uptake percent and adsorbents’ uptake capability was 

investigated by agitating 100 mL of fluoride solution on a thermostatic horizontal 

mechanical shaker at initial pH ranges of 3-11 to cover both the acidic and alkaline 

range (Salifu, 2017). The carbon dosage (g/L), pollutant concentration (mg/L), 

agitation time (minutes), temperature (K) and speed (rpm) were kept constant at 2, 5, 

120, 303 and 150 respectively. At the stop of agitation, the solutions were filtered and 

analyzed for residual fluoride concentrations using a fluoride Ion Selective Electrode 

(ISE) (Orion Model 25100). The pollutant removal efficiencies and activated carbon 

adsorption capacities were calculated using equations 3.12 and 3.13 respectively. 

𝑅 =  
(𝐶𝑖−𝐶𝑡)

𝐶𝑖
× 100                                                                                               3.12 

𝑞𝑡 =  
(𝐶𝑖−𝐶𝑡)𝑉 

𝑚
                                                                                                       3.13 

Hence; 

R is F- removal efficiency (%), 

qt is F- uptake capacity (mg/g), 

Ci and Ct are the starting and end F- concentrations (mg/L) respectively, 

M is the carbon dosage (g), 

V is F- volume of solution (L).  

3.4.5 Effects of Initial Fluoride Concentration  

The influence of initial fluoride content on the removal percent and uptake capability 

was studied in comparison with a CAC in separate 2-10 mg/L F- solutions. The 

chosen range was a reflection of the ideal F- contents in real potable water samples 

across the globe (Adimalla et al., 2019). The carbon dosage (g/L), solution pH, 

agitation time (minutes), temperature (K) and speed (rpm) were kept constant as 

earlier described. 100 mL solutions at the various fluoride concentrations were 

agitated with a known quantity of the adsorbents on a shaker. After agitation, the 

mixtures were filtered and checked for residual F- concentrations. The pollutant 
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removal efficiencies and activated carbon adsorption capacities were calculated using 

equations 3.12 and 3.13 respectively. 

3.4.5 Effects of Adsorbent Dosage  

The influence of the quantity of adsorbent added per given capacity of F- laden 

solution on the F- removal percent and adsorbents’ uptake capability was investigated 

by agitating 100 mL of fluoride solution on an isothermal magnetic shaker at initial 

dosages of 0.5 – 2.5 g/L. The pollutant concentration (mg/L), agitation time 

(minutes), temperature (K) and speed (rpm) were kept constant at 5, 120, 303 and 150 

respectively (Inyinbor et al., 2016) At expiration of agitation, the mixtures were 

separated by filtration and remaining fluoride contents in the filtrate determined 

potentiometrically using the fluoride  ISE as described earlier. The pollutant removal 

efficiencies and activated carbon adsorption capacities were calculated using 

equations 3.12 and 3.13 respectively. 

3.4.6 Effects of Contact/Agitation Time  

The influence of reacting/agitation period on fluoride removal percent and adsorbents’ 

uptake capability was examined by agitating 100 mL of fluoride solution on a 

thermostatic horizontal mechanical shaker at contact times of 30 – 150 minutes. The 

pollutant concentration (mg/L), adsorbent dosage (g/L), temperature (K) and speed 

(rpm) were kept constant at 5, 2, and 303 and 150 respectively (Inyinbor et al., 2017).  

When agitations ended, the mixtures were separated by filtration and tested for 

remaining F- content in the filtrate as described earlier. The pollutant removal 

efficiencies and activated carbon adsorption capacities were estimated from equations 

3.12 and 3.13 respectively. 

3.4.7 Effects of Temperature 

Influences of heat treatments on F- removal percent and adsorbents’ uptake capability 

was investigated by agitating 100 mL of fluoride solution on a thermostatic horizontal 

mechanical shaker paced in a thermostatic water bath and operated at varying 

temperatures of 303 – 323 K. The pollutant content (mg/L), carbon amount per given 

volume (g/L), agitation period (minutes), and speed (rpm) were kept constant at 6, 2, 

120, and 150 respectively (Chubaakum et al., 2018). At the end of shaking, the 

solutions were filtered and checked for residual F- concentrations as described earlier. 

The pollutant removal efficiencies and activated carbon adsorption capacities were 

calculated using equations 3.12 and 3.13 respectively. The performance of the 
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adsorbents was further compared using ANOVA at P = 0.05 level of significance 

using the SPSS software (Version 21). 

3.6 Equilibrium Isotherms Modeling 

The linear forms of the Langmuir, Freundlich and Temkin models were adopted in 

modeling fluoride uptake on the adsorbents (RPSAC, ACRPSAC and CAC). The 

linearized model formats are as shown in expressions 3.14, 3.15 and 3.16 

respectively. 

1

𝑞𝑒
=  

1

𝑏𝑞𝑚𝐶𝑒
+ 

1

𝑞𝑚
                                                                                                       3.14 

Here, Ce is the steady state F- content (mg/L), qm is the Langmuir uptake capability 

(mg/g) and b is the unchanging Langmuir parameter associated with the free vigor of 

adsorption (L/mg). 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑘𝑓 +  
1

𝑛
𝑙𝑛𝐶𝑒                                                                                              3.15 

Where, Kf is the uptake capability (mg/g) and 1/n is the strength of the adsorption. 

𝑞𝑒 =  𝐵1𝑙𝑛𝑘𝑡 +  𝐵1𝑙𝑛𝐶𝑒                                                                                            3.16 

Here, B1 = Rt/bt, kt (L/g) and bt (kJmol-1) are the unchanging Temkin parameter and 

Rt is the global unchanging gas parameter. 

3.7   Adsorption Kinetic Modeling  

In the current study the kinetics of F- uptake using the present adsorbing materials was 

scrutinized using the linear forms of the pseudo-first-order (PFO), pseudo-second-

order (PSO), Elovich, Bangham’s Pore Diffusion (BPD) and Webber- Morris Intra-

particle Diffusion (WMID) models as shown in equations 3.17, 3.18, 3.19, 3.20 and 

3.21 respectively. 

𝐼𝑛(𝑞𝑒 −  𝑞𝑡) = 𝐼𝑛𝑞𝑒 −  𝑘𝑎𝑑𝑡                                                                                    3.17 

 Here, kad is the PSO rate persistent parameter; qe is the uptake capability; and qt is the 

uptake capability at any given period (t).  kad is the slope of the linear plot of ln(qe – 

qt) vs t.                                                                                                     

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡                                                                                                        3.18  
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Here, k2 is the PSO rate constant; qe is Steady state uptake capability; and qt is the 

uptake capability at any given period (t). The parameters were approximated from the 

slope and intercept of the graph of t/qt vs t. 

 𝑞𝑡 =  
1

𝛽
𝐼𝑛(𝛼𝛽) + 

1

𝛽
𝐼𝑛(𝑡)                                                                                        3.19 

Here, α is the primary uptake rate (mg/g.min) and β is the unchanging desorption 

parameter (g/mg). qt was graphed against ln (t) and the slope and intercept were taken 

to represent1/β)and (1/β) ln (αβ) correspondingly. 

𝐿𝑜𝑔𝐿𝑜𝑔 (
𝑐𝑖

𝑐𝑖−𝑞𝑡𝑚
) = 𝐿𝑜𝑔 (

𝑘𝑜

2.303𝑣
) +∝ 𝐿𝑜𝑔𝑡                3.20 

Here, Ci is the primary levels of the pollutant in aqueous media (mg/L), V is the 

solution volume (mL), m is adsorbent dosage (g/L), qt (mg/g) is the adsorption 

capacity at time “t” (min) and α (less than 1) and ko  are the unchanging parameters. 

Rate of sorption is frequently used to analyze the kind of rate-limiting stage involved. 

In most cases the WMID model is readily utilized to ascertain the rate-limiting steps 

in any adsorption system and it is given as in the Weber-Morris equation (equation 

3.21) below: 

𝑞𝑡 = 𝑘𝑖𝑝𝑡1/2 + 𝐶                     3.21 

Where, C is estimated from the intercept and provides information about the border 

cover solidness and kip is the intra-particle diffusion-unchanging rate parameter. In 

the accordance with the model assumptions, when an adsorption process is intra-

particle diffusion-controlled, then a plot qt versus t1/2 should yield a straight line. 

Note that: from the second order kinetic model, t1/2 is the period necessary for an 

adsorbing material to adsorb about 50 % of pollutant at its steady-state value. This 

parameter is taken as an estimate of the uptake rate and is given as in equation 3.22. 

𝑡
1

2⁄ =  
1

𝑘2𝑞𝑒
                    3.22 

3.7 Thermodynamic Modeling                                                                                               

Three temperature ranges (303 – 323 K) were utilized to generate the thermodynamic 

parameters of F- uptake by the three adsorbents. Other conditions were left to be 6.0 

mg/L, 2.0 g/L, 2.0 hours for starting F- concentration, dosage and contact time 
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respectively without pH adjustments. For this study, lnKd vs1/T was plotted in 

accordance with the Vant Hoff’s equation (equation 3.23) and the values of ΔS° ΔH° 

were taken as the intercept and slope of the linear graph correspondingly. The value 

of ΔG° (kJmol-1) and Kd on the other hand were estimated with expressions 3.23 -3.25 

respectively. 

𝑙𝑛𝐾𝑑 =  
∆𝑆𝑜

𝑅
−  

∆𝐻𝑜

𝑅𝑇
                   3.23 

∆𝐺𝑜 =  −𝑅𝑇𝐼𝑛𝐾𝑑                                                                                                     3.24 

𝐾𝑑 =  
𝑞𝑒

𝐶𝑒
                    3.25 

Here, R is the unchanging global gas parameter (8.3 Jmol-1 K-1), T is absolute 

temperature (Kelvin) and Kd is the dispersal coefficient (L/g), qe is the adsorption 

capacity (mg/g), Ce is the steady state adsorbate content (mg/L). ΔHo (kJmol-1) was 

thus estimated from equation 3.26.  

      ∆𝐻𝑜 =  ∆𝐺𝑜 + 𝑇∆𝑆𝑜                                                                                           3.26 

For a known temperature, pollutant uptake is assumed to be unprompted if the ΔG° is 

negative. On the other hand, positive values of ΔH° entail an endothermic adsorption 

process, while negative values of ΔH° suggests an exothermic adsorption process 

(Chubakuum et al., 2018). 

Also, having been known that the magnitude of the diffusion coefficient (D) relies 

majorly on the adsorbents’ surface compositions and that it is an inevitable parameter 

that provides useful insights as to the diffusion mobility. Thus in this work an attempt 

was made to estimate the coefficients for film diffusion (Df) and intra-particle 

diffusion (Dp) using equations 3.27 and 3.28 respectively. 

𝐷𝑓 =  
0.23𝑟𝑜𝜕𝑞𝑒

𝑡
1

2⁄ 𝐶𝑜
⁄                   3.27 

𝐷𝑝 =  
0.03𝑟𝑜

2

𝑡
1

2⁄
⁄                    3.28 

Where; ro (cm) is adsorbent particle radius (assuming its spherical in shape), 𝜕 is the 

thickness of the film (10-3 cm), qe (mg/g) is the steady state uptake capability, Co 

(mg/L) is the primary F- content, t1/2 is the 50 % life as estimated from eq. 3.24 above, 

Df and Dp are the film and intra-particle diffusion coefficients correspondingly in 
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cm2/h. It should be noted that the values of Df and Dp are very useful for the 

development of full-scale adsorber systems. 

3.8 Effects of Competing Anions on Fluoride Removal 

The influence of interfering/competing ions on F- uptake abilities of the adsorbents 

was studied at an initial F- content of 6 mg/L at hydroxyl ion concentration (pH) of 7 

and contact time of 120 minutes to depict real drinking water parameters. The mixed-

ions were prepared at 30 mg/L concentrations each using NaNO3, Na2SO4, NaHCO3 

and NaCl to represent the influence of anion (nitrate, sulphate, bi-carbonate and 

chloride) in drinking water. The foregoing was premised on the occurrence of these 

ions in such concentrations in actual groundwater samples meant for drinking in 

Nigeria (Malum et al., 2019). 

3.9 Regeneration of Adsorbents 

In this study, the surfaces of the studied adsorbents were exhausted with fluoride ions 

by mixing in a beaker and shaking about 2g each of RPSAC, ACRPSAC and CAC 

with a known volume (100 mL) of the fluoride solution (6 mg/L) for 18 h. All 

regeneration experiments were conducted using DW to avoid external contaminations. 

Firstly, each fluoride-laden adsorbent were reacted with varying levels of sodium 

hydroxide with stirring for one hour to rejuvenate the adsorbent. The exhausted 

samples (reacted with NaOH) were washed with DW up to a neutral pH point and 

dehydrated in an oven set at 120 oC for 480 minutes and made available for 

reutilization for F- uptake (Chubaakum et al., 2018). 

For estimating the removal efficiency of F- onto rejuvenated adsorbing materials, 

0.002 kg of each rejuvenated material was put in a 100 mL F- solution (6 mg/L) and 

shaken for 2 hours under constant temperature (303 K) and pH 7. Additionally, 

rejuvenation was also accomplished by treating the exhausted and sodium hydroxide 

reacted-ACRPSAC with fresh aluminum sulphate to precipitate aluminium oxide on 

its surface again. Likewise, a part of the F- loaded-ACRPSAC was rejuvenated by 

reacting it with aluminium sulphate to deposit aluminum oxide on its surface without 

any prior reaction with sodium hydroxide. All the as rejuvenated adsorbing materials 

were comparatively evaluated for their reusability for F- uptake in aqueous media 

(Salifu, 2017). 
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3.10 Optimization of Fluoride Uptake onto ACRPSAC 

From the equilibrium isotherm, kinetic and thermodynamic studies, it was observed 

that ACRPSAC performed better as compared with RPSAC and CAC. Thus, 

ACRPSAC was chosen for further studies. Again RSM using the CCD of experiment 

was deployed to model and optimize fluoride uptake onto ACRPSAC since it 

performed betterthan the other adsorbents in the earlier batch uptake studies. The 

software and optimization handle as earlier explained in section 3.3 above were again 

upheld for these studies.  

Table 3.6 reveals the choosen variables (independent) and the constraints, while 

Tables 3.7 and 3.8 shows the empirical runs and the goals for optimization of both the 

independent and independent variables correspondingly. Model validation for F- 

uptake by ACRPSAC was carried out at the predicted optimal conditions using both 

simulated and actual F--ladened potable water samples and compared with the 

performance of CAC and AA.  

Actual F—ladened potable water samples were obtained from Kaltungo and Langtang 

which are documented areas in northern-Nigeria with prevalence of fluoride-related 

ailments due to the consumption of F- enriched groundwater (Wongdem et al., 2000; 

Dibal et al., 2012a; Dibal et al., 2012b; Dambature et al., 2014; Urial et al., 2014; 

Dibal et al., 2016; Goyit et al., 2018; Malum et al., 2019).   

The obtained potable water samples from these locations were firsly checked for its 

physical and chemical compositions following customary procedures (APHA, 2005). 

3.11 Assessment of Groundwater in Makurdi, North Central-Nigeria 

Potable water sourced from boreholes was systematically collected from 21 localities 

in and around Makurdi metropolitan area in north-central Nigeria in the month of 

October. The water samples were further characterized for its parametric constitution 

with a focus on F- contamination, possible causes of contamination and associated 

risk to human health. The month of October was chosen because it is the peak of 

raining season (Isikwue and Onyilo, 2010; Iorliam et al., 2013; NOAA, 2016) in the 

area and it is expected that groundwater contamination from all sources should peak 

at this time and could represent the worst-case scenario for the area in terms of 

groundwater pollution.  
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Table 3.6: CCD* Factors and Levels for Fluoride Adsorption using ACRPSAC* 

Factors Levels 

-α -1 0 +1 +α 

Adsorbent 

Dosage (g/L) 

0.5 1 1.5 2 2.5 

Initial 

Concentration 

(mg/L) 

2 4 6 8 10 

pH 2 5 7 9 11 

Contact Time 

(minutes) 

30 60 90 120 150 

*CCD is “Central Composite Design”, *ACRPSAC is “Aluminum Oxide-coated 

Raffia Palm Shell Activated Carbon 
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Table 3.7: CCD Matrix for Fluoride Adsorption on ACRPSAC 

Run                A:pH          B:Concentration            C:Dosage        D:Contact Time 

  
mg/L g/L Minutes 

1 7.0 2.0 1.5 90 

2 9.0 8.0 2 120 

3 7.0 6.0 1.5 90 

4 7.0 6.0 1.5 90 

5 9.0 4.0 2 60 

6 5.0 4.0 2 60 

7 5.0 4.0 1 120 

8 7.0 10.0 1.5 90 

9 7.0 6.0 1.5 30 

10 5.0 8.0 1 120 

11 3.0 6.0 1.5 90 

12 5.0 4.0 1 60 

13 5.0 8.0 2 120 

14 11.0 6.0 1.5 90 

15 9.0 8.0 1 60 

16 5.0 8.0 1 60 

17 7.0 6.0 2.5 90 

18 9.0 8.0 1 120 

19 5.0 8.0 2 60 

20 7.0 6.0 1.5 150 

21 9.0 4.0 1 120 

22 7.0 6.0 1.5 90 

23 7.0 6.0 0.5 90 

24 7.0 6.0 1.5 90 

25 7.0 6.0 1.5 90 

26 9.0 4.0 1 60 

27 9.0 8.0 2 60 

28 5.0 4.0 2 120 

29 7.0 6.0 1.5 90 

30 9.0 4.0 2 120 
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Table 3.8: Optimization Goals for Fluoride Adsorption on ACRPSAC 

Factor/Response Goal Minimum Maximum 

Carbon Dosage 

(g/L) 

Empirical Range 0.5 2.5 

Interaction Period 

(minutes) 

Empirical Range 30 150 

Primary Adsorbate 

Content (mg/L) 

Empirical Range 2 10 

pH Empirical Range 2 11 

Removal Efficiency 

(%) 

Maximize 82.38 99 

Adsorption Capacity 

(mg/g) 

Maximize 1.29 9.98 
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3.11.1 Description of the Study Area 

Fig. 3.1 shows the map of Makurdi revealing the 21 sampling points. The GPS 

coordinates of the sample collection points are shown on Table 3.9. The studied 

location is the governmental headquarters of Benue state, in North-central (Middle 

belt) Nigeria and has therefore been associated with speedy urbanization activities in 

the last two decades which have largely altered its natural ecosystem. It is situated 

within Latitude 7.733oN and longitude 8.5391oE of the Greenwich meridian and has a 

total land area of about 36 km2.  The vegetation cover is that of the guinea savanna 

with well separated arid and rainy spells. The arid spell spans from the months of 

November – early April each year, while the rainy spell commences in mid-April and 

finishes in October. Peak rainfall amounts are usually encountered in September and 

October each year. Mean yearly rainfall in this location is estimated at 1,237 mm 

(NOAA, 2016). 

Most periods in the dry spell (November – February) are usually associated with 

hamartan which makes the season to be relative cold (Isikwue and Onyilo, 2010). The 

area is characterised by a plain topography with a slope of about 0 – 2.5 % and a 

shallow aquifer depth.  The average temperatures in a month are high (18 – 37 °C) 

owing to the closeness of this location to the Benue River; a condition that favour 

land and sea breezes (reflection of solar radiation back to land). The area is endowed 

with numerous solid minerals including glass, limestone, salt, barite and sand etc, 

which are locally exploited and marketed by the residents for improved livelihoods. 

The human population in Makurdi was estimated in 2007 to be about 500,978 people 

and is projected to grow to about 1million people by the year 2025 (The World 

Gazetteer, 2010). The total yearly consumptive use in the area is estimated to be 2603 

mm, while the average relative humidity per year is given as 40.8 % (Isikwue and 

Adakole, 2011). The geology of the area is predominantly comprised of sandstone, 

emanating from the Nigerian sedimentary basin. The sandstones are fine to medium 

grained, micaceous, calcareous, feldspathic, shelly, mildly organized and in some 

instances contain cement-like oxides like Fe2O3, SiO2, CO3 (Iorliam et al., 2013).  
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Figure 3.1: Map of Study Area showing the Sampling Points 
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Table 3.9: GPS Coordinates of Sampling Points in the Study Area 

S/No Location Latitude Longitude Groundwater 

Source 

1 Achusa 7o N 42’ 73’’ 8o E 31’ 49’’ BH* 

2 Ichwa 7o N 45’ 36’’ 8o E 33’ 52’’ BH 

3 B.Division 7o N 43’ 88’’ 8o E 32’ 35’’ BH 

4 Barracks Road 7o N 45’ 17’’ 8o E 32’ 39’’ BH 

5 Logo I 7o N 42’ 53’’ 8o E 32’ 20’’ BH 

6 Wurukum 7o N 43’ 14’’ 8o E 32’ 48’’ BH 

7 Nyiman 7o N 42’ 36’’ 8o E 31’ 35’’ BH 

8 Gyado Villa 7o N 43’ 28’’ 8o E 34’ 78’’ BH 

9 Welfare 

Quarters 

7o N 40’ 27’’ 8o E 32’ 26’’ BH 

10 Akpehe 7o N 42’ 39’’ 8o E 33’ 11’’  BH 

11 Coca Cola 7o N43’ 03’’ 8o E 35’ 36’’  BH 

12 Nyor Gyungu 7o N 43’ 78’’ 8o E 38’ 33’’ BH 

13 Mbakyaa 7o N 43’ 27’’ 8o E 69’ 47’’ BH 

14 Modern market 7o N 43’ 33’’ 8o E 30’ 56’’ BH 

15 Tse Abu 7o N 42’ 20’’ 8o E 34’ 53’’ BH 

16 Owner 

Occupier 

7o N 41’ 49’’ 8o E 33’ 19’’ BH 

17 Abua 7o N 43’ 42’’ 8o E 36’ 57’’ BH 

18 High Level 7o N 43’ 12’’ 8o E 31’ 45’’ BH 

19 Naka Road 7o N 42’ 33’’ 8o E 29’ 54’’ BH 

20 Agan 7o N 45’ 26’’ 8o E 33’ 33’’ BH 

21 Apir 7o N 39’ 36’’ 8o E 33’ 14’’ BH 

*BH means “Borehole” 
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3.11.2 Field Sampling and Laboratory Analysis 

Triplicate groundwater samples from systematically selected boreholes were obtained 

at each of the 21 sampling points (totaling 63 samples) (Fig.3.1) in October, 2019. 

The samples were retrieved from the connected borehole taps at each location. Before 

sampling commenced, the taps were turned on and left to flow on to the bare surface 

for a period of 12 minutes, before the samples were taken in the newly bought and 

cleaned polyethylene containers (1L capacity). 
 

The polyethylene containers were firstly eroded with a composite of DW and HNO3 

(15 %), then further cleaned with DW and dehydrated in the air for about 24 hours 

before the commencement of sampling works. At the point of sample collection, the 

vessels were firstly washed for about thrice using the sample water prior to fetching 

the desired trials. The trials so obtained were then correctly branded using concealing 

adhesives and indicator ink and then transported within freeze coolers to the 

laboratory for checks. In order to avert further deterioration of the samples under 

laboratory conditions, they were krefrigerated at about 4 oC before the 

commencements of laboratory tests.   

The physical and chemical composition of the water samples including; Total 

Dissolved Solids (TDS), pH and Electrical Conductivity (EC) were potentiometrically 

measured and recorded in the field, just after the sample collection. Thus TDS, pH, 

EC were determined using a HM digital TDS-4 pocket size meter, Hanna meter model 

HI98107 and Suntex meter model SC-120 respectively. The concentration of anions 

and cations in the trials were scrutinized in compliance with approved procedures as 

given in APHA (2005). Fluoride was also potentiometrically measured in accordance 

with the ASTM standard procedures (ASTM 1996). 

3.11.3 Determination of Water Types and Quality Index  

The water types (hydrogeochemical facies) of samples obtained from each selected 

location were ascertained and presented in form of Piper diagram and Durov plots. 

These diagrams are useful for understanding the ionic composition of the water. The 

Aqua Chem version 2014 software was deployed to elucidate the sample 

hydrogeochemical facies. 
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Recently, the need to present a clear picture of water status in a single look has 

favoured the adoption of the Water Quality Index (WQI) criteria as a suitable 

instrument for achieving this objective. Several water quality indexes have been 

developed for different regions of the world over the last 2 decades. However, these 

indexes have also been proven to be applicable to other regions of the world without a 

locally developed index. Some of the commonly used indexes include, the BISWQI, 

OWQI and CCMEWQI among others. However, in this study, the BISWQI was 

embraced since it was developed in India, which has the most similar climatic 

conditions with that of the current study location as compared to the other indexes.  

Thus for estimating the WQI in this study, five consecutive stages were trailed: Stage 

1 involved the assignment of load (wi,) to the water quality parameters. The loads 

assigned ranged from 1 – 5 depending on the relative impact of the parameter in 

question. The next step involved the computation of the comparative loads for each 

parameter. The stage three involved the estimation of the water feature score, then the 

calculation of the sub-index for each factor considered, while the final step was the 

computation of the WQI. 

Thus in this work 13 water quality parameters were considered. Table 3.10 shows the 

assigned weights to 12 of the parameters with the respectively computed relative 

weights. One of the parameters (bicarbonate) was not included in the computation of 

WQI because it does not have a bench mark regulation according to the WHO (2008). 

Therefore in this study, the relative weight (Wi) and water quality rating (qi) were 

estimated by eqs. 3.29 and 3.30 separately (Mahmud et al., 2020). 

𝑊𝑖 =  
𝑤𝑖

∑ 𝑤𝑖
𝑛
𝑖=1

                 (3.29)  

Where, 𝑊𝑖  is the comparative load  𝑤𝑖 is the parametric allotted load, while n 

represents the quntum of the sample features considered. 

𝑞𝑖 =  
𝐶𝑖

𝑆𝑖
 × 100                (3.30) 

Here, qi represents the feature score; Ci represents the parametric concentrations (mg 

/L) in the individual water samples, with the exemption of pH, while Si represents the 

WHO (2017) parametric limits for each varible (Table 3.10). Table 3.11 shows the 

BISWQI classifications from where the final inference about the computed WQI 

would be deduced.  
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Table 3.10: Assigned Parametric Weights and Relative Weights  

S/No Water Feature *WHO 

Standard 

Load (wi) Comparative 

Load (Wi) 

1 pH 6.5 - 8.5 5 0.1 

2 TDS  1000 5 0.1 

3 EC  1500 5 0.1 

4 Chloride  200 5 0.1 

5 Fluoride  1.5 5 0.1 

6 Nitrate  50 5 0.1 

7 Sulphate  250 4 0.08 

8 Potassium  50 4 0.08 

9 Bicarbonate  500 3 0.06 

10 Sodium  200 3 0.06 

11 Calcium  75 3 0.06 

12 Magnesium  150 3 0.06 

*WHO (2011). All units are in mg/L except for EC (µs/cm) and pH without unit. 
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The parametric sub-indexes as well as the overall WQI were estimated using 

equations 3.31 and 3.32 respectively. 

𝑆𝐼𝑖 =  𝑊𝑖  ×  𝑞𝑖                (3.31) 

𝑊𝑄𝐼 =  ∑ 𝑆𝐼𝑖
𝑛
𝑖=1                 (3.32) 

Where, SIi is the parametric sub-index (Keta-Rokbani et al., 2011; Al – Omran et al., 

2015). 

3.11.4 Human Health Risk Linked to Groundwater Contamination with 

Fluoride 

Scientists have developed a methodology for ascertaining the risk posed to humans in 

relation to the contamination of different environmental media with toxic substances.  

This methodology is termed as “Human Health Risk Assessment (HHRA)”. It is 

aimed at providing useful insights on the immediate or long-term harmful health 

impacts on humans that come in contact with toxic substances in polluted matrixes in 

the environment. 

Thus, in this work, the danger posed to humans due to short or elongated ingestion of 

F- contaminated groundwater was assessed for the first time in Makurdi metropolis, 

North-central, Nigeria. The data generated (concentration of fluoride in the different 

water samples) during the water quality tests were utilized for the HHRA. The human 

population was fragmented into four categories with respect to age, body weights and 

social differences in compliance with the procedure given by Yousefi et al. (2018).  
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Table 3.11: WQI Classification based on the Bureau Indian of Standards Water 

Quality Index (BISWQI) 

Water Quality Index Category Remark 

Less than 50 1 Outstanding Water 

From 50 to 100 2 Decent Water 

From 100 to 200 3 Lowly Water 

From 200 to 300 4 Very Lowly Water 

Greater than or equal 

to300 

5 Non-consumable water 

Source: Al – Omran et al., 2015 
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The Calculated Daily fluoride Consumption (CDC) in mg/kgBx//d was determined 

based on three criterions viz; the average quantity of water consumed per person per 

day (Cy), The content of F- in the potable water (Cj) and average body weight of 

individuals (Bx). A mini-questionnaire (See Appendix F for details) and digital 

weighing balances (bathroom floor type model BME-S1 for adults and baby type 

model TC-M397 for infants) were deployed on the various populations in the study 

area to ascertain the required parameters (water consumption and average body 

weight). The average water consumptions were obtained for the infants, children, 

teenagers and adults as; 0.50, 1.0, 2.00 and 2.50 L/day, correspondingly. Furthermore, 

the average body weights were obtained for infants, children, teenagers and adults as 

10, 18, 45 and 70 kg for respectively. 

Equation 3.34 was then used to compute the non-carcinogenic risk posed to humans 

due to interaction with F- contamination in potable water by estimating the Hazard 

Quotient (HQ).  

𝐻𝑄 =  
𝐶𝐷𝐶

𝑅𝑓𝐷
                    3.34 

Where RfD is the oral reference dose which approximates the acceptable daily human 

exposure to substances which do not pose a significant harmful effect to them all their 

life.  The fluoride oral reference dose adopted in this work was 0.06 mg/kg/d 

(USEPA, 2011; IRIS U, 2017). The calculated HQ values that are less than 1 imply no 

significant health risk, while HQ values higher than 1 indicate adverse health impacts. 

(Yousefi et al., 2018). 

3.11.5 Data Analysis  

Data obtained in this work were treated descriptively. The percentage desecration or 

compliance of the studied water features to the WHO standard limits was also 

estimated. The associations among the sample parameters was scrutinized using the 

Pearson’s pair wise correlation analysis at P = 0.05. All these were done using SPSS 

software version 21.  

The likely sources of pollutants in the water samples were elucidated using Principal 

component analysis (PCA). Principal factors were extracted by the Varimax 

orthogonal rotation method again using the SPSS software version 21. 
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Additionally, the interrelationships among water quality features, which led to the 

groupings of similar parameters and points was ascertained using the Hierarchical 

Cluster Analysis (HCA) in accordance with the method of Emenike et al. (2018b) also 

with the aid of the SPSS software version 21. The water types and facies were 

described with Piper, Schoeller and Durov plots with the aid of the Aqua Chem 

(Aq*QA) version 2014 software. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Proximate Composition of Precursor (RPS)  

The outcome of the inherent composition of RPS is given in Table 4.1. This was used 

to ascertain the inherent Moisture Content (MC), Volatile Matter (VM), Fixed Carbon 

(FC) and ash content in the precursor. From Table 4.1, it was observed that the 

precursor had elevated amounts of FC, moderate VM and low levels of ash and MC. 

The proximate composition of RPS further indicated that it is an ideal starting 

material for AC synthesis. This was collaborated with the elevated FC (68.8 %), 

negligible ash content (1.37 %) and low MC (7.7 %). Furthermore, the high VM 

content of 22.03 % was an indication that RPS could be a suitable candidate for 

renewable energy (syngas, pyro-oil) harvesting during its carbonization/activation for 

the purpose of converting it into activated carbon. The findings are in tandem with 

those of Akpen et al. (2018) that reported the same proximate compositions of RPS 

obtained in the same study area.  

4.2 Statistical Models and Optimal Setting for Synthesis of RPSAC  . 

Table 4.2 shows the experimental design matrix for RPSAC synthesis. The ANOVA 

for the responses: CY and SSA are as shown in Tables 4.3 and 4.4 respectively. Other 

results can be found in Appendix A. Interactive factor or polynomial equations were 

analysed in order to scrutinize the interactive influence of the process factors and also 

identify the significant contributions of each factor to the developed models towards 

forecasting the SSA and CY.   

4.3 Percentage CY of H3PO4 Amended RPSAC  

Model P-value of 0.0024 (Table 4.3) indicates the significance of the developed 

model for predicting SSA as a function of the studied factors. It was evidenced from 

Table 4.3 that model terms B, C and AC corresponding to Impregnation Ratio (IR), 

Activation Temperature (AT) and the interactive effect of activation temperature and  
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Table 4.1: Proximate Conformation of RPS 

 Characteristics (%)       

 MC        7.77 ± 1.816 

 AC       1.37 ± 0.547 

 VC       22.03 ± 0.821 

 FC       68.83 ± 0.582 
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Table 4.2: Results of Yield and SSA of RPSAC  

Run *A B C D CY SSA 

 
(%) (g/mL) (°C) (Mins) (%) (m2/g) 

1.0 60.0 3.0 600.0 90.0 79.1 1786.0 

2.0 40.0 2.0 800.0 60.0 71.0 1801.0 

3.0 60.0 3.0 600.0 90.0 79.6 1750.0 

4.0 80.0 2.0 400.0 120.0 76.3 1742.0 

5.0 40.0 4.0 400.0 120.0 72.8 1684.0 

6.0 40.0 4.0 400.0 60.0 74.3 1714.0 

7.0 80.0 2.0 400.0 60.0 76.7 1667.0 

8.0 40.0 4.0 800.0 60.0 72.8 1796.0 

9.0 80.0 4.0 800.0 60.0 68.1 1795.0 

10.0 60.0 3.0 600.0 90.0 70.8 1769.0 

11.0 40.0 2.0 800.0 120.0 67.2 1788.0 

12.0 60.0 3.0 600.0 90.0 77.3 1767.0 

13.0 40.0 2.0 400.0 120.0 72.7 1687.0 

14.0 80.0 4.0 400.0 60.0 75.5 1746.0 

15.0 80.0 4.0 400.0 120.0 78.9 1739.0 

16.0 60.0 3.0 600.0 90.0 76.1 1766.0 

17.0 80.0 2.0 800.0 60.0 66.1 1835.0 

18.0 40.0 2.0 400.0 60.0 73.25 1725.0 

19.0 60.0 3.0 600.0 150.0 70.4 1753.0 

20.0 60.0 5.0 600.0 90.0 79.8 1788.0 

21.0 60.0 1.0 600.0 90.0 69.5 1776.0 

22.0 80.0 2.0 800.0 120.0 63.6 1795.0 

23.0 100.0 3.0 600.0 90.0 73.6 1753.0 

24.0 60.0 3.0 200.0 90.0 77.6 1394.0 

25.0 80.0 4.0 800.0 120.0 69.1 1810.0 

26.0 60.0 3.0 1000.0 90.0 67.4 1852.0 

27.0 20.0 3.0 600.0 90.0 70.1 1750.0 

28.0 60.0 3.0 600.0 30.0 68.6 1759.0 

29.0 40.0 4.0 800.0 120.0 72.8 1818.0 

30.0 60.0 3.0 600.0 90.0 71.2 1780.0 
*A, B, C, and D represent Activating Agent Concentration (AAC), Impregnation 

Ratio (IR), Activation Temperature (AT) and Activation Time (ATT) respectively. 
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Table 4.3: ANOVA for CY of RPSAC as Affected by Process Factors  

Source of Variation 
Sum of 

Squares 

Degree 

of 

freedom 

Mean 

Square 

Fischer-

value 

Probability-

value  

Model 441.22 14 31.51 4.75 0.002 significant 

*A 0.78 1 0.78 0.11 0.734 
 

B 61.05 1 61.05 9.21 0.008 
 

C 204.27 1 204.27 30.86 < 0.000 
 

D 0.010 1 0.010 0.0017 0.967 
 

AB 0.011 1 0.011 0.0018 0.966 
 

AC 61.22 1 61.22 9.24 0.008 
 

AD 3.47 1 3.47 0.52 0.479 
 

BC 9.63 1 9.63 1.45 0.246 
 

BD 6.57 1 6.57 0.98 0.334 
 

CD 2.52 1 2.52 0.37 0.545 
 

A2 26.84 1 26.84 4.05 0.062 
 

B2 2.11 1 2.11 0.31 0.581 
 

C2 18.40 1 18.40 2.77 0.116 
 

D2 67.87 1 67.87 10.24 0.005 
 

Residual 99.30 15 6.61 
   

Lack of Fit 26.75 10 2.67 0.18 0.9886 
not 

significant 

Pure Error 72.52 5 14.50 
   

Cor Total 540.51 29 
    

Values of “Prob > F" < 0.05 shows significant model terms.*A, B, C, and D represent AAC, 

IR, AT and ATT correspondingly. 
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Table 4.4: ANOVA for SSA of RPSAC as Affected by Process Factors 

Source of 

Variation 

Sum of 

Squares 

Degree 

of 

freedom 

Mean 

Square 

Fischer-

value 

Probability-

value 

Source of 

Variation 

Model 0.000014 14 10590.67 4.31 0.004 significant 

A 620.16 1 620.16 0.24 0.624 
 

B 308.16 1 308.16 0.12 0.729 
 

C 0.000011 1 0.000011 46.04 < 0.000 
 

D 32.66 1 32.66 0.012 0.909 
 

AB 100.01 1 100.01 0.040 0.844 
 

AC 169.01 1 169.01 0.068 0.797 
 

AD 650.24 1 650.24 0.27 0.615 
 

BC 240.24 1 240.24 0.097 0.760 
 

BD 16.01 1 16.01 0.0064 0.937 
 

CD 16.01 1 16.01 0.0064 0.937 
 

A2 9.32 1 9.32 0.0037 0.951 
 

B2 1848.04 1 1848.04 0.74 0.400 
 

C2 27288.04 1 27288.04 11.07 0.005 
 

D2 80.04 1 80.05 0.032 0.859 
 

Residual 36946.57 15 2463.11 
   

Lack of Fit 36165.24 10 3616.53 23.14 0.001 significant 

Pure Error 781.32 5 156.27 
   

Cor Total 0.000018 29 
    

Values of “Prob > F" < 0.05 shows significant model terms.*A, B, C, and D represent AAC, 

IR, AT and ATT correspondingly. 
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Activating Agent Concentration (AAC) respectively were also significant process 

factors for the synthesis of RPSAC as the P-values were lower than 0.05. Fig. 4.1a 

displays the effects of AT and IR on CY of RPSAC at the temperatures studied, while 

Figure 4.1b clarifies on the effect of ATT and AAC on CY at the temperatures studied 

(other factorial effects can be found in Appendix A).  

It was observed that CY decreased as the ATT was raised at all the ATs considered. 

The interactive effects of AAC and AT were highly influential to the model. This 

could be due to the increased probability of carbon to interact with the steam 

environment at such increased ATs (Abdel et al., 2010). This ultimately increases the 

likelihood for activation reactions to occur in the interacting media.  In the course of 

activation, increased temperatures and reaction period create opportunities for 

enhanced reactions in the form of gasification which leads to an increase in ash 

production.  Thus it implies that an uncontrolled rise in AT and ATT would lower the 

CY and favour the production of ash, which may not be desirable for an activated 

carbon synthesis process as is the case with the current study. Thus such factorial 

influences must be managed with care (Chan et al., 2006).  

Similar trends were observed previously by several authors who used biomass and 

non-organic precursors for AC synthesis as a function of AT, ATT, AAC and IR 

(Chan et al., 2006; Adel et al., 2010; Kwaghger and Ibrahim, 2013). The observation 

elucidated from Fig. 4.1a agrees with that of Sundaryanto et al. (2006) who also 

posited that AT portend significant influence on the CY in any activated carbon 

production process. Sundaryanto et al. (2006) further asserted that an increase in 

temperature would release accumulative volatiles due to rising dehydration reaction: a 

phenomenon that is favoured when H3PO4 is utilized as the activation agent.  

A hike in AT could favour elimination reaction, increased C- H3PO4 reaction rates 

and a quickened gasification of carbon which ultimately results to the lowering of the 

CY (Adinata et al., 2007; Bacaoui et al., 2001;  Lua and Yang, 2004).  Sentorun- 

Shalaby et al. (2006) also recounted a decreased CY with an attendant increase in the 

porosity of apricot stones and fir wood -derived AC as AT and ATT were heightened. 

Similarly, in this study, it was noticed that an increase in IR favoured the CY as 

documented by Prahas et al. (2008) during the conversion of Jack fruit peel into  
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Figure 4.1: (A); Effects of AT and IR on the CY of RPSAC, (B); Effects of ATT and 

AAC on the CY of RPSAC 
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AC employing phosphoric acid as the activating instrument. 

The observations noted in the present work could be explained in a chronological 

fashion as documented by Jagtoyen and Derbyshire (1998) who asserted that the 

outcome in terms of the CY is ascribed to the interaction of lignocelluloses with 

phosphoric acid, which commences immediately after mixing of biomass with the 

acid. Succinctly, the acid initially attacks the lignin and hemicelluloses while 

exempting cellulose due to its resistance to acid hydrolysis. Here, the acids will 

hydrolyze the glycosidic linkages in the lignocellulosic materials and disconnect the 

aryl ether bond in lignin. These reactions are convoyed by extra chemical alterations 

such as degradation, condensation (leading to the activation of gaseous phases) and 

dehydration, which promotes the reduction in CY. Although it is widely documented 

that increase in AT and ATT lead to a lowered CY, Adel et al. (2010) posited that 

there was an increase in the CY of HCL modified rice husk activated carbon when the 

AT was raised. This could be ascribed to inherent lignocellulosic content and ultimate 

composition of the starting material (rice husk), which differs greatly from most 

biomass materials. 

The model prediction accuracy for CY as a function of AAC, IR, AT and AAC was 

further collaborated with the perfect match (straight line) of the plot of predicted CY 

against the experimental (actual) values (Fig, 4.2). This indicated that the model has 

good predictive power for the response (CY). The observed discrepancies were thus 

ascribed to noise. In this study a “power two” polynomial expression suitable for 

forecasting the CY as a function of the studied process variable was developed in 

terms of the coded factor values as shown in equation 4.1. Therefore, equation 4.1 

could be useful in the future for the prediction of CY of activated carbon made from 

RPS and also for other biomass materials of similar characteristics with RPS.  

𝐂𝐚𝐫𝐛𝐨𝐧 𝐘𝐢𝐞𝐥𝐝 = 75.66 + 0.18𝐴 + 1.59𝐵 − 2.92𝐶 − 0.022𝐷 + 0.028𝐴𝐵 − 1.96𝐴𝐶 +

0.47𝐴𝐷 + 0.78𝐵𝐶 + 0.64𝐵𝐷 − 0.40𝐶𝐷 − 0.99𝐴2 − 0.28𝐵2 − 0.28𝐶2 − 1.57𝐷2        (4.1) 
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Figure 4.2: Model Prediction and Experimental Values for CY (%) of RPSAC 
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4.4  SSA of H3PO4 Amended RPSAC 

Similarly, the results of ANOVA for SSA of RPSAC as a function of AAC, AT, ATT 

and IR suggest an adequately developed model. Model terms such as AT and its 

interaction, were as well very significant in influencing the SSA of the synthesized 

RPSAC (Table 4.4). The rise in AT enhances the enlargement of the already 

developed porosities, which ultimately leads to higher SSA and higher adsorption 

rates. The factorial effects on the SSA of the adsorbent (RPSAC) are as shown in 

Figs. 4.3a-b where it was found that the SSA was amplified with a rise in the AT (Fig. 

4.3a). This was probably as a result of the radical enlargement of the carbon matrix 

which encouraged the establishment of enormous SSA in the synthesized AC.  

Such comparable remarks were documented by Diao et al. (2002) in their works on 

sorghum-based precursor for activated carbon production. The authors posited that 

micro-porous carbon matrix with reduced SSA were produced at lower ATs (<500 

°C), while large SSA were developed in the carbon matrix at ATs higher than 500 °C.  

Similarly, Laine et al. (1989) established that when AT was increased from 200 – 450 

°C, the SSA of H3PO4 modified-coconut shell activated carbon was also found to 

increase. Several other authors have documented such trends in their separate studies 

(Srinivasakannan and Zailani, 2004; Prahas et al., 2008).  

The findings of this study were attributed to the destruction of cellulosic polymers 

during the various reactions that took place as heat treatments were raised. This 

likewise led to the deposition of tars in the reacting media. It is worthy to state that the 

AT has enormous stimulus towards the development of porosities in heat-treated 

adsorbent materials and as such must be optimized to a point that is suitable for 

volatiles and moisture removal from the precursor. The optimal removal of moisture 

and volatiles from activated carbon precursors is the main mechanism responsible for 

pore formation in activated carbon. Thus activation should be restricted up to the 

intrinsic point where complete volatile content is evolved. This is because; ATs 

higher than the intrinsic values would favour the expansion of pores at the expense of 

the SSA. 

The model prediction accuracy for SSA as a function of AAC, IR, AT and AAC was 

further collaborated with the perfect match (straight line) of the plot of predicted SSA 

against the experimental (actual) values (Fig, 4.4). This indicated that the model has  
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Figure 4.3: (A); Effects of AT and IR on the SSA of RPSAC, (B): Effects of AT and 

ATT on the SSA of RPSAC 
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Figure 4.4: Model Prediction and Experimental Values for SSA of RPSAC 
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good predictive power for the response (SSA). Discrepancies in the model predictive 

power were thus ascribed to noise. In this study, a “power two” polynomial 

expression suitable for forecasting the SSA of AC as a function of the studied process 

variable was developed in terms of the coded factor values as shown in equation 4.2. 

Therefore, equation 4.2 could be useful in the future for the prediction of the SSA of 

activated carbon made from RPS and also for other biomass materials of similar 

characteristics with RPS.  

SSA = 1769.68 + 5.08A + 3.58B + 68.75C − 1.17D + 2.50AB − 3.25AC +

6.38AD − 3.87BC + 1.00BD − 1.00CD + 0.58A2 + 8.21B2 − 31.54C2 + 1.71D2            

(4.2) 

4.5 Optimization of Phosphoric Acid Modified RPSAC and Validation 

The most desirable qualities in commercial activated carbon production are the SSA 

and CY as these ensure the economic viability and effectiveness (increased adsorption 

capacity) of the products (Kwaghger and Ibrahim, 2013). A major focus of this work 

was to ascertain the optimum points for all influential process variables at which the 

synthesized RPSAC would possess sufficient yields and SSA. However, it is 

challenging to optimize these targets under the similar operating circumstances, 

because these targets have extremely differing interest points and thus may not 

converge. Therefore, while enhanced SSA of AC is desired, the yield must also be 

able to justify its economic viability or cost effectiveness.  

The desirability criterion in the design Expert (Version 10) software was used to 

ascertain the optimum factor settings that would yield the desired levels of the 

responses. The optimization constraints were set to been in the range of the factor 

levels considered, while the optimization goals were to maximize both CY and SSA.  

Usually, the desirability values range from 0 – 1 and the ones closer to unity are the 

preferred optimization solutions. 

In this study the predicted optimal settings for the synthesis of RPSAC were found to 

be 77.0 %, 4.0 g/mL, 524 °C and 104 minutes for AAC, IR, AT and ATT 

respectively. These resulted in predicted response values of approximately, 78 % and 

1762.93 m2/g for CY and SSA respectively with a desirability value of 0.845 as the 

preferred optimization solution (Figs 4.5 and 4.6 a - b).  
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Through the process optimization, RPS was upheld as an ideal precursor for AC 

manufacturing with huge SSA and CY as desired. The predicted optimal settings with 

respect to RPSAC synthesis were authenticated empirically following the 

recommendations of the optimization schedule. We found that the empirically 

produced RPSAC had a SSA of 1815.6 m2/g and CY of 79.4 %, which did not differ 

significantly from the model suggested values as shown in Table 4.5. The percentage 

errors/variations found between the predicted response values of and the 

experimentally determined values which were 1. 46 and 52.69 % for CY and SSA 

respectively were negligible and further assured the reliability of the models 

developed in the current study. 

4.6 Characteristics of the Optimally Produced Activated Carbon 

The optimal samples of RPSAC and ACRPSAC were characterized for the purpose of 

determining the BD, MC, pH and pHpzc. The synthesized materials were also 

subjected to some advanced characterization procedures such as FTIR, SEM/EDX, 

BET and XRD analyses which respectively revealed the functional groups, surface 

morphology/elemental composition, surface area and phase/mineral composition of 

the materials. The features of the as-synthesized materials were compared with the 

manufacturer provided values for the CAC (Charcoal Activated) used in this work 

(Table 4.6).   

The surficial area (BETSA) of the adsorbents was 402.23, 456.10 and 715.80 m2/g for 

CAC, RPSAC and ACRPSAC respectively (Table 4.6). The increase in the BETSA of 

ACRPSAC which was due to the functionalization of RPSAC was indicative of the 

extra micro-porosities that were formed on ACRPSAC. The increase in micro-

porosity of ACRPSAC was ascribed to the reactions between the oxides of aluminium 

and the major constituents of the precursor which encouraged the development of 

porous inorganic constituents such as Nitrolite, Erionite, Apatite, hydroxyapatite and 

quartz on its surface as also evidenced from the results of the XRD analysis. Nitrolite, 

Erionite, Apatite, hydroxyl apatite are known to possess zeolitic surfaces which are 

usually micro-porous in nature and were therefore reasons behind the increased 

BETSA and micro-porosity in ACRPSAC.  
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Figure 4.5: Predicted optimal factor and response levels for production of RPSAC 
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Figure 4.6: (A); Optimization of RPSAC as a Function of IR and AAC, (B);  

   Optimization of RPSAC as a Function of AT and ATT 
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Table 4.5: Optimum Predicted and Experimental Factor Settings for RPSAC  

Factor/Response Model Prediction Experimental Error (%) 

*AT (°C) 524.00 524.00 0.00 

AAC (%) 77.00 77.00 0.00 

IR (g/mL) 4.00 4.00 0.00 

ATT (min) 104.00 104.00 0.00 

CY (%) 78.00 79.16 ±1.46 

SSA (m2/g) 1762.92 1815.61 ±52.69 

Note: desirability = 0.845 

*AT, AAC, IR, ATT, CY and SSA represent Activation Temperature, Activating Agent Concentration, 

Impregnation Ratio, Activation Time, Carbon Yield and Specific surface Area, respectively. 
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Table 4.6: Physical and Chemical Compositions of the Produced Adsorbents  

S/No Property Activated Carbon Type 

RPSAC ACRPSAC CAC 

1 BD (g/cm3) 0.45 0.37 0.48 

2 pH 2.0 3.89 5.74 

3 pHpzc 2.10 4.05 6.10 

4 MC (%) 18.50 4.20 11.50 

5 *BETSA (m2/g) 456.10 715.80 402.23 

6 DR-MPA (m2/g) 491.30 1066.00 - 

7 BJH-TPV (cc/g) 0.25 0.47 - 

8 BJH-APD (nm) 2.13 1.85 - 

9 MPV (cc/g) 0.17 0.38 - 

10 MPD (nm) 6.24 6.93 - 

11 CY (%) 79.44 72.23 - 

12 *PSD (µm) 100-300 100-300 100-300 
*PSD is particle size distribution, MPD is Micro-pore Diameter, MPV is Micro-pore Volume, APD is 

Average Pore Diameter, TPV is Total Pore Volume, MPA is Micro-pore Area, MC is Moisture 

Content, BD is Bulk Density and BETSA is BET Surface Area. *BET surface area is reported with 

respect to the Multi-Point Data. 
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Revelations of this work differ with those of Salifu (2017) who noticed a decline in 

the BETSA and pore formation during a similar experiment in a rural Ghanian 

settlement. The foregoing indicates that the inherent mineral/elemental compositions 

of precursors for activated carbon synthesis and functionalization have enormous 

influence on the BETSA, porosity and phase composition of the finished product. 

Thus the starting material (RPS) adopted in the current study is superior to that 

adopted by Salifu (2019) interms of reactivity towards enhance BETSA of activated 

carbon composites. 

The synthesized adsorbents had moisture content values of 4.20, 11.50 and 18.50 % 

for ACRPSAC, CAC and RPSAC respectively (Table 4.6). The low moisture value of 

ACRPSAC was indicative of its relative non-hygroscopic nature and could therefore 

retain its quality while in storage for a longer time as compared to CAC and RPSAC. 

This also suggests the economic superiority of ACRPSAC over RPSAC and CAC as 

also informed by Inyinbor et al. (2016) and Bello et al, (2021) in their distinct works. 

The bulk density on the other hand were 0.37 – 0.48 cm3/g in range and were such 

that the minimum and maximum values were found for CAC and ACRPSAC 

separately (Table 4.6).  High bulk density suggests better packing potency in the 

synthesized materials.  The pH of RPSAC was lowest (2.0), while that of CAC was 

highest (5.74).  

The pH of ACRPSAC was also in the acidic range (4.05) as shown in Table 4.6.  The 

acidic nature of the RPSAC and ACRPSAC was ascribed to the residual activating 

agent (H3PO4) utilized for the production of the adsorbents. The PSD of each material 

produced spanned 100 – 300 µm. A rise in p/p0 was accompanied with higher N2 

uptake, which favoured the spread in porosity of the materials (see Appendix B).  

The pHpzc of the studied materials were in the range of 2.1 - 6.1 with RPSAC and 

CAC accounting for the lower and upper limits separately (Table 4.6). This indicated 

that the exterior of each adsorbent would be positively ionized when reacted with an 

acidic solution; a condition that would promote the removal of pollutants like F- in 

aqueous media (Fig. 4.7).  

 The APD, TPV and CY were approximately, 2.1 nm, 0.3 cc/g and 79.0 % for 

RPSAC, while those for ACRPSAC were 1.85 nm, 0.47 cc/g and 73.23 %. These  
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Figure 4.7: Adsorbents pHpzc (ACRPSAC = 4.10, RPSAC = 2.10, CAC = 6.10) 
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properties of activated carbon were however not provided for CAC by the 

manufacturer (Table 4.6). The value of the average pore diameter of ACRPSAC 

obtained in this study (1.85 nm) was a further confirmation of its micro-porous 

dominance and increased BET surface area, while that of RPSAC was of the meso-

micro-porous nature. Such porosities portray the suitability of adsorbing materials 

when the target adsorbate is/are of small size in molecules as is the case with F- that 

was targeted in this study. The formation of micro-pores on the exterior of ACRPSAC 

was also found to account for its increased total pore volume and the implied higher 

adsorption capacity for the targeted pollutant (fluoride). Thus micro-porous nature, 

higher micro-pore area (Table 4.6) and suitable average pore diameter (greater than 

the molecular size of fluoride) of ACRPSAC portend it as a superior material in water 

defluoridation when likened to RPSAC and CAC. Other pore properties of the 

adsorbents can be found in Appendix B (pages 236 – 261). 

4.6.1 Morphological Compositions of the Adsorbents (SEM/EDX) 

The morphological arrangements (SEM) of RPSAC and ACRPSAC are presented in 

Figs. 4.8a and 4.8b, while the EDX bands are as presented in Fig. 4.9. From Figs. 4.8 

a-b, RPSAC comprised mostly of micro/meso-pores. The surface of ACRPSAC was 

however dominated with micro-pores and had homogeneous whitish coverings which 

proved that the aluminium (hydr) oxides surface coating of RPSAC to produce 

ACRPSAC was successful.  

The elemental composition of RPSAC showed that it was dominated by phosphorus, 

oxygen, carbon and silicon in that order. While potassium, calcium, aluminium, iron, 

sulphur, nitrogen, magnesium, sodium and chloride were found in trace levels (Fig. 

4.8a). The elevated level of phosphorus in RPSAC was attributed to the unreacted 

H3PO4 that was deployed as the activating agent (Inyinbor et al., 2017). The foregoing 

may also be the reason behind lower carbon content and BETSA of RPSAC as 

compared to ACRPSAC. 

From Fig. 4.9, it was noticed that the weight concentration of aluminium in 

ACRPSAC increased from 1.18 % to 1.34 % as a result of the successful coating of its 

surface with aluminium oxide. This was further confirmed by the corresponding 

increase in the sulphur value of ACRPSAC to 0.83 % from 0.69 % in RPSAC. As a  



 

 
 

133 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

15 P Phosphorus 33.96 48.36 

8 O Oxygen 37.03 27.24 

6 C Carbon 18.78 10.37 

14 Si Silicon 4.28 5.53 

19 K Potassium 0.94 1.69 

20 Ca Calcium 0.88 1.63 

13 Al Aluminium 0.95 1.18 

26 Fe Iron 0.46 1.17 

16 S Sulfur 0.47 0.69 

7 N Nitrogen 1.04 0.67 

12 Mg Magnesium 0.54 0.61 

11 Na Sodium 0.41 0.43 

17 Cl Chlorine 0.25 0.41 

22 Ti Titanium 0.00 0.00 

     
 

Figure 4.8a: SEM Micrograph of RPSAC and Elemental Composition 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 48.53 32.05 

15 P Phosphorus 13.98 23.80 

8 O Oxygen 19.64 17.28 

14 Si Silicon 10.33 15.95 

7 N Nitrogen 2.65 2.04 

20 Ca Calcium 0.69 1.52 

26 Fe Iron 0.49 1.51 

17 Cl Chlorine 0.73 1.43 

13 Al Aluminium 0.90 1.34 

11 Na Sodium 0.88 1.11 

16 S Sulfur 0.47 0.83 

12 Mg Magnesium 0.48 0.64 

19 K Potassium 0.23 0.49 

22 Ti Titanium 0.00 0.00 

     
 

Figure 4.8b: SEM Micrograph of ACRPSAC and Elemental Composition 
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Figure 4.9 (A): EDX Spectrum of RPSAC 

 

 

 

Figure 4.9 (B): EDX Spectrum of ACRPSAC 
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consequence of the foregoing, there was also a reduction in the phosphorus value of 

ACRPSAC which was ascribed to the interaction of the residual phosphorus in 

RPSAC to form zeolitic micro-porous compound such as apatite, hydroxyapatite and 

Erionite etc on ACRPSAC. The foregoing observations indicated the effectiveness of 

the Al2 (SO4)3 functionalization procedure. 

Succinctly, the EDX analyses proved ACRPSAC to be enriched with aluminum, 

which was linked with an increase in the sulphur and carbon contents in ACRPSAC 

which served as a proof that ACRPSAC has been effectively coated with aluminum 

(hydr) oxide. Revelations expunged in this work are collaborated with those of Salifu, 

(2017) who reported a comparable mechanism for the uptake of fluoride in 

groundwater by aluminium oxide coated pumice. 

4.6.2 Functional Groups on the Adsorbents Surface (FTIR Analysis) 

The FTIR spectrums of the as-synthesized materials are shown in Figures 4.10a and 

4.10b for RPSAC and ACRPSAC respectively. Both adsorbent materials were found 

to comprise of complex chemicals as each had over five (5) peaks on the FTIR 

spectrum (Nandiyanto et al., 2019). As fallout of the success of the coating process, 

newer and additional peaks were found to dominate on the surface of ACRPSAC than 

RPSAC. This was ascribed to interactions between aluminium sulphate and the 

inherent compounds on RPSAC to form numerous metal oxides including aluminium 

oxide on ACRPSAC. Such metal oxides were responsible for the micro-porosity, 

increased BETSA, TPV and increased adsorptive potentials of ACRPSAC as stated 

earlier. 

For RPSAC, the strong peaks at 3213, 2344, 2117, 1990, 1625, 1121, 969 cm-1 were 

allotted to hydroxyl elongating vibrations, triple carbon and nitrogen bonds, mono-

substituted terminal alkyne stretch, transition metal carbonyl stretch, primary amine 

N-H bend and non-ringed phosphate elongations respectively. The modest rise at 

around 879 cm-1 was allotted to the ringed phosphate elongation (Coates, 2000).  

For the ACRPSAC, the rise around 3682 cm-1 was allotted to hydroxyl stretch of 

phenols, that at 3623 cm-1 was linked to the secondary alcohol O-H stretch, the hike at 

3093 cm-1  was assigned to methyl and vinylidin elongations of C-H. That at 2981 cm-

1 was given to the secondary amine C-N/ aliphatic nitro compound. The rise found  
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Figure: 4.10a: FTIR Spectrum of RPSAC Elucidating on the Functional Groups 

 

Figure: 4.10b: FTIR Spectrum of ACRPSAC Elucidating on the Functional Groups 
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around 2743 cm-1 was ascribed to the phenol/tertiary alcohol O-H bend, that at 2322 

cm-1 was assigned to the organic siloxone/silicone elongations (Coates, 2000). 

On the whole the adsorbents were confirmed to originate from organic matter as was 

evidenced in the dominance of O, C, H2, and N2 containing functional groups. Such 

functional groups were previously documented by Olugbenga et al. (2017) for raw 

Moringa oliefera seed pod and its H3PO4 modified part as adsorbents for Rhodamine 

B dye containment in wastewater. Similar reports were given by Okoye et al. (2019). 

4.6.3 Crystallographic Make-ups of the Adsorbents (XRD) 

The XRD spectrum for RPSAC and ACRPSAC are given in Figures 4.11a and 4.11b 

respectively. Details about the phase proportion as well as the peak angles can be 

found in Appendix B (Pages 236 – 261).  

The RPSAC was observed to be largely amorphous in nature (Fig. 4.11a), while the 

ACRPSAC exhibited some degree of micro-crystalinity (Fig. 4.11b) which was due to 

the formation of graphite-like structures and zeolitic minerals in the matrix. This was 

further attributed to inherent silica-based complexes in the precursor as already 

exemplified in the EDX analysis. Triple large summits were formed on the surface of 

RPSAC and conformed to 2ɵ = 15.2, 23.3 and 26.7o. Similarly, three broad crests that 

were analogous to 2ɵ = 15.29, 23.28 and 26.84o where found on the XRD spectrum 

for ACRPSAC.  The coating of ACRPAC with aluminium oxide was found to be 

largely responsible for the slight differences recorded in the peak angles of the two 

adsorbents (Salifu, 2017).  

The peaks close to  2ɵ = 24.0 and 25.0o match with the graphitic framework and the 

ones close to 2ɵ = 15.0o were ascribed to the smaller-sized porosities and crystallinity 

of the materials which occurred as a result of the multiple-stage  piling of graphite-

like small-sized-crystalline arrangements, especially with regards to ACRPSAC 

(Mopoung et al., 2015). Details of the inorganic phases of the adsorbents (Appendix 

B) show that apatite (46%) and hydroxyapatite were the main complexes on RPSAC 

surface. These minerals have been shown to be of high affinity for fluoride ion in 

solution. Similarly, ACRPSAC was observed to be composed mainly of amorphous 

graphite and apatite which also have abilities for fluoride adsorption from 
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                                      Figure 4.11a: XRD profile for RPSAC 

 
 

 

Figure 4.11b: XRD profile for ACRPSAC 
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aqueous media. Thus from the evidence gathered in this work, both RPSAC and 

ACRPSAC hold great potentials for use as fluoride scavenging agents in drinking 

water treatment processes. 

4.7 Results of Batch Adsorption Experiment 

In this section we present the findings from the experiments on the comparative batch 

uptake of F- onto the as-produced AC. The influence of controlling process factors 

such as interaction period, pH, adsorbing material dosage, primary F- content and 

temperature on process outcomes (F- removal efficiency and uptake capacity) are also 

scrutinized with a view to ascertaining the optimal process settings that would ensure 

high removals and uptake capability for fluoride ions in water. In furtherance of the 

foregoing, the adsorption type, nature and mechanisms were also scrutinized by 

subjecting the obtained data to isothermal, kinetic and thermodynamic model fitting 

using regression analysis.  

4.7.1 Interaction Period Effects on F- Adsorption 

Influential attributes of interaction period (30 – 120 minutes) on F- uptake in aqueous 

solution was evaluated at a primary fluoride content of 6.0 mg/L, carbon addition of 

2.0 g/L and temperature of 303 K with an unmodified pH. The obtained results are 

presented in Fig. 4.12. Both F- uptake percent and uptake capability heightened with a 

rise in the contact time (interaction period). The steady state interaction period was 2 

hours (120 mins) with corresponding uptake efficiencies/percent of 95.83 – 99.83. 

87.67 – 99.67 and 73.41 – 90.22 % for ACRPSAC, RPSAC and CAC respectively. 

The uptake capbility at equilibrium was perceived to rise from 2.88 – 3.0, 2.63 – 2.99 

and 2.21 – 2.68 mg/g in correspondence with ACRPSAC, RPSAC and CAC. 

In accordance with the submissions of Yusuff et al. (2018), such increase in the F- 

uptake efficiency and adsorption capacity as the contact time was elongated was 

ascribed the increased pore diffusion rates which paved way for the creation of more 

adsorption sites. Similar scenarios were documented previously (Getachew et al., 

2015; Yusuff, 2019). 
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Figure 4.12: Influence of Interaction Period on (A): F- Uptake Percent and (B) 

Uptake Capability (Primary F- Content = 6.0 mg/L, Adsorbent Dose = 2.0 g/L, 

Temperature = 303K, without pH alteration). 
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4.7.2 Fluoride Adsorption as Influenced by Carbon Dosage 

Efficient deployment of batch-wise adsorption schemes depend largely on the amount 

of adsorbing material added per volume of solution (g/L). In this work, adsorbing 

material dosage impacts (0.5 – 2.0 g/L) on fluoride elimination efficiency and 

adsorption capacity was evaluated for RPSAC. ACRPSAC and CAC at constant 

initial fluoride content (6.0 mg/L), interaction period (2 hours), heat treatment (303 K) 

without pH control (Fig. 4.13). Noticeable F- uptake percent improved from 94.4 – 

99.8, 86.2 – 99.8 and 69.2 – 89.2 percent for ACRPSAC, RPSAC, and CAC 

separately and corresponded with surges in the carbon dosage. This was likely due to 

the increased accessibility of active superficial pore spaces for cleavage of fluoride 

ions when the carbon dosage was increased (Salifu et al., 2016; Yusuf et al., 2017). 

The changes in the removal efficiency were negligible at dosages greater than 2.0 g/L, 

as such 2.0 g/L was taken as the optimum carbon dosage in the current system (Salifu, 

2017).  

On the contrary, fluoride adsorption capacity was found to be lowered from 11.30 – 

2.99, 10.30 – 2.99 and 8.30 – 2.70 mg/g for ACRPSAC, RPSAC, and CAC 

respectively at raised carbon doses of 0.50 to 2.00 g/L. Similar findings were 

documented by several other authors in their separate studies on pollutant adsorption 

on activated carbon (Mohammed-Ridha et al., 2017; Salifu, 2017; Yusuff, 2019). 

Yusuff (2019) asserted that the inconsistencies in relation to the accessibility of 

uptake sites and capacity of adsorbents are largely responsible for the low fluoride 

uptake capacity at higher carbon dosage. Nevertheless, when the carbon dosage is 

reduced, additional fluoride ions are held by the unsaturated extra surface centres 

(Mohammed-Ridha et al., 2017). 

The lowered uptake capability recorded with decreasing adsorbing material additions 

affirms the assumptions of superficial spot heterogeneity model which posits that the 

peripheral of the adsorbent contains adsorbing spots with a vast band of cleavage 

vitalities and proves that the materials were of heterogeneous surfaces. Thus, at 

reduced carbon doses, every adsorption site is completely open for fluoride uptake 

with quickened surface saturation. This ultimately results to higher adsorption 

capacity (qe).  
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Figure 4.13: Influence of Carbon Dose on (A): F- Elimination Percent and (B) Uptake 

Capability (Primary F- Content = 6 mg/L, Interaction Period = 2 hours, Temperature = 

303K, without pH alteration) 

 

 

 

60

70

80

90

100

110

120

0.5 1 1.5 2 2.5 3

F-
El

im
in

at
io

n
 P

e
rc

e
n

t 
(%

)

Carbon Dose (mg/g)

RPSAC ACRPSAC CAC

2

3

4

5

6

7

8

9

10

11

12

0.5 1 1.5 2 2.5 3

U
p

ta
ke

 C
ap

ab
ili

ty
 (

m
g/

g)

Carbon Dose (g/L)

RPSAC ACRPSAC CAC

 

A 

 
B 



 

 
 

143 

However, when the dosage is increased, there is a corresponding reduction in the 

available upper vitality spots which warrants a huge segment of the lesser vitality 

spots to be taken up by the fluoride ion, thereby leading to a lowered uptake capacity 

(Biswas et al., 2009; Wang et al., 2010; Salifu, 2017).  

Additionally, as reported by Getachew et al. (2015); “to maintain high fluoride 

adsorption capability and elimination percent, the superficial stacking which is the 

ratio of adsorbate mass eliminated to mass of adsorbing material added is required to 

be less than the optimal dose”. It was however, almost impossible to achieve the 

foregoing, moreover that the removal/elimination efficiency was taken to be more 

critical than the uptake capability in any adsorption scheme. Thus, in this study a 

dosage of 2.0 g/L was taken as ideal for further experiments. 

4.7.3  pH Effects on Fluoride Adsorption 

The pollutant uptake capabilities of AC is greatly influenced by the hydroxyl ion 

content of reacting media due to alteration of the activated carbon’s surface charge. It 

is thus imperative to consider its effect in any adsorption studies. In this work, the pH 

effects (2 – 8) on the fluoride uptake potentials of ACRPSAC, RPSAC and CAC was 

evaluated, while maintaining a fixed primary fluoride content (6.0 mg/L), interaction 

period (2 hours), carbon dose (2.0 g/L) and temperature (303 K).   

A decrease in the removal efficiency ranged as 99.7 – 89.8 and 98.7 – 76.3 % for 

ACRPSAC and RPSAC respectively as the pH was raised (Fig. 4.14). This implied 

that there was a preferential fluoride adsorption in the acidic than alkaline conditions 

of the solutions for both ACRPSAC and RPSAC. The foregoing was ascribed to the 

already acidic pHpzc of the two adsorbents (4.05 and 2.1 respectively).  Theoretically 

and as earlier stated, the exterior of materials including AC are positively ionized 

when reacted in a media having a pH lesser than the adsorbent’s pHpzc; a situation that 

favour the adsorption of deleteriously excited ions like F- in such media. Conversely, 

fluoride adsorption onto CAC (pHpzc = 6.1) did not show a clear trend as pH was 

increased from 2 – 8. Concisely, fluoride removal efficiency by CAC was initially 

lowered from 67.9 – 62.6 % (at pH 2 - 4) and was later increased up to 76.4 % at the 

extreme alkaline pH conditions of the F--ladened solutions.  
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Figure 4.14: Influence of pH on (A): F- Elimination Percent and (B) Uptake 

Capability (Primary F- Content = 6 mg/L, Interaction Period = 2 hours, Carbon dose = 

2.0 g/L, speed = 150 rpm and Temperature = 303K) 
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The F- adsorption capability of the studied materials was also observed to display the 

same tendency as was with the removal efficiency. Thus in this work the pH 6 is 

recommended as the optimum for favourable fluoride adsorption onto any of the 

studied adsorbents. This decision was premised on the fact that removal efficiency 

higher than 70 % and final F- content lower than the tolerable limit (1.5 mg/L) were 

achieved for all the adsorbents at pH 6 – 7, which conforms to the natural pH values 

of potable groundwater in most places where F- enrichment in aquifer water is 

documented.   

The foregoing was presumed to enhance the cost effectiveness of fluoride removal by 

the adsorbents as pH adjustments would not be needed for groundwater 

defluoridation, especially in rural settings. Thus in this work other experiments were 

conducted with no pH adjustments. Kanaujia et al. (2015) also experienced such pH 

effects in their study.  

4.7.4 Temperature and Concentration Effects on Fluoride Adsorption  

Presently, the impact of heat treatments (303 – 323 K) and initial/primary F- contents 

(2 – 8 mg/L) on fluoride uptake abilities of ACRPSAC, RPSAC and CAC were 

comparatively evaluated and the related results are as presented in Figs. 4.15 and 

4.16. For each of the adsorbents, a hike in the F- elimination percent was noticed as 

the temperature was increased. Such increase in fluoride removal efficiency as 

temperature increased was observed to be higher at lower fluoride concentrations for 

ACRPSAC and RPSAC, but was not the same trend with the CAC. Fluoride removal 

efficiency ranged from 88.8 – 99.0 % at all initial concentration levels considered for 

ACRPSAC, while it was 83.9 – 98.6 % and 62.8 – 83.4 % for RPSAC and CAC 

respectively (Appendix C). 

Likewise, the uptake capability rose with a rise in the primary F- contents for all 

solution temperatures (303 – 323 K) considered (Fig. 4.16). At higher initial 

concentrations, ACRPSAC exhibited the greatest adsorption capacity for F-. Thus 

hierarchy in the adsorption capacity was found to be ACRPSAC ≥ RPSAC ˃ CAC. 

Nevertheless, it was noteworthy to mention here that at lesser concentrations of 

fluoride (1 - 6 mg/L), which coincide with the mean ranges reported for most 

Nigerian groundwater (Malum et al., 2019), ACRPSAC, demonstrated excellent  
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Figure 4.15: Influence of Primary F- Content and Heat Treatments on F- Elimination 

Percent from aqueous solution using (A) RPSAC, (B) ACRPSAC and (C) CAC 

(Interaction Period = 2 hours, Carbon dose = 2.0 g/L, rotation = 150 rpm, without pH 

alteration = 4.0) 
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Figure 4.16: Influence of F-Primary content on Uptake Capability of the Adsorbents 

at (a) 303 K, (b) 313 K and (c) 323 K (Interaction Period = 2 hours, Carbon dose = 

2.0 g/L, Rotation= 150 rpm, without pH alteration = 4.0) 
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fluoride adsorption capacity ahead of RPSAC and CAC. This shows that ACRPSAC 

has great potency for use as fluoride ion scavenger in actual pollution control 

scenario. The applausive influence of heat treatments on F- containment by these 

novel materials indicate that the superficial active sites on the adsorbents enlarge with 

rising temperature and as such create room for more adsorption to occur (Yusuf et al., 

2017).  

While the adverse Influence of primary F- content on its elimination percent as well as 

its favourable effects on the adsorption capability at variable heat levels was ascribed 

to the occurrence of the identical energetic centres on the exterior of the materials 

which promotes the inundation of available lively uptake spots. Conversely, a decline 

in the removal efficiency as concentration was raised is a reflection that there was an 

expansion in the adsorbent’s pore diameter with a corresponding drop in the BETSA 

owing to the dominance of protons in the acidic medium (Salifu, 2017). This 

observation was also made by several other researchers in earlier studies (Ghasemi et 

al., 2015; Gorzin & Abadi, 2017; Yusuf, 2019). 

4.7.5 Statistical Comparisons of the Adsorbents’ Fluoride Uptake 

Analysis of Variance (ANOVA) was performed at the established optimum process 

settings for each of the adsorbents (ACRPSAC, RPSAC and CAC) at p = 0.05. 

Results of ANOVA and mean separation for removal efficiency and fluoride 

adsorption capacity using Duncan Multiple Range Test (DMRT) are presented in 

Appendix C. It was observed that there was a significant difference (p = 0.05) in the 

performance of the adsorbents. Mean removal efficiencies were 99.13 ± 0.31, 94.57 ± 

1.06 and 80.37 ± 0.71 % for ACRPSAC, RPSAC and CAC correspondingly. 

Similarly, mean uptake capability was found to be 3.35 ± 0.22, 2.93 ± 0.06 and 2.27 ± 

0.23 mg/g for ACRPSAC, RPSAC and CAC respectively.  

Therefore as already established in the preliminary experiments, the adsorbents 

performance with regards to fluoride removal in aqueous solution was such that 

ACRPSAC ≥ RPSAC ≥ CAC, which was also attributed to the enhanced 

functionalities on the surface of the ACRPSAC when compared to the other 

adsorbents. 
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4.8 Modeling Isotherm, Kinetics and Thermodynamics of Fluoride 

 Adsorption 

The empirical data generated in the current work as described in section 3.8 were 

fitted to existing linear forms of some selected (Langmuir, Freundlich and Temkin) 

equilibrium isotherm models in order to provide insights on the prevailing adsorption 

modes.  

Similarly, the mechanisms of F- uptake by the adsorbents were validated using the 

rectilinear modes of the PFO, PSO, WMID and Elovich dynamic models. While the 

temperature-dependent equations as described in section 3.8 were considered for 

estimating the heat exchange mode, feasibility and self-driving ability of the fluoride 

adsorption process. All model fitting obligations were analysed curve fitting 

procedures using the R2 values as indicator statistic, wherein the model derived design 

parameters were estimated. 

 4.8.1 Adsorption Data Fits to the Isotherm Models 

The model parametric estimates were obtained with the aid of Fig. 4.17 for each 

tested AC (Table 4.7). Model analysis indicate that fluoride uptake was more 

collaborated with the Langmuir expression (R2 = 0.88 – 0.98) for all adsorbing 

materials tested. The foregoing was an indication that each of the adsorbing materials 

had homogeneous adsorption sites that enhanced the monolayer fluoride uptake by the 

adsorbents. Table 4.8 depicts the model regression equations and R2 values from 

where all model parameters and inferences were deduced. 

The values of separation factor (RL), which were 0.050, 0.030 and 0.30 respectively 

for RPSAC, ACRPSAC and CAC at optimum conditions, show that fluoride uptake 

was favourable for all the adsorbents, which was further corroborated by Freundlich 

exponent (n) which were higher than unity and viz: 2.120, 1.850 and 1.260 for 

ACRPSAC, RPSAC and CAC separately. In a like vein, fluoride adsorption by the 

materials was moderately explained by the Freundlich model (R2 = 0.8464 - 0.9416).  

Similarly the fit of the fluoride adsorption data to the Temkin model was poor and 

was such that CAC > RPSAC > ACRPSAC with R2 values of 0.6975 - 0.785. Such 
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Figure 4.17: Fluoride Adsorption Model Fit using: (A) Langmuir, (B) Freundlich and 

(C) Temkin Models 
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Table 4.7: Isothermal Model Parameters for Fluoride Uptake by the Adsorbents 

Serial Parametric Estimates Material Type  

 ACRPSAC RPSAC CAC 

 qe empirical (mgg-1) 3.0 2.99 2.6 

1.0 Langmuir    

 Qm (mgg-1) 4.1 2.26 2.24 

 KL (Lmg-1) 5.49 6.27 7.18 

 RL 0.03 0.05 0.32 

 R2 0.88 0.98 0.97 

2.0 Freundlich    

 Kf (mgg-1) 4.365 4.159 1.340 

 n-1 or n 0.47 or 2.12 0.54 or 1.85 0.79 or 1.26 

 R2 0.85 0.89 0.94 

3.0 Temkin    

 KT  (Lg-1) 31.21 18.20 2.33 

 BT (kJmol-1) 6.01 5.25 4.55 

 R2 0.69 0.75 0.79 
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Table 4.8: Isotherm and Kinetic Model Equations for Fluoride Adsorption  

Model Model Regression Equations and R2 Values 

ACRPSAC RPSAC CAC 

Langmuir y = 0.0447x + 

0.1821 

R² = 0.8802 

 

y = 0.0713x + 

0.1595 

R² = 0.9751 

 

y = 0.5434x + 

0.1393 

R² = 0.9652 

 

Freundlich y = 0.4711x + 

1.4736 

R² = 0.8464 

 

y = 0.5416x + 

1.4252 

R² = 0.896 

 

y = 0.7934x + 

0.2935 

R² = 0.9416 

 

Temkin y = 1.3823x + 

4.756 

R² = 0.6975 

 

y = 1.5833x + 

4.5936 

R² = 0.7499 

 

y = 1.8276x + 

1.5475 

R² = 0.7851 

 

Pseudo First 

Order 

y = -0.0176x - 

0.3365 

R² = 0.9693 

 

y = -0.0364x + 

0.4366 

R² = 0.9246 

 

y = -0.0133x 

R² = 0.9684 

 

Pseudo Second 

Order 

y = 0.3274x + 

0.6153 

R² = 0.9999 

 

y = 0.3173x + 

1.404 

R² = 0.9989 

 

y = 0.3615x + 

2.139 

R² = 0.9974 

 

Intra-Particle 

Diffusion 

y = 0.0329x + 

2.6751 

R² = 0.8948 

 

y = 0.068x + 

2.3349 

R² = 0.8164 

 

y = 0.0953x + 

1.754 

R² = 0.9769 

 

Pore Diffusion y = 0.0027x - 

0.0149 

R² = 0.8816 

 

y = 0.0405x - 

0.077 

R² = 0.9275 

 

y = 0.0399x - 

0.1004 

R² = 0.9422 

 

Elovich y = 0.1345x + 

2.403 

R² = 0.975 

 

y = 0.2885x + 

1.7348 

R² = 0.9226 

 

y = 0.3127x + 

1.2353 

R² = 0.9445 
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findings were in the past reported by other researchers (Inyibor et al., 2016; Salifu, 

2017; Yusuff, 2019). Generally, the fluoride adsorption routine of the studied 

materials was explained by the various models in the fashion of the Langmuir ≥ 

Freundlich ≥ Temkin models.  

4.8.2 Modeling Fluoride Adsorption Kinetics 

Here the F- uptake data for ACRPSAC, RPSAC and CAC was modeled using the 

linearized formats of PFO, PSO, WMIPD, BPD and the Elovich dynamic expressions 

and results were as shown in Tables 4.8 - 4.9 and Fig. 4.18 for regression equations, 

estimated model parameters and model plots respectively.  

The WMIPD and BPD models offered insights on the controlling modes of F- uptake 

by the adsorbents. All kinetic models tested sufficiently explained F- uptake for all the 

adsorbent materials tested (R2 = 0.82 – 1.00). Precisely, the PSO kinetic model was 

observed to best describe the fluoride uptake rate (R2 = 0.99 – 1.00) in a fashion that 

revealed ACRPSAC ≥ RPSAC ≥CAC. Such findings were also documented by Araga 

et al. (2017) as well as by Thakur et al. (2020).  

The greatest collaboration of the kinetic statistics to the PSO and its additional good 

fit to the Elovich model was an indication that chemisorption was the major 

mechanisms of fluoride uptake by the studied adsorbent (Salifu, 2017). 

Furthermore and more precisely, from Table 4.9 the good explanation of the kinetic 

data by the WMIPD and BPD models ((R2 = 0.86 – 0.98) was an indication that both 

pore and particle-particle movement of the F- ions on the adsorbents’ peripheral were 

the controlling mechanisms for fluoride uptake.  

Precisely fluoride adsorption mechanisms by ACRPSAC and RPSAC involved ion 

exchange between fluoride and the hydroxyl functional groups on the adsorbents 

exterior, electrostatic attraction between the positively charged metal ions and the 

negatively charged fluoride ions in solution, hydrogen bonding and fluoride 

complexation.  

Additionally for ACRPSAC other likely mechanisms included the Lewis acid-base 

interaction and ion/ligand exchange (formation of inner sphere surface complexes) 

mechanisms (Wang et al., 2020). The foregoing is premised on the fact that 

chemisorption was the main F- uptake pathway as elucidated earlier and as such Van 
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Table 4.9: Parametric Estimates for Fluoride Adsorption Kinetics 

Serial Parametric Estimates Material type 

  ACRPSAC RPSAC CAC 

1. PFO     

 qe(cal) (mg/g) 2.46 2.73 1.52 

 K1 (min-1) 0.04 0.08 0.04 

 R2 0.97 0.92 0.97 

2. PSO     

 Qe(Cal) (mg/g) 3.05 3.15 2.77 

 K2 (g/mg/min) 0.17 0.07 0.06 

 R2 1.00 0.99 0.99 

     

3. WMID     

 Kip (mgg-1min-0.5) 0.03 0.07 0.10 

 C (mg/g) 2.68 2.33 1.75 

 R2 0.89 0.82 0.98 

     

4. BPD    

 Ko(mLg/L) 0.23 0.21 0.21 

 α  0.003 0.04 0.04 

 R2 0.88 0.93 0.94 

     

5 Elovich     

 Β 7.43 3.47 3.20 

 α(mg/gmin) 7.64 118.58 16.28 

 1/β ln(αβ) 2.40 1.73 1.23 

 R2 0.98 0.92 0.94 
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Figure 4.18: Kinetic Model Fits of the Adsorbents (A) PFO, (B) PSO, (C) WMID, 

(D) BPD and (E) Elovich Models 
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der Waals force (physio-sorption) were only mildly involved in the fluoride uptake by 

the studied adsorbents (Sahu et al., 2021). 

The involvement of complex modes of F- adsorption on the studied materials was also 

confirmed by the non-passage of the linear plot of the WMID model through the 

origin (Fig 4.18). This suggested that all diffusion steps contributed to the rate-

controlling phase in the fluoride uptake process. In the earlier phase of adsorption, 

film movement controlled the process, whereby the fluoride ions were diffused across 

the border regions adjoining the adsorbent particles, and were thus up taken and 

adsorbed at the exterior of the materials. Subsequently, the materials’ exterior 

coverings became laden with F- ions and the adsorption was then controlled by intra-

particle and pore diffusion at the inner surfaces of the adsorbent up to the equilibrium 

point.  

In the present work, the boundary layer thickness (C) which is an indicator for the 

likelihood of the adsorbate (fluoride) to either remain in solution or become adsorbed 

onto the adsorbent were 2.675, 2.335 and 1.754 mgg-1 for ACRPSAC, RPSAC and 

CAC correspondingly (Table 4.9). This was an indication that there was higher 

fluoride uptake on the ACRPSAC than RPSAC and CAC. These observations are 

closely collaborated with reports by other authors (Doke and Khan, 2012; Inyinbor et 

al., 2016; Salifu, 2017; Sahu et al., 2021).  

4.8.3 Modeling Adsorption Thermodynamics 

In the current study, three separate temperatures (303 – 323 K) at intervals of 10 K 

were used to model the thermodynamics of fluoride uptake by ACRPSAC, RPSAC 

and CAC. The Vant Hoff’s model was used for parametric estimates (Table 4.10). 

The enthalpy change (ΔHo) was observed to be positive for each adsorbent, which 

confirmed the endothermic mode of F- uptake by the materials as was also evidenced 

from the rise in the spread parameter (kd) when heat levels were raised (Appendix C). 

The positive values of ΔHo also approved the chemisorption-controlled disposition of 

studied adsorption process, which were ascribed to the raised electronegativity of F- 

ions that supported ion interchange for fluoride and the hydroxyl groups on the 

adsorbents’ exterior coverings. 

Similarly, there was also a positive entropy change (ΔSo) (72.1 – 131.0 J/mol/K) for 

each adsorbent, which shows that the interior arrangement of the materials were 
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altered owing to fluoride uptake. Such huge values of entropy (131.0 J/mol/K) 

especially for ACRPSAC were an indication for huge affinities existing between F- 

ions in aqueous media and the material’s peripheral. There was however an observed 

negative values of the Gibb’s free energy (ΔGo) for fluoride uptake at all temperatures 

by ACRPSAC and RPSAC (Table 4.10), which supported the spontaneity of the 

uptake route.   

The entropy (ΔGo) was positive in the case of CAC at lower temperature (303 K), 

which portended the non-spontaneity of the process and diminished fluoride uptake 

rates at such temperature for CAC. Similar observations were made in the past by 

other researchers (Daifullah et al., 2007; Mariappan et al., 2015; Salifu, 2017; 

Chubakuum et al., 2018) who studied the thermodynamics of fluoride uptake onto 

various adsorbents. 

4.9 Influence of Contending Anions on Fluoride Adsorption 

Contending anions such as bicarbonate, chloride, sulphate and nitrate are found to co-

exist with fluoride in groundwater in real drinking water samples. These anions 

compete with the target pollutant; in this case fluoride over the available uptake spots 

on AC when such water is subjected to adsorptive treatment processes. Thus in this 

study, the stimulus of competing anions (HCO3
-, Cl-, SO4

2- and NO3
-) on the F- uptake 

ability of ACRPSAC, RPSAC and CAC was scrutinized using simulated drinking 

water and results are shown in Fig. 4.19. 

For all the adsorbents studied, a retarding impact on F- uptake was observed when 

each of the contending anions was mixed with F-. Generally, Fluoride removal 

efficiency were found to be 66.5 – 84.6, 68.8 – 89.3, 76.8 – 94.2 and 82.3 – 95.1 % 

when HCO3
-, SO4

2-, NO3
- and Cl- were respectively mixed with F- solutions. In all 

cases considered, the highest fluoride removals were obtained by ACRPSAC while 

the lowest values were found for CAC. 

The greatest inhibitory effects were found when SO4
2- and HCO3

- were interacted 

with the F- media, while F- adsorption was negligibly hindered when NO3
- and Cl- 

were mixed with F- in aqueous media. The foregoing trend was linked to the 

magnitude of the ratio of ionic charge o the ionic radius of the ions as higher ratios  
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Table 4.10: Estimates of Thermodynamic Parameters of Fluoride Adsorption 

Serial Material 

type  

ΔHo 

(KJ/mol/K) 

ΔSo 

(J/mol/K) 

ΔGo (KJ/mol/K) 

303 K 313 K 323 K 

1 ACRPSAC 33.3 131.0 -6.4 -7.7 -9.0 

2 RPSAC 15.8 72.1 -6.0 -6.8 -7.5 

3 CAC 22.5 72.3 0.5 -0.2 -0.9 
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encourage stronger interfaces among the competing anion and the adsorbents (Wang 

et al., 2020). 

This is also collaborated with the closeness of the electronegativity values of 

bicarbonate and sulphate to the electronegativity of F-. The foregoing builds 

comparable attractions between these anions and cations on the materials’ exterior. 

Conversely the negligible hindrance to F- adsorption when NO3
- and Cl- were present 

was likely due to the development of outer domain exterior multiplexes that 

encourage F- uptake (Alagumuthu et al., 2011; Chubaakum et al., 2018). 

4.10 Regeneration/Reuse of the Adsorbents 

Varying concentrations (10 – 20 %) of sodium hydroxide were used for initial 

regeneration of the spent adsorbents (ACRPSAC, RPSAC and CAC) and optimum 

values were identified as depicted in Fig. 4.20. 

There was an evident rise in the reusability of the regenerated adsorbents when they 

were treated with higher concentrations of sodium hydroxide (Fig. 4.20). Precisely, 

fluoride removals were raised from 65.2 – 97.4, 64.1 – 94.8 and 46.5 – 78.5 % for 

regenerated ACRPSAC, RPSAC and CAC respectively as the concentration of 

sodium hydroxide was raised up to 20%, which was then assumed to be the optimum. 

The foregoing indicated that adequate concentrations of NaOH was needed for an 

effective fluoride desorption from the spent adsorbents (Chubaakum et al., 2018).  

The optimum settings for the regeneration of the spent materials using sodium 

hydroxide served as a benchmark for testing other regeneration options. The results of 

reusability potentials for F- uptake on the differently/further regenerated materials are 

shown in Fig. 4.21. It was noticed that there was an increased performance of the 

regenerated materials as removal efficiency was found to be 100.00, 100.00, 95.10 

and 77.80 % for STRACRPSAC, RACRPSAC, STRPSAC and STCAC 

correspondingly after one cycle of the reusability experiment. On the whole, by 

simply re-coating the surface of the exhausted ACRPSAC with aluminium oxide was 

a more efficient regeneration technique as compared to its treatment with 20 % NaOH 

solution with or without recoating of its surface (Salifu, 2017). 
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Figure 4.19: Ionic Competitions with F- in Aqueous Media  
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Figure 4.20: Effects of NaOH Concentration on Regeneration and Reusability of 

the Adsorbents 
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It is therefore established that the reusability of spent ACRPSAC is better enhanced 

when the exterior of the exhausted AC is re-coated with aluminium oxide as 

previously detailed in Chapter three of this work. Moreover, all evidenced gathered in 

the current research indicate that ACRPSAC is the most efficient adsorptive material 

for sequestration of F- in water when likened with RPSAC and CAC, thus it was 

selected for the batch optimization studies using RSM and testing with real fluoride-

ladened portable water at the optimum settings as presented in the subsequent sections 

of this Thesis. 

4.11 Model Development and Optimization of F- Uptake onto ACRPSAC 

Results of the empirical runs for modeling and optimizing the fluoride uptake ability 

on ACRPSAC are presented in Table 4.11, while Tables 4.12 - 4.13 are the ANOVA 

for the outcomes correspondingly. Other results are presented as plates and figures 

(Appendix C). Two-factor interaction expressions have been developed to relay the 

influence and contributions of the variables in the model.  

4.11.1 F- Uptake Efficiency onto ACRPSAC 

The analysis of variance for F- uptake efficiency as contained in Table 4.12 indicates 

the significant and non significant model terms (P = 0.05).  Thus the primary F- 

concentration, carbon dosage and the model itself were the significant terms, while 

the interaction time, hydroxyl ion concentration and lack of fit were not significant.  

Some interactive effects were also noted to either be significant or insignificant (Table 

4.12). The effects of factor interactions on fluoride uptake efficiency can be found in 

the Appendix C. 

Figure 4.22 is the curve fit between the actual and model-predicted values for F- 

uptake efficiency which yielded an almost straight line, which potends the model 

power of prediction. Thus the two-factor interaction model (in coded factor forms) 

revealing the interrelationships amoung the variables for predicting the F- uptake 

efficiency is given in equation 4.3. 

Thus the derived expression with regard to rebranded factor levels for fluoride 

removal efficiency using ACRPSAC was found to be: 
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Figure 4.21: Comparative Reusability Potentials of Rejuvenated Materials for 

One  Round F- Uptake  
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Table 4.11: Empirical Runs for Modeling F- Uptake onto ACRPSAC 

Run A:pH 
B:Primary 

Concentration 

C: Carbon 

Dosage 

D:Interaction 

Time  

Uptake 

Efficiency 

Uptake 

Capacity 

  
mg/L g/L Minutes % mg/g 

1 7 2 1.5 90 97 1.29 

2 9 8 2 120 82.38 3.3 

3 7 6 1.5 90 84.5 3.38 

4 7 6 1.5 90 84.5 3.38 

5 9 4 2 60 99 1.98 

6 5 4 2 60 98 1.96 

7 5 4 1 120 96.5 3.86 

8 7 10 1.5 90 85.2 5.68 

9 7 6 1.5 30 89.67 3.59 

10 5 8 1 120 90.5 7.24 

11 3 6 1.5 90 98.5 3.94 

12 5 4 1 60 91.75 3.67 

13 5 8 2 120 94.75 3.79 

14 11 6 1.5 90 98.17 3.93 

15 9 8 1 60 90 7.2 

16 5 8 1 60 95.13 7.61 

17 7 6 2.5 90 99 2.38 

18 9 8 1 120 83.25 6.66 

19 5 8 2 60 92.88 3.72 

20 7 6 1.5 150 95.5 3.82 

21 9 4 1 120 93.25 3.88 

22 7 6 1.5 90 90.17 3.61 

23 7 6 0.5 90 83.17 9.98 

24 7 6 1.5 90 90.83 3.63 

25 7 6 1.5 90 91.5 3.66 

26 9 4 1 60 98 3.92 

27 9 8 2 60 90.75 3.63 

28 5 4 2 120 98.75 1.98 

29 7 6 1.5 90 94 3.76 

30 9 4 2 120 98.25 1.97 
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Table 4.12: ANOVA for F- Uptake Efficiency by ACRPSAC 

Source  
Sum of 

Squares 

    

Df 

        Mean 

Square 

         

F 

   p-

value  

Model 646.6 14 46.2 3.7    0.008 Significant 

A-pH 24.1 1 24.1 1.9 0.184 
 

B-Primary 

Concentration 
250.0 1 250.0 20.1 0.000 

 

C-Carbon Dosage 96.2 1 96.2 7.7 0.014 
 

D-Interaction Time 1.6 1 1.6 0.1 0.724 
 

AB 57.7 1 57.7 4.6 0.048 
 

AC 1.3 1 1.3 0.1 0.748 
 

AD 34.1 1 34.1 2.8 0.118 
 

BC 10.0 1 10.0 0.8 0.385 
 

BD 20.0 1 20.0 1.6 0.224 
 

CD 1.5 1 1.5 0.1 0.734 
 

A2 142.4 1 142.4 11.5 0.004 
 

B2 6.1 1 6.1 0.5 0.496 
 

C2 6.0 1 6.0 0.5 0.499 
 

D2 19.4 1 19.4 1.6 0.230 
 

Residual 186.3 15 12.4 
   

Lack of Fit 110.2 10 11.0 0.72 0.690 
         not 

significant 

Pure Error 76.09 5 15.22 
   

Cor Total 832.88 29 
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        Table 4.13: ANOVA for Fluoride Adsorption Capacity of ACRPSAC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sum of 

 

Mean F p-value 

 

Source Squares df Square Value Prob> F 

 

Model 105.14 4 26.28 230.62 < 0.0001 Significant 

B-Primary Concentration 34.34 1 34.34 301.34 < 0.0001 

 

C-Carbon Dosage 56.76 1 56.76 498.06 < 0.0001 

 

BC 2.92 1 2.92 25.58 < 0.0001 

 

C2 11.11 1 11.11 97.51 < 0.0001 

 

Residual 2.85 25 0.11 

   

Lack of Fit 2.73 20 0.14 5.61 0.0324 Significant 

Pure Error 0.12 5 0.024 

   

Cor Total 107.99 29 

    



 

 
 

167 

Uptake Efficiency = 88.4 + -3.0A + 3.16B + 3.3C + 0.1D + -0.5AB + -0.3AC + -

0.1AD + -0.8BC + -0.01BD+ 0.02CD + 0.6A2 + 0.1B2 + 1.9C2 + 0.0009D2     (4.3) 

Here; A, B, C and D are pH, primary fluoride concentration (mg/L), carbon dosage 

(g/L) and interaction time (minutes) correspondingly. The derived expression is useful 

for predicting fluoride uptake efficiemcy as a dependent of the factors considered for 

ACRPSAC and other similar adsorbing materials.  

4.11.2 F- Uptake Capabilityy of ACRPSAC Composite 

The effect of various investigational factors (as with the elimination percent) on the F- 

uptake capability is displayed with the aid of 3-D plots (Appendix C). The uptake 

capability was found to heighten with a corresponding hike in the primary 

concentration of fluoride in solution and the interaction time. However and oppsite 

trend was observed when the solution pH and carbon dosage was increased. This 

implied that fluoride ions were better up-taken on the novel material under acidic pH 

situations of the interacting solutions.  

The analysis of variance for F- uptake capability (mg/g) as contained in Table 4.13 

indicates the significant model terms (P = 0.05).  Again the primary F- concentration, 

carbon dosage and the model itself were the significant terms.  Some interactive 

effects were also found to be significant (Table 4.13). The effects of factor 

interactions on fluoride uptake capability can be found in the Appendix C. The model 

lack of fit was noticed to be significant; a condition that necessitated the reduction or 

removal of the non-significant model terms in the expression with a view to 

improving the predictive power of the model. Other model analysis parameters such 

as adequate prescision and coefficient of determinations were in favour of the model 

reliability. 
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Figure 4.22: Curve Fitting for F- Uptake Efficiency onto ACRPSAC 
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Figure 4.23: Curve Fitting for F- Uptake Capability onto ACRPSAC 
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Similarly, Figure 4.23 is the curve fit between the actual and model-predicted values 

for F- uptake capability of ACRPSAC which yielded an almost straight line, which 

potends the model power of prediction. Thus the two-factor interaction model (in 

coded factor forms) revealing the interrelationships amoung the variables for 

predicting the F- uptake capability is given in equation 4.4. 

Thus the derived expression with regard to rebranded factor levels for fluoride uptake 

capability using ACRPSAC was found to be: 

Adsorption Capacity = 6.4 + 1.2 B + -8.0 C+ -0.4 BC + 2.5 C2             (4.4) 

Here; B, and C, primary fluoride concentration (mg/L) and carbon dosage (g/L) 

correspondingly. In the same vein, the derived expression is useful for predicting 

fluoride uptake capability as a dependent of the factors considered for ACRPSAC and 

other similar adsorbing materials.  

4.11.3  Process Optimization for F- Uptake onto ACRPSAC 

The mathematical style of optimization was deployed to establish best F- uptake 

criterion as a function of the already mentioned influential procedural factors. See Fig. 

4.24 for details of the optimized points. The optimal points for both factors and 

responses were established with a desirability value of 1.0 in the current work. The 

optimization results were authenticated by undertaking separate batch fluoride uptake 

investigations at the stipulated optimal settings using both simulated and actual 

ground water contaminated with fluoride (Table 4.14).  

The influence of every of the experimental variable on teach target outcome 

considered can be found in Appendix C. From Fig. 4.24, optimum values of the 

variables were established as 6.00, 4.00 mg/L, 2.00 g/L and 120.00 minutes 

respectively for pH, primary F- concentration, carbon dosage and interaction time. 

The optimum dependable variable outcomes were 99.00 % and 2.0- mgg-1 for F- 

elimination percent and uptake capacity correspondingly.  

The estimated and experimental values of the responses; uptake efficiency and 

adsorption capacity did not differ as percentage errors were found to be ±0.4 and ±0.0   

 



 

 
 

171 

 

Figure 4.24: Optimal Conditions for F- Uptake onto ACRPSAC 
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Table 4.14: Model-derived and Empirical Optimums for F- Adsorption on ACRPSAC 

Material 

 

Optimum 

Variable 

Setting 

Model-derived  

Outcome 

Empirical Outcome Deviations (%) 

Uptake 

Efficiency 

(%) 

Adsorption 

Capacity 

(mg/g) 

Uptake 

Efficiency 

(%) 

Adsorption 

Capacity 

(mg/g) 

Uptake 

Efficiency 

(%) 

Adsorption 

Capacity 

(mg/g) 

ACRPSAC Carbon 

Dosage = 2.0 

g/L, Primary 

F- 

Concentrationt 

= 4.0 mg/L, 

pH = 6.0 and 

Interaction 

Time = 120.0 

minutes 

99.0 2.0 98.6 2.0 ±0.4 ±0.0 
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respectively (Table 4.14). Furthermore, findings from the optimization routine also 

pointed to the feasibility of deploying these conditions for F containment in actual 

fluoride-ladened water samples. This is because these values, especially pH are 

practicable and in most cases in tandem with the actual composition of drinking 

water. 

4.12 Confirmatory Experiments for F Adsorption onto ACRPSAC using Field 

 Water Samples  

The possibilities of deploying ACRPSAC as a suitable adsorbent for F- removal in 

actual contaminated drinking water was further scrutinized by adopting the 

established process optimums described in section 4.11.3 above. This was done using 

groundwater samples pumped out from selected boreholes in Langtang and Kaltungo 

districts in Northern Nigeria, which are established to have elevated  F- levels in its 

groundwater meant for drinking (Dibal et al., 2016; Malum et al., 2019). The physical 

and chemical compositions (Table 4.15) of the samples were initially ascertained in 

accordance with decent procedures as documented in APHA (2005). It was observed 

that a good number of the water features inclusive of F- were excedence of the 

stipulated thresolds for potable water (WHO, 2008). Although there are no available 

data to buttress on the number of individuals at risk of fluorosis in these areas, 

consuming groundwater with elevated F- concentrations would expose the resident 

populations to such health risks (Dibal et al., 2016). The physiognomies of the studied 

water samples in the current work were similar to those already reported by other 

scholars for the two locations (Danbature et al., 2014; Dibal et al., 2016; Goyit et al., 

2018; Malum et al., 2019). 

Results indicating the performance of ACRPSAC for F containment in actual 

groundwater in comparison with CAC and AA (which can be purchased from the 

market and are readily used for fluoride adsorption in water) are presented in Fig. 

4.25A. The order of fluoride uptake efficiency was such that AA ≥ ACRPSAC > 

CAC. Thus ACRPSAC was proven to lower groundwater F concentratios from as 

high as 7 mg/L to levels below the WHO limit of 1.5 mg/L (Fig. 4.25B). Thus it can 

be considered as an excellent fluoride scavenger in aqueous media which could be 

reliably deployed for sustainable groundwater defluoridation in batch systems.  
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Table 4.15: Physico-chemical Features of Groundwater in Northern Nigeria 

S/No Parameter Mean Value WHO 

Limit 

Remark 

Kaltungo Langtang 

1 Fluoride (mg/L) 4.06 7.24 1.50 ** 

2 Nitrate (mg/L) 0.95 12.6 45.00 * 

3 Phosphate 

(mg/L) 

2.05 4.12 -  

4 Bicarbonate 

(mg/L) 

64.7 188.16 -  

5 Sulphate (mg/L) 8.49 16.72 400  

6 Chloride (mg/L) 89.35 125 500.00 * 

7 Arsenic (mg/L) 0.04 0.14 0.01 ** 

8 TDS (mg/L) 210.34 246.16 500.00 * 

9 Electrical 

Conductivity 

(µs/cm) 

304.60 382.91 1000.00 * 

10 Turbidity (NTU) 1.07 1.28 5.00 * 

11 pH 7.00 6.25 6.50 – 8.50 * 

12 Total coliform  ND ND 0  

Note: * means within limit, ** means above limit and ‘ND’means not detected 
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Figure 4.25: Actual Northern-Nigeria Groundwater F- Removal by ACRPSAC, CAC 

and AA (A): Uptake Efficiency, (B) Final F- Concentration (Initial F- Concentration = 

4.1 mg/L and 7.2 mg/L for Kaltungo and Langtang Areas congruently, Carbon dosage 

= 2.0 g/L, Interaction time = 120 minutes, Shaking Speed = 150 rpm)  
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The F- uptake efficiency by ACRPSAC were approximately 93.0 and 86.0 % for 

samples obtained from selected deep wells in Kaltungo and Langtang areas, 

separately (Figure 4.25A). Similarly, the residual F- content in the ACRPSAC-treated 

samples obtained from Kaltungo and Langtang area were decreased from 4.1 to 0.3 

mg/L and from 7.2 to 1.0 mg/L respectively under inherent conditions of pH (Figure 

4.25B). It was noticed that the performance of ACRPSAC for fluoride scavenging in 

water was lowered once the initial fluoride concentration were higher than the 

established optimum of 4.0 mg/L, thus suggesting an increase in the carbon dosage 

and/or interaction time when such higher concentrations were involved as shown in 

Fig 4.25.  

4.13 Assessment of Groundwater for Fluoride Contamination in Makurdi-

Nigeria 

Results of groundwater features for water sourced from boreholes in twenty one 

locations across Makurdi town are presented systematically in the following sub-

sections. 

4.13.1 Physico-Chemical Variations in Groundwater Quality at Makurdi 

The unprocessed data of the water quality features in the sampled (21) locations are 

shown in Appendix D. Table 4.16 displays the descriptive statistics of the 

groundwater quality. The sample pH ranged from 6.2 to 6.83 (mean = 6.5 ± 0.2) 

across the 21 locations as shown in Fig. 4.26. Overall, the pH values of samples were 

lower than the WHO endorsed threshold (6.5 – 8.5) for potable water quality in 

almost 52.4 % of the samples. Such non-alkaline pH could be detrimental to sound 

metabolic activities in humans if such water is unwholesomely consumed (WHO, 

2017). The likely cause of slight acidity in the samples was ascribed to farmers’ 

indiscriminate uses of fertilizer and herbicides in the study area (Chabukdhara et al., 

2017). 
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Table 4.16: Expressive Data for Groundwater Quality at Makurdi 

S/No Variable Range Average S.D WHO 

Threshold 

% 

Exceedance 

I pH 6.2 - 6.8 6.5 0.2 6.50 – 8.50 52.4 

Ii TDS  90.0 -1472.0 708.0 405.1 1000 28.6 

iii EC  158.0 - 2487.0 1233.5 701.6 1500 38.1 

Iv Cl-  38.0 - 533.0 165.1 110.0 200 28.6 

V CO3
2- 0.0 - 196.0 18.7 25.5 - - 

vi HCO3
- 95.0 - 601.0 331.6 131.9 500 9.5 

vii SO4
2- 40.0 - 492.0 283.9 122.1 250 71.4 

viii NO3
- 0.6 - 16.0 5.9 3.4 50 0.0 

Ix F- 0.3 - 2.1 1.3 0.4 1.5 33.3 

X Na+ 34.0 - 403.0 211.9 98.6 200 57.1 

xi K+ 1.5 - 11.5 5.0 2.3 50 0.0 

xii Ca2+ 46.0 - 221.0 102.8 44.8 75 47.6 

xii Mg2+ 29.0 - 238.0 90.0 48.5 150 14.3 

Note: Total = 63 samples, Each Parameter is in mg/L except for EC (µs/cm) and S.D 

is “Standard Deviation”. TDS is “Total Dissolved Solids”, EC is “Electrical 

Conductivity” 
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The TDS and EC of the samples varied from 89.8 to 1471.5 (mean = 708.0 ± 405.1 

mg/L) and from 158.4 to 2487.4 (mean = 1233.5 ± 701.6 µs/cm) correspondingly. 

These figures were higher than the WHO acceptable threshold for potable water in 

28.6 and 38.1 % of the trials respectively. In as much as adverse health consequences 

are not associated with excessive TDS and EC values in water, however, high values 

are discouraged these hamper on its aesthetics for inake purposes, moreover high 

values of TDS and EC are linked with scaling issues in drinking water supply fittings 

including pipelines (WHO 2017). Recently, research has linked issues of renal 

disorders in humans and gastrointestinal malfunctions to the consumption of TDS-

laden water (Chebet et al., 2020). Anion dissolutions from geogenic and human 

activities, uncontrolled application of herbicides and fertilizers, ion exchange and 

rainwater percolations were suspected to be the major mechanisms affecting these 

water features in the samples (Chebet et al., 2020; Egbueri and Mgbenu, 2020; 

Emenike et al., 2018b).  

Salty sensation in potable water is related to high chloride concentrations in it, 

especially when it is found to be in the region of 200 – 300 mg L (WHO, 2017). In 

this study the mean chloride content of groundwater was found to be 165.1 ± 110.0 

mg/L with 28.6 % exceeding the allowable maximum of 200 mg/L. De-icing salts 

released as runoff or effluents from industrial, commercial or agricultural 

undertakings are majorly responsible for high chloride concentrations in drinking 

water. Other causes of groundwater enrichment with chlorides could be geogenic 

dissolution of chloride-containing rocks (Asuma et al., 2020). 

The mean CO3
2- and HCO3

- concentrations were 18.7 ± 25.5 mg/L and 331.6 ± 131.9 

mgL-1 correspondingly (Table 4.16 and Fig. 4.20). Carbonate content in drinking 

water is not strictly regulated, not withstanding, for bicarbonate, a 9.5 % violation of 

the tolerable value was observed in the samples. The interaction of groundwater with 

runoff and irrigation water through seepage  and geogenic dissolution of minerals 

were suspected to be the main origin of bicarbonate in the trials (Akoteyon, 2013; 

Rasool et al., 2016). 

The levels of SO4
2- in the water was found to range from 39.6 – 492.1 mg/L (mean = 

283.9 ± 122.1 mg/L) and surpassed the recommended maximum limit of 250 mg/L in 

over 71 % of the samples. Extremely high SO4
2- concentrations in drinking water can 

be 
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Fig. 4.26: Physico-chemical Features of Groundwater: (A) pH, 

(B) TDS and EC, (C) Anions and (D) Cations 
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Fig. 4.26: Physico-chemical Features of Groundwater: (A) pH, (B) TDS and EC, (C) Anions and (D) Cations 
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responsible for purgative and respiratory health issues in human beings, while modest 

concentrations would prompt salty taste in drinking water (Emenike et al., 2018a). 

Similarly, its occurrence in the studied groundwater was ascribed to basement mineral 

dissolutions and uncontrolled uses of fertilizer/herbicides by farmers. 

Nitrate is a sternly monitored parameter in drinking water as it is recognized to be 

responsible for methamoglobinemia (blue baby syndrome) in younger humans when 

consumed in water with NO3
- concentration in exceedance 55 mgL-1 (Adimalla and 

Li, 2019). In the current study, all samples were found to comply with the maximum 

tolerable threshold (45.0 mg/L) for NO3
- in ingestible water irrespective of the 

unwarranted usage of inorganic soil enrichers and herbicides in most of the sample 

locations. Such diminished amounts of NO3
- in the trials were ascribed to the 

adsorptive removal of nitrate by soil layer in the course of deep percolation and 

seepage of agricultural water (Achary et al., 2016).  

The concentrations of F- as arrange were 0.2 – 2.1 mg/L (mean = 1.3 ± 0.4 mgL-1). F- 

values in potable water is considered a double-edged sword because a minimum of 

0.5 mg/L is necessary for curtailing teeth caries in humans, while its presence in 

drinkable water at levels in exceedance of 1.0 mg/L promotes the molting of human 

teeth and skeleton. Recent documented evidence has also associated many cancers in 

human to the intake of fluoride laden water (WHO, 2004; USNRC, 2006). Thus in 

this work over 33 % of the trials had F-  that suppased the permitted maximum, while 

most samples had sufficient F- contents for prevention of dental caries. Fluoride 

enrichment in the water was ascribed to both anthropogenic factors and the 

dissolution of fluoride-bearing mineral in the underlying aquifers.  

Mean Na+ concentration in the water was obtained as 211.9 ± 98.6 mg/L, with lowest 

and highest figures reaching 34.3 and 403.1 mgL-1 respectively. Noticeable variability 

was observed for Na+ in the study location as over 57% of the trials were higher than 

the acceptable maximum (200 mg/L) in water. Groundwater chemistry and 

interference with anthropogenic generated effluents were suspected to be the major 

motives promoting raised Na+ levels inaquifer-based water (Tirkey et al., 2017). 

Average K+, calcium, and magnesium contents, which are main indicators of water 

hardness in the trials, were found to be 5.0 ± 2.3, 102.8 ± 44.8 and 90.0 ± 48.5 mg/L 

respectively.  K+ content was observed to fully comply with the stipulated limits in 
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drinking water at all locations considered, while over 47 and 14 % of the samples 

exceeded the set thresholds for calcium and magnesium in potable water. Thus based 

on the elated cation levels in the water samples, the studied aquifer were adjudged to 

be relatively hard and tasty water, which was caused by ion exchange and basement 

rock dissolutions (Magesh et al., 2017). 

4.13.2 Hydrogeochemical facies and Water Quality  

The Bureau of Indian Standards Water Quality Index (BISWQI) approach and piper 

diagrams were adopted for assessing groundwater in the current work. The results of 

BISWQI are shown in Fig. 4.27. Appendix D contains the exclusive compilations and 

remarks for BISWQI of the samples. Bulk of the trials (95 %) were categorized as 

“good water” and corresponded to the BISWQI Class II, while the sample from P14 

was observed to be excellent water (Class I of the BISWQI rating). The main donors 

to the general WQI of the samples were SO4
2- > EC > Cl- > Ca2+ > F- > TDS > pH > 

Na+. Lower contributions emanated largely from Mg2+, HCO3
- and NO3

2- which were 

collaborated with the position of Adimalla et al. (2018) in another study.  

Despite falling in Class II of the BISWQI ratings, samples L1, L2, L4, L6, L8, L13 

were found to be at the verge of falling into class III (“poor water”) in a short time if 

pollution sources were not checked. Thus we hypothesize a need for the deployment 

of simplistic and efficient technologies such as sand filtration and adsorption for 

containing the major contributing parameters (especially SO4
2- and F-) to the 

contaminant status of the water, with a view to providing excellent drinking water to 

the residents.  

From the Piper plot (Figure 4.28) sodium > calcium > magnesium ions were noticed 

to be the dominant cations, while the main anions were found to be sulphate > 

chloride > bicarbonate. Calcium and sodium ionic dominance in the samples was 

indicative of the involvement of ion interchange and rock disintegration processes in 

the groundwater chemistry. On the other hand, the anionic dominance of sulphate and 

chloride was ascribed to silicate weathering (Achary et al., 2016).  
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Figure 4.27: Water Quality Index (WQI) of groundwater from selected wells in Makurdi 
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Figure 4.28: Piper Plots for Hydrogeochemical Description of the Water Samples 
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Moreover, the high Ca2+/Mg2+ ratio (0.6 – 3.4 in over 80 % of samples) obtained in 

the current work was another confirmation of involvement of dolomite and silicate 

rock weathering in the groundwater chemistry (Aghazadeh et al., 2016). Water type 

(hydrogeochemical facies) show that the dominant facies in the study area were Na-

SO4, Na- Cl, Mg-HCO3, Ca-HCO3, Mg-SO4, Mg-Cl, Ca-Cl and mixed water types 

(Fig. 4.28), which were the reasons for the salty sensations in groundwater obtained 

from boreholes in the region. 

4.13.3 Application of Multivariate Statistics for Groundwater Assessment 

Source apportionment and interrelationships among the pollutants in groundwater 

were elucidated in the current study using Correlation Analysis (CA), Principal 

Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) as also utilized 

by several other authors in previous studies (Ali and Ali, 2018; Emenike et al., 

2018b). Feeble, modest and robust relationships are inferred when r is < 0.3, 0.3 – 0.7 

and > 0.7 respectively in any correlation analysis.  

4.13.4 Results of the Pearson’s Correlation Analysis 

In this work, fluoride exhibited a moderate and positive relationship with TDS, EC, 

Cl- and NO3
- (Table 4.17), which indicated that these pollutants alongside with 

fluoride originated majorly from geogenic activities as was also reported by Bempah 

(2014) for a Ghanaian region.  Also, there was a weak and positive association of F- 

with sulphate, bicarbonate, pH and each positive ion excluding calcium, which again 

attributed their sources into groundwater to be from geogenic activities.  On the 

contrary, there was an observed weak and negative association between F-, HCO3
- and 

Ca2+, which shows that they were contributed from divergent origins: Fluoride from 

natural processes and bicarbonate and calcium from anthropogenic contribution 

(Adimilla and Venkatayogi, 2017; Emenike et al., 2018b).  

Additionally, robust affirmative relationships were found for various ionic groups in 

the trials (Table 4.17), which indicated that the concerned pollutants originated from 

same or similar sources. Strong and moderate negative relationships among the 

groundwater pollutants were not established in the current study; however, weak 

negative associations were seen in a few ionic groups (Table 4.17) which shows that 

these were from diffuse sources. 
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Although higher F- in groundwater were found in the current study as compared to 

previous works (Schen and Schafer, 2015; Emenike et al., 2018b), it has been 

documented that F- in water usually rises as the TDS/EC figures also rise (Schen and 

Schafer, 2015); an inclination that was as well established in this work. Raised F- 

concentrations in the trials were also favoured because of the prevailing water pH (6.2 

– 6.8) which encourages fluoride solubility in water (Saxena and Ahmed, 2001). The 

disbandment originating from shale and quartzite (the dominant ecological formations 

in the locality) as documented by Eneji et al. (2011) was also responsible for F- 

enrichment in the aquifer.  

4.13.5 Results of PCA for Pollutant Source Apportionment  

Four Principal components (PCs) that accounted for over 71 % of the overall 

discrepancy were mined as depicted in Table 4.18 and the scree plot in Fig. 4.29. A 

summation of 13 factors were extracted, with only four attaining Eigen values that 

were higher than 1. Fig. 4.30 displays the component loadings in rotated space. Other 

details can be seen in Appendix D. There were strong affirmative loadings of SO4
2-, 

Na+, Ca2+, K+ and Mg2+ in PC1 that explained 24.7 % of the overall variability, which 

pointed to the role of mineral disintegration and ionic interchange processes in the 

groundwater chemical interactions and as well support the origination of cations in the 

water from geological sources. 

Similarly, there were strong positive loadings of pH, TDS, EC and F- that explained 

19.6 % of the total variance in PC2. This indicated that these contaminants were from 

the same natural and anthropogenic sources. The controlling influence of pH on F- 

fortification in the undergroundwater (Emenike et al., 2018b) was also evidence from 

the robust affirmative pillings of pH and fluoride- in PC2. Additionally, the factor 

loadings in PC2 confirmed the claim that F- content in water is favoured in the event 

of increasing TDS and EC values as earlier explained. Thus TDS and EC could be 

viewed as the main indicators of ionic compositions of drinking water (Rafique et al., 

2009).  
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Table 4.17: Correlation Matrix of Groundwater Quality Parameters 

 pH TDS  EC  Cl–  CO3
2–  HCO3

–  SO4
2–

  NO3
–  F–  Na+  K+  Ca2+  Mg2+  

pH 1             

TDS 0.229 1            

EC 0.235 0.980** 1           

Cl– -0.133 0.162 0.159 1          

CO3
2– -0.130 0.326** 0.324** 0.378** 1         

HCO3
– -0.196 0.290* 0.338** 0.012 0.205 1        

SO4
2– 0.197 0.113 0.158 0.094 -0.023 0.142 1       

NO3
– 0.131 -0.134 -0.076 0.147 -0.241 

-

0.322** 
0.117 1      

F– 0.004 0.472** 0.484** 0.457** 0.142 -0.085 0.087 0.279* 1     

Na+ 0.105 0.184 0.223 -0.017 -0.108 0.176 0.869** 0.176 0.068 1    

K+ 0.011 0.341** 0.361** 0.067 -0.004 0.177 0.756** 0.122 0.239 0.805** 1   

Ca2+ 0.148 -0.074 -0.071 -0.099 -0.218 -0.179 0.499** 0.156 
-

0.117 
0.512** 0.540** 1  

Mg2+ 0.039 0.200 0.252* 0.352** 0.129 0.295* 0.374** -0.040 0.018 0.259* 0.285* 0.070 1 

** Significant at P = 0.01 (2-tailed). * Significant at P = 0.05 (2-tailed) 
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Table 4.18: Principal Components and Factor Loadings of Groundwater  

Variable Extracted Principal Components 

             PC1              PC2              PC3             PC4 

pH 0.11 0.43 -0.51 0.25 

TDS 0.10 0.95 0.09 -0.18 

EC 0.14 0.94 0.11 -0.17 

Cl- 0.01 0.14 0.85 0.24 

CO3
2- -0.15 0.29 0.53 -0.31 

HCO3
- 0.16 0.18 0.21 -0.74 

SO4
2- 0.91 0.07 0.07 -0.00 

NO3
- 0.18 -0.03 0.08 0.77 

F- 0.01 0.59 0.43 0.47 

Na+ 0.92 0.11 -0.05 -0.02 

K+ 0.87 0.24 0.10 -0.01 

Ca2+ 0.70 -0.15 -0.24 0.20 

Mg2+ 0.41 0.09 0.45 -0.25 

% of Variance 24.70 19.60 13.70 13.50 

Cumulative % 24.70 44.30 58.10 71.50 
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Figure 4.29: Scree diagram of Mined Components with Eigen Values 
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There were poor contributions to the overall water quality from PC3 (13.7 %) and 

PC4 (13.5 5) and were strongly and positively loaded with Cl-, CO3
2-, NO3

-, F- and 

Mg2+. A quasi-independent behaviour between Mg2+ and F- was seen in PCs 1, 2, 3 

and 4, which was indicative that they found their way into groundwater from both 

geological/geogenic and human activities (Hosseini et al., 2019). 

4.13.6 Results of HCA for Pollutant Interrelationships 

The Ward’s methodology which requires the selection of the squared Euclidean 

distance as the interval was adopted in the current work for HCA. Associations among 

the various water quality features were established via the Variable-mode of the HCA, 

while similarities in the sampled (21) locations were ascertained using the Case mode 

of the HCA. Normalization of the data was done prior to analysis (Sharaf and 

Subyani, 2011: Bempah, 2014). The dendrogram showing the interrelationship among 

the variables is as presented in Figure 4.30, while that exposing the similarities in the 

locations is contained in Fig 4.31. Other details of HCA including the proximity 

matrix, agglomeration schedule and cluster membership details for the two scenarios 

are presented in Appendix D.   

Two clusters were identified in the variable-mode. Cluster 1 comprised pH, K+, NO3
-, 

F-, CO3
-, Ca2+, Mg2+, Cl-, SO4

2-, Na+ and HCO3
- in accordance with their 

concentrations in water. The closeness of pH, nitrate and potassium shows that they 

originate mainly from both natural human activity-related sources. The closeness 

envisaged between Na+, SO4
2 and HCO3

- further proved their origin to be from 

mineral disintegration and ionic interchange as also collaborated by the CA and PCA. 

These were also responsible for the prevalence of Na-SO4 and Na-HCO3 water facies 

in the locality.  

Close clustering of Cl-, CO3
-, NO3

-, F-, K+, Ca2+, Mg2+ with pH was also indicative of 

the role of pH in the abundance or otherwise of these pollutants in the sampled water 

as pH is known to control the movement and spread of these ionic features in water. 

Additionally, short connection space existing for F- and NO3
- shows that F- got into 

groundwater from fertilizer uses as well. The second and most significant cluster on 

the other hand housed TDS and EC. The grouping of TDS and EC in the same cluster 

was ascribed to their high concentrations in water and strong correlations with most of  
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Figure 4.30: Hierarchical Cluster Analysis of the Water Quality Composition      
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the other water quality features. It also proved that natural processes were the major 

tools guiding the water chemistry and influencing salinity in the water (Bempah, 

2014).  

Similarly, the sampling points were grouped into two comprising a total of four 

clusters based on the salinity levels of the water samples (Fig. 4.31). Group 1 

contained clusters 1 and 2, made up of sampling points S1, S2, S3, S4, S5, S6, S8, 

S10, S12 and S18. This group represented the saline water types. Group 2 on the other 

hand comprised clusters 3 and 4, made up of S7, S9, S11, S13, S14, S15, S16, S17, 

S19, S20 and S21. This group on the contrary represented the non-saline water types 

in the study area.  

4.13.4  Well-being Risk Linked with Fluoride Levels in Groundwater 

Irrespective of the apparent good nature of the studied water samples for potable uses 

as shown via the BISWQI analysis, it was necessary to overhaul the health risk posed 

to the inhabitants as a result of the consumptionof F--ladened water. The foregoing 

need was envisaged as most of the inhabitants of the study area relied largely on 

sources for their cooking and potable needs with the wrong presumption that 

groundwater was wholesome for drinking purposes. It was also observed that about 

33.0 % (7 locations) had F- contents in exceedance of the safe limits for preventing 

dental fluorosis; as such there was a need to assess the risk posed to humans in this 

regard. 

Results of the Estimated Daily Intake (EDI) of fluoride for the various age categories 

studied are given in Fig. 4.32, while that for the Hazard Quotient (HQ) is as shown in 

Fig. 4.33. See also Appendix D. 

The EDI estimates were found to be excessive in most locations, most specifically 

with regards to infants and children. Modest EDI estimates were obtained for 

teenagers in majority of the locations, while values lesser than the oral reference dose 

(RfD) of 0.06 mg/kg/d were obtained in all locations for adults with the exception of 

location P13. The EDI estimates varied between 0 and 0.1 mg/kg/d for all population 

categories.Sampling points P14 and P13 were observed to have the least and 

uppermost estimates of the EDI correspondingly. 
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Figure 4.31: Hierarchical Cluster Analysis of the Sampling Points             
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Similarly, the computations of the HQ (Figure 4.33 and Appendix D) revealed that 

over 66.0 % of the locations had HQ estimates that were higher than the threshold 

limit of 1 for infants. Thus the risk of molted teeth and bones in younger people who 

come in contact with high F- in water in the affected locations was confirmed 

(Adeyeye et al., 2021). Similarly, for children, teenagers and adults, the HQ estimates 

were obtained to be higher than “1” in 71.4, 52.4 and 9.5 % of the study locations 

respectively.  

The estimated daily fluoride intake (EDI) and the hazard quotient (HQ) for children 

was found to be greater than 1 in most of the studied samples (Figs. 4.32 and 4.33 

respectively).The foregoing indicated that children were at the greatest risk of 

developing fluorosis due to their exposure to fluoride enriched groundwater as 

compared to the other age categories. Such higher risk established for children even 

above infants was ascribed to the higher ratio of water intake/body weights obtainable 

from children. The foregoing is not surprising as children experience extra 

metabolisms as a result of their more active dispositions (through play and mobility) 

which entail higher water intakes when likened to the other age groups. Thus in this 

study, the human health risks potentials were high in children and infants. 

Irrespective of the moderate and low risk linked to the exposure of teenagers and 

adults to fluoride in groundwater, locations P13 and P19 were categorically marked as 

posing high risk of fluorosis in all age categories. As such, groundwater sourced in 

locations P13 and P19 must be treated with suitable defluoridation technologies 

before its consumption for drinking purposes. Such risk levels as reported in the 

current study have been previously documented by other researchers across the globe 

(Emenike et al., 2018b; Radfard et al., 2018; Yousefi et al., 2018; Karunanidhi et al., 

2019; Nakazawa et al., 2020). 
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Figure 4.32: Risk Estimations using EDI values for F- Exposures in the 

Populations 
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Figure 4.33: Quantification of Human Health Risk of Fluorosis by HQ Values 
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CHAPTER FIVE 

  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary 

This thesis focused on the development and evaluation of raffia palm shell-derived 

activated carbon and its aluminium oxide composites for batch-mode adsorption of 

fluoride in groundwater. The performance of the as synthesized adsorbent materials: 

Raffia Palm Shell Activated Carbon (RPSAC) and Aluminium Oxide Coated Raffia 

Palm Shell Activated Carbon (ACRPSAC) for fluoride uptake in simulated and actual 

groundwater samples were compared with a Commercially Available Activated 

carbon (CAC).  

Response Surface Methodology (RSM) was used to optimize the yield and surface 

area of the RPSAC as a function of activating agent (phosphoric acid) concentration, 

activation time, and activation temperature and impregnation ratio. The optimally 

synthesized RPSAC served as a precursor for the synthesis of ACRPSAC by coating 

its surface with aluminium oxide inorder to further enhance its affinity towards 

fluoride ions in solution. Standard methods including BET-Surface Area and Porosity 

Analyses, XRD, SEM, FTIR and EDX were deployed to characterize the novel 

RPSAC and ACRPSAC. Equilibrium isotherm, kinetics and thermodynamic models 

were used to study the mechanisms of batch fluoride adsorption by the adsorbents, 

Again RSM was used to optimize fluoride uptake by ACRPSAC as a function of 

temperature, adsorbent dosage, initial fluoride concentration and solution pH. The 

regeneration of spent adsorbent media were tested with sodium hydroxide elusion, 

recoating with aluminium oxide, re-activation with phosphoric acid and a 

combination of the processes. Furthermore, water quality index (WQI), multivariate 

statistics and hazard quotient analysis were used to assess the suitability of 
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groundwater consumption with regards to fluoride pollution for sources in Makurdi 

metropolis, North-central Nigeria. 

Findings indicate that RSM was a suitable to for optimizing the quality of RPSAC. 

Similarly, RPSAC was largely mesoporous, amorphous, contained abundant hydroxyl 

groups on it surface and had enhanced BET surface area of 456.10 m2//g. ACRPSAC 

on the otherhand had micro-porosities ascribed to it coating with aluminium oxide 

which favoured the formation of nano-structures such as appatite and hydroxyapatite 

on it surface. Also ACRPSAC was micro-crystaline and had an enhanced BET 

surface area of 715.80 m2/g. Fluoride adsorption on RPSAC and ACRPSAC obeyed 

the Langmuir and Pseudo second order equilibrium isotherm and inetic models 

respectively. These indicated the involvement of chemisorption mechanisms in the 

uptake processes and were both exorthemic, spontaneous and feasible as revealed 

from thermodynamic modeling. The mechanism of fluoride uptake by the new 

adsorbents was found to be controlled by one or all of ion exchange, electrostatic 

attraction, surface complexation and dipole-dipole interaction. Rgeneration of RPSAC 

was suitable with elution using sodium hydroxide, while that of ACPSAC was 

economical by recoating the spent samples with aluminium oxide. Again RSM was 

suitable for optimizing the removal efficiency and adsorption capacity of ACRPSAC. 

Furthermoremore, 33 % of groundwater samples in Makurdi were found to contain 

excess levels of fluoride and its contribution to groundwater was largely from both 

geogenic and anthroponic activities. Infants, children and teenagers were at higher 

risk of developing fluorosis due to the ingestion fluoride-ladenned groundwater as 

compared to adults. 

It was concluded that the adsorptive capacity of fluoride was in the order of 

ACRPSAC > RPSAC > CAC. Thus the study recommended the use of ACRPSAC for 

batch adsorption of fluoride in groundwater meant for drinking in order to avert the 

risk of fluorosis in yhe vulnerable popolations. 

5.2 Conclusions 

Raffia palm (Raphia hookeri) shells hold great potentials for its conversion into 

tailored activated carbons for fluoride removal in solution and drinking water sources. 

This was evidenced from the results of its proximate compositions that revealed high 
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carbon content (68.83 %), moderate volatile content (22.03 %), low ash and moisture 

contents (1.37 and 7.7 %) respectively. 

RSM is an ideal optimizing the quality of Raffia palm shell-derived activated carbon 

for drinking water defluoridation. It was elucidated via the RSM that activation 

temperature was the most significant process variable affecting the qualities of the 

RPSAC. The models developed for predicting carbon yield and SSA of RPSAC as 

functions of ATT, IR, AT and AAC were significant (P = 0.05). Optimization studies 

suggested that the optimum procedural settings for the synthesis of RPSAC are 77.0 

%, 4 g/mL (1:4), 524 °C, 104 minutes for AAC, IR, AT, and ATT correspondingly, 

which gave corresponding carbon yields and specific surface area of 78.0 % and 

1762.93 m2/g respectively. This was confirmed from actual experiments to be true as 

the carbon yield and specific surface area obtained were 79.4 % and 1815.62 m2/g 

respectively, which showed a negligible difference with the predicted values. 

ACRPSAC was successfully synthesized using the optimally produced RPSAC as the 

starting material. Advanced characterization (SEM) revealed that RPSAC had a 

heterogeneous surface comprising of meso and micro-pores while the ACRPSAC had 

a homogenous micro-porous surface. ACRPSAC was also observed to have superior 

qualities for adsorption of pollutants in water when matched with RPSAC and CAC. 

This was evidenced in the increase of BET surface area and total pore volume from 

456.10 – 715.80 m2/g and 0.25 – 0.47 cc/g respectively. This was attributed to the 

coating of RPSAC with aluminium oxide to produce ACRPSAC.  

Furthermore, FTIR analysis revealed that the surfaces of both RPSAC and ACRPSAC 

comprised mainly of O-H, C-H, C-N, chloro-compounds and triple and double carbon 

bonds as main function groups with newer peaks emerging on ACRPSAC. Results of 

XRD suggest that both RPSAC and ACRPSAC are amorphous with significant traces 

of microcrystalinity identified on ACRPSAC as a result of the deposition of zeolitic 

minerals on its surface. The foregoing was also responsible for ACRPSAC’s micro-

porosity. EDX spectrum revealed that the adsorbents had high carbon, oxygen, 

phosphorus, nitrogen and silicon contents, with ACPSAC having increased 

aluminium content as compared to RPSAC, which again demonstrated the successful 

coating of ACRPSAC with aluminium compounds. 



 

 
 

200 

In the comparative batch experiments ,the efficacy of the adsorbent with regards to 

the fluorideuptake efficiency and capacity at varying conditions of interaction time 

(30 – 40 minutes), adsorbent dosage (0.5 – 2 g/L), pH (2 – 8), primary F- 

concentration (2 – 8 mg/L) and process temperature (303 – 323) was such that 

ACRPSAC ≥ RPSAC ≥ CAC and significant at P = 0.05, with removal efficiency of 

RPSAC and ACRPSAC ranging from over 80 to 99 % at all conditions. It was 

concluded that although both RPSAC and ACRPSAC proved to be suitable 

adsorbents for fluoride uptake in systems that provide for the range of the studied 

process conditions, ACRPSAC was found to be the most efficient as compard to 

RPSAC and CAC. 

Isothermal modeling studies showed that fluoride uptake by ACRPSAC, RPSAC and 

CAC were all chemisorption controlled as fluoride adsorption was best described with 

the Langmuir model (R2 = 0.880 – 0.975) for all adsorbents, thus confirming the 

relative homogenous inclinition of the tested materials.  The maximum Langmuir 

adsorption capacity (qe) for RPSAC, ACRPSAC and CAC were 2.24, 4.10 and 2.26 

mg/g respectively. The separation factor (RL) at the optimum process conditions for 

RPSAC (0.05), ACRPSAC (0.03) and CAC (0.3) show that fluoride uptake was 

favourable for all the adsorbent materials tested. 

Furthermore, three reaction-based models (PFO, PSO and Elovich) were tested to 

provide insights on the dynamics of F- uptake by the three adsorbents. It was observed 

that the PSO model best represented the kinetics of fluoride uptake by the materials 

(R2 = 0.997 – 0.999), with ACRPSAC exhibiting a faster adsorption rate as evidenced 

from its higher adsorption capacity for fluoride ions. Similarly, two mechanistic 

models (WMIPD, BPD) were tested on the adsorption data for the three adsorbents 

and it was observed that particle-particle spread was not the controlling rate factor in 

the adsorption of fluoride onto the adsorbents’ surface.  

Fluoride adsorption on ACPSAC and RPSAC involved all of surface (film), pore and 

intra-particle diffusion mechanisms. Fluoride removal by RPSAC and ACRPSAC 

also involved surface complexation, precipitation and ion exchange mechanisms as 

elucidated from the XRD and EDX spectrums of the adsorbents. 

Additionally, Fluoride adsorption was found to be endothermic (confirming 

chemisorption process) and spontaneous for ACRPSAC and RPSAC, while it was 
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endothermic but non-spontaneous for CAC, which was responsible for its lower 

fluoride uptake capacity. 

For optimization studies, ACRPSAC was selected and further evaluated using RSM to 

obtain the optimum process conditions and pave way for the testing of ACRPSAC for 

actual groundwater defluoridation. RSM results showed that maximum fluoride 

removal abilities (100 % and  2.45 mg/g) of ACRPSAC was possible at initial 

fluoride content, interaction time, carbon dosage, temperature and pH of 5 mg/L, 

30minutes, 0.6g and 35 °C respectively.  

Confirmatory studies at the stipulated optimum conditions using actual 

undergroundwater with initial concentrations of 4.06 mg/L (Kaltungo) and 7.24 mg/L 

(Langtang) showed that ACRPSAC showed fluoride uptake efficiency of 92.8 and 

85.6 % for undergroundwater samples obtained from deep wells in these areas of 

North-Central Nigeria respectively. The residual fluoride concentrations of the 

ACRPSAC-treated water also fell lower than the WHO admissible limit of 1.5mg/L in 

each case.  

Regeneration and reuse of RPSAC and ACRPSAC was found to be effective with the 

use of NaOH and recoating with Al (OH)3 respectively in one cycle.  

Furthermore, there was a diverse variability in groundwater features obtained from 21 

sampling points in Makurdi metropolis-Nigeria. The concentration of F- in the water 

varied greatly across the sampling points and an exceedance of the threshold limit (1.5 

mg/L) was found in over 33 % of the samples. Multivariate statistics showed that 

fluoride enrichment in the water was chiefly caused by natural processes with a little 

contribution from human activities. 66.7, 71.4, 52.4 and 9.5 % of the samples had 

hazard quotients (HQ) that were > 1, which suggest the risk of fluorosis in infants, 

children, teenagers and adults respectively in the study area. 

Thus, ACRPSAC was adjudged to be the most efficient adsorbent interms of its high 

removal efficiency (> 90 %), adsorption capacity (> 4 mg/g) and ease of regeneration 

for groundwater defluoridation in batch systems as compared to RPSAC and CAC. 

Furthermore the study concluded that there was a high level of fluoride contamination 

of groundwater in Makurdi metropolis, Nigeria and recommended the use of 

ACRPSAC in batch mode for fluoride containment of groundwater at household 

levels to avert the high risk of fluorosis in the area.  
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5.3 Recommendations 

The following recommendations are made as a fall-out from the current work: 

1. ACRPSAC is recommended as the most effective adsorbent for batch fluoride 

removal in drinking water as compared to RPSAC and CAC and should be 

deployed under the process conditions of 4.0 mg/L, 120 minutes, 2 g/L and 

35oC for initial concentration, contact time, adsorbent dosage and process 

temperature respectively. 

2. It is also recommended that a higher dose of ACRPSAC should be applied to 

the same quantity of groundwater sourced from regions with fluoride 

concentrations above the recommended optimum value of 4.0 mg/L as 

indicated in this study. 

3. Competitive batch adsorption studies for fluoride and other common 

contaminants of groundwater should be carried using ACRPSAC in future 

research. 

4. The model parameters estimated in this study should be used to design a single 

or two-stage ACRPSAC-based batch adsorber system with reduced contact 

times to encourage large scale treatment of fluoride contaminated water. 

5. Fixed bed studies on the adsorption of fluoride in groundwater using 

ACRPSAC should be undertaken to provide more design parameters for the 

deployment of continuous flow Point of Use (PoU) and/or Point of Service 

(PoS) adsorption systems for fluoride containment in drinking water. 

6. Other oxides/hydroxides of metals such as calcium, magnesium, manganese, 

iron etc should also be explored as potential agents for the functionalization of 

Raffia palm shells-derived adsorbent for fluoride and other contaminants 

adsorption from aqueous media. 

7. Groundwater quality assessment for fluoride contamination should be 

encouraged in other parts of Nigeria in order to provide more data for efficient 

water resources management in the country. 
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5.4   Contributions to Knowledge 

The following contributions have been made to knowledge from this work: 

1. A novel and easily reproducible procedure has been developed for the optimal 

synthesis and characterization of activated carbon from Raffia palm shells for 

groundwater defluoridation. 

2. Procedures and mechanisms for effective fluoride uptake on Raffia palm 

shells-derived activated carbon have been elucidated in this work. This would 

pave way for synthesis of similar materials for pollutants removal in drinking 

water sources. 

3. A method for assessment of groundwater water quality with emphasis on 

fluoride contamination and human health risk in the tropics have been 

proposed and validated. This would serve as a reference approach for similar 

studies. 
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APPENDICES 

APPENDIX A 

SUPPLEMENTARY DETAILS OF COMPUTATIONS FOR SYNTHESIS OF 

RPSAC 

Proximate Analysis of Raffia Palm Shells  

1. Moisture Content (MC) 

 

Weight of empty can, W1 = 63.50g 

Weight of empty can + sample, W2 = 66.33g 

Weight of empty can + sample after oven drying, W3 = 66.11g 

 

% 𝑚𝑜𝑖𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
W2 –  W3

W2 –  W1 
 x 100 

 

=   66.33 – 66.11 x 100 

     66.33 – 63.50       1 

 

=   0.22 x 100 

     2.83       1 

 

=   22  

    2.83 

 

=   7.77% 

 

2. Ash Content (AC) 

 

Weight of empty crucible, W1 = 78.89g 

Weight of crucible + sample, W2 = 81.82g 

Weight of crucible + ash, W3 = 78.93g 

 

% 𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
W3 –  W1

W2 –  W1 
 x 100 

 

=
78.93 –  78.89

81.82 –  78.89 
 x 100 

 

=
0.04

2.93 
 x 100 
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=
4

2.93 
  

 

=   1.37% 

3. Fixed Carbon Content (FCC) 

 

W1 = 78.68g 

W2 = 81.92g 

W3 = 79.69g 

 

𝐹𝐶𝐶 =
W2 –  W3

W2 –  W1 
 x 100 

 

=
81.92 − 79.69

81.92 −  78.68
 x 100 

 

=
2.23

3.24
 x 100 

 

=
2.23

3.24
 x 100 

 

=
223

3.24
  

 

= 68.83% 

 

4. Volatile Matter (VM)  

FCC = 100- (AC+MC+MV) 

68.83= 100- (1.37+7.77+MV) 

9.14+MV=100-68.83 

MV= 31.17-9.14 

MV= 22.03% 
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Experimental Design for calculation of Carbon Yield 

RUN W1 W2 W3 Carbon Yield  

 (g) (g) (g) (%) 

1 56.90 96.60 64.90 67.18 

2 60.40 94.50 68.80 72.80 

3 59.90 93.50 68.10 72.83 

4 77.10 107.10 85.20 79.55 

5 61.00 121.00 84.10 69.50 

6 51.70 95.30 64.90 68.10 

7 51.10 83.50 56.30 67.43 

8 65.70 112.50 80.10 71.20 

9 56.70 109.70 84.10 76.66 

10 58.70 102.50 72.60 70.83 

11 68.50 115.50 81.30 70.39 

12 50.40 85.00 61.90 72.82 

13 65.20 112.10 81.50 72.70 

14 58.00 93.00 72.20 77.55 

15 58.00 108.60 79.90 73.57 

16 60.50 96.40 76.10 78.94 

17 58.00 109.40 75.00 68.56 

18 52.10 92.60 64.00 69.11 

19 69.10 98.10 78.30 79.82 

20 68.80 118.50 86.80 73.25 

21 61.30 119.00 90.80 76.30 

22 53.60 79.50 61.40 77.23 

23 69.50 112.80 80.10 71.01 

24 55.40 84.80 64.50 76.06 
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25 50.60 94.70 60.20 63.57 

26 62.00 108.10 71.40 66.05 

27 68.60 98.80 78.10 79.05 

28 51.30 84.00 62.40 74.29 

29 52.20 81.80 57.30 70.05 

30 51.60 91.30 68.90 75.47 

 

KEYWORDS: W1: Weight of empty crucible; W2: Weight of crucible + sample; W3: 

Weight of crucible + carbonized product 

 % Carbon yield =
𝑊𝑐

𝑊𝑟
× 100   

Where: 

Wc is weight of carbonized product  

Wr is weight of raw material. 

Experimental Design for calculation of Surface Area (M2/g) 

RUN Volume Surface Area 

 (M3) (M2/g) 

1 56.66 1788 

2 56.91 1796 

3 57.59 1818 

4 56.41 1780 

5 56.28 1776 

6 56.88 1795 

7 58.66 1852 

8 56.00 1764 

9 52.88 1667 

10 56.06 1769 

11 55.56 1753 
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12 53.41 1684 

13 53.28 1680 

14 44.34 1394 

15 55.56 1753 

16 55.13 1739 

17 55.75 1759 

18 57.34 1810 

19 56.66 1788 

20 54.69 1725 

21 55.22 1742 

22 55.47 1750 

23 57.06 1801 

24 56.59 1786 

25 56.88 1795 

26 58.13 1835 

27 55.97 1766 

28 54.34 1714 

29 55.47 1750 

30 55.34 1746 

 

KEYWORDS:  Sears equation (1979) S= 32V-25 

Where S= Surface area (m2/g) 

V= the volume of Sodium hydroxide (NaOH) required to raise the pH of the sample 

from 4-9 
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Model Analysis for Carbon Yield 

Response 1 Carbon Yield Transform: None 
 

Summary (detailed tables shown below) 

 
Sequential Lack of Fit Adjusted Predicted 

 

Source 
              p-

value 

                     p-

value 

        R-

Squared 

                   R-

Squared  

Linear 0.0015 0.7459 0.4112 0.3197 
 

2FI 0.2712 0.8043 0.4609 0.4006 
 

Quadratic 0.0341 0.9886 0.6448 0.5216 Suggested 

Cubic 0.9462 0.9410 0.4304 0.3310 Aliased 

 

Sequential Model Sum of Squares [Type I] 

 
Sum of 

 
Mean F p-value 

 

Source 
                        

Squares 
df 

                      

Square 

             

Value 

               

Prob> F  

Mean vs Total 1.587E+005 1 1.587E+005 
   

Linear vs 

Mean 
266.14 4 66.54 6.06 0.0015 

 

2FI vs Linear 83.47 6 13.91 1.38 0.2712 
 

Quadratic vs 

2FI 
91.62 4 22.90 3.46 0.0341 Suggested 

Cubic vs 

Quadratic 
24.97 8 3.12 0.29 0.9462 Aliased 

Residual 74.32 7 10.62 
   

Total 1.592E+005 30 5307.62 
   

 

Lack of Fit Tests 

 
Sum of 

 
Mean F p-value 

 

Source 
        

Squares 

          

Df 

           

Square 

         

Value 

                       Prob> 

F  

Linear 201.84 20 10.09 0.70 0.7459 
 

2FI 118.38 14 8.46 0.58 0.8043 
 

Quadratic 26.76 10 2.68 0.18 0.9886 Suggested 

Cubic 1.79 2 0.89 0.062 0.9410 Aliased 

Pure 

Error 
72.53 5 14.51 
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Model summary statistics  

 
Std. 

 
Adjusted Predicted 

  

Source 
                

Dev. 

             R-

Squared 

     R-

Squared 

         R-

Squared 

   

PRESS  

Linear 3.31 0.4924     0.4112   0.3197 367.69 
 

2FI 3.17 0.6468     0.4609 0.4006 324.00 
 

Quadratic 2.57 0.8163     0.6448 0.5216 258.58 Suggested 

Cubic 3.26 0.8625     0.4304 0.3310 361.60 Aliased 

Std. Dev. 2.57 
 
        R-Squared 

  

0.8163 

Mean 72.73 
 

     Adj R-

Squared 
0.6448 

C.V. % 3.54 
 

  Pred R-

Squared 
0.5216 

PRESS 258.58 
 

   Adeq 

Precision 
8.284 

-2 Log 

Likelihood 
121.04 

 
     BIC 172.06 

   
      AICc 185.33 

 

       

 

Descriptive 

 
Coefficient 

 
Standard 95% CI 95% CI 

 
Factor Estimate df Error Low High VIF 

Intercept 75.66 1 1.05 73.42 77.90 
 

A-Concentration 0.18 1 0.53 -0.94 1.30 1.00 

B-Impregnation Ratio 1.59 1 0.53 0.48 2.71 1.00 

C-Activation Temperature -2.92 1 0.53 -4.04 -1.80 1.00 

D-Activation Time -0.022 1 0.53 -1.14 1.10 1.00 

AB 0.028 1 0.64 -1.34 1.40 1.00 

AC -1.96 1 0.64 -3.33 -0.59 1.00 

AD 0.47 1 0.64 -0.90 1.84 1.00 

BC 0.78 1 0.64 -0.59 2.15 1.00 

BD 0.64 1 0.64 -0.73 2.01 1.00 

CD -0.40 1 0.64 -1.77 0.97 1.00 

A2 -0.99 1 0.49 -2.04 0.058 1.05 

B2 -0.28 1 0.49 -1.32 0.77 1.05 

C2 -0.82 1 0.49 -1.87 0.23 1.05 

D2 -1.57 1 0.49 -2.62 -0.53 1.05 
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Graphical Model of Carbon Yield 
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Model Analysis for Specific Surface Area 

 
Coefficient 

 

    

Standard 

     95% 

CI 

       95% 

CI  

Factor Estimate 
          

df 
        Error       Low         High 

       

VIF 

Intercept 1769.67 1 20.26 1726.48 1812.85 
 

A-Concentration 5.08 1 10.13 -16.51 26.68 1.00 

B-Impregnation Ratio 3.58 1 10.13 -18.01 25.18 1.00 

C-Activation 

Temperature 
68.75 1 10.13 47.16 90.34 1.00 

D-Activation Time -1.17 1 10.13 -22.76 20.43 1.00 

AB 2.50 1 12.41 -23.95 28.95 1.00 

AC -3.25 1 12.41 -29.70 23.20 1.00 

AD 6.38 1 12.41 -20.07 32.82 1.00 

BC -3.87 1 12.41 -30.32 22.57 1.00 

BD 1.00 1 12.41 -25.45 27.45 1.00 

CD -1.00 1 12.41 -27.45 25.45 1.00 

A2 0.58 1 9.48 -19.61 20.78 1.05 

B2 8.21 1 9.48 -11.99 28.41 1.05 

C2 -31.54 1 9.48 -51.74 -11.34 1.05 

D2 1.71 1 9.48 -18.49 21.91 1.05 
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Graphical Model of Specific Surface Area 
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Graphical Model for Optimization of the Responses  
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APPENDIX B 

SUPPLEMENTARY DATA FOR CHARACTERIZATION OF ACTIVATED 

CARBON SAMPLES 

Measurement Conditions:  (Bookmark 1) 

Dataset Name RPSAC_20200821_144016_G01_S01_M01 

File name C:\RPSAC_20200821_144016_G01_S01_M01.rw 

Raw Data Origin Rigaku-binary (.RAW) 

Scan Axis Gonio 

Start Position [°2Th.] 2.0000 

End Position [°2Th.] 70.0000 

Step Size [°2Th.] 0.0200 

Scan Step Time [s] 1.0000 

Scan Type Pre-set time 

Offset [°2Th.] 0.0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 1.0000 

Specimen Length [mm] 10.00 

Receiving Slit Size [mm] 0.1000 

Measurement Temperature [°C] 25.00 

Anode Material Cu 

K-Alpha1 [Å] 1.54060 

K-Alpha2 [Å] 1.54443 

K-Beta [Å] 1.39225 

K-A2 / K-A1 Ratio 0.50000 

Generator Settings 0 mA, 0 kV 

Diffractometer Number 0 

Goniometer Radius [mm] 240.00 

Dist. Focus-Diverg. Slit [mm] 91.00 

Incident Beam Monochromator No 

Spinning No 
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Main Graphics, Analyze View: (Bookmark 2) 

 

Peak List: (Bookmark 3) 

Pos. [°2Th.] Height [cts] FWHM Left 

[°2Th.] 

d-spacing 

[Å] 

Rel. Int. [%] 

15.2218 42.97 0.2362 5.82079 48.42 

23.2737 88.75 0.2362 3.82205 100.00 

26.7303 48.90 0.4723 3.33514 55.10 

 

 

 

 

 

Pattern List: (Bookmark 4) 

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60 70

Counts

0

100

200  RPSAC_20200821_144016_G01_S01_M01
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Document History: (Bookmark 5) 

Insert Measurement: 

- File name = RPSAC_20200821_144016_G01_S01_M01.raw 

- Modification time = "8/21/2020 7:48:53 PM" 

- Modification editor = "USER" 

Determine Background: 

- Add to net scan = "Nothing" 

- User defined intensity = "-5" 

- Correction method = "Automatic" 

- Bending factor = "5" 

- Minimum significance = "0.7" 

- Minimum tip width = "0" 

- Maximum tip width = "1" 

- Peak base width = "2" 

- Use smoothed input data = "Yes" 

- Granularity = "20" 

- Modification time = "2/22/2001 10:17:43 AM" 

- Modification editor = "PANalytical" 

Search Peaks: 

- Minimum significance = "2" 

- Minimum tip width = "0.01" 

- Maximum tip width = "1" 

- Peak base width = "2" 

- Method = "Minimum 2nd derivative" 

- Modification time = "2/20/2001 11:55:18 AM" 

- Modification editor = "PANalytical" 

Search & Match: 

- Allow pattern shift = "No" 

- Auto residue = "Yes" 



 

 
 

250 

- Data source = "Profile and peak list" 

- Demote unmatched strong = "Yes" 

- Multi phase = "Yes" 

- Restriction set = "Minerals" 

- Restriction = "Restriction set" 

- Subset name = "" 

- Match intensity = "Yes" 

- Two theta shift = "0" 

- Identify = "Yes" 

- Max. no. of accepted patterns = "5" 

- Minimum score = "27" 

- Min. new lines / total lines = "40" 

- Search depth = "6" 

- Minimum new lines = "3" 

- Minimum scale factor = "0.06" 

- Intensity threshold = "0" 

- Use line clustering = "Yes" 

- Line cluster range = "1.5" 

- Search sensitivity = "1.8" 

- Use adaptive smoothing = "Yes" 

- Smoothing range = "1.5" 

- Threshold factor = "3" 

- Modification time = "2/5/2001 11:17:06 AM" 

- Modification editor = "PANalytical" 
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Measurement Conditions:  (Bookmark 1) 

Dataset Name ACRRPSAC_20200821_121152_G02_S02_M02 

File nameC:\ACRRPSAC_20200821_121152_G02_S02_M02.raw 

Raw Data Origin Rigaku-binary (.RAW) 

Scan Axis Gonio 

Start Position [°2Th.] 2.0000 

End Position [°2Th.] 70.0000 

Step Size [°2Th.] 0.0200 

Scan Step Time [s] 1.0000 

Scan Type Pre-set time 

Offset [°2Th.] 0.0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 1.0000 

Specimen Length [mm] 10.00 

Receiving Slit Size [mm] 0.1000 

Measurement Temperature [°C] 25.00 

Anode Material Cu 

K-Alpha1 [Å] 1.54060 

K-Alpha2 [Å] 1.54443 

K-Beta [Å] 1.39225 

K-A2 / K-A1 Ratio 0.50000 

Generator Settings 0 mA, 0 kV 

Diffractometer Number 0 

Goniometer Radius [mm] 240.00 

Dist. Focus-Diverg. Slit [mm] 91.00 

Incident Beam Monochromator No 

Spinning No 

Main Graphics, Analyze View: (Bookmark 2) 
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Peak List: (Bookmark 3) 

Pos. [°2Th.] Height [cts] FWHM Left 

[°2Th.] 

d-spacing 

[Å] 

Rel. Int. [%] 

15.2878 23.70 0.4723 5.79582 26.19 

23.2792 90.48 0.4723 3.82116 100.00 

26.8433 66.96 0.9446 3.32135 74.01 

 

 

 

 

 

 

 

 

 

Position [°2Theta] (Copper (Cu))
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Counts

0
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Pattern List: (Bookmark 4) 

Document History: (Bookmark 5) 

Insert Measurement: 

- File name ACRRPSAC_20200821_121152_G02_S02_M02.raw 

- Modification time = "8/21/2020 7:45:14 PM" 

- Modification editor = "USER" 

Determine Background: 

- Add to net scan = "Nothing" 

- User defined intensity = "-5" 

- Correction method = "Automatic" 

- Bending factor = "5" 

- Minimum significance = "0.7" 

- Minimum tip width = "0" 

- Maximum tip width = "1" 

- Peak base width = "2" 

- Use smoothed input data = "Yes" 

- Granularity = "20" 

- Modification time = "2/22/2001 10:17:43 AM" 

- Modification editor = "PANalytical" 

Search Peaks: 

- Minimum significance = "2" 

- Minimum tip width = "0.01" 

- Maximum tip width = "1" 

- Peak base width = "2" 

- Method = "Minimum 2nd derivative" 

- Modification time = "2/20/2001 11:55:18 AM" 

- Modification editor = "PANalytical" 

Search & Match: 

- Allow pattern shift = "No" 
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- Auto residue = "Yes" 

- Data source = "Profile and peak list" 

- Demote unmatched strong = "Yes" 

- Multi phase = "Yes" 

- Restriction set = "Minerals" 

- Restriction = "Restriction set" 

- Subset name = "" 

- Match intensity = "Yes" 

- Two theta shift = "0" 

- Identify = "Yes" 

- Max. no. of accepted patterns = "5" 

- Minimum score = "27" 

- Min. new lines / total lines = "40" 

- Search depth = "6" 

- Minimum new lines = "3" 

- Minimum scale factor = "0.06" 

- Intensity threshold = "0" 

- Use line clustering = "Yes" 

- Line cluster range = "1.5" 

- Search sensitivity = "1.8" 

- Use adaptive smoothing = "Yes" 

- Smoothing range = "1.5" 

- Threshold factor = "3" 

- Modification time = "2/5/2001 11:17:06 AM" 

- Modification editor = "PANalytical" 
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APPENDIX C 

SUPPLEMENTARY BATCH ADSORPTION DATA 

 

Equilibrium Isotherm Modeling Data for RPSAC 

RPSAC 

    Freudlich 

    

     Co Ce  qe lnCe lnqe 

2 0.08 0.96 -2.53 -0.04 

4 0.21 1.9 -1.56 0.64 

6 0.36 2.82 -1.02 1.04 

8 1.39 3.32 0.33 1.2 

10 1.44 4.28 0.36 1.45 

12 1.49 5.26 0.4 1.66 

14 1.53 6.24 0.43 1.83 

16 1.72 7.14 0.54 1.97 

 

RPSAC 

     

RPSAC 

   Langmuir 

     

Temkin 

   Co Ce qe 1/Ce 1/qe 

 

Co Ce lnCe qe 

2 0.08 0.96 12.5 1.04 

 

2 0.08 -2.53 0.96 

4 0.21 1.9 4.76 0.53 

 

4 0.21 -1.56 1.9 

6 0.36 2.82 2.78 0.35 

 

6 0.36 -1.02 2.82 

8 1.39 3.32 0.72 0.3 

 

8 1.39 0.33 3.32 

10 1.44 4.28 0.69 0.23 

 

10 1.44 0.36 4.28 

12 1.49 5.26 0.67 0.19 

 

12 1.49 0.4 5.26 

14 1.53 6.24 0.65 0.16 

 

14 1.53 0.43 6.24 

16 1.72 7.14 0.58 0.14 

 

16 1.72 0.54 7.14 
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Equilibrium Isotherm Modeling Data for ACRPSAC 

ACRPSAC 

    Freudlich 

    Co Ce  qe lnCe lnqe 

2 0.06 0.97 -2.81 -0.03 

4 0.09 1.96 -2.41 0.67 

6 0.82 2.59 -0.2 0.95 

8 0.9 3.55 -0.11 1.27 

10 1.24 4.38 0.22 1.48 

12 1.36 5.32 0.31 1.67 

14 1.49 6.26 0.4 1.83 

16 1.53 7.24 0.42 1.98 

 

ACRPSAC 

     

ACRPSAC 

   Langmuir 

     

Temkin 

   Co Ce qe 1/Ce 1/qe 

 

Co Ce lnCe qe 

2 0.06 0.97 16.67 1.03 

 

2 0.06 -2.81 0.97 

4 0.09 1.96 11.11 0.51 

 

4 0.09 -2.41 1.96 

6 0.82 2.59 1.22 0.39 

 

6 0.82 -0.2 2.59 

8 0.9 3.55 1.11 0.28 

 

8 0.9 -0.11 3.55 

10 1.24 4.38 0.81 0.23 

 

10 1.24 0.22 4.38 

12 1.36 5.32 0.74 0.19 

 

12 1.36 0.31 5.32 

14 1.49 6.26 0.67 0.16 

 

14 1.49 0.4 6.26 

16 1.53 7.24 0.65 0.14 

 

16 1.53 0.42 7.24 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

275 

Equilibrium Isotherm Modeling Data for CAC 

CAC 

    Freudlich 

    Co Ce qe lnCe lnqe 

2 0.46 0.77 -0.78 -0.26 

4 1.02 1.49 0.02 0.4 

6 2.18 1.91 0.78 0.65 

8 2.98 2.51 1.09 0.92 

10 3.19 3.41 1.16 1.23 

12 3.86 4.07 1.35 1.4 

14 4.25 4.88 1.45 1.59 

16 4.94 5.53 1.6 1.71 

 

CAC 
     

CAC 
   Langmuir 

     
Temkin 

   Co Ce qe 1/Ce 1/qe 
 

Co Ce lnCe qe 

2 0.46 0.77 2.17 1.3 
 

2 0.46 -0.78 0.77 

4 1.02 1.49 0.98 0.67 
 

4 1.02 0.02 1.49 

6 2.18 1.91 0.46 0.52 
 

6 2.18 0.78 1.91 

8 2.98 2.51 0.34 0.4 
 

8 2.98 1.09 2.51 

10 3.19 3.41 0.31 0.29 
 

10 3.19 1.16 3.41 

12 3.86 4.07 0.26 0.25 
 

12 3.86 1.35 4.07 

14 4.25 4.88 0.24 0.2 
 

14 4.25 1.45 4.88 

16 4.94 5.53 0.2 0.18 
 

16 4.94 1.6 5.53 
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Kinetics Data for RPSAC 

RPSAC 

     Pseudo First 

Order  

     

t Ce qe qt t 

Log(qe -

qt) 

15 0.91 2.99 2.54 15 -0.347 

30 0.74 2.99 2.63 30 -0.444 

45 0.26 2.99 2.87 45 -0.921 

60 0.04 2.99 2.98 60 -2 

75 0.03 2.99 2.985 75 -2.301 

90 0.02 2.99 2.99 90 0 

105 0.02 2.99 2.99 105 0 

120 0.02 2.99 2.99 120 0 

 

RPSAC 

   Pseudo 2nd 

Order 

   t qt t t/qt 

15 2.54 15 5.91 

30 2.63 30 11.41 

45 2.87 45 15.68 

60 2.98 60 20.13 

75 2.985 75 25.13 

90 2.99 90 30.1 

105 2.99 105 35.11 

120 2.99 120 40.13 

 

RPSAC 

  Webber-Moris 

Intra-particle 

Diffusion 

  t t1/2 qt 

15 3.87 2.54 

30 5.48 2.63 

45 6.71 2.87 

60 7.75 2.98 

75 8.66 2.985 

90 9.49 2.99 

105 10.25 2.99 

120 10.95 2.99 
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RPSAC 

    Bangham's Pore 

Diffusion 

    

t qt 

ci/(ci -

qt)m Logt 

LogLog [ci/(ci -

qi)m] 

15 2.54 8.67 1.18 -0.028 

30 2.63 8.9 1.48 -0.022 

45 2.87 9.58 1.65 -0.008 

60 2.98 9.93 1.78 -0.001 

75 2.985 9.95 1.88 -0.0009 

90 2.99 9.97 1.95 -0.0006 

105 2.99 9.97 2.02 -0.0006 

120 2.99 9.97 2.08 -0.0006 

 

RPSAC 

  Elovich 

  t lnt qt 

15 2.71 2.54 

30 3.4 2.63 

45 3.81 2.87 

60 4.09 2.98 

75 4.32 2.985 

90 4.5 2.99 

105 4.65 2.99 

120 4.79 2.99 
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Kinetics Data for ACRPSAC 

ACRPSAC 

     Pseudo 

First Order  

     

t Ce qe qt t 

Log(qe -

qt) 

15 0.49 3 2.76 15 -0.62 

30 0.25 3 2.88 30 -0.921 

45 0.2 3 2.9 45 -1 

60 0.09 3 2.96 60 -1.4 

75 0.04 3 2.98 75 -1.7 

90 0.01 3 3 90 0 

105 0.01 3 3 105 0 

120 0.01 3 3 120 0 

 

ACRPSAC 

   Pseudo 2nd 

Order 

   t qt t t/qt 

15 2.76 15 5.43 

30 2.88 30 10.42 

45 2.9 45 15.52 

60 2.96 60 20.27 

75 2.98 75 25.18 

90 3 90 30 

105 3 105 35 

120 3 120 40 

 

ACRPSAC 

  Weber-Morris Intra-

Particle Diffusion 

 t t1/2 qt 

15 3.87 2.76 

30 5.48 2.88 

45 6.71 2.9 

60 7.75 2.96 

75 8.66 2.98 

90 9.49 3 

105 10.25 3 

120 10.95 3 
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ACRPSAC 

    Bangham's 

Pore 

Diffusion 

    

t qt 

ci/(ci -

qt)m Logt 

LogLog [ci/(ci -

qi)m] 

15 2.76 9.26 1.18 -0.015 

30 2.88 9.62 1.48 -0.007 

45 2.9 9.68 1.65 -0.006 

60 2.96 9.87 1.78 -0.003 

75 2.98 9.93 1.88 -0.001 

90 3 10 1.95 0 

105 3 10 2.02 0 

120 3 10 2.08 0 

 

ACRPSAC 

  Elovich 

  t lnt qt 

15 2.71 2.76 

30 3.4 2.88 

45 3.81 2.9 

60 4.09 2.96 

75 4.32 2.98 

90 4.5 3 

105 4.65 3 

120 4.79 3 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

280 

Kinetics Data for CAC 

CAC 

     Pseudo first 

Order 

     

t Ce qe qt t 

Log(qe -

qt) 

15 

 

2.68 2.14 15 -0.268 

30 

 

2.68 2.21 30 -0.328 

45 

 

2.68 2.42 45 -0.585 

60 

 

2.68 2.51 60 -0.77 

75 

 

2.68 2.59 75 -1.046 

90 

 

2.68 2.68 90 0 

105 

 

2.68 2.75 105 0 

120 

 

2.68 2.75 120 0 

 

CAC 

   Pseudo 2nd 

Order 

   t qt t t/qt 

15 2.14 15 7.01 

30 2.21 30 13.57 

45 2.42 45 18.6 

60 2.51 60 23.9 

75 2.59 75 28.96 

90 2.68 90 33.58 

105 2.75 105 38.18 

120 2.75 120 43.64 

 

CAC 

  WeberMorris 

Intra-Particle 

Diffusion 

  t t1/2 qt 

15 3.87 2.14 

30 5.48 2.21 

45 6.71 2.42 

60 7.75 2.51 

75 8.66 2.59 

90 9.49 2.68 

105 10.25 2.75 

120 10.95 2.75 
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CAC 

    Bangham's 

Pore 

Diffusion 

    

t qt 

ci/(ci -

qt)m Logt 

LogLog [ci/(ci -

qi)m] 

15 2.14 7.77 1.18 -0.05 

30 2.21 7.92 1.48 -0.046 

45 2.42 8.38 1.65 -0.035 

60 2.51 8.6 1.78 -0.03 

75 2.59 8.8 1.88 -0.025 

90 2.68 9.04 1.95 -0.02 

105 2.75 9.04 2.02 -0.02 

120 2.75 9.04 2.08 -0.02 

 

CAC 

  Elovich 

  t lnt qt 

15 2.71 2.14 

30 3.4 2.21 

45 3.81 2.42 

60 4.09 2.51 

75 4.32 2.59 

90 4.5 2.68 

105 4.65 2.75 

120 4.79 2.75 
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Appendix C Contd; 

ANOVA Results for Statistical Comparisons of the Adsorbents 

 

Between-Subjects Factors 

 Value Label N 

Adsorbent Type 

1 ACRPSAC 3 

2 RPSAC 3 

3 CAC 3 

 

Descriptive Statistics 

 Adsorbent Type Mean Std. Deviation N 

Removal Efficiency (%) 

ACRPSAC 99.1333 .30551 3 

RPSAC 94.5667 1.05987 3 

CAC 80.3667 .70946 3 

Total 91.3556 8.50090 9 

Adsorption Capacity (mg/g) 

ACRPSAC 3.3533 .22368 3 

RPSAC 2.9300 .06083 3 

CAC 2.2667 .22502 3 

Total 2.8500 .50110 9 
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Multivariate Testsa 

Effect Value F Hypothesis df Error df Sig. 

Intercept 

Pillai's Trace 1.000 69843.486b 2.000 5.000 .000 

Wilks' Lambda .000 69843.486b 2.000 5.000 .000 

Hotelling's Trace 27937.394 69843.486b 2.000 5.000 .000 

Roy's Largest Root 27937.394 69843.486b 2.000 5.000 .000 

Adsorbent 

Pillai's Trace 1.151 4.063 4.000 12.000 .026 

Wilks' Lambda .004 39.202b 4.000 10.000 .000 

Hotelling's Trace 234.363 234.363 4.000 8.000 .000 

Roy's Largest Root 234.180 702.539c 2.000 6.000 .000 

a. Design: Intercept + Adsorbent 

b. Exact statistic 

c. The statistic is an upper bound on F that yields a lower bound on the significance level. 
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Tests of Between-Subjects Effects 

Source Dependent Variable Type III Sum of 

Squares 

df Mean Square F Sig. 

Corrected Model 
Removal Efficiency (%) 574.682a 2 287.341 501.176 .000 

Adsorption Capacity (mg/g) 1.800b 2 .900 25.871 .001 

Intercept 
Removal Efficiency (%) 75112.538 1 75112.538 131010.240 .000 

Adsorption Capacity (mg/g) 73.103 1 73.103 2101.317 .000 

Adsorbent 
Removal Efficiency (%) 574.682 2 287.341 501.176 .000 

Adsorption Capacity (mg/g) 1.800 2 .900 25.871 .001 

Error 
Removal Efficiency (%) 3.440 6 .573   

Adsorption Capacity (mg/g) .209 6 .035   

Total 
Removal Efficiency (%) 75690.660 9    

Adsorption Capacity (mg/g) 75.111 9    

Corrected Total 
Removal Efficiency (%) 578.122 8    

Adsorption Capacity (mg/g) 2.009 8    

a. R Squared = .994 (Adjusted R Squared = .992) 

b. R Squared = .896 (Adjusted R Squared = .861) 
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Estimated Marginal Means 

 

 

1. Grand Mean 

Dependent Variable Mean Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Removal Efficiency (%) 91.356 .252 90.738 91.973 

Adsorption Capacity (mg/g) 2.850 .062 2.698 3.002 

 

2. Adsorbent Type 

Dependent Variable Adsorbent Type Mean Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Removal Efficiency (%) 

ACRPSAC 99.133 .437 98.064 100.203 

RPSAC 94.567 .437 93.497 95.636 

CAC 80.367 .437 79.297 81.436 

Adsorption Capacity (mg/g) 

ACRPSAC 3.353 .108 3.090 3.617 

RPSAC 2.930 .108 2.667 3.193 

CAC 2.267 .108 2.003 2.530 
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Post Hoc Tests 

 

Removal Efficiency (%) 

Duncana,b,c   

Adsorbent Type N Subset 

1 2 3 

CAC 3 80.3667   

RPSAC 3  94.5667  

ACRPSAC 3   99.1333 

Sig.  1.000 1.000 1.000 

c. Alpha = .05. 

 

Adsorption Capacity (mg/g) 

Duncana,b,c   

Adsorbent Type N Subset 

1 2 3 

CAC 3 2.2667   

RPSAC 3  2.9300  

ACRPSAC 3   3.3533 

Sig.  1.000 1.000 1.000 

c. Alpha = .05. 
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APPENDIX D 

RAW AND OTHER STATISTICAL DATA FOR GROUNDWATER QUALITY ASSESSMENT 

Table SI: Raw Water Quality Data with Replications 

Sample 

Replica

tions pH 

TDS 

(mg/l) 

EC 

(µS/cm) 

Cl– 

(mg/l) 

CO3
2– 

(mg/l) 

HCO3
– 

(mg/l) 

SO4
2–

 

(mg/l) 

NO3
– 

(mg/l) 

F– 

(mg/l) 

Na+ 

(mg/l) 

K+ 

(mg/l) 

Ca2+ 

(mg/l) 

Mg2+ 

(mg/l) 

Achusa

P1 

1 6.82 
1187.4 2139.5 

136.3 8.7 431.4 383.2 
6.91 

1.44 289.3 5.72 78.9 183.2 

2 6.74 
1268.1 2383.4 

188.9 8,1 389.2 432.0 
7.14 

1.39 217.7 6.06 69.0 202.3 

3 6.81 
1278.2 2393.6 

178.7 7.6 382.4 384.5 
6.83 

1.53 237.9 6.32 72.3 216.7 

Ichwa 

P2 

1 6.73 
1136.0 2218.9 

231.2 12.6 317.2 469.0 
10.51 

1.56 372.5 6.91 134.8 82.4 

2 6.70 
905.1 1893.7 

218.0 12.3 368.0 462.3 
10.43 

1.51 403.1 4.83 156.7 93.8 

3 6.75 
899.6 1384.5 

186.4 11.0 304.5 487.3 
9.29 

1.37 387.6 7.39 132.4 80.4 

B Div. 

P3 

1 6.48 
921.2 1812.7 

167.3 14.0 293.7 326.7 
5.80 

1.35 229.1 7.31 174.6 65.6 

2 6.43 
856.5 1520.4 

209.5 15.3 236.8 290.0 
6.32 

1.62 234.5 9.02 149.0 43.9 

3 6.47 
992.7 1722.6 

159.1 14.8 244.9 314.2 
6.41 

1.44 302.3 8.11 189.3 54.8 

Barr. 

Rd. 

P4 

1 6.43 
998.3 1749.5 

358.6 27.1 521.9 249.1 
2.93 

1.56 158.2 4.82 72.3 162.7 

2 6.21 
1048.0 1836.0 

482.4 19,6 408.3 286.0 
2.91 

1.55 179.3 4.80 68.3 128.6 

3 6.39 
793.7 1307.9 

532.6 25.1 513.7 301.6 
2.88 

1.48 153.2 3.76 84.2 237.7 

Logo I 

P5 
1 6.80 

1232.4 2487.4 
93.7 17.9 448.7 283.4 

8.32 
1.23 244.9 5.44 83.6 113.4 
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2 6.68 
1056.2 1896.3 

127.4 18.3 482.3 232.8 
7.90 

1.30 246.8 6.34 76.5 146.3 

3 6.77 
1107.4 2032.6 

96.1 13.5 483.6 298.4 
8,92 

1.22 274.4 5.92 70.2 149.0 

Wuruk

um 

P6 

1 6.74 
1358.7 2019.1 

174.9 33.6 216.0 369.2 
4.75 

1.52 262.8 8.19 125.7 36.9 

2 6.80 
1382.5 2086.7 

177.3 29.9 164.9 372.2 
3.75 

1.58 289.0 6.39 146.6 52.1 

3 6.71 
1471.5 2249.5 

186.0 21.6 198.4 340.4 
4.31 

1.57 322.2 8.00 128.2 28.6 

Nyima

n 

P7 

1 6.83 
209.3 411.8 

211.4 9.8 184.5 263.4 
8.93 

1.35 212.7 3.08 69.2 54.6 

2 6.45 
306.9 474.0 

307.8 4.5 206.2 198.3 
9.00 

1.21 189.3 4.19 57.3 65.7 

3 6.34 
200.5 397.4 

199.2 6.7 173.4 243.1 
9.02 

1.33 193.4 3.85 74.1 48.3 

Gyado 

Villa 

P8 

1 6.67 1136.1 1982.3 38.1 20.3 601.6 412.6 2.69 1.47 338.5 9.21 143.8 96.1 

2 6.28 811.8 1489.1 38.5 16.4 532.2 483.5 2.61 1.58 379.1 9.38 134.5 82.1 

3 6.53 1129.7 2110.2 44.7 24.7 468.5 492.1 2.39 1.53 344.2 11.49 126.9 103.2 

Welfar

e Qtrs 

P9 

1 6.48 697.6 937.3 228.1 11.6 338.5 428.5 1.48 0.43 314.7 7.65 127.4 154.5 

2 6.36 424.5 733.5 206.7 9.1 300.8 387.4 0.58 0.81 275.4 7.83 163.2 209.1 

3 6.41 602.9 1092.4 208.1 12.5 334.5 403.7 1.14 0.65 320.3 6.95 148.7 182.6 

Akpehe

P10 

1 6.69 1215.0 1974.8 47.4 19.7 273.8 89.5 4.67 1.18 79.4 2.64 72.1 58.3 

2 6.52 1328.3 2134.8 69.5 21.6 179.0 108.3 6.39 1.29 115.6 2.04 69.5 43.5 

3 6.49 984.6 1843.9 58.2 16.8 236.4 83.4 4.85 1.31 123.7 1.85 78.6 74.8 

Coca 

Cola 

P11 

1 6.71 447.5 732.9 190.3 28.4 373.4 134.7 3.72 0.49 86.8 2.30 112.7 66.0 

2 6.69 467.8 881.1 147.6 27.0 334.1 123.2 6.22 0.61 74.5 3.52 124.4 51.0 

3 6.44 301.4 629.5 144.2 28.1 377.0 130.4 6.36 0.44 68.9 2.76 113.8 63.7 

Nyor 

Gyung

u 

P12 

1 6.37 887.6 1321.2 126.5 12.7 119.3 39.6 5.30 1.33 34.3 2.15 65.9 69.8 

2 6.51 803.4 1235.6 89.1 14.9 95.0 48.3 4.71 1.62 69.0 1.47 78.3 81.4 

3 6.38 528.6 927.4 119.2 11.1 112.3 53.9 4.03 1.47 46.2 2.03 79.9 72.1 

Mbaky 1 6.30 704.5 1372.0 331.4 6.04 214.0 374.9 14.15 2.06 245.6 6.24 90.2 127.1 



 

 
 

289 

aa 

P13 
2 6.33 458.1 748.5 402.3 5.06 226.7 232.1 16.39 1.92 184.5 7.40 106.4 95.7 

3 6.41 766.2 1432.5 384.8 8.29 273.2 342.4 15.60 2.00 259.2 7.03 121.5 116.4 

Moder

n Mkt 

P14 

1 6.50 347.4 629.4 58.9 10.9 389.7 158.3 2.78 0.43 69.9 1.96 74.5 60.2 

2 6.37 177.3 368.9 52.7 7.3 402.2 177.4 3.99 0.32 112.3 1.74 53.6 62.3 

3 6.48 394.0 521.4 49.0 11.9 378.6 163.0 4.03 0.61 87.4 2.32 58.3 75.8 

Tse 

Abu 

P15 

1 6.66 157.6 293.5 176.6 14.5 149.8 281.5 3.21 1.51 173.2 3.29 62.6 61.7 

2 6.73 201.5 374.0 238.3 10.3 116.3 309.7 3.19 1.50 138.5 2.78 76.4 83.1 

3 6.82 121.3 248.5 183.1 13.7 137.5 318.3 2.86 1.51 109.4 2.38 78.1 65.9 

Owner 

Occ 

Qtrs 

P16 

1 6.20 571.5 896.7 49.5 18.9 460.2 314.7 2.83 0.83 285.6 4.85 65.3 70.3 

2 6.25 610.3 1025.3 41.5 18.7 502.0 299.0 3.02 0.88 327.6 5.09 59.0 68.3 

3 6.34 394.7 821.4 47.2 17.4 504.2 307.7 3.00 0.75 341.4 4.65 57.4 74.2 

Abua 

P17 

1 6.82 98.3 176.6 68.0 0.0 232.4 392.2 9.36 0.61 270.1 4.03 135.3 62.2 

2 6.73 89.8 158.4 90.3 0.0 198.8 422.2 8.73 0.53 230.2 3.37 179.4 83.6 

3 6.60 106.4 183.9 75.2 0.0 186.3 438.4 8.97 1.07 248.3 5.64 213.7 77.4 

High 

Level 

P18 

1 6.38 1292.5 2154.2 268.2 25.6 570.5 274.6 0.89 1.59 116.5 3.14 81.4 83.9 

2 6.49 1182.0 1932.2 301.4 26.4 562.7 277.1 2.15 1.55 148.0 4.50 58.3 59.3 

3 6.33 957.1 1732.5 296.7 25.0 539.1 223.8 1.74 1.72 157.6 3.74 72.3 66.9 

Naka 

Rd  

P19 

1 6.76 721.7 1098.1 139.3 21.8 419.6 87.4 6.40 1.53 83.8 2.53 77.6 34.5 

2 6.42 574.2 972.1 111.5 19.8 438.9 88.0 5.20 1.57 80.2 1.90 68.5 47.3 

3 6.31 520.4 892.6 138.6 14.6 426.3 83.6 5.68 1.50 76.4 2.15 70.9 48.1 

Agan 

P20 

1 6.47 273.7 439.2 72.1 0.00 294.5 321.7 7.22 1.03 292.3 6.09 169.3 136.7 

2 6.49 202.3 388.7 62.1 0.00 345.6 344.7 7.05 0.92 305.6 7.11 203.8 89.3 

3 6.35 285.5 479.2 74.4 0.00 307.1 348.2 8.18 1.10 314.2 6.29 221.0 109.6 

Apir 

P21 

1 6.32 433.4 785.7 103.6 13.2 324.7 291.1 8.17 1.27 225.7 5.30 58.7 65.1 

2 6.20 379.2 643.0 89.8 15.1 326.9 306.6 8.06 1.22 198.6 5.00 45.8 53.0 

3 6.38 207.6 495.8 115.8 17.3 314.2 299.4 7.49 1.31 199.3 4.86 63.2 38.2 
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Table SIII: Relative Weights of Water Quality Parameters in accordance with the WHO (2011) Guidelines for Drinking 

 Water Quality 
S/No Chemical Parameter WHO Standard Weight (wi) Relative Weight 

(Wi) 

1 pH 6.5 - 8.5 5 0.1 

2 TDS (mg/L) 1000 5 0.1 

3 EC (µs/cm) 1500 5 0.1 

4 Chloride (mg/L) 200 5 0.1 

5 Fluoride (mg/L) 1.5 5 0.1 

6 Nitrate (mg/L) 50 5 0.1 

7 Sulphate (mg/L) 250 4 0.08 

8 Potassium (mg/L) 50 4 0.08 

9 Bicarbonate (mg/L) 500 3 0.06 

10 Sodium (mg/L) 200 3 0.06 

11 Calcium (mg/L) 75 3 0.06 

12 Magnesium (mg/L) 150 3 0.06 
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Table SIV: Computation of WQI for All Locations 
Sample 

Location 

S/No Parameter Ci  Wi Si qi = Ci/Si × 

100 

Sli = Wi × 

qi 

P1 (Achusa)        

 1 pH 6.79 0.1 8.50 79.88 7.99 

 2 TDS  1244.57 0.1 1000 124.46 12.45 

 3 EC  2305.50 0.1 1500 153.7 15.37 

 4 Chloride 167.97 0.1 200 83.99 8.40 

 5 Fluoride  1.45 0.1 1.5 96.67 9.67 

 6 Nitrate  6.96 0.1 50 13.92 1.39 

 7 Sulphate  399.90 0.08 250 159.96 12.80 

 8 Potassium  6.03 0.08 50 12.06 0.96 

 9 Bicarbonate  401.00 0.06 500 80.2 4.81 

 10 Sodium  248.30 0.06 200 124.15 7.45 

 11 Calcium  73.40 0.06 75 97.87 5.87 

 12 Magnesium  200.73 0.06 150 133.82 8.03 

  
𝑊𝑄𝐼 =  ∑ 𝑆𝐼𝑖

𝑛

𝑖=1

 
    95.19 

Sample 

Location 

S/No Parameter Ci  Wi Si qi = Ci/Si × 

100 

Sli = Wi × 

qi 

        

P2 (Ichwa) 1 pH 6.72 0.1 8.50 79.06 7.91 

 2 TDS  980.00 0.1 1000 98.00 9.80 

 3 EC  1832.87 0.1 1500 122.19 12.22 

 4 Chloride 211.87 0.1 200 105.94 10.59 

 5 Fluoride  1.48 0.1 1.5 98.67 9.87 

 6 Nitrate  10.08 0.1 50 20.16 2.02 

 7 Sulphate  472.87 0.08 250 189.15 15.13 
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 8 Potassium  6.38 0.08 50 12.76 1.02 

 9 Bicarbonate  329.90 0.06 500 65.98 3.96 

 10 Sodium  387.73 0.06 200 193.87 11.63 

 11 Calcium  141.30 0.06 75 188.40 11.30 

 12 Magnesium  85.53 0.06 150 57.02 3.42 

  
𝑊𝑄𝐼 =  ∑ 𝑆𝐼𝑖

𝑛

𝑖=1

 
    98.87 

Sample 

Location 

S/No Parameter Ci  Wi Si qi = Ci/Si × 

100 

Sli = Wi × 

qi 

P3 (B. Div.)        

 1 pH 6.46 0.1 8.50 76.00 7.60 

 2 TDS  923.47 0.1 1000 92.35 9.24 

 3 EC  1685.23 0.1 1500 112.35 11.24 

 4 Chloride 178.63 0.1 200 89.32 8.93 

 5 Fluoride  1.47 0.1 1.5 98.00 9.80 

 6 Nitrate  6.18 0.1 50 12.36 1.24 

 7 Sulphate  310.30 0.08 250 124.12 9.93 

 8 Potassium  8.15 0.08 50 16.30 1.30 

 9 Bicarbonate  258.47 0.06 500 51.69 3.10 

 10 Sodium  255.30 0.06 200 127.65 7.66 

 11 Calcium  170.97 0.06 75 227.96 13.68 

 12 Magnesium  54.77 0.06 150 36.51 2.19 

  
𝑊𝑄𝐼 =  ∑ 𝑆𝐼𝑖

𝑛

𝑖=1

 
    85.91 
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Sample 

Location 

S/No Parameter Ci  Wi Si qi = Ci/Si × 

100 

Sli = Wi × 

qi 

P4 (Barr. 

Rd.) 

       

 1 pH 6.34 0.1 8.50 74.59 7.46 

 2 TDS  946.67 0.1 1000 94.67 9.47 

 3 EC  1631.13 0.1 1500 108.74 10.87 

 4 Chloride 457.87 0.1 200 228.93 22.89 

 5 Fluoride  1.53 0.1 1.5 102.00 10.2 

 6 Nitrate  2.91 0.1 50 5.82 0.58 

 7 Sulphate  278.90 0.08 250 111.56 8.92 

 8 Potassium  4.46 0.08 50 8.92 0.71 

 9 Bicarbonate  481.30 0.06 500 96.26 5.78 

 10 Sodium  163.57 0.06 200 81.79 4.91 

 11 Calcium  74.93 0.06 75 99.91 5.99 

 12 Magnesium  176.33 0.06 150 117.55 7.05 

  
𝑊𝑄𝐼 =  ∑ 𝑆𝐼𝑖

𝑛

𝑖=1

 
    94.83 
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Table SV: Computation of Fluoride Risk Parameters 
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Te
e
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e
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A
d

u
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s 

In
fa

n
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C
h
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Te
e
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A
d

u
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s 

In
fa

n
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C
h
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n
 

Te
e

n
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A
d

u
lt

s 

In
fa

n
ts

 

C
h

ild
re

n
 

Te
e

n
ag

e
rs

 

A
d

u
lt

s 

P1 1.45 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

73 

0.0

81 

0.0

64 

0.0

52 

1.2

17 

1.3

50 

1.0

67 

0.8

67 

P2 1.48 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

74 

0.0

82 

0.0

66 

0.0

53 

1.2

33 

1.3

67 

1.3

67 

0.8

83 

P3 1.47 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

74 

0.0

82 

0.0

65 

0.0

53 

1.2

33 

1.3

67 

1.0

83 

0.8

83 

P4 1.53 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

77 

0.0

85 

0.0

68 

0.0

55 

1.2

83 

1.4

17 

1.1

33 

0.9

17 

P5 1.25 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

62 

0.0

69 

0.0

56 

0.0

45 

1.0

33 

1.1

5 

0.9

33 

0.7

5 

P6 1.56 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

75 

0.0

83 

0.0

67 

0.0

56 

1.2

50 

1.3

83 

1.1

17 

0.9

33 

P7 1.30 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

65 

0.0

72 

0.0

58 

0.0

46 

1.0

83 

1.2

00 

0.9

67 

0.7

67 

P8 1.53 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

75 

0.0

85 

0.0

68 

0.0

55 

1.2

50 

1.4

17 

1.1

33 

0.9

17 

P9 0.63 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

30 

0.0

35 

0.0

28 

0.0

23 

0.5

00 

0.5

83 

0.4

67 

0.3

83 

P10 1.26 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

60 

0.0

70 

0.0

56 

0.0

45 

1.0

00 

1.1

67 

0.9

33 

0.7

50 

P11 0.51 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

25 

0.0

28 

0.0

23 

0.0

18 

0.4

17 

0.0

47 

0.3

83 

0.3

00 
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P12 1.47 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

74 

0.0

82 

0.0

65 

0.0

53 

1.2

33 

1.3

67 

1.0

83 

0.8

83 

P13 1.99 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.1

00 

0.1

10 

0.0

88 

0.0

71 

1.6

67 

1.8

33 

1.4

67 

1.1

83 

P14 0.45 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

23 

0.0

25 

0.0

20 

0.0

16 

0.3

83 

0.4

17 

0.3

33 

0.2

67 

P15 1.51 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

75 

0.0

83 

0.0

67 

0.0

54 

1.2

50 

1.3

83 

1.1

17 

0.9

00 

P16 0.82 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

41 

0.0

46 

0.0

36 

0.0

29 

0.6

83 

0.7

67 

0.6

00 

0.4

83 

P17 0.74 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

37 

0.0

41 

0.0

33 

0.0

26 

0.6

17 

0.6

83 

0.5

50 

0.4

33 

P18 1.62 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

81 

0.0

90 

0.0

72 

0.0

57 

1.3

60 

1.5

00 

1.2

00 

0.9

50 

P19 1.53 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

77 

0.0

85 

0.0

68 

0.0

55 

1.2

83 

1.4

17 

1.1

33 

1.1

33 

P20 1.02 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

51 

0.0

57 

0.0

45 

0.0

36 

0.8

50 

0.9

5 

0.7

50 

0.6

00 

P21 1.27 0.06 0.50 1.00 2.00 2.5 10.0 18.0 45.

00 

70.0 0.0

64 

0.0

71 

0.0

56 

0.0

45 

1.0

67 

1.1

83 

0.9

33 

0.7

50 
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APPENDIX F 

Dept. of Agric. & Environmental Engineering 

Faculty of Technology, 

University of Ibadan, Ibadan-Nigeria 

12th October 2020. 

To Every Prospective Respondent, 

Dear Sir/Ma,  

   SOLICITATION FOR SUPPORT TOWARDS MY STUDY  

The writer is a postgraduate student of the above mentioned department and 

institution pursuing a PhD in Agricultural Engineering. Presently, I am carryin-out a 

study on the assessment of groundwater quality in Makurdi, Benue state and human 

health risk quantification with reference to fluoride content in the water.  

It may interest you to know that the water intake rate and body weights of the 

populations in the study area (infants, children, teenagers and adults) are very 

essential variables needed to complete my research. 

Thus, it is my pleasure to let you know that you would be a participant in this study as 

a respondent. Therefore I would be pleased if you avail tour self and also give true 

and consise answers to the questions raised in the questionnaire delivered. Your body 

weight would be taken in the field using my instruments. I plead that you give a 

response to each question raised and also promise not to disclose your personal details 

ot opinions to the public or any third party. Your answers and particulars would be 

solely used for the actualization of the set research objectives.  

Thank you. 

Yours Dependably, 

Engr. Raphael T. Iwar 

07030920174 
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A MINI-QUESTIONNAIRE TO ASCERTAIN GROUNDWATER CONSUMPTION 

IN THE POPULATIONS OF MAKURDI AND ITS ENVIRONS 

SECTION I: LOCATION 

 

State: ____________ LGA.: _____________Village: ________________ 

Questionnaire No. _____ Name of Enumerator: _________________ Date of interview:______ 

Dear respondent, 

The information required from you is for research purpose and would  be strictly used 

for the intended purpose. Thank you. 

 

SECTION II: DEMOGRAPHICS OF THE RESPONDENT 

1. Sex: Male (  )  Female  (  )  (tick as appropriate)   

2. Age __________ years 

3. Main Occupation _______________ Secondary Occupation _________ 

4. Marital Status:  Single (  )  Married (  )  Divorce (  ) Widowed (  ) 

5. Highest Level of Education: No Formal Education (  ) Islamiyyah (  )  Adult 

Education (  )    Primary (  ) Secondary (  ) Tertiary (  ) (tick as appropriate)  

6. What is your household size?  ___  

7. How many adults are in your household  _________________ 

8. How many teenagers are in your household  _________________ 

9. How many children are in your household __________________ 

10. How many infants are in your household  _________________ 

 

SECTION III:  WATER CONSUMPTION RATE AND BODY WEIGHT 

11. Please provide the quantity of water that each category of people in your 

household consume per person per day in litres 

Adult________________  

Teenager._______________   

Child______________________ 

Infant _________________ 

12. Would you permit me to take the body weights of each population category in 

your household (a) Yes    (b) No   please tick as appropriate. 

 

Once again, thank you for your time. 
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METHOD OF QUESTIONAIRE ADMINISTRATION AND RETRIEVAL 

Only households with the four population categories were selected. Thus a total of 50 

houses were systematically selected for the study and one questionnaire each was 

administered to each population category in the selected household. Thus a total of 

200 questionnaires were administered and retrieved from the respondents. A 100 % 

recovery was possible because the questionnaire were administered and collected 

right on the field. The researcher and field workers ensured the quality and suitability 

of the responses at all times. 

 The mini-questionnaire was administered to literate adults in the households who also 

answered for the infants and children in the household. The teens were administered 

with the questionnaire, just like with the adults. The field works were done on 

Saturdays such that most members of the households were found on ground. The body 

weights of each respondent were taken using the appropriate digital weighing balance, 

just after the questionnaires were retrieved from the respondents. 

 

 

 


