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ABSTRACT
Contamination of drinking water due to fluoride and pathogens is a severe health hazard

problem. Excess of fluoride (>1.5 mg/L) in drinking water leads to dental and skeletal fluorosis
whereas the presence of pathogens in water can lead to adverse health effects, including
gastrointestinal illness, reproductive problems, and neurological disorders. This study aims to
fabricate macadamia nutshell powder-Al/Fe metal oxide modified DE composite beads for
removal of fluoride, pathogen from groundwater. The physicochemical compositions of the
material were characterized using Scanning Electron Microscope, Fourier Transform Infrared
Spectroscopy, Brunauer Emmett Teller and X-Ray Fluorescence and X-Ray Diffraction. The
fluoride removal was evaluated using batch and column experiment and the pathogen removal

was done using Well disc diffusion assay method.

First chapter of results focused on physiochemical characterization of macadamia nutshell
powder and further evaluates its efficiency in fluoride and pathogens removal from water.
Physicochemical characterization revealed that MNS mainly consist of O, C, H and N as the
main elements. This was further confirmed by FTIR which showed OH, C-H, C=0, C-C, C-
OH together with the band of C-O. The XRD revealed that MNS is crystalline. The batch
experiments showed a maximum fluoride sorption capacity of 1.26 mg/g which was achieved
at initial fluoride concentration of 5 mg/L, adsorbent dosage of 0.5 g/100 mL, pH 6 and shaking
time of 120 min agitation time. The adsorption isotherm data fitted well to Langmuir than to
Freundlich isotherm indicating adsorption occurred on monolayer surface. The value AG® was
found to be negative indicating that adsorption of fluoride onto MNS was spontaneous and
favourable. The regeneration studies of MNS demonstrated that the adsorbent can be
regenerated for up to 7 cycles using 0.01 M HCI and this clearly indicates the reuse potential
of the adsorbent. MNS show no zone of inhibition (bacterial activity) towards the Escherichia

Coli and Staphylococcus Aureus and Klebsiella Pneumoniae.

Second chapter focused on fabrication of macadamia nutshell powder-Al/Fe metal oxide
Modified diatomaceous earth composite beads for fluoride and pathogen removal and to further
evaluate their properties and efficiency of fluoride and pathogens removal. The optimum ratio
for fabricating the beads was found to be 1:3 (1 MNS: 3 Modified DE) which yield the high
fluoride removal. The MNS-Al/Fe metal oxide modified DE beads consist of Al203 and FeOs
as major chemical components. Batch experiments showed a maximum fluoride removal
capacity of 2.61 mg/g with initial fluoride concentration of 5 mg/L and adsorbent dosage of 0.9

g/ 100 mL at a pH of 4 and equilibration time of 120 mins. The adsorption kinetics data fitted
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better to pseudo second order than pseudo first order of reaction kinetics indicating that the rate
limiting factor is chemisorption. The adsorption isotherm data fitted better to Langmuir
isotherm model indicating that adsorption occurred on monolayer surface. The
thermodynamics parameters such as AG” and AH" revealed that adsorption of fluoride by the
composite adsorbent is endothermic and spontaneous and AS" indicated that fluoride ions were
randomly distributed on the surface of the adsorbent. The presence of Mg?*, Ca?*, SO4%", NOs"
, CI', and CO3? reduced the percentage fluoride uptake by the prepared beads. The adsorbent
was regenerated up to 5 cycle using deionised water and this clearly indicates the reuse
potential of the adsorbent. The column experiments showed that increasing bed height from 30
mm to 40 mm increases the volume of water treated at breakthrough point from 1.3 To 1.8 L.
Moreover, the breakthrough capacity for 40 mm bed height was found to be 0.49 mg/g.
Antimicrobial potency study showed that the prepared composite beads have a potency against

Klebsiella Pneumoniae with 10 mm diameter of inhibition zone.

Based on the findings, it can be concluded that MNS and MNS-AIl/Fe metal oxide modified
DE beads can be used for fluoride removal from ground water with about 48% (MNS) and 70%
(MNS and MNS-AI/Fe metal oxide modified DE beads). MNS and MNS-AI/Fe metal oxide
modified DE beads also show microbial potency towards Klebsiella Pneumoniae. Moreover,
MNS show no microbial potency and the fluoride removal is below 1.5 mg/L as recommended
by WHO. Therefore, it is recommended that further study should investigate modification of
MNS using inorganic and organic chemical species in order to enhance its performance towards
fluoride and pathogen removal. Although MNS-AI/Fe metal oxide modified DE beads showed
potency towards Klebsiella Pneumoniae, further research must be done use Ag and Au

nanoparticles to enhance its effectiveness to bacteria.
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Chapter 1: Introduction

1.1 Background
Water scarcity is gradually becoming a potential threat to human health, food security and

national ecosystems with more than 50% of the world projected to experience water shortage
by 2025 (Pradhan and Biswal, 2018: Tzanakakis et al., 2020). These shortages of water are due
to climatic change and pollution from industries. According to the World Health Organization
(WHO) reports, about 844 million people lack basic quality drinking-water service, with about
3.4 million people, mostly young children died annually from water-related diseases, most
especially in the developing countries (WHO/UNICEF, 2017; Ayinde et al., 2018). For these
reasons’ majority of people in rural areas of Sub-Saharan Africa and other developing countries
depends on groundwater as source of drinking water and water for domestic usage (Gitari et
al., 2015). Depending on the geographical location, groundwater is characterized by a high
concentration of ions such as fluoride which is detrimental to human health (Yu et al., 2013;
Ayinde et al., 2018; Odiyo and Makungo, 2012). Excessive levels of fluoride can cause many
problems ranging from mild dental fluorosis to crippling skeletal fluorosis as the level and
period of exposure increases (WHO, 2017). The World Health Organisation has recommended
a guideline value of 1.5 mg/L of fluoride in drinking water in order to reduce the risk of
fluorosis (WHO, 2017).

Apart from fluoride, groundwater is vulnerable to other contaminants such as pathogens
(Soupir et al., 2018; Ayinde et al., 2018). The lack of proper sanitation measures, as well as
improperly placed wells lead to contamination of groundwater with pathogens carried in faeces
and urine. The presence of pathogens in water can lead to adverse health effects, including
gastrointestinal illness, reproductive problems, and neurological disorders (Newell, 2010).
Regarding this sickness caused by contaminated water there is a need for the development of
water treatment techniques that will help reduce the number of people who lacks access to

clean water.

Different defluoridation techniques have been developed to remove fluoride in drinking water.
Such techniques include precipitation, reverse osmosis, electrodialysis, ion exchange,
nanofiltration, and adsorption (Dhillon et al., 2015; Yu et al., 2013). Among these various
techniques, adsorption is the most suitable and commonly used because of its effectiveness,
energy saving, simplicity and cost effective (Bhatnagar et al., 2011). Several adsorbents
including nanohydroxyapatite, clay and diatomaceous earth have been tested for fluoride
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removal from groundwater (Ayinde et al., 2018; Mudzielwana et al., 2018; Gitari et al., 2015;
Izuagie et al., 2016). However, these materials are more effective at narrow pH range and have
poor regeneration potential. Moreover, these adsorbents do not target microbial contaminants.
The ways of disinfection, chlorination of drinking water, boiling of water, ceramic filters and
ultraviolet (UV) (Ayinde et al., 2018: Moran et al 2008).

Our previous study has evaluated the efficiency of Al/Fe oxides modified DE in fluoride
removal using batch and column experiments (Gitari et al., 2017; Nekhavhambe, (2018). The
material showed a maximum fluoride adsorption capacity of 5.53 mg/g. (Izuagie et al., 2016).
The column experiment conducted by Nekhavhambe (2018) showed that the material has a
better fluoride removal capacity. However, its application at household level using fixed bed
column is limited by its low permeability which results in small volume of water treated after
a long period of time. The amount of treated water at breakthrough point was 3.33 L within 62
hours. In the bid to enhance the permeability, combining DE with bio-waste could yield better
permeability. The bio-waste used was Macadamia Nutshell powder (MNS) which is known to
have high surface area (Pakade et al., 2017) which could enhance the permeability and the
porosity of the composite material.

South Africa is the third largest producer of Macadamia nutshells which also increase the
accumulation of MNS (Mogala, 2014). Macadamia nut shells are composed of Carbon
(57.5%), Hydrogen (5.95%), Nitrogen (0.33%), Oxygen (36.2%) and sulphur (0.33%).
Macadamia nutshell powder have also been applied in waste-water treatment for removal of
chromium (Pakade et al., 2017) and they have shown greater performance. The main objective
of this study is to create beads and evaluate their efficiency in fluoride and its antimicrobial
potency. The beads will be fabricated by making composite with macadamia nutshell powder

and Al/Fe Modified DE using sodium alginate as a binder.

1.2 Problem statement
Contamination of groundwater from fluoride and pathogens is of greater concern mainly in

rural communities where groundwater is the main source of water for human consumption due
to their health impacts on human beings (Ayinde et al., 2018). Prolonged exposure to fluoride
concentrations beyond the World Health Organization (WHQO) recommended limit of 1.5 mg/L
leads to dental and skeletal fluorosis (WHO, 2017; lzuagie et al., 2016). While consumption

of water contaminated by pathogens lead to several diseases including cholera and diarrhoea.
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In South Africa, higher fluoride concentration has been reported in Limpopo, North West,
Northern Cape, Western Cape, Free State and KwaZulu-Natal provinces (Ncube and Schutte
2005). A study conducted in Siloam Village Limpopo Province, South Africa by Odiyo and
Makungo (2012) show that about 50% of children aged between 11 and 14 in Siloam primary
school had mottled teeth. These is a result of high concentration of fluoride in Siloam borehole
which is greater than 1.5 mg/L. Pathogen related diseases have been observed in Southern
Africa, Zimbabwe and Mozambique (WHO, 2019). A study by Johri et al. (2014) observed
that 41.5% of urban and 60% of rural households were using contaminated water in Africa.
Despite water being contaminated people still rely on contaminated groundwater because of
lack of pipe born water or centralized municipal water supply. An effort must be done in order

to treat water to the level that is recommended by WHO to avoid health effects.

Several adsorbents including activated alumina, diatomaceous earth and bentonite clay have
been developed for fluoride removal (Gitari et al., 2017; Izuagie et al., 2016; Mudzielwana al
et., 2017). Activated alumina has a great capacity for fluoride adsorption, which is dependent
upon the crystalline form, the activation process and the solution pH and alkalinity (Tripathy
et al., 2006). Moreover, most of the developed adsorbents are not multifunctional meaning that
they are able to remove specific contaminant. There is a need to develop a multipurpose
adsorbent that can be able to remove both chemical contaminants and pathogens from

groundwater at the same time.

Previous studies indicated that Al/Fe oxide modified DE has greater potential for fluoride
removal. However, its application is limited by poor permeability and porosity (Izuagie et al.,
2016). In the present study, the physical properties of Al/Fe oxide modified DE will be
improved by fabricating macadamia nutshell powder Al/Fe oxide Modified DE sodium
alginate beads composite with the aim of enhancing the permeability as well as antimicrobial
potency of the adsorbent. The developed adsorbent will then be tested for fluoride and pathogen

removal.
1.3 Objectives
1.3.1 The main objective

The main objective of the study is to fabricate macadamia nutshell powder-Al/Fe modified DE

sodium alginate composite beads for removal of fluoride, pathogen from groundwater.
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1.3.2 Specific objectives

To determine the physicochemical composition of macadamia nutshell powder.

To evaluate the effectiveness of macadamia nutshell powder in fluoride and pathogens
removal from groundwater.

To evaluate the optimum conditions for fabricating macadamia nutshell powder-Al/Fe
oxides coated DE sodium alginate beads for fluoride and pathogen removal from
groundwater.

To evaluate the fluoride and pathogens removal efficiency of macadamia nutshell
powder Al/Fe oxides coated DE sodium alginate beads composite.

To determine the regeneration and reusability potential of the synthesized adsorbents

using various chemical solution.

1.4 Research question

What are the mineralogical, chemical, and elemental characterization of macadamia nut
powder?

How effective the macadamia nutshell powder be in fluoride and pathogens removal
from groundwater?

What are the optimum conditions for fabricating macadamia nutshell powder-Al-Fe
oxides coated DE sodium alginate beads for fluoride and pathogen removal from
groundwater?

How efficient will the macadamia nutshell powder Al/Fe oxides coated DE sodium
alginate beads composite be in removal of fluoride and pathogens using both batch and
column flow mode?

How effective will the regeneration and reusability of the developed adsorbent be using

various chemical solutions?

1.5 Hypothesis
Macadamia nutshell powder-Al/Fe oxide modified diatomaceous earth sodium alginate beads

will be effective in removal of fluoride and pathogens from groundwater.

1.6 Assumption
It is assumed that removal of fluoride and pathogen using synthesized adsorbent of milled

macadamia nutshell-Al/Fe modified diatomaceous earth sodium alginate beads is effective for

the removal of chemical contaminants and it can be applied in household treatment devices.
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1.7 Motivation
Most people residing in rural areas depend on groundwater which has higher fluoride

concentration and contain pathogens as source of water, due to lack of alternative source of
drinking water. The high concentration of fluoride can lead to fluorosis and pathogen can cause
diseases including cholera and diarrhoea. As such there is a need to develop a low-cost material
that can be used to remove the excess fluoride concentration and pathogens from groundwater
at household level. Although several materials have been developed for fluoride and pathogen
removal some of them suffer from disadvantages such as operating of low pH value and not
being chemically stable (Adeleye et al., 2016). The production of macadamia nutshell powder-
Al/Fe oxide modified diatomaceous earth composite beads adsorbent will contribute to the

problem solving of drinking contaminated water, it will improve the health of the people.

The current study contributes to the Sustainable Development Goals (SDG) 6. Goal 6 aims to
tackle challenges related to drinking water, sanitation, and hygiene for populations, as well as
to water-related ecosystems. This SDG goals will focus much on goal 6.1 which seek to secure
safe and affordable drinking water for all. Without quality, sustainable water resources and
sanitation, progress in many other areas across the SDGs, including health, education, and
poverty reduction, will also be held back (Moran et al., 2008).

1.8 Thesis structure
Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Physicochemical characterization of macadamia nutshells for fluoride and
pathogen removal from groundwater

Chapter 4: Fabrication of macadamia nutshell powder-Al/Fe metal oxide Modified
diatomaceous earth composite beads for fluoride and pathogen removal.

Chapter 5: Conclusions and recommendations
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Chapter 2: Literature Review

2.1 Introduction
This chapter present the review of literature related to fluoride and pathogens in groundwater,

their occurrence and factors influencing their concentration in water, their health effects, and
their health standards and the methods used to remedy them. Lastly, it will review literature

surrounding their removal from groundwater.

2.2 Fluoride
Fluoride (F°) is a chemical which occurs naturally on the earth crust. It is derived from the

element fluorine which is the most electronegative of all chemical’s elements (Tong et al.,
2020). Fluoride exists in the environment through the combination of other elements as fluoride
compound and is also found naturally in water, foods, soil, and several minerals such as fluorite
and fluorapatite (Kabir et al., 2020; Banerjee et al, 2015). Fluoride-bearing minerals such as
fluorite, apatite, cryolite, sellaite, amphiboles, topaz, and mica are found in numerous rocks
and sediments (Mukherjee and Singh, 2020). The Weathering of this fluoride-bearing minerals
are considered to be the first major natural source of inorganic fluorides in the groundwater,
whereas the second major natural source is the volcanic eruption, and the third major natural
source are marine aerosols (Makoba, 2020 and Kadam et al., 2020). Anthropogenic activities
such as excess application of phosphate fertilizers in the agriculture field, coal combustion,
aluminum smelting, cement manufacture is also contributing fluoride in the environment
(Weldeslassie et al., 2018)

Contamination of water by fluoride is directly affected by the adsorption and leaching process
(Patel et al., 2019). The fluoride adsorption capacity decreases from humid areas to arid areas
and from acidic soils to alkaline soils. In arid and semiarid alkaline soil regions, leaching
process is higher. Therefore, fluoride could enrich the fluoride concentration in the shallow
groundwater, which results in the endemic fluorosis (Narsimha and Rajitha, 2018). Fluoride
leaching rate also depends on weathering process and the presence of organic acids in soil. It
was found that fluoride leaching rate is higher from highly weathered biotite, compared to fresh
biotite (Patel et al., 2019). Formation of organic complexes and ionic exchange between biotite
and organic acids might lead to the release of fluoride into the pore water which infiltrates
through the soil and shallow groundwater could achieve high concentrations fluoride (Singh et

al., 2018). Soil sorption capacity generally varies with physicochemical parameters such as pH
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and salinity of the soil and types of sorbent present in the soil (Yuan et al., 2019 and Chen et
al., 2020).

In general, fluoride is soluble in soil and it is less available for plant uptake. Therefore, most
of fluorine compounds are absorbed in the clay and oxyhydroxide in the alkaline environment,
and only few dissolves in the soil (Hong et al., 2016). Parvaiz (2021) suggested that high
salinity of soil solution due to effect of evapotranspiration can increase the risk of fluoride
leaching in the groundwater.

The mobility of fluoride in soil depends on concentration gradient of fluoride and increase in
soil water content. Formation of the fluoro-aluminium complex due to presence of aluminium
in soil enhances the fluoride mobility (Apshankarand, 2018). Luo et al. (2018) observed that
the fluoride contamination due to aluminium production increases the mobility of humus
substances. Phosphatic fertilizers widely used in agriculture often contain fluoride as an
impurity, which is released and leached down to the soils by irrigation or rainwater (Mukherjee
and Singh, 2020). Excessive use of fluoride-containing groundwater for irrigation may increase
amount of fluoride in soils due to leaching of such fluoride-contaminated water from the

irrigation field surface (Batabyal and Gupta, 2017).

2.3 Factor influencing the concentration of fluoride in water
Fluoride in groundwater depends upon physical and geological factors such as evaporation rate,

residence time, aquifer media, rock water interaction, recharge capacity, and anthropogenic

activities

2.3.1 Chemical composition of groundwater
In most case high concentration of fluoride in groundwater are associated with a sodium

bicarbonate water type and low calcium and magnesium concentration, they usually have high
pH that is above 7 (Adimalla, 2019). The presence of excessive sodium bicarbonates
(NaHCO:s) increases the dissolution rate of fluoride from fluorite (CaF2) mineral due to water
mineral interaction in groundwater as is shown in Eq. (2.1). High concentration of bicarbonate
ions (HCOs") and Na* at a higher pH value could be the important reasons for the release of
fluoride into groundwater and responsible for fluoride mobilization from fluorite mineral
(Eq. 2.1 and 2.2) (Haji et al., 2018; and Kumar et al., 2017).

CaF,” 4+ NaHCO; = CaCO; + 2Na* + H,0 + CO, (2.1)
CaF, + 2HCO;~ = CaCOs + 2F~ + H,0 + CO, (2.2)
10
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2.3.2 Geology
During weathering of rocks caused by circulations water rocks that results in formation of soil,

fluorine can leach out and dissolved in groundwater and thermal gases (Mulago et al., 2017).
The content of fluoride in groundwater varies greatly depending on the geological settings and
type of rocks. The most common fluorine bearing minerals are fluorite, apatite, and micas.
Therefore, fluoride problems tend to occur in places where these minerals are most abundant
in the host rocks (Mukherjee and Singh, 2018).

2.3.3 Climate
Arid regions are prone to high fluoride concentration in groundwater, due to the flow of

groundwater (groundwater flow is slow in arid regions and the reaction times with rocks is
therefore long). The content of fluoride in water may increase during evaporation if solution
remains equilibrium with calcite and alkalinity is greater than the hardness (Mukherjee and
Singh, 2018; Marghade et al., 2020).

2.3.4 Residence time
The concentration of fluoride in groundwater depends on reaction time with the aquifer

minerals. Groundwater’s that have high concentration of fluoride have long residence time in
the aquifer. Such groundwater is associated with deep aquifer and slow groundwater movement
(Marghade et al., 2020; Pradhan and Biswal, 2018).

2.4 South African provinces contaminated by fluoride
Figure 2.1 present the distribution of fluoride in South Africa. From the map it is clear that high

fluoride ion concentration is prevalent mostly in Limpopo, Northern Cape, North West and
Kwa-Zulu-Natal provinces where large populations still live-in rural areas with limited treated
water supplies (WRC, 2013). A percentage morbidity of dental fluorosis as high as 97% was
recorded in the North-West Province by Ncube and Schutte (2005).

11
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Figure 2.1: Fluoride in groundwater from 1996-2000 by Ncube and Schutte (2005).

2.5 Health impacts caused by drinking water contaminated with fluoride

Fluoride has beneficial effects on teeth at low concentrations in drinking water (0.4 — 1.0 mg/L),
especially for young children in that it promotes calcification of dental enamel and protects
teeth against tooth decay (WHO, 2018). Excessive levels of F on the other hand can cause
many problems ranging from mild dental fluorosis to crippling skeletal fluorosis as the level
and period of exposure to F~ increases (Kabir et al., 2020). The World Health Organisation
(WHO, 2018) has recommended a guideline value of 1.5 mg/L as the concentration above
which dental fluorosis is likely. Fluorosis is a public health problem in certain areas of South
Africa which requires a great attention at various levels (WHO 2018). Table 2.1 shows the

effects of prolonged of drinking water that contain fluoride.

12
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Table 2.1: Effects of prolonged of drinking water in human health, related to fluoride (WHO,
2018)

Fluoride concentration (mg/L) Health outcomes

<0.5 Dental carries

0.5-1.5 Optimum dental health
1.5-4.0 Fluorosis

4.0-10 Dental and skeletal fluorosis
>10 Crippling fluorosis

2.5.1 Dental fluorosis
Dental fluorosis refers to a change in the appearance of tooth enamel that are caused by long

term ingestion of fluoride during the formation of teeth (Whelton et al., 2019). Dental fluorosis
is effective in children less than 8 years of age during their teeth development stages (WHO,
2017). The changes become apparent once the teeth erupt. Changes noted in the teeth in dental
fluorosis include the, the appearance of whitish spots or chalk-like lines, brownish stains on
teeth, in severe cases, pitting of teeth. The extent of the damage depends on the amount of
fluoride consumed and the duration period. It should be taken into consideration, that fluoride
deficiency also affects teeth, making them more prone to tooth decay (WHO, 2017).

2.5.2 Skeletal fluorosis
Symptoms of skeletal fluorosis appear later than dental fluorosis. Structural changes take place

in the bones, which make them weak. Ligaments may also calcify and harden, and bony spurs
may appear in skeletal fluorosis (Walser et al., 2020). Symptoms of skeletal fluorosis include
Pain in small joints, Pain and stiffness in the back, deformity of the hips, knees and other joints.
Knock knees may be present and deformity of the spine (Bhowmik et al., 2020; Walser et al.,
2020). Spinal deformity can cause compression on the spinal cord and the exiting nerves,
resulting in pain, muscle weakness, tingling and numbness and other symptoms along the
distribution of the nerves (WHO, 2017).

Other symptoms like digestive tract symptoms like pain in abdomen, diarrhoea, constipation,
neurological symptoms like tingling and numbness, increased tendency to urinate and

increased thirst, and muscle pain, stiffness and weakness may also be present. These symptoms

13
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may appear before the onset of skeletal fluorosis and therefore may be useful in early diagnosis
(Nelson et al., 2019).

2.6 Fluoride Removal
Different defluoridation techniques have been developed to remove fluoride in drinking water.

Such techniques include precipitation, reverse osmosis, electrodialysis, ion exchange,

nanofiltration, and adsorption (Dhillon et al., 2015).

2.6.1 Precipitation method
Alum and lime are the most utilised coagulants for defluoridation by the precipitation method

(Waghmare and Arfin, 2015). The Nalgonda technique is the best example of a
coagulation/precipitation method. It involves the addition of aluminium salts, lime, and
bleaching powder to fluoride contaminated water followed by rapid mixing, flocculation,
sedimentation, filtration, and disinfection (Dubey et al., 2018). After the addition of lime and
alum, the disinfection process takes place in the following steps, Insoluble aluminium
hydroxide flocs form, sediment sinks to the bottom, and bleaching powder and fluoride co-
precipitate (Dubey et al., 2018). Although this method is effective for defluoridation, it may
not be able to lower the fluoride concentration to a desirable limit (1.5 mg/L) (Barathi et al.,
2019). The precipitation technique is rarely used because of its high chemical costs, formation
of sludge with a high content of toxic aluminium fluoride complex, unpleasant water taste, and

high residual aluminium concentration.

2.6.2 Adsorption method
Adsorption method is the second effective method where activated alumina (Al203) or

activated charcoal is used as a strong absorbent. This technique is suitable for both community
water supply and household use (Patel et al., 2020). The filter material needs to be backwashed
when the adsorbent becomes saturated with fluoride ions. Weak acid or alkali solution can be
used as a cleaning and regenerating agent (Kurunanithi et al, 2019). The effluent from
backwashing is enriching with fluoride and disposal should be done carefully to avoid any
further fluoride contamination. Adsorption removes a soluble substance from the water. Active
carbon is the main tool and it comes in two varieties which is powdered and granulated form
of active Carbon (Patel et al., 2020).

2.6.2.1 Adsorption using clay
Clays are potentially good adsorbent of fluoride ions since they contain crystalline minerals

such as kaolinite, smectite and amorphous minerals such as allophane and other metal oxides
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and hydroxides which could adsorb anion (Wang and Wang 2019). The structure of the clay
plays a critical role in determining the key charges on the surface of the clay and the type of
exchange that will occur with ions in the solution (Biswas et al., 2016). The more the positive

the clay surface is, the better the sorption will be for negative charged ions.

Many studies have reported on the fluoride adsorption of capacities of clay soils and their
potential use as adsorbent. The results showed that, fluoride adsorption capacity vary
depending on the soil and clay minerals in particular aluminium hydroxide. It was also found
that fluoride adsorption by clay soils is followed by the release of OH™ ions (Mukherjee, and
Singh, 2020; Biswas et al., 2016). Mudzielwana et al., 2017 use Bentonite clay for fluoride
removal and the percentage F- removal above 91% was achieved at all evaluated pH levels (2—
12), 5 mg/L F- initial concentration, optimum dosage of 1.5 mg/L, and contact time of 30 min
at shaking speed of 250 rpm.

2.6.2.2 Powdered Carbon
Some beaten form of carbon particles is employed for making powdered activated carbon. They

are beaten to powdered form to allow an easy passage through a fine mesh sieve. Their
extremely reduced size induces a large internal surface with small diffusion distance. It is
majorly used as gravity filters and mix basins (Mukherjee, and Singh, 2020). Choong et al.,
2020 use palm shell waste based powdered activated carbon for fluoride removal and found

out that the maximum fluoride adsorption capacity 116 mg/g.

2.6.2.3 Granulated Carbon
The large size of granulated activated carbon induces them to form smaller external surface

because of their larger size in comparison with powdered active carbon (Asimakopoulos et
al,.2020). Rashid and Bezbaruah, 2020 use citric acid modified granular activated carbon and

the maximum adsorption capacity of fluoride removal found to be 1.65 mg/g.

2.6.3 Membrane process
Membrane filtration is a way of separating components that are suspended or dissolve in liquid

(can be efficient and economical). The physical barrier that allows certain compound to pass
through, depending on the physical and chemical properties is called membrane. Membrane
have porous layers that support it along with thin dense layer that form the actual membrane.
Membrane separation processes used for water treatment and purification include reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF) and electro dialysis
(ED) (Sarfraz, 2021). All the types of membrane filtration are based on membrane pore sizes.
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Membrane performance is based on many factors, including membrane selectivity and flux,
good mechanical, chemical and thermal stability of the membrane material, minimal fouling
during operation and good compatibility with the feed solution. For a membrane process to be
effective, the membrane must combine high permeability with high selectivity. For liquid
separations, the membrane should preferably have both hydrophilic and hydrophobic

characteristics (Sarfraz, 2021).

2.6.4 lon exchange process
Ion exchange is a process in which water flows through a bed of ion exchange material to

remove the undesirable ions. lon exchange are of two types which are the cation exchangers,
which exchange positively charged ions (cations), and anion exchangers, which exchange
negatively charged ions (anions). The ion exchange process has great potential (up to 95%) for
removing fluoride from aqueous solutions. The resins are expensive and make the treatment
economically unviable. However, resins can be regenerated easily. Unfortunately, the
regeneration process produces large amounts of fluoride-loaded waste and disposal needs for

such waste are a disadvantage of this process (Jadhav et al., 2015).
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Table 2.2. The advantages and disadvantages of technology used for defluoridation (Renuka and Pushpanjali, 2013; Jadhav et al., 2015; Sarfraz,

2021; Mukherjee, and Singh, 2020; Waghmare and Arfin, 2015 and Patel et al., 2020).

The wastewater that is produced by ion exchange machines is
also used for water treatment.

Method of Advantages Disadvantages
fluoride
removal
Adsorption e Low energy and maintenance costs, e The effectiveness of the adsorption is determined
method e The simplicity and the reliability by substance to be removed.
e Substances with a high molecular weight and
e low water solubility is better adsorbed.
e |low adsorption capacity,
e poor integrity and needs pre-treatment.
e Adsorption is possible only at specific pH range.
e Needing pre- and post- pH adjustment of water
Membrane e Flexible; can be used in the separation, purification of a huge
process variety of materials across a wide range industry. e Expensive cleaning and
e The processes can function effectively at low temperatures. e regeneration schemes may be necessary.
e Energy requirements are low. Processes are relatively simple e The flow rates can damage shear sensitive
to scale up. materials.
e Membranes can be manufactured in a uniform and highly e Equipment cost can be high.
precise manner
lon e ltisa very effective and efficient method of water softening. e The level of acidity in the water can be increased.
exchange e No perforation of substances into the soft water. e The machines used to soften the water are known
Process e Most of the heavy metals can be reused. as lron exchangers.
[ ]

Their greatest impediment is the fact that they
must be cleaned

because of their high level of saturation.

The iron exchangers also require high operational
cost
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2.7 Pathogens
Pathogens refers to micro-organisms such as bacteria, fungi, and viruses, found commonly in

sewage, hospital waste, run-off water from farms, and in water used for swimming, which may
cause bacteria such as E. coli, staphylococcus aureus, etc. Most pathogens are parasites (live
off the host) and the diseases they cause are an indirect result of their obtaining food from, or
shelter in, the host. Waterborne disease is caused by the consumption of contaminated water

and it can affect many people in a short time (Park et al., 2020).

The centre for disease control and prevention (CDCP) reported that about 2.5 billion of people
in developing countries lack access to improved water that is safe and hygienic water.
Waterborne diseases were reported globally that it causes more than 2.2 million death per year
and many illnesses such as diarrhoea, fever, systemic disorders and gastrointestinal (Park et
al., 2020). Researchers are trying to produce eco-friendly materials towards the development
of novel improved antibacterial nanomaterials against multidrug resistant human pathogens
like Escherichia coli. Escherichia coli is one of the deadly contaminants in drinking water
(Ayinde et al., 2018). Contamination by pathogens in drinking water from groundwater can be
explained by combined several factors including the lack of efficient water treatment system,
sewage contamination, power infrastructure of water pipelines and microbial biofilms (Lappan
etal., 2020).

2.8 Pathogens health effect
Sources of drinking water are subject to contamination and require appropriate treatment to

remove disease-causing contaminants. The presence of contaminants in water can lead to
adverse health effects, including gastrointestinal illness, reproductive problems, and
neurological disorders (Varghese et al., 2020). Infants, young children, pregnant women, the
elderly, and people whose immune systems are compromised because of AIDS, chemotherapy,
or transplant medications, may be especially susceptible to illness from some contaminants
(Caballero et al., 2020). For example, most types of E. coli are harmless and even help keep
your digestive tract healthy. But some strains can cause diarrhoea if you eat contaminated food
or drink fouled water (Lai et al., 2016; Ting et al., 2015). Staphylococcus Aureus is one of the
most dangerous bacteria (World Health Organization, 2018). Staphylococcus Aureus has the
potential to cause a wide range of diseases that are mild and threatening based on the individual.
The bacteria even can cause serious medical conditions such as pneumonia and sepsis (Jaradat
et al., 2020).
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Antibiotics are the most used form of treatment used to treat patients affected with pathogens
(Ventola, 2015). The efficiency of this type of medication is high. Most infections can be
treated with antibiotics. In some extreme cases where the bacteria have already entered the
bloodstream and has started to infect the internal organs, advanced treatment methods such as

intravenous antibiotic injections are given (Maciejewska et al., 2018).

2.9 Removal of pathogens
Disinfection reduces pathogenic microorganisms in the water to levels designated safe by

public health standards. This prevents the transmission of disease. An effective disinfection
system Kills or neutralizes all pathogens in the water. It is automatic, simply maintained, safe,
and inexpensive (Shinde and Apte, 2021). An ideal system treats all the water and provides
residual disinfection. Chemicals should be easily stored and not make the water unpalatable.
State and federal governments require public water supplies to be biologically safe. Ways of
disinfection, chlorination of drinking water, boiling of water, ceramic filters and ultraviolet
(UV) (Ayinde et al., 2018; Shinde and Apte, 2021).

2.9.1 Methods that are being used for pathogen removal at household level
The method used for disinfecting pathogen for household water use include chlorination,

ceramic filters and boiling of water at 100 °C.

2.9.1.1 Chlorine as a disinfectant
Chlorine is one of the most widely used disinfectants. It is very applicable and very effective

for the deactivation of pathogenic microorganisms. Chlorine can be easily applied, measures
and controlled (Mazhar et al., 2020). It is persistent and relatively cheap. Chlorine has been
used for applications, such as the deactivation of pathogens in drinking water, applied in
swimming pools and also applied in wastewater, for the disinfection of household areas and

for textile bleaching, for more than two hundred years (Jena et al., 2020).

Chlorine kills pathogens such as bacteria and viruses by breaking the chemical bonds in their
molecules (Mazhar et al., 2020). Disinfectants that are used for this purpose consist of chlorine
compounds which can exchange atoms with other compounds, such as enzymes in bacteria and
other cells. When enzymes meet chlorine, one or more of the hydrogen atoms in the molecule
are replaced by chlorine. This causes the entire molecule to change shape or fall apart. When

enzymes do not function properly, a cell or bacterium will die (Tsvetanova, 2020).
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2.9.1.2 Boiling of water for disinfection of pathogens
Boiling is a very simple method of water disinfection. Heating water to a high temperature,

100°C, kills most of the pathogenic organisms, particularly viruses and bacteria causing
waterborne diseases (Espinosa et al., 2020). In order for the boiling to be most effective, the
water must boil for at least 20 minutes. Since boiling requires a source of heat, rudimentary or
non-conventional methods of heat generation may be needed in areas where electricity or fossil
fuels are not available (Espinosa et al., 2020).

2.9.1.3 Ceramic filter
Ceramic water filters are an inexpensive and effective type of water filter, that rely on the small

pore size of ceramic material to filter dirt, debris, and bacteria out of water (Goswami and
Pugazhenthi, 2020). This makes them ideal for use in developing countries, and portable
ceramic filters are commonly used in backpacking (Goswami and Pugazhenthi, 2020).
Chaukura et al., 2020 develop low-cost ceramic filter for the removal of methyl orange,
hexavalent chromium, and Escherichia coli from water. The results suggest that AgNPs played
an important role in the removal of E. coli. The AgNPs had excellent antibacterial properties

against the E. coli, showing 100% removal from spiked feed water samples.

2.10 Diatomaceous earth
According to Verleyen et al. (2021) Diatomaceous earth is defined as fossilized remains of

tiny, aquatic organisms called diatoms. Their skeletons are made of a natural substance called
silica. Over a long period of time, diatoms accumulated in the sediment of rivers, streams,
lakes, and oceans. Today, silica deposits are mined from these areas (Verleyen et al., 2021).
Izuagie et al. (2016) reported that modified diatomaceous earth has a has high fluoride removal

potential.

2.11 Physical and chemical properties of diatomaceous earth
Diatomaceous earth is white, commonly buff to grey in place, and rarely black. Features of the

diatomaceous earth is the high content of biogenic amorphous silica, with form of diatom
frustules (Verleyen et al., 2021). The frustules essentially are chemically inert in most liquids
and gases. Moreover, the skeletal of diatomaceous earth, microscopically viewed, have quite
complex structure with numerous fine microscopic pores, cavities, and channels and therefore,
well proprietor a large specific surface area and high adsorption capacity. Combinations of
physical and chemical properties of high-grade diatomaceous earth make it suitable for many
specialized applications, especially for filtration (Semiao et al., 2020). Semiao et al., (2020)

classified the chemical composition into three categories: Major, secondary and minor
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constituents. Silica (SiO2) constitutes the major component of diatomaceous earth sediments;
however, the secondary constituents are mainly alumina (Al203) and iron (FeOs). The minor
constituents are (CaQ), (MgO), Na20) and (SOs).

2.11.1 Application of diatomaceous earth in water treatment
Izuagie et al. (2016) reported that raw diatomaceous earth has a low fluoride removal potential.

The use of raw diatomaceous earth for removal of fluoride from drinking water and its limited
because it exhibits its fluoride removal characteristics at a very low pH. This limitation lead to
surface modification of diatomaceous earth, in such a way that application of the modified
diatomaceous earth in drinking water does not require pH adjustment. Diatomaceous earth has
pores volumes that can be coated with metal hydroxides/oxides having high affinity for fluoride
through precipitation from their salts (Yaun et al., 2020). It was also reported by Gitari et al.,
2017 that trimetal Mg/Ce/Mn oxide-modified diatomaceous earth yelled at about 90% fluoride
removal in groundwater. A study by Wambu et al., 2011 shows that diatomaceous mineral
from Kariandusi mining site in Kenya could greatly be enhanced for F adsorption by simple
pre-treatment in dilute HCI. Because of high affinity of the acid pre-treated mineral for F
ions, the pH and the presence of other competing ions could not affect the F adsorption onto

its surface.

2.12 Macadamia nutshell powder
Macadamia nutshell are bio waste, and they are abundant. They have not been used in

defluoridation and pathogen removal. Their main uses are activated carbon, used to make
carbon filters, fertilisers (Pakade et al., 2017). Most of the study conducted using macadamia
nutshell was base of activated carbon (Cobb et al., 2012). The shell of macadamia nut is hard
and brittle. Macadamia nut shells are composed of Carbon (57.5%), Hydrogen (5.95%),
Nitrogen (0.33%), Oxygen (36, 2%) and sulphur (0.33%) (Pakade et al., 2017). The main
components of the shell are lignin (47%), cellulose (25%), hemicellulose (11%) and ash (O-
2%). The shell has bulk density of 680 kg/m?, and 10% moisture content (Wechsler et al.,
2011). Very limited study has been carried out on the use of macadamia shell in composite.
The utilisation of macadamia shells will promote waste management at little cost, reduce
pollution by this waste and increase the economic base of the famers when such waste is sold
thereby encouraging more production. MNS have been applied in water treatment for removal

of chromium in wastewater and show better removal (Pakade at al., 2017).
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2.13 Fluoride and pathogen removal from groundwater
Exposure to fluoride concentration greater than 1.5 mg/L causes dental fluorosis and skeletal

fluorosis as the level and period of exposure increases (Fawell et al., 2006, WHO, 2017).
Generally, most of the study have been conducted for fluoride and pathogen removal but they
have their own limitation such, the operation at specific pH. Most of the study were done using
batch experiment which is not applicable for household use most especially in rural areas.
Gitari et al. (2013) evaluated the removal of fluoride from borehole water using raw and Fe®*
modified bentonite clay and observed that both raw and modified bentonite clays could remove
fluoride from borehole water, however, at different degrees of efficiency. Fe®* modified
bentonite clay was found to be more effective than the raw bentonite clay. The degree of
fluoride removal was highly dependent on the pH of the solution. Mudzielwana et al., 2017 use
Bentonite clay for fluoride removal and the percentage F- removal above 91% was achieved at
all evaluated pH levels (2-12), 5 mg/L F- initial concentration, optimum dosage of 1.5 mg/L,

and contact time of 30 min at shaking speed of 250 rpm.

The presence of pathogens in water can lead to adverse health effects, including diarrhoea,
cholera, gastrointestinal illness, reproductive problems, and neurological disorders (Newell et
al., 2010). Groundwater contamination by pathogenic microorganisms has not received as
much attention as surface water pollution because it is generally assumed that groundwater has
a good microbiologic quality and is free of pathogenic microorganisms (Orner et al., 2021).
The lack of documentation of waterborne viral disease outbreaks may be ascribed to limitations
in methodology for the detection of viruses in water and relative insensitivity of epidemiologic
techniques to detect low level transmission of viral diseases through water (Orner et al., 2021).
The method used to disinfect pathogens from ground include chlorination of drinking water,
boiling of water, ceramic filters and ultraviolet (UV) (Dhillon et al., 2015; Ayinde et al., 2018).
Although this method has been used for pathogen removal some such as UV is not affordable

at rural area.

The present study aims to fabricate macadamia nutshell powder-Al/Fe modified DE sodium
alginate composite beads for removal of fluoride, pathogen from groundwater. A composite
beads adsorbent will be prepared by mixing MNS and Al/Fe oxide modified DE with the use
of sodium alginate for formation of beads. Furthermore, the composite beads will be tested for

fluoride and pathogen removal from groundwater.
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2.14 Conclusion
Base on the discussion, Fluoride is an important mineral and is abundant on earth.

Concentration of Fluoride at <1.5 mg/L is beneficial but at > 1.5 mg/L causes dental and
skeletal fluorosis. Therefore, there is no cure for this disease, but prevention via defluoridation
is necessary. In other hand, the presence of pathogens in water can lead to adverse health
effects, including gastrointestinal illness, reproductive problems, and neurological disorders.
Different technique has been developed to remove fluoride in water and also different

disinfection technique have been developed to make it accessible to rural communities affected.
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Chapter 3: Physicochemical characterization of macadamia nutshells for fluoride and
pathogen removal from groundwater

Abstract
Groundwater is regarded as one of the main sources of drinking water in most of the rural areas

of South Africa. However, groundwater is contaminated by fluoride and pathogens which
causes dental and skeletal fluorosis. Presence of pathogens in water leads to adverse health
effects, such as gastrointestinal illness, reproductive problems, and neurological disorder. This
chapter aims is to explore the physicochemical composition of macadamia nutshells (MNS)
and its efficiency in fluoride and pathogen removal from groundwater. Physiochemical and
mineralogical compositions of MNS were determined using X-ray fluorescence (XRF), Fourier
Transform Infra-red (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Brunauer Emmett Teller (BET) techniques. Batch experiments were
used to evaluate the potential of MNS in fluoride removal. Anti-microbial activity of the MNS
was investigated using Well disc diffusion assay method. A maximum fluoride sorption
capacity of 1.26 mg/g was achieved at initial fluoride concentration of 5 mg/L using adsorbent
dosage of 0.5 g/100 mL at pH 6 and shaking time of 120 min. The adsorption kinetics data for
fluoride showed a better fit to pseudo second order model of reaction kinetics indicating the
dominance of chemisorption mechanism for fluoride sorption. Adsorption isotherms data
showed a better fit to Langmuir model suggesting that adsorption of fluoride occurred on a
monolayer surface. Thermodynamic studies revealed negative AG°, and positive AH® and AS©
indicating that adsorption of fluoride ion by MNS is spontaneous, endothermic and fluoride
ions were randomly distributed on the surface. The MNS was successfully regenerated and
reused for up to 7 successive cycles using 0.01 M HCI as eluent. The MNS showed no
effectiveness towards Escherichia Coli, Staphylococcus Aureus and Klebsiella Pneumoniae. It
was concluded that the MNS has potential for use in fluoride removal and the authors suggested

the surface modification to enhance its antimicrobial activity.

Keywords: Fluoride, Pathogens, Defluoridation, Macadamia nutshell powder, and

Groundwater.
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3.1 Introduction

Water scarcity is gradually becoming a potential threat to human health, food security and
national ecosystems with more than 50% of the world projected to experience water shortage
by 2025 (Hoekstra., 2014). This is mainly due to climate change and pollution from industries.
For these reasons, majority of people in rural areas of Sub-Saharan Africa and other developing
countries depend on groundwater as their source of drinking water and domestic usage (Gitari
et al., 2015). Depending on the geographical location, groundwater often contains higher
concentration of fluoride which is detrimental to human health (Ahmed, 2019; Ayinde et al.,
2018; Odiyo and Makungo, 2012). Exposure to fluoride concentration greater than 1.5 mg/L
causes dental fluorosis and skeletal fluorosis as the level and period of exposure increases
(WHO, 2017).

In Africa, fluoride concentration above 1.5 mg/L has been reported in several countries
including Algeria, Benin, Cameroon, Egypt, Ethiopia, Ghana, Ivory Coast, Kenya, Libya,
Malawi, Nigeria, Rwanda, Sierra Leone, South Africa, Sudan, Tanzania, Togo, Tunisia,
Uganda and Zimbabwe with an estimate of 80 million of people within the continent exhibiting
varying degrees of fluorosis symptoms (Kimambo et al., 2019). In Limpopo Province of South
Africa, a study conducted by Odiyo and Makungo (2012) in Siloam Village reported that 87%
of household depend on groundwater and 85% of these household have family member with
mottled teeth and about 50% of children between the age of 11 and 14 in Siloam primary school
have mottled teeth. Other study conducted in South Africa by Ncube and Schutte (2005)
reported 93.4% dental fluorosis mobidity Mogwase community in North West Province where
groundwater is the main source of drinking water. Ncube and Schutte (2005) further
recommend the development of economic effective and user-friendly technology for water
defluoridation. Defluorination remain the solution in many countries to remove access fluoride
from drinking water. Most innovative technique such as ion exchange, precipitation,
adsorption, electrolysis and membrane filtration have been used for fluoride removal.
Adsorption is very important and most used adsorbent to remove access fluoride from
groundwater in many countries due to lower initial cost, flexibility and simplicity of design and

easy to operation and maintenance.

Apart from fluoride, due to lack of proper sanitation measures groundwater is vulnerable to
contamination by pathogens (Soupir et al., 2018; Ayinde et al., 2018). South Africa is

experiencing high number of children at five suffering from diarrhoea, cholera and typical fever
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has been reported in Mpumalanga, Limpopo and KwaZulu Natal provinces (Potgieter et al.,
2018). The presence of pathogens in water can lead to adverse health effects, including
diarrhoea, cholera, gastrointestinal illness, reproductive problems, and neurological disorders
(Newell et al., 2010). According to the World Health Organization reports, about 844 million
people lack basic quality drinking-water service, with about 3.4 million people, mostly young
children died annually from pathogen related diseases, mostly in the developing countries
(WHO, 2017; Ayinde et al., 2018). The method used to disinfect pathogens from ground
include chlorination of drinking water, boiling of water, ceramic filters and ultraviolet (UV)
(Dhillon et al., 2015; Ayinde et al., 2018).

Most fluoride in groundwater is naturally due to weathering of rocks rich in fluoride,
combustion of fossil fuels also account for high fluoride and phosphate containing fluoride
fertiliser add up to high fluoride in groundwater (Mukherjee and Singh, 2018). Sources by
which disease causing viruses enter groundwater are land disposal of sewage, overflow from
septic systems, and livestock waste. Leachate from solid waste landfills also can contain viruses
(Sargunar, 2020). Owing to the co-existence of fluoride and pathogen in groundwater there is
need of to find multifunctional adsorbent that is capable of removing both fluoride and
pathogen. Macadamia nut shells (MNS) are mainly consisting of cross-linked polymeric chains
such as lignin, cellulose, and hemicellulose which usually account for exchange and
complexion properties of this class of adsorbent of various pollutants in water (Saini et al.,
2015). In addition, they are known to have high surface area, well-developed producible
microporous structure which accounts for high adsorption capacity (Antal and Gronli, 2003;
Marsharll, 2001). Pakade et al. (2017) reported their potential application of MNS towards the
removal of hexavalent chromium from aqueous solution. Their results showed that MNS has
higher sorption efficiency towards Cr (VI) and it was also demonstrated that the prepared
materials can be recycled more than once with removal efficiencies greater than 80%.
Therefore, this chapter aims at evaluating the effectiveness of MNS in fluoride and its potency
towards pathogen removal from groundwater. The following specific objectives were set: i)
to determine the physicochemical characteristics of MNS powder, ii) to evaluate the effect of
contact time, dosage, pH, adsorbate concentration and co-existing ions in fluoride removal, iii)
to model the adsorption data using adsorption kinetics and isotherm models, iv) to evaluate the
reusability of MNS towards fluoride removal and lastly, v) to determine the anti-microbial
potency of the MNS.
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3.2 Methods and materials

3.2.1 Sample collection
Macadamia nutshells were collected from Levubu Royal Macadamia in Vhembe district

Limpopo Province, South Africa. The analytical grade reagents used in this study includ
sodium hydroxide (NaOH), hydrochloric acid (HCI), potassium chloride (KCI), sodium
fluoride (NaF) and Total lonic Strength Adjustment Buffer (TISAB I11) were purchased from
Rochelle Chemicals, South Africa. All chemicals were used without further purification.

3.2.2 Preparation and characterization of macadamia nutshell powder
Macadamia nut shells were washed to remove dust and soil with Milli-Q (18.2MQ/cm) water

and then air dried at room temperature overnight to dry off. Thereafter, the shells were milled
to pass through <250 pum sieve and stored in a zip locked sample bag. The elemental
composition of the macadamia nutshell powder was determined using Thermo Flash 2000
Series CHNS/O organic Elemental analyser and also by Bruker S1 Titan/Titan/Tracer S
Handheld X-Ray Fluorescence. The functional groups were determined using Bruker Alpha
Platinum-ATR Fourier transformation infrared spectroscopy (FTIR). The crystallinity was
determined using D8 advanced X-ray diffract meter (XRD) (Bruker) with Cu-Ka Radiation as
source. Surface morphology was determined using scanning electron microscope (SEM)
(Leo1450 SEM, at kv, working distance 14 mm). Pore size distribution, pore volume and
surface area were determined using Barrett Joyner Halenda (BJH) sorption model using a
specific surface area analyser (Autosorb-IQ and quadrasorb SI, USA). The pHpzc was

evaluated using solid addition method (Gitari et al., 2017).

3.2.3 Batch fluoride adsorption experiments
The effect of contact time, adsorbent dosage, pH and co-existing ions in fluoride removal were

evaluated using batch adsorption experiments. To evaluate the effect of contact time, 100 mL
of solution containing 5 mg/L of fluoride was prepared and pipetted into 250 mL plastic bottles.
Thereafter, 0.5 g of MNS was added to make up 0.5 g/100 mL adsorbent dosage and mixtures
were then agitated for 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 180 and 240 min using
reciprocating table shaker. After agitation, samples were filtered through 0.45 um pore
membrane and the residual fluoride concentration was determined using ion selective electrode
attached to fluoride multi-meter and calibrated using four standards (0.1, 1, 10 and 100 mg/L)
containing ratio TISAB 111 to solution of 1:10. The same ratio was maintained for sample
analysis. The effect of pH on fluoride sorption by MNS was evaluated by varying the initial
solution pH from 2 to 12 using 0.1 M NaOH and 0.1 M HCI to adjust. Adsorbent dosage of
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0.5g9/100 mL and initial concentration of 5 mg/L were used. Mixtures were agitated for 120
mins. The effect of adsorbent dosage was evaluated by varying the adsorbent dosage from 0.1
to 0.6 g/100 mL using initial concentration of 5 mg/L. Solution pH was adjusted to 6+0.5 and
mixtures were agitated for 120 mins. The effect of initial fluoride concentration was evaluated
by varying initial fluoride concentration from 5 to 30 mg/L at a temperature of 298, 308 and
318 K. Adsorbent dosage of 0.5 g/ 100 mL and initial pH of 6x£0.5 were used. Mixtures were
agitated for 120 mins. To evaluate the effect ions in fluoride removal was done using 5 mg/L
of SO+, CI', NOs3", COs*, Ca®" and Mg?* were prepared separately and mixed with 5 mg/L of
fluoride solution. The adsorbent dosage of 0.5 g/100 mL and initial pH of 6£0.5 and mixtures
were shaken for 120 mins. All experiments were conducted in triplicate for better accuracy and
the average value were reported. The percentage of fluoride removal and the adsorption

capacity of MNS were computed using equation (3.1) and (3.2) respectively.

% Fluoride removal = (%) x100 (3.1)
0
Q= (=) xv (3.2)

Where: Co is the initial fluoride ion concentration (mg/L); Ce is the fluoride ion concentration

at equilibrium (mg/L); V is the volume of the solution (L) and m mass of the adsorbent (g).

3.2.4 Regeneration and reuse of the adsorbent
The regeneration of the adsorbent was carried out as follows: 0.5 g of MNS loaded with fluoride

desorbed through agitation with a solution of 100 mL containing 0.1 M KCl and 0.1 M HCI for
120 min reciprocating shaker. After agitation, mixtures were filtered through 0.45 pm pore
membrane and the collected residues were washed using Milli-Q water to a neutral pH and then
oven dried at 110 °C for 3 h. The regenerated adsorbent was then reused for defluoridation and
the procedure was repeated for up to six (6) KCI and seven (7) HCI successive regeneration re-

use cycle.

3.2.5 Anti-microbial studies
Anti-microbial activity of the MNS was investigated using Well disc diffusion assay method

(Kirby-Bauer method) based on the observation minimal zone of inhibition. Measurements of
diameter from exterior of absorbent to end point of the inhibition zone were done and
subsequently the values were implemented on analysis of MNS adequacy on anti-bacterial
activity. Briefly, a 100 mL Mueller-Hinton agar broth was prepared as follows; 2.1 g of

Mueller-Hinton agar broth was dissolved in 100 mL of Milli-Q water. After the mixture is
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dissolved completely, the mixture was autoclaved at 121 °C for 15 min. After autoclaving,
ager was left to cool at room temperature. Three 15 mL tubes were labelled E. coli, S. Aureus
and K. Pneumoniae and 5 mL broth was allocated to each tube, a 3-4 colonies were inoculated
from each plate to the tube respectively the tubes were incubated at 37 °C for a period of 3
hours. Subsequently a swab was used to streak the culture onto fresh agar plate each
respectively, and 100 pL of MNS solution was pipetted on the centre of the plate and kept at

the 37 °C incubator for 48 hours period. Thereafter, the zone of inhibition was observed.

3.3 Results and discussion

3.3.1 Physiochemical characterization

3.3.1.1 Elemental composition

The elemental composition of Macadamia nutshell powder is presented in Table 3.1. The
results showed that MNS is mainly composed of carbon (49.56%), oxygen (44.08%) and
hydrogen (6.19%). A similar composition was reported for other lignocellulosic compounds
such as walnut shells (Altun and Pehlivan 2012) and raw macadamia nutshell powder (Pakade
et al., 2017). The oxides of MgO, SiOz, K20, CaO and Al203 were detected at trace levels.

Table 3.1: Chemical analysis of macadamia nutshell powder

Element / oxide Composition (%)
49.56
44.08
6.20
MgO 0.97
SiO2 0.44
K20 0.30
CaO 0.25
N 0.20
Al203 0.16
P202 0.01
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3.3.1.2 Functional groups
The functional groups of MNS were determined using FTIR and the results are presented in

Figure 3.1. The raw MNS spectra showed wide transmittance band at wavelength regions 3351
cm* which is attributed to stretching and vibration of hydroxyl (OH") groups associated with
the hydrogen bond in absorbed moisture and cellulose structure (Zhao et al., 2013). The band
intensity at 2928 cm™ is linked to aliphatic group (C-H). The band at 1738 cm™ is linked to
carboxylic group (C=0). The bands at 1454 cm™ can be assigned to the stretching of C-C bond.
The band at 1248 cm™ indicating the C-OH together with the band of C-O at 1030 cm™ linked
to the vibration and stretching of the phenols, ketones, ethers and esters in the surface of the
adsorbent. After defluoridation there was a decrease in peak intensity and shift in band to 3361,
1741, 1456, 1268 and 1091 cm™. Similar observations were reported in the literature where the
changes in intensities and shifts of absorption bands at 1454 and 1244 cm™ were attributed to
oxidation of lignin when contacted by Cr (V1) ions (Yang et al., 2021; Albadarin et al., 2011).
The difference before and after adsorption confirm the participation of functional groups in
removal of fluoride.

—— MNS F- MNS
0,97
S >
< 0,92
’ 1738
S N \4 R 4
] 7 1634
g 0,8 \ 1454 2928 3351
2 0,82
g 1248
< 0,77
1030 ¥
0,72
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavelength cm-1

Figure 3.1: FTIR spectra of raw macadamia nutshell powder and the residual macadamia
nutshell powder.

3.3.1.3 XRD studies

The x-ray diffraction spectra of MNS before and after fluoride removal is depicted in Figure
3.2. The spectra showed the major diffraction peak at 20 degree = 17.31°, 22.17° and 34.35°
which are native cellulose (CsH1206) peaks. The material shows the crystalline peak at 22.17°

2-degree theta and also it appears to be amorphous. The x-ray diffraction spectra after fluoride
removal show similar peaks.
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Figure 3.2: XRD spectra for raw macadamia nutshell power and macadamia nutshell powder
residues.

3.3.1.4 Morphological analysis

The morphology MNS before and after fluoride removal is depicted in Figure 3.3a and b. The
micrograph revealed that the MNS consisted of flaky fold-like structures with some crystals on
top. The flaky like structures are linked to crystalline peak observed in XRD. After fluoride
adsorption the surface appears to be much smooth than it was before fluoride removal. The
change in structure after fluoride removal can be an indication that fluoride ion diffuses on the

adsorbent when removing fluoride leading to deformation of the raw MNS structure.

BEM MV 50 W View fobs 208 o | s Tese v Aaw " - MRAY TESCAN
BEM MAG | 10,0 xa WD &85 men . - .
Owe; 38 Outm{mvidyy: OIUTH Nivesnwy L vy SR Urvvarairy of Cope Pumn
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Figure 3.3: Micrographs of MNS before (a) and after (b) fluoride removal.

3.3.1.5 surface area, pore distribution and pore volume
Table 3.2 present the BET suface area, pore distribution and pore volume of MNS. The surface

area of raw macadamia nutshell powder was 1.69 m?/g. The avarage pore diameter of MNS
was found to be 15.40 nm (Table 2). The pore distribution curve in Figure 3.4 shows that
majority of the pores lies within 1.76 to 14.61 nm indicating that the pores of MNS ranges from
microporous to mesoporous range. The fluoride ion diffuse in the surface of the adsorbent and

when it diffuse, the floride ion was absorbed into the mesoporous adsorbent.

Table 3.2: surface area, and pore area and volume of the raw MNS

Surface area (m?/g) Pore diameter (nm) Pore volume (cm®/g)
1.69 15.4 0.01
0,006
—0
0,005

dv/dD (cm3/g)
(=)
k=)
S
w

1 31 61 91 121 151 181 211 241 271 301

pore diameter (nm)

Figure 3.4: Pore distribution curve for MNS.

3.4 Batch adsorption experiment

3.4.1 The effect of contact time and adsorption kinetics

The effect of contact time on percentage F~ removal and adsorption kinetics is depicted in
Figure 3.5. It is observed that the fluoride removal adsorption capacity increased gradually with
increasing contact time. The increase in F adsorption capacity could be due to available active
surface of the adsorbents for fluoride ions in the solution. The steep slope between 5 and 10

min could be ascribed to the fast movement of F~ from the bulk solution onto the adsorbent
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while the plateau between 10 and 120 min could be an indication of diffusion of fluoride ions
onto the mesopores of the adsorbent followed by adsorption within the pores as the time
progresses to 180 min. Therefore 120 min was chosen to be the optimum contact time for

subsequent experiments.

® qe PFO PSO

0,51 -
0,5 - e
0,49 - °

. 0,48 -

2 047 - :
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0 50 100 150 200
Time (min)

Figure 3.5: Adsorption capacity and adsorption Kinetics for fluoride removal by raw
macadamia nutshell powder (5 mg/L initial F~ concentration, pH 6, 0.5 g dosage, shaking speed
200 rpm).

The data obtained from the effect of contact time was fitted to pseudo-first order (PFO) and the
pseudo-second order (PSO) non-linear reaction kinetics models as well as the intra-particle
diffusion model in order to evaluate the mechanism and the rate limiting steps for fluoride
adsorption by MNS. The pseudo-first order is used to describe physisorption of the material as
well as solid-liquid adsorption system. It is given by the equation 3.3 as follows (Gupta and
Bhattcharyya, 2011).

Qe = qe(1 — e™*1) (33)

Pseudo second order on the other hand is given by equation 3.4 and it is used to describe
chemisorption as well as cation exchange reactions (Simon et al., 2016; Gupta and
Bhattcharyya, 2011).

q; = qékat
t 1+k2qet

(3.4)
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Where gt (mg/g) is adsorption capacity at a given time t, ge (mg/g) is the maximum sorption
capacity at equilibrium and ki (min) and k2 (g/mg.min) are the pseudo first and second order
rate constant, respectively. Figure 3.5 depicts the pseudo first and second order plots,
respectively. The constant values of pseudo first and second order are presented in Table 3.3.
From the results, the R? value of pseudo first order is 0.39 and for pseudo second order is 0.75
indicating that pseudo second order show the better fit meaning that fluoride removal happen
via chemisorption. From the results (Table 3.3), the rate constant k1 (pseudo first order) is 0.35
mint and k2 (pseudo second order) is 1.26 min, which suggest that chemisorption was much
faster and dominant as compared to physisorption. The chi-square (X?) determines the
goodness of fit, that is the lower the value the better the fit. The pseudo second order shows
chi-square of 0.000569 which indicate that pseudo second order show the better fit than pseudo

first order.

Table 3.3: Calculated parameters for pseudo first order and pseudo second order reaction
kinetics of raw MNS

PFO PSO

Ki (min?) Qe R? X? K2 Qe R? X2
(mg/g) (9/mg.min)  (mg/q)

0.35 051  0.39 0.001412 | 1.26 0.53 0.75  0.000569

During adsorption, adsorbate molecules move from the bulk solution into the boundary layer
and further diffuse onto the interior of the adsorbent (Ayinde et al., 2018 and Mudzielwana et
al., 2017). To further confirm the particle diffusion and understanding the rate limiting steps,
Weber—Morris intra-particle diffusion was applied (Weber and Morris, 1964). Weber-Morris
model is depicted by equation 3.5.

q: = kit0.5 + Ci (35)

Where g is the amount adsorbed (mg g %) at a given time, t (min); Ki (mg g *min?) is the intra-
particle diffusion rate constant and is determined from the slope of t*° vs gt and Ci is the
constant obtained from the intercept and reflects the thickness of the boundary layer. The larger
the intercept, the greater the boundary layer effect. The positive value of Ci indicates that intra-
particle is the main mechanism for adsorption and external diffusion occurred to some degree.

Figure 3.6 shows the intra-particle diffusion plot for fluoride adsorption by MNS. It is observed
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that the plot did not pass through the origin instead the data yielded three clear phases. The first
phase attributed to boundary layer adsorption occurred between 5 and 15 min. The second
between 40 and 50 min is associated with the intra-particle diffusion which is followed by
subsequent adsorption within the pores of adsorbent after 90 min agitation time (Bullen et al.,
2021; Gupta and Bhattcharyya, 2011). During the boundary layer adsorption (phase 1) fluoride
ions are attracted via electrostatic forces to the surface of the adsorbent which is followed by
the diffusion into the mesoporous structures of the MNS (phase 2) where it starts interacting
with the atoms within the pores resulting in chemisorption (phase 3). The rate of constant for
phase 1, phase2, and phase 3 (K1, Kz, and Ks) are shown in Table 3.4. It is observed that K1 is
higher than Kz and Ks indicating that boundary layer adsorption occurred much faster than the

subsequent intra-particle diffusion and the adsorption at equilibrium.

® phase 1 phase 2 phase 3

0,45 -
0,4 1 y = 0,0245x + 0,145
0,35 R? = 0,9992 y = -0,0046x + 0,4731
— 03 4 R*=1
3 0,25 1
E 02
% 0,15 A o V= 0,07724x -0,0284
01 - R2=1
0,05
0 . . . . . ; ; .
0 2 a4 6 8 10 12 14 16

195 min%>

Figure 3.6: Intra-particle diffusion plot for fluoride adsorption onto MNS.

Table 3.4. Constant values of intra particle diffusion

Model MNS
Intra particle diffusion K1 (mg/g mint) 0.08
K2 (mg/g mint) 0.02
Ks (mg/g min't) 0.005
R? (phase 1) 1
R? (phase 2) 0.99
R? (phase 3) 1
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3.4.2 Effect of pH
Figure 3.7a show the effect of pH on the fluoride removal by MNS. The results showed that

the sorption of fluoride by MNS is favoured at initial pH of 6 where maximum percent fluoride
removal of 48% was achieved. The percentage fluoride removal decreased as the solution pH
reduced to acidic range and also as it increased to alkaline range. The pH of the solution
influences the adsorbent’s surface charges and consequently affect the behaviour of fluoride
adsorption. To establish the surface charges, the pH point of zero charge (pHpzc) of MNS was
evaluated using the titration method figure 3.7b. It is observed that the pH of the material is at
pH of 7.2+0.5. Indicating that at this pH the surface is neutrally charged while at pH below this
level, the material is positively charged and at pH 7.2+0.5 the surface is negatively charged.
Therefore, the decrease at acidic pH where H* ions dominate the surface could be attributed to
the formation of weak HF acid in the solution leading to lower fluoride removal (Eq. 3.6). The
fluoride adsorption at acidic level could be attributed to electrostatic attraction between the
positively charged surface and negative fluoride ion (Eq. 3.7). At near neutral pH where
optimum uptake occurred, fluoride adsorption could be due to ion exchange and as a result of
weak van der Waal forces (Eqg. 3.8). Conversely at alkaline pH where OH™ dominate the surface
could be attributed the electrostatic repulsion between negatively charged surface and negative
fluoride ion. However, fluoride could also be adsorbed as a results of ion exchange (Eq. 3.9
and 3.10).

H*+ F~ - HF (3.6)
MOH + F~ + H;0* - MOH} — F~ + H,0 (3.7)
MOH + F~ + H;0* -» M* — F~ + 2H,0 (3.8)
MOH + F~ - MF + OH~ (3.9)
M(OH)2™ + 2F~ - MF~ + 20H~ (3.10)

Where M represent the elements in the adsorbent (MNS) surface.
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Figure 3.7: (a) Effect of pH on fluoride removal (5 mg/L initial F concentration, 0.5 g dosage,
shaking speed 200 rpm) and b) point of zero charge (0.1, 0.01 and 0,001 M KClI, dosage of 0.5
g/100 mL shaking time of 120 min and shaking speed 200 rpm).

3.4.3 The effect of adsorbent dosage

Figure 3.8 depicts the effect of adsorbent dosage on fluoride removal. The percentage of
fluoride removal increase as the adsorbent dosage increases from 0.1 g to 0.5 g/100 mL and
slight change was observed as the dosage increases to 0.6 g/100 mL. Conversely, the adsorption
capacity decreased with increasing adsorbent dosage. These trends could be attributed to
increasing number of adsorption sites for limited fluoride ions as the adsorbent dosage
increases. Adsorbent dosage of 0.5 g/100 mL was therefore selected as the optimum for

subsequent experiments.
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Figure 3.8: Variation %F removal and adsorption capacity by raw macadamia nutshell powder
as a function of adsorbent dosage (contact time of 120 min, initial F~ concentration of 5 mg/L
at 100 mL solution volume, pH 6 and shaking speed 200 rpm).

3.4.4 Effect of initial concentration and adsorption isotherms

Figure 3.9 shows the effect of initial concentration on the fluoride removal efficiency at
different temperature. The initial concentration was varied from 5 to 30 mg/L and the
experiment was repeated at a temperature of 298, 308 and 318 K. It was observed that fluoride
adsorption capacities increase with increasing equilibrium concentration at 298 K. The
adsorption capacity decreases with increasing initial concentration at temperature of 308 K and

318 K.
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Figure 3.9: Variation of adsorption capacity and equilibrium fluoride concentration and
nonlinear adsorption isotherm plots (contact time 120 min, dosage 0.5 g/ 100 mL F solution,
pH 6 and shaking speed of 200 rpm).

Adsorption isotherm were employed to further explain the interaction between the fluoride ions
and the MNS surface. The commonly used Langmuir and Freundlich adsorption non-linear
isotherms were used. Langmuir isotherm model is based on the assumption that adsorption
occurs on monolayer surface. Once fluoride ion is adsorbed on the surface of the adsorbent, no
other ion is adsorbed on that adsorption site (Foo and Hammed, 2010). Langmuir isotherm
model is represented by equation (3.11).

qe =M (3.11)

1+Kpce

where Ce is the equilibrium concentration (mg/L); ge is the amount of fluoride ion adsorbed
(mg/g); gm is ge for a complete monolayer (mg/g); KL is adsorption equilibrium constant
(L/mg).

The Freundlich adsorption isotherm model on the other hand assumes that adsorption occurs
on a heterogeneous surface and consider multilayer adsorption (Foo and Hammed, 2010).

Freundlich is represented by equation 3.12:
qe = Kect" (3.12)

Where Ce is the equilibrium concentration (mg/L); ge is the amount of ion adsorbed at

equilibrium (mg/g); Kt is the Freundlich constant related to adsorption capacity and 1/n is the
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adsorption intensity. When 0< 1/n<1, the adsorption is favourable; when 1/n =1, the adsorption

is irreversible; and when 1/n > 1, the adsorption is unfavourable.

Figure 3.9 depicts the plot for Langmuir isotherm model and Freundlich isotherm model
respectively while the model’s constant values are presented in Table 5. The adsorption data at
both temperatures yielded higher correlation co-efficient values when fitted to Langmuir model
than Freundlich model. The better fit to Langmuir isotherm model suggests monolayer
coverage. To further establish the favourability of the adsorption process, the equilibrium
dimensionless parameter, RL which is depicted by equation 3.12 was also calculated based on

Langmuir isotherm adsorption constant and initial concentration.

1
T 14k.C

(3.12)

R,

where Kv is the Langmuir isotherm constants and Ci is the initial concentration of fluoride
(mg/L). RL value indicates the sorption system to be favourable if 0 < RL < 1. The RL value
equal to 1 indicate linear adsorption and if value of RL is equal to O, the adsorption is
irreversible. Calculated value of RL for different initial concentration is presented in figure
3.10. All calculated value of RL lies between 0 and 1 indicating that the adsorption of fluoride
onto MNS at both initial concentrations was favourable. The chi-square (X?) determines the
goodness of fit, that is the lower the value the better the fit. Based on the chi-square value, the
smallest values are observed in Langmuir isotherm, meaning that the fluoride adsorption for

both temperatures better fit to Langmuir isotherm.

——298 K 308 K 318K
0,6
0,5
0,4
e« 0,3
0,2

o ‘\’\0-\+
0 —C—20
0 5 10 15 20 25 30 35
Initial concentration (mg/L)

Figure 3.10: RL values for the adsorption of fluoride onto MNS.
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Table 3.5. Calculated Langmuir and Freundlich isotherm parameters

Langmuir isotherm Freundlich
isotherm
Temperature(K)  gm(mg/g) Kv X? RZ 1n K¢ R? X2
(L/mg)
298 0.57 1.10 0.00188 0.99 0.08 0.43 0.86 0.01156
308 0.37 0.33 0.00294 0.99 0.15 0.22 0.99 0.00107
318 0.05 0.20 0.00269 0.98 0.21 0.14 0.96 0.01160

3.4.5 Adsorption thermodynamics
Adsorption thermodynamics is the calculation of phase equilibrium between a gaseous mixture

and a solid adsorbent. To further establish the adsorption mechanism of fluoride adsorption
unto MNS, thermodynamics parameters such as Gibbs energy change (AGP°), the enthalpy
change (AH®) and the entropy change (AS°) were computed using equation (3.13) and (3.14).

AG’ = —RT InK, (3.13)
AH®  ASO
ll’lKC = —F-FT (314)

Where AGP° is the standard Gibbs free energy change calculated using equation (12) and R is
the molar gas constant, 8.314 J mol™® K and T is absolute temperature in Kelvin. AH? is the
standard enthalpy change while AS° is the entropy change and they are determined from slope
and the intercept of InK¢ against 1/T. The equilibrium constant Kc is calculated from
Langmuir’s adsorption isotherm constant (L/mg) by multiplying it with 18.998x10° where
18.998 is the atomic mass of fluoride and it must be dimensionless therefore the equilibrium
constant K¢ equation (3.13) must be a parameter without unit (Tran et al., 2016). The plot for
InKc is presented in Figure 3.11 while the constant parameters are presented in Table 3.6. The
value AG® was found to be negative indicating that adsorption of fluoride by MNS occurred
spontaneously. The value of AS® was found to be positive, which suggests fluoride ions were
randomly distributed on the surface of the adsorbent. The enthalpy change (AH®) value was
found to be positive indicating that adsorption of fluoride was endothermic and chemisorption

process.
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Figure 3.11: InKc as a function of reciprocal of adsorption temperatures.

Table 3.6. Adsorption thermodynamic parameters

AG® (kj / mol) AHP® (Kj/ mol) AS° (kj/mol)

298 K =-30393.6
308 K =-22388 158.93 435.32

318 K=-21791

3.4.6 The effect of co-existing ions
Figure 3.12 shows the effect of co-existing ion unto fluoride ion removal by MNS. The results

show that the presence of magnesium (Mg?*), calcium (Ca?*), sulphate (SO4%), nitrates (NO3"
), chloride (CI), and carbonate (CO3?) enhances the percentage removal of fluoride uptake by
MNS. This could be an indication that the co-existing ions are creating more surface charges
of the adsorbent leading to high fluoride percentage removal. These results indicate that MNS
has a better advantage for application in groundwater defluoridation since its performance is

not affected by the presence of other co-existing ions.
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Figure 3.12: Effect of co-existing ions on fluoride removal by MNS (contact time 120 min,

dosage 0.5 g/ 100 mL F solution, pH 6 and shaking speed of 200 rpm).

3.4.7 Regeneration and re-use of the adsorbent
The regeneration and reuse potential of the MNS was evaluated using 0.1 M KCl and 0.01 M

HCI as the regenerant and the results are presented in Figure 3.13. The percentage of fluoride
removal by MNS decrease from 42.4% to 15.2% when KCl was used. The decrease in fluoride
adsorption when using KCI is probably due to the gradual dissolution of MNS at alkaline
conditions from the surface of the adsorbent during the regeneration process. Conversely, when
HCI was used the percentage fluoride removal increased from 46.4% to 62.2% after first cycle
and thereafter decreased as the reuse-regeneration cycles increases. This indicates that HCI has
the potential to activate the surface charges leading to increased fluoride removal. This was
also observed by Pakade et al., (2017) for biosorption of hexavalent chromium from aqueous

solution using MNS. Therefore, HCI was selected as the best regenerant.
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Figure 3.13: Effect of co-existing ions on fluoride removal by raw macadamia nutshell powder
(5 mg/L initial F~ concentration, pH 6, 0.5 g dosage, shaking speed 200 rpm).

3.4.8 Comparison of MNS powder with other adsorbents

Comparison of defluoridation capacity between raw MNS powder and other reported
adsorbents for removal of other toxic metals in water is presented in Table 3.7. The composition
of an adsorbent at different conditions and other experimental conditions has an influence in
adsorption capacity of the sorbents. The MNS powder have low adsorption capacity as
compared to those given in Table 3.7. Adsorption capacity is a function of initial fluoride used
and the adsorbent dosage used. Moreover, the percentage of fluoride removal was above 40%.
The low adsorption capacity is because the material used in this study was raw as compared to

other materials used in other studies because the materials were modified.
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Adsorbent Treatment | Adsorption | Experimental reference
capacity conditions
(mg/g)
Macadamia nutshell | Raw 45.23 pH 2, contact | Pakade(a) et al.,
(RMN) time 600 min, | 2017
100 mg/L Cr (V1)
and 0.2 g
Macadamia nutshell | HCI 44.83 pH 2, contact | Pakade(b) et al.,
(ARMN) time 600 min, | 2017
100 mg/L Cr (V1)
and 0.2 g
Rice husk & corn cob |HCI & |79 pH 4, contact | Gebrewold et al.,
activated carbon NaOH time 4hrs, 2gand | 2018
18 mg/L
Macadamia nutshell | NaOH 42.44 pH 2, contact | Pakade(c) et al.,
(BRMN) time 600 min, | 2017
100 mg/L Cr (V1)
and 0.2 g
Sugarcane bagasse Raw 1.79 pH 2, contact | Aloma et al.,
time 60 min, 10 g | 2014
Raw MNS powder Raw 1.26 pH 6, contact | This study
time 120 min,
shaking  speed
200 rpm, 5 mg/L
fluoride and 0.5 g

3.4.9 Antibacterial activity of MNS
Antibacterial activity of the raw MNS was evaluated using the sensitivity method of Kirby-

Bauer (Jorgensen and Turnidge, 2007) by observing the minimal zone of inhibition and is

presented in Figure 3.14. Three bacterial strains Escherichia Coli; gram-negative, Figure 3.14

(a), Staphylococcus Aureus; gram-positive, Figure 3.14(b) and Klebsiella Pneumoniae; gram-

positive, Figure 3.15 (c) were check using MNS adsorbent for antibacterial activity. The results

indicated the extract had no antibacterial properties and produced a null result in the inhibition

zone observed meaning that MNS has no antibacterial activity. This was also observed by Dang

et al. (2019) and it was attributed to the variation of cell wall composition of the bacteria were

MNS raw was used. However, this aspect of the research needs further research to establish
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the exact mechanisms involved and to further modify the adsorbent with nanoparticles to

enhance its effectiveness towards microbes.

Figure 3.14: A representative petri dish of different bacteria (a) Escherichia Coli, (b)

Staphylococcus Aureus and (c) Klebsiella Pneumoniae.

3.5 Conclusion
In this chapter, the physicochemical characteristics of MNS and its application towards fluoride

and pathogen removal were studied. The results showed that the material consist of carbon
49.56% (C), hydrogen (H), nitrogen 0.20% (N) and oxygen 44.08% (O). Batch experiments
showed the maximum fluoride removal of 42.27% from 5 mg/L initial fluoride concentration
when 0.5 g/100 mL adsorbent dosage was used at pH 6 after 120 min contact time. The
presence of co-existing ions enhanced the performance of fluoride removal. Moreover,
regeneration studies demonstrated that the adsorbent can be regenerated for up to 7 cycles using
0.01 M HCI. The adsorption of fluoride onto MNS powder follow pseudo second order of
reaction kinetics model indicating that fluoride ions removed through chemisorption. The
adsorption data fitted better to Langmuir than Freundlich adsorption isotherm model which
suggest monolayer coverage. The value AG® was found to be negative indicating that
adsorption of fluoride onto MNS was spontaneous and favourable. According to the findings
MNS possesses no anti-microbial activity. Although the MNS showed potential towards F
removal, this study further recommends the modification of MNS with nanoparticles and other
metal oxides to enhance its efficiency towards fluoride removal as well as the potency towards

anti-microbes.
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CHAPTER 4: Fabrication of macadamia nutshell powder-Al/Fe metal oxide Modified
diatomaceous earth composite beads for fluoride and pathogen removal.

Abstract
In the previous chapter, the efficiency of Macadamia nutshell (MNS) towards fluoride and

pathogen removal from groundwater was evaluated. It was found that the optimum fluoride
removal of 48% was achieved at initial pH of 6 using adsorbent dosage of 0.5 g. Furthermore,
the material showed no antimicrobial activities. This chapter aims at improving the percentage
fluoride removal of MNS by fabricating a composite bead from MNS and Al/Fe metal oxides
Modified diatomaceous earth (DE) using sodium alginate as binder and further evaluate their
efficiency towards fluoride and pathogen removal from drinking water. The physicochemical
compositions of the material were characterized using SEM, FTIR, SEM EDX and XRF. The
fluoride removal efficiency of the material was evaluated using batch and fixed bed column
experiments while the anti-microbial potency was evaluated using the well assay diffusion
methods. A maximum fluoride sorption capacity of 2.61 mg/g was achieved at initial fluoride
concentration of 5 mg/L using adsorbent dosage of 0.9 g/100 mL at pH 4 and shaking time of
120 min. The presence of co-existing ions decreased the fluoride removal efficiency. The
kinetics data for fluoride adsorption by MNS-AIl/Fe metal oxides Modified DE composite
beads followed pseudo-second order model of reaction kinetics implying that the dominant
mechanism for fluoride removed is chemisorption. The isotherm data fitted better to Langmuir
isotherm model as compared to Freundlich adsorption isotherm which suggest monolayer
coverage. The thermodynamics parameters such as AG® and AH° revealed that adsorption of
fluoride by the composite adsorbent is endothermic and spontaneous and AS° indicated that
fluoride ions where randomly distributed on the surface of the adsorbent. The column
experiments showed that the bed height of 40 mm is the most effective towards fluoride
removal showing the maximum adsorption capacity of 0.49 mg/g and treated 1.8 L at
breakthrough point and 9.2 L at exhaustion point with adsorption capacity of 1.43 mg/g. The
MNS-AI/Fe Modified DE composite beads were successfully regenerated and reused for up to
5 successive cycles using deionised water as regenerating eluent. The developed beads showed
a minimal inhibition zone towards Klebsiella Pneumoniae and no inhibition towards
Escherichia Coli and Staphylococcus Aureus. This chapter concluded that the beads have

potential for use in defluoridation as well as in anti-microbial towards Klebsiella Pneumoniae.

Keywords: Fluoride, Pathogens, Defluoridation, anti-microbial activity, and groundwater.
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4.1 Introduction
Groundwater contamination by fluoride and pathogen world-wide has become the great

concern worldwide. High intake of water contaminated by fluoride and pathogens leads to
dental and skeletal fluorosis, cholera, and diarrhoea (Ahmad et al., 2020 and Palansooriya et
al., 2020). Contamination of groundwater by fluoride occurs through natural and anthropogenic
sources. The natural process includes weathering of fluoride-bearing minerals, volcanic
eruptions, and the marine aerosols. The anthropogenic source includes the application of
fertilizers in agricultural field, coal combustion and cement manufacturing are also contributing
to the release of fluoride into the groundwater (Sahu, 2019; Malago et al., 2020). Groundwater
contamination by pathogen occurs through run-off water from farms, sewage and hospital
waste (Arun et al., 2020).

Because of the health concerns caused by exposure to water contaminated by pathogens and
fluoride, there is a need to develop a cheap and effective multi-functional adsorbent to use for
fluoride and pathogen removal from groundwater. Obijole et al., 2021 use mechanochemically
activated aluminosilicate clay for fluoride and pathogen removal from water and it showed
optimum fluoride sorption capacity of 2.75 mg/g with about 52% fluoride removal. Moreover,
when testing the adsorbent for microbial potency it showed promising antibacterial potency
against theE. coli. Ayinde et al, 2018 use Ag/MgO nanoparticle modified
nanohydroxyapatite for pathogen and fluoride removal and find that the optimum adsorption
capacity of 2.146 mg/g at 298 K was achieved with more than 90% fluoride removal and also

show strong antibacterial activity against E. coli and K. pneumonia.

Diatomaceous earth is commonly known for its application in water treatment. Izuagie et al.
(2016) synthesized Al/Fe metal oxide modified diatomaceous earth for fluoride removal in
groundwater. Their results showed optimum adsorption capacity was 7.633 mg/g for initial
concentration 100 mg/L fluoride at 297 K. The same material was further tested by
Nekhavhambe (2017) for its applicability at household fluoride removal using gravity flow
column set up experiments. The results showed that Al/Fe metal oxide modified diatomaceous
is limited by low flow rate. Flow rate significantly affects the performance of column in
continuous mode study, and it is an important parameter for evaluating the efficiency of
adsorbent in continuous treatment process (Afroze et al., 2016; Patel, 2019). The low flow rate
is caused by the compaction of the material when packing the column (Patel, 2019). When the
flow rate of influent is low, the influent has more time to contact with the adsorbent resulting

in shallow adsorption as well as high percentage removal (Gong et al., 2015; Afroze et al.,
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2016). At higher flow rate, the influent has no time to interact with the adsorbent there by
leading to faster saturation point and also reduction in removal efficiency (Afroze et al., 2016).

In the bid to enhance the hydraulic properties of Al/Fe metal oxide modified diatomaceous
earth and to enhance the effectiveness of macadamia nutshells, in this chapter, composite beads
were prepared from MNS and Al/Fe metal oxides modified diatomaceous earth using sodium
alginate as a binder. The material was thereafter tested for its efficiency towards fluoride and
pathogen removal from groundwater. The following specific objectives were set for this
chapter: i) to evaluate the optimum ratio for preparing MNS—AI/Fe metal oxides modified DE
composite beads , ii) to determine the physicochemical characteristics of MNS-AIl/Fe Modified
DE alginate composite beads iii) to evaluate the effectiveness of the beads in fluoride removal
using batch and column experiments, iv) to model the adsorption data using adsorption kinetics
and isotherm models, v) to evaluate the reusability of MNS-Al/Fe Modified DE alginate
composite beads towards in fluoride removal and lastly, vi) to determine the anti-microbial

potency of the MNS-AIl/Fe Modified DE alginate composite beads.

4.2 Methods and materials

4.2.1 Sample collection
Macadamia nutshells were collected from Levubu Royal Macadamia in Vhembe district

Limpopo Province, South Africa. The diatomaceous earth (DE) was collected from Karandusi
in Gilgil District, Nakuru, Kenya. Sodium hydroxide (NaOH), hydrochloric acid (HCI),
potassium chloride (KCI) sodium fluoride (NaF), Total lonic Strength Adjustment Buffer
(TISAB 111), calcium chloride (CaClz), Aluminium sulphate Al2(SO4)3.18H20, Iron(lll)
chloride hexahydrate (FeCls.6H20), sodium alginate and other chemical reagents used in this
study were of analytical grade reagents and were purchased from Rochelle Chemicals,

Johannesburg, South Africa. All chemicals were used without further purification.

4.2.2 Preparation Al/Fe metal oxide modified diatomaceous earth
The modification of DE by Al/Fe metal oxides was carried out following the procedure

optimized by lzuagie et al. (2017). Briefly, the modification was carried out as follows:
solutions of 0.25 M AI?* and 0.25 M Fe®* were prepared by dissolving 8.33 g of
[Al2(S04)3.18H20 and 6.76 g of (FeCls.6H20)] in 100 mL volumetric flask, respectively. The
two solutions were added in 1000 mL plastic bottle at a ratio of 1:1. Thereafter, 15 g of clean
DE was dispersed in the solution and shaken using reciprocating shaker at 200 rpm for 20 min

for proper soaking. Precipitation of the solution was affected by adjusting the pH to 8.2 using
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NaOH. The mixture was agitated on a reciprocating shaker at 100 rpm for 50 min. The mixture
was then centrifuged to remove excess NaOH while the solid was washed with Milli-Q water
until it could turn phenolphthalein to red. After the equilibration the mixture was centrifuged
to recover the solid by discarding the supernatant. The washed solid was dried in the EcoTherm
oven model no.920, Labotec at 110 °C for 8 h, cooled in the desiccator and then stored in

corked plastic bottles for subsequent use.

4.2.3 Macadamia nutshell powder-Al/Fe metal oxides modified DE composite beads
The MNS-AI/Fe metal oxides modified DE composite beads (MNS-Al/Fe metal oxides DE

beads) were prepared as follows; a mass of 3 g sodium alginate was weighed and dissolved in
100 mL of Milli-Q water until homogeneous was obtained. MNS and Al/Fe oxides modified
DE were then added onto the prepared sodium alginate solution at mass ratios of 1:1, 1:2, 2:1,
3:1 and 3:1 and the suspensions were stirred at 350 rpm for 6 hours at room temperature.
Thereafter, homogenised mixtures were slowly dropped using a funnel into 800 mL beaker
containing 0.1 M of CaCl: to form beads of roughly uniform size. Therefore, the beads were
kept in CaClz solution over night to allow the beads harden. Thereafter, the beads were then
separated from CaClz and washed using deionized water and dried in an EcoTherm oven at
temperature of 80 °C for overnight. Figure 4.1 depicts the schematic diagram for beads
formation process. Batch defluoridation were carried out to determine the optimum mass ratio
for preparing the composite beads as follows: 3 g of DE and 1 g of MNS were weighed and
added into the 250 mL plastic bottles each containing 100 mL of 5 mg/L of fluoride solution.
Mixtures were shaken using table shakers at 250 rpm for 60 min and the final concentration of
fluoride was measured using ion selective electrode attached to fluoride multi-meter and
calibrated using four standards (0.1, 1.0, 10 and 100 mg/L) containing ratio TISAB 11l to
solution of 1:10. The mass ratio with the highest fluoride removal was then used in further

experiments.
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Figure 4.1: Schematic diagram for preparation of MNS-AIl/Fe metal oxides DE beads.

4.2.4 Characterisation of the adsorbent
The elemental compositions of MNS-Al/Fe metal oxides DE beads were determined using

Thermo Flash 2000 Series CHNS/O organic Elemental analyser and also by Bruker Titan S1
Handheld X-Ray Fluorescence. The functional groups of the materials were determined using
Bruker Alpha Platinum-ATR Fourier transformation infrared spectroscopy (FTIR). The
crystallinity was determined using D8 advanced X-ray diffract meter (XRD) (Bruker) with Cu-
Ka Radiation as source. Surface morphology was determined using scanning electron
microscope (SEM) (Leol1450 SEM, at kv, working distance 14 mm). Pore size distribution,
pore volume and surface area were determined using Barrett Joyner Halenda (BJH) sorption
model using a specific surface area analyser (Autosorb-1Q and quadrasorb SI, USA). The
pHpzc was evaluated using solid addition method (Gitari et al., 2017). Physical parameters
such as size was measured using a ruler in mm. the volume of the beads was measured using
volume displacement method using equation (4.1). Further, moisture level of the beads was
analysed by calculating the percentage difference between the wet weight and the dry weight
and the bulk density for the dried beads was calculated based on mass (g) and volume obtained.
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initial weight—final weight

m% = (4.1)

initial weight

4.2.5 Batch fluoride adsorption experiment
Batch experiments were used to determine the optimum conditions (such as contact time,

adsorbent dosage, adsorbate concentration and pH) for fluoride removal. To evaluate the
contact time, 100 mL of solution containing 5 mg/L of fluoride was prepared and pipetted into
250 mL plastic bottles. Thereafter, 0.9 g of MNS-AIl/Fe metal oxides DE beads was added to
make up 0.9 g/100 mL adsorbent dosage and mixtures were then agitated for 5, 10, 15, 20, 25,
30, 40, 50, 60, 90, 120, and 150 min using reciprocating table shaker. After agitation, samples
were filtered through 0.45 pm pore membrane and the residual fluoride concentration
determined using ion selective electrode attached to fluoride multi-meter and calibrated using
four standards (0.1, 1.0, 10 and 100 mg/L) containing ratio TISAB 11l to solution of 1:10. The
same ratio was maintained for sample analysis. The effect of pH on fluoride sorption by MNS-
Al/Fe metal oxides DE beads was evaluated by varying the initial solution pH from 2 to 12
using 0.1 M NaOH and 0.1 M HCI to adjust the solution pH. Adsorbent dosage of 0.9 g/100
mL and initial concentration of 5 mg/L were used. Mixtures were agitated for 120 mins. The
effect of adsorbent dosage was evaluated by varying the adsorbent dosage from 0.1 to 1 g/100
mL using initial concentration of 5 mg/L. Solution pH was adjusted to 4+0.9 and mixtures were
agitated for 120 min. The effect of initial fluoride concentration was evaluated by varying initial
fluoride concentration from 5 to 30 mg/L. The experiment was conducted at temperature of
298, 308 and 318 K. Adsorbent dosage of 0.9 g/ 100 mL and initial pH of 4£0.9 were used.
Mixtures were agitated for 120 mins. To evaluate the effect ions in fluoride removal was done
using 5 mg/L of SO4%, CI', NOs", COs%, Ca?* and Mg?* were prepared separately and mixed
with 5 mg/L of fluoride solution. The adsorbent dosage of 0.9 g/100 mL and initial pH of 4+0.9
and mixtures were shaken for 120 mins. All experiments were conducted in duplicate for better
accuracy and the average value were reported. The percentage of fluoride removal and the
adsorption capacity of MNS were computed using equation 4.2 and 4.3 respectively.

% Fluoride removal = (%) x100 (4.2)

0

Q = (=5) xv (4.3)

m
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Where: Co is the initial fluoride ion concentration (mg/L); Ce is the fluoride ion concentration

at equilibrium (mg/L); v is the volume of the solution (L) and m mass of the adsorbent (g).

4.2.6 Column Experiments
For column experiments, two syringes of about 135 mm height with a diameter of 26 mm were

used. Beads weighing 14 and 18 g were added into the column to make up the bed height of
30 and 40 mm, respectively. The beads were fused in between the glass wool, the glass wool
was used to support the column and to avoid the breaking of column. Figure 4.2 depicts the
column setup. A feed water containing initial F~ concentration of 5 mg/L was poured
continuously to pass through the bed on a gravity flow mode. Effluents were collected at
intervals of 1 hour throughout the experiment. The final fluoride concentration, EC, TDS and
pH of the effluent collected were measured immediately after collection. Equation 4.4 and 4.5
were used to calculate the adsorption capacity at breakthrough point and at exhaustion point,
respectively.

qp = fOVb (M) D (4.4)

m

qe = fOVe (ﬂ) e 4.5)

m

Where: Vp and Ve is volume at breakthrough point and exhaustion point, respectively (L), Ce
IS concentration at breakthrough, m is the mass of adsorbent in g, while V is the volume of

fluoride solution in L.
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Figure 4.2: Fixed-bed column experimental set up.
The column performance was assessed by calculating the bed volume (BV) as well as the

adsorbent exhaustion rate (AER) using equation 4.6 and 4.7, respectively.

volume ofwater treated at breakthrough point (L)
volume of adsorbent bed (L)

BV =

(4.6)

mass of adsorbent

AER =

(4.7)

volume of water treated

4.2.7 Regeneration and re-use of the adsorbent

The regeneration of the adsorbent was carried out as follows: 0.9 g of MNS-AI/Fe metal oxides
modified DE beads loaded with fluoride desorbed through agitation with 100 mL of deionised
water for 120 min reciprocating shaker. After agitation, beads were recovered by filtering the
mixtures through 0.45 pm pore membrane and then kept in an oven dried at 110 °C for 3 h.

The regeneration was evaluated through batch shaking experiment.

4.2.8 Anti-microbial studies

Anti-microbial activity of the MNS-AIl/Fe metal oxides modified DE beads was investigated
using well disc diffusion assay method (Kirby-Bauer method). A solution of 100 mL of
Mueller-Hinton agar broth was prepared by dissolving 2.1 g in milli-Q water. The solution was
autoclaved for 15 min at 121 ©C for sterilisation. After autoclaving the solution was left to cool
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at room temperature. Thereafter, 5 mL of the broth was pipetted into 15 mL different tubes and
about 3-4 colonies of E. coli, S. Aureus and K. Pneumoniae bacterial strains were inoculated in
each of the tube containing broth. Bacterial strains were grown at 37 °C in an incubator for a
period of 3 hours. Thereafter, about 20 mL of agar was dispersed in the plates and bacterial
strains were spread on the surface of the agar plate using a swab. Therefore, 0.1 g of the
adsorbent was weighed and was dissolved in 1 mL of milli-Q water and left for overnight to
completely dissolve. The well was dug in the agar in order to put the adsorbent in it. The
adsorbent was introduced onto the well in the agar plate and stored in an incubator at 37 °C for
48 hrs. Thereafter, measurements of diameter from exterior of absorbent to end point of the
inhibition zone were done and subsequently the values were implemented on analysis of MNS-

Modified DE composite beads adequacy on anti-bacterial activity.

4.3. Results and discussion
4.3.1 Effect of MNS-AIl/Fe metal oxide beads ration on fluoride removal

The results of the batch experiments conducted with the beads prepared at varying mass ratio
are prepared in Table 4.1. Results showed that the beads prepared at the ratio of 1:3 yielded
higher percentage fluoride removal (55.26%) as compared to the other materials prepared at
other ratios. Therefore, ratio of 1:3 was adopted as the optimum ratio for preparing the
composite beads and was therefore characterized and further used on subsequent fluoride

removal experiments.

Table 4.1. Percent fluoride removal by Raw MNS and Al/Fe oxide-modified DE, Na-alginate
composite beads containing different ratios (5 mg/L F-, 60 min, 250 rpm and pH 6.25)

MNS: Modified DE  Final pH F(mg/L) % Fluoride removal
1:1 6.38 3.61 40.03
1:2 6.15 3.62 40.00
2:1 6.53 3.57 40.64
3:1 6.29 3.26 45.79
1:3 6.23 2.69 55.26
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4.3.2 Physical characteristics and the surface area, pore distribution and pore volume

The size (diameter) of the beads was ranging between 2 to 3 mm. The volume displacement
method revealed that the beads have a volume of 0.8 mL and the density of 1.13 g/mL. The
surface area, pore volume and pore size are depicted in Table 4.2. The surface area of MNS
and the Al/Fe metal oxide modified DE were found to be 1.69 and 27.60 m?/g, respectively.
The MNS-AIl/Fe metal oxide DE beads had lower surface area as compared to the parent
materials with the surface area of 6.72 m?/g. This could be attributed to the fact the that the
introduction of low surface area MNS affects the surface area of the resulting composite and
also binder dilute the surface area of the composite. The beads were also found to be having
lower pore volume and pore diameter as compared to MNS and the Al/Fe metal oxide modified
DE (Table 4.2). The surface area, pore volume and pore diameter further decreased after
fluoride removal to 4.35 m?/g, 0.006 cm®/g and 5.246 nm, respectively. This could be attributed
to the fact that fluoride ions covered up the surface space of adsorbent surface. The decrease in
pore volume is because of the introduction of binder which cover up the surface pore limiting
the flow rate in column experiment. In comparison with Al/Fe modified DE the flow rate was

low.

Table 4.2. The surface area, pore volume and pore size MNS-AIl/Fe oxide modified DE beads

Surface area (m?/g)  Pore volume (cm3/g)  Pore diameter (nm)

Al/Fe metal oxide 27.60 0.041 6.021
DE

MNS 1.69 15.4 0.01
MNS-Al/Fe  metal 6.27 0.00082 5.504
oxide DE beads

F- loaded MNS- 4.35 0.006 5.246
Al/Fe metal oxide

DE beads

4.3.3 Elemental composition
The elemental composition of raw MNS, raw DE, Al/Fe metal oxide modified DE, MNS-Al/Fe

metal oxides modified DE beads (composite beads), and composite beads F~ loaded is presented
in Table 4.3. The results showed that MNS is mainly composed of carbon (49.56%), oxygen
(44.08%) and hydrogen (6.19%). The raw DE show that is mainly compose of SiO2 and CaO
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as the main oxides averaging 83.92 and 7.5%, respectively. After modification of raw DE by
Al and Fe oxides, the percentage composition of Al2O3 and Fe20s increased t0 5.18 and 9.69%
respectively and this confirm that raw DE was successfully coated with Al and Fe oxides. The
beads were mainly consisting of SiO2 (63.23%), CaO (12.73), Al203 (3.98%) and Fe203
(5.40%) as the major oxides in the adsorbent. The increase in CaO could be attributed the use
of CaCl2 as crosslinking agent. After F removal there was a decrease in SiO2 (56.51%), CaO
(11.63%), Al203 (1.81%) and Fe203 (3.29%). This could be due to dilution of F ions as a results

of surface complexation.

Table 4.3: Chemical analysis of MNS-AIl/Fe metal oxide modified DE beads

Element/ MNS (%) Raw DE AL/Fe Composite Composite

oxide (%) Modified DE beads (%) beads F-
(%) loaded (%)

MgO 0.97 0.56 0.54 0.90 0.614

SiO2 0.44 83.92 72.37 63.23 56.51

CaO 0.25 7.50 3.45 12.73 11.63

Al20s3 0.16 0.69 5.18 3.98 1.81

P20s 0.01 0.19 0.04 0.06 0.07

FeO3 - 0.69 9.69 5.40 3.29

C 49.56 - - -

0 44.08 - - -

H 6.20 - - -

4.3.4 Functional groups
Figure 4.3 show the spectra of MNS, Al/Fe metal oxide DE, sodium alginate, MNS- Al/Fe

metal oxide DE beads (composite beads) and F loaded MNS- Al/Fe metal oxide DE. The raw
MNS spectra showed wide transmittance band at wavelength region of 3351 cm™ which is
attributed to stretching and vibration of hydroxyl (OH") groups associated with the hydrogen
bond in absorbed moisture and cellulose structure (Zhao et al., 2013). The band at 1738 cm™*
is linked to carboxylic group (C=0). The bands at 1454 cm can be assigned to the stretching
of C-C bond. The band at 1248 cm™ indicating the C-OH together with the band of C-O at
1030 cm! linked to the vibration and stretching of the phenols, ketones, ethers and esters in the
surface of the adsorbent. The transmittance bands of Al/Fe metal oxides modified DE (Fig
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4.3b) were observed at wavelength range of 918 cm™ and 797 cm™, 1069 cm™ and 3360 cm™.
The band at 3360 cm™ is attributed to stretching and vibration of hydroxyl (OH") groups. The
band at lower frequencies, a band between 1000 cm™ and 1100 cm™ was observed which may
be due by stretching and vibration of Si-O groups in the DE. The smaller band at 918 cm™ and
797 cm show the stretching vibration of Si-O-Si, Fe-O-Al, Al-O-Si, and Si-O-Fe bands
respectively. The spectra of sodium alginate (figure 4.3c) and the strong band and wide band
appeared around 3357 cm™ which can be attributed to -OH stretching vibration. The two-small
band at 1601 and 1417 cm™ corresponds to C=0 of amide group and C—O stretching vibration
bands in carboxyl groups, this band was also observed by Zhang et al., (2020) and Qiusheng
et al., (2015) for the pure sodium alginate and the band at 1032 cm™ is due to the stretching of
alcohols, ether, esters and carboxylic acids. The FTIR spectra of the composite beads (Figure
4.3d) showed a broad stretching of -OH band at 3343 cm™ and band at 1599 and 1419 cm™ is
ascribed to carboxyl functional group. The band at 819, 915 and 1038 cm-1 are ascribed to Si-
O-Si, Fe-O-Al, Al-O-Si, and Si-O-Fe bands, respectively. The similarities on bonds between
the parent materials, sodium alginate and the composite beads is that they all have carboxyl
functional group. After fluoride removal by MNS-Modified DE alginate composite beads, the
band show similar peaks to the ones of composite beads with the decrease intensity. The
decrease in intensity could be that the functional groups play a role in fluoride removal.
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Figure 4.3: FTIR spectra of sodium alginate, MNS-Modified DE Na alginate composite beads
and MNS-Modified DE Na alginate composite beads F~ loaded.

4.3.5 Scanning electron spectra analysis

Figure 4.4a-d present the surface micrograph of the raw MNS, MNS-AIl/Fe metal oxide DE
beads and F loaded MNS-AIl/Fe metal oxide DE beads. The micrograph of MNS revealed some
flaky fold-like structures morphology with some crystals on top (Fig. 4.4a). The micrograph of
Al/Fe metal oxide modified DE on the other hand shows porous irregular shape features with
some crystalline structures (Fig. 4.4b). After combining the two material and convert them into
beads, the morphology appears to have irregular shaped granule with some pore visible (figure
4.4c). After fluoride removal, the surface appears to have broken down into with some cracks.

This could be attributed to expansion of the material during fluoride ion adsorption (Fig. 4.4d).
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Figure 4.4: Scanning Electron Microscopy a) MNS, b) Al/F metal oxide DE, c) MNS-Al/Fe
metal oxide DE beads and d) F" loaded MNS-AIl/Fe metal oxide DE beads.

4.3.6 XRD analysis

The X-ray diffraction patterns of MNS, Al/Fe metal oxide modified DE and MNS- Al/Fe metal
oxide modified DE composite beads are depicted in Figure 4.5. The spectra of MNS showed
the major diffraction peak at 20 degree of 17.31°, 22.17° and 34.35° which are related to
crystalline native cellulose (CeéH1206). The spectra of Al/Fe metal oxide modified DE showed
major diffraction peaks at 20 degree angles of 9.849, 14.71°, 20.89°, 25.63°, 26.63°, 29.72°,
31.920, 42.25°, 49.26°, 54.08°, and 59.87°. The major mineral phases of Al/Fe metal oxide
modified DE spectra are observed at these diffraction angles includes muscovite, calcium
sulphate hydrate and quarts, respectively. The spectra of the MNS-AI/Fe metal oxide modified
DE composite beads showed major diffraction peaks at 2 theta degrees angels of 24.56° and
27.23° which shows the presence of mainly quarts and a smaller broader bump which is albite
intermediate at 34.420.
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Figure 4.5: XRD patterns of MNS, Al/Fe metal oxide modified DE and MNS- Al/Fe metal
oxide modified DE composite beads.

4.4 Batch adsorption experiment

4.4.1 The effect of contact time and adsorption kinetics
Figure 4.6 depicts the variation of adsorption capacity of prepared composite beads against

contact time as well as the nonlinear plots for adsorption kinetics models. The fluoride

adsorption capacity increase with the increasing contact time from 5 to 120 min where it

reached plateau indicating that the system is has reached equilibrium. The rapid fluoride uptake

at contact time below 120 min could be attributed to large number of active sites available for

fluoride adsorption. Therefore, 120 min was therefore selected as the optimum contact time for

used in subsequent experiments.

73

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

0,58 ® qe PFO PSO

0 20 40 60 80 100 120 140
Time (mins)

Figure 4.6: Variation of fluoride adsorption capacity as a function of contact time and
adsorption kinetics (5 mg/L initial F~ concentration, pH 4, 0.9 g dosage, shaking speed 250

rpm).

In order to elucidate the adsorption mechanism for fluoride sorption by MNS-AIl/Fe metal
oxides modified DE beads as well as the fluoride adsorption rate limiting step, the adsorption
data fitted onto nonlinear equation of pseudo first order and pseudo second order Kinetics
models as well as the intra-particle diffusion model of Weber and Morris (Gupta and
Bhattcharyya, 2011). Pseudo-first order (PFO) is used to describe physisorption process as well
as solid-liquid adsorption system. It is given by the equation 4.8 as follows (Gupta and
Bhattcharyya, 2011).

qr = qe(1 —e™*) (4.8)
Pseudo second order (PSO) on the other hand is given by equation 4.9 and it is used to describe

chemisorption as well as cation exchange reactions (Simonin et al., 2016; Gupta and
Bhattcharyya, 2011).

q; = qékat
b 14kyqet

(4.9)

Where gt (mg/g) is adsorption capacity at a given time t, ge (mg/g) is the maximum sorption
capacity at equilibrium and ki (mint) and k2 (min) are the pseudo first and second order rate

constant, respectively. The value of k2 is determined by the slope and intercepts of t/g: vs t
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(min). Figure 4.6 depicts the pseudo first and second order plots, respectively while the constant
values of pseudo first and second order are presented in Table 4.4. It is evident from the
correlation coefficient that the data fitted better to pseudo second order (R? = 0.83) rather than
pseudo first order (R? = 0.57). The better fitting to pseudo second order suggests that the
fluoride adsorption by composite beads occurred via chemisorption. From the results (Table
4.4), the rate constant k1 (pseudo first order) is 0.46 min' and k2 (pseudo second order) is 2.80
min, which suggest that chemisorption was much faster and dominant as compared to
physisorption. The chi-square (X?) determines the goodness of fit, that is the lower the value
the better the fit. According to chi-square value, pseudo second order show the better fit than
pseudo first order with X2 of 0.000043.

Table 4.4. Calculated parameters for pseudo first order and pseudo second order reaction
kinetics of raw MNS-AI/Fe metal oxides DE beads

PFO PSO
Ki (min~ Qe R? X? K2 Qe R? X?

D) (mg/g) (g/mg.min)  (mg/g)

0.46 0.48 0.57 0.000167 | 2.80 0.49 0.83  0.000043

The Weber and Morries (1963) intra-particle diffusion, represented by equation 4.10, was
employed to explain the movement of fluoride ion from the bulk solution into the surface of
the adsorbent (Tran et al., 2016). During adsorption, adsorbate molecules move from the bulk
solution into the boundary layer and further diffuse onto the interior of the adsorbent (Ayinde
et al., 2018).

qe = k;t®S (4.10)

Where g is the amount adsorbed (mg g %) at a given time, t (min); Ki (mg g *min™%) is the intra-
particle diffusion rate constant and is determined from the slope of t°° vs qt. The intra-particle
plot obtained from the adsorption data did not yield straight line indicating that intra-particle
diffusion is not the only rate limiting step (Figure 4.7). The data exhibited two clearly defined
phases indicating that there are two main adsorption steps are taking place. Phase | could be
attributed to surface adsorption which completed within the first 90 min. Phase Il at 240 min
and beyond could be attributed to intra-particle diffusion adsorption at equilibrium. The rate of
constant for phase 1 and phase 2 (K1 and Kz,) are shown in Table 4.5. It is observed that K1 is
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higher than Kz, these indicates that boundary layer adsorption occurred much faster than the
subsequent intra-particle diffusion and the adsorption at equilibrium. The pore diffusion in
phase | and phase Il is positive, meaning that the boundary layer and intra-particle diffusion

are the main mechanism for adsorption.

0,6
- ®
o y = -0,0103x + 0,6671

0,4 oL
I y = 0,0151x + 0,4082 R? = 0,8655
£ 0,3 R? = 0,9806
I3
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0
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Figure 4.7: Intra-particle diffusion plot for fluoride adsorption onto MNS-AIl/Fe metal oxides
DE beads.

Table 4.5. Constant values of intra particle diffusion

Model MNS-Al/Fe Modified DE
alginate composite beads.

Intra particle diffusion K1 (mg/g min™) 0.02
K2 (mg/g mint) 0.01
R? (phase 1) 0.98
R? (phase 2) 0.87

4.4.2 The effect of adsorbent dosage
Figure 4.8 depicts the variation of percentage fluoride removal and adsorption capacity against

adsorbent dosage. The percentage of fluoride removal increase as the adsorbent dosage
increases from 0.1 g to 0.9 g/100 mL. The increase in adsorption with increase in MNS-Al/Fe

Modified DE composite beads dosage could be due to increasing active binding sites as the
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adsorption dosage increases. Conversely, the adsorption capacity decreased with increasing
adsorbent dosage form 2.61 mg/g to 0.47 mg/g. Adsorbent dosage of 0.9 g/100 mL was

therefore selected as the optimum for subsequent experiments.

—0— % F- removal ge
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Figure 4.8: Variation % F removal and adsorption capacity by MNS-Al/Fe modified DE
composite beads as a function of adsorbent dosage (contact time of 120 min, initial F
concentration of 5 mg/L at 100 mL solution volume, pH 6 and shaking speed 250 rpm).

4.4.3 Effect of pH

The pH solution has an influence on the adsorbent’s surface charges which in turn affect the
behaviour of fluoride adsorption. The effect of pH on the adsorption of fluoride by the
composite beads was evaluated by varying initial solution pH from 2 to 12 and the results are
presented in Figure 4.9 a). It is observed that fluoride removal is optimum at a pH of 2 to 6
with the percentage removal of 89.16% to 84.81%. As the pH increases from 6 to 8, a sharp
decrease in fluoride percentage removal to 65.11% was observed. Thereafter, a slight increase
in fluoride percentage removal at pH 10 and 12. To further understand the behaviour of fluoride
ion at various pH levels and to establish the surface charges, the pH point of zero charge (pHpzc)
of MNS-AI/Fe metal oxide modified DE beads was evaluated using the titration method and
the results are presented in Figure 4.9 b). It is observed that the pH of the material is at pH of
5+0.9 indicating that at this pH the surface is neutraly charged while at pH below this level the
material is positively charged and at pH above this level 5+0.9 the surface is negatively
charged. Therefore, at pH below the 5£0.9 where H* dominate, adsorption may be attributed
to possible electrostatic attraction between the negatively charge fluoride ion and the positively

charged surface area of the adsorbent (equation 4.11). The fluoride adsorption above the pHpzc
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where the surface of the adsorbent is negatively charged and where OH" dominates, the
decrease in fluoride removal could be attributed to competition between F and OH" for
adsorption site (equation 4.12). However, at neutral pH fluoride could also be adsorbed as a
result of ion exchange and is presented by equation 4.13 and 4.14 respectively. Where M

represent adsorbent’s surface.

MOH + F~ + H;0" > MOH} — F~ + H,0 (4.11)

MOH + F~ + H,0* > M* — F~ + 2H,0 (4.12)

MOH + F~ > MF + OH~ (4.13)

M(OH)2~ + 2F~ — MF~ + 20H" (4.14)
78

© University of Venda



7S
>

) (o

,
L

University of Venda
Creating Future Leaders

a
100
©
8 60
£
g
4 40
X
20
0
0 2 4 6 8 10 12 14
pH
b
—e—0.1 M KCI 0.01 M KCl 0.001 M KclI
1
0,5
= o
o
c O
Yy 0 2 4 6 8 10 12 14
& -0,5 2
=
o 4‘\/
-1
-1,5
pH

Figure 4.9: (a) Effect of pH and (b) point of zero charge on fluoride removal (5 mg/L initial F
concentration, 0.9 g dosage, shaking speed 250 rpm) and b) point of zero charge.

4.4.4 Effect of initial concentration
The effect of initial concentration on the fluoride removal onto MNS-AIl/Fe metal oxides DE

beads as well as the adsorption isotherm were studied by varying the initial concentration from
5 to 30 mg/L. The experiment was repeated at different temperatures (298, 308 and 318 K) in
order to study the thermodynamics. Figure 4.10 depicts the variation of adsorption capacity of
fluoride concentration. Based on the findings, the adsorption capacity increases gradually with
increasing initial concentration increase. The increase in adsorption capacity is due to the ratio
of adsorbent mass to available fluoride ions in the solution. Increasing temperature from 298
to 308 K increases the adsorption capacity of fluoride removal while further increase to 318 K

decreases the adsorption capacity.
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Figure 4.10: Variation of adsorption capacity with varying equilibrium concentration and
adsorption isotherms for fluoride adsorption by composite beads (5 mg/L initial F
concentration, pH 6, 0.9 g dosage, shaking speed 250 rpm).

Nonlinear equations of Langmuir and Freundlich adsorption isotherm were employed to further
explain the interaction between the fluoride ions and the adsorbent’s surface. Langmuir
isotherm model is based on the assumption that adsorption occurs on monolayer surface. Once
fluoride ion adsorbed on the surface of the adsorbent, no other ion is adsorbed on that
adsorption site (Foo and Hammed, 2010). Langmuir isotherm model is represented by the
following nonlinear equation 4.15.

— dmKiCe (4.15)

€ T 14Kice

Where Ce is the equilibrium concentration (mg/L); ge is the amount of ion adsorbed (mg/g); gm
is ge for a complete monolayer (mg/g); Kv is adsorption equilibrium constant (L/mg). The
Freundlich adsorption isotherm model on the other hand assumes that adsorption occurs on a
heterogeneous surface and consider multilayer adsorption (Foo and Hammed, 2010).

Freundlich is represented by equation 4.16.

Qe = Kfcl/n (4.16)

e

Where Ce is the equilibrium concentration (mg/L); ge is the amount of ion adsorbed at
equilibrium (mg/g); Ks is the Freundlich constant related to adsorption capacity and 1/n is the
adsorption intensity. When 0< 1/n<1, the adsorption is favourable; when 1/n =1, the adsorption
is irreversible; and when 1/n > 1, the adsorption is unfavourable. Nonlinear plots for Langmuir

and Freundlich isotherm models are included in Figure 4.10 while the model’s constant values
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are depicted in Table 4.6. Based on the correlation coefficient (R?) for initial concentration at
different temperature, Langmuir adsorption data fitted better than Freundlich adsorption
isotherm model. The better fit of the Langmuir isotherm suggests monolayer coverage. To
further establish the favourability of the adsorption process, the equilibrium dimensionless
parameter. Therefore, a dimensionless parameter, Ri, equation 4.17 was also calculated from
the Langmuir isotherm adsorption process.

1
T 14K

R, (4.17)

Where Kv is the Langmuir isotherm constants and Ci is the initial concentration of fluoride
(mg/L). RL value indicates the sorption system to be favourable if 0 < RL < 1. The RL value
equal to 1 indicate linear adsorption and if value of RL is equal to 0, the adsorption is
irreversible. Calculated value of RL for different initial concentration is presented in figure
4.11. The calculated value of RL lies between 0 and 1 indicating that the adsorption of fluoride
onto MNS-Al/Fe metal oxides DE beads was favourable. The chi-square (X?) determines the
goodness of fit, that is the lower the value the better the fit. The chi-square values of Langmuir
isotherm show small values for both temperatures as shown in Table 4.6 indicating better fit to

Langmuir than Freundlich isotherms.

——298 K 308 K 318K

0,8
0,7
0,6
0,5
< 0,4
0,3
0,2
0,1

0 5 10 15 20 25 30 35
Initial concentration (mg/L)

Figure 4.11: R. values for the adsorption of fluoride onto MNS-AIl/Fe metal oxides DE beads.
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Table 4.6. Calculated Langmuir and Freundlich isotherm parameters.

Langmuir isotherm Freundlich isotherm
Temperature(K)  gm(mg/g) R? KL X? 1/n  Ks Rz X2
(L/mg) (mg/g)
298 1.84 0.96 0.08 0.017 0.24 0.65 0.98 0.044
308 2.08 0.96 0.07 0.022 0.25 0.68 0.90 0.048
318 2.12 0.99 0.07 0.007 0.28 0.66 0.94 0.030

4.4.5 Adsorption thermodynamics
To further elucidate adsorption mechanisms for fluoride onto MNS-AIl/Fe metal oxide

modified DE, the Gibbs energy change (AG®), the enthalpy change (AH®) and the entropy
change (AS°) were determined using the equation (4.18) and (4.19).

AG° = —RT InK, (4.18)
_ AH? | AS®
anc = _F-I_T (419)

Where AGP is the standard Gibbs free energy change calculated using equation 4.18 and R is
the molar gas constant, 8.314 J mol* K** and T is absolute temperature in Kelvin. AHC is the
standard enthalpy change while AS° is the entropy change and they are determined from slope
and the intercept of InKc against 1/T. The equilibrium constant, K¢ is a dimensionless parameter
derived from Langmuir’s adsorption isotherm constant (L/mg) by multiplying it with
18.998x10° where 18.998 is the atomic mass of fluoride (Tran et al., 2016). The plot for InKc
is presented in Figure 4.12 while the constant parameters are presented in Table 4.7. The results
show the negative value of AG? at all temperature, an indication that the fluoride adsorption on
MNS-AI/Fe metal oxide modified DE composite beads surface is spontaneous. The enthalpy
change (AH®) value was found to be positive indicating that adsorption of fluoride by prepared
composite beads was endothermic nature which absorb the heat from its surrounding and is
unequivocally attributable to chemisorption. The value of AS® was also found to be positive,

suggesting that fluoride ions were randomly distributed on the surface of the adsorbent.
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Figure 4.12: InKc as a function of reciprocal of adsorption temperatures.

Table 4.7. Adsorption thermodynamic parameters

AGP® (Kj /mol)

AH® (kj/mol) AS° (kj/mol)

298 K =-21662.5
308 K =-24125.3
318 K =-25027.8

28.70 170.20

4.4.6 The effect of co-existing ions

Figure 4.13 depict the effect of co-existing ions in fluoride adsorption by the prepared beads.
Co-existing ions considered were magnesium (Mg?*), calcium (Ca?*), sulphate (SO4%), nitrates
(NO3), chloride (CI), and carbonate (CO3%). From the results, the presence of co-existing
decreases the fluoride uptake active sites. The same trend was observed during fluoride
adsorption by zirconium-Na-attapulgite and Porous zirconium alginate beads (Zhang et al.,
2020; Qiusheng et al., 2015). This was attributed to the lower affinity of zirconium alginate for
fluoride and a competition between the fluoride ions and the co-existing ions and may be since
these ions compete with fluoride ions for the surface functional groups on bead surface and

thereby decreasing the fluoride removal. Fluoride removal with the present on co-existing ions

increased in the order of Ca?"> CO3?*> SO4>> Mg?"> NO3™> CI-.
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Figure 4.13: Effect of co-existing ions on fluoride removal by MNS-Al/Fe metal oxides DE
beads (contact time 120 min, dosage 0.9 g/ 100 mL F solution, pH 4 and shaking speed of 250

rpm).

4.4.7 Regeneration and re-use of the adsorbent

The regeneration and reuse potential of the MNS-AI/Fe Modified DE alginate composite beads
were evaluated using deionised water as the regenerant and the results are presented in Figure
4.14. The fluoride removal decreases with the increase in number of regeneration cycle from
86.5% to 61.6%. The decrease in fluoride removal could be attributed to diminishing
adsorbent’s active sites with continuous reuse. Deionized water was used as regenerant to
avoid deformation of beads as it was observed by Zhang et al., 2012 and Qiusheng et al., 2015

when using HCI and NaOH as regenerant.
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Figure 4.14: The regeneration and reuse of MNS-AI/Fe Modified DE alginate composite beads
(5 mg/L initial F~ concentration, pH 4, 0.9 g dosage, shaking speed 250 rpm).

4.4.8 Defluoridation of field water

The efficiency of MNS-Al/Fe Modified DE alginate composite beads on fluoride removal was
tested by using field groundwater collected from Siloam borehole at the established optimum
conditions of pH, contact time, and adsorbent dosage. The experiment was conducted at
optimized pH (pH 4). Table 4.8 shows physicochemical parameters of the field water before
and after treatment. Percentage Fluoride removal of 79.79 % from field water was achieved at
optimized conditions. Although the material is effective for fluoride removal at acidic pH, it is
not applicable for household use. Moreover, the final pH is 6.22 which is suitable for human
consumption. The treatment with acidic pH was because the optimum pH for fluoride that was

effective was found to be at pH 4.

Table 4.8: Physicochemical parameters of field water before and after treatment (contact time
120 min, dosage 0.9 g/ 100 mL F solution, 5 mg/L F, pH 4 and shaking speed of 250 rpm)

Parameters Before fluoride treatment After fluoride treatment
pH 4.03 6.22

Total dissolved solids (mg/L) | 750 385

Conductivity (us/cm) 1050 543

F- (mg/L) 4.86 0.982

4.4.9 Column experiment

The column experiment was conducted using a bed height of 30 and 40 mm using the initial
fluoride concentrations of 5 mg/L and the results are presented in Figure 4.15. It was observed
that the breakthrough point, and the exhaustion point increases with an increase in bed height.
This could be attributed to the fact that an increase in the bed height provides more adsorption
sites and increases the resident time for the solution within the column resulting in efficient
fluoride removal. The breakthrough adsorption capacities for 30 mm and 40 mm bed height
were found to be 0.42 and 0.49 mg/g, respectively. The volume of water treated at each
breakthrough point for bed height of 30 and 40 mm were found to be 1.3 and 1.8 L respectively.
The breakthrough point was reached after 15 hours for bed height of 40 mm and 6 hours for
bed height of 30 mm. The adsorption capacity at exhaustion points for 30 mm and 40 mm bed
height were found to be 1.63 and 1.48 mg/g. The volume collected at exhaustion point for 30
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mm and 40 mm bed height was found to be 9.6 and 9.2 L. The exhaustion point was reached
after 28 hours for bed height of 40 mm and 33 hours for bed height of 30 mm. The flow rate
was estimated to be 2.80 mL/min for 20 mm bed height and 0.32 mL/ min. In comparison with
work done by Nekhavhambe, 2017 using Al/Fe metal oxide modified DE with the mass of 20
g, the breakthrough point was reached after 62 hours and the breakthrough point of 18 g of
MNS-AI/Fe metal oxide modified DE beads was reach after 15 hours. In summary the one with
20 g (Al/Fe metal oxide modified DE) adsorbent show better fluoride removal than the
adsorbent of 18 g (MNS-AIl/Fe metal oxide modified DE beads). This could be because the
MNS-AI/Fe metal oxide modified DE beads has low surface area than Al/Fe metal oxide
modified DE. The flow rate in the present study when using 18 g of adsorbent did not increase.

—8—40 mm 40 mm breakthrough point 30 mm
1,2
1 POV o 'H St
0,8 M
o
Q *
S 0,6 }
o [}
0,4 f
i 4
0
0 2000 4000 6000 8000 10000 12000 14000
Volume (mL)

Figure 4.15: The breakthrough curve with bed height of 30 and 40 mm.

4.4.10 Column Performance indicator

The number of bed volume (BV) is essential for indicating the performance of fixed bed
column. For a given bed mass, the adsorption is directly related to the number of volumes that
have been processed before the breakthrough point (Setshedi et al., 2014). The calculated BV
values are shown on Table 4.9. The BV value of 30 mm bed height was found to be 92.85 and
the BV for the bed height of 40 mm was found to be 161 respectively. The bed height of 40
mm showed the high BV meaning that column with bed height of 40 mm perform better than
the column with bed height of 30 mm. During operation, the adsorbent is deactivated. The rate
of the deactivated will determined the frequency by which the adsorbent is replaced. The rate
of deactivation is expressed as adsorbent exhaustion rate (AER), which is defined as the mass
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of adsorbent deactivated per volume of water treated at breakthrough point (Setshedi et al.,
2014). The calculated AER values are shown on Table 4.9 below. The AER value of column
with bed height of 30 mm was found to be 1.45 g/L and the AER for column with bed height
of 40 mm was found to be 0.92 g/L. The column with bed height of 40 mm has lower AER
value meaning that it performs better. In summary, when the BV is high, and the AER is lower

it indicate that fluoride removal was effective.

Table 4.9 Performance parameters of the adsorbent

Bed height (mm)

30 40
Bed volume 92.85 161
Adsorption exhausting rate 1.45 0.91

(g/L)

4.5 Comparison with other adsorbents

The comparison of defluoridation adsorption capacity between Al/Fe Modified DE and other
reported adsorbents for defluoridation is shown in Table 4.10. The results showed that the
adsorption capacity prepared composite bead is 2.61 mg/g. This was found to be lower
compared to the other used adsorbent. Despite lower sorption capacity compared to other
materials the material was able to bring the fluoride concentration to with the acceptable levels
and when treating field water, the percentage fluoride removal was found to be 79.79 % and
the final pH of 6.22 which shows that the material has the potential for use in real life

application.

Table 4.10 Comparison between MNS-AI/Fe metal oxide modified DE beads and other
adsorbent
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Adsorbent Adsorption Experimental Temperature Reference
capacity conditions (°c)
(mg/g)
Porous zirconium 32.79 pH 2, contact 40 Qiusheng et al.,
alginate beads time 20 hrs 2015
Hydrous ferric oxide 8.9 pH 7, contact 29 Sujana et al.,,
doped alginate beads time 24 hrs 2013
Protonated chitosan 7.22 pH 7, contact 30 Viswanathan et
beads time 0.5 hrs al., 2009
Raw MNS powder 1.26 pH 6, contact 25 This study

time 120 min,
shaking speed

200 rpm, 5

mg/L  fluoride

and0.5¢
MNS-AIl/Fe metal 2.61 pH 4, contact 25 This study
oxide modified DE time 120 min, 5
beads mg/L and 0,9 g

4.6 Anti-microbial activity results
Antibacterial activity of the raw MNS-Al/Fe metal oxides DE beads was evaluated with the

reference to the well assay diffusion method by Kirby-Bauer. This was achieved by observing
the minimal zone of inhibition and the results are presented in Figure 4.16 a) Klebsiella
Pneumoniae; gram-positive b) Staphylococcus Aureus; gram-positive, and ¢) Escherichia Coli;
gram-negative. MNS-AIl/Fe Modified DE composite beads show antimicrobial potency studies
towards Klebsiella Pneumoniae, with 10 mm diameter inhibition zone. This implies that MNS-
Al/Fe Modified DE composite beads can destroy the cell wall of Klebsiella Pneumoniae. The
prepared composite beads showed no antimicrobial activity for Staphylococcus Aureus which

is gram positive and Escherichia Coli which is gram negative.
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Figure 4.16: Representative petri dish of different bacteria (a) Staphylococcus Aureus, (b)
Klebsiella Pneumoniae and (c) Escherichia Coli.

4.7 Summary

In this chapter, composite beads adsorbent was successfully prepared by blending MNS powder
and Al/Fe metal oxides modified DE further applied towards fluoride and pathogen removal
from water. The maximum adsorption capacity was found to be 2.61 mg/g and was achieved
at pH 4.0 adsorbent dose 0.9 g and contact time 120 min and initial fluoride concentration of 5
mg/L. The adsorption of fluoride by the prepared composite beads followed pseudo second
order of reaction kinetics model indicating that fluoride ions removed through chemisorption.
The adsorption isotherms data better fit to Langmuir isotherm than Freundlich isotherm for
both temperatures which suggest monolayer coverage. The thermodynamics parameters such
as AG®and AH? revealed that adsorption of fluoride by the composite adsorbent is spontaneous
and endothermic while AS° indicated that fluoride ions where randomly distributed on the
surface of the adsorbent. The presence of Mg?*, Ca?*, SO4%, NOs", CI-, and COs* reduced the
percentage fluoride uptake by the prepared beads. The column with bed height of 40 mm was
the most effective towards fluoride removal with the adsorption capacity of 0.49 mg/g at
breakthrough point and treated 1.8 L and then treated 9.2 L at exhaustion point with adsorption
capacity of 1.43 mg/g. MNS-Al/Fe metal oxides DE beads show antimicrobial potency studies
towards Klebsiella Pneumoniae. Based on the finding the prepared beads has potential for use

in fluoride and pathogenic removal from groundwater.
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Chapter 5: Conclusion and Recommendations

5.1 Conclusion
The study was designed with the main aim of fabricating macadamia nutshell powder-Al/Fe
modified DE composite beads for removal of fluoride, pathogen from groundwater. In order to

achieve this main objective, the following specific objectives were set:
Specific objectives

e To determine the physicochemical composition of macadamia nutshell powder.

e To evaluate the effectiveness of macadamia nutshell powder in fluoride and pathogens
removal from groundwater.

e To evaluate the optimum conditions for fabricating macadamia nutshell powder-Al/Fe
oxides coated DE sodium alginate beads for fluoride and pathogen removal from
groundwater.

e To evaluate the fluoride and pathogens removal efficiency of macadamia nutshell
powder Al/Fe oxides coated DE sodium alginate beads composite.

e To determine the regeneration and reusability potential of the synthesized adsorbents

using various chemical solution.

The above specific objectives were further subdivided into two main chapters of results and

the following conclusions/ findings were made drawn from each chapter.

5.2 Physicochemical characterization of macadamia nutshells and its application in
fluoride and pathogen removal

The MNS results showed that the material consists of carbon 49.56% (C), hydrogen (H),
nitrogen 0.20% (N) and oxygen 44.08% (O). The raw MNS spectra showed the main functional
group of OH, C-H, C=0, C-C, C-OH together with the band of C-O. The micrograph revealed
that the MINS consisted of flaky fold-like structures with some crystals on top. MNS shows the

crystalline peak at 2-degree theta and also it appears to be amorphous.

Batch experiments of MNS showed the maximum fluoride removal percentage of 42.27% from
5 mg/L initial fluoride concentration when 0.5 g/100 mL adsorbent dosage was used at pH 6
after 120 min contact time. The presence of co-existing ions enhanced the performance of
fluoride removal. The adsorption of fluoride onto MNS powder follow pseudo second order of
reaction Kinetics model indicating that fluoride ions removed through chemisorption. The

adsorption data fitted better to Langmuir than Freundlich adsorption isotherm model which
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suggest monolayer coverage. The value AG® was found to be negative indicating that
adsorption of fluoride onto MNS was spontaneous and favourable. According to the findings
MNS elucidate that it possesses no anti-microbial activity furthermore, MNS has capabilities
to extract fluoride from ground water. The regeneration studies of MNS demonstrated that the
adsorbent can be regenerated for up to 7 cycles using 0.01 M HCI and this clearly indicates the
reuse potential of the adsorbent.

5.3 Fabrication of macadamia nutshell powder-Al/Fe metal oxide Modified diatomaceous
earth composite beads for fluoride and pathogen

The optimum fluoride ratio of 1:3 yielded the high percentage removal and was adapted for
further experiments. MNS-AIl/Fe Modified DE composite beads show that the adsorbent
composes of SiO2 (63.23%), CaO (12.73), Al203 (3.98%) and Fe203 (5.40%) as the major
oxides in the adsorbent. The FTIR spectra MNS-Modified DE alginate composite beads show
that the main functional group of -OH and carboxyl functional group. The SEM spectra analysis
revealed that the surface of the of MNS-Modified DE composite beads some irregular shaped
granule and have rough surface area with some pore visible. The XRD spectra shows that the
MNS-Modified DE composite beads consist mainly quarts and a smaller broader bump which

is albite intermediate.

Their application towards fluoride and pathogen removal were studied. The fluoride adsorption
from aqueous solutions by MNS-AIl/Fe Modified DE composite beads depended on solution
pH, adsorbent dosage, initial fluoride concentration, and contact time. The maximum
adsorption capacity was found to be 2.61 mg/g and was achieved at pH 4.0 adsorbent dose 0.9
g and contact time 120 min and initial fluoride concentration of 5 mg/L. The adsorption of
fluoride onto MNS-AI/Fe Modified DE composite beads powder follow pseudo second order
of reaction kinetics model indicating that fluoride ions removed through chemisorption. The
thermodynamics parameters such as AG’and AH’ revealed that adsorption of fluoride by the
composite adsorbent is endothermic and spontaneous and AS’ indicated that fluoride ions
where randomly distributed on the surface of the adsorbent. The value AG® was found to be
negative indicating that adsorption of fluoride onto MNS-Al/Fe Modified DE composite beads
was spontaneous and favourable. The presence of Mg?*, Ca?*, SO4*, NO3, CI-, and COs*
reduced the percentage fluoride uptake by the prepared beads. Experimental data were well
fitted to the Langmuir isotherm model and the pseudo-second order kinetic model. The material

showed better performance compared to other reported in the literature. The column with bed
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height of 40 mm was the most effective towards fluoride removal with the adsorption capacity

of 0.49 mg/g at breakthrough point and treated 1.8 L and then treated 9.2 L at exhaustion point

with adsorption capacity of 1.43 mg/g. MNS-Al/Fe Modified DE composite beads show

antimicrobial potency studies towards Klebsiella Pneumoniae. MNS-AIl/Fe Modified DE

composite beads were regenerated up to 5 cycle. This clearly indicates the reuse potential of

the adsorbent.

5.4 Recommendations
Based on the findings the materials are suitable for application in fluoride removal and

pathogen removal. Moreover, the following recommendations were made for future studies:

The fluoride percentage removal when using MNS was found to be lower compared to
other materials and it is recommended future studies should look into modification of
MNS using inorganic and organic chemical species in order to enhance its performance
towards fluoride and pathogen removal.

Antibacterial testing revealed the Macadamia nutshell extract had no effect on the
bacterial strains and it is recommended to use Nanoparticles to enhance its effectiveness
to bacteria.

MNS-AIl/Fe metal oxide DE beads show microbial potency towards Klebsiella
Pneumoniae However, further research is needed to establish the exact mechanisms
involved and to further modify the adsorbent to improve the effectiveness towards
microbes.

The flow rate was found to be slow therefore it is recommended that, there is need to
use peristaltic pump to enhance the flow rate.
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