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ABSTRACT

Groundwater is the main source of drinking water for majority of rural communities
worldwide. This essential resource is often contaminated leading to various medical complications
in man. Some groundwater have been found to have high fluoride levels beyond the recommended
World Health Organization (WHO) limits of 1.5 mg/L and pathogens leading to fluorosis and
waterborne diseases. Over 200 million people are at risk of contracting fluorosis in about 26
countries while waterborne diseases accounts for over 2.2 million deaths annually with most of
these occurring in South America, Asia and Africa. Water remediation technologies using different
materials have been developed yielding various degree of successes. The quest for fluoride and
pathogen free groundwater prompted this work.

First section of this work focused on mechanochemical activation of aluminosilicate clay
soils and evaluation in fluoride and pathogen removal. The clays’ characterisation was conducted
using cation exchange capacity (CEC), Brunauer-Emmett-Teller (BET), scanning electron
microscopy-electron dispersion spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier
transform infra-red (FTIR) and X-ray fluorescence (XRF) techniques. Batch fluoride adsorption
studies were conducted, and the antibacterial studies were done using the well diffusion assay
method. Mechanochemical activation of the clay samples was conducted. The optimum milling
time was obtained by evaluation of the activated clays for fluoride removal at a specific pH using
batch mode. The clay soil was rich in aluminosilicate, moderate in cation exchange capacity and
mesoporous. The sample with highest percent fluoride removal indicated the optimum contact time
for the treatment. The surface area of clay increased with increase in activation time. The
mechanochemically activated clay (MAC) showed a maximum adsorption capacity of 1.87 mg/g
and 32% fluoride removal, from an initial fluoride concentration of 10 mg/L using 2 g/100 mL
dosage, 60 min contact time at, 250 rpm shaking speed and 298 K. Adsorption data fitted well to
Freundlich isotherms, hence confirming heterogeneous multilayer adsorption when linearised
model was used but fitted well to both Langmuir and Freundlich when non-linear model were
employed, thereby confirming both monolayer and multilayer adsorption. Kinetics studies
revealed fluoride adsorption fitted well to pseudo-second-order model, indicating the dominance
of chemisorption mechanism when linear modelling was used but fitted well to both pseudo-first-

order and pseudo-second-order model when non-linear modelling were used, thus indicating

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

adsorption mechanisms to be both physiosorption and chemosorption respectively. The sorption
of fluoride ions onto the clays’ surface followed intra-particle diffusion mode. The clay adsorbent
was successfully regenerated for up to five regeneration-reuse cycles. The antibacterial studies
revealed no zone of inhibition for all the activated clays, hence, indicating that they are not active
against the bacterial strains of Escherichia coli (E. coli). Therefore, MAC showed promising
adsorptive capabilities but no antibacterial properties, hence, the material cannot be used to remove
pathogens from water.

The second section of this work focused on optimisation of synthesis conditions for
hydrothermal treatment of the MAC and physicochemical charcterisations. Optimisation of
synthesis conditions for hydrothermal treatment of MAC was conducted by varying NaOH
concentration and contact time for clay dissolution and followed by concurrent variation of
hydrothermal temperature and contact time for the clays’ modification. The solid products
obtained were characterised using FTIR, BET, SEM-EDS, and XRD. The optimum conditions for
Si and Al dissolution occurred at 1.5 M NaOH and 2 h at 298 K while optimum conditions for
synthesis were found to be 2 h ageing time, 140 °C hydrothermal temperature, 48 h treatment time
and 9 mL of water. The SEM analysis showed changes from external micro rough irregular
morphology in MAC to smooth irregular aggregates of gel-like microsphere particles in the HTAC
products as conditions were varied. XRD results revealed appearance of several new mineral
phases. The optimally synthesised product showed fine crystalline microspheres’ gel-like particles
having microspheric and spheroidal “cotton ball” morphology with sharp peaks around 20 = 15,
25, 32 and 35 with new mineral phases corresponding to hydroxy sodalite as confirmed by SEM
and XRD respectively. XRD pattern which represents quartz, montmorinollite and mullite in MAC
gave way to sharp peaks corresponding to new mineral phases corresponding to hydroxy sodalite
in the HTAC products. BET surface area also increases from 17 m?/g in MAC to 33.56 m?/g in the
products as hydrothermal conditions were varied. However, optimised product with surface area
value of 33.56 m?/g was observed to have the highest percent fluoride removal. The pore
distribution of all the products was still within mesoporous range while no significant change was
observed in pore volumes and sizes in the products. Five best modified products identified from
defluoridation and characterised were HTAC-5, HTAC-6, HTAC-7, HTAC-8 and HTAC-12.

Preliminary fluoride removal experiments showed that sample HTAC-8 prepared under optimum

Vi
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conditions of 48 h ageing time, 140 °C had highest fluoride adsorption capacity and hence, selected
for application in subsequent experiments in the preceeding chapter five.

The third section of this work focused on the application of the synthesised hydrothermally-
treated aluminosilicate clay (HTAC) obtained in chapter four for application in fluoride and
pathogen removal. Characterisation was carried out using FTIR, BET, XRD SEM-EDS and XRF.
Batch adsorption studies were conducted. Antibacterial studies employed the well diffusion assay
method. The BET surface area of HTAC was 33.56 mg?/g while no significant change was
observed in pore sizes and volumes. Batch studies showed maximum adsorption capacity of 1.75
mg/g with 53% fluoride removal from initial fluoride concentration of 6.0 mg/L using 0.8 g/40
mL dosage at initial pH 5.8, 5 min contact time and 298 K. The adsorption kinetics data fitted best
to pseudo-second order model, while the adsorption data were best described by Freundlich
adsorption model. The regeneration and recyclability potential studies with 0.1 M KCI as
regenerant showed it can be used for up to six times. Antibacterial activities result of the optimised
HTAC towards Escherichia coli (E. coli) strains indicated some potency. The outcome of this study
showed that the synthesised HTAC has strong potential for application in groundwater
defluoridation and pathogen removal.

The fourth section of this work focused on modification of the surface properties of the
HTAC in section three by hydrothermal treatment of MAC in the presence of a pore forming agent
(NaClOs3) (product designated as PHTAC). Operational parameters were optimised for synthesis
of porous-hydrothermally-treated aluminosilicate clay (PHTAC) from MAC. They were all
characterised using BET, FT-IR, SEM-EDS and XRD. Preliminary adsorption experiments were
conducted on all the products with a view to obtain the six best modified PHTAC materials. The
results showed operational parameters such as pore former (NaClO3), contact time and temperature
were critical in the synthesis and impacted positively on the PHTACs performance. The six best
optimised products with highest percent fluoride removal were selected. XRD and SEM analysis
showed the optimised product to have new mineral phases corresponding to hydroxyl sodalite with
sharp peak intensities around at 2-degree 8 = 15, 25, 32 and 35 with fine crystalline piston rod-
like particles interlaced with pores. BET results showed increasing surface area for the products
from 33 m%/g to 52.56 m*/g in optimised PHTAC product. The pore-forming agent (NaClOs)
introduced during the hydrothermal treatment increased the surface area, which impacted

positively on PHTACSs’ performance. The best optimised PHTAC-18 was obtained at 6 h treatment
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time with 1.0 g/100 mL adsorbent dosage and 0.20 g/100 mL pore formers in 9 mL water at 300
°C hydrothermal temperature and had the highest fluoride removal of 63% and adsorption capacity
of 3.45 mg/g, and was therefore selected for use in batch defluoridation experiments and pathogen
removal from groundwater, presented in chapter seven.

The fifth section of this work focused on the application of the optimally synthesised
porous-hydrothermally-treated aluminosilicate clay (PHTAC) obtained in section four for fluoride
and pathogen removal. The optimised PHTAC was characterised by BET, FT-IR, SEM-EDS,
XRD and XRF. Batch adsorption experiments were conducted on the optimised PHTAC and
regeneration potential was investigated. Antibacterial studies were conducted using well assay
diffusion method and modified liquid culture technique & UV-visible spectrophotometry. Batch
defluoridation studies of optimised PHTAC showed maximum adsorption capacity of 3.45 mg/g
with 68% fluoride removal at 10 min contact time, 1.0 g dosage/100 mL, 4.0 mg/L initial fluoride
concentration, pH = 4.0, 250 rpm at 298 K. The adsorption capacity increased from 1.87 mg/g in
MAC to 3.45 mg/g in PHTAC. The fluoride sorption fitted well to both Langmuir and Freundlich
models, hence confirming both monogeneous unilayer and heterogeneous multilayer adsorption.
The adsorption kinetics data also showed a good fit to both pseudo-first-order and pseudo-second-
order models suggesting fluoride sorption proceeded via physiosorption and chemisorption
pathways respectively. The synthesised PHTAC could be regenerated for up to eight times when
compared to MAC and HTAC. The minimum inhibition zone observed for the bacterial strains
was about 15 mm. The percent growth inhibition of the bacterial cell was 89 which is very close
to 90 - 95% obtained in most government water treatment plants. The efficiency of PHTAC when
further tested in field groundwater containing 2.84 mg/L initial fluoride concentration using 0.9 g/
100 L adsorbent dosage at 10 min contact time showed its capability to reduce fluoride from initial
concentration of 2.84 mg/L to 1.35 mg/L, which is within the permissible WHO limits (1.5 mg/L).
In conclusion, the adsorption capacity and antibacterial potency of the PHTAC for fluoride and
pathogen removal from groundwater improved. It is recommended that its surface be further
modified sonochemically and loaded with suitable antibacterial metal oxides to further enhance its
defluoridation and antibacterial potency.

Keywords: Aluminosilicate clay soils, defluoridation, fluoride, groundwater, hydrothermal

treatment, mechanochemical activation, pore forming agent, pathogens
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ACRONYMS AND ABBREVIATIONS

A: Albite

Abs: Absorbance

An: Analcime

BET: Brunauer-Emmett-Teller

Ca: Calcite

Cfu: colony forming unit

Cha: Chabazite

Ch: Chlorite

CDC: Centers for Disease Control and Prevention
CEC: Cation exchange capacity

COD: Co-efficient of determination (R?)

°C: Degree Celsius

DWAF: Department of water affairs and forestry
E. coli: Escherichia coli

ED: Electrodialysis

EDS: Energy dispersion spectroscopy

F: Fluoride

FITR: Fourier transform infra-red

g: gram

h: hour

HS: Hydroxy sodalite

Ho: Horneblende

HTAC: Hydrothermally-treated aluminosilicate clay
ICP-MS: Inductly coupled plasma-mass spectroscopy
ISE: lon Selective Electrode

K: Kaolinite

9K: Degree Kelvin

L: Litres

LOD: Limit of detection
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MAC: Mechanochemically-activated clay
MDGs: Millennium Development Goals

Mg: milligram

Mi: Microcline

Min: Minutes

Mo: Montmorillonite

ND: Not detectable

OD: Optical density

pH,,.: Point zero charge

pH: Potential Hydrogen

Ph: Phillipsite

PHTAC: Porous-hydrothermally-treated aluminosilicate clay
PFO: Pseudo-first-order

PSO: Pseudo-second-order

Q: Quiartz

rpm: revolution per minute

RCS: Reduced chi-square

RMSE: Reduced mean square error

RSS: Residual sum of squares

SABS: South African Bureau of Standards
SANS: South Africa National Standards

SDGs: Sustainable Development Goals

SEM: Scanning Electron Microscopy

TISAB: Total lonic Strength Adjustment Buffer
UN: United Nations

UNICEF: United Nations International Children Education Fund
XRD: X-Ray Diffraction

XRF: X-Ray Fluorescence

WASH: Water, Sanitation, and Hygiene

WHO: World Health Organisation

WRC: Water research commission
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H>SO4: Sulfuric Acid

HCI: Hydrochloric Acid
NaF: Sodium Fluoride
Na.COs: Sodium Carbonate
NaClOs: Sodium Chlorate
NaNOz3: Sodium Nitrate
Na>S04: Sodium Sulphate
KCI: Potassium Chloride
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CHAPTER ONE: INTRODUCTION

1.1 Background

Water is an essential resource for all forms of life. Access to safe drinking water has
great influence on health, economic productivity and quality of life of the people. According
to World Health Organization (WHO, 2017), there are at least 5 million deaths per year due to
unsafe drinking water and about 1.4 billion people do not have access to drinking water (Ganvir
et al., 2002; Matthys, 2000). Majority of people in rural areas depend on groundwater which is
sometimes contaminated by fluoride and pathogens due to lack of drinking water. Groundwater
may be contaminated through natural and anthropogenic sources. Natural sources include
fluoride-rich rocks or fluorapatite which found their way into groundwater aquifers via long
term weathering, rainwater flow/seeping and leaching from these fluoride rich rocks (Bretzler
& Johnson, 2015; Kut et al., 2016). Anthropogenic fluoride and pathogen sources are human
activities such as the use of phosphatic fertilizers, coal combustion, industrial effluents, sewage
percolating from pit latrines and seeping through soils and unhygienic practices (Brindha &
Elango, 2011; WHO, 2015).

Fluoride is a double-edged sword which can be both beneficial and detrimental to
human health if ingested at certain levels (Biswas et al., 2007; Waghmare & Arfin, 2015;
WHO, 2016). Consumption of water containing fluoride concentration below 1.5 mg/L helps
in prevention of dental caries, healthy bone and teeth formation, while consumption of water
with lower fluoride contents < 0.7 mg/L results in dental caries. Conversely, prolonged intake
of water with fluoride concentrations exceeding 1.5 mg/L gives rise to dental fluorosis and still
higher concentrations leads to skeletal fluorosis (Johnson & Bretzler, 2015; Kut et al., 2016;
WHO, 2019). In addition to fluorosis, excess fluoride in water has been known to cause non-
fluorosis diseases like thyroids, cancer, respiratory problems, damage kidney-liver-nervous
systems, thyroids and Alzheimer (Kumar et al., 2017). Statistics showed that over 200 million
people from 26 countries are at great risk of contracting fluorosis, with an increasing prevalence
in India, China, Cameroon, East African countries such as Ethiopia, Kenya, Uganda and
Southern African region including South Africa (Amini, 2008; Momba et al., 2009;
Viswanathan et al., 2009b; Shen & Schéfer, 2015; 2016).

Water treatment processes for defluoridation include chemical precipitation (Aldaco et
al., 2005), electrocoagulation flotation/electrodialysis (Loganathan et al., 2013), ion exchange

(Pan et al., 2018), membrane filtration process (Kumar et al., 2017), nanofiltration (Waghmare
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& Arfin, 2015), and adsorption (Ghorai & Pant, 2004; Mudzielwana et al., 2016). Adsorption
is the method of choice due to its effectiveness, low cost, simplicity, environmental friendliness
and universal applicability (Ghorai & Pant, 2004; Mudzielwana et al., 2016). Most of the
materials applied in defluoridation which include zeolites (Shameli et al., 2011; Musyoka et
al., 2012), diatomaceous earth (lIzuagie et al., 2016), mesoporous granular materials (Mulugeta
et al., 2009), various forms of clay and its modified forms (Mudzielwana et al., 2016, 2017;
Gitari et al., 2017), reported in literature are either not effective or ineffective at a narrow pH
range and some cannot be regenerated effectively, hence, there is the urgent need to develop a
suitable multifunctional and appropriate technology that will be effective at wide pH range for
excellent defluoridation and pathogen detoxification and removal from groundwater.

Apart from fluoride, waterborne pathogens such as bacterial contaminants in drinking
water are major public health concerns worldwide. Water sources are often contaminated with
bacterial agents such as Escherichia coli, Pseudomonas aeruginosa and Legionella spp., which
cause infections traceable to waterborne diseases such as diarrhea, cholera and other acute
gastrointestinal/urinary tract infections, acute respiratory illness, severe anemia, hepatitis,
dermatitis, kidney failure and a host of other lethal infections leading to death (Sedillo, 2008;
Barrett, 2019). Waterborne diseases are responsible for an estimated 2.2 million deaths yearly
(Bitton, 2014; WHO, 2017). Generally, pathogens find their ways to water bodies/aquifers
through underground seeping of sewages, unwholesome sanitation and hygiene practices,
mining activities and through some oxidative processes leading to genetic mutations and
penetration through the rocks and soil consequent of weathering and rainfall (WHO, 2019).

There are various methods used for pathogen inactivation and removal from water.
These methods range from simple conventional treatments to modern technologies which are
physical methods, such as boiling, heating (fuel and solar), sedimentation, chlorination,
filtering, solar disinfection, and UV lamps disinfection and chemical methods such as
coagulation-flocculation and precipitation, adsorption, ion exchange and chemical disinfection
with germicidal agents. The methods have all been proven to improve microbiological quality
by reducing bacteria, viruses and some protozoa in drinking water (Lantagne et al., 2006;
Potgieter, 2007; WHO, 2010; Connelly & Baeumner, 2012; Ingerson-Mahar and Reid, 2012;
Singh et al., 2013; Mwabi et al., 2013; Bridle & Desmulliez, 2014; Al-Gheethi et al., 2019).
Most of these methods are not totally effective and not applicable in rural households due to
high cost, non-satisfactory performance and inapplicability (Lantagne et al., 2006; Potgieter,
2007; Dunn et al., 2014; Whelan et al., 2014; Ramirez-Castillo et al., 2015).
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Although some of the available technologies for fluoride and pathogen removal from
drinking water are effective, some are unsustainable and unsuitable for application particularly
at rural household level. Hence, to address the twin challenges of fluorosis and waterborne
diseases, a novel approach to deliver fluoride-free and bacteriologically safe drinking water at
household (point-of-use) levels should be developed particularly in isolated areas, where
centralized systems are not economically feasible. This can be achieved by developing
effective, affordable, multifunctional and sustainable materials for simultaneous defluoridation
and pathogen removal from groundwater. Thus, this study was an attempt at developing
multifunctional, low-cost adsorbents from naturally occurring smectite-rich clay soils for
application in simultaneous defluoridation and pathogen removal from groundwater at

household level.

1.2 Problem statement

Groundwater is the most widely used source of drinking water for many rural
communities worldwide. Fluoride contamination could be through anthropogenic or natural
sources while pathogen sources could be through fecal droplet percolating into the soils.
Groundwater is often contaminated by fluoride concentration >1.5 mg/L recommended WHO
and SANS limits (WHO, 2019) and pathogens resulting into medical conditions of dental,
skeletal fluorosis and waterborne diseases respectively (Bitton, 2014). Fluorosis is endemic in
26 countries with about 200 million at great risk while waterborne diseases is a public health
concern worldwide particularly in rural communities where pipe-borne water is lacking. Some
of the countries greatly affected are India, Bangladesh, China, Mexico, Uganda, Tanzania,
Kenya, Ethiopia and South Africa. In South Africa, pilot surveys undertaken by the Department
of Water Affairs and Forestry (DWAF, 2001) indicated several boreholes across the country
contain high fluoride levels (McCaffrey, 1998). Ncube & Schuttle (2005) in their studies noted
high correlation of dental fluorosis in communities with high fluoride levels. Odiyo &
Makungo (2018) conducted an assessment of groundwater quality, identified the potential
sources of contamination and associated health risks of dwellers in Siloam Village, South
Africa. The study revealed high fluoride concentrations in their groundwater. The excessively
high fluoride concentrations was discovered to be associated with tooth damage and
pronounced skeletal fluorosis. There were also the presence of coliforms and E. coli in most of
the evaluated borehole groundwater which indicated potential presence of fecal contamination

from nearby pit latrines and sewages.
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Due to lack of alternative sources of water in Siloam village, the surrounding Nzhelele
rural communities and elsewhere, WHO calls for development of sustainable, low cost and
point of use water treatment techniques that can be applied in rural communities. Some of the
available technologies for defluoridation are chemical precipitation (Aldaco et al., 2005),
electrocoagulation (Loganathan et al., 2013), ion exchange (Pan et al., 2018), membrane
filtration (Kumar et al., 2017), nanofiltration (Waghmare & Arfin, 2015), and adsorption
(Ghorai and Pant, 2004; Mudzielwana et al., 2016). Some of the affordable materials applied
are zeolites (Musyoka et al., 2012), diatomaceous earth (Izuagie et al., 2016), mesoporous
granular materials (Mulugeta et al., 2009; 2015), various forms of clay and its modified forms
(Mudzielwana et al., 2016, 2017; Gitari et al., 2016). Pathogen removal techniques include
boiling, heating (fuel and solar), sedimentation, chlorination, filtering, solar disinfection, ultra
violet (UV) lamps disinfection, coagulation-flocculation, precipitation, adsorption, ion
exchange and chemical disinfection (Lantagne et al., 2006; Potgieter, 2007; WHO, 2010;
Ingerson-Mahar & Reid, 2012; Momba et al., 2012; Bridle & Desmulliez, 2014; Al-Gheethi et
al., 2019). While some of the technologies for defluoridation and pathogen removal from
groundwater are effective, some are expensive, and unsuitable for rural household application.
Hence, this study aims to address the twin challenges of fluorosis and waterborne diseases by
developing a pore forming-agent, modified hydrothermally-treated aluminosilicate clay
(HTAC) adsorbent which would be multifunctional, affordable and effective in defluoridation

and pathogen removal from groundwater at household level.

1.3 Research objective
The main objective of this work was to develop an adsorbent based on locally available
aluminosilicate rich clay soils through hydrothermal treatment for application in defluoridation

and pathogen removal from groundwater.

1.3.1 Specific research objectives
The specific objectives were to:

e mechanochemically activate raw aluminosilicate clay soils (MAC) and evaluate their
physicochemical and mineralogical characteristics and their application for
defluoridation and pathogen removal from groundwater;

e optimise the operational parameters for synthesis of hydrothermally-treated
aluminosilicate clays (HTAC), evaluate their physicochemical properties and potential

for fluoride and pathogen removal from groundwater;
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e hydrothermally treat the mechanochemically-activated clay (MAC) at previously
established optimum operational parameters and evaluate their adsorptive capacities for
fluoride removal in groundwater and further evaluate their antibacterial efficacy
towards selected bacterial strains;

e optimise the operational parameters for modification of MAC through hydrothermal
treatment in presence of a pore-forming agent, and evaluation of their physicochemical
properties and potential for fluoride and pathogen removal from groundwater;

e synthesise a (porous) pore forming-agent-modified-hydrothermally-treated
aluminosilicate clay (PHTAC) at previously optimised conditions and evaluation of its
fluoride adsorptive capacities in groundwater and antibacterial efficacy towards

selected strains.

1.4 Hypothesis
The novel household, pore forming-agent-modified-hydrothermally-treated
aluminosilicate clay (PHTAC) adsorbent has the potential for simultaneous fluoride and

pathogens removal from groundwater.

1.5 Assumption
It is assumed that the:

e synthesised pore-forming agent-modified-hydrothermally-treated aluminosilicate clay
(PHTAC) adsorbents will effectively and simultaneously remove fluoride and
pathogens from groundwater;

e hydrothermal treatment and introduction of pore-forming agent (NaClOz) will improve
the efficiency of the synthesised adsorbent in fluoride and pathogens removal from
groundwater;

e introduction of the pore-forming agent on the synthesised (PHTAC) adsorbents’ surface
will not affect the quality of the treated groundwater;

e synthesised (porous) pore-forming-agent-modified-hydrothermally-treated
aluminosilicate clay (PHTAC) adsorbents will be multifunctional, affordable for point-

of-use and applicable for rural households.
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1.6 Significance of the study

Worldwide, groundwater is the main source of drinking water in majority of rural
communities. Excess fluoride and pathogens contamination in water have been known to be
detrimental to human health leading to dental, skeletal and crippling fluorosis as well as
numerous symptoms associated with water borne diseases respectively. Studies have been
carried out to reduce or remove these contaminants in water through development and
application of various adsorbents which are effective in some cases but not sustainable and
applicable for rural dwellers. Some multifunctional adsorbents capable of removing
contaminants in water have also been developed but not economical, sustainable and applicable
at point-of-use level. This study therefore hoped to develop multifunctional adsorbents for
simultaneous defluoridation and pathogen removal from groundwater. Furthermore, the
findings of this study will also assist in addressing the United Nations Sustainable Development
Goal 3 which aims at improving human wellbeing and health through provision of pathogen-
free groundwater amongst others and the United Nations Sustainable Development Goal 6

which seeks to ensure clean potable water for all by the year 2030.

1.7 Thesis layout

This section presents the layout of the chapters:

Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Mechanochemically-activated aluminosilicate clay (MAC) soils and their
application in defluoridation and pathogen removal from groundwater.

Chapter 4: Hydrothermal treatment of aluminosilicate rich clay soils: Evaluating optimum
conditions for synthesis and physicochemical characterisation.

Chapter 5: Hydrothermally-treated aluminosilicate clay (HTAC) and their application in
fluoride and pathogen removal from groundwater.

Chapter 6: Pore-forming-agent-assisted-hydrothermally-treated aluminosilicate clays
(PHTAC): Evaluating optimum conditions for synthesis and physicochemical characterisation.
Chapter 7: Application of porous-hydrothermally-treated aluminosilicate clay (PHTAC) in
defluoridation and pathogen removal from groundwater.

Chapter 8: Conclusions and Recommendations.
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CHAPTER TWO: LITERATURE REVIEW

2 Introduction

Groundwater is the main source of drinking water in majority of rural communities
worldwide. Some aquifers are contaminated with various contaminants from different origins
among whom are fluoride and pathogens resulting in medical conditions of fluorosis and
various forms of waterborne diseases. This chapter focuses on the literature review of fluoride
and pathogen contaminations in groundwater and associated health effects in humans, nature,
source and fluorine and pathogen occurrence in groundwater. This chapter also reviewed
available technologies and different materials applied in fluoride and pathogen removal from
groundwater with a special emphasis on hydrothermal treatment of aluminosilicate materials
and gaps identified with a view to developing a sustainable technology using cheap

aluminosilicate materials for rural household application.

2.1 Fluorine: Nature and occurrence

Fluorine is a chemical element with the symbol F, atomic number 9. Atomic Mass:
18.998404 Armstrong mass unit. Melting Point: -219.62 °C (53.530006 K, -363.31598 °F),
Boiling Point: -188.14 °C (85.01 K, -306.652 °F) with cubic crystal structure (Jaccaud et al.,
2000). It has a density of 1.696 g/cm? at 293 K. Fluorine is the lightest member of the halogen
group and exists as a highly toxic pale yellow diatomic gas at standard conditions. It is the most
electronegative element and is extremely reactive. Fluorine is 24" most common in universal
abundance and 13" most common element in Earth's crust at 600 - 700 ppm (parts per million)
by mass (Jaccaud et al., 2000).

- FE:

Figure 2.1: (a) Fluorine atom (b) Fluorine atomic model (Jaccuad et al., 2000).

2.2 Fluoride: Origin and occurrence in groundwater
As the 13" most abundant element in the lithosphere and lightest element among

Halogen group, fluorine is the most electronegative and reactive element known and hence it
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is rarely found in the elemental state. It usually forms ionic bonds. Fluorine can form complexes
such as (AlFg); or ALF; . Fluorite (CaF,), Fluorapatite (Cas(PO4)sF), Cryolite (NasAlFs) and
Topaz (Al,(Si0,)(OHF),) are the common accessory minerals in which fluorine is an
essential element (Greenwood & Earnshaw 1998; Jaccuad et al., 2000; Schmedt et al., 2012).

Major fluorine/fluoride-containing minerals

Figure 2.2: Picture of (a) Fluorite (b) Fluorapatite (c) Cryolite.

Fluorite-bearing granitic rocks provide sources of dissolved fluoride in groundwater.
Fluorine is one of few potentially toxic elements whose primary path into the human body is
via drinking water particularly when present in high concentrations above human body
tolerance levels (WHO, 2015; 2017).

2.3 Groundwater contamination by fluoride

Fluoride levels in rocks and soils are linked to geological processes, even though it
could also be due to human activities (Brindha & Elango, 2011). Geogenic fluoride sources in
groundwater are closely associated to the geological setting of the region. It may also vary from
region to region due to type of rocks, geology contact time of aquifer water with the rocks,
climate of the region, overall chemical composition, aquifer depth, and weathering intensity
(Brahma, 2018). Rock containing fluoride-bearing minerals, including fluorite, fluorspar,
fluoride-rich clays or fluorapatite, cryolite, topaz, apatite, biotite, hornblende, mica and their
related congregated rocks, including basalt shale, granite and syenite are sources of natural
fluoride in groundwater (Brindha & Elango, 2011; Bretzler & Johnson, 2015; Kut et al., 2016).
Volcanic rock settings originating from tertiary to current period are usually associated with
high fluoride levels in groundwater. Long-term weathering, rainwater flow, and penetration
into these rocks have been traced to higher fluoride levels in groundwater. Metasomatic

processes have enriched fluorine content of the minerals making up these rock types (Kut et
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al., 2016). Further, these fluorine-enhanced minerals have negligible solubility in water. As a
result, fluorides will only contaminate groundwater where the water is exposed to conditions
which favour their dissolution, or if anthropogenic effluents containing fluoride are disposed of
from industrial activities. The final groundwater fluoride concentrations depend on the duration
for which water is forced into contact with the aquifer minerals, the local pH, microbial action,
and oxygen content. Other fluoride sources in groundwater are from human activities such as
the use of phosphatic fertilisers, coal combustion and clays used in ceramic industries (Brindha
& Elango, 2011).

Water is life and essential for normal functioning of biochemical systems of our body,
for drinking, personal hygiene, domestic use, irrigation and economic development (Braune &
Xu, 2010). Many regions of the world have elevated fluoride levels in drinking water which
have led to emergence of fluorosis. These include Asia, South America, North America, parts
of Europe and Africa. Studies showed that fluorosis is endemic in at least twenty-six counties
(Figure 2.3) where fluoride concentrations in drinking water are above the upper limit of 1.5
mg/L set by the World Health Organization (WHO, 2017, 2019).

Histralia

-
ey Tealand

Figure 2.3: Map showing countries in the world with endemic fluorosis.
Source: UNICEF MAP OF FLUOROSIS - Swami Vivekananda Institute of Pharmaceutical
Sciences. (SVIPS), Vangapally, Bhongir. http://www.unicef.org/wes/files/wf13e.pdf
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Evidence from India and China indicates high risk of skeletal fluorosis and bone
fractures at a total fluoride intake of 14 mg/day and increased risk of skeleton effects at a total
intake above 6 mg/day (WHO, 2019).

Incidences of fluorosis have been reported in some regions of Sudan, Cameroon,
Morocco, Algeria, Chad, Namibia, South Africa, Mozambique, Zimbabwe, Senegal and the
Rift Valley countries of Ethiopia, Kenya, Tanzania, Uganda and Malawi (Fawell et al., 2006;
Fantong et al., 2010), (Figure 2.4). About 80% of Ethiopians living in the Rift Valley are
exposed to high fluoride levels (Rango et al., 2010; Kut et al., 2016), owing to regular intake
of fluoride-infested groundwater exceeding 1.5 mg/L (WHO, 2017). High fluoride levels have
been known to occur generally in alkaline volcanic areas of the East African Rift Valley

(Bretzler & Johnson, 2015) and Southern Africa.

Not available
<1.5 mg/L
| 1.5-3.0 mg/L
3.0-4.5 mg/L
>4.5 mg/L

Figure 2.4: Reported fluoride concentrations in selected african groundwaters (Source: Kut et
al., 2016).

Different studies on dental fluorosis in the affected areas in South Africa have revealed
that the ailment is a function of high fluoride concentrations in groundwater (McCaffrey et al.,
2001; Momba et al., 2005; De Chaisemartin et al., 2017). Areas mostly affected are Limpopo
(Siloam and Liphalele), Karoo, Northern Cape (Vredendal) and North West province
(Mmabatho), Bushveld and Pilanesberg. More than thirty percent of boreholes in Western
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Bushveld and Pilanesberg areas have fluorides levels of between 1mg/L and 30mg/L (Figure
2.5) (McCaffrey & Willis, 2001; Ncube & Schutte, 2005; Odiyo & Makungo 2012). Though
the South African government has made remarkable progress in delivering safe drinking water
to rural communities, through the centralised systems since 1994, but most of these
communities are isolated and dispersed with rough topography, hence, they have not been
effectively reached.

Among the challenges being faced with centralised systems are lack of experienced
water experts to maintain and upgrade water supply facilities, high financial inputs, inadequate
management and violation of drinking water standards (Mackintosh et al., 2003; Momba et al.,
2009; Odiyo & Makungo 2012).

% Groundwater with F ~ concentration /77 Z4
Z greater than 1.5mg/1. o ’
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Figure 2.5: Map showing regions in South Africa with groundwater with fluoride
concentrations higher than 1.5mg/L (Source: McCaffrey & Willis, 2001).

According to South African National Standard for Drinking Water Quality (SANS 241,
2011), an ideal water treatment system for rural communities should be affordable and be able
to reduce contaminants to an acceptable level set by the relevant regulatory bodies. Therefore,
there is the need to develop cheap multifunctional household adsorbent for defluoridation of

drinking water in these fluorosis prone communities.
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2.3.1 Health effects of ingesting fluoride rich water

Fluoride is often described as a double-edged sword, because inadequate ingestion is
associated with dental caries and skeletal fluorosis due to prolonged ingestion at high fluoride
concentrations, while excess intake results in fluorosis such as skeletal and dental fluorosis
(Table 2.1) (WHO, 2011, 2019). Excess fluoride intake usually occurs through consumption
of fluoride-rich groundwater naturally rich in fluoride. Although removal of excessive fluoride
from drinking-water may be difficult and expensive, several low-cost technologies are being
developed and applied particularly at a local household level.
Table 2.1: Different fluoride doses (long time ingestion through water) and their effects on

human body. Source: (WHO, 2011).
Fluoride mg/L  Effect on human body

Below 0.5 Dental caries

05-1.0 Protection against dental caries. Takes care of bone and teeth
15-3.0 Dental fluorosis

3.0-10.0 Skeletal fluorosis. (adverse changes in bone structure)
Above 10.0 Crippling Skeletal fluorosis and severe Osteosclerosis

Fluoride is often described as a double-edged sword, because inadequate ingestion is
associated with dental caries and skeletal fluorosis due to prolonged ingestion at high fluoride
concentrations while excess intake results in fluorosis such as skeletal and dental fluorosis
(Table 2.1) (WHO, 2011, 2019). Excess fluoride intake usually occurs through consumption
of fluoride-rich groundwater naturally rich in fluoride. Although removal of excessive fluoride
from drinking-water may be difficult and expensive, several low-cost technologies are being
developed and applied particularly at local household level.

Adverse health effects of excess fluoride in water can induce toxic effects by binding
with calcium and interfering with the activity of proteolytic and glycolytic enzymes. Fluoride
is known to react with gastric acid in the stomach to produce hydrofluoric acid. Acute exposure
to high levels of most soluble fluoride compounds results in abdominal pain, excessive saliva,
nausea and vomiting, seizures and muscle spasms (Geoff, 2017). The main effect of long-term
ingestion of high fluoride levels is fluorosis.

Dental fluorosis can develop owing to intake of water with high levels of fluoride
characterised by the appearance of white areas in the enamel. In the more severe form, reduced
mineralisation of the enamel results in stained and pitted teeth. In skeletal fluorosis, fluoride

accumulates progressively in the bone over a prolonged period of years. Early symptoms are
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pain and stiffness in the joints. Crippling skeletal fluorosis is closely linked with osteosclerosis,

calcification of tendons and ligaments and bone deformities (WHO, 2019).

2.4 Available technologies for fluoride removal from water

Generally, there are various water treatment processes for provision of safe drinking
water which are chemical precipitation (Aldaco et al., 2005), electrocoagulation flotation and
electrodialysis (Loganathan et al., 2013), ion exchange (Pan et al., 2018), membrane filtration
process (Kumar et al., 2017), nanofiltration (Waghmare & Arfin, 2015), and adsorption
(Ghorai & Pant, 2004; Mudzielwana et al., 2016). Adsorption is the most effective and widely
used water treatment process, owing to its effectiveness, low cost, simplicity, environmentally

friendliness and universal applicability (Ghorai & Pant, 2004; Mudzielwana et al., 2016).

2.4.1 Defluoridation technologies

Defluoridation is defined as the downward adjustment of fluoride in drinking water to
acceptable levels. It is conventional and most acceptable method for delivering safe drinking
water to fluorosis endemic communities. Defluoridation technologies are (1) ion exchange (Pan
et al., 2018); (2) precipitation-coagulation (Loganathan et al., 2013); (3) electrochemical (Zhu
et al., 2007; Bennajah et al., 2009); (4) membrane filtration (Nasr et al., 2013). (5) reverse
osmosis (Bennajah et al., 2009; Babu et al., 2011). 6) electrodialysis (ED) (Huang et al., 2007).
(7) adsorption (Aldaco et al., 2005; Ghorai & Pant, 2004; Mudzielwana et al., 2016; Kumar et
al., 2017; Pan et al., 2018).

9
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Method

Description

Advantage

Disadvantage

References

(1) lon exchange

This technique is based

on fluoride removal
from water with a
strongly basic anion
exchange resin
containing quaternary
ammonium functional

groups.

Highly efficient at about
99 percent fluoride

removal.

Reduced efficiency  in the presence of
other anions. Large volume of regenerate is
required for regeneration of cation and
anion exchange resin.

Costly and releases fluoride-rich waste.

Treated water has a very low pH.

Meenakshi, 2006;
Pan et al., 2018.

(2) Precipitation-

coagulation

Method is based on the

addition of chemicals

(coagulants and aids) to

water and the subsequent

formation of insoluble

fluoride precipitates.

The technique is cost
effective. No
regeneration of media.
Design and construction
is simple. It has the least
disposal problems.

No electricity is needed.

Percent fluoride removal is low. Produces
hard water. The use of aluminium sulphate
as coagulant causes the sulphate ion to
increase substantially and exceed the
permissible limit of 400 mg/L. The residual
aluminium in excess of 0.2 mg/L in treated
water causes dementia disease,
pathophysiological, neuro behavioural,
structural and biochemical changes. It

affects cardiovascular, respiratory,

Eswar & Devaraj,
2011; Nayak,
2002; Loganathan
etal., 2013.
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musculoskeletal, endocrine and

reproductive systems.

©)
Electrocoagulation
(EC)

This technique involves
in situ generation of
coagulants by dissolving
either Al or Fe ion

electrically at the anode.

Effective for pollutants
removal from water.

It does not require
addition of chemicals for
coagulation.

There is no generation of

large volumes of sludge.

Expensive technique.

Requires technical skills and electricity
supply.

It is not applicable for rural households.

Zhu et al., 2007
Bennajah et al.,
2009.

(4) Membrane
filtration

Membrane filtration
techniques involves the
use of semi-permeable
membranes for removing

ions from water.

lower operating cost over
RO and electrodialysis
(ED)

Sensitive to temperature, pH and High

maintenance cost. Expensive and very

complicated. Removes all the ions present

in water. High electrical energy. Not

applicable to households in rural areas.

Nasr et al., 2013.

(5) Reverse

osmosis (RO)

Reverse osmosis is a
physical process
whereby the
contaminants are
removed by applying
pressure on the feed

water to direct it through

Produces high purity
water. High fluoride

removal efficiency.

High operating cost. Requires electricity
supply.
They are not applicable to households in

rural areas.

Bennajah et al.,
2009. Babu et al.,
2011.
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a semi-permeable

membrane.

(6) Electrodialysis
(ED).

This technique arranges ~ Useful in

ion exchange.

demineralisation.

membranes alternately in

a direct current field.

Higher operating cost than RO. Requires
electricity supply. It is not applicable to

households in rural areas.

Huang et al., 2007.

(7) Adsorption

Adsorption is a surface  Universality, low cost,

phenomenon in which
the reactants are of

different phases.

ease of maintenance,
highly effective, simple,
environmentally friendly
and universally

applicable.

Applicable mainly for household water

treatment.

Mudzielwana et
al., 2016; lzuagie
etal., 2017,
Obijole et al.,
2019; Gitari et al.,
2020.
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2.4.1.1 Adsorption

Adsorption is considered the most efficient technology for defluoridation of water. The
technology involves filtering of water through a column packed with a strong adsorbent such
as activated alumina (Al,05), activated charcoal, or ion exchange resins, bone char and bone,
molecular sieves, iron oxides, natural or synthetic zeolites and clay. This method is suitable for
both household and community use. When the adsorbent becomes saturated with fluoride ions,
the filter material is backwashed with a mild solution of alkali or acid to regenerate and clean
it. The household units are more convenient for filtering the small amounts of water intended
for drinking only, as better care is taken of them; but an efficient and extensive service system
is needed to ensure that the filters are regenerated or replaced at the right time.

Activated Charcoal (AC) is most commonly and widely used for water defluoridation,
however, high price of AC makes the cost of operation of this method high, coupled with high
flow rate, therefore not suitable for rural household use (Wendimu et al., 2017). Activated
Alumina (AA) is also widely used for defluoridation due to its availability and cheapness,
however, its disadvantages include low adsorptive capacity and much lower capacity after
regeneration (Ghorai & Pant, 2004). Bone char has been found to be a promising adsorbent for
defluoridation of water. It easily removes fluoride from water by replacement of its hydroxyl
ions by the fluoride ions. Its usage is however discouraging because of socio-cultural factors
and because the quality of final water produced after defluoridation is low and often has a rotten
meat taste particularly if the bone charring process is not properly carried out (Fawell et al.,
2006).

2.4.1.2 Adsorbents for contaminants removal from water

Adsorbents are generally used to remove dissolved contaminants which are not
adequately removed by particle-removal processes or destroyed by chemical oxidation during
disinfection methods in water treatment (Sobsey, 2002). Among various adsorbents that are
widely used are charcoal, activated carbon, natural zeolites as well as bio-sand filters, which

have also been used in household water treatment systems (Sobsey, 2002).

2.4.1.3 Charcoal and activated carbon filters as adsorbents

Activated Carbon (AC) is a porous material with a large surface area which is produced
by heating of a carbonaceous material such as coal, wood, coconut shells or peat (WHO, 2006).
AC is primarily used to remove heavy metals, toxic organic materials, taste and odour from
water, including cyanotoxins and pesticides (Sobsey, 2002). AC filters are not effective in

microbe removal and can easily become a breeding ground for bacteria, resulting in higher
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bacterial counts in contaminated water. Some commercially available carbon point-of-use
filters are impregnated with silver to prevent bacterial colonisation (Sobsey, 2002). AC filters
become exhausted over time and will have to be regenerated or replaced, just like any
adsorbent. The frequency of regeneration or replacement depends on the adsorptive capacity
of the filter and quality of the raw water. In particular, the capacity for specific target
contaminants is greatly reduced by the presence of background organic contaminants (WHO,
2011). Frequent replacement of the carbon makes the technique costly, hence making it
unaffordable for rural household use. Alternatively, ordinary local charcoal is used as a filter
to remove taste, colour and odour (Kayaga & Reed, 2005). Charcoal, though much cheaper
than AC, is less effective and must be replaced more frequently. An up-flow granular media

filter including a layer of charcoal has been developed by UNICEF (Kayaga & Reed, 2005).

2.5 Water contamination by pathogens

Waterborne diseases outbreak is a global phenomenon despite efforts being made to
ensure water safety. The mortality and morbidity arising from drinking pathogen-contaminated
water are high and must be controlled by improving the quality of water (Bitton, 2014; Pandey,
2014; WHO, 2015; 2017). The major bacterial contaminants found in water are bacteria,
viruses, protozoa, fungi, and helminthes. The worst type of bacterial contaminants in water is
Escherichia coli (E. coli), also known as E. coli O157:H7 which causes bloody diarrhea and
sometimes cause kidney failure which may also lead to death. Hence, the need for concerted
efforts at arresting the situation by developing strategies aimed at inactivating and or removal

of these pathogenic contaminants from water.

2.5.1 Health effects of ingesting pathogens-infested water

Waterborne pathogens such as bacterial and microbial contaminants in drinking water
are major public health concerns worldwide. This is due to high morbidity and mortality arising
from numerous waterborne diseases which are often lethal. Waterborne diseases are
responsible for an estimated 2.2 million deaths per year including diarrhea, cholera, urinary
tract infections and other gastrointestinal diseases and infections, with over 80% of these deaths
occurring in Africa and Asia (Bitton, 2014; WHO, 2015; 2019). About 1.4 million of these
deaths are children mostly from the developing world (Bitton, 2014; WHO, 2015; 2019).
Studies conducted in South African rural communities which largely depend on groundwater
for drinking purposes, showed that the dwellers in these communities have developed medical

symptoms traceable to pathogen contaminants in water (Ncube, 2005; Momba et al., 2013). To
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prevent waterborne diseases in these communities, a new approach to deliver bacteriologically
safe drinking water to these communities at household (point-of-use) levels should be
developed particularly in isolated areas, where centralized systems are not economically

feasible and viable.

2.5.2 Available technologies for pathogen removal from groundwater

Although some of the available technologies for pathogen removal from drinking water
are effective, some are unsustainable and unsuitable for application particularly in rural
communities. The various methods which have been used for pathogen (coliform) inactivation
and removal from water are well documented in the literature. This ranges from simple
conventional treatments to modern technologies which include physical methods, such as
boiling, heating (fuel and solar), settling, filtering, exposing to the UV radiation in sunlight,
and UV disinfection with lamps, and chemical methods such as coagulation-flocculation and
precipitation, adsorption, ion exchange and chemical disinfection with germicidal agents
(Lantagne et al., 2006; Potgieter, 2007; Connelly & Baeumner, 2012; Ingerson-Mahar & Reid,
2012; Singh et al., 2013; Bridle & Desmulliez, 2014). It should be noted that many of these
methods are not suitable for rural household applications (Lantagne et al., 2006; Potgieter,
2007; Dunn et al., 2014; Whelan et al., 2014; Ramirez-Castillo et al., 2015).

However, simple water treatment technologies such as boiling, sedimentation, solar
disinfection, filtration, chlorination, and the combined treatments of chemical coagulation-
filtration have been proven to improve microbiological quality by reducing bacteria, viruses
and in some cases protozoa in water samples (Lantagne et al., 2006; WHO, 2010). Adeeyo.
(2014) his studies of multi-step strain improvement of L. edodes for exopolysaccharide
production, succeeded in improvement of the material towards water remediation.

The antibacterial activities of Ag-zeolite nanocomposites have been reported by many
authors which led to their broad applications in diverse fields (Shameli et al., 2012; Shameli et
al., 2011; Yuranova et al., 2003). Antibacterial properties of silver nanoparticles prepared via
green method were investigated by Shameli et al. (2012). This study revealed that the Ag-NPs
with different stirring times showed inhibition towards the tested gram-negative and gram-
positive bacteria. Silver-nanoparticles have been known to have various activities against
bacteria and fungi, some of which are listed as follows: Escherichia coli (E. coli) (Kim et al.,
2007; Li et al., 2011; Raffi et al., 2010; Zhang et al., 2000). Staphylococcus aureus (El-Rafie
etal., 2012; Kim et al., 2007) Smetana et al., 2008). Pseudomonas aeruginosa ((Balogh et al.,
2001; Shukla et al., 2012). This study however employed simple technology where the

5
© Universfty of Venda



3
O

&) e

antibacterial activities of the developed clay were evaluated with Gram-negative Escherichia
coli sensitive indicator strains by using well diffusion assay method. The zone of inhibitions
was recorded in millimeter (mm). The bacterial suspensions were prepared with the turbidity
of 0.5 McFarland. Muller-Hinton agar plates was prepared by suspending 38 g of the medium
in 1 liter of milli-Q water and heated with frequent agitation followed by boiling to completely
dissolve the medium. The agar was sterilised by autoclaving at 121 °C for 15 min and thereafter
cooled to room temperature. The cooled Mueller-Hinton agar (25 mL) was poured into sterile
petri plates placed on a level, horizontal surface to give a uniform depth. Allow to cool to room
temperature. Check and ensure the final pH is pH is 7.3 £ 0.1 at room temperature and store
the petri plates upside down to prevent contamination at 2 - 8 °C. Mueller-Hinton agar plates
were inoculated with E. coli (ATCC 35218) strains. Wells with a diameter of 6 mm were cut
using a cork borer and filled with 30 pL of the activated clay soil samples. Plates were
incubated for 24 h at 37 °C. After incubation, the growth inhibition zone diameters were
measured in millimeter (mm). All the materials and glassware used in the analysis were
sterilised for 30 min at 121°C in an autoclave before each of the experiments was carried out.

The plates as well as the samples were carefully packed in sealed disposable plastic bags for

destruction immediately after the measurements were made.

2.6 Zeolites adsorbents for contaminants removal from water

Zeolites are hydrated aluminosilicates which have both ion exchange and molecular sieve
properties. Zeolites are preferred choice in water treatment owing to their abundance in nature,
low cost, ease of modification to remove certain chemical contaminants, and their regenerative
properties (Widiastuti et al., 2008).

Synthesis of adsorbents from coal fly ash (CFA) and other aluminosilicates-rich materials
for defluoridation have been reported by various authors. These include materials such as clay
(Agarwal et al., 2003), CFA (Waghmare & Arfin, 2015; Wang et al., 2008), Red Mud (Tor et
al., 2009), activated kaolinites (Meenakshi et al., 2008), china clay (Waghmare & Arfin, 2015),
bentonite and montmorillonite (Tor et al., 2006; Mudzielwana et al., 2017), zeolites (Onyango
et al., 2004; Musyoka et al., 2011) for defluoridation of groundwater. Others include ceramic

adsorbents such as mesoporous granular materials (Chen et al., 2010).
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Table 2.3: Table of adsorbents from CFA and other aluminosilicates-rich materials for
defluoridation.

Adsorbents References
Red Mud Tor et al., 2009.
Activated Kaolinites Meenakshi et al., 2008.

Bentonite and Montmorillonite Tor et al., 2006; Mudzielwana et al., 2017.

Mesoporous granular materials Chen et al., 2010.

Diatomaceous Earth Izuagie et al., 2016; 2017.

China Clay Waghmare & Arfin, 2015.

Clay Agarwal et al., 2003; Obijole et al., 2019; Gitari et al., 2020
Coal Fly Ash (CFA) Wang et al., 2008; Waghmare & Arfin, 2015.

Zeolites Onyango et al., 2004; Musyoka et al., 2009; 2011.

2.7 Clay soils as adsorbents for defluoridation

The search for low-cost, household, simple and an acceptable method for efficient
defluoridation of water for rural and household usage lead to the choice of clay materials, since
clay soil minerals are widespread and are in great abundance around the world. The term ‘clay
minerals’ refers to naturally occurring fine-grained phyllosilicate minerals which impart
plasticity to clay and hardened when dried or fired (Guggenheim & Martin, 1995). There are
different types of clays which are kaolinite, illite, bentonite and montmorillonite (Guggenheim
& Martin, 1995). The knowledge about the chemistry and structure of clay soil minerals has
significantly increased and its use has greatly expanded due to recent advances in instrumental
analytical methods such as electron microscopy, spectroscopy, and X-ray diffraction. Attention
is now focusing on the properties of clay as natural nano-sized particles which find application
in adsorption, catalysis, and in nanotechnology research on synthetic materials (Guggenheim
& Martin, 1995; Coetzee et al., 2003).

Clay minerals can be broadly classified into two types, 1:1 or 2:1 based on their layered
structure. A 1:1-type clay mineral consists of one tetrahedral sheet and one octahedral sheet.
Examples are kaolinite, halloysite and serpentine. A 2:1-type clay mineral is composed of an
octahedral sheet sandwiched between two tetrahedral silicate (SiO) sheets. Examples include
talc, vermiculite, montmorillonite, saponite, and sepiolite. Clays contain the following main
elements: aluminum, silicon and oxygen; others are iron, magnesium, alkali metals, alkaline
earths, and other cations present either in the interlayer space or in the lattice framework by

isomorphous substitution (Konta, 1995). Clays and clay minerals have been used by man since
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the stone-age, primarily due to abundance of clay minerals on the earth's surface and are utilised
widely for ceramics, building materials and agriculture.

The South African clay deposits are broadly classified into three dominant clay
minerals: (a) kaolin fields with the dominant clay minerals being kaolinite; (b) bentonite fields
in which the dominant clay minerals being montmorillonite, which form part of the smectite
group; (c) palyorskite fields with dominant clay being palygorskite. Adsorption studies on clays
and bauxite show that bauxite has the best adsorption capacities followed bentonite and
palygorskite, while kaolin had the lowest adsorption capacities for defluoridation (Coetzee et
al., 2003).

Various independent studies carried out by subjecting clay to high temperatures
produced clay wares with optimal fluoride binding capacity. The results of these studies
showed that clay could be a promising choice as efficient adsorbent for defluoridation of water
(Ndegwa, 1980; Zewge & Moges, 1990; Hauge et al., 1994). Other examples of clay materials
that are promising adsorbents for defluoridation are laterite (Sarkar et al., 2006),
mechanochemically-activated kaolinites (Meenakshi et al., 2008), China clay (Chaturvedi et
al., 1988), bentonite and montmorillonite (Tor, 2006).

Srimurali et al (1998) reported the use of bentonite, kaolinite, lignite, charfines and
nirmali seeds for fluoride removal from water by batch method where 46% removal was
observed at optimum conditions. Defluoridation of zirconium-loaded bentonite was carried out
by Ma et al. (2005). Ma et al. (2005) established that maximum adsorption of fluoride took
place at pH < 6 and the fluoride adsorption was preceded by ion exchange mechanism in
water. The adsorption potential of magnesium, lanthanum, and manganese oxide-loaded
bentonite clay was reported by Kamble et al. (2009) for defluoridation of water. The modified
metal oxides adsorbent showed better fluoride adsorptive capacities in water than the
unmodified adsorbent. Thakre et al. (2010) have also carried out bentonite clay modification
using magnesium chloride to enhance defluoridation, hence an effective adsorbent for water
defluoridation. Vhahangwele, et al. (2014) synthesised AI**-modified bentonite clay adsorbent
by ion exchange method. Comparative studies on the adsorbent using batch experiment show
that the modified clay adsorbent has a high fluoride adsorptive capacity. An efficient fluoride
adsorbent was successfully synthesised by coating Na-activated bentonite with MnO: through
in-situ reduction of KMnQO4. The study showed some promising defluoridation capabilities,
however, recommendation is made for improvement on the adsorbent stability (Mudzielwana

et al., 2017). Mudzielwana et al. (2018) developed a low-cost adsorbent from Mn?*-modified
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bentonite clay and applied for defluoridation of groundwater. The results showed optimum F~
uptake occurred within the first 30 min contact time and the percent removal increased with
increasing adsorbent dosage. Furthermore, the batch results showed that pH of the solution
governed the percent of fluoride removal with the optimum of 75.2% fluoride removal
achieved at pH 4. The study demonstrated that Mn?*-intercalated bentonite clay has potential
for application in defluoridation of groundwater.

Evaluation of the application of smectite-rich clay soil from Mukondeni, in
defluoridation of groundwater showed that 0.8 g/100 mL of the clay removed up to 92% of
fluoride from the initial concentration of 3 mg/L at a pH of 2 with a contact time of 30 min
(Mudzielwana et al., 2016). Nigiri et al., (2017) investigated cow bone char as sorbent for the
defluoridation of aqueous solutions. The cow bone char was characterised in terms of its
morphology, chemical composition, and functional groups present on the bone char surface
using different analytical techniques: scanning electron microscopy (SEM), energy dispersion
spectroscopy (EDS), nitrogen adsorption-desorption Brunauer-Emmett-Teller (BET) (N2-
BET) method and fourier transform infra red (FTIR) spectroscopy. Batch equilibrium studies
were performed for the bone chars prepared using different procedures. The sorption capacities
for fluoride were q =6.2 £ 0.5 mg/g and q = 6.4 + 0.3 mg/g for acid-washed and aluminium-
doped bone char sorbents respectively. The potential of mixed Mukondeni clay soils (MMCS)
as low-cost adsorbent for defluoridation from groundwater was studied by Ngulube et al.
(2017). The results indicated that the optimum conditions for the defluoridation of water using
MMCS were 60 min, 1.5 g, 9 mg/L, 1.5/100 S/L ratio, pH of 2 and 298K. Although the study
showed that locally available MMCS are good defluoridation materials, modification via metal
oxide blending was recommended for an enhanced adsorption capacity. Wang et al. (2017) in
their studies observed a highly efficient fluoride adsorption capacity from aqueous solution by
nepheline prepared from kaolinite through alkali-hydrothermal process. Studies conducted by
Amor et al. (2018), in which Tunisian raw clays were used in defluoridation revealed the
optimum defluoridation capacity at 30 min contact time, 20 g/L of clay dose, and pH = 3 to be
promising.

Ayinde et al. (2018) successfully synthesised a multi-functional 3-layered Ag-
MgO/nanohydroxyapatite (Ag-MgOnHaP) composite via a combined microwave and
ultrasonically-modified methods towards simultaneous defluoridation and pathogen removal
from groundwater. The study showed optimum adsorption capacity of 2.15 mg/g at pH 6 and

298 K, with over 90% fluoride removal at 0.3g dosage. The results showed the nanocomposite
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to be potentially active against E. coli and K. pneumonia strains and good adsorbent for
groundwater defluoridation.

In the study carried out by Gidi et al. (2019), a novel cost-effective, eco-friendly clay
composite adsorbent was developed from mixtures of clay, grog, bone char, and sawdust,
towards fluoride remediation. The maximum of 91.6% fluoride removal efficiency was
obtained. The composite clay material exhibited excellent removal efficiency for the real water
samples analysed. In the study in which aluminosilicate-rich clay soils were prepared through
mechanochemical activation and applied for defluoridation and pathogen removal, the
maximum adsorption capacity was found to be 1.87 mg/g with 32% fluoride removal. The
results indicated activated clays’ potential for defluoridation but not effective in pathogen
removal, hence, further modifications of the clays’ surfaces were recommended (Obijole et al.,
2019). In the study by Gitari et al. (2020), a trimetal Mg/Ce/Mn oxide-modified diatomaceous
earth (DE) was synthesised at optimal conditions and applied for defluoridation. The optimum
fluoride uptake capacity was 12.63 mg/g at the initial fluoride concentration of 100 mg/L.
Fluoride removal was > 91 % for solutions with initial pH range of ~4 - 11 (initial fluoride

concentration: 9 mg/L, sorbent dosage: 0.6 g/100 mL).

2.8 Hydrothermal technology

The term “hydrothermal” has its origin from geology. British-born geologist, Sir
Roderick Murchison (1792 - 1871) used the term to describe the action of water at elevated
pressure and temperature on the earths’ crust which led to the formation of various minerals
and rocks (Byrappa, 1990). The formation of largest single crystal in nature (beryl crystal of >
1,000 kg) and quartz crystals of several thousands kg which is the largest quantity of single
crystals created by man in one experimental run has been traced to hydrothermal origin
(Byrappa, 1990).

Hydrothermal processing is defined as the reaction of any homogeneous (nanoparticles)
or heterogeneous (bulk materials) in the presence of aqueous solvents or mineralisers under
high pressure and temperature conditions to dissolve and recrystallise (recover) materials that
are relatively insoluble under ordinary conditions. Byrappa & Yoshimura (2012) define
hydrothermal as any homogeneous or heterogeneous chemical reaction in the presence of a
solvent (whether aqueous or non-agqueous) above the room temperature and at pressure greater
than 1 atmosphere in a closed system.

Hydrothermal technology facilitates the fabrication of some of the toughest or the most

complex material(s) with desired physicochemical properties. The advantages of hydrothermal
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technology over other conventional processes are energy saving, simplicity, cost-effectiveness,
better nucleation control, pollution-free (since the reaction is carried out in a closed system),
higher dispersion, higher rate of reaction, better shape control, and lower temperature of
operation in the presence of an appropriate solvent, etc (Yoshimura & Byrappa, 2008).

The hydrothermal technology has a lot of advantages like native elements, metal oxides,
hydroxides, silicates, carbonates, phosphates, sulphides, tellurides, nitrides, selenides etc.
Particles and nanostructures like nanotubes, nanowires, nanorods, and so on have been obtained
using the hydrothermal method (Byrappa & Yoshimura, 2012). The method is also popular for
the synthesis of a variety of forms of carbon like sp?, sp® and intermediate types (Chu & Li,
2006; Yoshimura & Byrappa, 2008). Hydrothermal method was first used in 1845 by
Schafthual in the preparation of fine quartz particles in a papin’s digester. This was followed
by the synthesis of various silicates, clays, hydroxides and oxides minerals. Over 150 mineral
species were synthesised including diamond by 1900 (Morey & Niggli, 1913). Application of
hydrothermal technology commercially started in 1908 when leached bauxite mineral was
bleached under hydrothermal conditions to obtain aluminum (Bayer, 1887). This were followed
by the synthesis of various minerals in the 1940s where bulk crystal growth and phase equilibria
studies were conducted (Suto et al., 2007; Yoshimura & Byrappa, 2008).

Hydrothermal method is now used in the processing of a wide range of materials
including bulk crystals, nanoparticles and fine nanoparticles with a controlled size and

morphology.

2.8.1 Hydrothermal processing of fine particles

The processing of fine particles hydrothermally to nanocrystalline materials could be
dated back to 1840s to early 1900s, but the developed materials could not be confirmed due to
limitations in the instruments available then, except some chemical techniques (Byrappa et al.,
2006). A lot of work were done on the synthesis of fine particles of some silicate, hydroxides,
zeolites and clays (Morey, 1953). Barrer’s work on hydrothermal synthesis of particles of
zeolites in the 1940s, ushered in a new era of molecular sieve technology. The late 1960s
brought excellent crystallinity and reproducibility, microstructure control, high reactivity and
sinter ability (Byrappa, 2005). Varieties of highly crystalline, fine ceramic materials were
synthesised using hydrothermal technology, hence, taking the advantages of hydrothermal
method over conventional methods such as moulding, heat treatment, hot pressing and firing
(Lobachev, 1973; Mitsuda, 1980; Byrappa, 1990; Somiya, 1990; Somiya, 2006).
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The hydrothermal research has ushered in the processing of fine particles to ultra-fine
particles with a controlled size and shape, controlled morphology, high purity, controlled
stoichiometry, high quality, narrow particle size distribution, uniformity, lesser defects and
dense particles. The hydrothermal technology is most suitable method for growing large bulk
crystals of quartz, berlinite, gallium phosphate, and synthesis of zeolites and other clay

materials (Byrappa, 1990; Somiya, 2006).

2.8.2 Hydrothermal preparation of nanocomposites

The hydrothermal technology is now emerging as a vital tool in nanocomposites
preparation. Different types of nanocomposites have been reported to be developed within few
hours at lower temperature in the presence of appropriate solvent and or organic ligands.
Examples of nanocomposites are zeolites:CNT, TiOz:activated carbon, ZnO:activated carbon,
TiO2:CNT, TiO2:HAp, ferrites:polymer, organic—inorganic composites, polymer and
semiconductor composites (Sujaridworakun et al., 2005; Byrappa et al., 2006: Dayananda et
al., 2007).

Liuetal. (2011) reported highly porous magnesium oxide (MgO) nanoflakes developed
by the calcination of magnesium hydroxide nanoflakes via hydrothermal process. The MgO
nanoflakes had a high specific surface area with an exceptional As (111) removal performance
from aqueous solutions, much higher than most reported values from other metal oxide
nanomaterials. Johnson et al. (2014) successfully synthesised zeolite A from natural kaolin
(metakaolin) and NaOH mixtures by stirring for 30 min before hydrothermal treatment at
100 °C for 8 h. The application of hydrothermally-modified limestone powder in presence of
the phosphoric acid (PA) for fluoride adsorption behaviour was reported by Gogoi et al. (2016).
The hydrothermally-modified limestone product obtained using 0.90 M phosphoric acid (PA),
with an adsorption capacity of 6.45 mg/g , was observed to have potential for application in
defluoridation of water. Lyu, et al. (2016) prepared a cost-effective adsorbent for fluoride
removal by loading activated aluminum and lanthanum onto hydrothermally treated
palygorskite (HP) (denoted as La-Al-TAP). The materials showed strong potential for
defluoridation. Pure zeolite X with remarkable thermal stability and promising defluoridation
potential was prepared from aluminosilicate-rich diatomite via a simple hydrothermal method
at 5 h contact time, 110 °C crystallisation temperature, 30 °C ageing temperature, 30 min
ageing time, H2O/NaxO ratio of 40 and Na>O/SiO- ratio of 1.4 by Yao et al (2018). Nagaraj et
al (2018) in their studies successfully developed a mineral-substituted hydroxyapatite (mHAp)
nanocomposite adsorbent via a one-pot hydrothermal synthesis method and further evaluated for
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fluoride removal in water samples. The synthesised material was found to have a high fluoride

removal capacity.

2.9 Knowledge gaps, summary and conclusion

Groundwater is the main source of drinking water worldwide. Fluoride concentrations
at elevated concentrations and pathogens in groundwater have been proven to be pose health
risks to human health. Literature reported that fluorosis is endemic in 26 countries with over
200 million people worldwide are at risk of fluorosis while 2.2 million death occur yearly due
to ingestion of pathogen-infested groundwater. Some of the countries where incidence of
fluorosis has been reported include India, China, Mexico, Uganda, Kenya, Ethiopia, Sudan,
Chad, Morocco, Mozambique Tanzania, Malawi, Cameroon and South Africa. Areas most
affected in South Africa are Karoo, Bushveld, Limpopo and North-West provinces, particularly
in rural communities where groundwater is the main source of water for drinking purposes.

There are various technologies available for defluoridation. These include adsorption,
ion exchange, precipitation and coagulation, membrane-based technology and adsorption.
Amongst these technological innovations, adsorption is often the preferred choice particularly
for application in rural areas since it uses materials that are largely available in nature at little
or no cost, easy to operate, simplicity and high fluoride removal efficiency. Most of the
proposed materials including zeolites, diatomaceous earth, mesoporous granular materials,
various forms of clay and its modified forms, reported in literature are either not effective or
effective at a narrow pH range and some cannot be regenerated effectively. Hence there is
urgent need to develop a suitable multifunctional and appropriate technology that will be
effective at wide pH range for excellent defluoridation and pathogen removal from
groundwater. Furthermore, the developed adsorbent should be low-cost and be regenerable to

make it more sustainable for use not only in rural areas of African continent but worldwide.
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CHAPTER THREE: MECHANOCHEMICALLY-ACTIVATED ALUMINOSILICATE
CLAY SOILS AND THEIR APPLICATION IN DEFLUORIDATION AND PATHOGEN
REMOVAL FROM GROUNDWATER

3 Abstract

In this chapter, aluminosilicate rich clay soils were mechanochemically-activated and
further tested for fluoride and pathogen removal. Physicochemical and mineralogical properties of
the material were determined using CEC, BET, SEM-EDS, XRD, XRF and FTIR techniques. The
fluoride removal efficiency was evaluated using batch experiments while the antimicrobial
efficacy of the material was evaluated using well diffusion assay method. The BET results showed
sample activated for 30 min had the largest surface area (17.19 m?/g), pore volume (10.07 cm?®)
and pore size (14.93 nm) and was found to perform optimally when applied to defluoridation with
about 32% fluoride removal compared to samples activated at different times. The
mechanochemically-activated clay showed a maximum adsorption capacity of 1.87 mg/g and
percent fluoride removal of 32%, from the initial fluoride concentration of 10 mg/L using 2 g/100
mL dosage, 60 min contact time at 250 rpm shaking speed and temperature of 298 K. Fluoride
adsorption was found to reduce in the presence of CI~, POs?>~ and COs?>" while it increased in the
presence of SO4%~ and NOs ™. Adsorption data fitted well to Freundlich isotherms, indicating that
adsorption occurred on a multilayer surface when linearised model was used but fitted well to both
Langmuir and Freundlich when non-linear model were employed, hence suggesting adsorption
occurred on both monolayer and multilayer surfaces. Adsorption kinetics data showed a better fit
to pseudo-second order model, indicating the dominance of chemisorption mechanism when linear
modelling was used but fitted well to both pseudo-first order and pseudo-second order model when
non-linear modelling were used, thus indicating adsorption mechanisms to be both physiosorption
and chemosorption respectively. The adsorbent was successfully regenerated for up to five
regeneration-reuse cycles. The antibacterial studies revealed no zone of inhibition for all the
treated activated clays, hence, indicating that they were not active against the bacterial strains of
Escherichia coli. Therefore, the material cannot be used to inactivate or remove pathogens from
water. The adsorptive capacity of the clay materials could be improved upon by subjecting the clay
to hydrothermal treatment, introduction of pore-forming agents to increase the surface area, pore

volumes and sizes.
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3.1 Introduction

Water is an essential resource necessary for human health and survival. Groundwater is
one of the major sources of potable water which is becoming increasingly contaminated as a result
of natural and anthropogenic activities worldwide. Fluoride is one of the various water
contaminants. High fluoride levels above the permissible limit cause fluorosis. The presence of
pathogens in water leads to various types of water-borne diseases. Different types of clay and metal
oxide-coated aluminosilicate materials have been used in defluoridation and pathogen removal,
but they are not totally active against bacterial strains. Clay minerals are naturally occurring fine-
grained phyllosilicate minerals which impart plasticity to clay and hardened when dried or fired
(Guggenheim & Martin, 1995). Clay types are kaolinite, illite, bentonite and montmorillonite
(Guggenheim & Martin, 1995). The knowledge about the chemistry and structure of clay minerals
has significantly increased and the use of clay has widened greatly owing to advances in
instrumental analytical methods such as X-ray diffraction, electron microscopy and spectroscopy.
Attention is now focusing on clay properties as natural nano-sized particles which are applied in
adsorption, catalysis, and in nanotechnology research on synthetic materials (Guggenheim &
Martin, 1995; Coetzee et al., 2003). Clay minerals can be broadly classified into two types, 1:1 or
2:1 based on their layered structure. A 1:1-type clay mineral consists of one tetrahedral sheet and
one octahedral sheet. Examples are kaolinite, halloysite and serpentine. A 2:1-type clay mineral is
composed of an octahedral sheet sandwiched between two tetrahedral silicate (SiO) sheets.
Examples include talc, vermiculite, montmorillonite, saponite, and sepiolite. Clays contain the
following main elements: aluminum, silicon and oxygen. Others are iron, magnesium, alkali
metals, alkaline earths, and other cations present either in the interlayer space or in the lattice
framework by isomorphous substitution (Konta, 1995). Clays and clay minerals have been used
by man since the stone-age, primarily due to the occurrence of clay minerals’ abundance on the
earth's surface and are utilised widely for ceramics, building materials and agriculture. The South
African clay deposits are broadly classified into three according to the dominant clay minerals
present. These include (a) kaoline fields where the dominant clay minerals are kaolinite: (b)

bentonite fields in which the dominant clay minerals are montmorillonite, which forms part of the
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smectite group; (c) palyorskite fields with dominant clay being palygorskite. Adsorption studies
on clay and bauxite show that bauxite has the best adsorption capacities followed by bentonite and
palygorskite while kaolinite had the lowest adsorption capacities for defluoridation (Coetzee et al.,
2003).

The main objective of this work was to mechanochemically activate and determine the
physico-chemical and mineralogical characteristics of the raw clay soil from Mukondeni Village,
Limpopo, South Africa, with a view to ascertaining its suitability as adsorbents for simultaneous
defluoridation and pathogen removal from groundwater. Mechanochemical treatment is infact the
milling process, in which some chemical reactions occured. During the milling process, some of
the bonds in Al-O-Al and Si-O-Si bonds in the aluminosilicate clay matrix may have been broken.

This was done by investigating: 1) the geological fluoride present in the activated clay,
point-of-zero charge and CEC,; ii) the chemical and mineralogical properties using XRF and XRD;
iii) the functional groups, morphology and the surface area using FTIR, SEM-EDS and BET; iv)
the activated clays adsorption capacities by batch mode; v) the effect of co-existing ions on the
fluoride uptake; vi) adsorption isotherms modelling from data generated; vii) the adsorption
kinetics modelling from generated data; viii) the intra-particle modelling from the data generated;

iX) antibacterial activities using the well diffusion method.

3.2 Materials and methods
3.2.1 Sample collection and preparation

Aluminosilicate clay samples were collected from Mukondeni Village, Vhembe District in
Limpopo Province, South Africa and stored in a polyethylene plastic bags. Prior to experiment,
clay soil were oven-dried for 24 h at 110 °C and then milled to fine powder. Thereafter, clay soils
were washed at a clay to water ratio of 1:10 in a 2 L beaker. The mixtures were stirred for 2 min
and allowed to stand. Thereafter, mixtures were centrifuged at 4000 rpm for 10 min. The residues
obtained were then oven dried at 110 °C for about 12 h. Thereafter, the dry residues were milled,
passed through 250 um sieve and then stored in a clean corked plastic bottle for future use.
3.2.2 Mechanochemical activation of the aluminosilicate clay samples

To prepare mechanochemically-activated clay (MAC), the optimum milling time was
investigated by milling a known mass of finely ground, dried clay at different times of between 5
and 60 min at 700 rpm using a RS200 milling machine (Retsch, Green Bay, WI, USA). The
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resulting clay powder of <250 um particle size was then oven dried and stored in zip-lock bags.
The optimum milling time was obtained by evaluation of the activated clays (samples A - F) for
defluoridation at a specific pH using batch mode. A mass of 0.3 g of the mechanochemically-
activated aluminosilicate material treated at different contact times were contacted with 50 mL of
5 mg/L fluoride solution to determine the optimal contact time for the treatment. The sample with
the highest percent fluoride removal indicated the optimum contact time for the treatment. The
optimal mechanochemically-milled clay was then characterised and applied to defluoridation and
pathogen removal in fluoride-rich-simulated and groundwater. The process above is a mechanical
treatment but during the milling process, some of the bonds in Al-O-Al and Si-O-Si bonds in the
aluminosilicate clay matrix may have been broken. This is in fact a form of chemical reaction;

hence, the process is called mechanochemical treatment.

3.2.3 Geological fluoride determination

The geological fluoride levels in the activated clays at different contact times of 5 to 60
min were evaluated by using batch mode method and the percent fluoride removal calculated. This
was conducted to determine the safe threshold of geological fluoride in the clay soil materials to
establish the suitability of the activated clay materials for defluoridation and pathogen removal

from groundwater.

3.2.4 Chemicals and reagents

All the chemicals and reagents used in the study were analytical grade, produced by Sigma
Aldrich. The list is as follows: Sodium hydroxide (NaOH) pellets-anhydrous > 98%, sodium
fluoride (NaF) > 99%, hydrochloric acid (HCI), sodium trioxocarbonate iv (Na2COs) > 99%,
sodium trioxonitrate v (NaNO3z) > 99%, sodium chloride (NaCl) > 99%, sodium tetraoxophosphate
Vi (Na2PO4) > 99%, sodium tetraoxosulphate vi (Na2S0s), TISAB 111 solution (Sigma Aldrich).

3.2.5 Physicochemical characterisation of the prepared clay samples

Surface area, specific surface area pore sizes and volumes were evaluated by using the
Brauner-Emmett-Teller (BET) method. Measurements were carried out using a TriStar Il surface
area and porosity unit instrument (Micromeritics, Norcross, GA, USA). Mineralogical
composition of the activated clay was analysed using a X’Pert Pro powder diffractometer
(PANanalytical, Almelo, The Netherlands) in 6—6 configuration with an X’Celerator detector and

variable divergence and fixed receiving slits with Fe filtered Co-Ka radiation (A = 1.789A). The
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phases were identified using X’Pert Highscore plus software. The relative phase amounts (weight
percent) were estimated using the Rietveld method (Autoquan Program). Elemental composition
was evaluated by using a PANanalytical Axios X-ray fluorescence spectrometer equipped with a
4 kW Rh tube. The activated clays’ morphology (size and shape at the surface) were investigated
by sprinkling a small amount of the sample onto a scanning electron microscope (SEM) stub
covered with carbon glue. The stubs were then coated with carbon in an evaporation coater. The
SEM is a NanoSEM 230 (FEI Nova, Czechoslovakia Republic) with a field emission gun (FEG)
(Weber et al., 1974). The elemental analysis was carried out using an X-Max detector (Oxford,
Abingdon, UK) equipped with Inca software, at 20 kV. The Fourier transform infrared (FT-IR)
analysis of the activated clay, which provides information about the functional groups responsible
for fluoride sorption from the groundwater, was carried out using an ALPHA FT-IR
spectrophotometer (Bruker, Germany). The point-zero-charge (pHpzc) was determined using
titration at 0.1 M, 0.01 M and 0.001 M KCI concentrations (Eggleston, 1998). The concentration
of exchangeable cations was determined using flame atomic absorption spectra (600 PerkinElmer,
Waltham, MA, USA). The Cation Exchange Capacity (CEC) was evaluated by using ammonium
acetate buffers at pH 5.4 and 7.4, respectively (Meimaroglou & Mouzakis, 2019).

3.2.6 Batch adsorption experiments

Batch adsorption experiments were used to assess the activated clays’ capacity for
defluoridation of fluoride-rich-simulated water: The following parameters were optimised: contact
time; adsorbent dosage; pH and fluoride ions concentrations. To evaluate the effect of contact
time, 100 mL solution containing 10 mg/L fluoride solution was measured into 250 mL polythene
bottles and a mass of 0.5 g was added to make up 0.5 g/100 mL adsorbent dosage. The pH was
adjusted to pH 6. The mixtures were agitated in a thermostatic water bath shaker for 10 min. After
agitation, the suspensions were filtered to remove the solid. This procedure was repeated for other
determinations but with equilibration times of 20, 30, 40, 50 60, 80 up to 200 min respectively.
The samples were then refrigerated until analysis. To evaluate the effect of adsorbent dosage,
100mL solution containing 10 mg/L fluoride solution was measured into 250 mL polythene
bottles. This was followed by the addition of 0.1, 0.2 up to 10 g of the activated clay into plastic
bottles. Mixtures were agitated for 60 min. To evaluate the effect of pH, aliquots of 100 mL of 10
mg/L fluoride solution were measured into seven polythene bottles. A mass 0.5 g of each activated

clay sample was weighed into separate bottles and the pH adjusted between 2 and 12 by adding
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0.1 M HCI or 0.1 M NaOH. The mixtures were equilibrated for 60 min. After the equilibration
time, the suspensions were filtered and the fluoride ion concentration in each solution was
determined using a fluoride ion-selective electrode. To determine the effect of fluoride ion
concentration, 100 mL volume of between 1 mg/L to 100 mg/L fluoride solution was measured
into ten polythene bottles. A mass of 2 g of each clay sample was weighed into some bottles and
the pH adjusted to the optimum pH 6, by adding 0.1 M HCI or 0.1 M NaOH. The mixtures were
equilibrated for the optimum contact time of 60 min. After equilibration, the suspensions are
filtered. The fluoride ion concentration in each solution was determined. Modelling of adsorption
isotherm was done from the data generated using Langmuir and Freundlich equations. Adsorption
Kinetics studies were also carried out from the generated data. The sorption mechanism of fluoride
uptake was investigated by using the pseudo-first-order and pseudo-second-order kinetic models.
Studies on the intra-particle diffusion model was also carried out using the data generated to
determine if the sorption process during defluoridation is being controlled either by a particle

diffusion or a pore diffusion model.

3.2.7 Bench scale testing of fluoride-rich Siloam groundwater with the activated clay

The efficacy of the activated clays for defluoridation was tested with field water containing
5.44 mg/L fluoride concentration collected from boreholes in Siloam Village, Limpopo Province,
South Africa. The experiment was conducted at optimum pH 6.0 and natural pH of 8. Aligouts of
100 mL of field water were pipetted into 250 mL plastic bottles with masses of 2.0 g of adsorbent
added to make adsorbent dosage of 2 g/100 mL. Thereafter, mixtures were equilibrated for 60 min
at the shaking speed of 250 rpm using a table shaker followed by centrifuging at 4000 rpm. The
mixtures were filtered using a 0.45 um pore membrane filter and the analysis of fluoride in the
supernatants was carried out. The percent fluoride removal and adsorption capacity were evaluated
using pH meter equipped with ion-selective fluoride electrode. The major cations and anions in
the groundwater before and after treatment were analysed using Metrohm 850 professional on
chromatography. The cations evaluated were sodium, potassium, calcium and magnesium while

the anions were bromide, chloride, nitrate, phosphate and sulphate.

3.2.8 Effect of co-existing anions on fluoride adsorption
Generally, groundwater, including fluoride-rich ones, are most likely to contain several
other anions which may compete with fluoride ions uptake in the adsorption process. The effect

of co-existing anions on fluoride sorption onto the clays surfaces was evaluated in the presence of
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10 mg/L salt solution of chloride, sulphate, nitrate and phosphate, independently, at an initial
fluoride concentration of 10 mg/L. All the solutions for fluoride adsorption experiments and
analysis were prepared by appropriate dilution from the stock solution prepared as described
earlier in subsection 3.8. Adsorption studies were carried out for each of the prepared 10 mg/L salt
solutions of chloride, sulphate, nitrate and phosphate, separately, at an initial fluoride
concentration of 10 mg/L in a conical flask by batch method at room temperature. The pH of the
fluoride solution was adjusted to 6.9 £ 0.1, using 0.1 M NaOH and HCI solutions. A mass of 2 g
of the activated clay was introduced into each of the 100 mL of the blank, chloride, sulphate,
nitrate and phosphate solutions and placed in a shaker at a speed of 250 rpm to give homogeneous
mixtures. The mixture was centrifuged for 30 min and thereafter, the resulting solution (filtrate)
was decanted from the solid particles (residue) which settled at the bottom of the centrifuge tubes.
The amount of fluoride in each filtrate was analysed using a pH meter equipped with ion-selective
fluoride electrode. The analysis was carried out by using total ionic strength adjustment buffer
TISAB |11/ Sample Solution ratio of 1:10. A blank experiment was also performed using deionised
water with only 10 mg/L fluoride concentration. The percent fluoride removal was then calculated
from the result obtained and comparison made.

3.2.9 Regeneration of fluoride loaded adsorbents for re-use

Regeneration of the fluoride-loaded activated clay was carried out by agitating 2.0 g of
loaded clay with 100 mL of 0.1 M NaOH for 30 min on a mechanical shaker. After agitation, the
mixture was filtered through a 0.45 pm pore membrane filter. The filtrate was diluted to 100 mL
and then analysed for desorbed fluoride. The resulting clay adsorbent on 0.45 um pore membrane
filter paper was washed with de-ionised water and then dried in the oven at 110 °C for 4 h.
Adsorption studies on the regenerated clay adsorbent were then carried out using batch method.
The regenerated clay adsorbent was re-used for defluoridation up to five times.

3.2.10 Antibacterial studies

Antibacterial activities of the six mechanochemically-activated clays were evaluated with
Escherichia coli (E. coli) strains by using well diffusion assay method. The zone of inhibitions
was recorded in millimeter (mm). The bacterial suspensions were prepared with the turbidity of
0.5 McFarland. Mueller-Hinton agar plates were inoculated with E. coli (ATCC 35218) strains.
Wells with a diameter of 6 mm were cut using a cork borer and filled with 30 pL of the six

mechanochemically-activated clay soil samples, A - F. The six clay samples were activated at

52

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

varying contact times of between 5 and 60 min. Plates were incubated for 24 h at 37 °C. After
incubation, the growth inhibition zone diameters were measured in millimeter (mm). The plates
as well as the samples were carefully packed in sealed disposable plastic bags for destruction

immediately after the measurements were made.

3.3 Results and discussions
3.3.1 Geological fluoride levels in the mechanochemically-activated clays

The geological fluoride levels in the activated clays at different contact times of 5 to 60
min ranged between 0.04 - 0.06 mg/L (Table 3.1). The fluoride levels in mg/g of the clay were
also calculated and found to range between 2.0 X102 and 3.51 x10 mg/g (Table 3.1). This showed
that clay may not leach fluoride during defluoridation, hence, may not need pre-treatment as
fluoride levels in the clay are low. Furthermore, the higher the activation time, the more fluoride
released, suggesting the finer the particulate size, the more likely Si-F and Al-F bonds are broken,
freeing more fluoride ions. However, batch defluoridation studies on the different activated clays
showed increase in percent fluoride removal with increase in activation time which peaked
(optimum) at 30 min activation time due to saturation of available sites unto which fluoride are
adsorbed. Hence, further increase in activation time did not lead to any increase in percent fluoride
removal. The fluoride levels in the raw clay and those activated for 5 min (Sample A) were the
same. The fluoride levels in the activated clays were found to be much lower than the World Health
Organization’s (WHO, 2015) and South African National Standards permissible limits (SANS,
241), whose recommended maximum fluoride limit is 1.5 mg/L. Hence, from Table 3.1, the
geological fluoride levels in the activated clay is within safe threshold. Therefore, making the clay
materials a safe and promising adsorbent for fluoride removal without compromising the water

safety during defluoridation processes.

Table 3.1: Fluoride levels in clay soil samples activated at different contact times.

Samples Mechanochemically Fluoride level Fluoride level
activated time (min) (mg/L) (mg/g)

A 5 0.0401 20x10%

B 10 0.0610 3.05x 103

C 20 0.0605 3.02x 103

D 30 0.0638 3.19x 103

E 40 0.0638 3.19 x10°3

F 60 0.0703 3.51x103

53

© University of Venda



o

*. University of Venda
Creating Future Leaders

3.3.2 Defluoridation of simulated fluoride water with mechanochemically-activated clay
The per cent fluoride removal of clays activated at different times of between 5 and 60 min
were between 21.81% and 28.49% as presented in Table 3.2. Sample D exhibited highest removal

of 28% indicating optimum activation time of 30 min (Table 3.2).

Table 3.2 Percent fluoride removal and adsorption capacities of the activated clays at different
treatment time.

Difference
Mechanoch Initial Equilibrium  between initial ~ Per cent .
. . . . . Adsorptio
emically- fluoride fluoride and final fluoride i
Samples . : : . n capacity,
activated concentratio  concentratio  fluoride removal (ma/g)
(minutes) nCo (Mg/L) nCe(mg/L) concentration (%) 4{mg/g
(mg/L)
A 5 8.39 6.45 1.94 23.12 0.970
B 10 8.39 6.51 1.88 22.41 0.940
C 20 8.39 6.43 1.96 23.36 0.980
D 30 8.39 6.00 2.39 28.49 1.195
E 40 8.39 6.22 2.17 25.86 1.085
F 60 8.39 6.56 1.83 21.81 0.915

The plot of adsorption capacity versus activation time is presented in Figure 3.1. The
adsorption capacities increased from 0.94 mg/g to 1.195 mg/g at 30 min activation time and
reduced thereafter to 0.915 mg/g, hence, indicating that the activation had effect on the adsorption
capacity of the clay soils. This was probably due to increase in the surface area which peaked at
30 min activation. The observed decrease in adsorption capacity after 30 min could be attributed

to further reduction in pore sizes and volumes as the particle sizes decreased.
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Figure 3.1: Plot of adsorption capacity (mg/g) versus activation time (min).

3.3.3 Physicochemical and mineralogical characterisation

3.3.3.1 Surface area by Brunauer-Emmett-Teller (BET)

The surface area, pore volume and pore size play a significant role in the sorption of the
fluoride ions onto the activated clay surface. The results of Brunauer-Emmett-Teller (BET)
analysis of the activated clays at different times are presented in appendix 3.3. The clay is
mesoporous in nature with pore sizes ranging between 5 -15 nm. Surface area ranged between 13
and 18 m?/g. Specific surface area ranged between 12 and 17 m?/g while pore volumes values had
an average value of 10 cm®/g. Clay sample D activated for 30 min had the largest surface area of
17.19 m?/g, specific surface area of 16.66 m?/g, pore volume of 10.07 cm® and pore size of 14.93
nm, indicating maximum roughness of pore walls and increase of additional active sites for the
activated clay while sample F had the smallest surface area (13.23 m?/g), specific surface area
(12.58 m?/g), a low pore volume (10.05 cm®/g) and pore size of 14.68 nm respectively, at 60 min
treatment time. Since surface area generally plays a significant role in the adsorption of sorbents
from the solution, the higher the surface area, the higher the adsorption and vice versa (Spark,
1997). The results also show that activation increased the surface area of the clay from 10 min to
30 min (17.1 m?/g) and thereafter decreased to about 13 m?/g at 60 min treatment time. Hence,
clay sample D which was activated for 30 min is considered optimum for the modification process
since the sample had the highest surface area and pore volume, suggesting that it had more active
sites for fluoride uptake, thereby improving the quality of the clay as a good adsorbent for fluoride

removal.
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3.3.3.2 Point-zero-charge (pHp,)

Figure 3.2 depicts the pH,, of the mechanochemically-activated clay soils. pHpzc reflects
the pH of solution at which the clay surface will be having a net surface of zero. At pH below the
PHpzc, the surface is positively charged while at pH above pHp.c the surface is negatively charged.
The pHp, of the clay soil evaluated was found to be 6.1 + 0.5 (Figure 3.2) which is close to pHpzc
of smectite-rich clay reported by Mudzielwana et al. (2016) but lower than that of bentonite clay
reported by Gitari et al. (2016). Therefore, it is expected that adsorption of fluoride anions is likely
to be high at a pH below 6.1 where clay surface is positively charged due to electrostatic attraction

forces between negatively charged ions and the surface.

Point-of zero-charge (pH,,.) of raw clay soil

- pzc
—1MKcl

2 1 0.1 M Kcl

) ,//\ 0.01M KCl
£ 0 5 N\ 10 ‘ 15
5 2] X

-4 A \/

6 -

PH,

Figure 3.2: pH at point-of-zero charge of mechanochemical-activated aluminosilicate-rich clay
soil (adsorbent dosage: 1.0 g/50 mL, contact time: 24 h, agitation speed: 250 rpm, temperature:
298 K: pH varied between 2 and 12).

3.3.3.3 Morphology of the mechanochemically-activated clay.

Figure 3.3 a - d shows the micrographs of the mechanochemically-activated clay at
different magnifications. Generally, micrographs show that the clay surface consisted of fine
particles of irregular shape and size on external surface with a micro-rough texture. At lower
magnifications (Fig 3.3 a - b) micrographs reveals irregular porous structure, nature of the material
while at higher magnifications (Fig 3.3 ¢ - d) micrographs show a smooth, irregular surfaces and
an expanded flared "cornflake" and platy-like texture. The characteristic images show typical

smectite clay surfaces which are consistent with the results obtained by Mudzielwana et al. (2016).
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Figure 3.3 a - d: Micrographs of the mechanochemically-activated clay at different
magnifications.

Energy dispersal spectroscopy (EDS) of the most mechanochemically-activated clay is
presented in Figure 3.4. The elemental concentrations are shown with silicon, iron, aluminium and
oxygen having the most elevated concentrations indicating that the clay material is an
aluminosilicate material. There is also the presence of base cations of magnesium, sodium,
potassium and calcium in the sampled powdered clay, which are the exchangeable fractions and

play a vital role in sorption of the fluoride onto the clay surfaces.

Figure 3.4: Energy dispersal spectroscopy (EDS) of the mechanochemically-activated clay.
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3.3.3.4 Cation exchange capacity (CEC)

Cation exchange capacity (CEC) of the activated clay was determined using standard
laboratory methods (Meimaroglou & Mouzakis, 2019). The CEC also reveals that Mg?*, Ca?*, Na*
and K* were the exchangeable cations present. The higher the concentrations of these cationic
species on the clay surfaces, the higher their adsorptive properties. CEC values of the activated
clay soil at pH 7.4 and 5.4 (milliequivalent/100 g) were calculated to be 74.5 and 82.1 respectively
(Table 3.3). Thus, indicating that the clay soil is of the high CEC group, that is, they are greater
than 10 meq/100g. The CEC is independent of the pH. The fluoride sorption efficiency of the
activated clay is enhanced by the moderately high CEC as well as the little difference observed in

cation concentations at different pH.

Table 3.3: Concentrations of exchangeable cations in mechanochemically-activated clay.

Metals Metal concentration (mEg/100 g) at pH:

5.4 7.4
Mg?* 34.6 38.1
ca’ 17.7 19.5
Na* 8.1 9.0
K* 143 145

74.7 82.0

3.3.3.5 X-ray diffraction (XRD)

Figure 3.5 depicts XRD spectrum of mechanochemically-activated clay. The Analysis shows
that the clay sample is mainly composed of the following mineral phase which are plagioclase,
quartz, chlorite, kaolinite, actinolite, muscovite, microcline, calcite and albite. The quantitative
results are summarised by the pie chat in Figure 3.5. The results further confirm the presence of
plagioclase (smectite-rich clay soil) (31.09%) and quartz (24.55%) as the major minerals and the

presence of chlorite (13.71%) and kaolinite (11.62%) as minor minerals.
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Figure 3.5: X-ray diffraction spectrum of the mechanochemically-activated clay (MAC) soil.
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Figure 3.6: XRD quantitative results of the activated aluminosilicate clay sample.

3.3.3.6 X-ray fluorescence (XRF) analysis

Table 3.4 presents the major and minor elemental compositions of the mechanochemically-
activated clay. The XRF analysis of the activated clay shows that silica (SiO2) is the main
component at 52.48%, followed by Al>Oz at 14.62%. High concentrations of SiO2 and Al,O3 reveal
that the black clayey soils are aluminosilicate rich material. Minor elemental compositions are
P.0Os, TiO2, Na;O, MnO, K20, CaO, MgO and Fe;0Oz with their compositions ranging between
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0.03 to 6.64 %. Some of these minor elemental compositions form the exchangeable cations which

play a vital role in fluoride uptake during defluoridation.

Table 3.4: Elemental composition of the mechanochemically-activated clay (MAC).
Oxides SiO;  AlbO3 FeOs MgO CaO KO NaO TiO2 MnO  P20s
(Yow/w) 5248  14.62 6.64 2985 153 124 0.707 0.627 0.125 0.034

3.3.3.7 Fourier transform infra-red (FTIR) analysis

The activated clay samples were scanned in the range between 500 cm™ and 400 cm™ and
the spectra obtained are shown in Figure 3.7. The spectra show three main transmittance regions
of 3000-3800 cm™, 1300-1800 cm™ and 500-1200 cm™. The hydroxyl stretching bands are well
established at around 3700 cm™. The transmittance bands observed at 3400-3500 cm® and 1600-
2700 cmt could be due to the OH vibrational mode of the hydroxyl molecule, which is observed
in almost all the natural hydrous silicates including montmorillonite clay (Toor et al., 2014). The
transmittance bands between 3400 and 3700 cm™ are attributed to the hydroxyl ions stretching
mode. The H-O-H bending of water is observed at 1620-1640 cm™. In the 500 cm™ 1000 cm?
region, main functional groups were Si-O-Si and Al-O-H. The IR peak at 970 cm™ may be
attributed to Al-OH-AIl. The presence of these functional groups and their stretching bands,
particularly H-O-H, Al-O-Al and Si-O-Si have been known to play a vital role in fluoride sorption
onto the activated clay surfaces. This is mainly through fluoride interaction with the OH groups
and direct interactions with metal surface. The observed shifting of these stretching transmittance
bands could be closely linked with fluoride uptake (Figure 3.7).
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Figure 3.7: FTIR Spectra of the mechanochemically-activated raw clay (MAC) soil.

3.3.4 Optimisation of fluoride adsorption conditions

3.3.4.1 Effect of contact time

Figure 3.8 depicts the variation of contact time with percent fluoride removal. An increase

in the per cent fluoride removal with an increase in contact time was observed from 10 min to 60

min due to availability of vacant sites onto which fluoride is adsorbed. The rate of fluoride

adsorption or removal from water was very rapid within the first 20 min of contact and thereafter

stabilised at = 60 min (24.5% fluoride removal). After 60 min, the fluoride removal rate stabilised,

suggesting that the system had reached equilibrium (Figure 3.8). Therefore, 60 min were taken as

the optimum contact time and were used for subsequent experiments.
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Figure 3.8: Variation of contact time with percent fluoride removal (0.5 g/100 mL adsorbent
dosage, 10 mg/L of initial fluoride concentration, pH 6.35, agitation speed of 250 rpm at 298 K).
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3.3.4.2 Effect of adsorbent dosage

Figure 3.9 depicts the variation of percent fluoride removal with dosage. The percent fluoride
removal was observed to increase with an increase in the activated clay dosage. This could be
attributed to the fact that as dosage increased, more sites and surfaces became available for fluoride
uptake. From 0.1 to 2.0 g dosage, the fluoride uptake was observed to increase gradually to about
38% fluoride removal. The adsorption capacity decreased to about 18% as the dosage increased to
10 g/100 mL. Also from 0.1 to 2.0 g dosage, the adsorption capacity decreases sharply with
increase in adsorbent dosage and thereafter stabilizes as the adsorbent dosage further increased
from to 10 g/100 mL. At low adsorbent dosage, there is a rapid fluoride adsorption since the active
sites are more readily available while at high adsorbent dosage, the adsorbate species increasingly
find it difficult to access the adsorption sites due to less available sites as a result of the fluoride
filling of these sites. Hence there was a gradual stabilisation of the adsorption process. Therefore,
it can be concluded that the optimum dosage of the activated clay for defluoridation is 2.0 g/100

mL. Therefore the value was adopted for subsequent experiments.
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Figure 3.9: Variation of percent fluoride removal and adsorption capacity with adsorbent dosage
(pH 6.0, initial fluoride concentration: 10 mg/L, contact time: 60 min, agitation speed: 250 rpm
and 298 K).

3.3.4.3 Effect of pH
Figure 3.10 depicts the variation of per cent fluoride removal with initial pH. The

maximum per cent fluoride removal of 48% was observed at pH 5. The per cent fluoride removal
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decreased as pH went from acidic to alkaline range. The decrease in percent fluoride removal as
the solution became strongly acidic could be attributed to the formation of weak hydrofluoric acid
(HF) since there was abundance of H™ in solution. The significant amount of HF produced could
have made fluoride les available for adsorption on the surface. The decrease in percent fluoride
removal as the solution becomes more alkaline could be as a result of either competition between
the hydroxyl ions and fluoride ions for adsorption sites or due to repulsive forces between
negatively charged surface and the fluoride ions.

Equation 3.1 to 3.4 can be used to summarise the interaction between fluoride ions and the
surface at different pH levels. At pH below 5, the surface of the clay is positively charged
(Equation 3.1), hence, fluoride ions are electrostatically adsorbed to the surface of the clay
(Equation 3.2). Moreover, low pH leads to surface protonisation of OH groups to —OH3 which
facilitates fluoride removal from solution. The clays’ surface is electrically neutral at the pH at
point of zero charge because the concentration of OH™ is higher than that of H* at that pH. Fluoride

removal at pH,,. and above would occur by ion exchange between fluoride ions in solution and

the hydroxyl ions on the clays’ surface as illustrated by Equations 3.3 and 3.4 respectively.

= ACOH + H* o = ACOH} (3.1)
= ACOH} + F~ o = ACOH,F (3.2)
= ACOH + F~ & ACF + OH- (3.3)
= AC(OH); + F~ o =AC(OH)F + OH- (3.4)

where = AC represents Aluminium and Silicon in the activated clays’ surface.
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Figure 3.10: Variation of percent fluoride removal with initial pH (2.0 g/100 mL adsorbent

dosage, 60 min contact time, 10 mg/L of initial fluoride concentration, agitation speed of 250 rpm
at 298 K).
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3.3.4.4 Effect of fluoride ion concentration

Figure 3.11 depicts the variation of percent fluoride removal with initial fluoride
concentrations. The percent fluoride removal decreases with increasing initial fluoride
concentration. This could be due to more fluoride ions in solution at higher fluoride concentrations,

competing for fewer binding sites on the clay surfaces.
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Figure 3.11: Percent fluoride removal with initial fluoride concentration (60 min contact time, 2.0
9/100 mL adsorbent dosage, 10 mg/L of initial fluoride concentration, pH 6.0, agitation speed of
250 rpm and 298 K. Initial fluoride concentration was varied from 1 mg/L to 100 mg/L).

3.3.5 Effect of co-existing anions on the defluoridation process

Groundwater generally may contain other types of anion, in addition to fluoride ions, which
may interfere with defluoridation processes. Figure 3.12 shows the results of the effect of some
co-existing anions on the adsorption of fluoride ions by activated clay. The presence of CI-, SO4*
and NOgz" showed little influence on the percent fluoride removal while the presence of PO+*~ and
COs? significantly decreased the percent fluoride removal from 36.65% to 30.61% and 17.5%,
respectively. Generally, negatively charged ions are naturally attracted to positively charged ions.
The extent of attraction is dependent on the magnitude of charge and size of ion. Usually higher
(multivalent) charged anions are more strongly attracted to cations for bonding than the univalent
anions. This probably explains why PO+~ and COs? competed more with fluoride for adsorption

than other anions.
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Figure 3.12: The effect of co-existing anions on fluoride removal by the activated clay (10 mg/L
initial fluoride concentration, 2.0 g/100 mL adsorbent dosage, 30 min contact time at 250 rpm).

3.3.6 Regeneration of the activated clay adsorbent

Evaluation of the regeneration of activated clay was performed at an initial natural fluoride
concentration of 5.44 mg/L, contact time of 60 min at pH 6.0 in five successive adsorption and
desorption cycles. The results are presented in Figure 3.13. The percent fluoride removal after the
first cycle was observed to decrease slightly after each cycle from 52% to 42%. The same trend
was reported by Mudzielwana et al. (2016), Jia et al. (2015) and Zhang et al. (2011). This could

be an indication that the surface was inadequately regenerated.
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Figure 3.13: Percent fluoride removal by activated clay in successive cycles (at 5.44 mg/L
fluoride, 60 min contact time, pH 6.0 at 250 rpm).
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3.3.7 Adsorption isotherms

According to Langmuir (1916) and Freundlich (1906), adsorption isotherms models are
equilibrium tests used to model the interaction of adsorbate with adsorbent. Langmuir and
Freundlich isotherm models were used to study the distribution of fluoride ions on the adsorbent
during adsorption. The sorption isotherms parameters were obtained by using 2.0 g of
mechanochemically-activated clay (MAC) adsorbent per 100 mL of fluoride solution (1 - 100
mg/L) for 60 min at 298 K.

Langmuir isotherm models the monolayer coverage of the adsorption surfaces and assumes
that adsorption takes place on a structurally homogenous surface of the adsorbent at a given
temperature (Firdaous et al., 2017). Equation 3.5 depicts the equation for Langmuir adsorption
model.

— qmabee
1 + bC,

Equation 3.6 depicts the linearised Langmuir equation known as Langmuir-1 (Kinniburgh, 1986)

Ge (3.5)

is the most used. It is given as:
C, 1 1

— = Co +

de  Qmax bqmax
where, C, is the concentration of fluoride at equilibrium, g, is the adsorption capacity, g,nq., 1S the

(3.6)

maximum theoretical adsorption capacity of the adsorbent and b is the Langmuir adsorption

constant. The values of Langmuir parameters, g4 and b were calculated from the slope and

intercept of the linear plots of L versus C, , with regression coefficient (R?). The minimised

de

deviations from the fitted equation result in the best error distribution (Kinniburgh, 1986).
The higher the b and gmax values the better the adsorbent (Tran et al., 2017).

Freundlich isotherm is a modification of the Langmuir isotherm. It models a multi-site
adsorption isotherm for rough or heterogeneous surfaces. Freundlich equation is derived to model
the multi-site adsorption on heterogeneous surfaces.

The Freundlich isotherm is depicted as:

= Kk.c/n 3.7
qe FYe ()

The linearised form of Freundlich model is given as:

log q. = log Kp + (3.8)

nlog C,
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where C, is the equilibrium concentration of fluoride, g, is equilibrium adsorption capacity, K

and % is Freundlich constants related to minimum adsorption capacity and adsorption intensity

respectively. The values of K, and % are obtained from the slope and intercept of the linear

Freundlich plot of log g, versus log C, (Ghorai & Pant, 2004).
Figure 3.14 and Figure 3.15 depict the plots for linearsised Langmuir and Freundlich isotherm
respectively, while constant values are presented in Table 3.5.

The plot of Ce/ge values against C. for the sorption data at 298 K gave straight lines with
correlation coefficients of R? = 0.85 (Figure 3.14). The value of 1/n for Langmuir is between 0 and
1, which is indicative of a favourable adsorption, possibly a monolayer adsorption of fluoride on
the smooth surface of the adsorbent.

The plot of log ge against log Ce for the sorption data at 298 K gave straight lines with
higher correlation coefficients or co-efficient of determination (COD) (R? = 0.98) as shown in
Figure 3.15. The higher the b and gmax values the better the adsorbent (Tran et al., 2017). Kr (mg/g)
is the Freundlich constant related to adsorption capacity and 1/n is the dimensionless parameter
for Freundlich adsorption isotherm model related to adsorption intensity which is an indication of
the magnitude of surface heterogeneity or the adsorption driving force. Adsorption is favourable
when 1/n < 1, unfavourable when 1/n >1, linear when 1/n =1 and irreversible when 1/n = 0. 1/n
value for Freundlich model is between 0 and 1 which is also an indication of favourable adsorption.
The plot of log ge against log C. for the sorption data at 298 K gave straight lines with high
correlation coefficients (R?= 0.98) as shown in Figure 3.15. Therefore, Freundlich isotherm gave

a better fit to the sorption data, thereby confirming heterogeneous (multi-site) adsorption process.
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Figure 3.14: Langmuir adsorption isotherm. (2.0 g activated clay, 60 min contact time, agitation
speed of 250 rpm at 298 K. Fluoride concentration was varied from 1 to 100 mg/L).
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Figure 3.15: Freundlich adsorption isotherm. (2.0 g activated clay, 60 min contact time, agitation
speed of 250 rpm at 298 K. Fluoride concentration was varied from 1 to 100 mg/L).

Table 3.5: Constant values for adsorption isotherms (linear).

Langmuir isotherm constants Freundlich isotherm constants
Qm (Mg/g) b (L/mg) R? Kr (mg/g) 1/n R?
0.62 0.0273 0.85 44.38 0.69 0.98

Langmuir model non-linearised form, which applies to homogeneous adsorption medium
describing monolayer systems in a sorbent-sorbate interface is given as (Langmuir, 1916:
Karthikeyan et al., 2005: Lee & Tiwari, 2015; Tran et al., 2017: Sahu & Singh, 2019) :

_ QuKiCe
9= 11 K.,

(3.9)
where Ce is fluoride equilibrium concentration in the solution, ge (mg/g) is the adsorption capacity
or the amount of fluoride ion adsorbed per unit mass of mechanochemically-activated clay (MAC)
adsorbent at equilibrium, Qmax (mg/g) is maximum adsorbents’ monolayer capacity and K (L/mg)
is Langmiur adsorption equilibrium constant related to the affinity of binding sites.

In addition, the fundamental characteristics of Langmuir isotherm was determined by the
use of a dimensionless constant separation factor for the fluoride equilibrium parameter, Rp

(Equation 3.10) (Weber & Chakravorti, 1974: Sahu & Singh, 2019). given as:
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R, = ————
L7114+ K¢

(3.10)

where C; (mg/L) is the initial fluoride concentration and K is the Langmuir equilibrium constant
The Rrvalue is vital in determining if an sorption process is favourable (0 < R. < 1), unfavourable
(RL>1), linear (RL=1) or irreversible (RL= 0).

The non-linear Freundlich adsorption isotherm is used to describe multilayer sorption on
heterogeneous surfaces. Freundlich non-linearised equation is expressed as in Equation 3.11
(Freundlich, 1906: Foo & Hameed, 2010: Sahu & Singh, 2019):

Ge = KiC,/" (3.11)
where Ce (Mg/L) is equilibrium concentration of the fluoride, ge (mg/g) is adsorption equilibrium
capacity of the adsorbent, ke (mg/g) is empirical Freundlich constant related to capacity of
minimum adsorption and 1/n is the dimensionless parameter for Freundlich adsorption isotherm
related to the intensity of adsorption which is adsorption driving forces’ magnitude or the
heterogeneity surface. Adsorption is favourable when 1/n < 1, unfavourable when 1/n >1, linear
when 1/n = 1 and irreversible when 1/n = 0 (Ghorai & Pant, 2004: Foo & Hameed, 2010). The
values of kr and 1/n are derived from slope and intercept of log ge versus log Ce.

Figure 3.16 depicts the non-linear plots for Langmuir and Freundlich adsorption isotherms,
respectively while Table 3.6 shows the respective obtained model parameters for fluoride sorption
by the mechanochemically-activated clay (MAC) adsorbent at 298 K.

The generated data described by the adsorption isotherms in Figure 3.16 revealed increased
adsorption capacities with increasing fluoride concentration, characterised by saturation at high
concentration. Based on the high correlation co-efficient (R?) values and low chi-square (X?) values
in Table 3.6, the adsorption data fitted better to both Langmuir adsorption isotherm model (R?=
0.94 and X? = 0.001) and Freundlich adsorption isotherm model (R?= 0.92 and X? = 0.002) at 298
K (Table 3.6). This suggests that adsorption of fluoride onto MAC occurred via both homogeneous
and heterogeneous surfaces.

Furthermore, the feasibility of fluoride uptake by both Langmuir and Freundlich models
were confirmed by the calculated values of both the dimensionless constant, (R.) and adsorption
intensity (n). Both values range between 0 and 1, thereby affirming the favourable conditions for

fluoride sorption by the synthesised MAC.
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Figure 3.16: Langmuir and Freundlich adsorption isotherm plots of fluoride onto
mechanochemically-activated clay (MAC) sorbent. (2.0 g activated clay, 60 min contact time,
agitation speed of 250 rpm at 298 K. Fluoride concentration was varied from 1 to 100 mg/L).

Table 3.6: Langmuir and Freundlich isotherm parameters for fluoride sorption onto the
mechanochemically-activated clay (MAC).

Model Langmuir Freundlich
Equation (Qm*K*Ce)(1+(K*Ce) (Ke*(Ce*(1/n)
Plot Qe Qe

Qm 0.6637 £1.9851 -

K 0.0242 = 0.0080 0.0382 = 0.0129
N - 1.7752 = 0.2640
Reduced chi-square (RCS) (X?)  0.0016 0.0024

COD (R-Square) (R?) 0.9480 0.9217
Adjusted R-Square (R?) 0.9433 0.9141

3.3.8 Adsorption kinetic modelling of fluoride sorption

The Lagergren pseudo-first-order and pseudo-second-order of reaction kinetics and the
intra-particle diffusion were modelled using the generated adsorption data. Pseudo-first-order
kinetic model equation is given as Lagergren pseudo-first-order model (1898):

Ky

- m t + lOg qde (312)

log (qe — q¢) =
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where q; is fluoride amount on the clays’ surface at time t (mg/g) and K; 44 IS the equilibrium
rate constant of pseudo-first-order sorption (min). ge is the fluoride amount adsorbed at
equilibrium and K1 (min) pseudo-first-order adsorption equilibrium rate constant.

The straight-line plots of log (q. — q:) against t will give the value of the rate constants
(K). Linear plots of log (ge — qt) against t give straight line which shows the applicability of
Lagergren equation.
The linear pseudo-second-order kinetic model is given as: (Lagergren, 1898):
t 1 t
P =7 + . (3.13)
In equation 3.13, h = kq? (mg/gmin), therefore pseudo-second-order equation becomes
t 1 t
E B ks qé " g
where q, = q2kt/(1 + q.kt), fluoride amount on the clays’ surface at any time, t (mg/g), K is

(3.14)

the pseudo-second-order rate constant (g/mg min), ge is the amount of fluoride ions sorbed at
equilibrium (mg/g) and the initial sorption rate, h = kq?2 (mg/g min). The value of ge (1/slope),
k (slope?/intercept) and h (1/intercept) of the pseudo-second-order equation can be obtained
experimentally by plotting t/g:against t (Ho, 2006; AL-Othman et al., 2012)

The fitness of the pseudo-second-order model (Equation 3.14) on the sorption of fluoride
on the clays surface was also investigated. The plot of t versus t/g: gives a straight line with high
correlation coefficient R? value of 0.99, while pseudo-first order model gave lower value (R?=
0.27) indicating that the pseudo-second order model is more applicable (Figures 3.17 and 3.18).
From the plot, the values of the rate constant, Kiags (min™) for first order is 1.1 x 10 (min),
while second-order model gave a higher rate constant, Kzags = 2.18 (min™) (Table 3.7), hence,

indicating sorption via chemisorption pathway.
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Figure 3.17: Plot of log (ge-qt) against time, t. (Experimental conditions: adsorbate
concentration =5 g/mL; pH = 6.5; temperature = 298 K).
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Figure 3.18: Plot of t/q: against t. (Experimental conditions: adsorbate concentration =5 g/mL;
pH = 6.5; temperature = 298 K).

The constant values for adsorption kinetics model are given in Table 3.7.

Table 3.7: Constant values for adsorption kinetics model.

Pseudo-first-order Pseudo-second-order
Qe(exp) (MQ/Q) Kiads (Min™ R? Kzads (9/mg.min) Qe(cat) (MY/g) R?
9.8x101 1.1 x 1072 0.27 2.18 3.73x 102 0.99

Adsorption Kinetics studies were carried out using pseudo-first-order (PFO) and pseudo-
second-order (PSO) models to establish the sorption mechanism and fluoride removal adsorption
rate of the synthesised MAC (Lagergren, 1898: Qureshi et al., 1995: Ho et al., 2000: Yoon et al.,
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2017: Denga et al., 2018). The pseudo-first-order and second-order models are expressed by the

non-linearised mathematical equations 3.15 and 3.16 respectively:

qe = qe (1 — e Fad®) (3.15)
2K, act

q, = de 2ads2 (3.16)
1+ Kyqst

Where ge and q: are the adsorbed fluoride per unit mass (mg/g) at equilibrium and time, t (min),
Kad (Min) and Kaags (g.mg™Y/min) are rate constants for pseudo-first-order and pseudo-second-
order respectively. Figure 3.19 depicts pseudo-first-order and second-order plots respectively
while Table 3.8 presents the derived adsorption modelling parameters values values of pseudo-

first-order and pseudo-second-order Kinetics respectively.

Adsorption kinetics data in Table 3.8 shows that the co-efficient of determination (R?)
value for pseudo-first-order (PFO) (R?=0.96) and pseudo-second-order (PSO) (R?= 0.96) are both
high and also have low values of residual root mean square error (RMSE) = 0.003 each while
values of X2 are 0.000068 and 0.000083 in pseudo-first and second-order models respectively,
suggesting that adsorption of fluoride onto the MAC interface both occurred via surface interaction
between the active binding sites across the MAC and the fluoride ions depended on chemisorption
and through physical interaction (physiosorption mechanisms) (Yoon et al., 2017; Ngulube et al.,
2017; Denga et al., 2018; Ayinde et al., 2020).). Similar trends were observed and postulated in
similar studies (Ngulube et al., 2017; Yoon et al., 2017; Denga et al., 2018: Ayinde et al., 2020).

The solute transfer in a solid-liquid sorption process is usually characterised either by
particle or pore diffusion control. Intra-particle diffusion-controlled sorption process equation
(Chanda et al., 1983; Meenakshi and Viswanathan, 2007) is given as:

C
In (1 - —t) = —kyt (3.17)
Ce

where kp is the particle rate constant (min™1). The particle rate constant value is obtained by plotting
the slope of In (1-C+/Ce) against t.

The simple intra-particle diffusion model was proposed by Weber and Morris (1964), Gandhi et
al. (2016), Onal et al. (2006) and Ghasemi et al. (2014) and the equation is given as:

qc = ki t¥2 (3.18)

where ki is the intra-particle rate constant (mg/g min*?).
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The slope of the plot of g: against t gives the intra-particle rate constant value. The plot of g
versus t*? gives an initial curve followed by a straight line which is suggestive of two types of
mechanisms involved in the adsorption process. The initial curve represents the boundary layer
effect while the linear part corresponds to intra-particle diffusion.

Both particle (Eg. 3.17) and pore (Eg. 3.18) diffusion models have been applied and the
values of ky and ki shows that k, = 1.3 x 10 min- while ki = 2.4 x 10 mg/min*? (Table 3.8). Higher
co-efficient of determination (COD), R? = 0.84 indicates the possibility of sorption process being
controlled greatly by the particle diffusion while pore diffusion models with (R?= 0.23) is minimal

in the sorption process (Figure 3.20).
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Figure 3.19: Pseudo-first-order (PFO) and Pseudo-second-order (PSO) kinetic model plot of
fluoride uptake by the MAC.
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Figure 3.20: Intra-particle diffusion model. (Initial fluoride ion concentration, C: = 10 mg/L,
pH = 6.5; temperature = 298 K).

Table 3.8: The kinetic parameters for pseudo-first-order (PFO), pseudo-second-order (PSO) and
intra-particle diffusion models.

Models Values

Pseudo-first-order (PFO)

geal (Ma/q) 0.10

K1ad (Min) 0.14

R? 0.96

RMSE 0.0032

X? 0.000068

Pseudo-second-order (PSO)

geal (Mg/q) 0.16

Kaags (g min"t mg) 0.96

R? 0.96

RMSE 0.0035

X? 0.000083

Intra-particle diffusion

C1(mg/g) 0.1

k1 0.024

Cp (mg/g) 0.2

Kp 0.0013
R? 0.8417
R? 0.2268

3.3.9 Field testing of field (Siloam) groundwater

Table 3.9 depicts the physicochemical properties of field water (pH = 8) before and after

treatment. The percentage of fluoride removed from Siloam groundwater was 21%. This is lower
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than the percent fluoride removal of 32% in the simulated fluoride water. The lower value of
percent fluoride removal observed for the raw field water might be due to more OH groups at the
higher pH 8, which competed. Furthermore, the fluoride concentration in the raw Siloam field
water before and after treatments at different pH values of 6.0 and 8.5 are still much higher than
the permissible WHO limits. This suggests that the adsorbent was not effective but could be
subjected to further modification, thereby increasing its surface area and adsorption capacity.
There was no major change in the concentrations of the (major anions) ClI, Br,, and SO4+* before
and after treatment indicating that these co-existing anions did not compete in the defluoridation
process, while there was a reduction in the concentration of POs* from 4.84 to 2.19 mg/L,
representing 40.4% removal, suggesting that PO4?" competed with F in the defluoridation process.
NOs" was not detected (ND). Though the concentrations of all the cations were slightly higher after
treatment as a result of some cationic exchanges into the media, they are still within WHO
permissible limits. Hence, the activated clay is safesafe as far as cation release into water is

concerned and therefore recommended for remediation of fluoride from drinking water.

Table 3.9. Physicochemical properties of raw and treated field fluoride rich groundwater.

Concentration Concentration of Concentration of WHO
Parameters of parameters in parameters in parameters in permissible
raw field water  defluoridated pH-adjusted  defluoridated raw limits
(mg/L) field water (mg/L) field water (mg/L) (mg/L)
pH 8.0 6.0 8.0 6.5-85
F 5.34 4.18 4.27 1-1.5
CI 5.08 34.15 34.26 250
Br 0.41 0.39 0.41 200
SO4* 12.22 12.22 12.22 200-400
PO,* 4.84 2.19 2.019 20-50
Na+ 65.44 102.30 81.50 200-250
K* 19.40 68.50 66.30 200-250
Ca?* 2.75 3.15 6.80 75
Mg? 21.25 22.55 51.50 50

3.3.10 Antibacterial experiments using well diffusion assay method
Antibacterial activities of the mechanochemically-activated clay samples were determined by

using the well diffusion assay method.
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Figure 3.21 shows a pictorial view of the plates and the six bored holes containing the
mixtures of the activated clays and the Escherichia coli (E. coli) strains that were being
investigated for antibacterial activities via zone of inhibition measurements. The six clay samples
were activated at varying contact times of between 5 and 60 min. From Figure 3.21, it can be
observed that all the six samples within the bored holes did not inhibit the bacterial strains and
hence, they had no zone of inhibition, thereby indicating that they might not have any potent

activities against the E. coli strains used in this study.

Figure 3.21: Pictorial view of the plates showing mixtures of E. coli strains and activated clay
samples in the six bored holes.

3.3.11 Conclusion

This chapter evaluated the efficiency of mechanochemically-activated clay soils towards
fluoride and pathogen removal from water. The maximum fluoride adsorption capacity of the
mechanochemically-activated clay soil was found to be 1.87 mg/g with 32% fluoride removal at 2
9/100 mL adsorbent dosage, initial fluoride concentration of 3.2 mg/L, pH 6.0, 60 min contact
time and 250 rpm at 298 K. The presence of CI-, SO4?" and NO3™ showed little influence on percent
fluoride removal while PO4* and CO3? decreased the percent fluoride removed. The adsorption
isotherm data fitted well to Freundlich isotherm model, indicating that adsorption occurred on a
multilayer surface when linearised model was used but fitted well to both Langmuir and Freundlich
when non-linear model were employed, hence suggesting adsorption occurred on both monolayer
and multilayer surfaces. Adsorption kinetics data showed a better fit to pseudo-second-order
reaction kinetics when linearised modelling were used indicating the dominance of chemisorption
mechanism. The usage of non-linearised modelling which is most recent adsorption modelling
showed the isotherms data fitted well to both Langmuir and Freundlich isotherm models while

adsorption Kkinetics data fitted well to both pseudo-first order and pseudo-second order reaction

77

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

kinetics respectively,thus indicating adsorption mechanisms to be both physiosorption and
chemosorption respectively.

The mechanochemically-activated clay revealed zero or no inhibition zone against E. coli
strains, thus suggestive of absence or very low antibacterial properties on the activated clays’
surfaces. The mechanochemically-activated clay sorbent showed little adsorption efficiency
towards fluoride removal and does not have any potential towards pathogen removal. Therefore,
further modification of its surfaces in order to enhance its efficiency through hydrothermal

treatment is recommended.
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CHAPTER FOUR: HYDROTHERMAL TREATMENT OF ALUMINOSILICATE-RICH
CLAY SOILS: EVALUATING OPTIMUM CONDITION FOR SYNTHESIS AND
PHYSICOCHEMICAL CHARACTERISATION

4 Abstract

Clay minerals are widespread and abundant on the earth’s surface. Clay adsorptive and
surface properties have enabled it to be applied as adsorbent for removing contaminants from
water. In the previous chapter, the mechanochemically-activated clay (MAC) was applied in batch
adsorption study and pathogen removal from water. The maximum adsorption capacity was found
to be 1.87 mg/g with 32% fluoride removal at 2 /100 mL dosage, initial fluoride concentration of
3.2 mg/L, pH 6.0, 60 min and 250 rpm at 298 K. However, the material showed no antibacterial
properties. In a quest to improve the efficiency of MAC towards fluoride and pathogen removal,
in this chapter, MAC was hydrothermally treated. Two-step process involving silica and alumina
dissolution followed by hydrothermal treatment was adopted. For silica and alumina dissolution
from the clay, the parameters considered were NaOH concentration and reaction time while for
hydrothermal treatment, the parameters considered were hydrothermal treatment temperature,
time and water content. Characterisation techniques such as FTIR, XRD, SEM and BET were
employed to establish optimum conditions for synthesis of hydrothermally-treated aluminosilicate
clay (HTAC = HTMAC). The optimum conditions established for silica and alumina dissolution
were 1.5 M NaOH concentration and 2 h contact time at 298 K, based on previous hydrothermal
treatment experiments. It was observed that other major and minor metal species were released
into the aqueous phase, in addition to natural aluminosilicate precursors found in soil crusts. These
metal species impacted on the physical and chemical properties of the clay materials. This study
showed that irrespective of the treatment time, increase of treatment temperature enhanced the
adsorptive properties of the zeolitic clay products. The optimum conditions for synthesis of
hydrothermally-treated aluminosilicate clay (HTAC = HTMAC) were found to be, 48 h
hydrothermal treatment time, 140 °C hydrothermal treatment temperature and 9 mL water content.
The XRD analysis showed that sample synthesised at these conditions forms aggregated
microsphere-like particles. Several new mineral phases corresponding to hydroxy sodalite were
confirmed by characteristic sharp peaks around at 2-degree 6 = 15, 25, 32 and 35, while SEM
micrographs showed clear gel-like geopolymer having microspheric and spheroidal “cotton ball”
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particle morphology after treatments. BET showed an increase in surface area from 25 m?/g to
33.56 m?/g after treatment thereby confirming successful activation. The pore diameter
distribution as a function of pore volume indicates that all samples had highest volume further
confirming that these materials are mesoporous. Preliminary defluoridation experiment showed
that the sample prepared under the aforementioned conditions has higher defluoridation capacity

over the other samples and was therefore selected for application in subsequent experiments.

Keywords: Clay dissolution; Characterisation; Crystallization; Hydrothermal treatment;

Optimisation

4.1 Introduction

Hydrothermal treatment is the reaction of any form of material in the presence of aqueous
solvents or mineralisers under high pressure and temperature conditions to dissolve and
recrystallise materials that are relatively insoluble under ordinary conditions (Byrappa &
Yoshimura, 2006; 2012). It is a multiphase reaction in which dissolution and crystallisation
processes occur and involve at least one liquid phase and both amorphous and crystalline solid
phases (Cundy & Cox, 2005). This technique offers advantages such as energy-saving, simplicity,
cost effectiveness, better nucleation control, pollution-free, higher dispersion, higher rate of
reaction, better shape control, and lower temperature of operation in the presence of an appropriate
solvent over other conventional treatment methods (Byrappa et al., 2006). Hydrothermal synthesis
has been used to improve the surface area and crystallinity of aluminosilicate materials for better
adsorption performance (Holler & Wirsching, 1985; Yoshimura & Byrappa, 2008; Byrappa &
Yoshimura, 2012; Cundy & Cox, 2005; Luo et al., 2018). Moreover, the technique is also used to
synthesis zeolites from parent aluminosilicate materials. Hollman et al. (1999) synthesised zeolite
Na-P1 through direct hydrothermal treatment from coal fly ash (CFA) and NaOH solution. Apart
from direct synthesis procedure used by Hollman et al. (1999), Musyoka et al. (2009) and Gitari
et al. (2016) used a two-step process involving aluminosilicate dissolution followed by
hydrothermal treatment to synthesise different types of zeolites and other crystalline materials
from coal fly ash. In addition, various materials have been previously developed through
hydrothermal treatment of alumunosilicate materials including clays and further applied in water
treatment (Dhillon et al., 2015; Khandare & Mukherjee, 2019). These materials showed better

performance than the parent materials.
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To date, the multi-functionality of the hydrothermally-treated smectite clay feedstock
(which mainly contains phillipsite homblende, analcime, calcite, hydrosodalite and cancrinite
mineral phases) towards simultaneous removal of fluoride and pathogen from groundwater has not
been reported. Hence, this work focuses on hydrothermal treatment of aluminosilicate-rich clay
with NaOH and further evaluates its applicability in fluoride and pathogen removal from
groundwater. The specific objectives of this chapter were to i) optimise the operational parameters
for hydrothermal treatment of aluminosilicate clay soils using NaOH by a two-step process and ii)
examine the physicochemical characteristics of the synthesised products and lastly, iii) to conduct

preliminary defluoridation experiment to establish conditions that yield higher fluoride removal.

4.2 Materials and methods
4.2.1 Sample collection and preparation

The clay samples were obtained from Mukondeni Village, Vhembe District, Limpopo,
South Africa. The clay was pretreated and activated mechanochemically following the procedure
described in subsection 3.2.2. All chemical reagents used in this study were as follows: NaOH
pellets-anhydrous > 98% (Sigma Aldrich), NaF > 99% (Sigma Aldrich), HCI, Na,CO3z > 99%
(Sigma Aldrich), NaNOs > 99% (Sigma Aldrich), NaCl > 99% (Sigma Aldrich), Na2PO4 > 99%
(Sigma Aldrich), Na2SOs, TISAB 111 solution (Sigma Aldrich). These were all analytical grade

chemicals.

4.2.2 Hydrothermal treatment of aluminosilicate clay (HTAC)

A two-step process adopted from Hollman et al. (1999), Musyoka et al. (2009) and Gitari
et al. (2016) was used for the synthesis of HTAC. Briefly, the treatment process involved
dissolution of the mechanochemically-activated aluminosilicate clay through ageing in NaOH
solution followed by hydrothermal treatment. For dissolution of alumina and silica from clay
mineral, the optimum NaOH concentration and contact time were evaluated. For hydrothermal

treatment, the hydrothermal temperature, time and water content were optimised.

4.2.2.1. Effect of NaOH concentration

To evaluate the effect of NaOH concentration, solutions of 250 mL of 0.5, 1, 1.5and 2 M
NaOH were prepared by dissolving 5, 10, 15 and 20 g of NaOH pellets in 250 mL volumetric flask
using Milli-Q water (18.2 mQ.cm). The flasks were stoppered and shaken thoroughly for effective
mixing of solution. Thereafter, 100 mL each of NaOH solution were transferred into 250 mL heat-
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resistant-high-density polyethylene bottles with 5 g clay dispersed into each bottle. Mixtures were
stirred for 2 h at a temperature of 47 °C and stirring speed of 800 rpm (Gitari et al., 2016). The
mixtures were then filtered using 0.45 um pore polypropylene membrane filters in a filter flask
assemblage connected to a vacuum pump. The residues were washed with 500 mL Milli-Q water,
transferred into petri dishes and dried in the oven at 110 °C for 8 h. After drying, residues were
placed in desiccators to cool and before weighing.

To further confirm the optimum concentration of NaOH solution for clay dissolution, the
filtrates were analysed for silicon and aluminium using an Inductively-Coupled-Plasma Mass-
Spectroscopy (ICP - MS) instrument, Agilent 7900 ICP-MS, made in Santa Clara, USA. The
NaOH concentration which leached higher Si and Al concentration was then used for subsequent
clay soils dissolution (Grutzeck & Siemer, 1997; Catauro et al., 2014; Aldabsheh et al., 2015).

4.2.2.2 Optimisation of contact time
To evaluate the effect of contact time in dissolution of silica and alumina, the solution

containing 1.5 M NaOH concentration was used. Aliquots of 100 mL of 1.5 M NaOH were pipetted
into four 250 mL heat resistant plastic bottles with 5 g of clay transferred into each bottle. Mixtures
were stirred at a speed of 800 rpm for 1, 2, 3, 4, 5 and 6 h at 47 °C. After stirring, the procedure
described in subsection 4.2.2.1 was followed by treatment of the mixtures to determine the

optimum time for silica and alumina dissolution from the clay.

Clamp

Temperature
probe

Clay/NaOH
slurry mixture

Magnetic stirrer

Retort stand
hot plate

Regulator knob
Speed control
knob

—Temperature
control knob

Figure 4.1: Experimental set up during dissolution and ageing process showing the alkaline clay
slurry mixture on the magnetic stirrer hot plate.
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4.2.2.3 Optimisation of hydrothermal treatment

In this second step, the mixtures prepared under the condition obtained in subsections
4.2.2.1 and 4.2.2.2 (i.e., using 5 g clay, 1.5 M NaOH and 2-hour contact time) were subjected to
hydrothermal treatment. The optimum conditions evaluated for hydrothermal treatment included
temperature, treatment time, and water content. Table 4.1 depicts the number of experimental runs
conducted for hydrothermal treatment of the clay as well as the experimental variables. Briefly,
the hydrothermal treatment was carried out as follows: aliquots of the aluminosilicate slurry
obtained from step 1 was mixed with the desired volume of water indicated in Table 4.1 and
transferred into a Parr bomb vessel (Figure 4.2), placed in an oven at a desired temperature for a
specific time (Table 4.1). After the treatment, the recovered solid residues were dispersed in 500
mL of Milli-Q water to reduce the effect of high alkalinity of solution on the adsorbent formed.
The suspensions were then passed through 0.45 pum pore polypropylene membrane filters. The
residues were further rinsed with Milli-Q water until near neutral pH. Thereafter, the clean residues
were oven-dried at 110 °C for 6 h and then milled to pass through 250 pm test sieve using a mortar
and pestle and then stored in plastic bottles to prevent moisture ingress.
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Table 4.1: Experimental conditions for optimum synthesis of hydrothermally-treated aluminosilicate clay.

Parameter Run H-O added after Ageing Ageing Hydrothermal =~ Hydrothermal Sample
Investigated Ageing process (mL) temperature (°C) time (h) temperature (°C) time (h)
Hydrothermal 1 9 47 2 100 12 HTAC-1
treatment 2 9 47 2 100 24 HTAC-2
temperature 3 9 47 2 100 36 HTAC-3
and time 4 9 47 2 100 48 HTAC-4
5 9 47 2 140 12 HTAC-5
6 9 47 2 140 24 HTAC-6
7 9 47 2 140 36 HTAC-7
8 9 47 2 140 48 HTAC-8
9 9 47 2 160 12 HTAC-9
10 9 47 2 160 24 HTAC-10
11 9 47 2 160 36 HTAC-11
12 9 47 2 160 48 HTAC-12
13 9 47 2 200 12 HTAC-13
14 9 47 2 200 24 HTAC-14
15 9 47 2 200 36 HTAC-15
16 9 47 2 200 48 HTAC-16
Water content 17 0 47 2 140 48 HTAC-17
during 18 3 47 2 140 48 HTAC-18
19 6 47 2 140 48 HTAC-19
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Hydrothermal 20 9 47 2 140 48 HTAC-20
treatment step 21 12 47 2 140 48 HTAC-21

Hydrothermal treatment time and temperature were varied concurrently in order to obtain optimal conditions for HTAC synthesis
(Adapted from Musyoka, 2009; 2012).
Footnote: Hydrothermally-treated aluminosilicate clay samples = HTAC =~ HTMAC samples.
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Figure 4.2: (a) 40 mL cups Parr bomb vessels. (b) Parr bomb vessels inside the oven.

4.2.3 Defluoridation experiments

All hydrothermally-treated samples were subjected to batch defluoridation in order to
determine the sample with highest fluoride removal efficiency. The experiments were conducted
using 0.2 g/40 mL HTAC dosage, 13 mg/L fluoride solution in 250 mL bottles at initial pH of 6.5.
The mixtures were shaken at 200 rpm speed for 30 min at 298 K. The mixtures were then
centrifuged for about 60 min at a speed of 4000 rpm and the supernatants analysed for residual
fluoride by using a four-standard-calibrated ORION fluoride ion-selective electrode. TISAB llI
solution was added to both standards and samples at volume ratio of 1:10 to de-complex fluoride

ions. All the experiments were done in duplicates and the mean values were reported.

4.2.4 Physicochemical and mineralogical characterisation

The hydrothermally-treated aluminosilicate clay (HTAC) products were evaluated for
functional groups using Fourier Transform Infrared spectroscopy (Bruker, Germany: ATR-
Diamond FT-IR spectro-photometer). The treated clay surface and specific area, pore volumes and
pore sizes were measured with Micromeritics TriStar |1 Surface Area and porosity unit instrument
(Micromeritics, Norcross, GA, USA) using Brunauer-Emmett-Teller (BET) method. Scanning
electron microscope was used to investigate the clays’ morphology by using JEOL - 2100 Electron
Microscope. Examination of the qualitative and quantitative mineral phase composition was done
by using a D8 advance X-ray diffraction (Bruker, Germany) equipped with Cu- Ka source
radiation.
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4.3 Results and discussions

4.3.1 Chemical composition of the raw and mechanochemically activated clay soils

X-ray fluorescence analysis of mechanochemically-activated clay (MAC) has been
reported in the previous chapter and publication (Obijole et al., 2019). The results showed that
MAC had SiO; (52.48%) and Al.O3 (14.62%) as the major components. This high concentration
of SiOzand Al20s is typical of aluminosilicate materials. Other minor components observed were
Fe 03 (6.64%), MgO (2.98%), CaO (1.53%) and K.O (1.24%) in addition to other trace
components of TiO2, Na>O and P-Os. This confirms that MAC is a potential suitable precursor for
hydrothermal conversion into zeolitic or geopolymeric products which could improve the surface

and adsorptive properties of the clay soils.

4.3.2 Optimisation of silicon and aluminium dissolution from mechanochemically-activated
clay (MAC)

4.3.2.1 Optimisation of NaOH concentrations

Figure 4.3 presents the residual Silicon and Aluminium concentrations obtained in filtrates
generated from mechanochemically-actvated clay using different NaOH concentrations. It was
observed that Silicon concentrations were higher than Aluminium concentrations, which could be
partly due to higher content of Silicon than Aluminium in the precursor minerals and higher
intrinsic extent of Silicon dissolution than Alluminium (Xu & Deventer, 2000; Obijole et al.,
2019). It was also observed that increasing NaOH concentration from 0.5 to 1.5 M led to increasing
dissolution of Silicon and Aluminium from the clay soils. Further increase in NaOH concentration
to 2 M decreased the dissolution of Silicon and Aluminium significantly. This could be due to the
formation of Al-Si gels at the high alkaline regime generated leading to reduction of Aluminium
and Silicon in solution at NaOH concentrations higher than 1.5 M (Nikolov et al., 2017).

Therefore, 1.5 M NaOH was selected as the optimum concentration for subsequent experiments.

91

© University of Venda



@

University of Venda
Creating Future Leaders

90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 ~

B Aluminium  m Silicon

Al and Si Concentrations (mg/L)

0,5 1 1,5 2
Sodium hydroxide concentration (M)

Figure 4.3: Silicon and aluminium concentration (mg/L) in filtrates as a function of NaOH
concentration.

4.3.2.2 Optimisation of ageing time

Ageing time was optimised by varying the contact time for the ageing process from 1 to 6
h at 1.5 M NaOH optimum concentration. Figure 4.4 presents residual concentrations of Al and Si
obtained in filtrate at different contact times. There was increased dissolution of Aluminium from
the aluminosilicate clay soils as the ageing time was increased from 1 to 6 hours. However, no
much change was observed after 2 h with a maximum concentration of ~ 500 mg/L being recorded
in the slurry. Highest concentration of Silicon were observed at 1 h of ageing, with subsequent
decrease as the ageing time was increased. The silicate species in solution are known to form silica
gels on increased exposure to highly alkaline media as is in this case. It’s believed that the decrease
in Silicon species in solution was due to the formation of silica gels in the highly alkaline media.
Nevertheless, based on our previous hydrothermal activation experiments (Musyoka et al., 2012),
an ageing time of 2 h was adopted in this work.

It was also observed that other major and minor metal species were released into the
aqueous phase, these included Fe (0.59 - 70.5 mg/L) B (100 - 31254 pg/L), V (568 — 1659 ug/L),
Cr (550 - 1410 pg/L), Mn (80 - 857 pug/L), Ni (362 — 599 pg/L), Cu (672 - 1213 ug/L), Co (62 -
1924 pg/L), Zn (229 - 5995 ug/L), Ca (0.42 - 6.8 mg/L) and K (11.38 - 24.80 mg/L) (Obijole et
al., 2020). It should be noted the clay soils are natural aluminosilicate precursors and hence, would

contain other elements found in soil crusts. These metal species are bound to be included in the
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crystal structure of the synthesised products and will have impact on their physical and chemical
properties. The alkali species such as Ca, K and Na are important as charge balancing cations in
zeolitic structures. The elevated concentrations of metal species such B, V, Cr, Mn, Co, Ni and Cu
as well as their interaction with the Aluminium and Silicon in the solution may be responsible for
the colour shades of reddish brown coloration in all the filtrates. The concentration of Aluminium
dissolved from the mechanochemically-activated clay was comparatively higher than that of
Silicon at all contact times. During the dissolution of Aluminium and Silicon, when OH" from the
NaOH solution attacks the aluminosilicates, the Aluminium is the first to be displaced into solution
as AI(OH); complexes resulting in the detached Si-tetrahedral becoming much easier for OH"
attack forming silicon acids and oligomers containing Si—O groups in solution with Na*
neutralising the negative charges (Duxson & Provis, 2008; Nikolov et al., 2017). Conclusively,

contact time of 2 h was therefore selected as the optimum ageing time.
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Figure 4.4: Aluminium and silicon concentration (mg/L) in the filtrates as a function of contact
time.

4.3.2.3 Colour variations of the hydrothermally-treated aluminosilicate clay products
Figure 4.5 a and 4.5 b presents all the hydrothermally-treated aluminosilicate clay samples
CA-1 to CA-21 [HTAC-1 to HTAC-21] respectively obtained at different experimental runs.
From the figure, it is observed that hydrothermal treatment of clays yielded samples with different
colour variations which is an indication of varying degrees of modification. The light brown colour
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of the raw aluminosilicate activated clay progressively changed to different shades of dark brown,
light brown and brownish black colouration under different hydrothermal conditions of
temperature, reaction time and water content respectively. These colour variations could be
attributed to changes in the structural iron oxidation state within the clay matrix and hydroxylation

which occurred as temperature increased (Eissa et al., 1994; Soulé et al., 2020).

@) P N » < ™ 3 "3 < 5=

Figure 4.5: (a) Images of hydrothermally-treated clay samples [HTAC-1 to HTAC-16)], treated at
varying hydrothermal treatment temperatures and contact times. (b) Images of hydrothermally-
treated clay samples [HTAC-17 to HTAC-21)], treated at varying water content during
hydrothermal treatment step. Note: CA~ HTAC =~ HTMAC.

4.3.3 Defluoridation of simulated fluoride solutions with the synthesised HTAC samples
Table 4.2 presents the percent fluoride removal and adsorption capacities of all the
hydrothermally-treated aluminosilicate clays (HTAC) obtained under different experimental
conditions. The adsorption capacity and fluoride removal potential of all the synthesised materials
were tested to evaluate the materials’ defluoridation potential in the simulated fluoride-rich water.
It is observed from Table 4.2 that the lowest percent fluoride removal (32 - 36%) and adsorption
capacity (0.902 - 0.978 mg/g) was observed for samples HTAC 1 - 4 (Table 4.2). It should be
noted that these samples were hydrothermally treated at 100 °C. Samples (HTAC 5 - 8) (Table 4.2)
exhibited higher percent fluoride removal (42 - 48%) and adsorption capacity (1.14-1.24 mg/q)
were all treated at 140 °C. Samples treated at 160 °C (HTAC 9 - 12) (Table 4.1 and 4.2) exhibited
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percent fluoride removal (41 - 44%) and adsorption capacity (1.08 - 1.156 mg/g) which was
comparable to the performance of the samples treated at 140 °C. This observation indicated that
irrespective of the treatment time, increase of treatment temperature enhanced the adsorptive
properties of the clay soils. This was attributed to the activation of the aluminosilicates in the clay
soils by the alkaline solutions and subsequent formation of new materials with enhanced active
adsorption sites.

Previous work on mukondeni clay soils in adsorption of fluoride and arsenic have shown
that alkali activation of the clays improves their adsorptive properties (Mudzielwana et al., 2018
a, 2019 a, 2019 b and 2019 c). Moreover, several authors (Musyoka et al., 2012; Menzi et al.,
2011; Gougazeh & Buhl, 2014) have observed conversion of aluminosilicate precursors into
mixtures of zeolites and geopolymer products on hydrothermal treatment at temperatures > 140
°C. It was further observed that the XRD peak intensities of these minerals increased with
hydrothermal treatment time. The alteration of the aluminosilicate feedstock to new mineral phases
and increase in surface area with increasing treatment temperature could explain the higher
adsorption capacity for fluoride. Samples treated at 200 °C (HTAC 13 - 16) (Table 4.1) showed
reduced percent fluoride removal and adsorption capacity (0.798 - 1 mg/g) as compared to samples
treated at 140 °C and 160 °C but higher than for samples treated at 100 °C. This indicated that
increasing treatment temperature beyond 160 °C led to loss of the adsorptive properties of the
products. In previous work in which Musyoka et al (2012) observed that, coal fly ash (CFA)
subjected to hydrothermal treatment at 100 °C led to no alteration of the aluminosilicate precursors.
Samples HTAC 17 - 21 were treated at 140 °C and 48 h, but amount of water added before
hydrothermal treatment was varied from 0 - 12 mL (Table 4.1). It’s observed that, the percent
fluoride removal (37 - 46%) and adsorption capacity (0.69 - 1.238 mg/g) increased with increased
amount of water to a maximum at 9 mL for sample HTAC-20. Musyoka et al (2012) observed that
addition of water after ageing step enabled the formation of pure phase zeolite Na-P1 from coal
fly ash. Casci (2005) points out that, the water content during zeolite synthesis improves the purity
and type of zeolite material produced. Moreover, addition of excess amount of water can restrict
zeolite crystallisation process due to change in degree of supersaturation of the SiO4™ and AlO4
precursor species. Addition of 12 mL of water (HTAC-21) (Table 4.1 and 4.2) seemed to decrease
the adsorptive properties of the zeolitic products. All samples treated at the same temperature but

increasing treatment time showed improved percent fluoride removal and adsorption capacity
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(Table 4.1 and 4.2). This indicated that time was an important factor in producing optimum zeolitic
products. From the above, it can be tentatively concluded that, samples synthesised at 140 °C, 48
h with addition of 9 mL of water after ageing step would give the optimum zeolitic products.
Moreover, samples HTAC-5, HTAC-6, HTAC-7, HTAC-8 and HTAC-12 were selected
for characterisation using FTIR, XRD, SEM and BET techniques for better understanding of their

surface chemistry as they yielded better fluoride removal efficiency.

Table 4.2: Adsorption capacities and percent fluoride removal of the HTAC samples.

Samples Percent fluoride removal (%) Adsorption capacity, g, (mg/g)
CA1(HTAC-1) 32.34 0.902
CA2 (HTAC-2) 33.86 0.940
CA3 (HTAC-3) 35.65 0.955
CA4 (HTAC-4) 35.92 0.978

CA5 (HTAC-5%) 44.38 1.154
CA6 (HTAC-6%) 43.84 1.140
CAT (HTAC-7%) 45.25 1.176
CA8 (HTAC-8%) 47.69 1.240
CA9 (HTAC-9) 41.23 1.088
CA10 (HTAC-10) 42.25 1.120
CAll (HTAC-11) 43.55 1.134
CA12 (HTAC-12%) 44.23 1.156
CA13 (HTAC-13) 37.52 0.798
CA15 (HTAC-15) 34.35 0.907
CA16 (HTAC-16) 35.84 0.914
CA17 (HTAC-17) 37.41 0.690
CA18 (HTAC-18) 37.45 0.946
CA19 (HTAC-19) 38.38 0.974
CA20 (HTAC-20) 46.29 1.238
CA21 (HTAC-21) 38.23 0.958

Note: Sample CA8 (HTAC-8) and CA20 (HTAC-20) were prepared under the same condition.
Footnote: * represents the selected samples that were characterised. Note: HTAC ~ HTMAC.
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4.3.4 Physicochemical characterisation

4.3.4.1 Fourier transform infra-red (FTIR)

Figure 4.6 a, b and c¢ presents the FTIR spectrum of MAC and selected hydrothermally-
treated aluminosilicate clay (HTAC =~ HTMAC) samples. The characteristic dominant band in
MAC and synthesised hydrothermally-treated crystalline gel-like microspheric alkali
aluminosilicate phases is an asymmetric Si-O-Al stretching vibration in the region of 950 - 1100
cm™ (Mikuta et al., 2015; Marsha et al., 2019). The MAC showed major transmission bands and
wavelength region of 3400 - 3600 cm™, 1600 - 2600 cm™* and 500 - 1100 cm™. The bands at the
region of 3100 to 3670 are ascribed to the O-H stretching of the H-OH, Si-OH, Al-OH groups of
the absorbed moisture and hydroxyl groups within the clay interlayers (Toor et al., 2014). This
region appear as bands and increases in intensity in samples HTAC 5 - 14, this could be due to
increased adsorption water due to water added during the hydrothermal treatment (Table 4.1). The
bands at 500 to 1100 cm™ are linked to the vibration and stretching of Al-O, Si-O and Al-O-Si
groups. The bands in the region 1648 - 1680 cm™ are attributed to adsorbed water in
aluminosilicate gels and zeolitic minerals in treated clays or the bending O-H vibrations of water
molecules retained in the silica matrix (Gougazeh & Buhl 2014). The MAC and the hydrothermally
treated clay soils shows similar bands at 3100 - 3670 cm™, 1648-1680 cm™, 918 - 995 cm™ and 2
- 4 peaks in the region 650 - 799 cm regions. Two new peaks were observed in the region 1423 -
1480 cm for samples HTAC-5, 6, 7, 8 and 12 but disappeared in sample HTAC-14 (Table 4.1,
Figure 4.6 a and b). The new peaks have been ascribed to Na-O bands resulting from increased
sodium aluminosilicate precursor in the hydrothermally-treated materials at 48 h. After
hydrothermal treatment, transmission intensity of the bands at 3400 - 3600 and 1600 - 2600 cm
decreased (Figure 4.6 c¢). This could be ascribed to loss of moisture via evaporation during
treatment as temperature increased. Moreover, the intensity of the bands designating Al-O, Si-O
and AI-O-Si from wavelength region of 500 cm™ to 1100 cm™ increased after hydrothermal
treatment. The observed increased intensity leading to formation of strong Al-O, Si-O and Al-O-
Si bond occurred consequent upon moisture loss as hydrothermal treatment temperature increased
(Luo et al., 2018) (Figure 4.6 a).

In alkali activated clays, the peaks in this region 1423 - 1480 cm™ indicates presence of
amorphous geopolymeric gels which transformed into crystalline zeolitic products as the treatment
temperature was increased. They could also be assigned to carbonates that forms in the highly
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alkaline conditions due to ingress of carbon dioxide (Mezni et al., 2011). Vibration bands at 918 -
995 cm™* and 650 - 799 cm™ are attributed to the stretching Si-O bonds in SiO and Al-O bonds in
Al,O3 respectively (Kim et al., 2010). In the region 650 - 799 cm™, four peaks were observed in
MAC (658 cm™, 689 cm™, 754 cm®, 799 cm™) these peaks seemed to merge into 2 peaks as the
hydrothermal treatment time and temperature was increased (Table 4.1, Figure 4.6 a and b). These
four peaks in MAC are attributed to Al-O bonds in aluminosilicate precursor.

The merging of the peaks indicated activation of the aluminosilicate matrix with
subsequent formation of new bonds. Gougazeh et al (2014) and Flaningen et al (1971) observed
that the bands at 650 - 745 cm™ could be attributed to symmetric T-O-T (T = Si or Al) vibrations
of the sodalite framework. The peaks (654 - 691 cm™, 705 - 713 cm™, 720 - 728 cm™) observed
for samples HTAC 6, 7, 8, 12 and 14 would suggest presence of hydroxy sodalite in the treated
clays. MAC sample exhibited a peak at 1005 cm™ and shoulder peak at 918 cm™, the shoulder
peak was observed to disappear with hydrothermal treatment (Table 4.1, Figure 4.6 a and b),
moreover the peak at 1005 cm™ shifted to lower wavenumber (958 - 995 cm™) for all the treated
clay samples (Figure 4.6 a and b). The shoulder peak at 918 cm™ in MAC is attributed to Al-O in
Al;03 and doesn’t appear in the treated clay. The peak at 1000 cm™ shifted to (958 - 995 cm™) is
attributed to antisymmetric stretching of Si-O and Al-O in aluminosilicates with zeolite structures
(Gougazeh et al., 2014; Zhang et al., 2012). Nesse (2000) observed that SiO2 and Al;O3 in
aluminosilicates are transformed and replaced by a single band at 1000 cm™* which is characteristic
of Si-O-Al bonds in TO4 (T = Si or Al) tetrahedral. Moreover there was increased intensity of this
shifted peak (958 - 995 cm™) in the treated clays as compared to MAC. The increased intensity of
this peak could indicate increased formation of Si-O, Al-O bonds mostly attributed to the Si-O-Al
in the new mineral phases. Sample HTAC-8 showed the sharpest and most profound peaks for Si-
O and Al-O bonds and showed higher fluoride capacity compared with other treated samples. The
increased intensity of these bands indicated the conversion of the aluminosilicate gels into
crystalline phases. Alonso et al (2001) observed increased intensity of these bands in metakoalin

based gepolymers.
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Figure 4.6 a and b: FTIR spectra of mechanochemically-activated clay (MAC) soils and
hydrothermally-treated aluminosilicate clay (HTAC) soils. Note: HTAC ~ HTMAC.
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hydrothermally-treated aluminosilicate clay (HTACs) soils. Note: HTAC ~ HTMAC.

4.3.4.2 X-ray diffraction (XRD)

Figure 4.7 presents the X-ray diffraction spectra of MAC and selected HTAC 5, 6, 7 and 8
hydrothermally-treated aluminosilicate clay samples using 1.5 M NaOH solutions at 140 °C and at
varying times of 12, 24, 36 and 48 h respectively. Sample HTAC-12 was treated at 160 °C and
48h. The principal phase present in all the samples are zeolitic materials with some slight
differences. The XRD spectra of MAC shows presence of montmorillonite, kaolinite, quartz, albite
and muscovite. The prominent peak of montmorillonite would indicate the dominance of this
mineral in the clay soils. Dacosta et al (2013) reported concentrations ranging from 38 - 55 weight
% of smectite in these mukondeni clay soils. Montmorillonite was identified through its prominent
peaks at 6.5°, 12°, 18° and 28° two theta. Samples treated at 140 °C for various times exhibited
new peaks. HTAC-5 exhibited new peaks which were matched to zeolite A (Gougazeh et al., 2014;
Heller-Kallai & Lapides, 2007). The montmorillonite, quartz, albite and muscovite peaks
disappeared in all the hydrothermally treated samples. This indicates that, the conditions employed
provided were optimum for dissolution of aluminosilicate matrix to release Al and Si species for
the formation of the new zeolitic phases. As the treatment time was increased to 36 and 48 h, new
phases appeared different from those of HTAC-5 and MAC. The new peaks were matched to
hydroxyl sodalite (Musyoka et al., 2012. Menzi et al (2011) reported that, hydrothermal treatment
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of illite clay using 3.52 M NaOH solution, at higher reaction times (> 24 h), the dominant synthesis
product was hydroxyl sodalite. Moreover, Heller-Kallai and Lapides (2007) reports that kaolin and
metakaolin clays treated with NaOH solutions at 93 °C at varying times (3 h, 26 h, 72 h, 168 h),
all samples treated at 3 h and 26 h had zeolite A as the dominant product, while for 72 h, it was a
mixture of zeolite A and hydroxyl sodalite. At 168 h the products were predominantly hydroxyl
sodalite. Breck (1974) observed that zeolite A is unstable at highly alkaline environment and
converts to zeolite P or hydroxy sodalite at longer reaction times. It could be deduced that the
absence of any impurity peaks in the products, indicates the zeolites product were highly pure. At
48 h treatment time, increase in temperature (HTAC-8 and HTAC-12) didn’t have any impact on
the products.

New mineral phases were formed owing to recrystallisation of the HTAC materials.
Generally, some slight changes observed in the main peaks, to some extent, could be related to the
different water molecules content in the zeolitic materials formed. These were all based on sodium
aluminium silicate hydroxide hydrates formed in the various zeolitic products. The degree of
recrystallisation increases with increase in hydrothermal treatment temperature and time. HTAC-
8 showed more mineral phases and intense crystalline peaks which were corroborated by the SEM
micrographs with clear gel-like geopolymer having microsphere particles compared to other
materials where the microspheres overlain on a gel-like structures indicated partial transformation
of the gels into crystalline microspheres. The FTIR and SEM showed the uniqueness of sample
HTAC-8 as the best modified sample. This was confirmed by FTIR which revealed the most
intense and sharp peaks while SEM micrographs showed gel-like formation more like geopolymer
gel with aggregated microsphere-like particles, which transformed into crystalline microsphere
morphology with increased surface area, which imparted positively on the sample defluoridation
potentials.
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Figure 4.7: XRD spectra of MAC, HTAC 5, 6, 7, 8 treated at 140 °C and times of 12, 24, 36 and
48 h respectively and sample HTAC 12 treated at 160 °C at 48 h using 1.5 M NaOH. Note: HTAC
= HTMAC. (Mnt-montmorillonite, Al-albite, M-muscovite, Q-quartz, A-zeolite A, HS- Hydroxy
sodalite hydrate).

Figure 4.8 presents the X-ray diffraction spectra (XRD) of MAC and samples HTAC 19,
8 hydrothermally treated using 1.5 M NaOH solutions at 140 °C and 48 h with addition of 6 mL
and 9 mL of milli Q water before hydrothermal treatment and HTAC 21 treated at 160 °C, 48 h
with addition of 12 mL of milli Q water before hydrothermal treatment. Addition of water before
hydrothermal treatment at temperatures above 140 °C didn’t seem to have any impact of the type

of zeolite product.
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Figure 4.8: XRD spectra of MAC, HTAC 19 and 8 treated at 140 °C and 48 h with addition of 6
and 9 mL Milli-Q water before hydrothermal treatment respectively and sample HTAC-21 treated
at 160 °C and 48 h with addition of 12 mL Milli-Q water before hydrothermal treatment.

Mnt - montmorillonite, Al - albite, M - muscovite, Q - quartz, A - zeolite A, HS - Hydroxy sodalite
hydrate. Note: HTAC ~ HTMAC

Footnote: X-ray diffraction (XRD) spectra of MAC and the selected hydrothermally-treated
aluminosilicate clay (HTAC =~ HTMAC) samples are in the appendix 4.3 a - g.

4.3.4.3 Morphology of the hydrothermally-treated aluminosilicate clay samples

Figure 4.9 shows the SEM micrographs of the zeolitic products (HTAC1, 2, 4,5, 6, 7, 8
10, 11, 12, 13 and 16) after hydrothermal treatment of the mechanochemically activated clay soils
(MAC) at various reaction time and temperature with 1.5 M NaOH solution and addition of water
prior to hydrothermal treatment. A substantial change in morphology of the clay soils is observed.

Generally, hydrothermal treatment duration affects the morphology and size of the
materials. Increased hydrothermal treatment time favours the crystals growth while increase in
temperature increases evaporation of solvent which leads to a state of supersaturation
(evaporation) which is favourable to increased crystal growth (Petrik et al., 2005; Nicholas et al.,
2012).

The platy morphology of the clay soils is replaced by spheroidal particle “cotton ball”
morphology. In all the treated clay samples, the spheroidal “cotton ball” particle morphology is
observed is observed in all the treated samples. The particles appear to be aggregating together or
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partly singly and appear like they are popping from a gel-like substance underneath. Samples
HTAC, 6, 7, 8 and 12 exhibited a gentle hump extending from 11 - 72 degrees two theta. This kind
of hump is normally associated with amorphous geopolymer-like gel. It would appear the gel
formation is the initial step before zeolitisation, this is more clearly depicted in samples HTAC-5
and HTAC-13 treated for 12 h, where the spherical particles appear to be still attached to the gel
and have not fully popped out. Menzi et al (2011), Gougazeh & Buhl, (2014) and Heller-Kallai &
Lapides (2017) reported this spheroidal “cotton ball” particle morphology on hydrothermal
treatment of illite and kaolin clay at various NaOH concentrations. X-ray diffraction (XRD)
analysis of treated samples (Figure 4 and 5) identified these spheroidal particles to be hydroxyl
sodalite. At lower treatment time, i.e 12 h, zeolite A was initially formed and transformed into
hydroxyl sodalite as the treatment time was increased (> 24 h, Figure 4). Heller-Kallai & Lapidas
(2007) reported formation of zeolite A at lower reaction times of 3 - 26 h and hydroxyl sodalite at
reaction times of 72 - 168 h on hydrothermal treatment of kaolin clay with 4.25 - 10.75 N NaOH
solutions. It is clear from figure 6 that all the conditions employed for the hydrothermal treatment
in this work led to the formation of predominantly hydroxy sodalite. This is clear through the
dominant microspheric and spheroidal “cotton ball” particle morphology in all samples.

However at lower reaction times (HTAC-1, 2, 4), angular structures which could be
attributed to unreacted aluminosilicate materials are observed. These materials are not observed
for treated samples above 140 °C indicating temperatures high than 100 °C would be necessary

for complete conversion of the aluminosilicate gels into zeolites.
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Figure 4.9: SEM micrographs of raw clay (MAC), clays HTACL, 2, 4 treated at 12 h, 24 h, 48 h
at 100 °C and 9 mL of water, HTAC, 5, 7, 8 treated at 12 h, 26 h, 48 h at 140 °C and 9 mL of
water, HTAC10, 11, 12 treated for 24 h, 36 h, 48 h at 160 °C and 9 mL of water and HTAC13, 16
treated for 12 h, 48 h at 200 °C. Magnifications at X50,000. All samples were hydrothermally
treated with 1.5 M NaOH. Note: HTMAC = HTAC

4.3.4.4 Brunauer-Emmett-Teller (BET) surface area and porosity

Table 4.3 presents the BET surface area, surface area single point, pore volume and size of
selected hydrothermally-treated aluminosilicate clay (HTAC) and mechanochemically-activated
clay (MAC) samples. All the twenty-one synthesised HTAC samples were tested for preliminary
fluoride batch adsorption potentials. Based on their defluoridation performance and capacity, the
best five performing samples were selected for surface area and other properties characterisation.
All samples have pore sizes within 2 - 50 nm range and were therefore mesoporous in nature.
There were no significant changes in the pore volumes of the MAC and all the hydrothermally-
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treated samples, suggesting that hydrothermal treatment did not alter the pore volumes of the
materials. On the other hand, the surface area increased substantially after hydrothermal treatment
from 17.19 m?/g in MAC to 33.25 m?/g in HTAC-8. The increase in surface area could be attributed
to increasing hydrothermal temperature and time which resulted in the particles’ kinetic mobility
and breakdown to produce smaller active particles with larger surface area. The increase in surface
area further indicated increase in microporosity of the material after hydrothermal treatment. This
collaborates the observed increase in adsorptive capacity of fluoride from aqueous media by
samples HTACS - 8 and HTAC-12 as compared to MAC (Table 4.2). Moreover, the increasing
water content from 0 to 9 mL during synthesis was observed to lead to increase in surface area
while further increase retarded surface area (Table 4.3). This could be due to enhancement of
degree of supersaturation until the material was fully saturated as noted on the optimised material
(HTAC-8) after which the degree of supersaturation slowed down with an attendant slow down in
the crystallisation kinetics and hence, reduction in surface area as observed in other materials
(Petrik, et al., 2005; Casci, 2005; Musyoka et al., 2012).

The BET surface area is calculated with the whole surface such as surface of pores, external
surface of material using the adsorption of nitrogen gas on the surface of materials. It is generally
higher than the total surface area but is relative to the total surface area and hence more reliable
while single point surface area is usually used to determine surface area when quick testing is
desired on a single point on the materials surface, but there is no big difference between the two
(Hu et al., 2001).

The surface area, N2 adsorption and desorption isotherms for MAC, HTAC 5 - 8 and
HTAC-12 are presented in Figure 4.10 a - f. The pore diameter distribution obtained according to
the Adsorption Barrett-Joyner-Halenda (BJH) method are presented in figure 4.10 g - h. There is
intense evolution of pore area in the mesoporous range and this is more noticeable for samples
HTAC-5 and HTAC-8. Sample HTAC-8 exhibits a trimodal pore size distribution (9, 43 and 98
nm) as compared to MAC which shows a bimodal pore size distribution (9, 43 nm). The pore size
distribution results indicates that both MAC and treated samples are mesoporous (Figure 4.10 g).
The pore area assigned to the pore diameters (9 and 43 nm) increased in the following order MAC
> HTAC7 > HTAC6 > HTACS8. These samples were identified as hydroxyl sodalite by XRD
(Figure 4.7).
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Moreover, these samples were treated at increasing time from 24 - 48 h. This would
indicate that increasing treatment time increased evolution of mesoporosity. Sample HTAC-12
treated at 48 h and 160 °C exhibited a lower pore area of 28.4 m?/g, although XRD still indicated
its hydroxyl sodalite (Figure 4.7). This would indicate that increasing treatment time beyond 48 h
would probably decrease the porosity of the products. The increase in porosity and surface area
can be attributed to the conversion of the aluminosilicate precursors in the clay soils to zeolitic
products. The N2 adsorption-desorption isotherms can be classified as type IV with a hysteresis
loop type H3 which at high relative pressure is associated with mesoporous structure and at low
relative pressure with a microporous structure (Luo et al., 2018) (Figure 4.10 a - f). Increase in
pore volume is normally associated with increase in mesoporous structure since the mesopores are
easily accessed by N2 at high relative pressure. The pore diameter distribution as a function of pore
volume indicates that all samples had highest volume within the range of 43 - 98 nm further

confirming that these materials are mesoporous (Figure 4.10 h).

Table 4.3: The surface area, pore volume and pore size of MAC and the HTAC materials

Samples BET surface Surface area single Pore Pore size

area. (m?/g) point. (m?/g) volume(cm?®/g) (nm)
MAC 17.19 16.66 10.06 14.92
CA5 (HTAC-5) 25.46 24.32 10.09 14.93
CA6 (HTAC-6) 26.41 25.27 10.08 12.77
CA7 (HTAC-7) 27.26 26.48 10.08 15.29
CA8 (HTAC-8) 33.25 32.02 10.12 14.16
CA12 (HTAC-12) 28.44 27.14 10.13 17.60

Note: HTAC = HTMAC
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Figure 4.10 a - f: Surface area and N adsorption-desorption isotherms at -195.8 °C for MAC,
HTACS - 8 and HTAC12. Figure 4.10 g — h: BJH pore diameter distribution as a function of pore
area and volume respectively for MAC and treated clays HTACS - 8. Note: HTAC =~ HTMAC.

4.3.5 Conclusions
In this chapter, the hydrothermal treatment of aluminosilicate clay soils (HTACs) was

successfully carried out via a two-step process involving Al and Si dissolution, followed by

recrystallisation via hydrothermal treatment. The optimum conditions for dissolution of Al and Si
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from the mechanochemically-activated clay (MAC) were found to be 1.5 M NaOH concentration
and 2-hour ageing time. This study also showed that irrespective of the treatment time, increase of
treatment temperature enhanced the adsorptive properties of the clay soils, due to the
aluminosilicates’ activation in the clay soils by the alkaline solutions and subsequent formation of
new materials with enhanced active adsorption sites.Optimum conditions for synthesising HTAC
were found to be 48-hour ageing time, hydrothermal treatment temperature of 140 °C and 9-mL
water content. The increased intensity of the bands indicated the conversion of the aluminosilicate
gels into crystalline phases in the zeolitic products.

The XRD analysis shows that a sample synthesised at these conditions (HTAC-8) has
higher crystalline particles and several new minerals which was observed as hydroxyl sodalite and
confirmed by characteristic sharp peaks around at 20 = 15, 25, 32 and 35. It was further observed
that the XRD peak intensities of these minerals increased with hydrothermal treatment time, while
absence of any impurity peaks in the products indicated the zeolites products were highly pure.
SEM micrographs show gel-like formation more like a geopolymer gel, which was formed during
hydrothermal treatment of aluminosilicate materials (MAC) with NaOH. Platy-like features and
amorphous geopolymeric gels of the clays in MAC was also transformed into aggregated
microsphere-like particles and crystalline zeolitic products as the treatment temperature increased.
Furthermore, some of these microspheres and or spheroidal particle “cotton ball” morphology were
seen to overlay on a gel-like structures, indicating partial transformation of the gels initially formed
into crystalline microspheres. Hydrothermal treatment led to the formation of predominantly
hydroxyl sodalite noted through the dominant spheroidal “cotton ball” particle morphology in all
products. Moreover, BET showed an increase in surface area from 25 m?/g to 33.56 m?*/g after
treatment, indicating successful hydrothermal treatments. The pore diameter distribution as a
function of pore volume indicated that all samples had highest volume further confirming that
these materials are mesoporous. All samples treated at the same temperature but increasing
treatment time showed improved percent fluoride removal and adsorption capacity. This indicated
that time was an important factor in producing optimum zeolitic products. Preliminary
defluoridation experiment showed that HTAC-8 sample (zeolitic product) synthesised under the
aforementioned conditions had higher defluoridation and adsorption capacity over other
synthesised samples (zeolitic products) and was therefore selected for application in subsequent

experiments in the preceding chapter five.
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CHAPTER FIVE: HYDROTHERMALLY-TREATED ALUMINOSILICATE CLAY
(HTAC) AND THEIR APPLICATION IN FLUORIDE AND PATHOGEN REMOVAL
FROM GROUNDWATER

5 Abstract

In this study mechanochemically-activated clay was hydrothermally-treated and applied
for defluoridation and pathogen removal from groundwater. Fourier transform infrared (FTIR),
Brunauer-Emmett-Teller method (BET), X-ray diffraction spectroscopy (XRD) and Scanning
electron microscopy-energy dispersion spectroscopy (SEM-EDS) and X-ray fluorescence (XRF)
spectroscopy were employed in characterisation of the hydrothermally-treated aluminosilicate clay
(HTAC). Batch defluoridation experiments were used to evaluate the fluoride adsorption capacity
while well diffusion method was used to evaluate the antibacterial efficacy. The BET results
showed increase in surface area from 17 m?/g to 33.56 mg?/g after treatment. FTIR results revealed
an increase in transmittance bands 950, 650 cm™, 3000 and 1400 - 1500 cm™ while disappearance
of bands at 3000 and 3600 - 3700 cm™ was noted in the treated materials. The transmittance of the
fluoride-loaded clay after fluoride removal revealed a decrease in specific bands intensity at 3700
- 3500, 2850, 1490, 950 cm™* and around 650 cm™*, which indicated that the created available sites
in the treated clay had been occupied by fluoride as a result of ion exchange during defluoridation.
SEM micrographs of the treated material showed transformation from platy-like amorphous nature
in MAC to geopolymeric gels with microspheres particulate morphology of different thicknesses
as hydrothermal treatment progressed. The observation of intense characteristic peaks for the
mineral phases in the treated material are confirmed by SEM images which showed geopolymer
gel-like materials with aggregated microsphere particles compared with the untreated material
having platy-like non-crystalline amorphous nature. This was corroborated by the BET results
obtained earlier. The XRD results revealed changes in the mineral phase, in which there was
appearance of new mineral phases, disappearance of some phases, increase and decrease of some
phases in the treated material (HTAC) compared with the untreated (MAC). This result was
corroborated by strong, intense and sharp characteristic FTIR peaks observed in the treated
material. SEM micrographs of the treated material showed transformation from platy-like
amorphous nature in MAC to geopolymeric gels with microspheres particulate morphology. Batch

defluoridation showed maximum adsorption capacity of 1.75 mg/g with 53% fluoride removal
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from initial fluoride concentration of 6.0 mg/L using 0.8 g/40 mL dosage, initial pH 5.8 and contact
time of 5 min at room temperature. The adsorption Kkinetics data better fitted well to pseudo-
second-order models, while the adsorption data were best described by Freundlich adsorption
model. The regeneration and recyclability potential studies with 0.1 M KCI as a regenerant showed
the adsorbent could be used for up to six times. Antibacterial activities of the optimised HTAC
adsorbent towards Escherichia coli (E. coli) strains indicated some potency against the strains. The
outcome of this study showed the developed HTAC has a strong potential for application in
groundwater defluoridation and pathogen removal.

Keywords: aluminosilicate clay, adsorbent characterisation, groundwater defluoridation,

hydrothermal treatment, pathogen.

5.1 Introduction

Water is an essential resource for life sustenance and access to safe potable water have
been linked to increased economic productivity, sound health and improvement in life quality (Oke
et al., 2014). About 1 billion (844 million) people worldwide (1 in 9) lack access to safe potable
water (WHO 2015; 2017). Over 159 million people are dependent on surface water that may have
been contaminated (WHO 2015; 2017). According to World Health Organization (2017) report,
over 5 million deaths occur yearly due to drinking of unsafe water that has been contaminated
from anthropogenic and artificial sources. Most rural dwellers, where piped-borne water is lacking
depend mainly on groundwater. Some groundwater and aquifers have fluoride levels above the
WHO threshold limits of 1.5 mg/L (WHO, 2017). Prolonged exposure to drinking of fluoride rich
water has resulted in medical conditions such as dental and skeletal fluorosis. Fluorosis is
pandemic in about 26 countries with over 30 million people affected and about 200 million at risk
worldwide and the number is increasing daily (Momba & Brouckaert, 2005; WHO, 2015).
Countries such as Ethiopia, Kenya, Uganda, Tanzania, Egypt, South Africa, Mexico, China, Sir
Lanka and India are mostly endemic with fluorosis (McCaffrey & Willis, 2001; Ncube & Schutte,
2005: Kimambo et al., 2019: Chandrajith et al., 2020).

Waterborne pathogens are also major public health concerns worldwide due to high
morbidity and mortality arising from numerous waterborne and water related diseases which are
responsible for an estimated 3.5 million deaths per year. Globally, reports have shown that about

2 billion people are exposed to water sources that have been contaminated with faeces (Bitton,
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2014). Water-related deaths in the developing world account for about 98%. Worldwide, a child
dies due to water-related disease, every 2 min, hence, there is urgent need to develop suitable
affordable technology to address the global menace (WHO/UNICEF, 2016).

Defluoridation is a widely used method for remediation of fluoride-rich water. Various
techniques and materials have been used worldwide for water defluoridation. This include
adsorption (Ghorai & Pant, 2004; Mondal & George, 2015; Gitari et al., 2016; Mudzielwana et
al., 2016; Pandi et al., 2019), ion exchange (Pan et al., 2018), precipitation (Saha, 1993), electro-
chemical (Loganathan et al., 2013), electrocoagulation (Luna et al., 2018) and reverse osmosis
(Khairnar et al., 2018).

Amongst the Sustainable Development Goals (SDG’s) set by the United Nations, Goal 6.1
aims at providing clean, safe and affordable water to everyone across the globe by 2030. This calls
for development of affordable, easy to use and effective technologies for water treatment.
Adsorption technology is the most widely used due to its ease of operation, universality and cost
effectiveness. Materials such as clay (Gitari et al., 2015, Mudzielwana et al., 2016), diatomaceous
earth (Izuagie et al., 2016), porous nanohydoxyapatite (Wimalasiri et al., 2020); activated carbon
(Chen et al., 2019) and activated alumina (Samrat et al., 2020) have been developed for fluoride
removal and have proven to be effective. By far, majority of the reported adsorbents are more
effective towards fluoride alone. The occurrence of fluoride and patogens in drinking water due to
geogenic and anthropogenic activities respectively, necessitated the need to develop
multifunctional adsorbents capable of removing fluoride and pathogens from water.
Multifunctional adsorbents such as Fe-Ca-Ze hybrid metal oxides (Dhillon et al., 2015) and
mechanochemically-activated clays (Obijole et al., 2019) have already been reported for
simultaneous removal of fluoride and pathogens. Ayinde et al. (2018) developed Ag/MgO
nanoparticle modified nanohydroxyapatite adsorbent for fluoride and pathogen removal and found
it to be effective towards both contaminants. However, these materials have not been totally
effective in simultaneous defluoridation and pathogen removal from water. Furthermore, high
fluoride levels are known to be associated with groundwater while pathogens are commonly found
in surface water around the world (Huang et al., 2018; Zhang et al., 2017; Marwa et al., 2018).
Studies carried out on Siloam groundwater in Limpopo, South Africa revealed the presence of
pathogens in some groundwater particularly in areas where the sunk boreholes were not far from

the septic tanks (Denga, 2017). This was due to sipping of pathogens through the underground
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rocks and soils along with the underground waters or aquifers (Odiyo & Makungo, 2018), hence,
the need to develop an efficient multifunctional adsorbent for application in simultaneous
defluoridation and pathogen removal from groundwater.

Hydrothermal treatment is the reaction of heterogeneous clay minerals in aqueous alkaline
solutions under high temperature and pressure in a closed system in order to dissolve and
recrystallise new minerals that are relatively insoluble under ordinary conditions (Yoshimura &
Byrappa, 2008). This process provides an excellent processing of the clay materials with a view to
modifying the surface morphology by increasing the surface area to obtain desired
physicochemical properties for enhanced defluoridation and pathogen removal (Hollman et al.,
1999). Luo et al. (2018) indicated that hydrothermal treatment process improves the surface
porosity of the material following the recrystallisation, nucleation and re-precipitation of the
dissolved Si and Al minerals at alkali conditions. In this study, locally available aluminosilicate
clay was treated hydrothermally using NaOH solutions in order to modify and increase its surface
adsorption properties for enhanced defluoridation, pathogen detoxification and removal from
groundwater. The physicochemical characteristics of the treated clay materials were evaluated
using FTIR, BET, SEM-EDS, XRD and XRF. The fluoride removal efficiency of the treated clay
was evaluated using batch experiments while the antibacterial efficacy was assessed using well
diffusion assay method. The adsorption kinetics and isotherms models were employed to elucidate
the sorption kinetics and nature of the adsorbent. Lastly, the effect of co-existing ions on fluoride

sorption and regeneration potential of the adsorbent was evaluated.

5.2 Materials and methods
5.2.1 Materials

The clay samples from the previous studies observed to be rich in aluminosilicate materials
(Mudzielwana et al., 2016; Gitari et al., 2016; Obijole et al., 2019) were obtained from Mukondeni
village in Vhembe district, Limpopo, South Africa. The samples were separated from impurities,
ground, washed, centrifuged and oven-dried to constant weight at 110 °C and packaged into
sealable plastic bags until needed for use. All chemicals and reagents including NaOH pellets-
anhydrous > 98%, Na,CO3z > 99%, NaF > 99%, HCI, NaCl > 99%, KCI and TISAB Il solution

were bought from Sigma Aldrich and they were of analytical grade.
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5.2.2 Hydrothermal treatment of aluminosilicate clay (HTAC) adsorbents

Prior to hydrothermal treatment, the clay was activated mechanochemically by milling at
A speed of 700 rpm using a RS200 milling machine (Retch, Green Bay, WI, USA) for 30-min
optimum contact time (Obijole et al., 2019). This was followed by hydrothermal treatment of the
clay powder at the optimised conditions obtained in the preceding studies, as follows: 100 mL of
1.5 M NaOH solution were pipetted into 250 mL heat resistant, high density plastic bottles, then 2
g of the activated clay were added. The mixture was stirred on a magnetic stirrer at a temperature
of 47 °C at 800 rpm stirring speed for an optimum time of 2 h in accordance to the experimental
protocol used in subsection 4.2.2.1 and 4.2.2.2 respectively. Thereafter, 20 mL of the clay/NaOH
slurry obtained in the ageing step above were mixed with a desired volume of water (9 mL) and
transferred into a 45 mL Parr bomb vessel, which was sealed and placed in the furnace at an
optimum temperature of 140 °C and 48-h contact time respectively. Thereafter, the solid products
formed after hydrothermal treatment were dispersed in 500 mL of Milli-Q water to reduce the
effect of high alkalinity of solution on the aluminosilicate clay adsorbent formed. The suspensions
were passed through 0.45 pm pore polypropylene membrane filters in order to recover the solid.
The solids were washed further with Milli-Q water until near neutral pH. Recovered residues were
then oven-dried at 110 °C for 6 h and then allowed to cool down in a desiccator. Furthermore, the
obtained residues (HTAC) were milled, passed through < 250 um sieve and then stored in plastic

bottles to prevent moisture ingress (Wang et al., 2017).

5.2.3 Physicochemical and mineralogical characterisation

The developed hydrothermally-treated clay (HTAC) adsorbents were evaluated for
functional groups using Fourier Transform Infrared spectroscopy (Bruker, Germany: ATR-
Diamond FT-IR spectrophotometer). The treated clay surface and specific area, pore volumes and
pore sizes were measured with Micromeritics TriStar Il Surface Area and porosity unit instrument
(Micromeritics, Norcross, GA, USA) using Brunauer-Emmett-Teller (BET) method. Scanning
electron microscopy was used to investigate the clays’ morphology by using JEOL - 2100 Electron
Microscope. Examination of the qualitative and quantitative mineral phase composition was done
by employing a D8 advance X-ray diffraction (Bruker, Germany) equipped with Cu- Ka source
radiation wavelength (A1 = 1.54056 A, A2 = 1.54439 A, Ni-Kp filter) and a LynxEye 1D detector
with 192 measuring channels and axial Soller slits on both sides. Titration methods using 0.001

M, 0.01 M and 0.1 M KCI solutions were employed in pH at point-of-zero charge (pHpzc)
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determination of the treated clay (HTAC) (Eggleston & Jordan, 1998). Elemental composition of
the hydrothermally treated material was evaluated using a PANanalytical Axios X-ray

fluorescence spectrometer equipped with a 4 KW Rh tube.

5.2.4 Batch adsorption experiments

Batch fluoride adsorption experiments were conducted to evaluate effect of contact time,
adsorbent dosage, pH and adsorbate concentration using HTAC. The effect of contact time on
fluoride removal and adsorption kinetics was evaluated by varying the contact time from1 to 80
min at 200 rpm agitation using 0.8 g/40 mL adsorbent dosage and initial fluoride concentration of
10 mg/L with pH of 6 £ 0.5. The obtained mixtures were centrifuged for about 30 min at 4000 rpm
after agitating and the supernatants analysed for residual fluoride concentrations by the use of
ORION lon-Selective Electrode (ISE, 9609BNWP) with detection limit of 0.01 mg/L. The
electrode was calibrated using 0.1, 1, 10 and 100 mg/L standards. TISAB IlI solution was added
to both standards and samples at volume ratio of 1:10 to de-complex fluoride ions. The effect of
adsorbent dosage in fluoride removal was evaluated by introducing 40 mL volume of simulated
10 mg/L fluoride solution into 250 mL plastic bottles, followed by addition of 0.1, 0.2, 0.4, 0.6,
0.8 and 1.0 g of HTAC into the bottles. The mixtures were agitated for optimum contact time of 5
min. The adsorption isotherms were studied by varying the initial concentration of the fluoride
ions from 1 to 100 mg/L and the optimum adsorbent dosage of 0.8 g/40 mL was weighed into the
bottles and the mixtures agitated for 5 min optimum contact time. To evaluate the effect of pH
influoride removal, the mixtures’ pH was adjusted between 2 and 12 using 0.1 M NaOH and 0.1
M HCI respectively. Optimum adsorbent dosage of 0.8 g/40 mL of HTAC was used. To evaluate
the effect of fluoride ion concentration, 100 mL volume of between 1 to 100 mg/L fluoride solution
was measured into polythene bottles. Zero point eight gramme of the samples was weighed into
the bottles and the pH adjusted to the optimum pH 5.8, by adding 0.1 M HCl or 0.1 M NaOH. The
mixtures equilibrated for the optimum contact time of 5 min. After the equilibration time, the
suspensions were filtered. The fluoride ion concentration in each solution was determined. The
effect of co-existing ions on defluoridation in the presence of 10 mg/L of chloride, nitrate,
phosphate and sulphate separately was evaluated at initial fluoride concentration each of 10 mg/L
using 0.8 g/40 mL adsorbent dosage at initial pH 6.9 £ 0.1 and the mixtures agitated for 5 min.

All the experiments were done in duplicates and the mean values were reported for accuracy.
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5.2.4.1 Calculation of the per cent fluoride removal and adsorption capacity
The per cent fluoride removal and adsorption capacity were determined from equation 5.1

and 5.2, respectively.

Per cent fluoride removal = (C"C;Ce) x 100 (5.1)

|4
Adsorption capacity,q = (C, — C,) X - (5.2)

Where ¢ is the mass of fluoride adsorbed in mg/g of adsorbent, £ and (% are the initial and
equilibrium concentrations of fluoride respectively, V is the volume of the solution in liters and m

is the mass in gram of the developed HTAC.

5.2.5 Regeneration potential experiments

Fluoride-loaded HTAC was regenerated by agitating 0.8 g of fluoride loaded HTAC
separately with 100 mL of 0.1 M NaOH and 0.1M KCI on a mechanical shaker for 30 min.
Thereafter, the mixtures were filtered using a 0.45 um pore membrane filter and then the resulting
filtrate diluted to 100 mL and analysed for fluoride desorbed. The resulting HTAC residues were
thoroughly washed on the filter paper with deionised water and oven-dried at 110 °C for 4 h. Batch
fluoride adsorption was carried out on the regenerated HTAC adsorbent. The regenerated-reuse

cycle experiments were repeated for up to five times.

5.2.6 Antibacterial studies

Antibacterial efficacy of the HTAC materials for pathogen removal was tested with gram-
negative Escherichia coli (E. coli) (ATCC 35218) strains by utilising the method of well diffusion
assay. The inhibition zone was measured and recorded. The bacterial suspensions with 0.5
McFarland turbidity were prepared. Mueller-Hinton agar was also prepared by methods earlier
described in the previous work (Obijole et al., 2019) and placed into plates which were inoculated
with the strains of E. coli. Wells with a diameter of 6 mm were cut with a cork borer and then filled
with 30 uL solution of the best modified-hydrothermally-treated aluminosilicate clay (HTAC)
materials on a single plate against the bacterial strains. The plate were incubated for 24 h at 37 °C.
Thereafter, the growth inhibition zone diameters were measured. The agar plate and sample used
in this study were carefully packaged in disposable plastic bags, sealed and sent for immediate

destruction as soon as measurements were concluded.
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5.3 Results and discussions
5.3.1 Physicochemical characterisation
5.3.1.1 Fourier transform infra-red (FTIR) analysis

Figure 5.1 presents the FTIR spectra and functional groups of the mechanochemically-
activated clay (MAC) (untreated), HTAC (treated) and HTAC after fluoride removal. The spectra
of the treated clay are characteristically different from the untreated. The silica and aluminium
fingerprints of the treated clay showed more intense transmittance. An increase in transmittance
bands observed around 950 and 650 cm™* were due to increased presence of Si-O and Al-O bands
resulting from moisture loss as hydrothermal treatment temperature increased (Luo et al., 2018).
The increased appearance of transmittance bands around 3000 and 1400 - 1500 cm™ in the treated
material is suggestive of strong presence of O-H and Na-O due to the clay surfaces modification.
The disappearance of transmittance bands 3000 and 3600 - 3700 cm™ was due to the breakdown
of O-H bonds and strong transmittance appearance around 600 cm™ as a result of Al-O and Si-O
bonds formation during surface modification. The disappearance of these bands could be due to
dehydroxylation that occurs during hydrothermal treatment. Dehydroxylation involves the heating
process during hydrothermal treatment in which the hydroxyl groups (OH) is released to form
water molecules (Frost & Vassallo, 1996: Sperinck et al., 2011). The transmittance of the fluoride-
loaded clay after fluoride removal revealed a decrease in specific bands intensity at 3700 - 3500,
2850, 1490 and 950 cm™ and around 650 cm™. The reduction in the transmittance values suggested
that the created available sites in the treated clay had been occupied by fluoride as a result of ion
exchange during defluoridation, which is indicative of fluoride sorption due to transmittance bands
attributable to Al-F and Si-F bonds around 600 cm™. Thus, fluoride sorption is suspected to occur
via electrostatic attraction owing to strong attraction of fluoride ions to the Al and Si on the
synthesised adsorbent surfaces (Ghasemi et al., 2014). Studies have shown that Al-OH, Si-OH and
Na-O groups on the adsorbent surface tends to serve as adsorption sites, which readily combine
with Fin solutions. Fluoride adsorption mechanism for the material could involve the contribution
of OH" to hydrogen bonding with fluoride ion on the material’s surface in aqueous solutions.
Furthermore, the metal species such as Al, Si and Na, which are strongly positive are attracted to
F~via hydroxyl transition (Huang et al., 2020). Based on the behaviour of the Si-O, Al-O and Na-

O bonds in the treated clay and the fluoride-loaded treated clay, schematic presentation of the
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fluoride adsorption mechanism of the synthesised clay could be summarised in the following

equations in accordance with the postulates of Huang et al. (2020):

TO + H20 <& T(OH): (5.3)
T(OH); + F" > T(OH)2F + OH' (5.4)
TOH + HF « TOHHF (5.5)
TOHHF & TF + H,0 (5.6)

T represents Al, Si and Na etc.
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Figure 5.1: FTIR spectra of untreated clay (MAC), treated clay (HTAC) and fluoride-loaded
hydrothermally treated alumiosilicate clay (F-HTAC).

5.3.1.2 Surface area determination by Brunauer-Emmett-Teller (BET)

Table 5.1 depicts the BET surface area and single point surface area. BET analysis showed
a significant increase in the surface area of untreated clay (MAC) from 17 m?/g to 33.56 m?/g in
the treated clay (HTAC) material. The increase in surface area of the HTAC) was attributable to
processing and crystallisation of the clay materials during hydrothermal treatment to form gel-like
geopolymers with crystalline microspheres structures. During treatment at the optimised
temperature and time, there was kinetic mobility of the microsphere gels leading to breakdown,
producing smaller microsphere gels with a large surface area culminating in increased adsorption
sites on the surface of HTAC (Casci, 2005; Gitari et al., 2016; Obijole et al., 2019). Average pore
diameters of 14.93 nm and 14.87 nm were obtained for the untreated and treated clays respectively
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(Table 5.1). Figure 5.2 a and 5.2 b depict pore distribution curves of untreated and treated clay

materials respectively. The pore diameter of bulk of the pores are distributed within 0 - 50 nm

range, hence, indicating that both the untreated and treated clay materials are mesoporous in nature

(Figure 5.2 a and 5.2 b). Also, the nitrogen adsorption-desorption isotherm curves for raw MAC

and HTAC are shown in Figure 5.2 ¢ and 5.2 d. The adsorption-desorption curves for the untreated

and treated materials are similar but quantity (volume) of adsorbed particles are higher in the

treated material which is indicative of increased mesoporosity consequent upon hydrothermal

treatment at elevated temperatures.

Table 5.1: The BET surface area, and surface area single point of hydrothermally-treated
aluminosilicate clay (HTAC) and untreated aluminosilicate clay (MAC).

Sample BET surface area (m?/g)  Surface area single point (m?/g)
Untreated clay (MAC) 17.19 16.66
Hydrothermally-treated 33.56 32.09
clay (HTAC)
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Figure 5.2: Pore distribution curves for (a) untreated clay (MAC) and (b) treated clay (HTAC);
nitrogen adsorption-desorption curves for (c) untreated clay (MAC) and (d) treated clay
(HTAC). BET = Brunauer-Emmett-Teller; n = number of samples; Pore volume = dose
dispersion and or distribution in one unit mass; Pore volume is opposite to density.

5.3.1.3 Morphology of hydrothermally-treated clay

The surface morphology of the hydrothermally-treated clay was probed with SEM-EDS.
The SEM images (a) and (b) of the untreated (MAC) and treated clay (HTAC) respectively are
presented in Figure 5.3 a and 5.3 b. The images show changes in morphology, appearance and
sizes of the untreated and the treated clay material. The SEM image (a) shows expanded arrays of
smooth, irregular poorly defined flared corn flakes structures with non-crystalline particles and
platy-like texture, (Figure 5.3 a) which changed to irregular shapes and sizes on the external
surface with needle rod-like crystalline geopolymer gel microsphere structures of different
thicknesses after treatment. The needle-like structures appear protruding from gel-like structures,
indicating they initially grew from these structures as hydrothermal treatment progressed (Figure
5.3 b). The transformation of the structural morphology is caused by the formation of new
crystalline mineral phases of zeolite type following the alkali dissolution of Si and Al containing
minerals and subsequent re-precipitation of sodium on the surface (Luo et al., 2018). The formed
structures resembles those of hydroxy sodalite mineral phase reported by Luo et al. (2018).
Moreover, the morphology of HTAC appears to be crystalline and porous which is corroborated
by the BET results which showed an increase in the surface area after treatment (Table 5.1). The
results of the elemental analysis of the untreated clay (MAC) and hydrothermally-treated (HTAC)

are presented in Figre 5.3 ¢ and 5.3 d. Both spectra’s showed Silicon, Aluminium, Magnesium,
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Iron, Sodium and Calcium on the surface of the materials. The elemental concentrations of silicon,
iron, aluminium, sodium, magnesium, potassium and calcium in the hydrothermally-treated clays
were observed to increase. During hydrothermal treatment of the clay slurry which initially
dissolved the aluminosilicates to give aluminium, silicon and other species in solution,
recrystallisation occurred forming new chemical species such as potassium and titanium while the
concentrations of species such as aluminium, silicon, sodium, magnesium, and calcium were
observed to increase in HTAC. The increased concentration of the aluminosilicates species and
exchangeable base cations caused increase in positively charged species, which were responsible

for increased fluoride sorption onto HTAC surfaces when compared to MAC.

lle €o® Te

Figure 5.3: Scanning electron microscopy (SEM) micrographs of (a) untreated clay (MAC), (b)
treated clay (HTAC), (c) energy dispersion spectroscopy (EDS) of (c) untreated clay (MAC) and
(d) treated clay (HTAC).

SEM HV:E 5.0 kv | View mieia: 20.7 um | i
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5.3.1.4 X-ray diffraction (XRD)

X-ray diffraction qualitative results are presented in Figure 5.4. The results revealed the
changes in the mineral phase of the treated clay (HTAC) compared to the untreated clay (MAC).
The prominent peak of montmorillonite would indicate the dominance of this mineral in the clay
soils. There was appearance of new mineral phases, disappearance of some phases, increase and
decrease of some phases in the treated material (HTAC). Dacosta et al (2013) reported
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concentrations ranging from 38 - 55 weight % of smectite in these mukondeni clay soils.
Montmorillonite was identified through its prominent peaks at 6.5°, 12°, 18° and 28° two theta.
After hydrothermal treatment, there was appearance of some new peaks which were matched to
the formation of new zeolitic phases including hydroxy sodalite (HS), phillipsite (Ph) and chlorite
(Ch) minerals (Gougazeh et al., 2014). The new prominent mineral phase are closely linked to
zeolite mineral phases and were matched with hydroxy sodalite (HS) which could be attributed to
dissolution and transformation of Si and Al containing minerals. It could be deduced that the
absence of any impurity peaks in the products, indicates the zeolites product were highly pure.
Moreover, peaks appears to be having stronger intensity as compared to the peaks in the MAC
particularly at the two theta region of 15 to 35 degrees. The stronger intensity is linked to higher
crystallinity nature of the HTAC as observed in SEM micrographs. The observed changes in the
mineral phases were due to the occurrence of chemical transformation brought about by
recrystallisation process during hydrothermal treatment, leading to the formation of some new
mineral phases and breaking down of some others. The reaction mechanism includes the
dissolution of aluminosilicates material in the parent material under alkali treatment to release Si
and Al which is followed by re-precipitation, nucleation and recrystallisation during hydrothermal
treatment. This process of recrystallisation and nucleation lead to formation of needle-like
structure as determined by SEM micrographs (Figure 5.3 b and d). This result was corroborated
by strong, intense and sharp characteristic FTIR peaks observed in the treated material. The FTIR
showed the stronger intensity for Si-O and Al-O bands as well as the formation of new bonds
related to Na-O which confirms the formation of new mineral phases as indicated from XRD
results. In addition the surface area analysis also confirmed the formation of new highly porous
materials which is the nature of crystalline material. SEM micrographs of the treated material
showed transformation from platy-like amorphous nature in MAC to geopolymeric gels with
microspheres particulate morphology. Studies reported that materials’ morphology is affected by
the mediums’ characteristic environment and the chemical species which acted as templates
around which the aluminosilicate polymerises to produce the microspheres interlaced with pores
(Oztop & Shahwan, 2006). Recent studies by Mudzielwana et al. (2016) and Obijole et al. (2019)
on smectite clay showed similar characteristic peaks and presence of these mineral phase in the
same proportions for the untreated clay. The X-ray results indicated that the dominant minerals in

the treated material are hydroxyl sodalite. The observation of intense characteristic peaks for the
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mineral phases in the treated material are confirmed by SEM images (Figure 5.3 b) which showed
geopolymer gel-like materials with aggregated microsphere particles compared with the untreated
material having platy-like non-crystalline amorphous nature. This results further corroborate the
qualitative results. The chemical transformation with increased surface area impacted positively

on the treated (HTAC) materials defluoridation potentials.
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Figure 5.4: X-ray diffraction spectra of mechanochemically-activated clay (MAC) soils and
hydrothermally-treated aluminosilicate clay (HTAC) soils. (Mnt - montmorillonite, Al - albite, M
- muscovite, Q - quartz, A - zeolite, HS - Hydroxy sodalite hydrate).

5.3.1.5: X-ray fluorescence (XRF) analysis

Table 5.2 presents the XRF results of the elemental compositions of mechanochemically-
activated clay (MAC) and the hydrothermally-treated aluminosilicate clay (HTAC). As shown
below, MAC is mainly composed of SiO> (52.48%) and Al.Oz (24.62%). After hydrothermal
treatment, the composition in the HTAC changed to SiO2 (45.92%), Al.O3 (21.23%), and Na2O
(5.45%) which indicated that Na in NaOH solution was chemically incorporated into silica and
alumina matrix of the hydrothermally-treated product which led to decreased Si and Al oxides

and substantially increased the Na oxides content (Luo et al., 2018).
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Oxides Content (%)

MAC HTAC
SiO, 52.48 45.92
Al2O3 24.62 21.23
Fe20s3 6.64 7.56
MgO 2.985 4.56
Cao 1.53 3.21
K20 1.24 1.32
Na.O 0.707 5.45
TiO2 0.627 1.23
MnO 0.125 0.261
P203 0.034 0.045
SOs3 0.023 0.026

5.3.2 Batch defluoridation results

5.3.2.1 Contact time and adsorption kinetics

Figure 5.5 depicts the variation of percent fluoride removal with contact time. There was a
sharp increase in fluoride removal rate with increase in contact time from 1 - 5 min up to 40%
(Figure 5.5). The observed increase which was due to availability of sorption sites on the adsorbent
was noted in similar studies carried out by Mudzielwana et al. (2016) and Obijole et al. (2019).
After 5 min, the rate of fluoride removal was stabilised, indicating that the system had been

saturated and equilibrium attained. Hence, 5 min were adopted as the optimum contact time and

applied in subsequent experiments.
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Figure 5.5: Variation of percent fluoride removal with contact time (initial fluoride concentration
=10 mg/L, initial pH = 6.0, adsorbent dosage = 0.8 g/40 mL, temperature = 298 K and 250 rpm
shaking speed).

The adsorption kinetics data at different contact times fitted into the non-linear equations
of pseudo-first-order (PFO) and pseudo-second-order (PSO) of reaction kinetics models as well as
the Weber-Morris intra-particle diffusion model in order to establish possible sorption mechanism
and fluoride removal adsorption rate as well as the rate determining factors for fluoride adsorption
onto the surface of the synthesised HTAC (Lagergren, 1898: Qureshi et al., 1995: Ho et al., 2000:
Gupta & Bhattacharyya, 2011: Yoon et al., 2017: Ngulube et al., 2017: Denga et al., 2018). The
pseudo-first-order and second-order models are expressed by the non-linearised mathematical

equations 5.7 and 5.8 respectively:

Gt = qe (1— e Faat) (5.7)
2K t

qe = qe 2ads2 (5.8)
1+ Kyqst

Where ge and q: are the adsorbed fluoride per unit mass (mg/g) at equilibrium and time, t (min),
Kad (Mint) and Kaags (9.mg™/min) are rate constants for pseudo-first-order and pseudo-second-
order respectively. Figure 5.6 depicts pseudo-first-order and pseudo-second-order plots
respectively while Table 5.3 presents the derived adsorption constants modelling parameters

values values of pseudo-first-order and pseudo-second-order kinetics respectively.
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Figure 5.6: Pseudo-first-order (PFO) and Pseudo-second-order (PSO) kinetic model plot of
fluoride uptake by the HTAC (initial fluoride concentration = 10 mg/L, adsorbent dosage = 0.8
g/40 mL, temperature = 298 K and shaking speed = 250 rpm).

Table 5.3: The kinetic parameters for pseudo-first-order, pseudo-second-order and intra-particle

diffusion models.

Models Values
Pseudo-first-order (PFO)
geal (Ma/q) 2.66
K1ad (Min) 1.48

R? 0.73
RMSE 0.02236
X2 0.00029
Pseudo-second-order (PSO)

Qcal (MQ/Q) 1.49
Kzads (9 min't mg) 7.53

R? 0.89
RMSE 0.01363
X2 0.00011
Intra-particle diffusion

C1(mg/g) 1.3

k1 0.187
Cp (mg/g) 1.5

Kp 0.016

R? 0.99
R2 0.61
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Adsorption kinetics data in Table 5.3 shows the higher co-efficient of determination (R?)
value for pseudo-second-order (PSO) (R?= 0.89) compared to pseudo-first-order (PFO) (R?=0.73)
and low values of residual root mean square error (RMSE) = 0.013 and X2 = 0.0001 in pseudo-
second-order model, suggesting that adsorption of fluoride onto the HTAC interface occurred via
surface interaction between the active binding sites across the HTAC and the fluoride ions
depended on chemisorption. Specifically, the fluoride ions interacts with the functional groups on
the surface of HTAC leading to the formation of new chemical bonds such as Al-O-F and Si-F as
a results of ion exchange between OH" group in the metal hydroxides and fluoride ions (Yoon et
al., 2017: Ngulube et al., 2017: Denga et al., 2018: Ayinde et al., 2020). Furthermore, lower RMSE
and X? values in pseudo-second-order model confirm the reaction kinetics to be more feasible.
Similar trends were observed and postulated in similar studies (Ngulube et al., 2017; Denga et al.,
2018: Ayinde et al., 2020). Chemisorption is defined as an adsorption process which involves a
chemical reaction between the surface of the materials and the adsorbate. New chemical bonds are
generated at the adsorbent surface, hence the adsorbed substance (fluoride) is held by chemical
bonds on the materials’ surface.

The adsorption process involves steps such as the transport of adsorbate from bulk solution
to the external layer of the adsorbent, diffusion of the adsorbate onto the pores of the adsorbent
and subsequently interaction of the adsorbate molecules with the atoms within the pores of the
adsorbent leading to chemisorption. In order to extrapolate these steps during fluoride removal by
HTAC, the commonly used Weber-Morris intra-particle diffusion model (Equation 5.9) was used
applied (Weber & Morris, 1963; 1964).

qe = k;t®> +C (5.9)

Where ki (mg/g min®®) is the intra-particle diffusion rate constant and is derived from the slope of
t%5 versus g: while g (mg/g) is amount adsorbed per unit mass at a time, t (min®%) and C (mg/g)
that gives an idea about the thickness of the boundary layer. Figure 5.7 represents represents the
plot for intra-particle diffusion model. The plot of g: versus t>° showed two clear phases indicating
that two adsorption mechanisms were involved in the sorption process namely, boundary layer
adsorption (phase 1) wherein fluoride ions are attracted to the outer layer of the adsorbent via
electrostatic attraction and intra-particle diffusion (phase 2). The initial plot is the rate-determining
step and signifies the attraction of fluoride onto the adsorbents’ surface and subsequent adsorbate

molecules’ diffusion from exterior of the adsorbent into the adsorbents’ pores or along the pore-
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wall surfaces indicating particle diffusion (phase 1) (Figure 5.7) while the second plot is the rapid
adsorption attachment of the adsorbate molecules with the atoms within the pores (phase 2) (Figure
5.7) where in fluoride ions are diffusing into the mesopores of adsorbent and interact with the
atoms within the pores leading to chemisorption.

The rate constant i.e., the slope (Table 5.3) in phase 1 is higher than the value in phase 2
indicating that the boundary layer occurred faster than the diffusion step (Karthikeyan et al., 2005:
Gupta et al., 2011; Ghasemi et al., 2014; Tran et al., 2017).

The intercept, C in the plots correspond to the boundary layer thickness. The value of C,
determined from the intercept in the plots correspond to the boundary layer thickness is higher in
phase 2 than phase 1 suggesting the stronger effect of the boundary layer limiting the diffusion of
fluoride ion onto the pores of the adsorbent. The intercept values for the two plots are given in
Table 5.3 and Figure 5.7. The higher the intercept the stronger the effect of boundary layer.

1,54 -

1,52 -
y=0,081x + 1,2992

R?=0,9999

y = 0,0073x + 1,4529
R?=0,6156

0 1 2 3 4 5 6 7 8 9 10
timeA%> (min/%)

Figure 5.7: Intra-particle diffusion plot of fluoride sorption on the HTAC (dosage: 0.8 g/40 mL,
initial fluoride concentration: 10 mg/L, temperature: 298 K and shaking speed: 250 rpm).

5.3.2.2 Effect of adsorbent dosage

Figure 5.8 depicts variation of percent fluoride removal and adsorption capacity with
adsorbent dosage. The fluoride sorption increased steadily (from 41 to 52%) at adsorbent dosage
of 0.1 to 0.8 g and thereafter stabilised. (Figure 5.8). As adsorbent dosage increased, more sites
and surfaces became readily available for fluoride sorption, hence, there was increase in percent

fluoride removal. Further increase in adsorbent dosage from 0.8 - 1.0 g resulted in equilibration as
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it became difficult for the adsorbate species to access the adsorption sites due to reduction in
available sites as a result of fluoride occupation. Further additional increase in adsorbent dosage
did not lead to considerable increase in adsorption capacity due to overlapping of the active sites
at higher adsorbent dosage, thus reducing the net surface area (Karthikeyan et al., 2005).

Therefore, optimum dosage of 0.8 g/40 mL was adopted and used for subsequent experiments.
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Figure 5.8: Variation of percent fluoride removal and adsorption capacity with adsorbent dosage
(initial fluoride concentration = 10 mg/L, volume of solution = 40 mL, optimum contact time =5
min, Initial pH = 6.0, temperature = 298 K and shaking speed = 250 rpm).
5.3.2.3 Effect of pH

Figure 5.9 shows the pH effect on fluoride removal. The initial pH effect on fluoride
removal was assessed by varying the initial pH of the mixtures from 2 to 12, utilising 0.1 M HCI
and 0.1 M NaOH. The percent fluoride removal was observed to increase as the pH increased from
2 to 6 and thereafter sharply decreased to stabilise at pH 8 - 12. Fluoride removal of about 58%
was observed at optimum pH of = 6.85 and decreased to about 40% at pH 8 - 12 (Figure 5.9). The
pH of the solution ultimately changed the surface charges of the adsorbent and consequently this
affected the behaviour of fluoride adsorption at different pH levels. To establish the behaviour of
fluoride at different pH levels, the pH at point-of-zero charge (pHpzc) (i.e., point at which the clay
has zero net surface charges) of the adsorbent was evaluated using titration method and the results

are presented in Figure 5.10. The results showed that the pHp.c of HTAC was 8.1. This suggests
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that at pH above 8.1, the surface of the clay is negatively charged and OH" charges dominate the
surface of the adsorbent while at pH below 8.1, the surface is positively charged and the H*
dominates the surface of the material. Therefore, the reduction in fluoride removal at pH 8.1 and
above could be attributed to electrostatic repulsion between the negatively charged surface and
fluoride ions in the solution. At strong acid pH, H* dominates the solution and hence reacts with
fluoride ions in the solution, leading to formation of weak hydrofluoric acid. During fluoride
sorption, the final pH was observed to be generally higher than the corresponding initial pH. The
increased pH at pH below pHp;c was due to H* released from the surface of the adsorbent due to
formation of weak HF while the increased pH above pHp;c was due to OH"released as a result of

ion exchange at pH above pHpzc.
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Figure 5.9: Percent fluoride removal variation and equilibrium pH with initial pH (initial fluoride
concentration = 10 mg/L, volume of solution = 40 mL, optimum adsorbent dosage = 0.8 g,
optimum contact time = 5 min, temperature = 298 K and shaking speed = 250 rpm. The pH was
varied between 2 and 12).
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Figure 5.10: pH at point-of-zero charge (pHpzc) of HTAC (adsorbent dosage = 0.8 g/40 mL,
contact time = 24 h, agitation speed = 200 rpm and temperature = 298 K).

To summarise the fluoride removal mechanism, at low pH, the surface of HTAC has
positive charges (Equation 5.10), the fluoride sorption decreases as pH decreases due to positively
charged surfaces and since the solution has more H* ions at lower pH, the formation of weak HF
acid becomes inevitable at this strong acid pH (Equation 5.11) while fluoride may be removed via
electrostatic attraction (Equation 5.12). This is due to strong electrostatic attraction of the fluoride
to the adsorbent’s surface followed by a strong complexation of the inner sphere at equilibrium
(Ghasemi et al., 2014), while at higher pH, fluoride uptake slows down as the surface has more
negatively charged ions owing to increasing hydroxyl ions on the HTAC surface and hence, a
repulsion between the surface and fluoride ions (Equation 5.13). At pH equals to pHpzc (point-of-
zero charge), the surface of the HTAC clay has no charge (neutral) and therefore ion exchange
could take place between OH on the neutral HTAC clay surface and the F in solution as illustrated
in equation 5.14.

= HTAC(OH), + H* & = HTACOH* + H,0 (5.10)

H* + F~ o HF (5.11)

= HTACOH* + F~ & = HTACOHF (5.12)

= HTAC(OH)3 + F~ © = HTAC(OH),F~ + OH~ (5.13)

= HTAC(OH), + F~ © = HTACOHF + OH- (5.14)
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5.3.2.4 Effect of fluoride concentrations

Figure 5.11 depicts the initial fluoride concentration effect on fluoride removal. There was
a sharp increase in percent fluoride removal from about 32 to 52% as the initial fluoride
concentration increased from 0.1 to 6.0 mg/L and thereafter decreased steadily as initial fluoride
concentration increased further from 6 to 100 mg/L (Figure 5.11). The rapid increase in fluoride
removal at low initial fluoride concentrations was attributable to availability of more binding sites
on HTAC surfaces. The rapid increase peaked at 52% fluoride removal at 6.0 mg/L. Further
increase in fluoride concentration led to a steady reduction in fluoride sorption due to increased
fluoride ions at higher fluoride concentrations, competing for a fixed number of (reduced) binding
sites on the treated clay surfaces. Hence, an initial optimum fluoride concentration of 6.0 mg/L
was used for subsequent experiments. The adsorption capacity increased steadily with increasing
fluoride concentration from 0.1 to 100 mg/L. However, stabilisation was observed between 40 -

50 mg/L fluoride concentrations.
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Figure 5.11: Variation of percent fluoride removal and adsorption capacity with initial fluoride
concentration (adsorbent dosage = 0.8 g/40 mL, optimum contact time = 5 min, pH = 6.8,
temperature = 298 K and shaking speed = 250 rpm. Variation of initial fluoride concentrations was
between 0.1 mg/L and 100 mg/L).

Langmuir and Freundlich adsorption isotherm models were used to describe the fluoride
sorption behavior onto HTAC adsorbent under the evaluated experimental conditions. Langmuir

isotherm models the adsorption surfaces to be monolayer and assumes sorption to take place
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structurally on adsorbents’ homogenous surface. Sorption isotherm parameters were obtained by
using 0.8 g of HTAC adsorbent per 40 mL of fluoride solution (1 - 80 mg/L) for 5 min at 298 K.

Langmuir model non-linearised form, which applies to homogeneous adsorption medium
describing monolayer systems in a sorbent-sorbate interface is given as (Langmuir, 1916:
Karthikeyan et al., 2005: Lee & Tiwari, 2015; Tran et al., 2017: Sahu & Singh, 2019: Al-Ghouti
& Daana, 2020):

— QmKLCe
9= 137K,

(5.15)
where Ce is fluoride equilibrium concentration in the solution, ge (mg/g) is the adsorption capacity
or the amount of fluoride ion adsorbed per unit mass of HTAC adsorbent at equilibrium, Qmax
(mg/g) is maximum adsorbents’ monolayer capacity and K. (L/mg) is Langmiur adsorption
equilibrium constant related to the affinity of binding sites.

Furthermore, the fundamental characteristics of Langmuir isotherm can be determined
using a dimensionless constant separation factor for the fluoride equilibrium parameter, Rp
(Equation 5.16) (Weber & Chakravorti, 1974: Sahu & Singh, 2019: Al-Ghouti & Daana, 2020).

given as:

1

R, = ————
L7114+ K¢

(5.16)

where Ci (mg/L) is the initial fluoride concentration and Ky is the Langmuir equilibrium constant
The Ry value is vital in determining if an sorption process is favourable (0 < R < 1), unfavourable
(R.>1), linear (RL=1) or irreversible (RL= 0).

The non-linear Freundlich adsorption isotherm is used to describe multilayer sorption on
heterogeneous surfaces. Freundlich non-linearised equation is expressed as in Equation 5.17
(Freundlich, 1906: Foo & Hameed, 2010: Sahu & Singh, 2019: Al-Ghouti & Daana, 2020):

4o = KpCJ/ (5.17)

where Ce (mg/L) is equilibrium concentration of the fluoride, ge (mg/g) is adsorption equilibrium
capacity of the adsorbent, kr (mg/g) is empirical Freundlich constant related to capacity of
minimum adsorption and 1/n is the dimensionless parameter for Freundlich adsorption isotherm
related to the intensity of adsorption which is adsorption driving forces’ magnitude or the

heterogeneity surface. Adsorption is favourable when 1/n < 1, unfavourable when 1/n >1, linear
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when 1/n = 1 and irreversible when 1/n = 0 (Foo & Hameed, 2010: Al-Ghouti & Daana, 2020).
The values of kr and 1/n are derived from slope and intercept of log ge versus log Ce.

Figure 5.12 depicts the non-linear plots for Langmuir and Freundlich adsorption isotherms,
respectively while Table 5.4 shows the respective obtained model parameters for fluoride sorption
by the hydrothermally-treated aluminosilicate clay (HTAC) adsorbent at 298 K.

The generated data described by the adsorption isotherms in Figure 5.12 revealed increased
adsorption capacities with increasing fluoride concentration, characterised by saturation at high
concentration. Based on the high co-efficient of determination (R?) values and low chi-square (X?)
values in Table 5.4, the adsorption data fitted better to Freundlich adsorption isotherm model (R?
=0.997 and X? = 0.0095) than Langmuir adsorption isotherm model (R?= 0.995 and X? = 0.0194)
at 298 K (Table 5.4). This suggests that adsorption of fluoride onto HTAC occurred on a
heterogeneous surface.

Furthermore, the feasibility of fluoride uptake by Langmuir and Freundlich models were
confirmed by the calculated values of both the dimensionless constant, (R.) and adsorption
intensity (n). Both values range between 0 and 1, thereby affirming the favourable conditions for

fluoride sorption by the synthesised HTAC.
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Figure 5.12: Langmuir and Freundlich adsorption isotherm plots of fluoride onto HTAC
adsorbent. (adsorbent dosage = 0.8 g/40 mL, contact time =5 min and shaking speed = 200 rpm.
Fluoride concentration was varied from 1 to 80 mg/L).
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Table 5.4: Langmuir and Freundlich isotherm parameters for fluoride sorption onto HTAC

Model Langmuir Freundlich
Equation (Qm™*K*Ce)(1+(K*Ce) (Ke*(Ce*(1/n)
Plot Qe Qe

Qm 11.9464 + 1.9851 -

K 0.0099 £+ 0.00261 0.2060 = 0.0239
N - 1.3418 + 0.0518
Reduced chi-square (RCS) (X?)  0.0194 0.0095

COD (R-Square) (R?) 0.9955 0.9978
Adjusted R-Square (R?) 0.9947 0.9973

The comparison of the maximum adsorption capacity for HTAC with other adsorbents
reported in the literature is reported in Table 5.5 together with the experimental conditions. The
developed HTAC adsorbent showed higher adsorption capacity at natural pH of water than other

adsorbents. Further studies and surface modifications would be required to improve the efficiency

of HTAC.
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Table 5.5: Comparison of the HTAC adsorption capacities with reported adsorbents.

Adsorbent Concentrations Adsorption References

and pH Capacity (mg/g)
Granular acid treated bentonite 2.8 mg/L; pH 4.9 0.09 Maetal., 2011
Zeolite 3.5mg/L; pH 6.5 0.47 Gomez-Hortigiela et al., 2013
Vermiculite functionalised cationic surfactant 8.0 mg/L; pH 6.5 2.37 Ologundudu et al., 2016
Smectite-rich clay soil adsorbent 3.0mg/L; pH 2 0.21 Mudzielwana et al., 2016
Mixed (black and brown) clay soils 9.0 mg/L; pH 2 0.08 Ngulube et al., 2017
Clay composite (clay, grog, bone char & sawdust) 9.12mg/L; pH 6.7 0.08 Gidi et al., 2019
Mechanochemically-activated aluminosilicate clay 3.2 mg/L; pH 5 1.87 Obijole et al., 2019
Hydrothermally-treated aluminosilicate rich clay 6.0 mg/L; pH 6.8 1.75 This study
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5.3.2.5 Effect of co-existing ions
Groundwater is known to generally contain other anions in addition to F~ that may interfere
with the removal of fluoride. Figure 5.13 presents the effect of some co-existing anions on fluoride
uptake by the HTAC. Fluoride sorption was very much influenced by the CI" ions, as there was an
appreciable reduction in percent fluoride removal from the blank, hence, suggesting CI™ ions were
competing with fluoride removal during defluoridation. This was probably due to relatively
smaller and similar size with F~ ions while SO4*~, POs*", NO3~ and COs*>" ions gave similar
decrease in per cent fluoride removal respectively. The attraction strength is dependent on charge
magnitude and hydrated ion radius (size) hence, SO4>", POs* and COs* have high charge
magnitude which was probably responsible for the observed similar trends in their negative impact
on percent fluoride removal. CO3?>~and NO3~ have close ionic radii, which are 178 pm and 179 pm
respectively (Jenkins & Thakur, 1979). This might be why the two ions had nearly the same effect
on fluoride removal (Figure 5.13). The increasing order of the negative effect of co-existing ions
on fluoride uptake from water was CO3* < NOs~ < PO4* < SO4* < CI".
60 -

50 -

40
30

| T I

20
10
BLANK Chloride  Sulphate Nitrate Phosphate Carbonate
Co-existing anions

Percent fluoride removal

Figure 5.13: The effect of fluoride uptake in the presence of other co-existing anions (Contact
time = 30 min; pH = 6.5; initial fluoride concentration = 10 mg/L; initial anion concentration = 10
mg/L; adsorbent dosage = 0.8 g; solution volume = 40 mL; shaking speed = 250 rpm; temperature
=298 K).
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5.3.3 Regeneration studies and life cycle of the HTAC.

The regeneration and recyclability potential of the HTAC were carried out in six successive
adsorption and desorption cycles at an initial fluoride concentration of 6.0 mg/L, pH 5.85 at 5 min
contact time using 0.1 M NaOH and 0.1M KCI respectively. The results are presented in Figure
5.14. The percent fluoride uptake using 0.1M NaOH as regenerant decreased from 56% at first
cycle until it reached 30% at the fifth cycle. This could be due to inadequate regeneration or loss
of metal oxides during regeneration. The trend observed in this study followed the same pattern
reported by (Mudzielwana et al., 2016; Zhang et al., 2011; Jia et al., 2015; Mudzielwana et al.,
2017). However, the percent fluoride removal using 0.1 M KCI as regenerant slightly decreased
from 60% at the first cycle until about 48% at the sixth cycle, showing some promising
regeneration abilities. Hence, 0.1 M KCl is a better regenerant for the developed HTAC adsorbent

and therefore recommended for future use.

7 -
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Figure 5.14: Percent fluoride removal by HTAC in successive cycles (using 0.1 M NaOH and 0.1
M KCI at = 6.0 mg/L fluoride, contact time =5 min, pH = 5.85 and shaking speed = 250 rpm).

5.3.4 Defluoridation tests of field (Siloam) groundwater

To assess the fluoride removal efficiency of HTAC in the field water samples
(physicochemical composition presented in Table 5.6, water samples collected from Siloam
community borehole were treated at their natural pH and at optimum pH of 6.5 using adsorbent

dosage of 0.8 g/40 mL. Mixtures were agitated for 5 min optimum contact time at 250 rpm on a
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mechanical shaker. The results are presented in Table 5.6 along with the WHO guideline values
for drinking water quality. The fluoride levels in raw Siloam water after treatments at pH 6.5 and
8.5 were found to be lower due to fluoride uptake onto the HTAC surface. A decrease in F~
concentration from 6.93 to 2.89 mg/L and 3.48 mg/L at p H 6.5 and 8.5 respectively was observed.
This was attributed to the presence of more OH" at higher pH which interfered with fluoride uptake
during defluoridation. Siloam water showed a lower percent fluoride removal (49%) compared to
51% in simulated water, owing to competition of other ions with fluoride uptake during
defluoridation. There was a reduction in CI", COs* and SO4* concentrations after treatment (Table
5.6). The lower efficiency in field water may therefore be attributed to the competition between
fluoride and the co-existing ions for adsorption sites. The concentrations of Na* and Mg * cations
were slightly higher after treatment due to exchanges of cationic species into the media. However,
they remained within WHO recommended threshold (WHO, 2017). In conclusion, the developed
HTAC materials are safe and have potential for application in fluoride remediation in drinking
water. However, it should be applied to water with initial concentration below 6 mg/L F in order
to attain fluoride concentration within the WHO permissible limit. Furthermore, the HTAC’s
defluoridation efficiency and antibacterial potency could be further enhanced by increasing its pore

network, surface area and loading with bioactive anti-bacterial metal oxides respectively.

Table 5.6: Physicochemical parameters of raw and treated Siloam fluoride rich groundwater.

Parameters Field Treated at optimum Treated at initial WHO
water initial pH natural pH guidelines

pH 8.4 6.5 8.4 6.0-8.5
F 6.93 2.89 3.48 1-15
Br 0.41 0.28 0.34 200
ClI 5.65 5.2 5.5 250
PO4> 4.97 2.30 2.28 20-50
SO4* 13.30 13.34 13.34 200-400
Na* 68.5 90.3 87.1 200-250
K* 3.1 0.5 0.7 200-250
Ca** 1.4 0.2 <LOD 75
Mg?* <LOD 0.3 0.1 50

Footnote: < LOD = below limit of detection. All concentrations are in mg/L.
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5.3.5 Antibacterial studies

Antibacterial potency of the hydrothermally-treated aluminosilicate clay (HTAC) and three
untreated MAC samples were evaluated with the well assay diffusion method. Figure 5.15 shows
the photographs of the zone of inhibition of the four samples investigated. The treated sample
(HTAC) and three untreated samples (MACs) were tested for their antibacterial activities (Figure
5.18) by using gram negative E. coli strains. However, only the treated clay (HTAC) have a zone
of inhibition of about 15 mm, an indication of promising antibacterial potency against the E. coli
(ATCC 35218) strains (Figure 5.15). In the previous study, all the untreated clay (MAC) did not
show antibacterial potency against the bacterial strains used (Obijole et al., 2019). This results
further confirmed the outcome of the previous study. The potency of the developed HTAC may
be due to the release of intra-cellular reactive oxygen species on exposure of bacterial cells to the
surface of synthesised hydrothermally-treated aluminosilicate clays (Horie et al., 2012), among

other factors.

Figure 5.15: Pictorial view of the hydrothermally-treated aluminosilicate clay (HTAC) and three
untreated MAC samples showing the zone of inhibition on a single plate.

5.4 Conclusions and recommendations

In this study, mechanochemically-activated clay was hydrothermally treated to enhance its
performance towards defluoridation and pathogen removal from groundwater. The maximum
sorption capacity of the developed hydrothermally-treated aluminosilicate clay in simulated
fluoride water at pH 6.8 was 1.75 mg/g while the maximum percent fluoride removal was 53%
(initial fluoride concentration: 6.0 mg/L, adsorbent dosage: 0.8 g/40 mL, contact time: 5 min,
shaking speed: 250 rpm and temperature: 298 K). The kinetic studies showed fluoride sorption
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fitted well to pseudo-second-order thereby confirming the sorption process occurred via
chemisorption. Adsorption isotherm data were better described by Freundlich isotherm model,
which confirmed a multi-site heterogeneous sorption. All co-existing anions inhibited fluoride
uptake, however, chloride ions exerted the greatest inhibition of the evaluated anions. The
developed HTAC revealed a promising regeneration and recyclability potential when 0.1 M KClI
was used as regenerant compared to 0.1 M NaOH.

The synthesised HTAC’s surface is characterised by Si-OH and Al-OH groups. The
mechanism of fluoride removal from solution was governed by pH of solution. At pH > pHpzc,
fluoride removal occurred via exchange of the hydroxyl groups on the surface of the treated clay
with fluoride ions in solution leading to formation of new bonds such as Al-F and Si-F. Also, the
sorbent’s surface was positively charged at low pH (pH < pHpz), hence, fluoride ions were
adsorbed electrostatically unto the synthesised material’s surface owing to stronger attractive
forces between the fluoride and material’s surface.

The fluoride adsorption capacity of the synthesised HTAC (0.8 g/40 mL) was evaluated
for fluoride removal using Siloam groundwater at initial pH 6.5, initial fluoride concentration of
6.93 mg/L at 298 K. The percent fluoride removal was 51%. While keeping the adsorption
conditions constant, the same dosage of synthesised HTAC yielded 49% fluoride removal from
Siloam water at pH 8.5. Antibacterial studies showed that the developed HTAC adsorbent has
potent antibacterial activities against the gram-negative E. coli bacterial strains. The slight
reduction of percent fluoride removal in Siloam groundwater compared to simulated water was
due to the presence of co-existing ions which competed for fluoride uptake in Siloam water. The
HTAC adsorbent’s defluoridation efficiency and antibacterial potency could be further enhanced
by increasing its pore network, surface area and loading with bioactive anti-bacterial metal oxides
respectively.
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CHAPTER SIX: PORE-FORMING-AGENT-ASSISTED (POROUS)
HYDROTHERMALLY-TREATED ALUMINOSILICATE CLAYS (PHTAC):
EVALUATION OF OPTIMUM CONDITIONS FOR SYNTHESIS AND
PHYSICOCHEMICAL CHARACTERISATION

6 Abstract

In the previous chapter, mechanochemically-activated clay (MAC) was hydrothermally
treated successfully and applied to fluoride and pathogen removal from groundwater. The
maximum fluoride removal increased from 32% in MAC to 53% in HTAC. The antibacterial
studies showed an improved potency from zero in MAC to 15 mm in the synthesised HTAC.
Although, defluoridation and antibacterial potency improved in HTAC, further modification of the
materials via surface and pore enhancement for higher fluoride removal is recommended. This
chapter focusses on the optimisation of operational parameters to increase surface area and pores
of HTAC through introduction of NaClO; as a pore-forming agent to synthesise porous-
hydrothermally-treated aluminosilicate clays (PHTACs) and the implication on their
physiochemical properties. Operational parameters such as pore-forming agent mass,
hydrothermal treatment temperature and time were considered for their synthesis. Prior to addition
of pore-forming agent, dissolution of silica and alumina was carried out using 1.5 M NaOH for 2
h at 298 K. Thereafter, the slurry obtained was hydrothermally treated while varying treatment
time, water content, and NaClO3. The samples were characterised using BET, FT-IR, SEM-EDS
and XRD to study the effect of pore forming agent on the clay surface properties. Preliminary
batch fluoride adsorption experiments were conducted to determine optimally synthesised
samples. The results showed NaClOs, treatment time and water content are critical in the
modification of the synthesised materials. Several new mineral phases corresponding to hydroxy
sodalite were observed and confirmed by characteristic sharp intense peaks around at 2-degree 6
= 15, 25, 32 and 35, while SEM micrographs showed changes in morphology from platy-like
structure to fine piston needle-like particles interlaced with pores as synthesis conditions were
varied. This was confirmed by XRD, FTIR and SEM analyses. The BET results showed increasing
surface area from 47.37 m?/g to 52.56 m?/g in the best optimised products. The introduction of
NaClOs during treatment impacted on the surface area and defluoridation potential of synthesised
PHTACSs. The adsorption capacity of PHTAC products improved to between 1.55 and 3.45 mg/g.
The best synthesised PHTAC-18 product, which was obtained by using 1.0 g/100 mL adsorbent
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dosage, 0.20 g/100 mL pore formers, 9 mL water content at 300 °C and 6 h hydrothermal treatment
temperature and time respectively gave the highest defluoridation potential and was therefore

selected for use in batch defluoridation experiment- presented in Chapter Seven.

Keywords: Adsorption, Defluoridation, Fluoride, Hydrothermal treatment, Groundwater,

Mechanochemical activation, Pathogens, Pore-forming agent.

6.1 Introduction

In the preceding chapter, hydrothermally-treated aluminosilicate clay (HTAC) was
successfully synthesised through hydrothermal treatment processes and further tested for its
efficiency towards fluoride and pathogen removal from groundwater. The results showed that the
synthesised materials performed better in fluoride and pathogen removal over
mechanochemically-activated clay (MAC). However, the quest for improved fluoride removal
performance led to the modification of the HTAC materials via the introduction of pore formers
(NaClOs).

Even though hydrothermal treatment techniques have been used to improve the surface
area and crystallinity of aluminosilicate materials for better adsorptive performance such as
reported in several research works (Holler & Wirsching 1985; Cundy & Cox, 2005; Byrappa et
al., 2006; Byrappa & Yoshimura, 2006; Yoshimura & Byrappa, 2008; Byrappa & Yoshimura,
2012; Luo et al., 2018), there is the need for further improvement for better efficiency.
Hydrothermal techniques have also been used to synthesise zeolites from parent aluminosilicate
materials for enhanced defluoridation. Hollman et al. (1999) synthesised zeolite Na-P1 through
direct hydrothermal treatment from coal fly ash (CFA) and NaOH solution. Musyoka et al. (2009),
Nicholas et al. (2012) and Gitari et al. (2016) also used a two-step process involving
aluminosilicate dissolution followed by hydrothermal treatment to synthesise different types of
zeolites and other crystalline materials from CFA. In addition, various materials have been
previously developed through some pore-forming-agent-assisted-hydrothermal treatment of
alumunosilicate materials and further applied in water defluoridation (Cundy & Cox, 2005;
Dhillon et al., 2015; Yao et al., 2018; Khandare & Mukherjee, 2019). These materials showed
better performance in defluoridation than the parent materials but at elevated temperatures.

To date, studies on the multifunctionality of pore-forming agent such as NaClOs-assisted-

hydrothermally treated aluminosilicate rich (smectite) clays towards fluoride and pathogen
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removal from groundwater have not been reported, therefore, this chapter focuses on optimising
conditions for enhancing the pores of hydrothermally-treated aluminosilicate clay synthesised in
the previous chapter with the aim of improving its multifunctionality towards fluoride removal
from groundwater. The porous-hydrothermally-treated aluminosilicate clay (PHTAC) was
synthesised following the stepwise process which involves briefly, i) addition of varying amounts
pore formers - NaClOz (0.05 - 0.2 g/100 mL) to the clay/NaOH slurry earlier obtained in the
preceding chapter followed by ii) concurrent variation of the hydrothermal treatment time, and
water content at temperature of 300 °C, iii) characterising the products obtained using FTIR, BET,
SEM-EDS and XRD in order to determine the effect of pore-forming agent on physicochemical
properties, iv) carrying out batch defluoridation experiments to determine the best synthesised

product based on its fluoride adsorption capacity.

6.2 Materials and methods
6.2.1 Sample collection and preparation

Aluminosilicate clay samples were collected from Mukondeni village, Vhembe District in
Limpopo Province, South Africa. Samples were collected and stored in a polyethylene plastic bags.
Prior to experiment, clays soil sample were prepared according to the procedures described in
Chapter Four (subsection 4.2.1). All analytical grade reagents used in this study included NaOH
pellets-anhydrous > 98% (Sigma Aldrich), NaF > 99% (Sigma Aldrich), NaCIO3 (Sigma Aldrich),
HCI, Na.COs3 > 99% (Sigma Aldrich), NaNOs > 99% (Sigma Aldrich), NaCl > 99% (Sigma
Aldrich), NazPO4 > 99% (Sigma Aldrich), Na2SOs, TISAB I11 solution (Sigma Aldrich).

6.2.2 Optimisation of conditions for synthesis of PHTAC adsorbents

In order to synthesise PHTAC, finely ground mechanochemically-activated clay (MAC)
was subjected to dissolution using NaOH and then hydrothermally treated with addition of sodium
chlorate (NaClOz3) as pore-forming agent while concurrently varying the hydrothermal treatment

time and amount of pore-forming agent at predetermined hydrothermal temperature.

6.2.3 Dissolution of aluminosilicate clay

A two-step process adopted from Hollman et al. (1999) and Musyoka et al. (2009) and
Gitari et al. (2016) was used for the synthesis of PHTAC. Firstly, the synthesis process involved
dissolution of finely ground MAC in NaOH solution at predetermined clay/NaOH ratio and
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concentration followed by hydrothermal treatment of the slurry mixture in varying amount of
NaClOs at predetermined temperature of about 300 °C. For hydrothermal treatment, the
hydrothermal time, amount of NaClO3 and water content were optimised. Solution of 1.5 M NaOH
was prepared according to procedures in subsection 4.2.2.1 Thereafter, 5 g clay was dispersed into
1.5 M NaOH solution and the slurry mixtures were aged. Thereafter, mixture was filtered, residue
washed, dried and then weighed following the experimental protocol in subsection 4.2.2.1.
Furthermore, evaluation of the effect of contact time on dissolution of Si and Al in 1.5 M NaOH
concentration was conducted according to procedures in subsections 4.2.2.1 and 4.2.2.2

respectively, to determine the optimum time for Si and Al dissolution from the clay.

6.2.4 Evaluation of optimum condition for synthesis of porous-hydrothermally-treated
aluminosilicate clay (PHTAC)

In order to prepare PHTAC, the mixture obtained in subsection 6.2.3 was subjected to
hydrothermal treatment while concurrently varying amount of NaClOs, hydrothermal treatment
time, and water/silica ratio at predetermined temperature of 300 °C (decomposition temperature
of NaClOs3). Table 6.1 presents a summary of experimental runs conducted to optimise the
conditions. Briefly, 20 mL of optimised clay/NaOH slurry mixture and a predetermined (fixed)
volume of 9 mL water were measured into a parr bomb vessel followed by addition of 0.05 g mass
of NaClOs. Thereafter, the slurry mixture was placed in an oven at temperature of about 300 °C at
hydrothermal treatment time of 1 h. The experimental runs was repeated by concurrently varying
the mass of NaClOz between 0.05 and 0.2 g and hydrothermal treatment time between 1 and 18 h.
Massive destruction of the materials and explosion were experienced when attempts were made to
further increase the treatment time beyond 18 h at about 300 °C decomposition temperature of the
pore-forming agent (NaClOz). Hydrothermal treatment time, amount of pore forming agent and
water content were varied concurrently in order to obtain optimal conditions for PHTAC synthesis.
After treatment, the recovered solid residues of PHTAC were dispersed in 500 mL of Milli-Q
water to reduce the effect of high alkalinity of solution on the PHTAC adsorbent formed. The
suspensions were then passed through 0.45 um pore polypropylene filter membrane. The residues
were further rinsed with Milli-Q water until near neutral pH. Thereafter, they were oven dried at
110 °C for 6 h and milled to pass through 250 pm test sieve using a mortar and pestle and then

stored in plastic bottles to prevent moisture ingress (Wang et al., 2017).
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Table 6.1: Experimental conditions for synthesis of PHTAC.
Note: Hydrothermal treatment time, pore-forming agent amount and water content were varied concurrently in order to obtain
optimum conditions for the synthesis of PHTAC adsorbent (Adapted from Musyoka, 1999; 2012).

Parameter Runs  Ageing H.0 Hydrothermal Hydrothermal treatment Pore-forming Sample
investigated content (mL) treatment time (h) temperature (°C) agent (NaClOs)
Hydrothermal 1 9 1 285 0.05 PHTAC-1
treatment time 2 9 3 285 0.05 PHTAC-2
and amount of  3* 9 6 285 0.05 PHTAC-3
pore-forming 4 9 12 285 0.05 PHTAC-4
agent added to 5* 9 18 285 0.05 PHTAC-5
HTACs 6 9 1 285 0.10 PHTAC-6
7 9 3 285 0.10 PHTAC-7
8* 9 6 285 0.10 PHTAC-8
9 9 12 285 0.10 PHTAC-9
10 9 18 285 0.10 PHTAC-10
11 9 1 285 0.15 PHTAC-11
12 9 3 285 0.15 PHTAC-12
13 9 6 285 0.15 PHTAC-13
14 9 12 285 0.15 PHTAC-14
15* 9 18 285 0.15 PHTAC-15
16 9 1 285 0.20 PHTAC-16
17* 9 3 285 0.20 PHTAC-17
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18* 9 6 285 0.20 PHTAC-18
19 9 12 285 0.20 PHTAC-19
20 9 18 285 0.20 PHTAC-20
Addition of 21 0 6 285 0.20 PHTAC-21
water content 22 3 6 285 0.20 PHTAC-22
23 6 6 285 0.20 PHTAC-23
24 9 6 285 0.20 PHTAC-24
25 12 6 285 0.20 PHTAC-25

Footnote: * selected porous-hydrothermally-treated aluminosilicate clay (PHTAC) samples.
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6.2.5 Physicochemical and mineralogical characterisations

The synthesised porous-hydrothermally-treated aluminosilicate clays (PHTACs) were
evaluated for functional groups using Fourier Transform Infrared spectroscopy (Bruker, Germany:
ATR-Diamond FT-IR spectrophotometer) in the range of 4500 - 500 cm ™. The PHTAC surface
and specific area, pore volumes and pore sizes were measured with Micromeritics TriStar Il
Surface Area and porosity unit instrument (Micromeritics, Norcross, GA, USA) using Brunauer-
Emmett-Teller (BET) method. Scanning electron microscopy was conducted using JEOL - 2100
Electron Microscope TESCAN, Vega 3XMU (TESCAN, Brno, Czech Republic) to evaluate the
morphology of the samples. Examination of the qualitative and quantitative mineral phase
composition was done by employing a D8 advance X-ray diffraction (Bruker, Germany) equipped
with Cu- Ka source radiation. The mineralogy was determined by selecting the best—fitting pattern
from the ICSD database to the measured diffraction pattern, using X’Pert Highscore plus software.
The relative phase amounts (weight percent of crystalline portion) were estimated using the

Rietveld method (X Pert Highscore Program).

6.2.6 Defluoridation process

Defluoridation adsorption experiments were conducted on all the PHTAC products
obtained. Evaluation was carried out using 1.0 g/100 mL PHTAC dosage, 5 mg/L fluoride solution
in 250 mL bottles at initial pH of 4.2. The mixtures were shaken for 30 min at 250 rpm and 298
K. Thereafter, equilibrium pH were measured. The mixtures were centrifuged for about 30 min at
4000 rpm and the supernatants analysed for residual fluoride by using a four-standard calibrated
ORION fluoride ion-selective electrode. TISAB 11l solution was added to both standards and
samples at volume ratio of 1:10 to de-complex fluoride ions. All the experiments were done in

duplicates and the mean values were reported.

6.3 Results and discussion
6.3.1 Porous-hydrothermally-treated aluminosilicate clay (PHTAC) products

Figure 6.1 presents the images of sample [PHTAC-1 to PHTAC-25] obtained at different
experimental runs with colour variations. From the figure 6.1, synthesised products obtained
showed various shades of colour which is an indication of varying degrees of modification during
the hydrothermal treatments in the presence of varying amounts of pore-forming agents (NaClO3).

There was a progressive change in the colours of the PHTAC products from light brown colour to
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dark brown and brownish-black colouration as the hydrothermal conditions such as amount of pore
formers (NaClOg), temperature, reaction time and water/silica ratio were varied respectively. The
difference in the colours of the different products could be due to the transformation or transition
in the structural oxidation state of iron within the products matrix and hydroxylation, which takes
place at elevated temperature (Eissa et al., 1994; Soulé et al., 2020). All the PHTAC products
obtained were evaluated for fluoride removal potential with the best six preforming products
selected for further characterisation and surface properties.

Figure 6.1: Imageé of all the synthesised porous-hydrothermally-treated aluminosilicate clay
samples [PHTAC-1 to PHTAC-25] respectively obtained at different experimental conditions.

6.3.2 Defluoridation of simulated fluoride solutions with synthesised PHTACs

Table 6.2 presents the percent fluoride removal and adsorption capacities of all the
synthesised porous-hydrothermally-treated aluminosilicate clays (PHTACs). The results from
Figure 6.1 and Table 6.2 showed samples of PHTAC-1, PHTAC-2, PHTAC-3, PHTAC-4 and
PHTAC-13 to have light brown colouration and thus gave lower per cent fluoride (30 - 39%)
removal, hence, suggesting mild modification. Samples of PHTAC-5, PHTAC-6, PHTAC-7,
PHTAC-9, PHTAC-10, PHTAC-11, PHTAC-12, PHTAC-14, PHTAC-20, PHTAC-21 and

PHTAC-22 showed between 40 and 49% fluoride removal, with dark brown colourations is
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suggestive of moderate influence of hydrothermal treatment conditions in the presence of the
added pore formers. Samples PHTAC-15, PHTAC-16, PHTAC-17, PHTAC-19, PHTAC-20,
PHTAC-23 and PHTAC-25 are brownish-black in colour and have percent fluoride removal
between 50 - 59%. Products PHTAC-18 and PHTAC-24 synthesised under same conditions gave
highest percent fluoride removal of 63.26 and adsorption capacity of 3.24 mg/g (Table 6.2). The
optimised conditions influenced the degree of modification. Hence, increase in the amount of pore
formers led to increase in materials’ surface area, which resulted in increasing per cent fluoride
removal. The six best synthesised products were selected based on the results of preliminary
defluoridation and further characterised using FTIR, BET, SEM-EDS and XRD techniques for

better understanding of their surface chemistry.

Table 6.2: Adsorption capacities and percent fluoride removal of the PHTAC samples.

Sample Percent fluoride Adsorption capacity, q (mg/g)
PHTAC-1 32.25 1.25
PHTAC-2 34.19 1.43
PHTAC-3* 39.27 1.77
PHTAC-4 38.30 1.85
PHTAC-5* 49.98 2.93
PHTAC-6 49.12 2.81
PHTAC-7 41.20 2.44
PHTAC-8* 49.87 2.89
PHTAC-9 40.56 2.34
PHTAC-10 49.11 2.67
PHTAC-11 42.58 2.42
PHTAC-12 41.45 1.99
PHTAC-13 39.9 1.97
PHTAC-14 40.24 2.32
PHTAC-15* 55.05 3.10
PHTAC-16 57.2 3.19
PHTAC-17* 59.33 3.23
PHTAC-18* 63.26 3.45
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PHTAC-19 57.0 3.19
PHTAC-20 58.6 3.23
PHTAC-21 46.6 2.65
PHTAC-22 49.45 2.73
PHTAC-23 57.0 3.19
PHTAC-24 62.22 3.43
PHTAC-25 52.75 3.05

Note: Products PHTAC-18 and PHTAC-24 are the same since they were prepared under the
same experimental conditions.
Footnote: * represents the selected synthesised PHTAC materials.

6.3.3 Physicochemical characterisation

6.3.3.1 Fourier transform infra-red (FTIR)

Figure 6.2 presents the FTIR spectra and functional groups of MAC, HTAC and selected
porous-hydrothermally-treated aluminosilicate clay (PHTAC) samples scanned between the range
4000 and 500 cm™. Three main transmittance regions of 3000 - 3800 cm™, 1300 - 1800 cm™ and
500 - 1200 cm™ were observed. The OH- stretching mode is observed around 3400 and 3700 cm"
! The band observed at 1600 - 1650 cm™ was attributed to H-O-H bending of water. The main
functional groups of Si-O-Si and AI-O-Al were observed around 950 - 1050 cm™ and 500 - 650
cm regions respectively (Kim et al., 2010; Luo et al., 2018). The results showed the spectra
changes in the peak intensities and bands as the hydrothermal/pore formers treatment progressed
from MAC to PHTACs. The transmittance intensities for Al-O and Si-O at around 960 and 650
cm increased in the PHTAC products owing to formation of strong Al-O-Al and Si-O-Si bonds
as hydrothermal temperature increased (Luo et al., 2018). The spectral band at 1650 cm™! in the
PHTAC products was attributed to the bending O-H bond of water molecules retained in the silica
matrix during treatment (Gougazeh & Buhl, 2014). The mechanochemically-activated clay (MAC)
slurry containing dissolved aluminosilcates obtained during ageing process, on reacting with
NaOH and the pore former (NaClO3) resulted in the vibration bands being replaced by a strong
single band around 950 cm™!, characteristic of Si-O-Al bonds in SiO4 or AlO4 tetrahedron in the
synthesised PHTAC structure (Kim et al., 2010; Luo et al., 2018). The hydroxyl peaks were
observed to decrease in the hydrothermally-treated materials as hydrothermal treatment

temperature increased owing to evaporation (Figure 6.2). The gradual disappearance of
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transmittance bands 3000 and 3600 - 3700 cm™ as treatment conditions were varied might be due
to O-H bonds breakdown and very intense and strong transmittance appearance around 600 cm™
resulting from moisture loss, following hydrothermal treatment and subsequent formation of Al-
O and Si-O bonds during surface alteration (Luo et al., 2018). The optimised HTAC-18 was
observed to have the most intense transmission bands and incidentally corresponds to the material

with the highest fluoride removal from groundwater.
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Figure 6.2: FTIR spectra of MAC, HTAC and the selected porous-hydrothermally-treated
aluminosilicate clay (PHTAC) samples.

6.3.3.2 Surface area by Brunauer-Emmett-Teller (BET) method

Table 6.3 presents the surface area, pore volume and pore size of mechanochemically-
activated clay (MAC), hydrothermally-treated aluminosilicate clay (HTAC) and selected porous-
hydrothermally-treated aluminosilicate clays (PHTAC) based on the results of preliminary
defluoridation of all the synthesised products.

BET analysis showed a significant increase in the surface area of MAC from about 17 m?/g
to 52.83 m?/g in PHTAC. There was also an increase in the surface areas of all the PHTACs with
PHTAC-18 having the highest surface area while a modest change was observed in their pore sizes
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and volumes respectively. The observed increase in surface area could be due to increasing amount
of NaClOs introduced, which led to surface alteration and formation of pores from the oxygen
released from the pore formers at pore formers’ melting point temperature range. The average pore
diameters of about 10.5 nm and 14.5 nm were obtained for the MAC, HTAC and all the PHTAC
adsorbents, hence, suggesting that the pore formers did not have any significant effect on the pore
diameters of synthesised products at the hydrothermal treatment time and temperatures. The pore
diameter of bulk of the pores were distributed within 0 - 50 nm range, suggesting that all the
materials were mesoporous (Table 6.3). The surface area of the products increased with increase
in the amount of pore-forming agent. During hydrothermal treatment at elevated temperatures, the
pore-forming agent (NaClOs) thermally decompose to yield sodium chloride (Na*Cl") and oxygen
(O2) (Equation 6.1). The O is introduced into the products’ matrix creating pores while Na* forms
part of the exchangeable cations on the synthesised products’ surface thus increasing positive
charges on the materials’ surface. Furthermore, there was increased in products’ Kinetic mobility
leading to particle breakdown into smaller particles at elevated temperatures, with particles
recrystallising to form gel-like, fine crystalline piston-like morphologies (Casci, 2005; Musyoka
et al., 2012). The fine crystals could lead to an increase in surface area and hence, an increase in
the number of sorption sites and thus, higher defluoridation potentials of the synthesised PHTAC
products.
2NaCl0; — 2NaCl + 30, (6.1)

Table 6.3: The surface area, pore volume and pore size of MAC, HTAC and the selected porous-
hydrothermally-treated aluminosilicate clays (PHTACS).

Sample BET surface  Surface area single  Pore volume  Pore size
area (m2/g) point (m?/g) (cm®/g) (nm)
MAC 17.19 16.66 10.06 14.93
HTAC 33.56 32.09 10.20 14.87
PHTAC-3 47.37 46.67 10.36 14.82
PHTAC-5 46.79 45.56 10.32 14.54
PHTAC-8 49.35 48.23 10.75 14.37
PHTAC-15 47.93 46 89 10.69 14.22
PHTAC-17 49.48 48.87 10.78 14.25
PHTAC-18 52.83 5145 10.95 14.54
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6.3.3.3 X-ray diffraction (XRD)

X-ray diffraction results are presented in Figure 6.3. The results showed progressive
changes and trends in the mineral phase of MAC compared to other modified clay adsorbents.
There were changes from weak and broad peaks in the precursor materials of MAC and HTAC to
characteristic strong and sharp peak intensities and formation of new mineral phases as pore
formers were gradually increased from 0.05 g to 0.2 g during hydrothermal treatment. The pore
formers gradually introduced oxygen into clay matrix, leading to surface alteration and
enhancement of pores leading to disappearance of peaks and formation of new mineral phases
when compared to MAC and HTAC, which were synthesised without pore formers (Figure 6.3).
The strong presence of plagioclase (albite), quartz and montmorillonite which was identified
through its prominent peaks at 6.5°, 12°, 18° and 28° two theta, in MAC was chemically
transformed via recrystallisation processes into zeolitic materials containing mainly hydroxy
sodalite in the HTAC during hydrothermal treatment (without pore formers) (Figure 6.4). The
change observed in the course of both hydrothermal treatment and addition of pore formers led to
the chemical transformation of mineral phases in HTAC into hydroxy sodalite mineral phases in
the formed geopolymeric zeolitic PHTAC products (Figure 6.3). Recent studies by (Mudzielwana
et al. (2016; 2017), Obijole et al. (2019) and Gitari et al. (2020) on smectite clay showed similar
characteristic peaks and presence of these mineral phase in the same proportions for MAC
adsorbent. Optimum amount of 0.2 g of NaClOs was observed to correspond to optimum
synthesised PHTAC-18 sample.
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Figure 6.3: X-ray diffraction spectra of MAC, HTAC and selected porous-hydrothermally-treated
aluminosilicate clay (PHTAC) samples. (Mnt - montmorillonite, Al - albite, M - muscovite, Q -
quartz, A - zeolite, HS - Hydroxy sodalite hydrate)

6.3.3.4 Surface morphology analysis

Figure 6.4 a - h presents the micrographs of MAC, HTAC and the selected PHTACs
samples. The images show progressive changes in morphology, appearance and surface area from
MAC through HTAC to all the PHTACs. The expanded arrays of irregular flared corn flakes
structures with non-crystalline platy-like particles observed in MAC (Figure 6.4 a) gradually
changed to irregular shapes and sizes with formation of crystalline geopolymer gel microsphere
structure of different thicknesses. Increasing the amount of pore-forming agent had profound
influence on the morphologies of the HTAC as observed in Figure 6.4 b. where the irregular flared
corn flakes structure and non-crystalline platy-like structures in MAC gradually gave way to long
crystalline geopolymeric gel with prismatic needle-like particles in the PHTAC products (Figure
6.4 ¢ - h). The crystalline microspheres structure in HTAC was gradually converted into long
prismatic crystalline particles which indicated successful synthesis conditions for conversion in
the various PHTAC products. The smooth irregular crystalline microspheric geopolymer gel
structures observed in HTAC (without pore-forming agent) gave way to geopolymer gel having
piston needle like crystalline particles interlaced with pores in PHTAC (with pore-forming agent).
Maximum effect was noticed in PHTAC-18 where optimum amount of 0.20 g of pore formers was

introduced.
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Elemental analysis (EDS) revealed increased concentrations of base cations of sodium,
magnesium and potassium particularly in HTAC and the PHTAC-3, PHTAC-5, PHTAC-8 and
PHTAC-18 (Figure 6.4 b - h). These elevated exchangeable base cations concentrations are
responsible for increased positive charges on the treated clay surfaces (Horie et al., 2012), this

could be responsible for enhanced fluoride sorption capacity of treated clay materials.
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Flgure64 SEM- EDS micrographs ofa MAC, b. HTAC, c. PHTAC-3, d. PHTAC-5, e. PHTAC-
8, f. PHTAC-15, g. PHTAC-17 and h. PHTAC-18 samples respectively.
Appendix 6.5: SEM-EDS micrographs of Figure 6.5

6.3.3.5 Defluoridation
Table 6.4 presents the adsorption capacities and percent fluoride removal of MAC, HTAC
and the selected porous-hydrothermally-treated aluminosilicate clays (PHTACS). The results in
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the table reveal an increase in percent fluoride removal from MAC to HTAC, which is an
indication of successful modification and treatment. The addition of pore formers led to alteration
in the surface properties which could be linked to increasing defluoridation capacities of the
PHTACs. However, lower adsorption capacities observed in PHTAC-3 and PHTAC-5 could be
due to lower amount of pore-forming agent (0.05 g) used, resulting in reduced alteration.
Adsorption capacity was observed to increase with increased amount of pore former, which
suggests the pore formers may have enhanced pore formation and surface area upon which fluoride
was adsorbed.

Generally, the introduction of pore formers was observed to lead to surface alteration
leading to larger surface area resulting in higher fluoride sorption noted in the porous-
hydrothermally-treated aluminosilicate (PHTAC) products. PHTAC-18 gave the highest
adsorption capacity owing to the highest amount of pore-forming agent which resulted to increased
crystalline morphology and pronounced surface alteration, leading to larger surface area.
Therefore, PHTAC with the highest adsorption capacity of 3.45 mg/g was selected as optimal

product for application in batch defluoridation and pathogen removal in chapter seven.

Table 6.4: Percent fluoride removal and adsorption capacities of MAC, HTAC and six best
synthesised porous-hydrothermally-treated aluminosilicate clay (PHTAC) adsorbents.

Sample Percent fluoride removal Adsorption capacity, q (mg/g)
MAC 32 1.87
HTAC 53 1.75
PHTAC-3 49 1.55
PHTAC-5 49 1.58
PHTAC-8 59 2.23
PHTAC-15 55 1.98
PHTAC-17 59 2.26
PHTAC-18 63 3.45

6.4 Conclusions and recommendations
In this study, operational parameters to synthesise porous-hydrothermally-treated
aluminosilicate clay (PHTAC) adsorbents from mechanochemically-activated clay (MAC)

adsorbents through the addition of pore formers during hydrothermal treatment process were

170

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

evaluated. PHTAC-18 product was synthesised at optimum conditions of 6 h treatment time, 0.20
g NaClO3 and 9 mL volume of water content at 298 K. BET results showed that the surface area
of the materials increased with increasing amount of pore-forming agent (NaClOs3). Increase in
water content brought about an increase in molecular species of the mixtures and purity of products
formed. Increasing water content also led to change in degree of supersaturation of ionic species,
which increased the crystal growth until equilibration was reached after which the degree of
supersaturation was slowed down. Crystallisation kinetics was therefore slowed down, thus,
restricting product formation. Increasing amount of NaClOz altered the surface morphology of the
synthesized products as the decomposition of pore former at elevated temperature releases oxygen
which is incorporated into the clay mixture matrix, thereby increasing the surface area and
alteration of the pores, and thus, impacting positively on the material’s defluoridation potential.
The results of the preliminary defluoridation indicated that optimally-altered sample (PHTAC-18)
fared better in defluoridation compared to other modified materials. The best modified synthesised
PHTAC-18 sample had the highest adsorption capacity of 3.45 mg/g. Hence, it was selected for
application in more detailed batch defluoridation and antibacterial potency evaluation in chapter

seven.
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CHAPTER SEVEN: APPLICATION OF POROUS-HYDROTHERMALLY-TREATED
ALUMINOSILICATE CLAY (PHTAC) IN DEFLUORIDATION AND PATHOGEN
REMOVAL FROM GROUNDWATER

7 Abstract

This chapter presents the performance of porous-hydrothermally-treated aluminosilicate
clay (PHTAC) synthesised from hydrothermally-treated aluminosilicate clay (HTAC) in fluoride
removal from groundwater and its potency towards pathogens. The physicochemical
characterisation of PHTAC was carried out using FTIR, SEM-EDS, BET and XRD. Batch
defluoridation studies were conducted to determine the optimum conditions for fluoride removal.
The effect of competing ions and regeneration potential were also evaluated. Antibacterial studies
were conducted using well assay diffusion method. The batch adsorption studies of PHTAC
showed optimum 68% fluoride removal and adsorption capacity of 3.45 mg/g at 10 min contact
time, 0.9 g /100 mL adsorbent dosage, 4.0 mg/L initial fluoride concentration, pH ~ 4.0 and 250
rpm shaking speed at a temperature of 298 K. The adsorption isotherm modelling showed a good
fit to both Langmuir and Freundlich isotherm models, thereby confirming both homogeneous and
heterogeneous multi-site adsorption processes. The adsorption Kinetics data also showed a good
fit to both pseudo-first-order and pseudo-second-order models implying that fluoride sorption
proceeded via both physiosorption and chemisorption respectively. Chloride and carbonate as co-
existing ions in solution reduced the fluoride removal efficiency of the adsorbent material. The
adsorbent was successfully reused for up to 8 regeneration-reuse cycles using 0.1 M KCI as
regenerant. The PHTAC showed minimum inhibition zone towards E. coli strain of 15 mm,
indicating its potency towards E. coli. The percent growth inhibition of the E. coli bacterial cell
was 89 which is very close to 90 - 95% obtained in most government water treatment plants. The
test of efficiency of PHTAC in field groundwater containing 3.94 mg/L initial fluoride
concentration using 0.9 g/100 L adsorbent dosage at 10 min contact time showed its capability to
reduce fluoride concentration from 3.94 mg/L to 1.35 mg/L, which is within the permissible WHO
limits (1.5 mg/L). In conclusion, the adsorption efficiency and antibacterial potency of the
synthesised PHTAC for fluoride and pathogen removal from groundwater improved over those of
mechanochemically-activated clay (MAC) and HTAC synthesised in the preceding chapters.
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7.1 Introduction

Groundwater contamination by fluoride and pathogens, traced to natural and anthropogenic
sources has been a great threat to human health worldwide, particularly in rural communities where
potable treated pipe-borne water are not easily accessible (WHO, 2017; 2019). This has resulted
in medical condition of dental, skeletal fluorosis (Mudzielwana et al., 2017) and various forms of
waterborne diseases. Several technologies have been proposed for water defluoridation among
which are ion exchange (Pan et al., 2018), chemical precipitation (Aldaco et al., 2005), membrane
filtration process (Kumar et al., 2017), nanofiltration (Waghmare & Arfin, 2015), reverse 0Smosis
(Bennajah et al., 2009), electrocoagulation (Luna et al., 2018) and adsorption (Gitari et al., 2017).
Adsorption technology is the most preferred due to environmental and economic advantages
(Ghorai & Pant 2004; Mudzielwana et al., 2016; Gitari et al., 2013; 2016). In the preceding
chapter, optimum conditions for synthesis of (porous) pore-forming-agent-modified-
hydrothermally-treated aluminosilicate clay (PHTAC) from MAC and HTAC through
introduction of pore-forming agent during hydrothermal treatment was successfully achieved.
Characterisation and preliminary studies of all the synthesised products led to the selection of the
optimum PHTAC synthesised. The optimised material exhibited enhanced morphology, increased
surface area and alteration of crystalline particle sizes which promoted improved performance in
preliminary defluoridation studies. In the quest to further evaluate the optimised material, batch
defluoridation and pathogen removal efficacy were conducted, thus, the main objective of this
chapter was to apply the optimally synthesised PHTAC adsorbent to batch defluoridation and
disinfection of harmful pathogen from groundwater. This was achieved by (i) characterisation of
the optimised PHTAC adsorbent synthesised, using FTIR, BET, SEM-EDS, XRD and XRF. (ii)
batch adsorption experiments to evaluate the synthesised material defluoridation capabilities (iii)
The adsorption kinetics and isotherms models were employed to elucidate the sorption Kinetics
and nature of the synthesised adsorbent. (iv) assessment of effect of co-existing ions (v) evaluation
of its regeneration potential (vi) evaluation of the antibacterial efficacy of the synthesised
PHTACadsorbent.
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7.2 Methods and materials
7.2.1 Sample collection, material and reagent preparation

Aluminosilicate clay samples were collected from Mukondeni village, Vhembe District in
Limpopo Province, South Africa. Samples were collected and stored in polyethylene plastic bags.
Prior to experiment, clays soil were prepared according to the procedures described in subsection
4.2.1. All the chemicals and reagents used in this study were analytical grade, produced by Sigma
Aldrich. The list is as follows: NaOH pellets-anhydrous > 98%, NaF > 99%, NaClOz, HCI, NaxCO3
> 99%, NaNOs > 99%, NaCl > 99%, NaPO4 > 99%, Na,SO4, TISAB Il solution. Volumes of
250 mL each of 0.5, 1, 1.5 and 2 M sodium hydroxide (NaOH) solutions were prepared in four
separate 250 mL volumetric flasks according to procedures described in subsection 4.2.2.1 The

solutions were kept in 250 mL plastic bottles with lid until when needed.

7.2.2 Synthesis of porous-hydrothermally-treated aluminosilicate clay (PHTAC) adsorbents

Prior to hydrothermal treatment of clay/NaOH/NaClOs slurry mixture, the raw clay was
activated mechanochemically by milling at 700 rpm using a RS200 milling machine (Retch, Green
Bay, WI, USA) for 30 min optimum contact time (Obijole et al., 2019). Thereafter, clay powder
was hydrothermally treated in the presence of pore-forming agent (NaClOgz) as follows: 100 mL
of 1.5 M NaOH solution were pipetted into 250 mL heat resistant, high density plastic bottles
followed by addition of 2 g of the activated clay. The slurry was aged by observing experimental
protocol in subsection 4.2.2.1 and 4.2.2.2 respectively (Gitari et al., 2016; Musyoka, 2009;
Musyoka, Petrik & Hums, 2011). Thereafter, an optimum amount of 0.20 g NaClOs was added to
100 mL clay/NaOH slurry and thoroughly shaken together. Aliquots of 20 mL of the
clay/NaOH/NaClOs slurry were transferred into a 45 mL Parr bomb vessels which were sealed
and placed in the furnace at a predetermined temperature of 300 °C and 6 h optimum hydrothermal
treatment time respectively. Thereafter, the solid products formed were dispersed in 500 mL of
Milli-Q water to reduce the effect of high alkalinity of solution on the aluminosilicate clay
adsorbent formed. The suspensions were passed through 0.45 pm pore polypropylene membrane
filters in order to recover the solid. The solids were washed further with Milli-Q water until near
neutral pH. Recovered residues were then oven dried at 110 °C for 6 h and then allowed to cool in
a desiccator. Thereafter, residues (PHTAC) were milled to pass through < 250 pm sieve and then

stored in plastic bottles to prevent moisture ingress (Wang et al., 2017). The physicochemical,
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mineralogical characterisation as well as fluoride and pathogen removal efficiency of the

optimised PHTAC product were conducted.

7.2.3 Physicochemical and mineralogical characterisation

The infrared spectrum of the developed PHTAC and fluoride-loaded adsorbent were
investigated for functional groups using Alpha FTIR spectrometer (Bruker, Germany: ATR-
Diamond FTIR spectrophotometer) in the range of 4500 - 500 cm ™. The PHTAC surface and
specific area, pore volumes and sizes were measured with Micromeritics TriStar Il surface area
and porosity unit instrument (Micromeritics, Norcross, GA, USA). Scanning electron microscope
was used to characterise the synthesised PHTAC and fluoride-loaded PHTAC to understand their
surface properties responsible for fluoride sorption. SEM was conducted using JEOL - 2100
Electron microscope TESCAN, Vega 3XMU (TESCAN, Brno, Czech Republic). XRD qualitative
and quantitative (mineralogy) analysis was conducted via standardised Pan-analytical backloading
system, which provided nearly random distribution of the particles. Examination of qualitative and
quantitative mineral phase composition was conducted using a D8 advance X-ray diffraction
(Bruker, Germany) equipped with Cu- Ka source radiation. The mineralogy was determined by
selecting the best—fitting pattern from the ICSD database to the measured diffraction pattern, using
X’Pert Highscore plus software. The relative phase amounts (weight% of crystalline portion) were

estimated using Rietveld method (X Pert High score Program).

7.2.4 Batch defluoridation experiments

Batch adsorption experiments were conducted to evaluate the effects of contact time,
adsorbent dosage, pH and adsorbate concentration on fluoride removal by PHTAC. Evaluation of
the effect of contact time was carried out using 1.0 g/100 mL adsorbent dosage, 4.0 mg/L initial
fluoride concentration and initial pH of =~ 4.0. The mixtures were shaken at 250 rpm while varying
the contact time from 1 to 80 min at 298 K. After equilibration, mixtures were centrifuged for
about 30 min at 4000 rpm and the supernatants analysed for residual fluoride by using a four-
standard calibrated ORION fluoride ion-selective electrode. TISAB 111 solution was added to both
standards and samples at volume ratio of 1:10 to de-complex fluoride ions. The effect of adsorbent
dosage was evaluated using initial concentration of = 4 mg/L and varying adsorbent dosage from
0.1to 1.5 g/100 mL. Mixtures were agitated for optimum contact time of 10 min at 250 rpm. The

adsorption isotherms were studied by varying the initial concentration of the fluoride ions from 1
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to 100 mg/L while the optimum adsorbent dosage of 1.0 g/100 mL was added and the mixtures
agitated for 10 min optimum contact time. To evaluate the effect of pH, the mixtures’ pH was
adjusted between 2 and 12 using 0.1 M NaOH and 0.1 M HCI respectively. Optimum adsorbent
dosage of 0.9 g/100 mL, 10 min contact time and 4 mg/L initial fluoride concentration were used.
The effect of co-existing ions on defluoridation in the presence of separate 10 mg/L of chloride,
nitrate, phosphate, carbonate and sulphate was evaluated at initial fluoride concentration of 10
mg/L using 1.0 g/100 mL adsorbent dosage at initial pH 6.9 + 0.1 with the mixtures agitated for
30 min. All the experiments were carried out in duplicates and the mean values reported.

The percent fluoride removal and adsorption capacity were derived from equations 7.1 and

7.2, respectively.

Percent fluoride removal = (C"C;Ce) x 100 (7.1)

v
Adsorption capacity,q = (C, — C,) X - (7.2)

Where g is the mass of fluoride adsorbed in mg/g of adsorbent, Co and C. are the initial and
equilibrium concentrations of fluoride respectively, V is the volume of the solution in litres and m

is the mass in gramme of the developed PHTAC

7.2.5 Regeneration potential experiment

Fluoride-loaded PHTAC was regenerated by agitating 1.0 g of loaded PHTAC separately
with 100 mL of 0.1 M NaOH and 0.1 M KCI on a mechanical shaker for 30 min. Thereafter, the
mixtures were filtered using a 0.45-um pore membrane filter and then the resulting filtrate diluted
to 100 mL and analysed for fluoride desorbed. The resulting PHTAC residues were thoroughly
washed on the filter paper with deionised water and oven-dried at 110 °C for 4 h. Batch
experiments were carried out on the regenerated PHTAC adsorbent. The regenerated-reuse

experiments were repeated up to eight times.

7.2.6 Antibacterial studies

Antibacterial activities of the synthesised PHTAC adsorbent were evaluated with
Escherichia coli (E. coli) strains by using well diffusion assay method. The well diffusion assay
method is a simple and standard antibacterial testing procedures worldwide. The zone of
inhibitions was recorded in millimeter (mm). The bacterial suspensions were prepared with the

turbidity of 0.5 McFarland. Muller-Hinton agar was also prepared by methods earlier described in
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subsection 5.2.6 and placed into plates, which were inoculated with the strains of E. coli. Wells
with 6 mm diameter were bored with a cork borer and filled with 30 pL of four of the PHTAC
slurry on a plate against the bacterial strain. The plates were incubated for 24 h at 37 °C. Thereafter,
the growth inhibition zone diameters were measured. The agar plates and PHTAC sample used in
this study were carefully packaged in disposable plastic bags, sealed and sent for immediate
destruction as soon as measurements were concluded.

Furthermore, the antibacterial potency of the synthesised PHTAC sorbent against E. coli in
water was further tested using a modified liquid culture technique and UV-visible
spectrophotometry (Adeeyo et al., 2015). For the test, 0.9 g of the PHTAC sorbent was introduced
into fluoride-rich raw Siloam groundwater with standardised E. coli cells. Bacteria subculture was
made in broth and washed aseptically (Pritchard ez al., 2008). Resuspension was made in 1000 mL
of natural fluoride-rich raw Siloam groundwater as final working culture suspension. The
preparation was confirmed using gram staining techniques and API-20E bacteria identification test
kit. The count per 100 mL working solution was adjusted to 30,000 (3x10*) colony-forming unit
(cfu) by plate count technique. It has been reported that most surface and groundwater hold about
3x10* cfu of E.coli per 100 mL of water (Pritchard et al., 2008). The control sample consist of the
bacterial suspension without the addition of the treatment (PHTAC). The sorption experiment was
set up at optimised parameters obtained in the study (synthesis of PHTAC) in replicates. The
treatment potential of synthesised PHTAC against the bacterial strains in water suspension was

considered as the optical density (OD) at 600 nm and the percent growth inhibition was calculated.

Percent (%) growth inhibition = (AbsControl — AbsTest) x 100
AbsControl

where Abs is absorbance reading.

7.3 Results and discussions
7.3.1 Physicochemical characterisation
7.3.1.1 Fourier transform infra-red (FTIR) analysis
Figure 7.1 presents the FTIR spectra and functional groups of the MAC, HTAC, PHTAC
and fluoride-loaded PHTAC samples, which were scanned between 550 and 4000 cm™ range.
The spectra of the porous-hydrothermally-treated aluminosilicate clay (PHTAC) are
different from MAC, HTAC and fluoride-loaded PHTAC. The major transmittance bands were
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observed around 3000 - 3800 cm, 1300 - 1800 cm™ and 500 - 1200 cm™. The bands around 3400
and 3700 cm™* were due to OH stretching mode while bands at 1600 - 1650 cm™ were attributed
to H-O-H bending of water. The main functional groups of Si-O-Si and Al-O-Al and dominant
bands of MAC, HTAC, PHTAC and fluoride-loaded PHTAC were observed around 950 - 1050
cm ™t and 500 - 650 cm™ region respectively (Kim et al., 2010; Mikuta et al., 2015; Marsha et al.,
2019).

The transmittance bands at around 650 and 950 cm™ became sharper and intense in HTAC
at elevated hydrothermal temperature owing to formation of strong Al-O-Al, Al-O-Si and Si-O-Si
bonds. The disappearance of transmittance bands around 3000 to 3600 and 2100 to 2300 cm™
ascribed to stretching and vibration of the OH groups is indicative of moisture and hydroxyl group
lost from within the hydrothermally-treated clay interlayers at elevated temperatures (Toor et al.,
2014). The disappearance of transmittance bands around 3000 - 3600 and 2100 cm™ observed in
the hydrothermally-treated clay samples is suggestive of absence of O-H bands at elevated
temperature while the observed bands around 1500 - 1800 cm™ in the treated samples suggest the
formation of Na-O bands from the sodium aluminosilicate precursor, NaOH and NaClOs used in
the ageing and hydrothermal treatment processes. The alkaline activation and introduction of
NaClOs (pore formers) at elevated temperatures played a major role in the treated material surfaces
alteration. The disappearance of transmittance bands around 750 - 850 and 2000 - 3700 cm™ was
due to the breakdown of O-H bonds while strong transmittance appearance around 600 - 650 cm’
1 and 950 cm™ was due to strong AI-O and Si-O bonds formation during treatment. The
characteristic transmittance bands of the fluoride-loaded PHTAC showed a slight decrease in
specific bands intensity at 3700 - 3500, 2850, 1490 and 950 cm™ and around 650 cm™ when
compared with others. The observed transmittance reduction indicated that the created available
sites in the modified products had been occupied by fluoride as fluoride removal progresses which
is suggestive of fluoride uptake due to transmittance bands attributable to Al-F and Si-F bonds
around 600 - 650 cm™.
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Figure 7.1: FTIR spectra of (a) MAC (b) HTAC (c) PHTAC (d) Fluoride-loaded PHTAC.

7.3.1.2 Surface area by Brunauer-Emmett-Teller (BET)

Brunauer-Emmett-Teller (BET) surface area results of PHTAC, HTAC and MAC is
summarised in Table 7.1. There was an increase in the surface area from 17.19 m?/g in MAC to
33.25 m?/g in HTAC, which further increased to 52.83 m?/g in PHTAC while there was no
significant change in the pore volumes and sizes. The progressive increase observed in surface
area is an indication of surface alteration during modification process. This could be due to the
pop up of the aluminosilicate clay interlayer structure during the hydrothermal treatments and
introduction of the pore former (NaClO3). The average pore distribution (bulk) of the precursor
materials and the PHTAC is within the mesoporous range (Figure 7.2 a, b, and c). Also, the
nitrogen adsorption-desorption isotherm curves for raw MAC, HTAC and PHTAC are shown in
Figure 7.2 d, e and f. The adsorption-desorption curves for all the materials are similar, but quantity
(volume) of adsorbed paticles is higher in HTAC and PHTAC, which is suggestive of increasing
mesoporosity consequent upon hydrothermal treatment and introduction of pore formers

respectively at elevated temperatures.
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Table 7.1: BET surface area, surface area single point, pore volumes and sizes of MAC, HTAC
and PHTAC
Samples  BET surface  Surface area single  Pore volume  Pore size

area (m?/g) point (m?/g) (cm®/g) (nm)

MAC 17.19 16.66 10.06 14.92
HTAC 33.25 32.02 10.12 15.27
PHTAC 52.83 49.14 10.13 15.90
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Figure 7.2: Pore distribution curves for (a) MAC (b) HTAC and (c) PHTAC; Nitrogen adsorption-
desorption curves for (d) MAC (e) HTAC and (f) PHTAC.

7.3.1.3 Morphology analysis

Figure 7.3 presents the SEM-EDS micrographs of MAC, HTAC and PHTAC. The
micrograph of MAC shows expanded arrays of irregular, flared, corn flakes and platy-like
structures (Figure 7.3 a) which changed to irregular shapes and sizes particles on the external
surface with porous crystalline microspheric geopolymer gel structure, HTAC (Figure 7.3 b) while
further chemical transformation in the PHTACs products in the course of treatment produced
porous geopolymeric gels with fine crystalline, long prismatic needle-like textures interlaced with
pores (Figure 7.3 ¢).The images revealed nano-sized particles for all the micrographs as confirmed

by their BET particle size analysis results. Elemental analysis is presented in Figure 7.3 (a - c).
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EDS revealed elements such as silicon, aluminium, sodium, magnesium, iron, calcium etc
increased progressively from MAC to HTAC and PHTAC as hydrothermal treatment progressed.
The increased in the levels of Na cations observed in PHTAC might be due to Na ions introduced
from the decomposition of pore-forming agent (NaClOz). The increase in concentrations of some
of the exchangeable base cations such as magnesium iron, calcium, potassium, titanium and
sodium during hydrothermal treatment in the presence of pore formers led to increase in positive
charges on the PHTAC surfaces and hence, increase in fluoride adsorption via electrostatic
attraction of the fluoride ions onto the highly positive surfaces of the material (Konta, 1995;
Byrappa & Yoshimura, 2006, 2012).

SEM HV: 5.0 kv View nala:
SEM MAG: 60.0 kx WD: 5.14 mmn
Dot: In-Bcam SE  Data(m/dly): 03/23/19 Univarsity of Capa Town

Figure 7.3 SEM-EDS Micrographs of (a) MAC (b) HTAC and (c) PHTAC.
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7.3.1.4 X-ray diffraction (XRD)

The XRD qualitative results of MAC, HTAC and PHTAC are presented in Figure 7.4.
There was an appearance of new mineral phases, disappearance of some phases, increase and
decrease of some phases in the MAC, HTAC (without pore formers) and PHTAC (with pore
formers) as hydrothermal treatment progressed at different syntheses conditions. New phases
observed in the HTAC (without pore formers) are new zeolitic phases such as hydroxy sodalite
(HS) with traces of phillipsite (Ph) and chlorite (Ch ) (Gougazeh et al., 2014) while chabazite,
microcline montmoronollite which was identified through prominent peaks at 6.5°, 12°, 18° and
28° two theta, which were present in MAC disappeared in HTAC. PHTAC (with pore formers)
had the following new phases: zeolite, hydroxy sodalite and hydroxy sodalite hydrate while albite
and quartz mineral, which were present in HTAC disappeared in PHTAC. The most important of
these changes are the transformation to hydroxy sodalite hydrate (HS) and cancrinite, which are
critical to enhancement of surface properties responsible for high fluoride sorption in PHTAC
when compared to other materials. The changes observed in the mineral composition during
treatment (with or without pore formers) were due to chemical transformation, which occurred via
recrystallisation process. This result was further confirmed by the changes in the FTIR
characteristic peak intensities as one moves from HTAC to PHTAC. SEM micrographs of HTAC
materials showed transformation from geopolymeric gel structure with microspheres to fine
geopolymer gel with crystalline piston-like morphology interlaced with pores. Studies showed that
morphology of the geopolymeric gel materials are affected by the mediums’ characteristics and
the chemical species which acted as templates around which the aluminosilicate polymerises to
produce the microspheres and long crystalline prismatic particles interlaced with pores in both
HTAC and PHTAC. The SEM (Oztop & Shahwan, 2006). Studies by Obijole et al. (2019) on
smectite clay showed similar characteristic peaks and mineral phases for the MAC sample. The
change observed in the characteristic peak intensities in the HTAC and PHTAC are confirmed by
SEM images, which showed geopolymer gel-like materials with aggregated microsphere particles
in HTAC transformed into geopolymeric crystalline long piston-like particles interlaced with
pores. These results further corroborate the qualitative results. The trend of morphological changes
corresponds to the chemical transformation, which led to increased surface area in PHTAC, thus,

having a more positive impact on defluoridation potentials compared to MAC and HTAC.
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Hydrothermal treatment was observed to bring about complete dissolution of the slurry and
the partial dissolution of quartz led to the release of free aluminium and silicon species (Esaifan et
al., 2019). Also, the dominant appearance of XRD transmittance bands assigned to cancrinite and
hydroxy-sodalite indicated the crystallisation of released aluminium and silicon species and
reaction with calcite to form cancrinite. Once the calcite was consumed, hydroxy-sodalite started
to crystallise. This observation is confirmed by the studies conducted by Esaifan et al. (2019).
Furthermore, the high adsorption capacity-synthesised hydroxy-sodalite and canrinite-rich geolitic
PHTAC material is a confirmation of a successful synthesis.

3,5 -
— MAC HTAC PHTAC
3 HS
HS HS
, HS | | JHS'™PHS S HSHS HS HSHs Hs
[7,] -
HS HS HS HS Hs Q
14 on
0,5 -
0 L] a Mqo lé I9 1
0 10 20 30 40 50 60 70 8 90
2 THETHA (Degree)

Figure 7.4: The X-ray diffraction (XRD) spectra of MAC, HTAC and PHTAC.
Footnote: (Mnt - montmorillonite, Al - albite, M - muscovite, Q - quartz, A - zeolite, HS - Hydroxy
sodalite hydrate).

7.3.1.5: X-ray fluorescence analysis (XRF)

Table 7.2 presents the elemental composition of the raw MAC, HTAC and PHTAC
products. From the table, all the products are aluminosilicate materials since silica (SiO2) and
alumina (Al.O3) were observed to be the major composition. After the hydrothermal treatment, the
SiO2 and Al>Os content were observed to decrease progressively from MAC to HTAC and PHTAC
respectively, while the Na>O content increased in the order MAC (0.7%) < HTAC (5%) < PHTAC
(12%). This observation indicates that Na* was substantially incorporated into the precursor
material during hydrothermal treatment, while further addition of pore-forming agent (NaClO3)
resulted in higher Na2O content in PHTAC. Even though, the excess NaOH in the reaction products
was washed by repeated centrifugation using deionised water until the solution pH reached ~ 8.

Hence, the XRF results indicates Na was chemically incorporated into SiO, and Al>Oz in the clay
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matrix leading to the decrease SiO2 and Al2Os3 and increase NaO contents in the HTAC and
PHTAC products (Luo et al., 2018).

Table 7.2: Elemental composition of MAC, HTAC and PHTAC

Content (%)

Oxides MAC HTAC PHTAC
SiO 52.48 45.92 42.34
Al03 24.62 24.23 21.42
Fe203 6.64 7.56 7.89
MgO 2.985 4.56 6.24
CaO 1.53 321 3.56
K20 1.24 1.32 1.43
Na2O 0.707 5.45 12.21
TiO: 0.627 1.23 1.76
MnO 0.125 0.261 0.231
P20s 0.034 0.0425 0.327
SOs 0.023 0.026 0.054

7.3.2 Batch defluoridation

7.3.2.1 Contact time and adsorption kinetics

The effect of contact time on fluoride removal is presented in Figure 7.5. An increase in
fluoride removal from 46% to 68% was observed from 5 - 10 min and thereafter stabilised with
further increase in contact time. The increase was due to availability of sorption sites on the
adsorbent surfaces while stabilisation observed at about 10 min was due to saturation at the
surfaces, which suggests that equilibrium had been reached (Obijole et al., 2019). Therefore, 10

min contact time was taken as the optimum equilibration time for subsequent experiments.
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Figure 7.5: Variation of percent fluoride removal with contact time (at 10 min contact time, 0.9
9/100 mL dosage, 4.0 mg/L initial fluoride concentration, pH = 4.0, 250 rpm shaking speed and
temperature of 298 K).

To elucidate the possible fluoride adsorption mechanism and the rate limiting factors, the
non-linear equations of pseudo-first-order and pseudo-second-order models as well as Weber-
Morris intra-particle diffusion models (Yoon et al., 2017) were applied. The adsorption kinetics
studies were carried out using pseudo-first-order (PFO) and pseudo-second-order (PSO) models
to establish the sorption mechanism and fluoride removal adsorption rate of the synthesised
PHTAC (Lagergren, 1898: Qureshi et al., 1995: Ho et al., 2000: Yoon et al., 2017: Ngulube et al.,
2017: Denga et al., 2018). The pseudo-first and second-order models are expressed by the non-

linearised mathematical equations 7.3 and 7.4 respectively:

4 = qe (1— e ¥aaf) (7.3)
2 Kyqqs t

qe = qe Zadsz (7.4)
1+ Kyqzt

Where ge and g are the adsorbed fluoride per unit mass (mg/g) at equilibrium and time, t (min),
Kad (Mint) and Kaags (9.mg™/min) are rate constants for pseudo-first-order and pseudo-second-
order respectively. Figure 7.6 depicts pseudo-first-order and second-order plots respectively while
Table 7.3 presents the derived adsorption modelling parameters values values of pseudo-first-order
and pseudo-second-order kinetics respectively.
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Figure 7.6: Pseudo-first-order (PFO) and Pseudo-second-order (PSO) kinetic model plot of
fluoride uptake by the PHTAC (initial fluoride concentration = 4.0 mg/L, adsorbent dosage = 0.9

g/100 mL, temperature = 298 K and shaking speed of 250 rpm).

Table 7.3: The kinetic parameters for pseudo-first-order and pseudo-second-order models.

Models Values

Pseudo-first-order (PFO)

geal (Ma/qQ) 1.59
Kiad (Min™) 0.24

R? 0.99
RMSE 0.055
X? 0.001
Pseudo-second-order (PSO)

Qcal (MQ/Q) 1.66
Kaags (g min"t mg) 0.32
R? 0.99
RMSE 0.0952
X2 0.0052

Adsorption kinetics data in Table 7.3 shows high co-efficient of determination (R?) value
for both pseudo-first-order (PSO) (R?= 0.99) and pseudo-second-order (PFO) (R?=0.99) and low
values of residual root mean square error (RMSE) of 0.05 and 0.09 for pseudo-first-order and
pseudo-second-order kinetics respectively while X? gives a low values of 0.001 and 0.005 for

pseudo-first-order and pseudo-second-order models respectively, hence indicating that adsorption
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of fluoride onto the PHTAC depended on both physiosorption and chemisorption (Yoon et al.,
2017: Ayinde., 2020). Similar trends were observed and postulated in similar studies (Qureshi et
al., 1995: Ho et al., 2000: Yoon et al., 2017; Ayinde et al., 2020).

The intra-particle diffusion model (Figure 7.7) showed two distinct phases. The first phase
(phase 1) could be attributable to boundary layer adsorption in which the fluoride ions are
transferred from the bulk solution into the boundary layer of the PHTAC adsorbents’ surface via
physical attraction. The second phase (phase 2) represents the intra-particle diffusion where we
have the fluoride ions being diffused into the PHTACs micropores and mesopores and interact
with molecules within the particles resulting in chemisorption. The rate constants of adsorption
kiad determined from the slope were found to be higher during phase 1, suggesting faster adsorption
compared to intra-particle diffusion phase 2 which is slower as equilibrium is attained. The
constant, C, related to the boundary layer thickness showed an increase from phase 1 to 2,

suggestive of increase in boundary layer of the adsorbent particles (Table 7.4).
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Figure 7.7: Intra-particle diffusion plot of fluoride sorption on the PHTAC (adsorbent dosage =
1.0 g/100 mL, initial fluoride concentration = 10 mg/L, temperature = 298 K and shaking speed =
250 rpm).

Table 7.4: Parameters for intra-particle diffusion model
Intra-particle diffusion
i K Ci(mg/g)  Cp(mglg)  RZ R}

1.28 3.94x10% 1.8x10% 1.6 1 0.02
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7.3.2.2 Effect of adsorbent dosage

The effect of adsorbent dosage on percent fluoride removal and adsorption capacity is
presented in Figure 7.8. The percent fluoride removal was observed to increase gradually from 0.1
to 0.9 g/100 mL where maximum uptake of 69% was reached. Thereafter, slight changes were
observed as the dosage increased to 1.5 ¢g/100 mL, indicating that the system had reached
equilibrium. A general increase in percent fluoride removal could be ascribed to more adsorption
active sites for fluoride sorption leading to higher fluoride uptake. The optimum dosage of 0.9

g/100 mL was therefore selected for subsequent experiments.
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Figure 7.8: Variation of percent fluoride removal and adsorption capacity with adsorbent dosage
(initial fluoride concentration = 4.0 mg/L, volume of solution = 100 mL, optimum contact time =
10 min, initial pH ~ 4.0, temperature = 298 K and shaking speed = 250 rpm).
7.3.2.3 Effect of pH

The effect of initial pH on percent fluoride removal is presented in Figure 7.9. The effect
of initial pH on fluoride removal was evaluated by varying the initial pH of the mixtures from 2 to
12, using 0.1 M HCl and 0.1 M NaOH. The per cent fluoride removal was observed to be optimum
at 60% at low pH = 3, due to increase in surface area consequent upon hydrothermal treatment in
the presence of pore formers and thereafter decreased to about 40% and stabilises at pH =~ 4 - 6
after which a gradual decrease to about 30% was observed from pH 7 - 12 (Figure 7.9). Figure
7.10 presents the pH at point-of-zero charge (pHpzc) of optimised between PHTAC. The point-of-
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zero charge was assessed to be 4.5 + 0.5. This suggests that at pH below 4.5 + 0.5 the surface is
positively charged while above this pH the surface is negatively charged. Therefore, higher
fluoride removal at pH below pHpzc is ascribed to electrostatic attraction onto the positively
charged surface of the material and negatively charged fluoride ion while the reduction could be
ascribed to the repulsion forces between the fluoride ion and negatively charged surface. Hence,

optimum pH of 4.5 was selected.
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Figure 7.9: Variation of percent fluoride removal and final pH with initial pH (initial fluoride
concentration = 4.0 mg/L, volume of solution =100 mL, optimum dosage = 0.9 g, optimum contact
time = 10 min, temperature = 298 K and shaking speed = 250 rpm. The was varied between 2 and
12).
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Figure 7.10: Point-of-zero charge (pHpzc) of PHTAC adsorbent using 1 M KCI, 0.1 M KCI and
0.01 M KCI (adsorbent dosage = 4.0 g/100 mL, contact time = 24 h, agitation/shaking speed = 250
rpm and temperature = 298 K).

The mechanism of fluoride removal is governed by the pH of solution. At pH below 4.5
0.5 where PHTAC surface is positively charged, fluoride ions were removed via electrostatic
attraction (Equation 7.5) as well as ligands exchange mechanism where fluoride ions forms strong
complexes in the inner sphere of the adsorbent (Equation 7.6). At pH between 4 and 6 where the
surface is circum neutral and also at pH > 7 where negative charges dominate the surface of the
materials; fluoride ions were removed through ion exchange (Equation 7.7).

= PHTACOH* + F~ & = PHTACOHF (7.5)
= PHTAC(OH); + F~ © = PHTAC(OH),F~ + OH™ (7.6)
= PHTAC(OH), + F~ & = PHTACOHF + OH- (7.7)

7.3.2.4 Effect of fluoride concentrations

The effect of initial fluoride ion concentration on percent fluoride removal is presented in
Figure 7.11. There was a sharp increase in per cent fluoride removal (from 43 to 58%) as the initial
fluoride concentration increased from 1 - 5 mg/L and thereafter steadily decreased (from 58 to
30%) with a further increase in the initial fluoride concentration from 5 t0100 mg/L (Figure 7.11).
The increase in fluoride uptake at low initial fluoride concentration was due to availability of
positive/binding sites at lower fluoride ions in solution This peaked at 5 mg/L and thereafter slowly

decreases with increasing initial fluoride concentration, competing for fewer positive/binding sites
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on the PHTAC adsorbent surfaces. Hence, an initial fluoride concentration of 5 mg/L was taken

as the optimum concentration for subsequent experiments.
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Figure 7.11: Variation of percent fluoride removal with initial fluoride concentration (adsorbent
dosage = 0.9 g/100 mL, optimum contact time = 10 min, pH = 4.0, temperature = 298 K and
shaking speed = 250 rpm. Initial fluoride concentration was varied between 0.1 mg/L and 100
mg/L).
7.3.3 Adsorption isotherms

Langmuir and Freundlich adsorption isotherm models were used to describe the fluoride
sorption behavior onto PHTAC sorbent under the evaluated experimental conditions. Langmuir
isotherm models the adsorption surfaces to be monolayer and assumes sorption to take place
structurally on adsorbents homogenous surface. The sorption isotherms parameters were obtained
by using 1.0 g of PHTAC adsorbent per 100 mL of fluoride solution (1 - 100 mg/L) for 60 min at
298 K.

Langmuir model non-linearised form, which applies to homogeneous adsorption medium
describing monolayer systems in a sorbent-sorbate interface is given as (Langmuir, 1916:
Karthikeyan et al., 2005: Lee & Tiwari, 2015; Tran et al., 2017: Sahu & Singh, 2019):

QmKL Ce

— _tmTLze 7.8
1+ K,C, (7:8)

de

where Ce is fluoride equilibrium concentration in the solution, ge (mg/g) is the adsorption capacity
or the amount of fluoride ion adsorbed per unit mass of HTAC adsorbent at equilibrium, Qmax
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(mg/g) is maximum adsorbents’ monolayer capacity and K. (L/mg) is Langmiur adsorption
equilibrium constant related to the affinity of binding sites.

Furthermore, the fundamental characteristics of Langmuir isotherm can be determined
using a dimensionless constant separation factor for the fluoride equilibrium parameter, Rp

(Equation 7.9) (Weber & Chakravorti, 1974: Sahu & Singh, 2019) given as:

1

R, = ——
L7114+ K¢

(7.9)

where C; (mg/L) is the initial fluoride concentration and K is the Langmuir equilibrium constant
The Rpvalue is vital in determining if an sorption process is favourable (0 < R < 1), unfavourable
(RL>1), linear (RL=1) or irreversible (RL= 0).

The non-linear Freundlich adsorption isotherm is used to describe multilayer sorption on
heterogeneous surfaces. Freundlich non-linearised equation is expressed as in Equation 7.10
(Freundlich, 1906: Foo & Hameed, 2010: Sahu & Singh, 2019):

Ge = KeC," (7.10)
where Ce (Mg/L) is equilibrium concentration of the fluoride, ge (mg/g) is adsorption equilibrium
capacity of the adsorbent, ke (mg/g) is empirical Freundlich constant related to capacity of
minimum adsorption and 1/n is the dimensionless parameter for Freundlich adsorption isotherm
related to the intensity of adsorption which is adsorption driving forces’ magnitude or the
heterogeneity surface. Adsorption is favourable when 1/n < 1, unfavourable when 1/n >1, linear
when 1/n = 1 and irreversible when 1/n = 0 (Ghorai & Pant, 2004: Foo & Hameed, 2010). The
values of kr and 1/n are derived from slope and intercept of log ge versus log Ce.

Figure 7.12 depicts the non-linear plots for Langmuir and Freundlich adsorption isotherms,
respectively while Table 7.5 shows the respective obtained model parameters for fluoride sorption
by the porous hydrothermally-treated aluminosilicate clay (PHTAC) adsorbent at 298 K.

The generated data described by the adsorption isotherms in Figure 7.13 revealed increased
adsorption capacities with increasing fluoride concentration, characterised by saturation at high
concentration. Based on the high correlation co-efficient (R?) values and low chi-square (X?) values
for both Langmuir and Freundlich models in Table 7.5, the adsorption data had a good fit to both
Langmuir (R?=0.99 and X2 = 0.061) and Freundlich adsorption isotherm models (R?= 0.99 and
X? =0.071) at 298 K (Table 7.5). This suggests that adsorption of fluoride onto HTAC occurred

on a both homogeneous and heterogeneous surfaces.
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Furthermore, the feasibility of fluoride uptake by Langmuir and Freundlich models were

confirmed by the calculated values of both the dimensionless constant, (R.) and adsorption

intensity (n). Both values range between 0 and 1, thereby affirming the favourable conditions for

fluoride sorption by the synthesised PHTAC.
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Figure 7.12: Langmuir and Freundlich isotherm plot of fluoride adsorption on the PHTAC (1.0 ¢
PHTAC, 60 min contact time, agitation speed of 250 rpm at 298 K. Fluoride concentration was

varied from 1 to 100 mg/L).

Table 7.5: Langmuir and Freundlich isotherm parameters for fluoride sorption onto PHTAC.

Model Langmuir Freundlich
Equation (Qm*K*Ce)(1+(K*Ce) (Ke*(Ce*(1/n)
Plot Qe Qe
Qm 610.5+119.31 -
K 0.008 + 0.0024 10.09 £ 0.95
N - 1.35+ 0.044
Reduced chi-square (RCS) (X?) 0.061 0.017
COD (R-Square) (R?) 0.99 0.99
Adjusted R-Square (R?) 0.99 0.99
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7.3.4 Effect of co-existing ions on the defluoridation

Groundwater may contain other co-existing ions that may hinder the fluoride adsorption.
Figure 7.13 presents the effect of co-existing ions on fluoride adsorption. In the presence of CI,
fluoride removal reduced from 68 to 30% while in the presence of CO3*", it reduced from 68 to
36%, indicating that Cl~ and CO3s* competed with fluoride for adsorption sites. This could be due
to relatively similar and smaller sizes of CI~ and COs*>  compared to other anions which only
showed slight reduction. The order of F~uptake in the presence of other co-existing anions was as
follows: CI~ < CO3> < PO42~ < SO4* < NOs~. Hence, the synthesised PHTAC adsorbent may not

be suitable for defluoridation in chloride and carbonate ions-rich groundwater.
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Figure 7.13: The effect of fluoride uptake in the presence of co-existing ions (Contact time = 30
min; pH = 4.0; initial fluoride concentration = 10 mg/L; initial anion concentration = 10 mg/L;
Adsorbent dosage = 1.0 g/100 mL; shaking speed = 250 rpm; temperature = 298 K).

7.3.5 Regeneration studies and life cycle of the PHTAC

Figure 7.14 presents the per cent fluoride removal by PHTAC in successive cycles using
0.1 M NaOH and 0.1 M KCI as regenerants. The regeneration and recyclability potential of
PHTAC were carried out for up to eight successive adsorption and desorption cycles at an initial
fluoride concentration of 4.0 mg/L, pH = 4.0 at 10 min contact time. It was observed that the per
cent fluoride removal decreased with increasing adsorption cycles from 60% to 15% when NaOH
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was used as regenerant while the decrease observed when KCI was used as regenerant was from
60% to about 55%. Desorption of fluoride could be due to ion exchange between fluoride and the
anions present. Therefore, KCI is a more suitable solution for regeneration of PHTAC as the
material regenerated yielded higher fluoride removal even at the 8" cycle.

B NaOH as regenerant; Percent fluoride removal
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Figure 7.14: Percent fluoride removal by PHTAC in successive cycles (using 0.1 M NaOH and
0.1 M KClI at 4.0 mg/L fluoride, contact time of 10 min and pH = 4.0 at 250 rpm).

7.3.6 Comparison of adsorption capacity of the synthesised PHTAC with other reported
adsorbents

The adsorption capacities for the various hydrothermally-altered clay and similar
adsorbents with their experimental conditions reported in literature were compared with the
synthesised PHTAC adsorbent (Table 7.6). The synthesised PHTAC adsorbent showed higher
adsorption capacity at pH of = 4.0. Some of the adsorbent materials reported in the literature
showed lower adsorption capacities both within and outside the natural pH range. Further studies
and surface modifications are therefore recommended to improve fluoride sorption efficiencies
particularly at natural water pH.
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Table 7.6: Comparison of the adsorption capacities of some adsorbents with synthesised PHTAC adsorbent

Adsorbent Concentrations and Adsorption References
pH Capacity (mg/g)

Granular acid treated bentonite 2.8 mg/L; pH 4.9 0.09 Maet al., 2011
Hydrothermally-modified limestone (HML) 0.9 mg/L; pH 3.0 6.45 Gogoi et al., 2016
La-Al loaded hydrothermal palygorskite composite 0.5mg/L; pH5 1.30 Lyuetal., 2016
Smectite-rich clay soil adsorbent 3.0 mg/L; pH 2 0.21 Mudzielwana et al., 2016
Nepheline formed via alkali-hydrothermal pathway 6.0 mg/L; pH 5.25 1.8 Wang et al., 2017
Clay composite (clay, grog, bone char & sawdust) 9.12mg/L; pH 6.7 0.08 Gidi et al., 2019
Mechanochemically-activated aluminosilicate clay (MAC) 3.2mg/L; pH5 1.87 Obijole et al., 2019
Hydrothermally-treated aluminosilicate clay (HTAC) 6.0 mg/L; pH 6.8 1.75 Obijole et al., 2021
Porous-hydrothermally-treated aluminosilicate clay (PHTAC) 4.6 mg/L; pH 4.0 3.45 This study
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7.3.7 Field testing of Siloam field groundwater

The efficiency of PHTAC was further tested in field water collected from Siloam
borehole containing 3.94 mg/L initial fluoride concentration using 0.9 g/100 L adsorbent
dosage at 10 min contact time. Table 7.7 presents the physicochemical properties of Siloam
field groundwater before and after treatment at natural pH of 8 in comparison with SANS and
WHO permissible limits. The synthesised porous-hydrothermally-treated aluminosilicate clay
(PHTAC) adsorbent showed the capability to remove fluoride from initial fluoride
concentration of 3.94 mg/L to 1.35 mg/L, which is within the permissible WHO limits (1.5
mg/L). There was no major change in the concentrations of the Br- and SO4?" before and after
treatment, indicating that these co-existing anions did not compete in defluoridation process.
PO4%, Ca®" and Mg?* concentrations decreased, indicating that the material has potential to
remove other contaminants in water. The concentrations of Na* and CI- were slightly higher
after treatments. This could be due to the leaching from the adsorbent or due to some cationic
exchanges into the media, but are still within SANS and WHO permissible limits. Therefore,
the synthesised porous-hydrothermally-treated aluminosilicate clay (PHTAC) adsorbent is safe
and can be recommended for remediation of fluoride in drinking water since it has shown

potential to bring fluoride to less than 1.5 mg/L.

Table 7.7: Physicochemical properties of raw and treated field (Siloam) fluoride-rich

groundwater
Parameters  lon concentration in raw  lon concentration in SANS/WHO
field water before treated field water at guidelines
treatment at pH 8 (mg/L) pH 8 (mg/L)
F 2.84 1.35 1.0-15
Br 0.33 0.24 200
CI 5.46 5.66 250
POs* 4.67 2.34 20 - 50
SO4* 13.23 13.64 200 - 240
Na* 81.1 147.8 200 - 250
Ca® 1.0 LOD 75
Mg?* 0.2 LOD 50

Footnote: LOD means limit of detection.

7.3.8 Antibacterial studies
Antibacterial  activities of the synthesised porous-hydrothermally-treated

aluminosilicate clay adsorbent were evaluated by using the well diffusion assay method. Figure
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7.15 shows pictorial view of the plates and the bored holes containing the mixture of the MAC,
HTAC, PHTAC and the E. coli strains that were being investigated for antibacterial activities
via zone of inhibition measurements respectively. From pictures (b) and (c) in Figure 7.15, it
can be observed that the HTAC and PHTAC samples inhibited the bacterial strains with the
zone of inhibition measured as 15 mm, hence indicating some measure of potent activities
against the E. coli strains used in this study. Meanwhile, MAC did not show any zone of
inhibition (Figure 7.15 a and b) while HTAC and PHTAC (Figure 7.15 b and c) exhibited some
potency against the bacterial strains. The exhibition of potency in HTAC and PHTAC
respectively could be due to release of intra-cellular reactive oxygen species generated during
hydrothermal treatment and introduction of pore formers (NaClOs), which are exposed to

bacterial cells on the synthesised materials surface (Horie et al., 2012).

Figure 7.15: Pictorial view of the plate showing the zone of inhibition of (a) MAC (b) HTAC
and (c) PHTAC samples when E. coli strains were used.

In addition, the minimum inhibition zone of the fluoride-loaded groundwater, HTAC
and PHTAC observed towards E. coli strain was about 13 - 14 mm (a little lower than when
fluoride free water was used). This is presented in Figure 7.16. The interaction between the
synthesised material and the fluoride in water which led to the the sorption of fluoride unto the
surface and pores of the materials may be responsible for the observed minimal reduction in
the bacterial potency against the materials as the trapped bacterial cells competed with fluoride

uptake onto the surface and pores of the synthesised material.
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Figure 7.16: Pictorial view of the plate showing the zone of inhibition of (a) HTAC, Fluoride
loaded groundwater (b) PHTAC, Fluoride-loaded groundwater samples when E. coli strains
were used.

Antibacterial  activities of the synthesised porous-hydrothermally-treated
aluminosilicate clay (PHTAC) adsorbent were further evaluated using modified liquid culture
technique and UV-visible spectrophotometry. From the results, percent growth inhibition or
reduction in the bacterial cells was 89% (Table 7.8). This could be due to some bactericidal
effects (killing of the bacterial cells) or entrapment of the bacterial cells into the pores of the
PHTAC adsorbent. It can also be through the inactivation or killing of the bacteria as noted in
the zone of inhibition measurements. Most government water treatment plants succeeded in
having percent growth inhibition or reduction in the bacterial cells to between 90% to 95%.
Thus, PHTAC is a promising adsorbent capable of removing pathogen from water to safe
levels. It should also be noted that mechanism of the detailed study is beyond the scope of this
work. However, the high point of this research is the materials ability to inactivate as well as
trap the bacterial cells within the synthesised material pores.

In addition, a “rule of thumb” based upon generations of light and electron microscopy
measurements for the dimensions of an Escherichia coli (E. coli) cell, showed it is a gram
negative facultative, anaerobic, rod-shaped bacteria with a diameter (width) of 1.1 - 1.5 um, a
length of 2 - 6 pm and a cell volume of about 1.3 pm? (Molenaar et al., 2009; Amir, 2014).
Bacterial shapes are approximated as a spherocylinder, i.e. a cylinder with hemispherical caps.
The synthesised materials’ pore volume of 10 cm?/g is a further confirmation of entrapment of
the E. coli cells occurred within the synthesised materials’ pores as the pore volumes are wide
enough to accommodate and trap as many bacterial cells within the pores. In conclusion, the
high point of this research work is the materials’ ability to inactivate as well as trap the bacterial
cells within the pores of the synthesised multifunctional porous-hydrothermally-treated

aluminosilicate clay (PHTAC) adsorbent materials.
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Table 7.8: Absorbance measurements of the treated PHTAC material in bacterial suspension
in water
Sample Absorbance measurements (nm)

Synthesised PHTAC absorbent + 0.075

bacterial suspension in water

Control (bacterial suspension in water 0.682
without the addition of the material)
Activity (%) 89

7.4 Conclusions and recommendations

A porous-hydrothermally-treated aluminosilicate clay (PHTAC) adsorbent was
successfully synthesised from hydrothermally-treated aluminosilicate clay (HTAC) and further
tested in defluoridation and pathogen removal from groundwater. The PHTAC showed a
maximum per cent fluoride removal of 68% and adsorption capacity of 3.45 mg/g at 10 min
contact time, 0.9 g dosage/100 mL, 4.0 mg/L initial fluoride concentration, pH = 4.0 and
shaking speed of 250 rpm at 298 K (simulated fluoride-rich water). Good point of this research
work is the adsorbents’ ability to reduce fluoride at natural pH of water, particularly when
compared with similar materials found in the literature. Main thrust of this research work is the
high adsorption capacity of the synthesized material which is an indication of high potency of
the material in defluoridation when put side by side with other similar adsorbents in literature.
The adsorption isotherm data fitted well to both Langmuir and Freundlich isotherm models
which is suggestive of the sorption process occurring on both homogeneous and heterogeneous
surfaces. The adsorption kinetics data also showed a good fit to both pseudo-first-order and
pseudo-second-order models respectively, implying that the fluoride sorption proceeded via
both physiosorption and chemisorption respectively. Chloride and carbonate reduced the
fluoride removal efficiency of the adsorbent. The synthesised PHTAC adsorbent was
successfully reused for up to 8 regeneration-reuse cycles, hence, better than MAC and HTAC
in recyclability and reuse.

The minimum inhibition zone observed towards E. coli strain was about 15 mm. This
could be through the inactivation or killing of the bacteria. The percent growth inhibition of
the bacterial cell was 89 which is very close to 90 - 95% obtained in most government water
treatment plants. This could also be due to some bactericidal effects (killing of the bacterial

cells) or entrapment of the bacterial cells into the pores of the PHTAC adsorbent. Thus PHTAC
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is a promising material for pathogen remediation in water. Hence, the synthesised
multifunctional PHTAC was able to remove fluoride and pathogen from water reasonably well.

The efficiency of PHTAC, when further tested in field groundwater containing 3.94
mg/L initial fluoride concentration using 0.9 g/100 L adsorbent dosage at 10 min contact time,
showed its capability to reduce fluoride from initial concentration of 3.94 mg/L to 1.35 mg/L,
which is within the permissible WHO limits (1.5 mg/L). The adsorption efficiency and
antibacterial potency of the synthesised PHTAC for fluoride and pathogen removal from
groundwater improved over those of MAC and HTAC.

In addition, efficiency of PHTAC when tested in field groundwater containing 3.98
mg/L initial fluoride and E. coli strains using 0.9 g/ 100 L sorbent dosage at 10 min contact
time, was still able to reduce fluoride from initial conc of 3.98 mg/L to 1.43 mg/L. The
synthesised multifunctional porous-hydrothermally treated aluminosilicate clay (PHTAC) was
able to remove fluoride and pathogen from water reasonably well. Therefore the synthesised
material could be deployed for groundwater defluoridation anywhere in the world where the
fluoride levels is equal to or less than 4.0 mg/L thereby contributing to reducing the incidence
of fluorosis in endemic rural communities worldwide.

Amongst the Sustainable Development Goals (SDG’s) set by the United Nations, Goal
6.1 aims at providing clean, safe and affordable water to everyone across the globe by 2030.
Hence, the study succeeded at synthesising an affordable, easy to use and effective technologies
targeted at fluorosis endemic rural households communities where fluoride levels in water is
equal to or less than 4.0 mg/L. However, it is recommended that its adsorption surfaces are
further treated sonochemically and loaded with suitable antibacterial metal oxides to increase
particles’ crystallinity, surface area and pores for excellent defluoridation and increased
pathogen activity against E. coli strains.
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CHAPTER EIGHT: CONCLUSION AND RECOMMENDATIONS

8 Conclusion

This research work was conceptualised with the main objective to develop a porous-
hydrothermally-treated aluminosilicate clay (PHTAC) adsorbents from aluminosilicate-rich
clay soils, through hydrothermal treatment for application in defluoridation and pathogen
removal from groundwater.

The specific objectives were to:

e mechanochemically activate raw aluminosilicate clay soils (MAC) and evaluate their
physicochemical and mineralogical characteristics and their application for
defluoridation and pathogen removal from groundwater;

e optimise the operational parameters for synthesis of hydrothermally-treated
aluminosilicate clays (HTAC), evaluate their physicochemical properties and potential
for fluoride and pathogen removal from groundwater;

e hydrothermally treat the mechanochemically-activated clay (MAC) at previously
established optimum operational parameters and evaluate their adsorptive capacities for
fluoride removal in groundwater and further evaluate their antibacterial efficacy
towards selected bacterial strains;

e optimise the operational parameters for modification of MAC through hydrothermal
treatment in presence of a pore-forming agent, and evaluation of their physicochemical
properties and potential for fluoride and pathogen removal from groundwater;

e synthesise a pore forming-agent-modified-hydrothermally-treated aluminosilicate clay
(PHTAC) at previously optimised conditions and evaluation of its fluoride adsorptive
capacities in groundwater and antibacterial efficacy towards selected strains.

All the above objectives were successfully accomplished with the forgoing conclusions made
from each specific objective:

The first objective focused on the physicochemical characterisation of clay soils
sourced from Mukondeni village, Limpopo Province, South Africa, mechanochemical
treatment of the clay and application to fluoride and pathogen removal from groundwater. The
clay soil was found to be rich in aluminosilicate, moderate in cation exchange capacity and
mesoporous in nature. The raw clay was mechanochemically treated at different contact times
and subjected to characterisation using Brunauer-Emmett-Teller (BET) method, Fourier

transform infra red (FTIR) spectroscopy, scanning electron microscopy-energy dispersal
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spectroscopy (SEM-EDS), X-ray diffraction (XRD) and X-ray fluorescence (XRF). The
optimised materials were applied in batch adsorption defluoridation.

(1) 1t was found that the maximum fluoride sorption capacity of mechanically-activated clay
(MAC) was 1.87 mg/g with 32% fluoride removal at 2 g/100 mL adsorbent dosage, initial
fluoride concentration of 3.2 mg/L, pH 6.0, 60 min contact time, shaking speed of 250 rpm and
temperature of 298 K;

(if) Fluoride uptake reduced slightly in the presence of CI™ and increased slightly in the
presence of SO42~, NOs~ and PO4* while COz*" significantly competed with fluoride uptake in
the adsorption process as the per cent fluoride removal was substantially reduced;

(iii) Freundlich isotherm gave a better fit to the sorption data, thereby confirming
heterogeneous adsorption process for the MAC materials when linearised model was used;
(iv) Langmuir and Freundlich isotherms both fitted well when non-linear model were
employed, hence confirming adsorption occurred on both monolayer and multilayer surfaces;
(v) The kinetic studies showed fluoride sorption could better be described with the pseudo-
second-order model when linearised modelling were used, indicating the dominance of
chemisorption mechanism;

(vi) Adsorption kinetics data fitted well to both pseudo-first order and pseudo-second order
reaction kinetics,thus indicating adsorption mechanisms to be both physiosorption and
chemosorption respectively.

(vii) The activated clay did not show any activity against the E. coli strains used, hence,
suggesting absence or very low antibacterial properties on the activated clays’ surfaces.

The following recommendations were made from this objective:

e The adsorption efficiency and antibacterial potency of MAC could be improved by
modification of the clays’ surfaces via hydrothermal treatment with a view to improving
the sorption capacity of the adsorbent materials.

The second objective focused on optimisation of synthesis conditions for hydrothermal
treatment of MAC for fluoride and pathogen removal from groundwater and physicochemical
characterisation.

(i) Here, MAC was aged at different NaOH concentrations and contact times at a predetermined
temperature (47 °C). The inductly coupled plasma-mass spectroscopy (ICP-MS) results of the
filtrates showed the most dissolved Al and Si occurred at 1.5 M concentration and 2 hour
contact time;

(i) Hydrothermal treatment was conducted on the optimally aged slurry mixture by

concurrently varying hydrothermal treatment temperature, contact time and water to obtain the
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most crystalline clay with the highest surface area. Preliminary defluoridation of products was
carried out;
(iii) The hydrothermally-treated aluminosilicate clays (HTACs) were characterised using
FTIR, BET, SEM-EDS and XRD. Furthermore, comparative studies of the synthesised
materials for defluoridation were undertaken;
(iv) The study concluded that the optimised parameters such as hydrothermal treatment
temperature, time and water content played critical roles in the modification process.
The following recommendation was made from this objective:
Optimally-synthesised HTAC-8 fared better in preliminary defluoridation compared with other
modified materials and hence, selected for application in fluoride removal from groundwater.
The third objective focused on application of the optimally-synthesised HTAC from
MAC, for fluoride and pathogen removal from groundwater and physicochemical
characterisations.
(i) It was found that maximum sorption capacity of the optimally synthesised HTAC was 1.75
mg/g and 52% fluoride removal at 0.8 g/40 mL adsorbent dosage, 6.0 mg/L initial fluoride
concentration, pH 6.8, 5 min contact time, shaking speed of 250 rpm and temperature of 298
K;
(if) The kinetic studies showed fluoride sorption data fitted well to pseudo-second-order
thereby confirming that sorption process occurred via chemisorption and a multi-site
heterogeneous sorption;
(iii) All co-existing anions reduced fluoride uptake, however, Cl- exerted greater reduction.
(iv) HTAC performed better when 0.1 M KCI was used as regenerant compared to 0.1 M
NaOH;
(v) Fluoride sorption occurred via ion exchange;
(vi) Siloam groundwater at initial pH 6.5 and natural pH 8.5, initial fluoride concentration of
6.93 mg/L with 0.8 g/40 mL of the HTAC gave 51% and 49% fluoride removals respectively;
(vii) Antibacterial studies showed HTAC had potent antibacterial activities against E. coli
strains.
The following recommendation was made from this objective:
e The HTAC defluoridation efficiency and antibacterial potency could be further
enhanced by loading its surfaces with pore formers such as sodium chlorate (NaClO3).
The fourth objective focused on modifying the surface properties of the HTAC by
conducting hydrothermal treatment of MAC in the presence of a pore-forming agent (NaClO3)

[product designated as “porous-hydrothermally-treated aluminosilicate clay” (PHTAC)].
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(i) In this objective, operational parameters were optimised for synthesis of PHTAC and

products characterised using BET, FT-IR, SEM-EDS and XRD;

(i) Preliminary defluoridation experiments were conducted:;

(iii) The results showed operational parameters such as pore former (NaClOs), contact time

and temperature are critical in the materials modification and fluoride removal potential;

(iv) The study concluded that pore-forming agent, temperature, time and water content

introduced during the hydrothermal treatment increased the surface area, which impacted

positively on the defluoridation and antibacterial performance of the synthesised materials.
The following recommendation was made from this objective:

(i) Optimally-synthesised HTAC performed better in preliminary fluoride removal compared

to other modified materials and hence, selected for application in fluoride removal from

groundwater.

The fifth objective focused on the synthesis of porous-hydrothermally-treated
aluminosilicate clay (PHTAC) from the hydrothermally-treated aluminosilicate clay (HTAC),
characterisation and batch defluoridation and antibacterial evaluation. PHTAC absorbent was
successfully synthesised from HTAC for further application in fluoride and pathogen removal
from groundwater. The optimised PHTAC was characterised by using BET, FT-IR, SEM-EDS,
XRD and XRF. Batch adsorption experiments, effect of competing ions and regeneration
potential were investigated. From the objective, the following were concluded:

(i) evaluation of the adsorptive capacities of the PHTAC showed optimum defluoridation
capacity of 3.45 mg/g and 68% fluoride removal at 10 min contact time, 0.9 g dosage/100 mL,
4.0 mg/L initial fluoride concentration, pH = 4.0, shaking speed of 250 rpm and temperature
298 K.

(it) the fluoride sorption uptake data fitted well to both Langmuir and Freundlich isotherm
models, thereby confirming both homogeneous and heterogeneous adsorption processes
respectively for the PHTAC materials;

(iii) the kinetic studies showed fluoride sorption data fitted well to both pseudo-first-order and
pseudo-second-order models respectively, implying that the fluoride sorption proceeded via
both physiosorption and chemisorption respectively;

(iv) the fluoride removal efficiency reduced in the presence of CI~ and CO3z>™ ions;

(v) the synthesised PHTAC adsorbent performed better in regeneration and recyclability than
the MAC and HTAC,;

(vi) the synthesised PHTAC adsorbent performed much better than MAC and HTAC earlier
developed, thus indicating successful modification via introduction of pore formers (NaClO3).
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(vii) The minimum inhibition zone observed towards E. coli strain was about 15 mm.

(viii) The percent growth inhibition of the bacterial cell was 89 which is very close to 90 - 95%
obtained in most government water treatment plants.

(ix) PHTAC is a promising adsorbent for pathogen remediation in water.

(x) The efficiency of PHTAC, when further tested in field groundwater containing 3.94 mg/L
initial fluoride concentration using 0.9 g/100 L adsorbent dosage at 10 min contact time showed
its capability to reduce fluoride from initial concentration of 3.94 mg/L to 1.35 mg/L, which is
within the permissible WHO limits (1.5 mg/L).

(x1) In addition, efficiency of PHTAC when tested in field groundwater containing 3.98 mg/L
initial fluoride and E. coli strains using 0.9 g/ 100 L sorbent dosage at 10 min contact time was
still able to reduce fluoride from initial conc of 3.98 mg/L to 1.43 mg/L.

(xii) The synthesised multifunctional PHTAC was able to remove fluoride and pathogen from
water reasonably well anywhere in the world where the twin problems of fluorosis and
waterborne diseases are prevalent.

(vii) The synthesised material could be deployed for groundwater defluoridation anywhere in
the world where the fluoride levels is equal to or less than 4.0 mg/L, thereby contributing to

reducing the incidence of fluorosis in endemic rural communities worldwide.
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8.1 Recomendations for future work
The adsorption efficiency and antibacterial potency of the synthesised PHTAC for fluoride
and pathogen removal from groundwater improved substantially, it still fell short of the
expectation. Hence, from the conclusion in the present study, it is hereby recommended that
the following studies be conducted to improve the defluoridation and antibacterial efficiency
of the PHTAC adsorbent material:
e that its adsorptive surfaces can be loaded with suitable antibacterial metal oxides with
a view to obtaining a high surface area, pore volumes for excellent defluoridation and
increased potent activities against E. coli strains;
e that the PHTAC be subjected to sonochemical treatment for better crystallinity, higher
surface area and excellent performance;
e design and adaptation of suitable technology for the synthesised adsorbent material for

household application.
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APPENDIXES

Appendix 1.1: Determination of pH at point-of-zero charge of mechanochemically-activated
clay (MAC) using 1 M KCI, 0.1 M KCI and 0.01 M KCI respectively.

pHo AH pHo AH pHo AH
2.05 0.36 2.23 0.57 2.19 0.63
3.07 1.61 3.26 2.02 3.01 2.59
3.95 1.41 4.16 1.63 4 2.23
5.13 0.57 4.84 1.25 5.23 1.08
5.85 0.11 6.17 -0.16 5.96 0.44
7.29 -1.07 6.9 -0.59 7.25 -0.72
7.92 -1.53 7.89 -1.63 8.19 -1.41
9.06 -2.8 8.83 -2.39 9.09 -2.35
10.03 -3.68 9.86 -3.25 10.07 -3.25
11.05 -4.06 10.98 -3.99 11.06 -3.74
12.02 -0.79 12.01 -0.95 12.01 -0.81

Appendix 2.1: XRD quantitative results of MAC sample
Prepared MAC sample

weight% 3 o error

Actinolite 6.56 0.81
Calcite 1.12 0.42
Chlorite 13.71 0.99
Kaolinite 11.62 0.9
Microcline 5.25 0.69
Muscovite 6.1 0.9
Plagioclase 31.09 1.53
Quartz 24.55 0.99

Appendix 3.1: The surface area, pore volume and pore size of MAC materials

Samples Mechanochemical BET surface  Surface area Pore Pore size
treatment time (mins)  area (m?/g)  single point volume (nm)
(m*/g) (cm®/g)

A 5 16.27 15.56 10.03 5.93
B 10 15.67 15.20 10. 04 11.57
C 20 16.08 15.61 10.05 12.05
D 30 17.19 16.66 10.07 14.92
E 40 16.50 15.96 10.07 15.15
F 60 13.22 12.57 10.05 14.67
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Appendix 4.1 a-f: FTIR spectra of MAC and HTAC samples CAl to CA21
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Fig 4a: FTIR spectra of MAC. Fig 4b: FTIR spectra of HTAC samples [CA1-CA4 (HTAC-1-HTAC-4)]
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Fig 4c: FTIR spectra of HTAC samples [ CA5-CA8 (HTAC-5 to HTAC-8)]. Fig 4d: FTIR spectra of
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Fig 4e: FTIR spectra of HTAC samples [CA13-CA16 (HTAC-13-HTAC-16)]. Fig 4f: FTIR spectra of
HTAC samples [CA17-CA21 (HTAC-17-HTAC-21)]

Appendix 4.2 g: FTIR Spectra of raw clay and the modified clay samples [HTAC(CA5-
CAB8/20), CA12, CAl4 and CA18)]
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Appendix 4.2 h: FTIR Spectra of raw clay and the modified clay samples [HTAC(CA5-
CAB8/20, CA12, CA1l4 and CA18)].
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Appendix 4.3a-g: XRD spectra of the MAC and the selected HTAC products.
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Figure 4.3b: XRD of CA5 (HTAC-5)
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Figure 4.3c: XRD of CA6 (HTAC-6)
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Figure 4.3d: XRD of CA7 (HTAC-7)
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Figure 4.3e: XRD of CA8/20 (HTAC-8/20)
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Figure 4.3f: XRD of CA12 (HTAC-12)
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Fig 4.6g: XRD of CA14 (HTAC-14)

Appendix 6.1: X-ray diffraction (XRD) of PACs (PHTACS).
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Appendix 6.2: FTIR spectra of MAC, HTAC, Fluoride loaded PHTAC, PHTAC-3, PHTAC-
5, PHTAC-8, PHTAC-15, PHTAC-17 and PHTAC-18.
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Appendix 6.3: X-ray diffraction (XRD) Spectra of MAC, HTAC, [PHTAC(PAC3, PACS5,
PACS8, PAC15, PAC17 and PAC-18)].
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Appendix 6.4: SEM-EDS spectra of (a) MAC (b) HTAC (c) PHTAC-3 (d) PHTAC-5 (e)
PHTAC-8 (f) PHTAC-15 (g) PHTAC-17 and (h) PHTAC-18 adsorbent samples.
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Appendix 7.1: X-ray diffraction (XRD) Spectra of (a) Untreated PHTAC alone (b) PHTAC
and MAC (¢) PHTAC, HTAC and MAC (UNSTACKED PLOTS).
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Appendix 7.2: X-ray diffraction (XRD) Spectra of (a) Untreated PHTAC alone (b) PHTAC
and MAC (c) PHTAC, HTAC and MAC [STACKED PLOTS].

3,5 5
3 ———MAC e MIAC
——PHAAC 4 ———HTAC
2,5
L PHAAC
8 2 23
5 5 |
8 1,5 8 2
1
e 2 e e rve
0,5 1 I
, — . adl .
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
2 THETA (Degree) 2 THETA (Degree)

. 225
© University of Venda




