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ABSTRACT
The contamination of borehole water in Nakuru East Sub County, primarily due to heavy metals

and non-metals from natural origins and anthropogenic activities, poses significant health risks.
Exposure to these contaminants, beyond the World Health Organization (WHO) and Kenya
Bureau of Standards (KEBS) limits, can lead to various diseases and even death. Activities such as
industrial processes, agriculture and waste disposal in the area contribute to the infiltration and
leaching of toxic elements into borehole water. These toxic elements can enter the human body
through ingestion, inhalation or dermal absorption. The Nakuru Water and Sanitation Service
Company (NAWASSCO) operate 40 boreholes in the region; however, only 19 were functional
during the sample collection, which took place in both dry and wet seasons. These boreholes
supply water to Nakuru City and surrounding areas. This study aimed to determine the levels of
physicochemical parameters and remediation of Pb (I1) from these boreholes. Water samples were
collected from six water fields: Kiundo (1 borehole), Kabatini (6 boreholes), Nairobi Road (6
boreholes), Baharini (4 boreholes), Madaraka (1 borehole) and Olbanita (1 borehole) during both
seasons. The samples were analyzed for various parameters including Temperature, pH, Turbidity,
Electrical Conductivity, Dissolved Oxygen, Fluoride, Lead (Pb), Cadmium (Cd) and Arsenic (As),
with heavy metal concentrations measured using Flame Atomic Absorption Spectroscopy (FAAS).
Results indicated that the temperature of the borehole water ranged from 23.8 to 26.4 +0.2°C.
Dissolved Oxygen levels were found to be below WHO acceptable limits in all samples. Turbidity
levels ranged from 1.54 to 4.32 +0.01 in the dry season and 0.36 to 9.30 +0.02 in the wet season,
with 36.8% of samples exceeding WHO limits in the dry season and all samples exceeding limits
in the wet season. pH values were between 6.4 and 7.6 £0.1 in the dry season and 7.0 to 7.7 £0.2 in
the wet season, mostly within WHO guidelines, except for a few boreholes that were slightly
acidic. Electrical conductivity ranged from 392.0 to 823.1 £0.1 mS/cm in the dry season and 186.7
to 350.6 £0.2 mS/cm in the wet season; with all dry season samples above the WHO threshold of
400.0 mS/cm. Flouride had the same mean concentrations of 1.23mg/l for both the two seasons.
Significant differences (P<0.05) were noted between the physicochemical parameters and WHO
standards. Correlations among parameters were observed, ranging from negative to positive (p <
0.001). Cd concentrations were below detection limits in all samples for both seasons, while Pb
(1) levels exceeded the WHO limit of 0.01 mg/L in 31.6% of boreholes during the dry season and
42.1% in the wet season. Arsenic concentrations were above the WHO limit of 0.01 mg/L in both
seasons. To address the contamination, a composite of Moringa oleifera seed powder obtained
from Tharaka Nithi County and pure kaolin clay were used as an adsorbent for Pb (II).
Characterization of the composite was conducted using Powder X-ray diffraction (XRD) and
Fourier-transform infrared spectroscopy (FTIR). The adsorption study focused on Pb, revealing
that the base-activated composite effectively adsorbed Pb at a dosage of 0.5 g. The adsorption data
fit the Langmuir isotherm, Temkin, and Pseudo-Second-Order models. Thermodynamic studies
yielded values of 25,340.57 J/mol for AH, 58.32 J/mol/K for AS and a decrease from 7.95 kJ/mol
at 25°C to -3.71 kJ/mol at 225°C for AG. The adsorbate was effective at 83.77% in sample
NR7.The results obtained indicated the urgent need for water treatment due to elevated levels of
As (I11) and Pb (I1). The composite showed a positive effectiveness on the remediation of Pb (1),
however further research should be carried out to investigate its effectives on other heavy metals
remediation and outside the boreholes of the study area.
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CHAPTER ONE
INTRODUCTION

1.1 Background Information

A vital component of all living organisms is water. For instance, about two thirds of
the weight of an adult human is made up of water. Almost two billion people do not
have access to clean drinking water globally (Wang et al., 2014). There are many
unforeseeable dangers associated with ingesting tainted or hazardous water. The
World Health Organization (WHO) states that consuming tainted water is a primary
cause of diarrhea illnesses, which rank as the second greatest cause of death for
children under five, killing over 760,000 of them each year (Omona et al., 2020).
Groundwater is a major and important water source for domestic use in urban and
rural areas. It is believed to be among the purest natural source of water (Kumar et al.,
2010). A stable and dependable source of water must be available in order to support
continued population expansion and development. About one-third of the world's
population depends on groundwater for their water supply. In many developing
countries, the main contributor to environmental degradation and pollution is
dumping of industrial waste into water bodies. Wastes are mostly produced by home,
industrial and agricultural operations. Numerous enterprises lack adequate facilities
for disposing of toxic wastes that can damage human health. These liquid and solid
forms of effluents enter the aquatic bodies (Tamasi et al, 2004).

As of 2023, approximately 2 billion people worldwide lacked access to safely
managed drinking water, significantly impacting health and economic development
(WHO, 2023). The ongoing effects of climate change and urbanization further
exacerbate water scarcity and quality issues, particularly in low-income regions
(UNICEF, 2023). To address these challenges, global initiatives are increasingly
focusing on sustainable water management and infrastructure investments to ensure
equitable access to clean water (World Bank, 2023).Groundwater basically comes
from boreholes and wells. Up to 90% of rural settlers worldwide, particularly in
Africa, receive their water from boreholes as one of the groundwater sources (Abally
et al., 2012). The Kenyan Vision 2030 calls for using one of the safest sources of
water to ensure that improved water sanitation is available and accessible to all

Kenyans (Kumar et al., 2007). Heavy metals contaminate boreholes water in
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colloidal, particulate and dissolved phases. This occurrence in boreholes can either be
of natural origin, for instance, eroded minerals within sediments, leaching and
infiltration of ore deposits or anthropogenic origin like solid wastes disposal,
industrial and domestic effluents (Smith et al., 2007).

The problem of water degradation and contamination has become a daily topic of
discussion in developing and developed countries and therefore it calls for more
research to find out a lasting solution for it (Emerton et al, 2010). This water
degradation occurs through natural activities, industrial activities and mining
operations, weathering of rocks, sedimentary aquifers and mobilization of naturally
occurring heavy metals and in most cases, through agricultural activities. Heavy
metals such as lead, arsenic and cadmium compounds are one of the contaminants of
borehole water. Millions of people worldwide are at risk for health problems due to
the usage of water with high fluoride concentrations as well, thus it's important to
measure the concentration of fluoride and heavy metals in home water and figure out

how to remove or lower their concentration (Aderemi et al., 2021).

Contamination of boreholes in Nakuru East Sub-County has emerged as a significant
public health concern, primarily attributed to factors such as improper waste disposal,
agricultural runoff, and inadequate sanitation infrastructure. Studies indicated that the
presence of nitrates and pathogens in groundwater is increasing, posing risks to local
communities that rely on these boreholes for drinking water (Muthoni et al., 2022).
Furthermore, research highlights the impact of urbanization and industrial activities
on groundwater quality, exacerbating contamination levels (Ochieng et al., 2023).
Efforts to mitigate these risks include implementing stricter regulatory frameworks
and community awareness programs to promote sustainable water management
practices (Kamau et al., 2024). Addressing these issues is crucial for safeguarding
public health and ensuring access to safe drinking water in the region

Contamination of heavy metal in borehole water is a big challenge, especially in
developing countries. In most regions, heavy metal contamination is significant. An
estimated 140 million people in at least 70 countries have been drinking water

containing heavy metals such as lead, cadmium and arsenic at levels above the World
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Health Organization (WHO, 2021). If this continues at the same rate, it suggests that
between 94 and 220 million people will be at risk of exposure to elevated heavy metal
concentrations in groundwater in 2030 (Deng et al., 2024). Other research reports
which indicate water deterioration in Kenya due to heavy metal compounds are those
by (Kithiia et al., 2012; Bastia et al., 2016). Kithiia also noted that pollution in rivers
and boreholes were chiefly due to domestic waste, industrial wastes and agricultural
activities. A study carried out by (Bhaskar et al., 2010) of Nairobi-Athi River system
showed an increase in heavy metal levels due to agricultural activities. (Wang et al.,

2014) reports the same results within the study area.

The physical parameters of the groundwater, like temperature, electrical conductivity
and pH, affect the function of human cells. An increase in water pH generally may
increase the body's acidic condition when human beings take these waters, hence
deactivating the functioning of the enzymes in the human body (Kithiia et al., 2012).
Also, the presence of fluorides above the recommended level in water consumed by
human beings may cause fluorosis. Critical data on the impacts of fluoride (F) in
water systems along the Eastern Africa Rift Valley System (EARS) Nakuru City
being one of them is needed for public health risk assessment and for the development
of strategies for ameliorating its deleterious effects among the affected communities.
Long-term fluorides overexposure causes dental and skeletal fluorosis, and leads to
neurotoxicity, which impacts several important body functions. Investigating fluorides
exposure pathways is of essence to inform and safeguard public health of the affected

communities (Kumar et al., 2013).

Exposure to heavy metals, for example, cadmium, lead, and arsenic compounds above
the recommended limit of WHO, have long-term effects on human beings, for
instance, cancer, lung diseases, heart attack and kidney failures are associated with the
above mentioned heavy metals. However, excess exposure to heavy metals results in
toxicity. Heavy metals cause serious effects with varied symptoms depending on the
nature and quantity of the metal ingested when humans use this water from the
boreholes (Ali et al., 2019). Arsenic, lead and cadmium form toxicity by forming
complexes with protein, which modifies biological molecules to lose their ability to

function properly, resulting in malfunctioning or death of cells (Nrior et al., 2022).
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Also, numerous studies have demonstrated the negative impact of arsenic exposure on
memory, cognitive development and intelligence (WHO, 2018). Lead poisoning
causes various symptoms, including abnormal pain, which varies from person to
person, while exposure time plays an important role (Ali et al, 2016). These heavy
metals, like arsenic compounds, have been classified as carcinogenic to humans
(IARC, 2024).

The origins of lead, cadmium and arsenic ions as hazardous materials and the
justification for their removal from our environment have been explored in the current
contribution. Because traditional removal techniques such as membrane filtration and
ion exchange are costly, it is necessary to look for cost effective and environmental
friendly materials. Based on the literature (Gadd et al., 2009) bio adsorption is the
most cost-effective and environmentally responsible way to remove heavy metals
from both boreholes and commercial wastewater. It is used as a substitute for
traditional techniques in the elimination of hazardous heavy metals from industrial
wastewater. It has a number of benefits, including high efficiency, low production of
chemical and biological sludge, economic effectiveness, and their potential to recover

metals through bio adsorption is regeneration (Abu-Dief et al., 2018).

Heavy metal waste can be treated using various techniques, including extraction,
flocculation, precipitation, electrochemical, ion exchange, and adsorption. The most
advantageous method is the adsorption method. Adsorbents generated from biomass
can be used for adsorption. Moringa oleifera seeds and kaolin clay can be converted
into bio adsorbents. The advantage of adsorptions over other methods is that it is cost
effective, an environmental friendly and innovative natural biomaterial that are
readily available. (Poulin et al., 2020). Adsorption is a significant phenomenon that
underlies several highly significant industrial and environmental processes. There is
no denying the importance of adsorption to water purification and environmental
preservation. Furthermore, the initial stage of many catalytic reactions involves the
adsorption of reactants onto the catalyst. Thus, a lot of work has gone into learning
more about the various facets of the adsorption process. But before designing and
using adsorption equipment, one must have a basic understanding of adsorption

equilibrium and kinetics. To understand the adsorption equilibrium and kinetics,
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several different isotherms and kinetics models have been devised namely Langumir
and Freudlich, Pseudo-First order and Pseudo-Second order (Azizian et al,. 2021).
Adsorption isotherms, or mathematical equations, can be used to realize the
interpretation of adsorption equilibria. Additionally, rate equations for adsorption

kinetics models are provided to describe the adsorption process's time dependency.

The carbonaceous solid known as "biochar,” which is produced when biomass is
pyrolyzed in an inert environment, has drawn a lot of interest due to its potential uses
as a soil amendment or, when upgraded to activated carbon, as fuel cell and gas
adsorbents, supercapacitor electrodes, and water treatment to get rid of a range of
organic and inorganic pollutants (Kimetu et al., 2014). Biochar can now be modified
in a number of ways to improve its ability to adsorb different types of contaminants
from aquatic environments. Clay minerals exhibit great potential in industrial and
petroleum engineering, as well as in agriculture, due to their unique layered structure,
high specific surface area and ion exchange capacity. Among these clays, kaolin is
perhaps the most studied due to its exchangeable cations, which have a strong ability
to acquire electrons and perform well in adsorption between layers. Kaolin offers
several benefits, including a large adsorption surface area, high porosity, high cation
exchange capacity, and low cost. The adsorption capacity of kaolin clay may be
increased by expanding its surface area and sorption site through modification of its
structure (Istan et al., 2016).

Strong evidence has been provided by Moringa oleifera seeds to support their use as
an efficient natural adsorbent in the water treatment process to improve the chemical
and physical properties of groundwater, including conductivity, pH, hardness,
turbidity, alkalinity, suspended solids and (Total Dissolved Solids) TDS (Semanka et
al., 2022). All things considered, Moringa oleifera seeds offer a solid route for
emphasizing their application as a potent substitute for artificial adsorbent in water
purification (Nartey et al., 2011).

Moringa oleifera is a species that are found in dry lands like Machakos and parts of
Tharaka Nithi due to its ability to do well in hot weather and low rainfall, and it has

many nutritional and medicinal benefits derived from various parts of the plant
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(Chakava et al., 2014). The adsorption of metals using Moringa oleifera is limited to
the adsorption surface. Moringa oleifera is a cationic polyelectrolyte of short-chain
and low molecular weight. Heavy metals and solids with higher charges than
Moringa's colloidal surface will remove a high percentage of metals compared to
other plants (Makokha et al., 2012).

The mechanism that brings about the adsorption of heavy metals in Moringa oleifera
seeds is through the positive metal ions that form a bridge between the anionic
polyelectrolyte and negatively charged proteins' functional groups on the colloidal
particles' surface. Complexes are formed with Moringa's heavy metals and organic
matter and other seeds, such as proteins. Due to its hydrophilic character, several
hydrogen bonds are formed among polyelectrolyte and water molecules (Wang et al.,
2014). Polyelectrolyte coagulant aids consist of repeating units of small molecular
weight forming molecules of colloidal sizes that carry an electrical charge or ionizable
groups that provide bonding surfaces for the flocks. Adsorption describes the
attachment of ions and molecules from seeds proteins using specific mechanisms
(Owusu et al., 2008).

Researchers studied the use of local seeds to improve the quality of drinking water.
They gave their analysis as follows, heavy metals cadmium, copper, chromium, lead
and zinc were performed before and after treatment of water with local seed Moringa
Oleifera, Arachis hypogea (peanuts), Vignaunguiculata (cowpeas), vignamungo
(urad) and Zea mays (corn), and the results showed that Moringa Oleifera seeds are
capable of absorbing the heavy metals tested compared to other seeds in some water
samples. The percentage removal by Moringa oleifera seeds was 90% copper, 80%

for lead, 60% for cadmium and 50% for zinc and chromium (Wang et al., 2014).

However, these study aims at determining the levels of the physicochemical
parameters of the boreholes used by NAWASSCO within Nakuru East Sub- County
and to prepare composite a of Moringa oleifera seeds and kaolin clay as a cost

efeective method of lowering the concentration of Pb (1) in boreholes water.



1.2 Statement of the Problem

Nakuru East Sub County, located within Nakuru County, Kenya, relies heavily on
borehole water for domestic and industrial use due to inadequate surface water
sources. Despite its importance, borehole water in Nakuru East Sub County faces
significant quality challenges, which can have adverse effects on human health and
the environment. In particular, heavy metal contamination is a significant concern.
Lead (Pb), arsenic (As), and cadmium (Cd) are among the most harmful
contaminants, posing severe health risks even at low concentrations. Sources of these
contaminants include industrial activities, agricultural runoff, and improper waste
disposal. Long-term exposure to these heavy metals can lead to serious health issues
such as neurological damage, cancer, and kidney problems. The presence of these
metals in borehole water necessitates effective monitoring and remediation strategies
to protect public health. Current methods of heavy metal remediation face several
limitations. Firstly, techniques such as chemical precipitation and ion exchange can be
expensive and generate secondary waste and a complicating disposal. Bioremediation,
while environmentally friendly, often depends on specific conditions and may not
effectively remove all types of heavy metals, especially at higher concentrations.
Additionally, physical methods like adsorption can be limited by the availability of
suitable adsorbents and may require extensive processing to recover and reuse them.
These challenges highlight the need for more efficient, cost-effective, and sustainable
remediation technologies. Moringa oleifera seeds and kaolin clay have shown
significant potential as effective adsorbents for removing heavy metals from water.
Moringa seeds contain natural coagulants that can bind to heavy metals, while kaolin
clay offers a large surface area for adsorption. Combining these materials could
provide a low-cost, sustainable solution for water treatment in Nakuru East Sub
County. This study aimed to explore the efficacy of this composite material in
remediating heavy metal contamination in borehole water, contributing to safer and

healthier water for the study area and other regions facing the same problem..



1.3 Objectives

1.3.1 Broad Objective

To determine the levels of physicochemical parameters and remediation of Pb (1)
using a composite of Moringa oleifera seeds and kaolin clay in boreholes’ water used
by NAWASSCO within Nakuru East Sub County during dry and wet seasons.

1.3.2 Specific Objectives
I.  To determine the levels of selected physicochemical parameters in boreholes’
water used by NAWASSCO within Nakuru East Sub County during dry and
wet season and compare with World Health Organization limits.
Ii.  To prepare a composite adsorbate of kaolin clay and Moringa oleifera seeds
and characterize its structural and textual properties.
ili.  To determine the efficiency, adsorption kinetics and isotherms of remediation
of Pb (Il) compounds in boreholes’ water using the prepared composite

adsorbent.

1.4 Research Questions
i.  What are the levels of selected physicochemical parameters in boreholes’ water
used by NAWASSCO within Nakuru East Sub County during dry and wet
seasons?
ii. What are the structural and textual properties of the prepared composite
adsorbent of Moringa oleifera seeds and kaolin clay?
iii.  What is the efficiency and kinetic model of the adsorbent on remediation of Pb

(11) concentration on boreholes water?

1.5 Justification

Borehole water is essential for Nakuru East Sub County and Nakuru Town due to
limited surface water supplies, serving various domestic, agricultural, and industrial
purposes. To ensure the water's safety and sustainability, regular monitoring of
physicochemical parameters such as turbidity, temperature, pH, dissolved oxygen
(DO) and conductivity is crucial (Gereva et al., 2022). Heavy metals like lead, arsenic
and cadmium pose significant health risks and can contaminate groundwater through

industrial discharges, agricultural runoff, and improper waste disposal (Namungu et
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al., 2021). The prevalence of industrial and agricultural activities in Nakuru East
heightens the risk of contamination, emphasizing the need for effective remediation
strategies beyond conventional treatment methods, which primarily target biological
contaminants and turbidity but are inadequate for heavy metals (Mwiathi et al., 2022).

Research indicated that Moringa oleifera seeds and kaolin clay can serve as natural
adsorbents for heavy metals, with Moringa seeds binding metals effectively and
kaolin providing a large surface area for adsorption (Shields et al., 2015). This study
aimed to evaluate the efficacy of combining Moringa oleifera seeds and kaolin clay to
remediate heavy metal contamination in borehole water. By assessing both the
physicochemical parameters and heavy metal remediation, the research will contribute
to the sustainable management of borehole water resources in Nakuru East Sub
County and other regions with similar problem providing valuable insights for
NAWASSCO and other stakeholders. Utilizing locally available materials for water
treatment not only aligns with environmental sustainability principles but also
enhances public health and promotes sustainable development in Nakuru East Sub

County and its environment.



CHAPTER TWO
LITERATURE REVIEW

2.1 Boreholes

2.1.1 Boreholes as one of the Groundwater Source

Water makes up around seventy-five percent of the earth's surface (Ikeme et al.,
2014), making it a plentiful and vital component of the planet's environment. It can be
found as surface water for instance lakes, streams, rivers, ponds, shallow aquifers,
seas, ice caps, glaciers, etc., or it can accumulate as ground water, which can be found
as well as springs, wells, and boreholes water (lkeme et al., 2014). A great deal of
research has been done in the literature and in theory to evaluate the quality and
quantity of ground water supplies in both rural and urban settings. One important
factor influencing a user's health is the quality of their drinking water. Periodic quality
control measures are therefore required. But many groundwater supplies are not
routinely subjected to quality monitoring measures. Around two billion people
worldwide rely on groundwater as one of their primary water sources for their
irrigation, industrial, and rural requirements (Dula et al., 2011). Many of the world's
population, including the people of Kenya, depend on freshwater supplies from ponds,
natural springs, boreholes, wells, and open wells. It is said to be purer than surface
water since it often results from rainwater seeping into underground aquifers through
the earth (Kumar et al., 2015). Numerous interactions involving complex chemical
compounds, such as those involving amino acids, involve water. It is essential to
many elements of domestic use, agriculture as well as industrial and manufacturing
processes. Since life cannot survive without water, water is a crucial natural resource.
Safe and dependable water sources are a necessary prerequisite for the development
of a stable community. Water scarcity has historically caused serious conflict,

migration, and adjustments to agricultural practices (Ikeme et al., 2014).

When pesticides, herbicides and fertilizers are used in agricultural operations,
hazardous materials are created. These materials are then carried as effluents into
borehole water sources, where they contaminate water bodies (Obi et al., 2019). In a
similar vein, waste water from the textile industry contains organic dyes that
introduce various ions into the water that can change its makeup. Water bodies are

contaminated by oil spills, which also create a coating on the water's surface that
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stifles oxygen flow. Aquatic species eventually die from anaerobic conditions as a
result. The introduction of specific ions or compounds into borehole water during oil
drilling operations frequently contaminates ground water supplies, which lowers the
quality of the borehole water; poisonous ions are clearly present in contaminated
surface and ground water. On the other hand, certain ions added to water bodies could
mix with other substances to create insoluble substances that could cause major harm
to the body when ingested (Olewe et al., 2015).

Unless it is contaminated, groundwater is thought to be naturally clean, flavorless, and
odorless. Despite being regarded as safe, some groundwater sources can nonetheless
become contaminated by physicochemical agents because of their shallow depth
(Foster et al., 2012). The health of water users could be impacted if groundwater has
excessive concentrations of certain ions and salts (Kumar et al., 2015). There are
many ways to contaminate ground water; including using fertilizers in farming and
sewer system effluent seeping through the ground to water-bearing rocks (Foster et
al., 2012). Water moves through the earth, dissolving minerals in rocks and
accumulating suspended particles, especially from organic sources, which causes

groundwater to become contaminated (Bhaumik et al., 2015).

A research carried out among the slum dwellers in Kaptembwa in Nakuru town,
research paper showed that the proportion of households with access to adequate
water in the study area of Kaptembwo location is quite low, far below the national
average. The current water supply to the Kaptembwo location by NAWASSCO is
2,000m?, while the present demand is estimated at 10,000m®> (NAWASSCO, 2023),
this indicated a big short fall. The current water distribution conditions in Kaptembwo
are constrained due to several problems affecting large proportion of the households.
The problems included low service coverage by the distribution system, intermittent
mode of water supply, and long periods of cut-offs (Mokaya et al., 2016).

2.1.2 Boreholes Water Contamination
One of our time's most significant environmental challenges is groundwater
poisoning, which is reportedly linked to many users' serious health conditions. Natural

elements or anthropogenic actions that alter natural materials or introduce
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contaminants into already contaminated borehole water (Smith et al., 2018). In a
study carried out in Nakuru City revealed that the effects of drinking borehole water
crisis linked to climate variability and change in terms of prediction methods,
frequency, and rate of change, quality and quantity are wider, deeper and more
uncertain requiring immediate attention. The existing challenges limit sustainable
development, effective long-term planning and management of the areas drinking

borehole water resources (Keli et al., 2019).

Many chemical pollutants have been found to have negative health impacts on people
when they are exposed to them over time through drinking water. These encompass a
range of substances, including certain insecticides, both organic and inorganic. Some
of them harm human health or degrade the aesthetics of water. The World Health
Organization (WHQO) has proposed guideline values that establish thresholds for
numerous pollutants found in potable water. Kenya has its own standards for drinking
water quality that are compliant with global standards and principles. The WHO's
legally enforceable drinking water quality specifications, which specify limitations for
both physical and chemical parameters as well as other parameters, are the basis for
the water standards (Saidu et al., 2021). Contamination of groundwater and the
variety of pollutants affecting water supplies are among the most significant
environmental challenges of our time. Although the inherent chemical quality of
groundwater is generally good, difficulties with water use might arise from high
quantities of various elements. The quality of groundwater can be significantly altered
by intensively irrigated agricultural discharges into the groundwater. The groundwater
consumers are seriously threatened by these human activities on the groundwater. It is
not possible to restore the quality of groundwater once contamination has occurred by
removing the pollutants from their sources. As a result, it becomes crucial to
consistently check the quality of groundwater and to come up with strategies to
safeguard it (Shigut et al., 2017).

A research carried out in Kakamega boreholes water which involved titrimetric and
spectroscopic methods were used to determine the presence of heavy metals and
important elements. The results of the analysis showed that the concentrations of
arsenic (As) and mercury (Hg) ranged from 0.0103 to 0.0119 + 0.00005 mg/L and
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0.00256 to 0.0611 % 0.00005 mg/L, respectively. The potassium and sodium
concentrations varied from 2.53 to 4.08 £ 0.15 mg/L and 6.74 to 9.260 £ 0.2 mg/L,
respectively. The levels of mercury, iron, lead, and arsenic in the Kakamega waters
exceeded the globally recognized thresholds, despite the fact that the cadmium
content was lower than what the World Health Organization advised. Thus, there is a
public health issue with high concentration of heavy metals in the boreholes waters
that needed quick attention (Chebet et al., 2020).

A research carried out in the Robe Town indicates that spring water sources and
borehole water sources had different water quality. These distinctions were noted
based on changes in the physico-chemical characteristics of spring and borehole water
sources. It was discovered that the borehole water sources had the highest
concentrations of TDS, EC, TH, Ca, and Mg and were slightly acidic (above the
MPL). As a result, the three deep borehole groundwater sources were not as suitable
for drinking water quality as the spring water sources. Furthermore, more actions
needed to be made by the government and interested parties in order to enhance the
towns water quality and provide the general population with safe, clean water that is
devoid of health risks (Shigut et al., 2017).

A research carried out in Rubiri borehole analysis indicated that contamination of
underground water for boreholes around geothermal producing areas. None of the
seven sampled boreholes had optimum conditions for drinkable water. As such, they
were all unfit for human consumption. In summary, the borehole at DCK had
significantly higher fluoride values. The borehole at Florensis had significantly higher
fluoride. More so, its maximum value for cadmium was beyond the permissible limit.
The borehole at James Mange had significantly higher fluoride. The borehole at
Jikaze was mildly acidic as its pH mean was below the lower range desirable for
drinkable water. More so, the maximum value for sulphate was also high (Karanja et
al., 2017). The Keekonyokie borehole had significantly higher means for fluoride and
cadmium. Its minimum pH value recorded was also below the lower range desirable
for drinkable water. The Maai Mahiu borehole had significantly higher sulphate
values. For Rubiri borehole, it had significantly higher values for three parameters

namely sulphates, fluorides and lead. None of the boreholes in the geothermal
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producing areas could meet the optimum conditions for drinking water as set out by
KEBS. Naivasha area had inadequate piped water as observed from the field. As such,
there was heavy reliance on underground water as chief source of drinkable water
(Karanja et al., 2017). Such a scenario could lead to health complications that could
accumulate over time if not instantaneous. In the face of climate change, such
underground resources are supposed to offer avenues for climate change mitigation
and adaptation. Contamination of underground water is likely to stifle social progress
which is a critical aspect of building climate resilience. By shutting this avenue for
building resilience, climate change impacts are likely to be amplified hence curtailing
the pathway towards robust sustainability envisioned in our national vision 2030 blue
print. Inevitably, retarded social progress reverberates into economic systems thereby
accelerating poverty and enhancing climate change vulnerability (Karanja et al.,
2017).

2.1.3 Natural Substances

The types of geological components the water passes through as it travels to the
aquifer determine the nature of the natural pollutants in groundwater. Water may be
affected by the components of the rocks as it flows through the soils and rocks down
to the aquifers and ends up containing a variety of minerals, some of which may be in
high concentrations. The type of contaminants and their concentrations in the water
determine how these natural contamination sources affect the groundwater quality.
Although pollutants in water pose a risk to human health and life, their occurrence at
levels below the allowable limit is considered harmless to human health (Smith et al.,
2007).

2.1.4 Anthropogenic Activities

The type of human activity in the area has an impact on the safety of the groundwater
as well. For instance, agricultural activities can contaminate groundwater in a variety
of ways. Common examples include fertilizer and pesticide spills while being
handled, washing pesticide sprayers or other application equipment nearby shallow
wells, and adding organic manure to the soil to mimic animal waste. Economic
processes like manufacturing and transportation also contaminate groundwater by

causing chemical leaks and spills that seep into the aquifers through leaching.
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Domestic garbage is also a major worry because, when it is released close to wells, it

may leak into the groundwater and contaminate it (Smith et al., 2007).

2.2 Physicochemical parameters

2.2.1 Temperature

Any living thing's body metabolic processes are influenced by temperature (Smith et
al., 2007). Additionally, it is essential for regulating the solubility of gases in water
(Reddy et al., 2014). According to (Kithure et al., 2021), the permitted range is 28—
320C. Water that effluents have contaminated becomes hotter and has less dissolved
oxygen (Smith et al., 2007).

2.2.2 pH

The term pH is widely used to describe how strongly an acidic or alkaline state exists
in a solution. This gauges how much hydrogen potential there is in water (Smith et al.,
2007) and it is a sign that water is undergoing chemical change (Gichumbi et al.,
2013). According to (Kithure et al., 2021), the acceptable range is 6.5-8.5. Low pH
values indicate acidic water, which can result in gastrointestinal issues like
hyperacidity and ulcers in humans (Popoola et al., 2019) and corrode with the natural
rocks within the aquifer, increasing contaminants in water. Higher pH values indicate
productive water (Smith et al., 2007), which results in a bitter taste of the water (Rane
et al., 2021). On research done in Njoro and Mau Narok parts of Nakuru county to
establish the acidity of the soil on to varieties of potatoes (Shangi and Destiny) with
application of DAP fertilizers indicated that the soil pH before addition of this
fertilizers was ranging between 5.0 — 6.0, Soil acidity in these areas was attributed to
constant use of chemical fertilizers, mostly DAP, which supply H"ions whose
accumulation in soil will acidify the soils in the long run (Muthoni et al., 2009). A
researched carried out in Ethiopia found out that three out of the six sampled
boreholes indicates that the level of pH was higher than the recommended level and
this was linked to human activities like fertilizer use and sewage disposal on the
research area's agricultural grounds. The weathering of plagioclase feldspar in
sediments is linked to the overall increase in pH in sedimentary terrain. This is
facilitated by atmospheric carbon dioxide that has been dissolved, which releases

calcium and sodium and gradually raises the pH and alkalinity of the groundwater.
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Because the water from the borehole groundwater sources is acidic, it can very readily
erode the water piping. A metallic or sour taste in the water can also be an aesthetic
issue caused by damaged metal pipes brought on by acidic pH levels (Shigut et al.,
2017).

2.2.3 Electrical Conductivity

The conducting capacity of water is represented by EC. Total dissolved solids (TDS)
are measured by EC, which is based on the ionic strength of the solution. The ionic
strength of the solution rises as the concentration of dissolved solids does. The ionic
species present in the water significantly impact its conductivity, which is a measure
of its capacity to conduct electricity. The mobility of the ions at a specific temperature
affects both the anion and cation concentrations in water (Nirmala et al., 2012). It is a
salinity indicator that significantly impacts water flavor and reveals the presence of
dissolved ions. High ionizable salt concentrations in water cause high electrical
conductivity, inhibiting plant seed germination and lowering crop yields (Frisbie et
al., 2022). The acceptable limit for electrical conductivity, according to (Kithure et
al., 2021), is 1400 Scm™.

2.2.4 Turbidity.

One of the key physical characteristics of water quality is turbidity, which indicates
the presence of suspended particulates in the water and gives a body of water its
muddy or turbid appearance. The presence of silt and other suspended materials in the
water is the cause. It degrades water quality by changing the color of the water and
encouraging microbial growth (Zeitoun et al., 2013). According to studies, turbidity is
mostly brought on by silt deposition into the aquifer and is higher during the wet
seasons and lower during the dry ones (Vimercati et al., 2016). (Kithure et al., 2021),
states that a turbidity limit of 5 NTU is acceptable. A research carried out to compare
the turbidity of borehole water and the springer water showed that every sample
examined was confirmed to be within the WHO-recommended ranges of 1-5 NTU.
According to the results, the spring water source was somewhat less turbid than the
water from the borehole groundwater source. This modest turbidity suggests that non-
soluble metal oxides and inorganic particle debris might be present. Drinking water
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with a high turbidity level could be harmful to your health since it can shield harmful

germs from the actions of disinfectants.

2.2.5 Fluoride ions

Fluoride crystals made of fluorspar and phosphorite are found naturally in rocks.
Weathering rocks, phosphates fertilizers, and leaching from untreated sewage are all
sources of fluoride in groundwater (Kumar et al., 2013). The (Kithure et al., 2021),
accepted norm for fluoride level in water is 1.5mg/l; fluorosis of the teeth, dental
fluorosis, and skeletal fluorosis are all harmful to human health at levels over this
level (Struthers et al., 2021). The halogen that is the most prevalent in sedimentary
rock types is fluorine. Because it is very soluble, fluorine is liberated as the fluoride
ion during weathering. Fluoride forms powerful complexes with other ions in

solution, particularly calcium, aluminum, iron, and phosphate (Gichumbi et al., 2012).

Additionally, fluoride adsorbs to the surfaces of minerals such as gibbsite, kaolinite,
halloysite, and recently precipitated amorphous minerals. The application of
phosphate fertilizer and the use of insecticides are examples of anthropogenic sources
of fluoride (Sambu et al., 2012). Mammals require fluorine as a micronutrient because
it helps to build the apatite matrix that makes up their skeletal tissues and teeth. The
ideal fluoride concentration for drinking water is 1 mg/l. Low amounts may worsen
dental health, while high levels may impair kidneys, nerves, and muscles and cause
skeletal and dental diseases (Struthers et al., 2021).

On a reaserch carried out on boreholes within Nakuru County the correlations imply
that the primary mechanisms for fluoride release and concentration in borehole may
be evaporative enrichment and mineral disintegration. According to spatial analysis,
fluoride concentrations were determined by the locations of aquifers rather than by
their type. The Bahati and Mau escarpments of the rift were home to low-fluoride
aquifers, while the fluoride hot zone was situated on the rift level, which had high-

fluoride aquifers (Gevera et al., 2018)
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2.2.6 Total Dissolved Oxygen

Total Dissolved Oxygen (TDO) heavily depends on the presence of biological
activity, salinity, turbulence and also waters temperature density relationship also
plays a significant role (Akkoyunlu et al., 2012). TDO is a good indicator of the
health of water ecosystem since the oxygen present is by plants and animals for
respiration and by the aerobic bacterial which consume oxygen during decomposition

process (Areerachakul et al., 2013).

2.2.7 Factors Affecting Mobility of Heavy Metals in Water

The most important factors which affect their mobility of heavy metals are pH,
sorbent nature, presence and concentration of organic and inorganic ligands. The pH
is a good indicator of the quality and the productivity of soils (Zhang et al., 2008). It
should be considered as one of the most important factors in the control of the
absorption, mobility of metallic elements in the soil solution. A high pH contributes to
a decrease of heavy metal mobility by the formation of precipitates, by increasing the
number of adsorption sites and decreasing the competition of H* for adsorption. As
water circulate in the hydrosphere (sediments, soils and aquifers) before it percolates
underground it acquires it intrinsic chemical composition through heterogeneous
reaction (Yamengo et al., 2019). These results from biological activity, water- solid
interaction, water air exchange and adventive and dispersive transport, hence
chemical composition of water varies with space. Anthropogenic activities like
industry, mining, agriculture, transportation and urbanization lead to significance

variation with time in the water composition (Yamengo et al., 2019).

Heavy metals cation tends to adsorb or dissolve from solids as pH decreases, as pH
increases, they adsorb or precipitate, but only up to a certain level after which they
again solubilized. A number of heavy metals that is from transitional metals and
metalloids occur as oxyanions. Their solubility pattern is the opposite to the one of
cation, they tend to adsorb and precipitate more as pH decreases. On his research it
showed that arsenic, copper, lead, and mercury are generally more soluble (or
“dissolvable™) at a lower pH (Smoke et al., 2022). Weathering of sedimentary rocks
and the erosion of the earth’s surface are the major sources of dissolved solids in

water. Other types of dissolved solids may originate in rain. The types of dissolved
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ions in water are mainly related to the mineral assemblage of the underlying or
surrounding rock. The solubility and rate of dissolution of minerals is high where the
climate is warm and wet. The pH also affects the rate of weathering reactions such
that a decrease in pH increases the weathering rates and increase in pH decreases the
weathering rates. Dissolved carbon dioxide, the presence of organic acids and the

extent of weathering determines the pH of weathering solutions.

2.2.8 Lead

Lead (Pb (1)) is one of the most common heavy metals widely used for industrial
activities. The WHO, the European Union (EU), the US Environmental Protection
Agency (USEPA), and Guidelines for Canadian Drinking Water Quality set the
permissible level of Pb (11) in drinking water as 0.01, 0.01, 0.015, and 0.01 mg/L,
respectively (Awual, 2019). Lead is the most important toxic heavy element in the
environment. Due to its important physicochemical properties, its use can be retraced
to historical times. Globally it is an abundantly distributed, important, yet dangerous
environmental chemical. Its important properties like softness, malleability, ductility,
poor conductibility and resistance to corrosion seem to make it difficult to give up its
use. Due to its non-biodegradable nature and continuous use, its concentration
accumulates in the environment with increasing hazards. Human exposure to lead and
its compounds occurs mostly in lead-related occupations with various sources like
leaded gasoline, industrial processes such as smelting lead and its combustion,
pottery, boat building, lead-based painting, lead-containing pipes, and battery
recycling (Srivastava et al., 2017). On a research done in Naivasha boreholes it was
that neither chromium nor cadmium were present. The outcomes were then contrasted
with the WHO's drinking water recommendations and the East African Standard. The
analysis revealed that while the other indicators were within the WHO guidelines, the
levels of lead, fluoride, chlorine, and total suspended solids were higher. None of the
sampled borehole water was appropriate for consumption, according to the WHO
drinking water guidelines and the East African Standard. As a result, some
remediation was required before the water could be safely consumed (Egbo et al.,
2023).
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2.2.9 Cadmium

According to (Wang et al. 2006), cadmium can be found as natural ores in rocks and
soils and a by-product of zinc refining. As a by-product of smelting lead and zinc
ores, cadmium is a soft, ductile metal. Greenockite, or CdS, is a mineral that is also
present in chalophile. Cadmium in the environment can also come from volcanic
eruptions. Although there are high concentrations of cadmium in the air near zinc
smelters, naturally occurring amounts are estimated to be around 2 n/m3.According to
(Ramesh et al., 2007), cadmium leached into groundwater when it came into touch
with soil that discharges from the mining, paints, electroplating, petrochemical,
plastics, and fertilizer sectors had contaminated. In his research, only three of the
tested samples from various sites showed the presence of Cd, with a minimum value
of 0.001 mg/L and a maximum concentration of 0.0025 mg/L. Even though Cd
concentrations were below the WHO permitted range (0.003 mg/L), epidemiological
studies have indicated that long-term exposure to Cd may cause kidney damage, lung

cancer, high blood pressure, and bone defect.

In a research done in river Molo about determination of heavy metals (Ni, Cd, Cu, As
and Pb), it was discovered that water from Nakuru County, the concentrations of lead
(Pb) were from 0.06 to 10.24 mgkg-1, Cd was between 0.04-0.57 mgkg-1, Ni was
between 0.29 and 30.24 mgkg-1, and zinc was between 0.1 and 91.58 mgkg-1. Pb and
Cd concentrations exceeded other international norms as well as the World Health

Organization's (WHO) maximum allowable levels (Muneer et al., 2012).

2.2.10 Arsenic

Arsenic element is a metalloid with an atomic mass 74.9 (Struthers et al., 2021). It is
relatively abundant (20%) in the earth’s crust, and its compounds exist naturally in
inorganic and organic forms, with the inorganic forms being toxic (Singh et al., 2015)
(Struthers et al., 2021). Arsenic occurs in over 200 minerals, 60% being arsenates,
20% sulfosalts and sulphides. Arsenide, arsenites, alloys, oxides, and polymorphs
comprise the remaining 20%. High concentration of arsenic minerals is found in areas
with transition metals, with; arsenopyrite (FeAsS) being the most abundant (Smedley
et al., 2002). It exists in nature in several oxidation states (-3, 0, +3 and +5), but the

most common one is with oxidation +3 and +5 and in many organic and inorganic
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forms. Inorganic arsenic can react with oxygen and Sulphur to provide inorganic
derivatives and carbon and hydrogen to yield organic compounds (Seyfferth et al.,
2014). In a research carried out from Nairobi boreholes shows that As concentration
was above the WHO recommended level in water from ten boreholes (16%) during

the dry season and four boreholes (6%) during the wet season (Kiplangat ef al., 2021).

Around the world, some areas are contaminated with arsenic, and several significant
exposures have been discovered in places like Asia and America (Deng et al., 2024).
Intensive arsenic research has been done on the level of exposure, spread, occurrence,
and health impacts in groundwater in the United States, India, Bangladesh, and other
developed nations (Steinmaus et al., 2005). According to studies by (Ali et al. 2019),
groundwater contamination in several nations is higher than the WHO-recommended
level of 0.01 mg/L. According to (Ali et al., 2019), the biggest reports came from
Asia, with 32 nations and Europe, with 31 countries. Twenty (20) and eleven (11)

countries are in Africa.

Regarding abundance in the earth's crust, arsenic comes in at number 20. It is
typically stated that there are 1.5-2.0 ppm of arsenic in the earth's continental crust.
Arsenic is present in sulfide deposits in high concentrations as the native element or
alloys (four minerals), arsenide (27 minerals), sulphides (13 minerals), sulfosalts
(arsenic-containing sulfides with other metals, 65 minerals), and oxidation products of
those above (two oxides, 11 arsenates, 116 arsenates, and 7 silicates) (Brahman et al.,
2014).

Arsenic can be found in several minerals, including sulphides, arsenates, arsenites,
and elemental arsenic (Verma et al., 2018). Rocks are also a significant source of
arsenic availability on the earth's surface (Brahman et al., 2014). Agricultural
activities, industrial wastes, weathering of metamorphic and aquifer rock, and the
development of reductive conditions at pH values near 7 cause the desorption of
arsenic from mineral oxide (Rezaie et al., 2014). High arsenic levels in arid or semi-
arid environments are created by high evaporative groundwater conditions, aided by
the area’'s dry climate and high pH values of more than 7 (Thundiyil et al., 2007).
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In many nations, including Sri Lanka, phosphate has been widely utilized as fertilizer.
However, arsenic content has been found in Triple Super Phosphate (TSP) and
Glyphosate (a pesticide), despite only being present in trace amounts in organic
matter (Jayasumana et al., 2015). To reduce arsenic buildup, it has been advised to
utilize organic fertilizers such as chicken litter and calf dung (Mitra et al., 2017). This
happens as a result of the organic matter's (OM) capacity to combine with arsenic to
form an arsenic-containing compound, also known as organic fertilizer (Mitra et al.,
2017).

According to reports, the concentration of arsenic decreases as one approaches the
earth's crust, suggesting that most of the arsenic is introduced through human
activities on the planet's surface (Jayasumana et al., 2015). The availability of arsenic
in the environment has been significantly impacted by using arsenic-based chemicals
in livestock dip to treat pests like ticks and fleas on animals (Chen et al., 2014).
Wastes from swimming pools and bathing places are discharged into agricultural land
and water, which may have caused arsenic levels to rise there (Fransisca et al., 2015).

After exposure to arsenic, the liver goes through a methylation process of
detoxification. As a result of this process, arsenate and arsenite are converted into
monomethyl arsenic acid (MMAs (V)), monomethylarsonous acid (MMAs (l11)),
dimethylarsinic acid (DMAs(V)), dimethylarsinous acid (MMAs (111)), and trimethyl
arsine oxide (TMASO (V)). Only DMAs (V) and MMAs (V) are excreted through this
process, but MMAs (111), which are thought to be more hazardous than inorganic

arsenic, are not (Jaishankar et al., 2014).

2.3 Composite preparation and characterization

2.3.1 Methods of preparation

The composite preparation of Moringa oleifera seeds and kaolin clay has gained
attention in materials science and environmental applications due to the synergistic
benefits derived from their combined properties. Moringa oleifera, often referred to as
the "miracle tree," contains various bioactive compounds such as proteins, vitamins,
and phenolics, which exhibit flocculating and adsorptive properties (Hassan et al.,
2021). When Moringa seeds are processed, typically through methods such as

grinding and sieving, they vyield a natural coagulant that can effectively remove
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contaminants from water. Meanwhile, kaolin clay, a naturally occurring
aluminosilicate mineral, is widely used in environmental remediation due to its high
surface area and ion-exchange capacity (Zhao et al., 2020). The integration of these
two materials can enhance the overall efficacy of pollutant removal processes.

The preparation of a composite material from Moringa oleifera seeds and kaolin clay
often involves physical blending or chemical modification. Studies have demonstrated
that by combining Moringa seed extract with kaolin, it is possible to achieve a
composite that improves the mechanical properties and adsorption capabilities of the
resulting material (Akanbi et al., 2022). For instance, the addition of Moringa seed
extract to kaolin can lead to a more porous structure, enhancing the adsorption sites
available for contaminants. This can be particularly useful in applications such as
wastewater treatment, where the composite can effectively reduce turbidity and

remove heavy metals (Zhao et al., 2020).

In practical applications, the Moringa- kaolin composite shows promise not only in
environmental remediation but also in agricultural settings as a natural soil
conditioner. The bioactive compounds from Moringa can enhance soil fertility, while
the kaolin helps improve soil structure and moisture retention (Bashir et al., 2023).
This dual functionality illustrates the potential for these composites to contribute to
sustainable practices in both water purification and agriculture. Further research into
optimizing the ratio of Moringa to kaolin and understanding the mechanisms behind

their interactions will be crucial for developing efficient applications in these fields.

2.3.2FT-IR
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical technique

used to characterize materials, including composites, by identifying their molecular
composition and functional groups. This method operates by measuring the
absorption of infrared light by a sample, which causes molecular vibrations that
correspond to specific chemical bonds. FTIR is particularly useful for analyzing
organic compounds and can provide insight into the interactions between components
in a composite material (Gonzalez et al., 2020). For instance, the presence of
characteristic peaks in the FTIR spectrum can indicate the functional groups derived
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from each component, allowing researchers to confirm successful incorporation of

materials such as Moringa oleifera and kaolin clay into a composite.

In the context of composites, FTIR can elucidate the nature of chemical interactions
occurring at the interfaces of different materials. When Moringa oleifera seed extract
is combined with kaolin clay, FTIR can reveal shifts or changes in the absorption
bands that signify interactions such as hydrogen bonding or van der Waals forces
(Akanbi et al., 2022). For example, the broadening or shifting of peaks associated
with hydroxyl groups may suggest hydrogen bonding between the bioactive
compounds in Moringa and the silicate structure of kaolin, indicating enhanced
compatibility and potential synergistic effects. Such insights are crucial for optimizing
the composite's performance in applications such as water purification and soil

enhancement.

Moreover, FTIR is valuable for monitoring the stability and degradation of
composites over time. By performing FTIR analysis at various stages of composite
development or after exposure to environmental conditions, researchers can assess
how the material's properties change. For instance, the emergence of new peaks or
changes in intensity can indicate chemical degradation or the formation of new
compounds, which may affect the composite's effectiveness (Bashir et al., 2023). This
capability makes FTIR an essential tool for evaluating the long-term viability of

composites, ensuring that they remain functional in their intended applications.

2.3.3 Powder XRD

Powder X-ray Diffraction (PXRD) is a crucial technique for characterizing the
structural properties of composite materials. This method involves the diffraction of
X-rays by the crystalline phases within a powder sample, providing valuable
information about the material’s crystalline structure, phase composition, and degree
of crystallinity. PXRD is particularly effective in analyzing complex composites, such
as those made from Moringa oleifera seeds and kaolin clay, as it can differentiate
between various crystalline and amorphous phases present in the sample (Mishra et

al., 2021). The resulting diffraction patterns can reveal the presence of specific
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minerals and the arrangement of atoms within the composite, offering insights into

how these components interact at the microscopic level.

The interpretation of PXRD data allows researchers to identify distinct peaks
corresponding to different phases in a composite material. For example, the
diffraction patterns of kaolin clay typically exhibit well-defined peaks due to its
layered silicate structure, while Moringa oleifera seeds may show less pronounced
features due to their more amorphous nature (Gonzalez et al., 2022). By analyzing the
positions and intensities of these peaks, researchers can determine the crystallographic
parameters, such as lattice parameters and unit cell dimensions, which are essential
for understanding the physical properties of the composite. Additionally, the presence
of new peaks or changes in existing peaks can indicate successful incorporation of
Moringa components into the kaolin matrix, suggesting interactions that could

enhance the composite's functionality.

Moreover, PXRD can provide insights into the degree of crystallinity within a
composite, which is critical for applications where mechanical strength and stability
are paramount. The ratio of crystalline to amorphous content can significantly affect
the material's properties, such as its mechanical strength, thermal stability, and
chemical resistance (Bashir et al., 2023). For instance, a higher degree of crystallinity
in the kaolin phase may contribute to improved mechanical properties of the
composite, which can be crucial for applications in construction or environmental
remediation. Therefore, PXRD serves not only as a characterization tool but also as a
predictive method for understanding how structural characteristics relate to the overall

performance of the composite material.

Finally, the versatility of PXRD extends to the assessment of phase transitions and
thermal stability in composites. By subjecting the material to varying conditions such
as temperature or humidity and performing PXRD analysis before and after treatment,
researchers can track changes in the crystalline structure. This is particularly relevant
in the study of biocomposites like those made from Moringa oleifera and kaolin,
where environmental factors may influence material properties (Mishra et al., 2021).

Understanding these changes can inform the design of more durable and effective
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composite materials for specific applications, enhancing their utility in fields ranging

from environmental science to materials engineering.

2.4 Adsorption

2.4.1 Chemistry of Moringa oleifera Seeds and Kaolin clay

Heavy metals in natural waters have become increasingly severe, industries and
farming activities are considered to be the main sources of pollution. Removal of
heavy metals is very important and necessary before discharge into the environment.
Chemical coagulation and precipitation, including flocculation and sedimentation, are
employed to remove heavy metals in wastewater. Zinc, cadmium, manganese and
magnesium are heavy metals used in the initial synthetic wastewater in the experiment
carried out by (Oduro et al., 2008). Because of its excellent climatic adaptability and
capacity to grow in dry soils, the perennial foliaged tree Moringa oleifera Lamarck
(family Moringaceae) is planted extensively (Okuda et al., 2001). Because practically
all components of this plant can be used for industrial, medical, and food purposes, it
is regarded as one of the most useful trees in the world (Khalafalla et al., 2010).
Moringa oleifera has been employed in several underdeveloped nations to avoid
protein-energy malnutrition, particularly in young children and pregnant women
(Oduro et at., 2008).

Nowadays, plant proteins are seen more as adaptable functional ingredients than as
basic nutrients. Consumer demand is the primary force behind this progression toward
functionality. The primary criterion for accepting and using proteins in food systems
is their functional characteristics. The functional qualities of proteins are influenced
by their physicochemical and structural characteristics, including surface
hydrophobicity, ligand binding, secondary structure, molecular flexibility, and
structure stability (Mune et al., 2016) (Grasso et al., 2022). Therefore, this work
investigated the effects of oil concentration and pH on the emulsifying and foaming
capabilities of Moringa olifeira seed and leaf flour. Other factors were secondary
structure, surface hydrophobicity, water and fat-holding capacities, and solubility
(Grasso et al., 2022).
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Promotion and development of Moringa oleifera as a natural coagulant offers many
diverse advantages to many countries of the developing world; sustainable,
appropriate, effective and robust water treatment, effective enhancement of particular
water treatment processes, decreased reliance on the importation and distribution of
treatment chemicals, the creation of a new cash crop for farmers and employment
opportunities. Moringa oleifera seed oil was extracted by using ethanol. The finding
was as follows, Moringa oleifera seed cake oil yielded 12.78%, Moringa oleifera seed
cake reduced the bacterial growth for the groundwater samples. Turbidity value was
removed up to 85-94 % after the treatment and dissolved oxygen was significantly
improved. There is no change in the pH value but a slight alteration of certain water
parameters such as conductivity, salinity and total dissolved solids (Mune et al.,
2016). However, Moringa oleifera seed cakes successfully removed the heavy metals
from the water. The iron (Fe) was completely removed, whereas the copper (Cu) and
cadmium (Cd) were successfully reduced up to 98 %. Lead (Pb) reduction has also
been achieved by up to 78.1 %. Overall, 1 % of Moringa oleifera seed cake was
enough to remove heavy metals from all samples (Mune et al., 2016).

In every nation, the use of natural resources to remove heavy metals is starting to raise
concerns. Rapid industrialization has led to an excessive discharge of heavy metals
into the environment, which is a major global concern. All forms of life are greatly
impacted by heavy metal ions. The presence of heavy metals in surface and ground
water presents a contaminating issue because they are found in both natural and
industrial waste water (Wang et al., 2006). Wastes containing various heavy metals
can be produced by a wide range of businesses and released into the environment. The
production of pigments, batteries, tanneries, mining, smelting, and metal plating are
the primary sources of heavy metal pollution. A class of metals having densities
greater than 5 g/cm3, atomic numbers larger than 20, and low concentrations of
toxicity or poisoning are all considered "heavy metals”. “Chromium (Cr), manganese
(Mn), cobalt (Co), copper (Cu), zinc (Zn), molybdenum (Mo), mercury (Hg), nickel
(Ni), tin (Sn), lead (Pb), cadmium (Cd), antimony (Sb), are the principal elements that
are classified as heavy metals. There are types of heavy metals that need to be taken
into consideration: precious metals like hazardous metals (Hg, Cr, Pb, Zn, Cu, Ni, Cd,
As, Co, Sn (Wang et al., 2006).
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As a naturally occurring scavenger of pollutants, clay plays a vital function in the
environment by absorbing cations and anions via adsorption, ion exchange, or both.
As a result, its surface has exchangeable cations and anions including Pb?*, As®**, Cd
2+ Ca?", Mg?* H*, NH*", Na*, SO4>", CI~, and NO*" that can be swapped out for other
ions comparatively without changing the mineral structure of clay. Clays are ideal
adsorbent materials because of their huge specific surface area, layered structure, high
cation exchange capacity (CEC), mechanical and chemical stability, and other
characteristics (Nwosu et al., 2018). Bronsted and Lewis type of acidity in clays have
also boosted to considerable extent the adsorption capacity of clay minerals. When
hydrated exchangeable metal cations on the surface split apart, leaving behind H*
ions, this causes the formation of Bronsted acidity. Bronsted acidity may develop if
there is a net negative charge on the surface because AI** may replace Si in some
tetrahedral locations, and H3O* cations will balance the resulting charge (Nwosu et
al., 2018). Trivalent cations, usually AI®*, that are exposed at the borders of natural
water can absorb anions, cations, and nonionic and polar pollutants. It can also result
from the breakage of Si—-O—Al bonds or from the dihydroxylation of certain Bronsted
acid sites. Pollutants can be held through H-bonding, Van der Waals interactions, or
hydrophobic bonding arising from either strong or weak interactions occasionally,
making it difficult to remove the contaminants that saturate the clay surface through
the processes of ion exchange, coordination, or ion-dipole interactions. The clay
mineral's numerous structural and physical characteristics influence the strength of the

interactions (Nwosu et al., 2018).

2.4.2 Adsorption Isotherms and Kinetics

Pseudo first order equation; The Langergren pseudo-first-order kinetic model and the
McKay pseudo-second-order model are used to examine the transient behavior of the
batch sorption process at various starting concentrations. The adsorption Kinetics has
been largely predicted using Lagergren's pseudo-first-order kinetic model (Struthers et

al., 2021). The pseudo-first-order model composite adsorption kinetics is provided by:
dqt/ di=k1/ (C[e—Qt) ............................................................... (1)

Where Ki denotes the adsorption rate constant (min™) and g and ge represent the

amount of composite adsorbed (mg/g?) at any time t and at equilibrium time,
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respectively. When Equation (1) is integrated with regard to the boundary conditions

g=0att=0and q=gqatt=t, it takes on the form shown in Equation (2);

Thus the rate constant K; (min) can be calculated from the plot of log (ge-q) vs time

t. The values of ge (amount adsorbed at equilibrium) and ki(rate constant) are

The kinetic data can then be subjected to additional analysis through the utilization of

a pseudo-second-order connection that was created and represented by Equation (3):

dqt/dt:kZ(CIe_CIt)z ................................................................... (3)

Where K is the pseudo-second-order rate constant in (g/mg™*/min), and ge and q

denote the amount of composite adsorbed (mg/g™?) at equilibrium and each time t.

Adsorption is a significant phenomenon that underlies several highly significant
industrial and environmental processes. There is no denying the importance of
adsorption to water purification and environmental preservation. Furthermore, the
initial stage of many catalytic reactions involves the adsorption of reactants onto the
catalyst. Thus, a lot of work has gone into learning more about the various facets of
the adsorption process. But before designing and using adsorption equipment, one
must have a basic understanding of adsorption equilibrium and kinetics. To
understand the adsorption equilibrium and kinetics, several different isotherms and
kinetics models have been devised (Azizian et al., 2011). Adsorption isotherms, or
mathematical equations, can be used to realize the interpretation of adsorption
equilibria. Additionally, rate equations for adsorption kinetics models are provided to
describe the adsorption process's time dependency.

Langmuir isotherm is among the earliest theories to explain the phenomena of
adsorption. The following presumptions and Kinetics arguments served as the
foundation for the development of the Langmuir theory: Adsorption takes happen on
sites that are energetically equivalent. Only one adsorbate may be loaded at a time at
each adsorption site, and the bonding energy between the adsorbent and the adsorbate

must be strong enough to prevent the adsorbed species from being displaced.
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Furthermore, there is no repulsive force or attraction between the adsorbed species
(Azizan et al., 2011). Probably the most well-known and frequently used equation to
describe the adsorption equilibrium is the Langmuir isotherm. Nevertheless, the
Langmuir isotherm's underlying assumptions are rarely found in actual systems.
Therefore, the goal of multiple investigations was to modify the Langmuir isotherm.
This section will cover several of these modifications. The constant and the
adsorption's coverage independence are two of the Langmuir isotherm's most
implausible assumptions (Mudhoo et al., 2023). Langmuir equation follows Equation
(4) (Limousin et al., 2007),

qe= (qmaxKLC)/(L+KLCE) ..., 4)

Typically, the Freundlich adsorption isotherm is used to calculate the equilibrium
connection between the concentration of adsorbate remains in the solution and the
amount of adsorbate removed per unit weight of carbon. An effective way to explain
adsorption processes is via the Freundlich adsorption isotherm. It is often given as an
empirical formula with minimal theoretical support (Azizan et al., 2011). Although
the Freundlich equation is primarily empirical, data description can occasionally be
accomplished using it. This is because a variety of adsorbate concentrations can be
effectively described by the equation, which describes the non-linear adsorption
process. Its ease of use stems from its mathematical simplicity and its capacity to
explain the adsorption process on energetically heterogeneous surface adsorption sites
(Gupta et al., 2021). The Freundlich isotherm accurately demonstrates the relationship
between adsorption and pressures at low pressures, but it is unable to forecast the
amount of adsorption at high pressures. The equations follow Equation (5) (Wang et
al., 2020),

109 qe=10g KF+(1/m) 10gCe...coiiieiieiece et (5

The Temkin isotherm model is used in adsorption studies to describe how adsorbates
interact with adsorbents. It assumes that the heat of adsorption of all the molecules in
the layer decreases linearly with coverage due to adsorbent-adsorbate interactions

(Gupta et al., 2021). Temkim equation is given by Equation (6):

qE: B In(ACe) ....................................................... (6)



Where: e is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), Ce
is the equilibrium concentration of the adsorbate (mg/L), A is the Temkin isotherm
constant (L/g) and B is a constant related to the heat of adsorption (J/mol) (Shin et al.,
2021). Plotting and analysis, geversus In (Ce). The slope of the plot gives B. The
intercept of the plot gives B In(A) (Wang et al., 2020).

2.4.3 Adsorption Thermodynamics.

Adsorption thermodynamics involves studying the energy changes that occur during
the adsorption process. Key thermodynamic parameters include Gibbs free energy
(AG), enthalpy (AH), and entropy (AS) changes. These parameters help determine the
feasibility, heat exchange, and randomness of the adsorption process. Understanding
adsorption thermodynamics is crucial for designing efficient adsorbents and
optimizing processes in water treatment, pollution control, and chemical separation
(Wang et al., 2020). Gibbs free energy (AG); AG=AH—TAS, indicates the spontaneity
of the adsorption process. A negative value suggests a spontaneous process. Enthalpy
(AH) provides insights into the heat exchange during adsorption. A positive value
indicates an endothermic process, while a negative value indicates an exothermic
process. Entropy (AS) measures the disorder or randomness at the solid-liquid
interface during adsorption. A positive value suggests increased randomness (Gim et
al., 2023).
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CHAPTER THREE

METHODOLOGY
3.1 Study Areas
This research was carried out in Nakuru East Sub County, within Nakuru County,
Kenya. Nakuru East Sub County (Figure 1) lies on latitude 0°18" 11" S and longitude
36°31718" E. Nakuru East has an altitude of 1850 M, annual average rainfall of 762
mm and an average temperature of 23°C. The study area has two rainy seasons; the
long rains occur between April and August, with a rainfall peak in April while the
short rain occurs between October to December, with a rainfall peak in November
(Keli et al., 2021). The study area has a population of 570 674 and an area of 548.2
km? (Mwangi et al., 2024).
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Figure 1: A Map of Nakuru East Sub County, Nakuru County

The main agricultural activities include subsistence and commercial production of
maize, beans, Irish potatoes and wheat (Otieno et al., 2021). Several industries are
located in the area including Menengai Oil Refineries Limited, Pixers Printers Nakuru
and Mega Paper and Boards Limited (Mburu et al., 2017). A part of Nakuru city
including the central business district and several residential areas (Kaptembwo,
Pipeline, Section 58 and Free Area) are located within the study area. Nakuru East

Sub County lies on the Gregory Rift Valley, which is in an unstable geological zone
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characterized by frequent local geological faulting (Keli et al., 2021). The area is
mainly composed of volcanic rocks of Tertiary-Quaternary age overlain by recent
sediments (Keli et al., 2021). Most parts of the study area have loamy clay soil
(Maskall et al., 1989).

Water for commercial and domestic use in Nakuru County is supplied by Nakuru
Water and Sanitation Services Company Limited (NAWASSCO). NAWASSCO
sources a significant portion of its water from boreholes located in the study area at
Kiundo, Kabatini, Madaraka, Nairobi Road, Baharini and Olbanita (NAWASSCO,
2024).

The Moringa Oleifera seeds were collected at a commercial farm located at Chogoria
area (0.228° S, 37.63° E) of Tharaka-Nithi County. Chogoria is located on the eastern
side of Mount Kenya, on the upper ecological zone (the highlands) of Tharaka Nithi
County (Kaua, 2021). The area has an annual average temperature of 23°C and annual
rainfall precipitation of approximately 1,702 mm (Kaua, 2021). The area has a
bimodal rainfall pattern with the long rains falling between March and May and short
rains between October and December (Kaua, 2021). The area is largely agricultural
with mixed subsistence farming of maize, green grams and bananas and commercial

production of tea (Kaua, 2021).

3.2 Research Design

The purposive sampling design was used to collect water samples from boreholes in
the study area. NAWASSCO sources water from twenty-six boreholes in the study
area (NAWASSCO, 2024). The twenty-six boreholes are located at Kiundo (1),
Kabatini (8), Nairobi Road (3), Baharini (5), Madaraka (1) and Olbanita (8). Water
samples were collected from the nineteen boreholes that were functional during the
period of study. The nineteen boreholes were located at Kiundo (1), Kabatini (6),
Nairobi Road (6), Baharini (4), Madaraka (1) and Olbanita (1). Water samples were
collected from the boreholes during both the wet and the dry season. The
experimental design was used for adsorption studies. The initial concentration of the
selected heavy metals was taken as the dependent variable while dosage, temperature,

pH, concentration, rotation and contact time were the independent variables.
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3.3 Collection of Samples

3.3.1 Collection of Water Samples

Samples were collected from the nineteen functional boreholes located at six sites
within the study area. The six sites were designated as follows: Kiundo (K1), Kabatini
(KA), Nairobi Road (NR), Baharini (B), Madaraka (MA) and Olbanita (OL).
Nineteen samples were collected during the dry season (January, 2024) when the
average daily precipitation was 5 mm. The samples were labelled B3, B6, B7, B8,
KAL, KA2, KA3, KA5, KA7, KA10, KI1, MA1, NR1, NR2, NR3, NR4, NR5, NR7
and OL1. Another nineteen samples were collected from the same working boreholes
in April, 2023 during the wet season, when the average daily precipitation was 80
mm. These samples were labelled as follows: B3, B6, B7, B8, KA1, KA2, KA3, KA5,
KA7, KA10, KI1, MAL, NR1, NR2, NR3, NR4, NR5, NR7 and OL1. Each borehole
was sampled in triplicate with an interval of 10 min during the dry and wet season.
Thus, a total of 114 grab samples were collected for the study. Samples were collected
in the morning (6:00 am to 9:00 am) using 500 ml polyethylene bottles. The bottles
were rinsed three times with the respective borehole water before collection. The pH,
temperature and turbidity of the samples were measured in the field during sample
collection. The pH and temperature were measured using a HI 2211 meter (HANNA
instruments) while the turbidity was measured using a Lp 2000 turbidity meter
(HANNA instruments). Samples were placed in a cooler box, transported to Chuka
University Chemistry Laboratory and stored at 4°C prior to analysis. Samples for
elemental analysis were acidified using nitric acid to avoid precipitation of the metal

ions.

3.3.2 Collection of Moringa oleifera Seeds

Dry seeds of Moringa oleifera were collected from Chogoria area in Tharaka Nithi
County on 15" of February, 2024. The seeds were placed in clean and dry
polyethylene bottles, transported to Chuka University Chemistry Laboratory and

stored at 4°C to prevent biodegradation.

3.4 Analysis of Fluoride
The concentration of fluoride ions in the water samples was determined using an lon
Selective Electrode (ISE) fluoride meter (Model FL700, Extech Instruments).
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Standards of 0.1 ppm, 1 ppm and 10 ppm were prepared using standard solutions of
potassium fluoride and deionized water. The total ionic strength adjustment buffer
(TISAB) solution was used to adjust the ionic strength and pH. Water samples were
first filtered to prevent electrode fouling and then an equal amount of TISAB solution
was added to each sample. The concentration of fluoride ions in each sample was then

measured in triplicate (Wesley et al., 2023).

3.5 Analysis of Heavy Metals

3.5.1 Chemicals and Reagents

Chemicals of analytical grade were purchased from Sigma-Aldrich and used without
further purification. The chemicals included HCI (65%), HNOz (95%), NaBH4
(>98.0%), NaOH solution, H2SO4 (95%), KCI (99.0-100.5%), Pb(NOs3)2 (99.999%),
CdS04.8H20 (98.0-102%) and AsNOa.

3.5.2 Digestion of Water Samples

A composite water sample was prepared from the three triplicate grab samples
collected from each borehole. A 45 ml composite sample was prepared by mixing 15
ml from each grab sample. The composite sample was acidified with 5 ml of
concentrated HNO3, heated on a hot plate to reduce the volume to 30 ml and cooled to
ambient temperature. The sample was then filtered using 0.45 pm filter paper and the

final volume adjusted to 40 ml.

3.5.3 Preparation of Standards and Stock Solutions

Stock solutions (1.0 L) of 1000 ppm were prepared using 1.6 g of Pb(NO3)2, 6.8 ¢
CdS04.8H20 and 1.5 g AsNOs. Working solutions of 2 ppm, 4 ppm, 6 ppm, 8 ppm
and 10 ppm were prepared by serial dilution of the stock solutions. Deionized water

and ultrapure water were used in all experiments.

3.5.4 Elemental Analysis

The concentration of lead, cadmium and arsenic in the water samples was determined
by the standard calibration method using a Flame Atomic Absorption Spectrometer
(Shimadzu AA-7000; Egerton University Safe Food Laboratory). The spectrometer

was equipped with a Shimadzu ASC-7000 autosampler. The concentrations of the
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blanks, standards and samples were determined in triplicate. The concentration of
arsenic in the water samples was determined using Hydride Generation-Flame Atomic
Absorption Spectrometry (HVG-FAAS). The water samples were acidified with HCI
and reduced by NaBH4 (Aga et al., 2014). The resultant arsenic hydride vapors were
swept into a heated quartz cell by argon gas and analyzed in the flame of an air-

acetylene burner of the atomic absorption spectrometer.

3.6 Preparation of Composite Adsorbent

Moringa oleifera seeds were washed with deionized water to remove dust and dried in
an oven at a temperature of 50°C for 24 h. The dried seeds were ground into a fine
powder and sieved through a 105 um mesh screen. The Moringa oleifera seed powder
(MOSP) was transferred into a crucible and heated on a hotplate for 20 min. The
sample was then carbonized using a Ceramic Fiber Muffle Furnace (MC5-12,
Biobase). The carbonized sample was cooled and stored in a cool dry environment.
Kaolin clay was purchased from Protist Lab Africa Limited, ground into powder

using a mortar and pestle and then sieved through a 105 um mesh screen.

The carbonized Moringa oleifera seed powder was mixed with the kaolin clay in the
ratio of 1:1 to prepare the composite adsorbent. The raw composite was prepared
using 25 g of carbonized Moringa oleifera seed powder and 25 g of kaolin clay. The
mixture was dispersed and homogenized in 200 ml of ultrapure water using a
magnetic stirrer. The homogenized mixture was filtered using 105 um filters, dried in
an oven for 12 h and cooled to obtain the raw composite. The same procedure was
used to prepare acid and base activated composites. The acid activated composite was
prepared by stirring the carbonized seed powder and kaolin clay in 200 ml of 0.1 M
H2SO4 solution for 30 min. The composite was then filtered, washed with water until
the pH was between 6.5 and 7.0 and dried in an oven for 4 h at 105°C. The same
procedure was used to prepare the base activated composite using 0.1 M NaOH
solution. The obtained composites were then converted into fine powder and stored in
sealed jars (Gao et al., 2021).
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3.7 Characterization of the Composites

3.7.1 FT-IR Analysis

The FT-IR spectra of the samples were obtained using a Shimadzu IRAffinity-1S
Fourier transform infrared (FT-IR) spectrophotometer (Chuka University). Powdered
samples were mixed with KBr in the ratio of 1:100. The mixture was then
homogenized and pressed into thin, transparent pellets (i.e. KBr Pellets) at 800 KPa
using a hand operated press machine. The FT-IR spectra were then obtained in the
range of 400-4000 cm™.

3.7.2 Powder XRD Analysis

The structural properties of Kaolin clay, the carbonized Moringa oleifera sample and
the composites were investigated using powder x-ray diffraction (Rigaku MiniFlex
600, Rigaku Corporation, Geothermal Development Company Limited, Kenya).
Powdered samples were loaded into glass sample holders and analyzed using Cu-Ka
x-ray radiation (A =1.5418 A) with a beam voltage of 45 kV and a current of 40 mA.
Scans were performed in continuous mode at a rate of 2° per minute in the 26 range of
0-90°. The x-ray diffraction (XRD) patterns were analyzed using the International

Centre for Diffraction Data (ICDD) crystallographic database.

3.8 Batch Sorption Experiments

Batch adsorption experiments were conducted at ambient temperature in 100 ml
propylene bottles containing 20 ml of 10 ppm Pb (I1) ions prepared from the standard
solution as per section 3.5.3. The three composite samples (raw, acid and base
activated composites) were independently grounded into powder and sieved through a
105 um mesh screen. The requisite amount was accurately weighed, placed in a 100
ml bottle and 20 ml of 8 ppm Pb (Il) solution was added. The resultant mixture was
equilibrated for 30 min on an orbital shaker operated at 500 rpm. The mixture was
then filtered using a 0.45 pm pore size filter. The concentration of Pb (I1) in the
filtrate was determined by the standard calibration method using a Shimadzu GFA-
7000A Flame Atomic Absorption Spectrophotometer. The amount of Pb (Il) ions

adsorbed per unit mass was calculated as:



Where Cj and Ce are the initial and equilibrium concentrations (ppm), m is the mass

of the adsorbent (g) and V is the volume of the solution (mL).

The percentages of Pb (Il) ions removed by the composite were calculated using the

following equation:

C, C,
% Removal = = X100, (8)
Co

Where C,, C. are the original and final concentration of Pb (I1) respectively.

The effects of several parameters on the adsorption process were determined by
varying the amount of adsorbent (0.5, 1.0 and 1.5 g), initial concentration of adsorbate
(2, 4, 6, 8 and 10 ppm), contact time (10, 20, 30, 40 and 50 min), rate of agitation
(100, 200, 300, 400 and 500 rpm), temperature (25, 75, 125, 175 and 225°C), presence
of As?* ions (2, 4, 6, 8 and 10 ppm) and pH (2-12). The pH of the solution was
adjusted from 2 to 12 using 0.1M HCI and 0.1M NaOH. The optimized conditions
were then applied to a standard solution of Pb?* ions and a water sample from the

study area.

3.9 Data Analysis

All experiments were conducted in triplicate and the results analyzed using mean. The
data analysis for the physicochemical parameters of different boreholes in Nakuru
East, Kenya was conducted using one-way analysis of variance (ANOVA) in R
Studio version 4.3.2. The analysis utilized different packages including stats, goeveg,
and DescTools. The dependent variables were the specific measurements of physico-
chemical parameters analyzed (e.g., pH, temperature, Pb, Cd, As, fluoride), while the
independent variable was the boreholes represented by the sample identifiers. Fisher's
Least Significant Difference (LSD) test was applied following the ANOVA to
identify specific pairs of boreholes with significant differences in parameter values at
an alpha level of 0.05, with adjustments made using the Bonferroni method. In
addition to ANOVA, correlation analyses were performed to explore relationships
among the measured physico-chemical parameters. Pearson's correlation coefficients

were calculated using the R correlation plot package.
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Freundlich, Langmuir and Temkin adsorption isotherm models were used to describe
the phenomenon governing the retention, release or mobility of pollutants from
wastewater to base activated solid at constant temperature. In addition, the constants
characterized by adsorption isotherm equations were computed to determine the
surface properties and the effective of the base activated composites for the different
pollutants. Kinetic data were analyzed using pseudo-first-order and pseudo-second-
order model. These models were necessary in describing the nature of adsorbent
surface (homogenous or heterogeneous), the rate limiting step and reversibility of the
equilibrium between adsorbent and water samples. Thermodynamic parameters such
as the standard free energy (AG°), enthalpy change (AH®) and entropy change (AS°)

were also determined.

3.10 Ethical Considerations

The study was approved by the Scientific Ethics Research Committee of Chuka
University, Appendix 11. A research permit was obtained from the National
Commission for Science, Technology and Innovation (NACOSTI), Appendix 12. All
original sources were duly acknowledged and accurately cited to avoid plagiarism.
Permission to collect water samples was granted by NAWASSCO, Appendix 10. The
findings of the study will be disseminated to the local community, policymakers and

other stakeholders in the water sector.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Physicochemical Properties of Water Samples

4.1.1 Physicochemical Properties of Water during the Dry Season

The values of physicochemical parameters of the borehole water during the dry
season are given in Tables 1 and 2. The turbidity of the water samples ranged from
1.54 to 4.32 NTU, with an average of 2.30 NTU. The turbidity of all samples were
below the maximum allowable value of 25 NTU set by the Kenya Bureau of
Standards (KEBS) for natural portable water (KEBS, 2015) and 5 NTU set by the
World Health Organization (WHO) for drinking water (WHO, 2022). Water from the
boreholes (except for NR2 and OL1; >4 NTU) is therefore aesthetically appealing and
suitable for disinfection using conventional technologies (WHO, 2022). Several
studies have reported comparable NTU values and attributed the low turbidity to
effective filtration of particulates from groundwater by geological formations (Fadiran
et al., 2008; Orebiyi et al., 2010).

Table 1: Physicochemical parameters of borehole water during the dry season

BH Turbidity pH EC Temp (°C) DO Fluoride
(NTU) (ps/cm) (mg/L) (mg/L)

B3 1.98+0.02 6.4+0.1  287.6x0.4 25.540.2 3.08+0.01  2.01+0.06
B6 1.57+0.10 6.3+0.0  316.4+0.4 25.540.2 2.73+0.02  2.02+0.02
B7 2.37+0.00 6.6+0.0  247.3+0.3 26.4+0.2 2.93+0.02  1.98+0.02
B8 1.80+0.08 6.5+0.1  313.2+0.8 26.2+0.2 3.24+0.00 1.86+0.01
KA1l 1.92+0.07 6.4+0.0  186.7+0.5 25.540.1 2.90+0.11  1.11+0.00
KA10  2.27+0.02 6.5+0.1  198.7+0.6 25.540.2 3.13+0.01  1.43+0.01
KA2 1.5440.02 6.5+0.1  194.9+0.6 25.610.1 2.95+0.10 1.41+0.01
KA3 1.64+0.00 6.4+0.1  195.7+0.6 25.6+0.5 3.44+0.01 0.82+0.01
KA5 1.94+0.01 7.240.0  195.9+0.3 25.310.2 2.72£0.01 1.21+0.00
KA7 2.75+0.06 6.5+0.0  200.3+0.3 26.0+0.1 2.03+0.00 0.89+0.01
Kl1 2.45+0.10 6.4+0.1  300.6+0.5 25.740.1 1.97+0.27 1.73+0.04
MA1 2.81+0.02 7.3+0.1  209.1+0.5 25.240.1 3.15+0.02 1.23+0.01
NR1 1.95+0.00 7.6+£0.1  298.4+0.4 25.1+0.1 2.91+0.17 1.15+0.00
NR2 4.3240.04 7.3+0.1  345.3+0.8 24.610.1 2.31+0.04 0.7940.01
NR3 1.7840.01 6.5+0.1  324.9+0.8 25.540.2 3.21+0.03  0.68+0.03
NR4 1.7540.00 72402  338.610.3 24.9+0.2 2.66+0.01  0.65+0.06
NR5 2.40+0.01 72401  338.110.2 25.310.1 3.19+0.03  0.68+0.01
NR7 2.26+0.01 7.4+0.0  349.7+05 25.0+0.1 2.61+0.03  1.30+0.01
OoL1 4.11+0.10 6.6£0.0  350.6+0.1 26.2+0.1 0.60+0.04  0.48+0.02
Mean 2.30 6.8 273.3 255 2.72 1.23

SD 0.77 0.44 64.3 0.5 0.65 0.50

BH = Borehole; EC = Electrical Conductivity; DO = Dissolved Oxygen; SD = Standard Deviation

The pH of the water samples ranged between 6.3 and 7.6 with an average pH of 6.8.
The pH of all samples was within the pH values of 5.5-9.5 set by KEBS for natural
40



portable water (KEBS, 2015). The pH values of the water samples are also within the
WHO guideline of 6.5 to 8.5 except for KA1, Kl1, KA3, B3 and B6 (WHO, 2022).
The pH values suggest that borehole water in the study area is slightly acidic to
neutral. The pH values are also slightly lower than those obtained in similar studies in
Nakuru area (Madadi et al., 2017; Keli et al., 2019; Keli et al., 2021).

The electrical conductivity of the water samples ranged between 186.7 to 350.6 ps/cm
with a mean of 273.3 ps/cm. The conductivity of all samples were significantly lower
than the maximum conductivity limit of 2500 ps/cm set by KEBS for natural portable
water (KEBS, 2015). The electrical conductivities were also below the maximum
value of 400 uS/cm set by the World Health Organization (WHO, 2022).
Conductivity of water is influenced by the concentration of dissolved salts and
minerals. The observed levels suggested moderate mineralization, typical for
groundwater in many regions. Several studies have reported higher conductivity in
groundwater during dry seasons due to reduced dilution effect of precipitation and
increased mineral dissolution (Zhang et al., 2008).

The temperature of the water samples ranged from 24.6°C to 26.4°C with an average
of 25.5°C. The temperatures of all samples were within permissible limit of WHO
(WHO, 2022). Groundwater temperature is generally stable and reflects the ambient
temperature of the region. Thus, the temperatures of groundwater are within the
ambient temperatures of the region (Keli et al., 2021). The concentration of dissolved
oxygen (DO) in the water samples ranged from 0.60 to 3.44 mg/L with an average of
2.72 mg/L. The concentrations of DO in all of the samples were below the WHO
acceptable limit of 7-14 mg/L (WHO, 2022). In contrast, research by Ahmed et al.
(2022) reported higher average DO levels of around 4.0 mg/L in boreholes.

The concentration of fluoride in the water samples ranged from 0.48 to 2.02 mg/L
with a mean concentration of 1.23 mg/L. The concentration of fluoride in fourteen
boreholes was below the maximum allowable limit of 1.5 mg/L established by KEBS
and WHO for drinking water (KEBS, 2015; WHO, 2022). The concentrations of
fluoride in four boreholes (B3, B6, B7, B8) located in Baharini area and one borehole

(KI1) located in Kiundo area were above the maximum allowable limit. Low

41



concentrations of fluoride in drinking water are essential for proper formation of teeth
and bones and for prevention of tooth decay (WHO, 2004). However, high
concentrations of fluoride in drinking water can cause adverse health effects including
dental fluorosis (1.5-2.0 mg/L), skeletal fluorosis (3—6 mg/L) and crippling fluorosis
(> 10 mg/L) (WHO, 2004; Malago et al., 2017). The concentrations of fluoride in the

five mentioned boreholes are therefore within the range that causes dental fluorosis.

High concentrations of fluoride in groundwater have been reported in several regions
of the Kenyan Great Rift Valley (Nair et al., 1984; Olaka et al., 2016; Gevera &
Mouri, 2018; Keli et al., 2019; Keli et al., 2021; Mwiathi et al., 2022). The high
concentrations have been attributed to weathering and dissolution of fluorine bearing
minerals (e.g. fluorite, fluorapatite, cryolite and villiaumite) in volcanic rocks (Khan
et al., 2016; Olaka et al., 2016; Mwiathi et al., 2022).

The concentrations of heavy metals in borehole waters are shown in Table 2. The
concentration of lead in the water samples ranged from below the detection limit
(BDL) to 1.6 mg/L. The concentration of lead in the water samples was BDL in
eleven boreholes. The concentration of lead in eight boreholes was higher than the
maximum limit of 0.01 mg/L set by KEBS and WHO for drinking water (KEBS,
2015; WHO, 2022). Thus, 31.6% of the sampled boreholes had lead concentrations
higher than the maximum allowable concentration. Lead is a highly toxic element that
can cause several adverse health effects including developmental, learning and
cardiovascular disorders, renal diseases, and digestive problems (Mandal et al., 2022).
One probable source of lead in the groundwater is the dissolution of lead bearing
minerals in volcanic rocks that are abundant in the East Africa rift system (Rango et
al. 2010; Malago et al., 2020; Olaka et al., 2022).

42



Table 2: Concentration of heavy metals in borehole water during the dry season

Borehole Lead (mg/L) Cadmium (mg/L) Arsenic (mg/L)
NR1 BDL BDL 1.0475+0.0017
NR2 BDL BDL 1.1298+0.0027
NR3 BDL BDL 1.0790+0.0011
NR4 BDL BDL 1.2130+0.0011
NR5 BDL BDL 1.2130+0.0010
NR7 1.7496+0.0136 BDL 1.2209+0.0011
KA2 BDL BDL 1.2446+0.0003
KA3 1.2000+0.0093 BDL 1.0554+0.0020
KA5 BDL BDL 1.1342+0.0042
MA1 BDL BDL 1.2446+0.0001
Kl1 BDL BDL 1.2366+0.0018
OL1 BDL BDL 1.2761+0.0012
KA7 0.3930+0.0038 BDL 1.315440.0012
KA10 BDL BDL 1.2682+0.0011
KA1l 0.0264 +0.0006 BDL 1.2682+0.0016

B3 0.2610+0.0022 BDL 1.3234+0.0004

B6 0.2757+0.0025 BDL 1.1736+0.0020

B7 1.6322+0.0125 BDL 1.2761+0.0015

B8 0.2537+0.0029 BDL 1.4101+0.0021
Mean 0.1480 - 1.0717

SD 0.3814 - 0.1530

BDL = Below Detection Limit

The concentration of cadmium in all samples was below the detection limit during the
dry season. Thus, the concentration of cadmium was below the maximum acceptable
concentration of 0.003 mg/L established by KEBS and 0.005 mg/L set by WHO for
drinking water (KEBS, 2015; WHO, 2022). These results are in agreement with those
of a study by Madadi and co-workers for borehole water within Nakuru area (Madadi
et al., 2017). However, these results are in variant with several studies that found low
concentrations of cadmium in groundwater from the study area (Keli et al., 2019; Keli
etal., 2022).

The concentration of arsenic in the water samples ranged from 0.81 to 1.33 mg/L with
an average of 1.07 mg/L. Arsenic concentrations in all samples were above the
maximum acceptable concentration of 0.01 mg/L set by KEBS and WHO for drinking
water (KEBS, 2015; WHO, 2022). Chronic exposure to arsenic can cause several
adverse health effects including dermal, cardiovascular, reproductive, gastrointestinal
and renal disorders (Mandal and Suzuki, 2002; Ng et al., 2003). Potential sources of
groundwater arsenic in the study area include leaching from arsenic bearing minerals

in tuffs, rhyolites, andesites and other volcanic rocks (Barringer and Reilly, 2013).
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4.1.2 Physicochemical Properties of Water during the Wet Season

The physicochemical parameters for the wet season are shown on Tables 3 and 4. As
shown in Table 3, the average turbidity was 2.06 NTU and values ranged from 0.36 to
9.30 NTU. Samples from NR1 and OL1 boreholes had their concentrations above the
WHO and KEBS permissible limits, while the rest of the samples were below the
recommended maximum concentration of 5 NTU (KEBS, 2015; WHO, 2022).
Turbidity was significantly higher compared to the dry season. Increased turbidity
during the wet season can be attributed to surface run-off carrying more particulates
into the groundwater (Islam et al., 2021). Borehole NR1 had the highest turbidity of
9.30 NTU, suggesting substantial sediment infiltration during the wet season (Islam et
al., 2021).

Table 3: Physicochemical parameters of borehole water during the wet season

BH Turbidity pH EC Temp DO (mg/L)  Fluoride
(NTU) (us/cm) (°C) (mg/L)

B3 0.5670+0.06  7.045+0.02 659.000+0.16  24.2+0.10 6.0511+0.01 2.1133+0.14
B6 0.8020+0.01  7.053+0.02 714.111+0.06 24.0+0.10  3.9922+0.01  1.0933+0.01
B7 1.6880+0.00 7.021+0.01 681.567+0.11 24.3x0.10 3.3022+0.01 0.7867+0.01
B8 0.3600+£0.04  7.028+0.02 676.233+x0.23 24.2+0.10 3.7200£0.01  0.7700+0.04
KA1l 1.4544+0.01 6.810+0.02 416.567+0.02 24.1+0.10 4.0967+0.02 (0.8133+0.02
KA10 1.7740+0.03 6.833+0.04 400.867+£0.02 24.1+0.10 3.1667x0.01 1.2367+0.01
KA2 1.2156+0.02  7.086+£0.04 469.667+0.94 24.3+x0.10 3.9167+0.03 1.5233+0.02
KA3 0.8389+0.01  7.121+0.02  533.633+0.07 24.3+0.10  4.0855+0.03  0.9333+0.02
KA5 2.0900£0.01 7.008+0.06 404.667+0.08 24.2+0.10 3.1067+0.01  1.3467+0.02
KA7 3.1545+£0.02  6.768+0.06  555.333+0.14 24.2+0.10 3.7778t£0.04 1.4767+0.01
KI1 1.3611+0.01  7.299+0.02 809.433+£0.17 23.8+0.10 4.0022+0.02  1.8800+0.02
MAl1  3.0500+0.02 7.090+0.01 410.433£0.16 24.2+0.10 3.5511+0.01 0.6067+0.01
NR1 9.3033+0.05 7.616+0.05 408.889+0.18 23.9+0.10 4.4333£0.01 0.9200+0.01
NR2 0.5433+0.01  7.459+0.03 810.000+0.14 24.2+0.10 3.8467+£0.01 1.2733+0.01
NR3 0.6856+0.02  7.275+0.02  823.133+0.02 24.2+0.10 4.5967+0.01  1.6533+0.02
NR4 0.9150+0.02  7.384+0.01 822.567+0.46 24.3+0.10 3.8011+0.01 2.1367+0.01
NR5 0.3890+£0.01  7.219+0.02 817.111+0.21 24.2+0.10 4.1078+£0.01  2.1633+0.05
NR7 0.5378+0.01  7.339+0.01 811.567+0.21 24.1+0.10 3.8723£0.01  1.9800+0.00
oL1 8.3470£0.03  7.282+0.01  392.000+0.06  24.0+0.10 4.6567+0.04  1.9333+0.01
Mean 2.06 7.14 611.41 24.15 4.00 1.23

SD 05 0.22 175.79 0.14 0.65 0.13

BH = Borehole; EC = Electrical Conductivity; DO = Dissolved Oxygen; SD = Standard
Deviation

The pH levels during the wet season ranged from 6.8 to 7.6 had an average pH of
7.14. The values were slightly higher than those obtained during the dry season and
were in the neutral to slightly alkaline range. The pH of all samples were within the
pH values of 5.5-9.5 set by KEBS for natural portable water (KEBS, 2015). The pH
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values were also within the WHO guideline of 6.5 to 8.5 for drinking water (WHO,
2022). The pH of the groundwater during the wet and the dry season were comparable
indicating that the groundwater pH was stable and minimally influenced by seasonal
changes. The pH values are also consistent with other studies of borehole waters
(Leong et al., 2018). The slight increase in pH during the wet season can be attributed
to the dilution effect of rainwater, which typically has a neutral pH (Leong et al.,
2018). Similar results were obtained by Sudhakar et al. (2011) and Obiri-Danso et al.
(2009) for groundwater in Andhra Pradesh, India, where pH values ranged from 6.2 to

8.4 during the wet season.

The electrical conductivity ranged from ranged from 392 to 823 puS/cm with an
average of 611.41 puS/cm and a standard deviation of 175.79 uS/cm. The conductivity
of all samples were significantly lower than the maximum conductivity limit of 2500
ps/cm set by KEBS for natural portable water (KEBS, 2015). The electrical
conductivity of OL1 was the only sample which was below the maximum value of
400 pS/cm set by the World Health Organization (WHO, 2022). Conductivity was
significantly higher during the wet season suggesting enhanced leaching of minerals
into the groundwater during the wet season. A study by Alnashiri et al. (2021)
reported higher conductivity during the wet season, which was attributed to

dissolution of soil and rock minerals facilitated by increased water movement.

Temperature ranged from 23.8 to 24.3°C during the wet season with an average of
24.15°C and a narrow standard deviation of 0.14°C. The temperatures of all samples
were within permissible limit of WHO and KEBS (KEBS, 2015; WHO, 2022). These
findings are consistent with a study by Lin et al. (2022), which found that
groundwater temperature remains relatively stable year-round, reflecting the ambient
temperature of the region. The slight decrease compared to the dry season could be
due to the cooling effect of rainwater infiltration.

Dissolved oxygen (DO) levels averaged 4.00 mg/L and values ranging from 3.1067 to
6.0511 mg/L. The concentrations of DO in all of the samples were below the WHO
acceptable limit of 7-14 mg/L (WHO, 2022). The higher DO levels during the wet

season can be attributed to enhanced aeration from increased water movement and
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surface recharge (Lin et al., 2022). Borehole B3 recorded the highest DO level of 6.05
mg/L, suggesting effective oxygenation presumably due to rapid infiltration and

mixing with rainwater (Lin et al., 2022).

The concentration of fluoride ions in the water samples ranged from 0.6067 to 2.1367
mg/L with a mean concentration of 1.23 mg/L. The concentration of fluoride in
eleven boreholes was below the maximum allowable limit of 1.5 mg/L established by
KEBS and WHO for drinking water (KEBS, 2015; WHO, 2022). The concentration
of fluoride in eight boreholes (B3, KA2, KI1, NR3, NR4, NR5, NR7 and OL1) ranged
from 1.5233 to 2.1367 mg/L which were above the maximum allowable limit. Several
studies have reported elevated fluoride levels in groundwater in arid regions and
attributed the high concentrations to the dissolution of fluoride-bearing minerals
(Mwiathi et al., 2022; Khan et al., 2016; Mandal et al., 2022).

As shown in Table 4, the concentration of lead in boreholes during the wet season
ranged from below the detection limit (BDL) to 1.7496 mg/L with an average 0.3048
mg/L. Borehole NR7 exhibited the highest Pb concentration of 1.7496 mg/L, which
was significantly higher than the WHO and KEBS guideline value of 0.10 mg/L
(KEBS, 2015; WHO, 2022). This was consistent with findings by Mandal et al.
(2022), who reported elevated Pb levels in groundwater during the wet season due to
increased leaching of lead containing materials from surrounding areas. However, the
average Pb concentration in this study was higher than that reported by Mandal et al.

(2022) indicating a potentially more severe contamination issue in the study area.
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Table 4: Concentration of heavy metals in borehole water during the wet season

Boreholes Lead (Mg/L)  Cadmium (Mg/L) Arsenic (Mg/L)
B3 0.2610+0.00 BDL 1.3234+0.0004
B6 0.2757+0.00 BDL 1.1736+0.0020
B7 1.6322+0.01 BDL 1.2761+0.0015
B8 0.2537+0.01 BDL 1.4101+0.0021
KA10 BDL BDL 1.2682+0.0011
KA1l 0.0264+0.00 BDL 1.2682+0.0016
KA2 BDL BDL 1.2446+0.0003
KA3 1.2000+0.01 BDL 1.0554+0.0020
KA5 BDL BDL 1.1342+0.0042
KA7 0.3930+0.01 BDL 1.3154+0.0012

KI1 BDL BDL 1.2366+0.0018
MA1 BDL BDL 1.2446+0.0001
NR1 BDL BDL 1.0475+0.0017
NR2 BDL BDL 1.1298+0.0027
NR3 BDL BDL 1.0790£0.0011
NR4 BDL BDL 1.2130+0.0011
NR5 BDL BDL 1.2130+0.0010
NR7 1.7496+0.01 BDL 1.2209+0.0011
OoL1 BDL BDL 1.2761+0.0012
Mean 0.3048 0.0 1.217

SD 0.05 0.0 0.0951

BDL- Below Detection Limit

The concentrations of cadmium were below the detection limit in all boreholes during
the wet season. Thus, the concentration of cadmium was below the maximum
acceptable concentration of 0.003 mg/L established by KEBS and 0.005 mg/L set by
WHO for drinking water (KEBS, 2015; WHO, 2022). The groundwater in the study
area was not contaminated with cadmium, presumably due to the absence of cadmium
producing activities such as mining, seepage from hazardous waste sites or industrial
activities (Alum et al., 2021). Several studies have reported undetectable

concentrations of cadmium in groundwater (Alum et al., 2021; Saha et al., 2020).

Arsenic concentrations showed considerable variation, with an average of 1.217
mg/L. The highest concentration was recorded in borehole B8 at 1.4101mg/L,
significantly surpassing the WHO and KEBS guideline value of 0.01 mg/L (KEBS,
2015; WHO, 2022). These findings align with a study by Saha et al. (2020), who also
reported elevated arsenic concentrations in groundwater during the wet season, likely
due to the mobilization of arsenic from sediments into the water column. The
consistently high arsenic levels across boreholes suggest widespread contamination,

which poses a significant health risk (Saha et al., 2020).
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4.1.3 Statistical Analysis for Physicochemical Parameters during the Dry Season

Significant variations were observed among the physicochemical

parameters

measured across the sampled boreholes during the dry season (Table 5 and 6) and

Figure 2. Turbidity levels varied significantly [(p < 0.005) Appendix 3] across the

sampled boreholes (Table 5). Conductivity levels also demonstrated significant

variation [(p < 0.5) Appendix 3] (Table 5). The pH levels across the boreholes showed
notable variability (p < 0.05) [(p < 0.005) Appendix 3] (Table 5). Temperature

measurements displayed significant variation (p < 0.05) [(p < 0.005) Appendix 3]

(Table 5). Dissolved oxygen (DO) levels differed significantly (p < 0.05) among the

boreholes (Table 5). Fluoride levels exhibited a notable difference among boreholes
(p <0.5) [(p < 0.005) Appendix 3].

Table 5: Statistical analysis of physicochemical parameters during the dry season

Turbidity o DO Fluoride (mg/L)
BH (NTU) pH EC(uS/cm) Temp (°C) (mg/L)
B3 0.571" 6.525% 287.6 24.200% 6.055% 2.137%
B6 0.812! 6.2719 316.4f 24.067 3.993¢ 2.1632
B7 1.6899 6.611¢ 247.3k 24.200% 3.303" 1.980¢
B8 0.363° 6.536% 313.2¢ 24.200% 3.761! 1.933¢
KA10 3.153¢ 6.384¢" 186.7" 24.200% 3.779' 1.273
KA1l 1.795f 6.338f0 198.7™ 24.100 3.159° 1.653f
KA2 3.0624 7.318b¢ 194.9' 24.200% 3.553M 1.523¢
KA3 1.346 6.414f 195.7" 23.800¢ 4.0059 0.933'
KA5 8.348° 6.540% 195.92 24.000%¢ 4.661° 1.347
KA7 2.063¢ 7.197¢ 200.3° 24.200% 3.113° 0.920'
K1 1.142i 6.6109 300.6° 24.300° 3.926" 1.880¢
MA1 1.458" 6.409¢" 209.149 24.100b¢ 4.095 1.477"
NR1 9.3722 7.5852 298.41 23.900¢% 4.429¢ 2.113P
NR2 0.549" 7.247% 345.3¢ 24.300° 3.858 1.093%
NR3 0.536" 7.4140 324.9P 24.100 3.882 0.786M
NR4 0.916k 7.228° 338.6¢ 24.300° 3.814k 0.770M
NR5 0.678M 6.550% 338.1¢ 24.300° 4.599¢ 0.813M
NR7 0.388° 7.210¢ 349.7¢ 24.300° 4.114° 1.237
oL1 0.837' 6.4600%f 350.6° 24.300° 4.086 0.607"
Mean 2.310 6.782 273.55 25.591 2.731 1.247
Cv (%) 2.179 1.055 0.186 0.682 3.024 1.494
LSD (0= 0.05) 0.083 0.120 0.841 0.288 0.136 0.031

The statistical analysis of physicochemical parameters for the dry season, as presented

in Table 5, revealed significant variations in turbidity, pH, conductivity, temperature,

dissolved oxygen (DO) and fluoride across different boreholes. The turbidity value of

NR1 exhibited a significantly higher turbidity compared to other boreholes,

suggesting potential

contamination,

possibly due to anthropogenic activities
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(agricultural runoff and sedimentations) or natural factors such as soil erosion
infiltrating to the boreholes, as reported by (Abdul et al., 2021; Tufa et al., 2020),
whereas the lowest was in B8 (0.363 NTU) indicating clear water (Abdullah et al.,
2018). The significant differences (p < 0.05) are indicated by different letters,
confirming that turbidity levels vary widely across different boreholes. Boreholes
KA5, NR7 and B3 exhibit no significant differences, indicating similar levels of water
clarity. According to (Owamah et al, 2013), high turbidity can impact aquatic life by
reducing light penetration, thus affecting the ecosystem's health.

The pH values with boreholes such as NR1 and KA2 had significantly higher pH
levels compared to others, likely due to geological variations and different sources of
water contamination. Such variations are consistent with findings by (Sreedevi et al.,
2019; Alrumman et al., 2016), who reported that pH can be influenced by the
dissolution of minerals and industrial effluents. The coefficient of variation (Cv) for pH
was 1.055%, indicating low variability and suggesting consistent geochemical conditions in
the boreholes. The LSD test showed significant differences (p < 0.05) between the pH levels
of different boreholes. Boreholes B3, B8, and KA5 show no significant differences,
suggesting similar geological formations or buffering capacity in these areas.
Boreholes with similar pH levels have letters indicating no significant differences,
supporting the idea that geological and local environmental factors play a crucial role
in determining pH (WHO, 2017).

Electrical conductivity varied significantly, high electrical conductivity values in
boreholes like NR7 and OLL1 indicated a high concentration of dissolved ions, which
can be due to natural mineral dissolution or anthropogenic sources such as fertilizers
and industrial effluents (Prasanna et al., 2011; Singh et al., 2017),. Boreholes KA10
and KA2 exhibit significantly lower electrical conductivity, suggesting less
mineralization or different geological formations affecting these boreholes. Similar
findings were reported by (Saleem et al., 2012; Prasanna et al., 2011; Singh et al.,
2017), who found that electrical conductivity levels in groundwater are heavily
influenced by human activities and geological factors. The significant differences (p <
0.05) noted by different letters confirm the variability of electrical conductivity across
the boreholes (Tyagi et al., 2014).
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The temperature across the boreholes shows minimal variation, with most boreholes
recording around 24.200°C, indicating stable thermal conditions. Boreholes B6, KAS3,
and MAL are slightly cooler, which could be due to deeper aquifer sources or lower
temperatures during sampling (Naik et al., 2023; Cloutier et al., 2017). The consistent
temperatures suggest a relatively uniform climatic influence on these boreholes
(Cloutier et al., 2017). The letters indicated no significant differences among most

boreholes, suggesting temperature stability across the region.

DO levels exhibited considerable variation, higher DO in B3 could be linked to better
water aeration or lower organic contamination, consistent with findings by (Chapman,
2021; Mishra et al., (2011). Lower DO levels in KA7, KA1l and B7 could indicated
higher levels of organic pollution or slower water circulation (Chapman et al., 2021).
Boreholes B8, KA10 and MAL showed no significant differences, indicating similar
oxygen dynamics and possibly similar rates of organic matter decomposition.
Statistically significant differences (p < 0.05) are indicated by different letters,
underscoring how DO can be influenced by both biological activity and water mixing
dynamics (Rice et al., 2012).

Fluoride concentrations in B6 showed a significantly higher fluoride levels. Elevated
fluoride can be attributed to natural geological sources, such as fluoride-bearing
minerals, or anthropogenic sources like industrial discharge (Ayoob and Gupta,
2006). Different letters indicated significant differences (p < 0.05) between boreholes,
suggesting that local geology plays a critical role in fluoride concentration. Boreholes
NR3, NR4, and NR5 have no significant differences, indicating similar fluoride-

bearing geological formations influencing these boreholes.

The analysis of chemical parameters for different boreholes during the dry season
revealed significant findings concerning lead (Pb), cadmium (Cd) and arsenic (As)
concentrations Table 6. Notably, the mean concentrations of Pb, Cd and As were
0.199 mg/L, 0.0015 mg/L and 1.362 mg/L respectively. The high coefficients of
variation (Cv) for Pb (2.1644%) and As (7.215%) indicated a substantial variability in
these parameters across different boreholes. Cadmium (Cd) levels remained

consistently below detectable limits across all boreholes (0.0015 mg/L), presented as
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minimal acceptable/2 levels in (Table 6), indicating no significant variation. Arsenic
had a significant difference observed among boreholes (p < 0.05) [(p < 0.05)
Appendix 5].

Table 6: Statistical Analysis of heavy metals during dry season

Borehole Lead (mg/L) C(arﬂglf)m Arsenic(mg/L)
B3 0.327¢ 0.0015 1.651°
B6 0.346° 0.0015 1.464
B7 2.040P 0.0015 1.596°
B8 0.332¢ 0.0015 1.7692
KA10 0.005¢ 0.0015 1.576
KA1l 0.036f 0.0015 1.581"
KA2 0.005¢ 0.0015 1.320'
KA3 1.504°¢ 0.0015 1.418
KA5 0.005¢ 0.0015 1.5059"
KA7 0.497¢ 0.0015 1.633¢
Kl1 0.005¢ 0.0015 1.501"
MA1 0.0059 0.0015 1.567
NR1 0.005¢ 0.0015 1.313
NR2 0.0059 0.0015 1.616¢
NR3 0.005¢ 0.0015 1.354K
NR4 0.0059 0.0015 1.5209"
NR5 0.005¢ 0.0015 1.528g
NR7 2.1932 0.0015 1.7692
OoL1 0.005¢ 0.0015 1.598¢
Mean 0.199 0.0015 1.362
Cv (%) 2.1644 - 7.215
LSD (o= 0.05) 0.139 - 0.162

The lead concentrations among the boreholes show significant variation (Table 6).
Boreholes NR7 and B7 had the highest lead concentrations (2.193 mg/L and 2.040
mg/L respectively), which are significantly different from most other boreholes such
as KA10 and NR1, which both had the lowest concentration (0.005 mg/L). This
variability can be attributed to differences in local geology, potential contamination
sources and human activities. (Ahmed et al., 2022) also reported that lead
concentrations in groundwater can vary widely due to industrial activities and urban
runoff. The lead had a coefficient of variation (Cv) of 2.1644%, indicating
considerable spatial variability (Ahmed et al., 2022).
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Cadmium (Cd) concentrations are uniform across all boreholes, with a consistent
value of 0.0015 mg/L (presented as minimal acceptable/2 levels) (Table 6), indicating
no significant differences among them. This uniformity suggested that the sources of
cadmium contamination might be evenly distributed or there might be consistent
geochemical backgrounds across the study area. Unlike other parameters, cadmium
does not show significant correlations with any other measured parameters, aligning
with findings by (Smith et al., 2018), who noted that cadmium often showed limited
spatial variability in groundwater due to its consistent geochemical presence in

specific regions.

Arsenic (As) levels varied significantly among the boreholes, such as NR7 and B8
had the highest concentrations, which are significantly different from others like KA2
and NR1. The variability in arsenic levels can be linked to differences in geological
formations and potential sources of contamination, such as natural mineral deposits or
industrial activities (Gupta et al., 2020). The mean arsenic concentration is 1.362
mg/L, with a coefficient of variation (Cv) of 7.215%, reflecting the significant spatial

variability among the boreholes.

During the dry season, significant and non-significant correlations among various
physicochemical parameters were observed Figure 2. Arsenic (As) exhibited a
moderate positive correlation with fluoride (r = 0.4618, p = 0.0002) and temperature
(r = 0.4836, p = 0.0001). Similarly, temperature showed a moderate positive
correlation with lead (Pb) (r = 0.4392, p = 0.0006). Conversely, arsenic did not show
significant associations with turbidity (r = 0.0440, p = 0.7456), pH (r = 0.0439, p =
0.745) or dissolved oxygen [(DO) r = 0.0508, p = 0.7073], indicating weak positive
correlations. Fluorides demonstrated weak negative associations with turbidity (r = -
0.1643, p = 0.2220) and pH (r = -0.1643, p = 0.222). Additionally, turbidity showed a
very weak negative correlation with pH (r = -0.0046, p = 0.9739), while a strong
negative association was observed between Turbidity and DO (r = -0.6941, p = 2.13e-
09) Figure 2.
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Figure 2: Pearson Correlations of physicochemical parameters during the dry Season.

The correlation matrix provided in Figure 2 revealed important relationships among
various physicochemical parameters of borehole water. A significant positive
correlation between turbidity and temperature (r = 0.44, p < 0.001) indicated that
higher temperatures were associated with increased turbidity levels (Abdul et al.,
2021; Tufa et al., 2020). The Pearson correlation matrix indicated a negative
correlation between Pb and turbidity (r = -0.69, p < 0.001), suggesting that higher lead
levels might be associated with clearer water, potentially due to lead settling in clearer
conditions (Ahmed et al., 2022). Additionally, arsenic showed strong positive
correlations with both turbidity (r = 0.48, p < 0.001) and temperature (r = 0.46, p <
0.001), suggesting that as temperature and turbidity increased, arsenic concentrations
also tended to rise (Gupta et al., 2020). Another noteworthy correlation was between
fluoride and arsenic (r = 0.43, p < 0.001), highlighting a potential link between these
two contaminants. These significant positive correlations underscored critical
interactions that could impact water quality and require careful monitoring (Gupta et
al., 2020).

4.1.4 Statistical analysis for physicochemical parameters during the wet season
Significant variations were observed among the physicochemical parameters
measured across boreholes during the wet season. Turbidity, pH, electrical
conductivity, temperature, dissolved oxygen and fluoride levels varied significantly (p
<0.05) [(p < 0.05) Appendix 4] (Table 7).
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Table 7: Statistical Analysis of Physicochemical Parameters during the Wet Season

Turbidit Tem DO Fluoride

BH (~Tuy  PHECHSEm e o (mgil)

B3 0.571" 6.525% 659.527' 24.200®  6.055*  2.137%®
B6 0.812' 6.2719 714.285" 24.067°¢ 39939  2.163?
B7 1.6909 6.612¢ 681.3909 24200  3.303"  1.980°
B8 0.363° 6.536% 676.272" 24200  3.761'  1.933¢
KA10 3.153¢ 6.384°" 555.446) 24.200%  3.779' 1.273
KA11 1.795f 6.338 400.886¢ 24100  3.159°  1.653f
KA2 3.063¢ 7.318% 411.514" 24.200%  3553M™ 15239
KA3 1.349' 6.414° 809.479° 23.800°  4.0059  0.933
KA5 8.348° 6.540% 392.085" 24.000% 4661  1.347
KA7 2.063° 7.197¢ 404.654° 24.200%  3.113*  0.920'
Kl1 1.142 6.610¢ 469.803! 243007  3.926"  1.880°
MA1 1.458" 6.409°  416.652™ 24100  4.095" 1477
NR1 9.3722 7.5852 409.030° 23.900%  4.429¢  2.113°
NR2 0.549" 7.247% 810.074¢ 24.300°  3.858  1.093%
NR3 0.536" 7.414° 811.598¢ 24.100°  3.882"  0.787™
NR4 0.916¢ 7.228¢ 822.706° 243008  3.814  0.770™
NR5 0.678™ 6.550% 823.136° 24.200% 4599  0.813™
NR7 0.388° 7.210° 817.127° 24.200  4.114°  1.237
oL1 0.838' 6.460%f 533.805¥ 24.300°  4.086"  0.607"
Mean 2.056 7.149 611.551 24.151 4.009 1.402
Cv (%) 1.703 0.237 0.044 0.395 0.273 1.936
LSD (o = 0.05) 0.058 0.028 0.451 0.157 0.018 0.045
WHO 7-14mg/L  6.5-8.5 400.0ps/cm  25°C 5NTU  1.5-2.0

Statistically significant differences (o = 0.05) are observed among the boreholes
(Table 7), indicated by distinct letters. Boreholes like KA5 and NR1, with high
turbidity values, may be influenced by surface runoff and increased particulate matter
which infiltrated into the boreholes, common in regions with heavy rainfall (Gana et
al., 2022). Comparatively, B8 and NR2 with lower turbidity align with findings by
(Gana et al., 2022), where well-protected sources show minimal turbidity. The high
coefficient of variation (Cv = 1.703%) and the statistical significance (p < 0.05) in
turbidity measurements underscore the impact of seasonal changes and localized

sources of contamination.

The pH values with statistically significant differences noted (o = 0.05). Boreholes
such as NR1, with higher pH values, might result from geological formations rich in

carbonate minerals (Doveri et al., 2021). Conversely, lower pH in boreholes like B6
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could be due to acidic rainwater infiltration or anthropogenic activities (Ji et al.,
2020). Electrical conductivity showed a significant statistical differences (a = 0.05).
High electrical conductivity values in boreholes like NR5 and NR4 suggested a high
mineral content, possibly due to extensive rock-water interactions (Mendieta-
Mendoza et al., 2020). Lower electrical conductivity in boreholes such as KA5
indicated fewer dissolved salts, consistent with findings by (Khan et al., 2024) in less

mineralized regions.

Borehole water temperatures were relatively stable at several boreholes. Significant
differences (o = 0.05) are minimal due to the small temperature range. Variations can
be attributed to differences in borehole depths and temperatures (Khan et al., 2024).
DO values varied significantly (o = 0.05), high DO levels in boreholes like B3 are
often due to better aeration allowing more oxygen diffusion (Zhang et al., 2022).
Lower DO in boreholes such as KA7 could result from deeper water tables or higher
organic matter content, which consumes oxygen during decomposition (Ameta et al.,
2023). The low Cv of 0.273% and the statistical significance (p < 0.05) in DO levels
suggested that certain boreholes are more affected by organic contamination,
necessitating targeted water quality management practices. Fluoride levels with
significant differences (o = 0.05), boreholes like B6 with high fluoride levels could be
influenced by fluoride-rich geological formations (Fawell, 2006). Lower fluoride in
boreholes such as OL1 is typical in regions with less fluoride-bearing minerals based
on the findings of (Gaciri & Davies, 1993).

Significant variations were observed among the chemical parameters measured across
boreholes during the wet season. Lead and arsenic concentrations varied significantly
[(p < 0.05) Appendix 6], (Table 8). The chemical analysis of borehole water during
the wet season showed notable variations in the concentrations of lead (Pb) and
arsenic (As) Table 8. The mean concentrations for Pb and As were 0.386 mg/L and

1.529 mg/L respectively, while Cd remained constant across all boreholes.
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Table 8: Statistical analysis of heavy metals during the wet season

Lead

Borehole (mg/L) Cadmium (mg/L)  Arsenic (mg/L)
B3 0.3271" 0.0015 1.6511°
B6 0.3458¢ 0.0015 1.4638
B7 2.0400° 0.0015 1.59619%
B8 0.3318f 0.0015 1.7693?
KA10 0.0050" 0.0015 1.5762¢f
KA11 0.03649 0.0015 1.5806°¢f
KA2 0.0050" 0.0015 1.3201'
KA3 1.5038¢ 0.0015 1.4185
KAbB 0.0050" 0.0015 1.50539"
KA7 0.4971¢ 0.0015 1.6325"¢
Kl1 0.0050" 0.0015 1.5008"
MA1 0.0050" 0.0015 1.5670"
NR1 0.0050" 0.0015 1.3132'
NR2 0.0050" 0.0015 1.6165¢%
NR3 0.0050" 0.0015 1.3539%
NR4 0.0050" 0.0015 1.52019"
NR5 0.0050" 0.0015 1.5283¢
NR7 2.19272 0.0015 1.5553f
oL1 0.0050" 0.0015 1.5984%
Mean 0.386 - 1.529
Cv (%) 2.079 - 1.004
LSD (a = 0.05) 0.013 - 0.025

The lead concentrations among the boreholes during the wet season showed
significant variability. Boreholes B7, KA3 and NR7 exhibited the highest
concentrations, significantly different from the other boreholes. The mean lead
concentration was 0.386 mg/L and the coefficient of variation (Cv) was notably high
at 2.079%, indicating substantial dispersion in the data. Such variations can be
attributed to geological differences and human activities around these boreholes (Liu
et al., 2020). For example, industrial or agricultural runoff can introduce higher lead
concentrations into groundwater (Nolan et al., 2015; Liu et al.,, 2020). The
significantly lower concentrations in boreholes with 0.0050 mg/L suggested minimal
contamination sources or effective natural filtration processes in these locations
(Ahmed et al., 2022). The statistical significance of lead concentrations (p < 0.05)
across different boreholes highlighted the critical need for targeted interventions to
mitigate lead pollution and protect public health.
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All boreholes recorded a uniform concentration of cadmium implying that cadmium
levels are consistent during the wet season, potentially due to similar environmental
conditions and sources of contamination affecting the boreholes equally. Studies have
shown that cadmium concentrations in groundwater are generally low and less
variable compared to other heavy metals, primarily due to its lower natural abundance
and specific contamination sources (Alengebawy et al., 2013; Banaee et al., 2024).
The absence of variation here may also reflected strict regulatory controls and similar
geochemical conditions across the surveyed boreholes (Alengebawy et al., 2013).

Arsenic levels indicated a moderate variability, boreholes B3, KA7, NR2 and NR7
showed higher arsenic concentrations, significantly differing from boreholes like NR1
and KA2. This variability can be attributed to the different geochemical backgrounds
and the influence of anthropogenic activities such as pesticide use and industrial
discharge (Smedley and Kinniburgh, 2002; Smith et al., 2018). For instance, higher
concentrations in certain boreholes may be linked to arsenic-rich minerals in the local
geology or contamination from agricultural runoff, leading to increased levels in
groundwater (Bhattacharya et al., 2002). The statistically significant differences in
arsenic concentrations (p < 0.05) emphasize the importance of site-specific

remediation strategies.

During the wet season, arsenic exhibited a moderate negative correlation with
turbidity (r = -0.434, p = 0.0007), indicating lower turbidity levels were associated
with higher levels of arsenic during this period Figure 3. Turbidity also showed
significant negative correlations with temperature (r = -0.452, p = 0.0004) and (Pb) (r
= -0.214, p = 0.109), suggesting lower temperatures and lead concentrations were
linked with higher turbidity. Conversely, no significant correlations were found
between arsenic and fluoride (r = 0.048, p = 0.719), arsenic and DO (r = 0.0075, p =
0.9562), or arsenic and Pb (r = 0.1138, p = 0.3991) during the wet season. Similarly,
Turbidity did not showed significant associations with fluoride, pH, or Pb,

highlighting variability in these relationships between the dry and wet seasons.
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Figure 3: Pearson Correlations of physicochemical parameters during the wet Season.

The pearson correlation matrix for borehole water quality parameters during the wet
season reveals several significant relationships. Notably, turbidity showed a strong
negative correlation with both arsenic (r = -0.43, p < 0.001) and temperature (r = -
0.45, p < 0.001). This suggested that as turbidity decreases, both arsenic concentration
and water temperature tend to increase. Such findings aligned with previous studies
that reported a negative correlation between turbidity and arsenic, indicating that
lower particulate matter in water may lead to higher arsenic levels due to reduced
adsorption sites for arsenic on suspended particles (Smedley and Kinniburgh, 2002).
Additionally, the negative correlation with temperature might reflect seasonal
variations where lower temperatures during the wet season coincide with higher
turbidity from increased runoff (O’Neil et al., 2012).

The correlation matrix also indicated a significant positive correlation between arsenic
and temperature (r = 0.45, p < 0.001), highlighting that higher temperatures
correspond with increased arsenic concentrations. This relationship is supported by
literature, where elevated temperatures have been linked to increased dissolution of
arsenic-bearing minerals, enhancing arsenic released into groundwater (Khatu et al.,
2023). Furthermore, the matrixes showed non-significant correlations between other
parameters such as fluorides, leads and DO with turbidity and each other, suggesting

that their concentrations are relatively independent of each other during the wet
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season. This independence could be attributed to the complex hydro geochemical
processes governing their mobility and distribution in groundwater, as described by
(Smedley et al., 2002).

4.1.5 Statistical Comparison of Physicochemical Parameters for Dry and Wet
season.

During the dry season, the mean turbidity was 2.310 NTU with a coefficient of
variation (Cv) of 2.179%, while in the wet season, the mean turbidity was 2.056 NTU
with a Cv of 1.703%. The lower mean turbidity in the wet season, coupled with a
lower Cv, indicates a more consistent and clearer water quality compared to the dry
season. This reduction in turbidity during the wet season could be attributed to
increased water flow and dilution, which are typical of wet conditions and lead to the

settling of suspended particles more effectively (WHO, 2021; Mahananda et al., 2016).

The average pH value during the dry season was 6.782 with a Cv of 1.055%, whereas
the wet season's average pH was 7.149 with a Cv of 0.237%. The increase in pH
during the wet season and the lower Cv suggest that the water became less acidic and
the pH values were more stable. This shift towards a more neutral pH during the wet
season might be due to the buffering effects of increased rainfall which often
neutralizes acidic compounds and stabilizes pH levels (USEPA, 2022; Research et al.,
2018).

The mean EC was 273.3 uS/cm in the dry season, with a Cv of 0.186%, while it was
611.551 uS/cm in the wet season, with a Cv of 0.044%. The wet season exhibited a
significantly lower Cv, indicating a more consistent EC across boreholes. The
consistent EC in the wet season could result from the dilution effect of rainwater,
which can stabilize the ionic composition of the water over a larger area (Smith et al.,
2023; Rajmohan et al., 2004).

The average temperature during the dry season was 25.591°C with a Cv of 0.682%,
and during the wet season, it was 24.151°C with a Cv of 0.395%. The lower mean
temperature and reduced variability during the wet season indicate a more stable and

cooler water temperature. This is consistent with the wet season typically being cooler
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due to cloud cover and precipitation, which moderates temperature fluctuations (Jones
& Brown, 2020; Kumar et al., 2014).

DO in the dry season; the mean DO was 2.731 mg/L with a Cv of 3.024%, whereas
the wet season had a higher mean DO of 4.009 mg/L with a Cv of 0.273%. The wet
season showed a significant increase in both the mean DO and a lower Cv, reflecting
more oxygenated and stable water conditions. This increase can be attributed to the
aeration effects of rain and increased water turbulence which enhances oxygen levels
in aquatic environments (Adams & Lee, 2021; WHO, 2004).

The average fluoride concentration during the dry season was 1.247 mg/L with a Cv
of 1.494%, while during the wet season, it was 1.402 mg/L with a Cv of 1.936%.
Although the mean fluoride concentration increased during the wet season, the Cv
also increased, indicating more variability. This fluctuation could be due to varying
concentrations of fluoride in rainwater and changes in groundwater inflows during

different seasons (Brown et al., 2019; Edmunds et al., 2018).

4.1.6 Statistical Comparison of Heavy Metals For Dry And Wet Season

In the dry season, the mean concentration of lead was 0.199 mg/L with a coefficient
of variation (Cv) of 2.1644%, whereas in the wet season, the mean increased to 0.386
mg/L with a Cv of 2.079%. The increase in the mean concentration during the wet
season suggests a notable rise in lead levels, potentially due to runoff carrying lead
from various sources into the groundwater. The lower Cv in the wet season indicates
less variability in lead concentrations across boreholes, which might reflect more
uniform distribution of lead from increased water flow (Smith & Jones, 2022;
Mwadzombo et al., 2021),. The lower Least Significant Difference (LSD) value in the
wet season (0.013 mg/L) compared to the dry season (0.139 mg/L) highlights that
differences in lead concentrations were more statistically significant during the wet

season (Mwadzombo et al., 2021).

Cadmium for both seasons, cadmium concentrations were consistently low at 0.0015
mg/L, and there was no variability in the dry season as indicated by the absence of

variability measures. In the wet season, cadmium concentrations remained the same,
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and since there were no significant fluctuations, the Cv was not applicable. This
consistency suggests that cadmium levels were minimally impacted by seasonal
changes and remained within a very narrow range throughout both seasons (Brown et
al., 2021). The lack of variability and low LSD in both seasons reflect stable and low

cadmium levels (Oloruntoba et al., 2021).

The mean arsenic concentration was 1.362 mg/L during the dry season with a Cv of
7.215%, while it increased to 1.529 mg/L during the wet season with a much lower
Cv of 1.004%. The increase in the mean arsenic concentration during the wet season
suggests that higher volumes of water could leach more arsenic from soil and rock
formations into the groundwater. The lower Cv in the wet season indicates more
consistent arsenic levels across different boreholes, likely due to more uniform
dispersion and dilution effects from the increased water flow (Johnson et al., 2023).
The decrease in LSD values from 0.162 mg/L in the dry season to 0.025 mg/L in the
wet season further suggests that differences in arsenic concentrations were more

statistically discernible during the wet season (Gupta et al., 2019).

4.2 Characterization of the Composite

4.2.1 FTIR Analysis

FTIR analysis was carried out for the Moringa oleifera seed powder, the peaks
obtained was as shown in Figure 4. Broad peaks were visible in the FTIR spectrum of
MOSP at 3410 cm™ indicating the presence of an N-H stretching band of an amide
group and an O—H stretching band of a hydroxyl group. The unique peak detected in
2918 cm™ are ascribed to the aliphatic hydrocarbons' C—H stretching vibrations (Mune
et al., 2016) as shown in the Figure 4. The peak at 2856 cm™ is indicative of the
aldehyde and acid C—H stretching. The C=0 bands of aliphatic esters are represented
by the band at 1745.27 cm™. The stretching bands at 1651.07 cm™ (Bagheri et al.,
2020) are attributed to be caused by alkene and amide vibrations that result from
carbonyl strain. The wide bands at 1544 cm™ are caused by the vibration stretching of
carboxylic groups and amides' C-O bonds (Memeghel et al., 2013), while the
presence of aromatics' C—C stretching is confirmed at 1456cm ™. C—O stretching of
phenol and acetyl groups is responsible for the band at 1247.94 cm™ (Padil et al.,
2013). Peaks at 1155 cm™ indicate the presence of C—O stretching, which includes
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substances such carboxyl groups that serve as adsorption sites for metal ions.
Moreover, the aliphatic amine's C—N stretching vibration is responsible for the peak at
1058 cm™ (Shanmugavel et al., 2018), while the presence of amines' N-H wagging
vibrations was indicated by the peak at 796 cm™*. Furthermore, the alkyl halides' C—Cl
stretch is linked to the peak at 632.65 cm™ (Bello et al., 2017). The wave numbers

below 500 cm™ are the finger print region.
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Figure 4: FTIR Spectra for Moringa oleifera seed powder.

Asymmetric and symmetric CH stretching is responsible for the peaks seen in pure
MO seed membrane at 2909 cm™* and 2849 cm™!, respectively (Mune et al., 2016).
The FTIR spectra of kaolin clay Figure 5 exhibit a substantial vibration at
approximately 1000 cm™. Additionally, peaks between 427 cm™ and 467cm™,
between 690 cm™ and 790 cm™, between 910 cmland 1000 cm™, 1120 cm™®,
1639.49 cm?, 3458.37 cm™, 3649.32 cmlare seen bands. The FTIR spectrum
measurements of kaolin clay reveal two bands in the OH stretching region, which is
between 3649.32 cm™ and 3458.37 cm! strong hydrophilic effect zone, as shown in
Figure 5. According to earlier findings for kaolin clay (Shehap et al., 2015; Srivastava
et al., 2017) the OH bending hydration vibration is likewise correlated with the band
at 1639.49 cm™! (Adeniyi et al., 2020; Nidheesh et al., 2017). The stretching vibration
mode of Si-O found at 1098 cm™ is distinct from other vibrational modes. The
vibrational mode of Al-OH-AI bending is detected at 890.00 cm™. Bands at 600.00

cm™ indicate quartz content, the Al-O-Si bending vibrations and the octahedral
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cation Al are represented by the adsorption peaks at 535.00 cm™* and 460.00 cm™?,
respectively. The Si—O-Si bending vibration modes are responsible for the last band
at 427.08 cm Y(Abu-Danso et al., 2020).
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Figure 5: FTIR Spectra for Kaolin Clay

FTIR spectrum of pure clays Figure 5 shows a band in the region of 1660.00 cm™,
which is attributed to the —OH bending mode of the adsorbed water. The peak at
1120.00 cm™%, 1033.35 cm™* and 780.00 cm™* are assigned to the stretching mode of
Si—O vibrations. On the other hand, the Si—O-Si stretching vibration is what causes
the band at 536.21 cm™ (Tukki et al., 2016). Out of plane vibrations of the pair Al-O
and Si—O was attributed to the peak measuring 690.00 cm™. The hydroxyl groups' Al-
OH vibrations are observed at 900.00 cm™, while Si-O-Si vibrations are found at
470.63 cm™. Kaolin clay polymer exhibit additional distinctive signal bands in their
FTIR spectra, including two weaker signal bands at 2927.94 cm™ and 2862.36 cm™
are responsible for alkanes and aldehydes or acids’ C—H stretching, respectively. A
different band at 1740.00cm ™ is connected to the esters' C=0 stretch. The presence of
carboxylic groups and amides with C-O stretch may be the cause of the signal at 1540
cm L. The findings of (Ravikumar et al., 2020) suggested that the kaolin clay polymer

spectrum been grafted into its structure.
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The composite was characterized using FTIR for their functional groups, the
combination of Moringa oleifera seed powder and kaolin clay's polymeric
components' infrared spectra showed the same vibration lines at varying strengths
(Figure 6). The vibration bands in these spectra ranged from 1300 cm™ to 1800 cm™
and from 2800 cm™ to 3000 cm ™. There are broad vibration bands between 3000
cm*and 3800 cm™* and between 850 cm ™t and 1300 cm™2. Similar bands detected in
clays are shifted towards lower values, whereas the band visible at around 1000 cm™
is shifted towards higher values (Figure 6). Clay lacks the bands between 1250 cm™
and 1600 cm™* and between 1700 cm™* and 3400 cm ™. The vibrations seen in clay are
covered by broad bands between 3000 cm™ and 3800 cm™. Clay's spectra are hidden
by the vibration lines of polymeric materials (lipids, proteins and phenolic
compounds), which are visible in infrared spectra. The FTIR spectrum'’s transmittance
bands at 3600.00 cm™ and 3393.51 cm™ are attributed to the stretching vibrations
caused by the O-H stretching of the kaolin clay's inner hydroxyl groups and inner-

surface hydroxyl groups, respectively.
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Figure 6: FTIR spectrum for a Pure Composite.
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The composite formed was activated with NaOH which increases the presences of the
OH group in the compound hence it easily bind with the cations presence in the water
samples and H2SOs increases the presence of the H™ in the composite which will bind
with the anions like F~. The FTIR spectra base and acid activated composite (Figure 7
and 8 respectively) had a minor shift. The establishment of a chemical link between
the functional groups on the composite may be the cause of this shift in peak
values, similar observations have been made and reported by other researchers (Bello
et al., 2017; Al-Ghouti et al., 2003). The FTIR can be used to verify the possible
applicability of various pollutants' adsorption on the composite formed with adequate
and satisfying removal efficiency. For acid activated composite, the FTIR
spectroscopic analysis indicated broad band at 3280 cm™, representing bonded —OH
groups. The band observed at 2926.06 cm™ and 2856.63 cm™ was assigned to the
aliphatic C—H group both alkane and alkenes. The peak seen at 1460 cmwas
attributed to C-H scissoring and bending for methylene, while the peak around 1630
cmtcorresponds to C=0 stretch. The symmetric bending of CHjs is represented by the
peak seen at 1370 cm™. Additionally, the peak at 1059.90 cm™relates to ether, ester,
or phenol C=0 bonds, whilst the peaks at 755.14 cm™ were linked to AL-O and Si-O

stretching, respectively. The signal measured at 564 cm™ is associated with S—O.

According to FTIR research, the majority of the adsorption process will involve
bonded —~OH groups, C=0 stretching, and secondary amine groups. Band shifts and
decreases in intensity were clearly seen at 3415 cm™, 2927.94 cm™, 2355.08 cm™,
1059.90 cm™?, and 477.39 cm™. The effects of acid activation on the composite were
validated by the alterations in FTIR spectra. The spectra shifts indicated that the
produced composite will work well as an adsorbent to remove heavy metals and dyes,
the same observation was also made by the following scholars (Bekci et al., 2009; Al-
Ghouti et al., 2003). FTIR spectroscopy examination for base activation revealed a
wide band at 3420 cm™, which is indicative of linked -OH groups. The aliphatic C-H
group was attributed to the band that was seen at 2926.06 cm™ and 2857.59 cm™. The
C=0 stretch corresponds to the peak at approximately 1610 cm-1. The symmetric
bending of CHs is represented by the peak detected at approximately 1375 cm™,
whereas the C=0 bonds of ether, ester, or phenol are represented by the peak

observed at approximately 1010 cm™. While S-O was identified as the source of the
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peak at 539.11 cm™, Si-O was found to be the peak at 710 cm™. The shift or
displacement of peaks shows that the functional groups responsible for the peaks have

reacted. These shifts revealed that the composite was likely to be useful adsorbate.
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Figure 7: FTIR spectra of the composite activated with NaOH
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Figure 8: FTIR spectra of the composite activated with H,SO4

4.2.2 Powder XRD Analysis
The crystallinity was ascertained by powder XRD method. The XRD examination of

kaolin clay, Moringa oleifera seed powder, raw composite, acid and base activated
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composites yielded a pattern with narrow, sharp, and substantial peaks. The provided
image Figure 9 shows an X-ray Diffraction (XRD) pattern of the samples, including
pure Moringa oleifera seeds, pure Kaolin clay, and pure Moringa + kaolin clay and
base activated. The sample description of the XRD patterns in Figure 9 includes; (a)
Pure moringa + clay, which is a composite of Moringa oleifera and kaolin clay (b)
wet residue, (c) activated with NaOH, (d) pure Moringa, (e) kaolin clay. The patterns
indicate a combination of amorphous and crystalline phases (Adebayo et al., 2022).
The prominent peak around 26: 22-23°, suggests the presence of a crystalline structure

typical of certain kaolin clay (Hamadeen et al., 2021).

Acid activated indicated by Figure 9 (b) showed multiple sharp peaks. This pattern
suggests that the wet residue contains several crystalline phases. The peaks are more
defined compared to the pure Moringa oleifera, indicating higher crystallinity
(Ngulube et al., 2024). Figure 9 (c) shows the pattern for NaOH activated reflecting
the sample treated with sodium hydroxide (NaOH). Treatment with NaOH may alter
the crystalline structure, evident from the new or shifted peaks compared to pure
Moringa oleifera. This activation might introduce or highlight specific crystalline
phases (Roy et al., 2022). The purple pattern for Kaolin clay shown in Figure 9 (d) is
that of pure clay, showing distinct sharp peaks. The sharpness and positions of these
peaks can be matched with known clay minerals. The reference at the bottom
indicates the presence of muscovite, a common clay mineral, along with other
possible components (Yang et al., 2004). The XRD patterns reveal significant
differences in the crystallinity and composition of the samples. The treatment and
combination of materials like Moringa oleifera and kaolin clay produce distinct
changes in their crystalline structure, which can be essential for understanding their

properties and potential applications (Abatal et al., 2021).
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Figure 9: XRD results for Different Composites (a) Pure moringa + clay, (b) activated
with HCI (c) activated with NaOH, (d) pure Moringa, (e) kaolin clay.

The XRD patterns shown in Figures 10 and 11 are for a composite that has been
activated with NaOH. The pattern includes experimental peaks (in blue), calculated
peaks (in red), and a background correction (in orange). The reference compound
indicated at the top is Cu0.81Fe0.48Ph8.14Bi12.59S28, which is an Eclarite (a
copper-lead-bismuth-iron sulfide). There are several prominent peaks between 26: 10°
and 50°, with the highest peak appearing around 26: 27°. Peaks at approximately 26:
12°,19°, 23°, 27°, 31°, and 44° show high intensities. This suggests the presence of
highly crystalline phases in the sample (Roy et al., 2022). The calculated peaks match
closely with the experimental peaks, indicating a good fit. This is confirmed by the Rp
(residual percentage) value of 30.7%, indicating a reasonable agreement between the
calculated and experimental data (Hamadeen et al., 2021). Comparing the major
peaks with the JCPDS values, it showed that, 20: 12° possible match with sulphide
compounds such as PbS (Galena) or Bi>Sz (Bismuthinite), 19° 26 possible match
sulphide minerals like CuS (Covellite) or mixed metal sulphides, 26: 23° possible
match could indicate complex sulphides or sulphate, 20: 27° strong peak, likely

indicative of a primary component Eclarite (Ngulube et al., 2024), 20: 31° possible
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match secondary sulphide phases or oxides/hydroxides formed during NaOH
treatment, 20: 44° possible match metallic phases or intermetallic compounds
(Adebayo et al., 2022). The XRD analysis shows that the sample activated with
NaOH contains multiple crystalline phases, predominantly sulphide minerals (Abatal
et al., 2021). The comparison with JCPDS cards suggests the presence of complex
sulphides such as Eclarite and possibly other sulphide minerals like Galena,
Bismuthinite, and Covellite. The good match between calculated and experimental
peaks supports the identification of these phases (Yang et al., 2004).
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Figure 10: XRD for the base activated composite.
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Figure 11: XRD for pure Composite.
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Figure 11 shows a broad peak between 26: 10-30°. Smaller crystallites are associated
with larger half-widths, and larger crystallites are associated with narrower half-
widths. Lattice distortions and structural flaws may be the cause of the diffraction
peaks' widening. By comparing the integrated intensity of the background pattern to
that of the sharp peaks, powder XRD was utilized to assess the crystallinity of the

samples.

4.3 Adsorption Studies

4.3.1 Adsorption Efficiency of Lead Using Various Composites and Dosages
The adsorption efficiency of lead (Pb (I1)) using different composites and dosages

revealed distinct trends, with each composite demonstrating optimal performance at
specific dosages. For the raw composite, the Pb adsorption efficiency remained high
and consistent across all tested dosages, with percentages of 96.97% at 0.5g, 97.44%
at 1.0g, and 96.49% at 1.5g as shown in Figure 12. The highest adsorption efficiency
for the raw composite was observed at 1.0g, with an optimal adsorption of 97.44%,

indicating stable and effective performance across various dosages.

In contrast, the composite activated with NaOH showed the highest adsorption
efficiency at the lowest dosage of 0.5g, achieving a complete Pb (Il) removal of
100%. However, as the dosage increased, the efficiency decreased to 94.10% at 1.0 g
and 90.75% at 1.5 g. This trend suggests that the NaOH-activated composite is most
effective at the lower dosage of 0.5g, where it achieved optimal adsorption. The
composite activated with H.SO4 exhibited significantly lower adsorption efficiency
compared to the other two composites. The Pb (Il) adsorption percentages were
19.95% at 0.5g, 14.92% at 1.0g, and 6.39% at 1.5g, with the highest adsorption

efficiency at the lowest dosage of 0.5 g as per Figure 12.
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Figure 12: Concentration of Pb (1) basing on the Type and Dosage of the Adsorbate

The study compared the Pb (Il) adsorption efficiencies of raw composite and
composites activated with NaOH and H.SO;4 at varying dosages as shown in Figure
12. Raw composite demonstrated high adsorption efficiency, with an optimal dosage
of 1.0 g resulting in 97.44% Pb (1) removal. This suggested that the raw composite
was inherently effective for Pb (I1) adsorption. NaOH activated Composite showed
superior adsorption efficiency, achieving 100% Pb (I1) removal at a lower dosage of
0.5 g. However, efficiency declined at higher dosages, indicating potential
aggregation issues. H»>SOs activated composite exhibited significantly lower
adsorption efficiency, with the highest adsorption of only 19.9%. This indicated that
H>SO4 activation was not suitable for enhancing the composite's Pb (I1) adsorption
capacity (Alengebawy et al., 2023). Overall, NaOH activation enhanced the Pb (1)
adsorption capacity of the composite compared to the raw composite, while H2SO4
activation is detrimental (Yameogo et al., 2011). These findings provided a valuable
insight for optimizing composite materials for effective lead removal from agueous

solutions (Alengebawy et al., 2023).

4.3.2 Concentration

The effect of lead concentration on adsorption efficiency was investigated. The data
exhibited a notable trend wherein adsorption efficiency initially increased from
41.26% at 2 ppm to 81.42% at 6 ppm. Subsequently, a slight increase was observed at
8 ppm (96.57%) followed by a consistent high efficiency at 10 ppm (95.50%). A
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Pearson correlation test indicated a strong positive relationship between Pb (1)

concentration and adsorption efficiency, r(3) = 0.9516, p = 0.0127 Figure 13.
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Figure 13: Effect of Concentration of on adsorption of Pb (Il) (0.5g base activated
composite)

The adsorption percentage increased with Pb concentration up to a point as shown in
Figure 13, indicating that the adsorption sites were becoming saturated. After
reaching the saturation point at 8 ppm, additional increases in Pb (Il) concentration
did not result in higher adsorption, and might have even led to a slight decrease. The
trend suggested an optimal Pb (Il) concentration for maximum adsorption, which
appeared at 8 ppm. Beyond this concentration, the adsorption process became less
efficient (Dwivedi et al., 2015). The diagram in Figure 13 demonstrated that the
adsorption of Pb was highly efficient up to a certain concentration, beyond which the
efficiency declined (Dwivedi et al., 2015).

4.3.3 pH

The effect of pH on Pb (I1) adsorption efficiency was investigated. The results showed
that Pb (1) adsorption efficiency increased significantly at a pH of 7, reaching
78.49%, which was the highest adsorption observed. The adsorption efficiencies at pH
8 and pH 12 were 60.09% and 67.30% respectively, while at lower pH values of 3 and
6, the adsorption efficiencies were 8.03% and 16.24% as per Figure 14. A Pearson
correlation test indicated a moderate positive correlation between pH and adsorption
efficiency, r(3) =0.7168, p = 0.173.
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Figure 14: Effect of pH during the Adsorption of Pb (II) (0.5g base activated
composite, 10 ppm of Pb (I1))

Different pH values were chosen for these study, pH 3, pH 6, pH 7, pH 8 and pH 12
to represent the strong acidic, weakly acidic, neutral, weakly basic and strong basic
respectively. The adsorption of Pb (1) was highly dependent on pH, with optimal
adsorption occurring around pH 7 as shown in Figure 14. Within this range, the
adsorption process was most efficient. At lower pH values the adsorption efficiency
was significantly lower. This may be due to increased competition between H* ions
and Pb (Il) for adsorption sites. At higher pH values the adsorption efficiency
decreased slightly from the peak at pH 7. This could be due to the formation of
Pb(OH). precipitates, reducing the availability of Pb (II) for adsorption. This
observation concurs with the work of (Dwivedi et al., 2015), who demonstrated that
acidic conditions hinder Pb (I1) adsorption due to the protonation of active adsorption
sites and increased competition from hydrogen ions. They reported Pb (I1) adsorption
efficiencies of 10% and 15% at pH values of 3 and 5, respectively, further supporting

the current findings.

The study indicated that pH significantly affects the adsorption of Pb (1I), with the
highest adsorption percentage observed at pH 7. Despite the moderate correlation, the
lack of statistical significance (p-value > 0.05) suggested that additional factors might
influence the adsorption process (Zvinownda et al., 2011). In practical applications,

such as water treatment, maintaining the pH around neutral maximizes the adsorption
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efficiency of Pb (Il), ensuring more effective removal from contaminated water

sources (Zvinownda et al., 2011).

The Pearson correlation test indicated a moderate positive correlation between pH and
Pb adsorption efficiency, with an r value of 0.7168 and a p-value of 0.173. Although
the correlation was not statistically significant, the positive trend suggests that pH
plays a crucial role in the adsorption process. This is in line with the conclusions
drawn by other researchers, such as (Alengebawy et al., 2022), who found a similar
moderate positive correlation between pH and Pb adsorption efficiency (r = 0.684, p =
0.210).

4.3.4 Temperature

The effect of temperature on Pb (I1) adsorption efficiency was analyzed across
different temperature levels. The results indicated that adsorption efficiency was
highest at 75°C (99.33%), followed by 125°C (97.78%) and 25°C (97.26%).
However, a significant decrease in adsorption efficiency was observed at 175°C
(6.43%) and further at 225°C (1.45%). A Pearson correlation test revealed a
significant negative relationship between temperature and adsorption efficiency, r(3)
=-0.8715, p = 0.05424 as shown in Figure 15.
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Figure 15: Effect of Temperature on Adsorption of Pb (Il) (0.5g base activated
composite, 10 ppm of Pb (I1) and pH 7)

The adsorption of Pb (Il) was relatively unaffected by temperature up to 125 °C. A
significant decrease in adsorption efficiency was observed at temperatures above 125
°C, indicating that higher temperatures negatively impacted the adsorption process.
This trend may be due to the increased kinetic energy at higher temperatures, which

can disrupt the adsorbent's structure or reduce the interactions between Pb (I1) and
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adsorption sites (Apau et al., 2023). The data suggested that temperatures up to 75 °C
were optimal for maintaining high Pb (Il) adsorption efficiency. Beyond this
temperature, the adsorption efficiency declined sharply, making it less effective for
practical applications at higher temperatures (Jabeen et al., 2015). The study
demonstrated that temperature had a significant impact on the adsorption of Pb. While
the adsorption efficiency remained high up to 75 °C, it decreases sharply at
temperatures above this threshold. The strong negative correlation (r = -0.8715)
highlighted the inverse relationship between temperature and adsorption efficiency
(Apau et al., 2023).

4.3.5 Rotation

The effect of rotation speed on Pb (Il) adsorption efficiency was examined. The
results showed that Pb (Il) adsorption efficiency increased with rotation speed,
reaching the highest efficiency at 500 rpm (98.62%). The adsorption efficiencies at
400 rpm, 300 rpm, 200 rpm, and 100 rpm were 93.75%, 73.94%, 66.46%, and 60.30%
respectively. A Pearson correlation test indicated a strong positive correlation
between rotation speed and adsorption efficiency, r(3) = 0.9758, p = 0.004493 Figure
16.
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Figure 16: Effect of Rotation on the Adsorption of Pb (1) (0.5g base activated
composite, 10 ppm of Pb (11), pH 7 and 348K)

Various rotations were done in order to obtain the optimum rotation for these
adsorption studies. Rotation of 100 rpm, 200 rpm, 300 rpm, 400 rpm and 500 rpm
were used for these studies. The data indicated that increasing the rotation speed

enhanced the adsorption of Pb (Il). Higher rotation speeds likely increased the
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interaction between Pb (Il) and the adsorbent, leading to more efficient adsorption
(Placet et al., 2012). The adsorption efficiency improved consistently with increased
rotation speed up to 500 rpm. This suggested that higher rotation speeds facilitated
better mixing and contact between the adsorbate and adsorbent (Placet et al., 2012).
The study demonstrated a clear positive relationship between rotation speed and the
adsorption efficiency of Pb (Arismendi et al., 2023). The very strong correlation (r =
0.9758) and statistically significant p-value (0.004493) reinforced the reliability of
this observation. Maintaining higher rotation speeds can ensure more effective mixing
and contact, thereby maximizing the removal of Pb (II) from contaminated water

(Arismendi et al., 2023).

4.3.6 Contact time

The effect of contact time on Pb (I1) adsorption was examined over varying durations.
The percentage of Pb (I1) adsorbed ranged from 69.70% to 74.12% across different
time intervals (10 to 50 minutes). A loess smoothing trend line was applied to
illustrate the relationship, indicating negative significant correlation between contact
time and Pb (Il) adsorption efficiency, r(3) = -0.5248, p = 0.3639 as shown in Figure

17.
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Figure 17: Effect of Contact Time on Adsorption of Pb (II) (0.5g base activated
composite, 10 ppm of Pb (I1), pH 7, 348K and 500 rpm)
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The trend illustrated the effect of contact time on the adsorption percentage of Pb (II).
The adsorption process was monitored over a period of 50 minutes. Initially, there
was a gradual increase in the percentage of Pb (1) adsorbed. This suggested that the
adsorption sites were readily available and the Pb (1) were actively interacting with
these sites (Smith et al, 2007). The highest adsorption of Pb (1) (74.12 %) occured at
30 minutes. After reaching the peak at 30 minutes, there was a noticeable decline in
the percentage of Pb (11) adsorbed. This reduction continues until the 50 minute mark,
where the adsorption percentage dropped to approximately 70%. The correlation
coefficient (r) is -0.5248, indicated a moderate inverse relationship between contact
time and Pb (Il) adsorption after the peak at 30 minutes. However, the p-value was
0.3639, which was greater than the conventional alpha level of 0.05 (Fan et al., 2013).
This suggested that the observed changes in adsorption percentage with contact time
were not statistically significant. The study revealed a non-linear relationship between
contact time and the percentage of Pb (11) adsorbed. The adsorption process was most
effective at 30 minutes, beyond which the efficiency declined. This trend may be
attributed to the saturation of adsorption sites or possible desorption processes
occurring after prolonged contact time (Fan et al., 2013). These findings contributed
valuable insights into optimizing the adsorption process for effective lead removal

from aqueous solutions (Smith et al, 2007).

4.3.7 Interference of As (111) on adsorption of Pb (1)

The effect of interference by As (111) on Pb (I1) adsorption was investigated across
varying concentrations of As (I11) (2 to 10 ppm). Results indicated a fluctuating trend
in Pb (Il) adsorption percentages, ranging from 77.68% to 86.46% nonetheless,
negative significant correlation was observed, r(3) = -0.5524, p = 0.3343 between

concentration and Pb (I1) adsorption efficiency as shown in Figure 18.
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Figure 18: Effect of Interference of As during the Adsorption of Pb (I1) (11) (0.5g base
activated composite, 10 ppm of Pb (1), pH 7, 348K, 500 rpm and 30 min).

Real water samples contain multi heavy metals and organic chemicals and the
presence of one heavy metal and an organic substance may hinder the adsorption of
other heavy metals and organic chemicals (Nguyen et al., 2013). To examine the
interference of As (l11) during the adsorption of Pb (1), 2 ppm, 4 ppm, 6 ppm, 8 ppm
and 10 ppm of As (I11) was introduced to constant solution of 8 ppm Pb (I1) and other
optimum conditions obtained. The results obtained indicated a lower interference for
the concentration of 2 ppm which showed 86.46% adsorption of Pb (I1). Therefore,
the concentration of 2 ppm was used for this since there was less interference during
the adsorption of Pb (I1). Interference of Cd (Il) was not carried since it concentration

was below the detection limit (Ramesh et al, 2007).

4.3.8 Adsorption Studies on Standard Solution of Pb and NR7 Sample

The identified optimum conditions were then applied to adsorption of standard
solution of 10 ppm Pb (II), to investigate the effectiveness of the adsorbate. The
results obtained indicated that the concentration of Pb (I1) was lowered till below the
detection limit, indicating the adsorbate and the chosen optimum condition was
effective for the adsorption of Pb (Il) from the standard solution, this leads to a
suggestion that the parameters applied to the standard will be effective when it comes
to the adsorption of Pb (1) on the actual samples. The same conditions were then
applied to one of the sample NR7 which had the highest concentration of Pb (II)
where the concentration of Pb (1) which was 1.7496 was lowered up to 0.284 mg/I

which equates to 83.77%, according to the following calculations;
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% removal = (1.7496 — 0.284)/ 1.7496 x 100% = 83.77%.

4.3.9 Adsorption Isotherms

The adsorption data was analyzed using Langmuir, Freundlich, and Temkin isotherm
models to understand the adsorption behavior of Pb (II) onto the composite of
Moringa oleifera and Kaolin clay. The Langmuir model estimated a maximum
adsorption capacity (Qmax) of 14.98 mg/g with a Langmuir constant (b) of 0.20 L/mg.
The goodness of fit (R?) for the Langmuir model was 0.98676, indicating a strong
correlation between the model predictions and the experimental data as shown in
Figure 19. Similarly, the Freundlich model yielded a constant (Kg) of 3.21 and an
exponent (1/n) of 2.00, with an R?value of 0.98253, suggesting a satisfactory fit of the
model to the experimental data Figure 20. The Temkin model parameters, A and B,
were determined to be 1.58 L/g and 3.61, respectively, with an R? value of 0.98,
indicating a good agreement between the model and experimental data shown in

Figure 20.
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Figure 19: Langmuir isotherm graph fit model
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Figure 20: Freundlich isotherm graph fit
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Figure 21: Temkin Isotherm graph fit model

The Langmuir model assumes monolayer adsorption on a surface with a finite number
of identical sites, which implied that all adsorption sites had equal affinity for the
adsorbate and that there was no interaction between adsorbed molecules. The high
goodness of fit R? in Figure 19 and 20 indicated that this assumption holds true for the
studied adsorption process, making the Langmuir model suitable for describing the
adsorption behavior (Das et al., 2022). A constant was related to the maximum
binding energy. A higher value of A indicated a stronger interaction between the
adsorbate and the adsorbent. In this case, A=1.58 L/g suggested a moderate affinity
between the adsorbate and the adsorbent. B parameter was directly proportional to the
heat of adsorption and gives insight into the adsorption energy distribution. A value of
B=3.61 indicated that the adsorption process was a moderate heat of adsorption,
suggested that the adsorbate-adsorbent interactions were neither too weak nor too
strong (Das et al., 2022).

4.3.10 Adsorption Kinetics

A Kkinetic analysis was conducted using pseudo-first-order and pseudo-second-order
kinetic models. For the pseudo-first-order kinetic model, the logarithm of the
difference between the equilibrium adsorption capacity (ge) and the adsorption at time
t (qt) was calculated and regressed against time. The resulting equation for the
pseudo-first-order kinetics was log(qe—qt) =—0.0001 x time + 4, with an R? value of

0.7859 shown in Table 9, indicating a moderate fit to the data shown in Figure 21.
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The pseudo-second-order kinetic model was evaluated by plotting t/qt against 1/qe.
The equation obtained was t/qt=100.0226x1/qe—99.9972 with an R? value of 1.0000,
indicating an excellent fit to the data. These results suggest that the pseudo-second-
order kinetic model better describes the adsorption process of Pb (1), as evidenced by
the higher R? value Table 9.

Table 9: Pseudo-First-Order and Pseudo-Second-Order Values

Model Parameter Value

Pseudo-First-Order Kz (1/min) -0.0001
R? 0.7859

Pseudo-Second-Order K2 (g/mg-min) 99.9972
R? 1

Pseudo—First—Order Kinetics Pseudo—Second—-Order Kinetics

4.297
4.296

= 4.295

5]

= 4294
4.293

4.292

10 20 30 40 50 0.0136 0.0138 0.0140 0.0142
Time (min) 1/ge (g/mg)
Equation: y = —1e—04 x + 4.2971 Equation: y = 99.9972 x + 0
R* = 0.7859 R* =1

Figure 22: Pseudo-First-Order and Pseudo-Second-Order Models Fit

In conclusion, the kinetic analysis suggested that the pseudo-second-order model
provided a much better fit for the experimental data compared to the pseudo-first-
order model as shown in Figure 22. The negative rate constant Ki and lower R? value
for the pseudo-first-order model indicated its unsuitability for this system (Meneghel
et al., 2013). In contrast, the high Kz and perfect R? value for the pseudo-second-order
model demonstrated its effectiveness in describing the kinetics of the adsorption
process (Das et al., 2022). Similar results for the adsorption kinetics models who
obtained related work on a solid adsorbate are (Das et al., 2022; Roy et al., 2022;
Meneghel et al., 2013).
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4.3.11 Thermodynamic Analysis on the Effect of Temperature on Adsorption of
Pb (I1) by the Composite
Adsorption data was collected at five different temperatures (25 °C to 225 °C), with

the percentage of Pb adsorbed ranging from 1.45% to 99.33. The total Pb
concentration in the solution was maintained at 10 ppm. The adsorption data was
converted to adsorption capacity (ge) in mg/g, and the temperatures were converted to
Kelvin (K) for analysis. Using the Van't Hoff equation in the form In(qe)=A-TB, a
nonlinear least squares fitting was performed to estimate the thermodynamic
parameters AH (enthalpy change) and AS (entropy change). The fitting process
yielded values for AH and AS, which were found to be 25,340.57 J/mol and 58.32
J/imol/K, respectively Figure 22. The Gibbs free energy change (AG) was calculated at
various temperatures, showing a decrease from 7.95 kJ/mol at 25 °C to -3.71 kJ/mol
at 225 °C Table 10, indicating an increasingly favorable adsorption process at higher
temperatures. The calculated AG at 298 K (25 °C) was 7,952.01 J/mol (7.95 kJ/mol).
The fit of the Van't Hoff model was evaluated by computing the R-squared value,
which was found to be 0.6792, suggesting a reasonably good fit to the experimental
data.

©
=
£ Delta H = 25340.57 J/mol
0 Delta S = 58.32 J/mol-K
Delta G (298 K) = 7952.01 J/mol (7.95 kJ/mol)
-1
van't Hoff Equation: In(qe) = A - B/ (1/T) R-squared = 0.6792
5 [ ]
0.0020 0.0025 0.0030

1/Temperature (1/K)

Figure 23: Thermodynamics AG, AS and AH.

Table 10: Thermodynamic Parameters and Gibbs Free Energy Changes

Temperature (°C) AG (J/mol) AG (kJ/mol)
25 7952.01 7.95
75 5035.94 5.04
125 2119.86 2.12
175 -796.21 -0.8
225 -3712.29 -3.71
298 (25°C) 7952.01 7.95
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The given data presents Gibbs free energy (AG) values at different temperatures as
shown in Table 10, both in J/mol and kJ/mol. These values were crucial for
understanding the thermodynamics of a reaction process. AG was a thermodynamic
potential that measures the maximum reversible work obtainable from a
thermodynamic system at constant temperature and pressure (Das et al., 2022). It was
a critical parameter in determining the spontaneity of a reaction. A negative AG
indicated a spontaneous reaction, while a positive AG indicated non-spontaneity as
illustrated in Figure 23. The data demonstrated a clear trend in the behavior of AG
with increasing temperature. At 25°C, AG was positive (7.95 kJ/mol), indicated that
the reaction was non-spontaneous under these conditions. The system required an
input of energy to proceed. As the temperature increased from 25 °C to 125 °C, AG
decreased significantly, becoming less positive. This suggested that the system
required less energy to proceed with the reaction at higher temperatures, making it
more favorable (Das et al., 2022). At 175 °C, AG became negative (-0.8 kJ/mol),
indicating a transition to spontaneity. At this temperature, the reaction or process
became thermodynamically favorable without the need for additional energy input.
Beyond 175 °C, the AG values continued to decrease, became more negative at 225°C
(-3.71 kJ/mol). The enthalpy change (AH) of 25,340.57 J/mol indicated that the
reaction was endothermic. However, the positive entropy change (AS) of 58.32
J/mol/K implies that the disorder of the system increased during the reaction. As
temperature increased, the TAS term grows larger, leading to a decrease in AG,
eventually making it negative and indicating spontaneity (Das et al., 2022). This trend
showed that the reaction became increasingly spontaneous at higher temperatures.
The observed trend suggested that temperature played a significant role in the
spontaneity of the reaction (Roy et al., 2022). At lower temperatures, the reaction was
non-spontaneous and required energy input. However, as the temperature rose, the
reaction transitions to a spontaneous process indicated that heat acted as a driving
force for the reaction. The data indicated that the reaction in question became more

thermodynamically favorable as temperature increased (Roy et al., 2022).
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CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Summary

The study aimed to assess the levels of physicochemical parameters and investigate
the remediation of lead (Pb I1) in borehole water in Nakuru East Sub County, which is
contaminated primarily by heavy metals and non-metals from both natural and
anthropogenic sources. It involved the collection of water samples from various
borehole locations during both dry and wet seasons. The analysis focused on several
parameters, including temperature, pH, turbidity, electrical conductivity, dissolved
oxygen, fluoride and concentrations of lead, cadmium and arsenic. Key objectives
included determining the extent of contamination and evaluating the efficacy of a
composite made from Moringa oleifera seed powder and kaolin clay as an adsorbent

for lead remediation.

The findings revealed significant health risks associated with the borehole water, with
Pb (1) levels exceeding WHO limits in over 31% of samples during the dry season
and 42% during the wet season. Additionally, arsenic concentrations were also above
the acceptable limits in both seasons. The physicochemical parameters indicated
various degrees of contamination, including turbidity levels exceeding WHO
guidelines in the wet season and electrical conductivity levels surpassing thresholds in
the dry season. The composite adsorbent demonstrated effective Pb (Il) removal,
achieving an adsorption efficiency of 83.77% under optimal conditions, and the
adsorption data conformed to Langmuir isotherm and Pseudo-Second-Order models.
The study highlighted an urgent need for water treatment solutions due to the elevated
levels of arsenic and lead and recommended further research into the composite's

effectiveness for other heavy metals and in different contexts.

5.2 Conclusion

The turbidity of all the boreholes sampled during the dry and wet seasons were within
the WHO and KEBS recommended limit except for only two boreholes NR1 and OL1
during the wet season. The entire pH of the boreholes was within the WHO and
KEBS limit, while temperature had minor significant variation but with no effect to

human consumptions. DO was higher during the wet season but with less variations,
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resulting on less effect on human health. Fluoride was higher in dry season, although
the levels were above the WHO and KEBS limit it has no advance effect of causing
skeletal fluorosis. The levels of Pb (Il) concentration showed that, 36.8 % of the
samples were above the WHO and KEBS recommended level, while the cadmium
concentrations were below the detections limits in all the collected samples. The
concentration of arsenic in both the dry and wet seasons was above the WHO and
KEBS set limits. The composite showed an effectiveness of 83.71 % basing on the
adsorption done. The adsorptions mechanism demonstrated in the research was

chemisorption and well described by Langmuir and pseudo second order models.

Residents of Nakuru East, particularly children, are at a high risk of experiencing
negative health effects from high As (Ill) and Pb (Il) consumption because water
from these sources is used for drinking, cooking and other household tasks, causing
people to directly consume high levels of As (I11) and Pb (I1), if water is supplied to
customers directly without any sort of treatment, it is advised that some sort of low-
cost treatment be used to lower the levels of trace metal as the one used as an

adsorbent in this study.

5.2 Recommendations of the study

i. It is advised that all of the NAWASSCO boreholes have their water quality
analyzed at least every year. This will guarantee that instances of contamination
are identified sooner so that corrective action can be implemented.

ii.  Water quality needs to be monitored in order to find long-term solutions to
health issues related to the use and drinking of low-quality waters. This will
protect public health and minimize unpleasant experiences associated with
drinking or using low-quality waters.

iii.  People should be informed about the importance of doing farming activities far
from potential sources of contamination to boreholes in order to maintain the
state of boreholes.

iv.  Further research to be done on the applicability and efficiency of the composite
of Moringa oleifera seeds and kaolin clay on other metals and non-metals

remediation.
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APPENDICES

Appendix 1: Physicochemical parameters for dry season.

BH Turbidity pH EC Temp (°C) DO (mg/L) Fluoride
(NTU) (us/cm) (mg/L)
B3: 0.716667 7.142 663.3333 24.2 3.713333 2.00
B3: 0.416667 7.033333 652 24.2 4.61 2.01
B33 0.566667 6.96 661.6667 24.2 9.83 2.01
B61 0.92 7.09 719.3333 23.9 4.216667 2.01
B62 0.64 7.051667 717.6667 24 4.216667 2.02
B63 0.846667 7.017667 705.3333 24 3.543333 2.03
B71 0.836667 6.959333 666.3333 24.4 3.78 1.97
B7: 3.216667 7.004667 717.6667 24.3 2.423333 1.98
B73 1.01 7.099667 660.6667 24.3 3.703333 1.98
B81 0.513333 7.020333 680.6667 24.2 3.35 1.88
B8: 0.146667 7.046333 676.3333 24.2 4.06 1.83
B83 0.42 7.018 671.6667 24.2 3.75 1.87
KA101 1.436667 6.751667 398.3333 24.2 2.443333 1.10
KA10, 0.713333 7.047 404.3333 24.2 3.536667 1.11
KA10s 3.173333 6.701333 400 24.2 3.486667 1.12
KAl 0.633333 6.840333 416.3333 24.1 4.19 1.40
KA1, 2.416667 6.794667 413.6667 24.1 3.886667 1.43
KAls 1.313333 6.796667 419.6667 24.2 4.213333 1.45
KA2; 0.946667 7.318333 471.6667 24.3 3.98 1.40
KA2; 1.236667 7.003 469.3333 24.3 3.423333 1.41
KA23 1.463333 6.938 468 24.3 4.346667 1.42
KA3; 0.53 7.159667 528.3333 24.33333 3.983333 0.81
KA3; 1.203333 7.120667 531.3333 24.3 4.133333 0.82
KA33 0.783333 7.082667 541.3333 24.2 4.14 0.81
KA5; 0.85 7.224333 406.6667 24.2 4.546667 1.21
KAb5; 0.793333 7.022 407 24.2 4.59 1.21
KA53 4.626667 6.780333 400.3333 24.2 0.183333 1.21
KAT71 2.58 7.001 427.3333 24.2 4.166667 0.89
KAT72 6.496667 6.937333 427 24.1 3.38 0.89
KAT73 0.386667 6.366667 811.6667 24.1 3.786667 0.89
Kl1y 1.023333 7.060667 808.6667 23.8 4.643333 1.71
K112 1.63 7.458333 811.3333 23.8 3.7 1.71
Kl1s 1.43 7.380667 808.3333 23.9 3.663333 1.78
MA11 131 6.974333 412.3333 24.2 3.703333 1.23
MA1. 1.493333 7.105 407.3333 24.2 3.656667 1.23
MA13 6.346667 7.191 411.6667 24.2 3.293333 1.24
NR1: 8.826667 7.664667 413.6667 23.4 4.04 1.12
NR1, 9.083333 7.641 408.6667 24.2 4.606667 1.11
NR13 10 7.542667 404.3333 24.2 4.623333 1.21
NR21 1.133333 7.420333 806 24.2 4.41 0.78
NR22 0.266667 7.459333 818.3333 24.2 3.536667 0.81
NR23 0.23 7.498667 805.6667 24.2 3.593333 0.79
NR31 1.853333 7.336333 820.3333 24.3 3.446667 0.67
NR32 0.423333 7.359667 827.6667 24.3 3.753333 0.68
NR33 0.47 7.456333 819.6667 24.3 4.203333 0.70
NR41 0.796667 7.188 823 24.3 3.33 0.65
NR4, 0.38 7.262 828.6667 24.2 4.02 0.64
NR43 0.88 7.376333 817.6667 24.2 4.596667 0.65
NR5:1 0.496667 7.063 814.3333 24.2 4.35 0.68
NR52 0.54 7.250333 818.3333 24.2 4.006667 0.68
NR53 0.13 7.344667 818.6667 24.2 3.966667 0.68
NR71 0.71 7.548 820.3333 24 4.23 1.30
NR72 0.353333 7.070333 802.6667 24.2 3.126667 1.30
NR73 0.55 7.399 811.6667 24.2 4.26 1.31
OL1: 6.67 7.442333 398 24.2 4.316667 0.47
OL1> 8.24 7.206667 391.6667 24.2 4.73 0.48
OL13 10.12667 7.199667 386.3333 24.2 4.77 0.49
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Appendix 2:

Physicochemical parameters for wet season.

BH Turbidity pH EC Temp (°C) DO (mg/L) Fluoride
(NTU) (us/cm) (mg/L)
B31 1.723333 6.376667 234 254 3.626667 2.10
B3 2.476667 6.333333 302.6667 25.5 2.62 211
B33 1.743333 6.356667 326 25.56667 2.993333 2.12
B61 1.203333 6.213333 370 25.56667 3.75 2,20
B62 2.213333 6.376667 212 25.36667 3.003333 2.10
B63 1.303333 6.193333 367.3333 255 1.426667 2.15
B7: 2.09 6.616667 204.6667 26.2 3.406667 1.98
B7: 3.286667 6.603333 252 26.36667 2.706667 1.98
B73 1.723333 6.6 285.3333 26.6 2.673333 1.98
B81 1.706667 6.563333 264 26.16667 3.17 1.90
B8 1.763333 6.47 309 26 2.99 1.91
B83 1.933333 6.55 366.6667 26.33333 3.553333 1.92
KA10: 2.613333 6.41 250.6667 25.6 3.513333 1.41
KA10, 1.766667 6.526667 158 254 3.303333 1.45
KA103 2.42 6.44 187.3333 25.5 2.57 1.48
KAl 2.31 6.4 215 25.7 2.92 1.50
KAl 1.896667 6.433333 176.6667 25.36667 2.77 1.53
KAls 1.566667 6.413333 168.3333 255 2.996667 1.54
KA2: 1.513333 6.446667 264.3333 25.6 2.98 0.90
KA2; 1.143333 6.586667 170.3333 25.6 3.116667 0.92
KA23 1.966667 6.52 150 25.7 2.746667 0.94
KA3: 2.26 6.406667 189 25.6 3.526667 1.32
KA3; 2.013333 6.403333 181 255 3 1.35
KA3s 0.64 6.4 216.6667 25.7 3.783333 1.33
KA5; 1.443333 7.306667 175 255 1.643333 0.91
KA5; 2.146667 7.156667 213.3333 25 3.013333 0.91
KA53 2.226667 7.133333 199.3333 25.3 3.506667 0.92
KAT: 2.313333 6.403333 276.6667 26.1 2.366667 1.21
KAT72 3.196667 6.55 159.3333 25.93333 2.016667 1.31
KAT73 2.746667 6.47 165 25.93333 1.71 1.21
Kl1y 2.213333 6.42 230 25.6 0.74 1.61
K112 3.15 6.416667 279.6667 25.6 2.053333 1.62
Kl13 1.996667 6.396667 392 25.8 3.103333 1.64
MA1: 3.853333 7.436667 220.3333 25 3.686667 1.81
MA1L; 2.17 7.306667 153 25.3 2.606667 1.81
MA13 2.396667 7.24 254 25.4 3.16 1.85
NR1: 1.93 7.703333 370.3333 25.2 2.906667 2.01
NR1> 1.653333 7.746667 286 25.1 3.1 2.00
NR13 2.27 7.413333 239 25 2.726667 211
NR21 2.946667 7.306667 338.3333 24.93333 3.383333 1.00
NR22 2.22 7.223333 381.6667 24.6 3.21 1.11
NR23 7.786667 7.23 316 24.3 0.34 1.12
NR3: 2.026667 7.25 297 25.2 3.013333 0.75
NR32 0.953333 7.17 371.6667 24.83333 1.986667 0.76
NR33 2.27 7.213333 347 24.7 2.993333 0.77
NR41 1.69 6.47 314.6667 25.5 3.313333 0.71
NR4., 1.766667 6.4 323.3333 25.43333 2.98 0.76
NR43 1.873333 6.643333 336.6667 25.6 3.326667 0.78
NR51 2.196667 7.206667 342.3333 25.66667 3.383333 0.78
NR52 2.49 7.176667 341.3333 249 3.04 0.78
NR53 2.52 7.22 330.6667 25.2 3.156667 0.80
NR71 2.98 7.763333 226 25.13333 2.88 1.20
NR72 1.746667 7.27 453.6667 249 2.263333 1.22
NR73 2.06 7.296667 369.3333 25 2.69 1.23
OL1: 2.406667 6.496667 377 26.06667 1.25 0.57
OL1, 5.873333 6.566667 358 26.2 0.176667 0.58
OL1s3 4.043333 6.61 316.6667 26.23333 0.37 0.59
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Appendix 3: ANOVA table for physicochemical parameters dry season.

Turbidity

Source DF Sum of Squares Mean Square F Value P-Value
Model 18 29.94043484 1.66335749 656.33 <.0001
Error 38 0.09630387 0.00253431

Corrected Total 56 30.03673871

Sample 18 29.94043484 1.66335749 656.33 <.0001
pH

Source DF Sum of Squares Mean Square F Value| P-Value
Model 18 10.16108879 0.56450493 110.19 <.0001
Error 37 0.18955996 0.00512324

Corrected Total 55 10.35064875

Sample 18 10.16108879 0.56450493 110.19 <.0001
Electrical Conductivity

Source DF Sum of Squares Mean Square F Value| P-Value
Model 18 223405.0509 12411.3917 47984.9 <.0001
Error 38 9.8288 0.2587

Corrected Total 56 223414.8797

Sample 18 223405.0509 12411.3917 47984.9 <.0001
Temperature

Source DF Sum of Squares Mean Square F Value| P-Value
Model 18 11.10561404 0.61697856 20.21 <.0001
Error 38 1.16000000 0.03052632

Corrected Total 56 12.26561404

Sample 18 11.10561404 0.61697856 20.21 <.0001
DO

Source DF Sum of Squares Mean Square F Value| P-Value
Model 18 23.17902713 1.28772373 188.77 <.0001
Error 38 0.25922425 0.00682169

Corrected Total 56 23.43825137

Sample 18 23.17902713 1.28772373 188.77 <.0001
Flourides

Source DF Sum of Squares Mean Square F Value P-Value
Model 18 13.48959298 0.74942183 2157.43 <.0001
Error 38 0.01320000 0.00034737

Corrected Total 56 13.50279298

Sample 18 13.48959298 0.74942183 2157.43 <.0001
Appendix 4: ANOVA table for physicochemical parameters wet season

Turbidity

Source DF| Sum of Squares Mean Square| F Value| P-Value
Model 18 347.6572622 19.3142923 15738.9 <.0001
Error 38 0.0466323 0.0012272

Corrected Total 56 347.7038945

Sample 18 347.6572622 19.3142923 15738.9 <.0001
pH

Source DF| Sum of Squares Mean Square| F Value| P-Value
Model 18 2.84321393 0.15795633 550.20| <.0001
Error 38 0.01090933 0.00028709

Corrected Total 56 2.85412326

Sample 18 2.84321393 0.15795633 550.20 <.0001
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Electrical Conductivity

Source DF| Sum of Squares Mean Square| F Value| P-Value
Model 18 1667387.655 92632.648| 1243594| <.0001
Error 38 2.831 0.074

Corrected Total 56 1667390.486

Sample 18 1667387.655 92632.648| 1243594| <.0001
Temperature

Source DF| Sum of Squares Mean Square| F Value| P-Value
Model 18 0.99578947 0.05532164 6.06| <.0001
Error 38 0.34666667 0.00912281

Corrected Total 56 1.34245614

Sample 18 0.99578947 0.05532164 6.06| <.0001
DO

Source DF| Sum of Squares Mean Square F Value | P-Value
Model 18 22.77517954 1.26528775 10485.8| <.0001
Error 38 0.00458533 0.00012067

Corrected Total 56 22.77976488

Sample 18 22.77517954 1.26528775 10485.8| <.0001
=

Source DF| Sum of Squares| Mean Square| F Value| P-Value
Model 18 14.71514737 0.81750819| 1109.48 <.0001
Error 38 0.02800000 0.00073684

Corrected Total 56 14.74314737

Sample 18 14.71514737 0.81750819| 1109.48 <.0001
Appendix 5: ANOVA table for heavy metals during the dry season.

Pb

Source DF | Sum of Squares| Mean Square| F Value| P-Value
Model 18 0.15304664 0.00850259 72.17 <.0001
Error 38 0.00447720 0.00011782

Corrected Total 56 0.15752385

Sample 18 0.15304664 0.00850259 72.17 <.0001
As

Source DF | Sum of Squares Mean Square | F Value| P-Value
Model 18 1.90361061 0.10575614| 10.94 <.0001
Error 38 0.36724333 0.00966430

Corrected Total 56 2.27085394

Sample 18 1.90361061 0.10575614| 10.94 <.0001
Appendix 6: ANOVA table for heavy metals during the wet season.

Pb

Source DF Sum of Squares Mean Square| F Value P-Value
Model 18 26.96608298 1.49811572| 23287.7 <.0001
Error 38 0.00244457 0.00006433

Corrected Total 56 26.96852755

Sample 18 26.96608298 1.49811572| 23287.7 <.0001
As
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Source DF| Sum of Squares Mean Square| F Value, P-Value

Model 18 0.73843842 0.04102436 173.84 <.0001

Error 38 0.00896742 0.00023598

Corrected Total 56 0.74740584

Sample 18 0.73843842 0.04102436 173.84 <.0001
X7

Append
AR

: Section of Kabatini boreholes

Appendix 9: Pure and-carbonizegl Moriweed powder respectively

o BTN
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Appendix 12: NACOSTI Research Authorization License
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REPUBLIC OF KENYA NATIONAL COMMISSION FOR
SCIENCE, TECHNOLOGY & INNOVATION

Ref No: 614813 Date of Issve: 24/February/2024

RESEARCH LICENSE

This is to Certify that Mr.. GEOFRY KIPRONO of Chuka University, has been licensed to conduct research as per the provision
of the Science, Technology and Innovation Act, 2013 (Rev.2014) in Nakuru on the topic: Determination of physico-chemical
parameters and remediation of selected heavy metals using adsorption in bohole water within Nakuru City, Kenya. for the period
ending : 24/Fcbruary /2025,

License No: NACOSTU/P/24/33333

614813 L\@X""["

Applicant Identification Number Director General
NATIONAL COMMISSION FOR
SCIENCE, TECHNOLOGY &
INNOVATION

\erification QR Code

NOTE: This is a computer generated License! To verity the authenticity of this document,
Scan the QR Code using QR scanner application.

See overleaf for conditions
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