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ABSTRACT

Endosulfan is a broad spectrum organochlorine insecticide which acts as a contact poison for
controlling a wide variety of insects. However, extensive and uncontrolled use of insecticides
leads to water pollution. Conventionally, adsorption onto activated carbon is used to remove
water pollutants from influent wastewater. A suitable adsorbent must be cheap, possess high
adsorption capacity, fast adsorption kinetics and recyclable among other properties.
Geopolymers are emerging low-cost and efficient adsorbents for removal of various
contaminants from water. The performance of the geopolymers varies with both sorption
conditions and adsorbent structural and textural characteristics, which are controlled by
several factors such as; the precursor material and the preparation conditions. While silicate
to NaOH ratios affect mechanical properties of geopolymers for construction purposes, the
impact of silicate to NaOH ratios on the adsorptive performance of geopolymers is unknown.
Furthermore, although research has been done on remediation of pesticides from water using
various adsorbents, no article has reported the use of solid waste incinerator fly ash MWFA-
based geopolymers especially on their synthesis and/or application as adsorbent for
endosulfan removal from water. The present work investigated the adsorption of endosulfan
on alkaline activated geopolymers, synthesized from MWFA. Since there is no reported
theory for predicting the geopolymer sorption capacity and adsorption rate based on precursor
materials and silicate to NaOH ratios conditions, this leaves a clear gap in our understanding
of the role of these factors. The objective of this study was to synthesize MWFA-based
geopolymers and evaluate the effect of sodium silicate to NaOH ratio of the activator solution
on morphology, chemical composition, and adsorptive performance (adsorption capacity and
mechanism) in batch-mode. Alkali-activated MWFA-based geopolymers, GPA, GPB, and
GPC, were synthesized using 0.17, 0.21 and 0.24 sodium silicate to sodium hydroxide mole
ratios, respectively. The geopolymers were applied in the removal of endosulfan from water.
The adsorbents were characterized by XRD, SEM-EDX, and FTIR. Variation of sodium
silicate to sodium hydroxide mole ratios resulted in morphologically distinguishable
geopolymers with different compositions. Adsorption experiments were done at different
parameters such as initial endosulfan concentration, contact time, pH, geopolymer dosage and
temperature. The adsorption equilibrium data were best described by Langmuir isotherm. The
maximum adsorption capacities increased with an increase in sodium silicate to sodium
hydroxide mole ratios in the order 1.872, 15.899, 16.970, and 20.010 mg/g for MWFA, GPA,
GPB, and GPC, respectively. The kinetic data were best described by the pseudo-first-order
model wherein the adsorption rate (ki) was independent of the sodium silicate to sodium
hydroxide mole ratio and the geopolymer composition. The thermodynamic parameters, that
is enthalpy (AH > 0), Gibbs free energy (AG < 0), entropy (AS > 0), and activation energy (Ea
> 0) show that the processes were endothermic, spontaneous, physical (Ea and AH < 40
kJ/mol) and entropy-driven. Alkalination was beneficial since the geopolymers had a higher
adsorption capacity (~8-10 times) and affinity for endosulfan (~30 times) than the precursor
material (MWFA). The adsorption mechanism entailed electrostatic interactions and
hydrogen bonding. Increase in sodium silicate to NaOH ratio increases the adsorption
capacity of the geopolymers for endosulfan. The MWFA-based geopolymers prepared with
high silicate to NaOH ratios are recommended as alternative high adsorbing materials for
wastewater treatment and a strategy for the valorization of MWFA.
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CHAPTER ONE

INTRODUCTION
1.1 Background to the Study
Insecticides are pesticides formulated to kill, harm, repel, or mitigate effects of one or more
species of insects through different mechanisms such as disrupting the nervous system,
damaging their exoskeletons, repelling them, or controlling them by interfering with their
genetics and reproduction (Kegley et al., 2010). Insecticides include ovicides and larvicides
applied against target insect eggs and larvae. The application of insecticides in plantations
leads to increased yields (Kughur, 2012). However, extensive and uncontrolled use of such
agrochemicals may lead to water pollution (Al-Samarai et al., 2018).

Endosulfan  (6,9-Methanol-2,4,3-benzodioxathiepin-6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-
hexahydro-3,3-dioxide) is an organochlorine broad-spectrum insecticide of the cyclodiene
subgroup which acts as a contact poison in a wide variety of insects. Most organochlorides
act on neurons by causing a sodium/potassium imbalance preventing normal transmission of
nerve impulses. Some act on the gamma-aminobutyric acid (GABA) receptor preventing
chloride ions from entering the neurons causing a hyperexcitable state characterized by
tremors and convulsions. Endosulfan, for example, is a GABA-gated chloride channel
antagonist (Sipes et al., 2013). Endosulfan and most other broad-spectrum insecticides have
been taken out of use because of their toxicity (Lubick, 2010). However reports show that the
pesticide still finds its way into the market and eventually the farmlands (Dewan et al., 2004).
Like most agrochemicals, endosulfan gets into water sources through leaching, discharge of
untreated industrial effluents, unchecked dumping of used endosulfan containers, farmyard

deposition, and surface run-off (Hwang et. al., 2018).

Endosulfan is known to cause teratogenic malformations in fish and amphibians and disrupts
hormones in frogs, ecological disturbance in freshwater ecosystems through alteration in the
composition of planktonic algae species and death of aquatic life, such as shellfish (Lubick,
2010; Patocka et al., 2016). According to Roberts et al. (2007), maternal exposure to
endosulfan during the first and second trimesters can lead to autism disorders. Considering its
toxicity, the environmental fate of endosulfan is of great concern requiring removal from the

contaminated sites.

Conventionally, the activated carbon method has been used to remove the pesticide from

contaminated water. For example, carbon slurry as a novel adsorbent material for the removal



of endosulfan from contaminated water has been reported (Gupta and Imran, 2008; Kakoi et
al., 2015). Elsewhere, Hengpraprom et al. (2006) and Polati et al. (2006) reported the
adsorption of a-endosulfan onto kaolinite particles and to a mixture of kaolinite and

montmorillonite particles from agqueous suspension, respectively.

Similarly, studies on endosulfan adsorption onto hydrophobic zeolites (Yonli et al., 2012)
and high silica zeolites (Jiang et al., 2018) have been documented. These studies provide
evidence of the suitability of aluminosilicate-based materials as adsorbents for endosulfan
removal. Geopolymers are an emerging class of aluminosilicate materials. Recently, it has
been shown that geopolymers are emerging low-cost and efficient aluminosilicate adsorbents
for the removal of various contaminants such as heavy metals and dyes from water owing to a
plethora of precursor materials available for geopolymer development (Shikuku and Sylvain,
2019). The materials evaluated for geopolymer development for water purification include
metakaolin (Shikuku et al., 2022), volcanic ash (Tome et al., 2021), pozzolan and biochars
composites (Dzoujo et al., 2022), municipal waste incinerator fly ash, MWFA, (Al-Ghout et
al., 2020) among others. For example, Craig et al. (2015) reported the application of
biochar/geopolymer composites in the remediation of pesticides (such as atrazine, dieldrin,
picloram, metalochlor, tebuthiuron and hexazinone) from contaminated water. Albeit little
research work has been done on the interactions of geopolymers with pesticides in water, no
research work has reported the suitability of municipal waste incinerator-fly ash (MWFA)-
based geopolymers as adsorbents for endosulfan removal from contaminated water. MWFA-
based geopolymers are of great interest in the remediation of insecticides due to the dual
advantage of valorization of waste materials and water treatment with the possibility of using

the spent geopolymers for construction purposes (Tome et al., 2018).

During geopolymer formation, an aluminosilicate source with sufficient aluminium and
silicon percentage composition is reacted with an alkaline activator solution (Siyal et al.,
2018). The type of aluminosilicate source, the concentration and type of alkaline activator
solution, and the curing temperature affect the properties of the geopolymer formed though
the extent is determined by the precursor materials (Tome et al., 2021; Tome et al., 2018).
While silicate to NaOH ratios affect the mechanical strength of geopolymers (Abdullah et al.,
2011), the effect of silicate to sodium hydroxide mole ratio on the adsorptive properties of
geopolymers is unknown for optimization of synthesis conditions for water treatment. Since
there is no scientific theory for predicting the geopolymer sorption capacity and adsorption

rate based on precursor materials and silicate to NaOH ratios conditions, this leaves a clear
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gap in our understanding of the role of these factors. The disposal of MWFA is an unresolved
environmental problem that causes secondary pollution. Since MWFA is reported to have
sufficient aluminium and silicon content, it can be applied as an aluminosilicate precursor
during geopolymer formation (Fabricius et al., 2020). Al-Ghouti et al. (2020) reported the
use of MWFA-based geopolymer for the removal of dyes from water. However, the effect of
synthesis conditions for optimization of the adsorption properties of MWFA-based
geopolymers has not been reported as well. A suitable adsorbent must be cheap, possess high
adsorption capacity, fast adsorption kinetics and recyclable among other properties. The
adsorption rates, capacity and thermodynamic feasibility of adsorption of endosulfan by
MWFA-based geopolymers needs to be understood. In this study, the precursor material
(MWEFA) was reacted with alkaline activator solutions of varied sodium silicate to sodium
hydroxide mole ratios to obtain various morphologically different MWFA-based
geopolymers. The effect of the sodium silicate to sodium hydroxide mole ratio on the
adsorption properties of the MWFA-based geopolymers was investigated, with endosulfan

introduced in water as a model pesticide, and is herein reported for the first time.

1.2 Statement of the Problem

Excessive endosulfan application in crop plantations leads to increased contamination of
water resources. Human beings, especially farm workers, and other aquatic and terrestrial life
consequently become exposed to endosulfan posing a health hazard depending on the residual
levels and time of exposure. A number of adsorbents such as activated carbon, industrial fly
ash geopolymers, biochars, chitosan, activated alumina, molecular sieve carbon, clays and
zeolites are currently applied on different adsorbate during water treatment. Large-scale
water treatment facilities require adsorbents that are stable, effective, environmentally
friendly, low-cost and sustainably synthesized and regenerated. All the aforementioned
adsorbents suffer diverse inherent drawbacks and are locally unavailable in western Kenya
counties. There is, therefore, an urgent need to develop effective, low-cost and locally
available endosulfan removal techniques to minimize the risk of endosulfan poisoning
through water contamination. Geopolymers are effective adsorbents for various water
pollutants such as herbicides and dyes. Municipal waste incinerator fly ash (MWFA) has
been found to be a suitable precursor for geopolymerization under alkaline activator solution.
MWEFA is usually disposed of in landfills, pits and open fields which poses secondary
environmental pollution. Utilising the MWFA for geopolymer synthesis solves the
environmental nuisance and takes the advantage that fly ash is cheap and locally available in



western Kenya counties. The properties, composition and structure of geopolymers depend
on the synthesis conditions. However, no reported study precisely evaluates the effect of
sodium silicate to sodium hydroxide mole ratio in the alkaline activator on the structural
properties and adsorptive performance of MWFA-based geopolymers as a criterion for
predicting optimum endosulfan adsorption. An in-depth analysis of effects of initial
endosulfan concentration, contact time, pH and temperature on the adsorption of endosulfan
on such a specially synthesized MWFA-based geopolymer has not been reported. To
understand their interactions fully, the kinetics and thermodynamics for adsorption of

endosulfan on MWFA-based geopolymer needs investigation.

1.3 Objectives of the Study
1.3.1 General Objectives
To evaluate the potential of geopolymer developed from MWFA as an adsorbent for the

removal of endosulfan from water.

1.3.2 Specific Objectives
i. To determine the optimum sodium silicate to sodium hydroxide mole ratios for

MWFA- based geopolymer synthesis.

ii.  To characterize MWFA-based geopolymers synthesized at different sodium silicate to
sodium hydroxide mole ratios in alkaline activator solution.

iii. To determine specific kinetic parameters e.g., contact time, pH, temperature and
adsorbent dosage, of endosulfan adsorption on the MWFA-based geopolymer.

iv. To determine the suitable adsorption isotherm model for adsorption of endosulfan on

the MWFA-based geopolymer.

1.4 Null Hypotheses

1) There is no geopolymerization when MWFA is mixed with an alkaline solution
containing sodium silicate and sodium hydroxide mixture.

i) There is no change in geopolymer morphological properties and chemical composition
as a result of variation in sodium silicate/sodium hydroxide mole ratios in alkaline
activator.

iii) There is no difference in adsorption kinetics and thermodynamics of endosulfan
adsorption on the geopolymers synthesized at different sodium silicate/sodium

hydroxide mole ratios.



iv) Langmuir and Freundlich adsorption isotherm models are not suitable for describing the
adsorption data.

1.5 Justification of the Study

Endosulfan, like most insecticides, has been reported to be a potential toxin that can lead to
many human health problems. Being a multi-system poison, endosulfan is capable of causing
toxicity to the lungs, kidneys, liver, nerves, heart and muscles. Endosulfan finds its way into
the water resources from anthropogenic sources. Its removal from water is therefore
important. A number of adsorbents such as activated carbon, industrial fly ash geopolymers,
biochars, chitosan, activated alumina, molecular sieve carbon, clays and zeolites are currently
applied for the removal of different pollutants during water treatment. Large-scale wastewater
treatment requires effective, environmentally friendly, low-cost and locally available
(western Kenya counties) adsorbent materials. Currently, activated charcoal is the most
effective adsorbent. However, activated charcoal is expensive, not environmentally friendly
and recycling process is costly. Therefore, an efficient water treatment technique for
contaminant remediation and effective low-cost integrated operations needs to be established.
Geopolymers are an emerging class of aluminosilicate adsorbents. Geopolymers are effective
adsorbents for various water pollutants such as herbicides and dyes and municipal solid waste
fly ash (MWFA) has been found to be a potential precursor for geopolymerization under
alkaline activator solution. Municipal waste incinerator fly ash causes environmental
pollution since it is usually deposited in landfills, pits and open fields. This study is justified
because, utilising the MWFA for geopolymer synthesis solves the environmental nuisance
and takes the advantage that fly ash is cheap and locally available. However, the synthesis
conditions for maximization of adsorption capacity of MWFA geopolymers is undocumented
and needs to be determined.

This study sought to determine the best sodium silicate to sodium hydroxide mole ratio, an
important parameter in geopolymer structure, composition and properties, in the alkaline
activator resulting in a geopolymer with higher endosulfan adsorption capacity, when
parameters such as effects of initial endosulfan concentration, mass of geopolymer, contact
time, pH and temperature are considered. An investigation on the effectiveness of adsorption
of endosulfan on MWFA-based geopolymer, through kinetics, thermodynamic studies and
isotherm models will support the application of MWFA based geopolymers for endosulfan

remediation in water treatment systems, and was therefore justified.



The outcome of this study was an understanding of the role of silicate to NaOH ratio on the
morphological, compositional and adsorptive properties of MWFA-based geopolymers for
endosulfan adsorption. The kinetics and thermodynamic data reported in this study are
important for setting standard for MWFA-based geopolymers. The outcomes of this study are
MWFA-based geopolymers that are optimum for endosulfan removal in large-scale water

treatment systems.

1.6 Significance of the Study

This study contributes to science by providing important kinetic and thermodynamic data is
necessary for setting standards of MWFA-based polymers. The Optimal MWFA-based
polymers developed in this study are suitable for endosulfan remediation from large scale

water treatment systems.



CHAPTER TWO
LITERATURE REVIEW
This section discusses chemical nature of endosulfan, endosulfan toxicity, application,
environmental fate and remediation of endosulfan from contaminated water. Geopolymers,
reaction mechanism of geopolymer formation, fly ash and MWFA are also discussed.
Towards the end, kinetics and thermodynamic studies are discussed with reference to

previous studies.

2.1 Chemical Nature of Endosulfan

Endosulfan  (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methanol-2,4,3-
benzodioxathiepine-3-oxide) is a cyclic sulphite ester that is 1,5,5a,6,9,9a-hexahydro-6,9-
methano-2,4,3-benzodioxathiepine 3-oxide substituted by chloro groups positions 6,7,8,9,10
and 10. It is a broad spectrum organochlorine insecticide of the cyclodiene subgroup which
acts as a contact poison in a wide variety of insects and mites. The insecticide was first
registered for commercial use in 1954. It is primarily applied on food crops such as tea, fruits,
vegetables, grains as well as wood preservation (Jia et al., 2009). Thiodan®, which is the
trade name for endosulfan (1,2,3,4,7,7-hexachlorobicyclo-2,2,1-heptene-2,3-bishydroxy
methane-5,6-sulfite), is a mixture of two stereoisomers having 70% endosulfan-a (endosulfan
1) and 30% endosulfan-p (endosulfan IT) (Kucuker et al., 2009). Endosulfan sulphate is a
product of oxidation containing one extra O atom attached to the S atom (Figure 2.1). The
oxidation process imparts the endosulfan with insecticidal properties leading to its extensive
use in agricultural areas all over the world to check pests on a variety of crops (Kong et al.,

2010). The extensive use of endosulfan leads to water pollution.

Cl
Cl

f ¢l \ cl
S Cl
O¢ \O Cl
6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-
2.4, 3-benzodioxathiepine-3-oxide

Figure 2.1: Molecular structure of endosulfan

Molecular Formula: ©sH:C1.0.5 and Molecular Weight: 406.9243g/mol.



2.2 Endosulfan Toxicity

Endosulfan is biodegradable in nature. Agrobacterium tumefaciens bacteria is able to
breakdown endosulfan into various residues in the soil (Thangadurai and Suresh, 2014 and
Kataoka and Takagi, 2013). However, much of the endosulfan applied in agricultural fields
ends up in water bodies. Endosulfan residues can also undergo bioaccumulation and
biomagnification. Therefore, Endosulfan can negatively affect non-target organisms
including human beings (Kumar et al., 2008 and Thangadurai and Suresh, 2014). Endosulfan
has a role as a GABA-gated chloride channel antagonist, inhibits calcium channels and Mg?*
ATPase. It also produces free oxygen radicals in the liver upon ingestion, inhalation or

absorption by skin leading to oxidative stress.

Endosulfan concentration in the liver can rise to about 3.4 ppm and is thus converted into a
number of water soluble primary metabolites that include endosulfan sulphate, endosulfan
diol, endosulfan ether, endosulfan alpha-hydroxy ether and endosulfan lactone. The
metabolites accumulate in body tissues causing high lethal effects and significant morbidity.
The most common manifestations are neurological disorders although other organ
dysfunction also often occurs (Moses and Peter, 2010). A study of electrocardiograms
showed that endosulfan poisoning can cause hypotension and other abnormalities (Moses and
Peter, 2010). Complications such as hypotension, rhabdomyolysis and hepatic toxicity have
also been observed in patients affected by endosulfan as reported in various studies (Kucuker
et al., 2009; Mi and Jo, 2009). Endosulfan is absorbed into the body via skin, gastrointestinal
tract (ingestion) and through inhalation. This insecticide causes nausea, vomiting,
paraesthesia, giddiness, convulsions, coma, respiratory failure, congestive cardiac failure,

headache and ataxia.

It can also lead to life threatening metabolic disturbances (Satar et al., 2009). Hepatic, renal
and myocardial toxicity, agranulocytosis, aplastic anaemia, cerebral oedema,
thrombocytopenia, and skin reaction also have been reported (Ramaswamy et al., 2008).
Endosulfan is capable of affecting enzyme activity. Endosulfan has high affinity for thio
groups of enzymes and other proteins in a cell, this explains endosulfan toxicity (Sammaiah
et al., 2011). Like other pesticides, endosulfan can be transferred from one trophic level to
another thus affecting the whole food chain (Ezemonye and Tongo, 2010). It has an
estrogenic effect in humans, therefore it can affect the reproductive system and cause reduced
sperm production and impaired foetal development. This present study is important since it

aims at endosulfan remediation in order to prevent environmental pollution.
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2.3 Endosulfan and Its Application

Endosulfan has been extensively used as a pesticide on a variety of crops since 1954 (Li et
al., 2009; Verma et al., 2011). Currently, this insecticide is off-patent and has been banned in
many countries because of its toxic nature and its persistence in the environment. However, it
is still used in some other countries including the United States (Parbhu et al., 2009). In some
countries there was an occurrence of health and environmental related issues. For example, it
was a cause of concern in British Columbia, where farmers had sprayed it for many years.
Other cases were reported in some countries such as India and Cuba where it is still widely
used and has caused very dangerous biological effects such as cancer, congenital birth
defects, mental, loss of immunity, and neurological disorders as well as reproductive health
complications (Wan et al., 2005). In many countries, environmental toxicity of endosulfan
remains persistent (Wan et al., 2005), and hence suitable water treatment systems need to be

put in place for endosulfan remediation.

2.4 Environmental Fate of Endosulfan

Endosulfan finds its way into water resources majorly by storm water from the fields,
leaching and untreated sewage discharge. Much of the endosulfan undergoes biotic and
abiotic degradation depending on prevailing environmental conditions (Figure 2.2). It is
broken down into compounds such us endosulfan sulphate, endosulfan diol, endosulfan ether,
endosulfan alpha-hydroxy ether and endosulfan lactone (Weber et al., 2010; Shivaramaiah
and Kennedy, 2006). Endosulfan has a potential for bioaccumulation and biomagnification.
Some studies report biodilution occurring at high trophic levels due to increased metabolism
(Weber et al., 2010). Because of endosulfan toxicity, its environmental fate is of great
concern and therefore water treatment companies and environmental organisations should

find it urgent to adopt suitable endosulfan remediation systems.

Endosulfan half-life is 39.5 to 42.1 days. Endosulfan residues dissipate to about 92-97% in
the first 4 weeks and by 99% in 238 days from the time of application.
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Figure 2.2: Schematic pathway for endosulfan degradation

(Source: Shivaramaiah and Kennedy, 2006).

2.5 Remediation of Endosulfan from Contaminated Water

A number of research articles have been published in the recent past concerning remediation
of endosulfan from contaminated water. Research studies on characteristics of carbon slurry
and other novel adsorbent materials for removal of endosulfan from contaminated water, with
potential application in curbing environmental risks from such agrochemicals, have been
reported (Gupta and Imran, 2008; Crini and Lichtfouse, 2018; Bhatnagar and Minocha,
2006). Elsewhere, Hengpraprom et al. (2006) and Polati et al. (2006) reported adsorption of
pesticides such as a-endosulfan onto kaolinite particles and to a mixture of kaolinite and
montmorillonite particles from aqueous suspension. Craig et al. (2015) reports a successful
application of biochar/geopolymer structures in remediation of pesticides (such as atrazine,
dieldrils, picloram, metalochlor, tebuthiuron and hexazinone) from contaminated water in
Australia. A comprehensive study on endosulfan adsorption on hydrophobic zeolites was

reported by Yonli et al. (2012) and Jiang et al. (2018). Recently, geopolymers have shown to
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be emerging low cost, sustainable and efficient adsorbents (due to their high adsorption
capacities) for removal of various contaminants such as pesticides from water (Shikuku and
Sylvain, 2019; Luukkonen et al., 2016; Tomé et al., 2018). Although much research work has
been done in terms of remediation of pesticides from contaminated water, no research work
has reported the use of MWFA-based geopolymers as adsorbent for endosulfan removal from
contaminated water and so recommending an alternative use of the environment polluting
MWEFA. This work used MWFA-based geopolymers, treated at different sodium silicate to
sodium hydroxide mole ratios, as adsorbents for endosulfan removal from contaminated
water. Documenting the efficiency of adsorption and the mechanism will contribute to
science by providing an understanding about the effect of sodium silicate to sodium

hydroxide mole ratio on adsorptive properties of the MWFA-based geopolymers.

2.6 Geopolymers

Geopolymers are a diverse group of ceramic-like materials produced by a geosynthetic
reaction of aluminosilicate minerals (Figure 2.3). According to Davidovits (1991), the
reactions take place in alkaline solutions at low temperatures, below 100°C. The geosynthetic
reaction process goes through a number of geochemical reactions which include mineral
dissolution, aluminosilicate polycondansation and structural re-arrangement (Phair et al.,
2001). Geopolymers are inorganic, hard and stable at high temperature, inflammable,
immobilized and hardened at low temperature. Geopolymers are characterised by a polymeric
Si-O-Al framework in which silicon and aluminium alternate in a tetrahedral structure joined
together by sharing all the oxygen atoms in three directions. Classification of geopolymers
depends on the type of monomeric units involved. This can be classified as:

Polysialate, with (-Si-O-Al-O-) monomer;

Polysialatesiloxo, with (-Si-O-Al-O-Si-O-) monomer;
Polysialatedisiloxo, with (-Si-O-Al-O-Si-O-Si-O-) monomer (Phair et al., 2001).
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Figure 2.3: A schematic representation of geopolymer structure

(Source: Mackenzie and Welter, 2014)

2.6.1 Mechanisms of Geopolymer Formation

The geosynthetic reaction that leads to geopolymer formation involves mixing of solid
precursors (aluminosilicate sources) with alkaline activator solution (alkali hydroxide and
sodium metasilicate). Such aluminosilicate sources may include clay, kaolin, metakaolin, fly
ash, volcanic ash and slag. Upon mixing of the aluminosilicate source and alkaline activator
solution, the geopolymerization reactions involve:

i.  Glassy aluminosilicate dissolves;

ii.  Dissolved ions diffuse through the reacting mass and reorganise thereby forming
small coagulated structures;

iii.  Formation of aluminosilicate gel phases as a result of polycondansation; and
iv.  The aluminosilicate gel transforms to solid state i.e. hardening to form hard solid.
Figure 2-4 provides typical geochemical reactions that leads to formation of different

polysialate geopolymers.
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Figure 2.4: Geopolymerization mechanism

(Source: Provis and Van Deventer, 2007).

Based on the precursor and synthesis conditions, the rates of geopolymerization reactions,
dissolution of aluminosilicate and the mineral phases formed vary significantly. In this work,
the mineral phases in the precursor and in the geopolymers will be identified to determine the

nature of the geopolymerization process and type of geopolymer formed.

2.6.2 Fly ash

Over 80% of fly ash particles have diameters between 0.105-0.154 mm. The mass ratios of
particles smaller than 0.063 mm and larger than 0.154 are both lower than 5%. MWFA has a
pH of 11 and above. The main elements are Cl, Ca, K, Na, Si, Al, O and S. The main heavy
metal elements present in MWFA are Zn, Pb, Cr and Cu. The fly ash exists as irregularly
shaped amorphous solids and polycrystalline aggregates. Its leaching toxicity has exceeded

the criteria for hazardous wastes (Xinghua et al., 2016; Alba et al., 1997).

2.6.3 Fly Ash-Based Geopolymers

Geopolymerization is the process of geopolymer formation. Under alkali activator solution
conditions, aluminosilicate source reacts forming an amorphous aluminosilicate with a
continuous structure (Van Deventer et al., 2007). The chemical process is called
polycondansation exothermic reaction and is based on the reaction involving two materials
i.e. alkali activator and reactive aluminosilicate precursor. Geopolymerization greatly
depends on the type of alkaline activator present, mostly sodium hydroxide and / or sodium
silicate is used (Van Deventer et al., 2007). Fly ash based geopolymers rely on cheap and

readily available fly ash as feedstock. For these reasons, there is a growing commercial
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potential for fly ash-based geopolymers (Phair et al., 2003). Fly ash geopolymers are anionic

with surface area of 56 leg (Li et. al., 2006).

Aluminosilicate material with a layered structure and high Al content, is used as an Al-rich
source (> 30% Al). A number of compounds have high Al content and are therefore applied
during a number of studies. Initially, metakaolin was the single most Al source used but has
since been extended to include kaolin (Jaarsveld et al., 1997). Stilbite (Xu et al., 2001) and
feldspar (Xu and Van Deventer, 2002) are also possible Al sources. Content analysis shows
that a typical fly ash-based geopolymer may consist of about 60% dry mass fly ash, dry mass
Al- additive of approximately 12% and about 28% alkali activator (Phair and VVan Deventer,
2002a; Swanepoel and Strydom, 2002).

The structural, textural, and mechanical properties of a geopolymer adsorbent is affected by
its composition and synthesis conditions, including the type of alkali cation (M), the
humidity, the temperature and the Si/Al, M,O/H,0, and M,0/SiO,, ratios. The ratio of alkali
activator and aluminosilicate source used during mixing plays a significant role in forming a
geopolymer having particular mechanical and microstructural properties. Previous studies
recommend a Si/Al composition between 2.5 and 3.5 (Xu, and Van Deventer, 2002;
Swanepoel and Strydom, 2002). Ibrahim et al. (2022) used 2.5 as ratio of sodium silicate to
sodium hydroxide. Activated charcoal, fly ash, metakaolin, dolomite are among few materials
used as adsorbent for toxic metals ions and organic molecules in water treatment. Fly ash can
be a by-product of industrial combustion of coal. Such fly ashes collect on electrostatic

separators and consist of unburned carbon particles and aluminosilicate particles.

Fly ash may also be a municipal waste incineration by-product. They are particles with
pozzolanic properties and the mineral constituents include glassy phase and minor crystalline
phases (quartz, mullite, hematite and magnetite). Current global production is 500 million
tons annually (Dwivedi and Jain, 2014). The most common way of managing fly ash is to
dispose it in landfills but this is not an environmentally friendly solution (Qiu et al., 2019).
The amount of MWFA that must be discarded in landfills will be reduced tremendously
through alternative use. It is generally considered that fly ash has an immense potential as
feed stock in various industrial applications including synthesis of binders and geopolymers
(Hardjito et al., 2005; Patankar et al., 2015). Fly ash is preferred because of low cost and
availability. Furthermore, geopolymerization provides an environmentally friendly solution to
fly ash pollution. Fly ash-based geopolymers are important in remediation of hazardous
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organic molecules such as dyes, organic agrochemicals and toxic elements such as Ba, Cd,
Co, Cu, Nb, Hg, Pb, Sn and U. The toxic molecules and elements can be tightly fixed in the
three-dimensional geopolymer matrix structure. This property may be applied in water

treatment to remove hazardous chemicals from contaminated water.

It has been reported in previous studies that small variations in compositional factors such as
pH, the nature of the setting additive (Ca rich source) and alkali activator leads to
considerable variation in adsorption properties of the resultant fly ash-based geopolymers
such as metal immobilisation within its structure (Phair and VVan Deventer, 2001; Sumajouw
and Rangan, 2006). The NaOH concentration used should be within recommended range as
higher molarity of NaOH solution that is above 10 M, causes a decrease in the mechanical
strength of the fly ash geopolymer (Abdullah et al., 2018; Kawade et al., 2016; Nath and
Sarker (2017). Concentration of NaOH solution has strong influence on strength of
geopolymer formed since NaOH molarity will affect the linking of aluminosilicate
geopolymer network. In addition, there is a change in the microstructure of the geopolymer
material since some loss in mechanical properties may occur due to the free OH" in the alkali-
activated matrix (Chang, 2009; Daud et al., 2021). Consequently there are changes in the
properties of the end product. Some studies reported that the type and concentration of alkali
activator affected the properties of resulting geopolymers (Abdullah et al., 2011; Abdullah et
al., 2018). Higher alkali activator content gives a higher compressive strength. The most
common alkali activator used in geopolymerization is sodium hydroxide. It is sometimes

combined with sodium silicate.

In this study, material properties such as mineralogy, morphology, and functional groups
rearrangement were investigated. Through examining of the material properties of the starting
material, explanation on the synthesized material and the adsorption properties of the

geopolymer can be given as a function Na,SI0, concentration in alkaline activator. In this

work, three samples of MWFA-based geopolymers, prepared using alkaline activator
solutions with different silica content, were synthesized, characterised and investigated for
their adsorption performance for aqueous endosulfan. The effect of sodium silicate to sodium
hydroxide mole ratio on the structure and composition of the geopolymers formed was also
investigated. MWFA being an environmental nuisance, its application in geopolymerization

offers its eradication strategy.
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This research work contributed to science by establishing an understanding on the effect of
change of mole ratio of sodium silicate to sodium hydroxide on material properties and
adsorption performance of the MWFA-based geopolymers. The alternative use of the
environmental pollutant, MWFA, for geopolymer synthesis and its subsequent application in
endosulfan remediation is helpful in management of MWFA Dby the municipalities,

environmental organisations and water treatment companies.
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CHAPTER THREE
MATERIALS AND METHODS
The methods used throughout the study are outlined in this chapter. The reagents used,

instruments and experimental set-ups are described.

3.1 Materials and Chemicals
Municipal waste fly ash (MWFA) was randomly collected from Environmental Combustions
and Consultancy Limited, Migori, Kenya. Some 90 g of MWFA was crushed, sieved using a

100 um pore size sieve, and stored in a vacuum desiccator. Analytical reagent (AR) grade

sodium silicate(Na,S10,-9H,0) sodium hydroxide (NaOH), endosulfan (6, 9 -Methano - 2,
4, 3 - benzodioxathiepin, 6, 7, 8, 9,10,10 - hexachloro-1, 5, 5a, 6, 9, 9a — hexahydro -3, 3-
dioxide), hydrochloric acid (HCI) and sodium chloride (NaCl) were purchased from Kobian

Scientific Limited, Kenya.

3.2 Methodology

3.2.1 Synthesis of the Geopolymer Adsorbents

A 50 mL solution of 8 M NaOH was prepared in a polypropylene beaker using a magnetic
stirrer. Three, 15 mL portions of the 8 M NaOH solution were transferred into three different
polypropylene beakers labelled A, B, and C and to them, 5.81 g, 6.98 g, and 8.14 g of sodium
silicate were added, corresponding to 0.17, 0.21 and 0.24 sodium silicate to sodium
hydroxide mole ratios, respectively. The activator solutions were stirred at 800 rpm and at a
temperature of 40 °C for 30 minutes to obtain homogeneous mixtures. The activator solutions
were kept covered with parafilm to prevent carbonation and allow for complete de-

polymerization of sodium silicate for 24 hours.

Activator solutions were mixed with municipal waste-fly ash (MWFA) at a solid-to-liquid
(S/L) ratio of 2 and shaken (Shaking Incubator, Model: SSI10R-2, Orbital-Shaking, Infitek
Co., Ltd., Jinan, China) for 5 minutes at 150 rpm to form pastes. The fly ash-based
geopolymer pastes were transferred into cylindrical containers and then cured in an oven
(FC-1000, AS ONE, Blast Constant-Temperature Drying Oven Robust Type, Hanoi,
Vietnam) at 25 °C for 24 hours. The three cured geopolymers that is MWFA-based
geopolymer A (GPA), MWFA-based geopolymer B (GPB), and MWFA-based geopolymer C
(GPC) were then crushed using mortar pestle set and sieved through a 100 pum sieve, and
stored in a desiccator before use (El Alouani et al., 2018).
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3.2.2 Characterization of the Geopolymer Adsorbents

Characterization followed standard methods. The scanning electron microscope (SEM)
(ZEISS EVO L 15, Zeiss Group, Cologne, Germany) operating at 20 kV accelerating voltage
was used to carry out morphology and microstructure analyses while energy dispersive X-ray
(EDX) analyses were carried out using an Oxford make EDX detector (Xplore TEM-80 mm?
,Oxford, England) to obtain the percentage elemental composition of the geopolymers and
MWEFA. The X-ray diffraction (XRD) was used to determine mineralogical composition of
the geopolymers and MWFA. The diffractograms were generated using an X-ray Powder
Diffractometer (Bruker D8 Discovery, Bruker Corporation, Billerica, Massachusetts, United
States of America) with the Bragg-Bretano theta-theta configuration in the 260 range from 6
to 80° with a step of 0.02° and 1 s per step scan rate and the CuKa radiation at 27.5 kV and
25 mA. The degree of crystallinity (DOC) of the geopolymers and MWFA was computed as
the ratio of the area of the crystalline peaks to the total sum of areas of peaks for both
amorphous and crystalline phases using OriginPro 9.0 software. The determination of the
functional groups of the geopolymers and MWFA was identified using Fourier Transform
Infrared spectroscopy (FTIR). The IR spectra were collected using (Cary 630 FTIR, Agilent
Technologies, Santa Clara, California, United States of America) and (PerkinElmer
Spectrometer 100, Waltham, Massachusetts, United States of America). The pH point of zero
charge (pHpzc) of MWFA and the synthesized geopolymers was determined using the pH drift
method (Dzoujo et al., 2022; Hermann et al., 2022). To 20 mL of 0.1 M NaCl solutions of
pH between 2 and 12, 0.1 g of adsorbent samples were introduced and stirred, then kept at
room temperature for 8 h after which the final pH values of the solutions were recorded with
a pH meter (VOLTCRAFT PH-100ATC, Voltcraft, Hirschau, Bavaria, Germany).

3.2.3 Adsorption Experiments

Adsorption experiments were conducted in batch-mode. The initial endosulfan concentrations
used in the adsorption experiments were 0, 4, 8, 12, 16, and 20 mg/L. The equilibration
contact time, pH, temperature, and adsorbent dosage were kept constant at 90 minutes, pH 5,
303 K, and 0.1 g/50 mL endosulfan solution, respectively. After equilibration, the mixtures

were filtered and the residual endosulfan concentration in the filtrate was determined

spectrophotometrically at e« = 212 nm using a UV-visible spectrophotometer (MERCK
spectroquant Pharo 300 UV/visible instruments, Merck KGaA, Darmstadt, Germany).

The amount of endosulfan adsorbed at equilibrium, mg/g, was calculated as:
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9 M 31

where C; and C. are the initial and equilibrium endosulfan concentrations (mg/L),
respectively. V is the volume, L, of the solution and m is the mass, g, of the adsorbent.

Adsorption removal efficiency (n ) at equilibrium time was calculated as:

C,-C,
n= L %100
C

i

3-2

where C; and C; were the initial concentration and final concentration, respectively.

Additionally, the effect of pH was investigated in the pH range of 2.0 - 10.0. Adsorbent
dosage, contact time, initial endosulfan concentration, and temperature were kept constant at
0.1 g/50 mL solution, 90 minutes, 8 mg/L, and 303 K, respectively. A 0.1 M HCl and 0.1 M

NaOH were used to adjust the pH of the solution accordingly.

The effect of contact time was studied at predetermined intervals of 0, 10, 20, 30, 40, 50, 60,
90, 120, and 150 minutes. Adsorbent dosage, pH, initial endosulfan concentration, and
temperature were kept constant at 0.1 ¢g/50 mL solution, pH 5, 8 mg/L, and 303 K,
respectively. An aliquot of the supernatant was then drawn-out to determine residual

endosulfan.

The amount of endosulfan adsorbed (g;) onto the geopolymers at any given time, (t), was
given by:

_ (C: - C! )V
"=y 33

Where C; is the adsorbate concentration (mg/L) at any given time

To investigate the effects of temperature, the adsorption processes were studied to establish
its thermodynamic characteristics in the temperature range of 303-353 K in a temperature-
controlled shaker at 150 rpm (Shaking Incubator, Model: SSI10R-2, Orbital-Shaking, Infitek
Co., Ltd., Jinan, China) for a stipulated fixed duration. Contact time, pH, initial endosulfan
concentration, and geopolymer dosage were kept constant at 90 minutes, pH 5, 8 mg/L, and

0.1 g/50 mL solution, respectively.

Adsorbent dosage was also investigated where different amounts of adsorbent, ranging from
0.05-0.3 g, were used in 50 mL of endosulfan solution. Contact time, pH, initial endosulfan
concentration, and temperature were kept constant at 90 minutes, pH 5, 8 mg/L, and 303 K,

respectively.
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3.2.4 Adsorption Kinetics

In most studies, time dependent data is fitted to pseudo-first-order and pseudo-second-order
models in order to determine the reaction rates, order of adsorption reaction and nature of the
rate-controlling step (Al-Ghouti et al., 2020; Polati et al., 2006).

The adsorption-sorption kinetics of endosulfan on commercial activated carbon and activated
sawdust carbon has been assessed in previous studies (Kakoi et al., 2015). The data was fitted
on the linear pseudo-first order and pseudo-second order models. A conclusion were made

that the adsorption data was best described by pseudo-second order models.

El Alaouani et al. (2018) obtained various kinetic parameters for the chemisorption of
cationic dye (methylene blue) onto fly ash-based geopolymer. The adsorption data were fitted
on linear pseudo-first order kinetics and the pseudo-second- order. On the basis of correlation
coefficients i.e. 0.99 < R?> 1, the experimental data were best fitted on pseudo-second order
rate model. Also, the experimental amount sorbed at equilibrium (mg/g), ge, was close to the
calculated, ge, which supported the finding that pseudo-second order model fit best with
experimental data. However, information on half-life (t12) and initial sorption rate (Srae) Was

not reported.

The adsorption kinetics for endosulfan onto the geopolymers were analyzed using Lagergren
pseudo-first-order (PFO) (equation 3-4) (Yuh-Shan, 2004) and pseudo-second-order (PSO)
(equation 3-7) (Ho and McKay, 1999) kinetic models.

o =qe(1—€’k1‘) Error! No text of
specified style in document.-4
where K is the PFO rate constant (mi”'1), 9: (mg/g) is the adsorption capacity at equilibrium,

and 9 (mg/g) is the adsorbed amount of adsorbate at any given time (minutes). In PFO
kinetics, the initial adsorption rate and adsorption half-life were calculated using equations 3-

5 and 3-6, respectively.

Srate = KiGe Error! No text of

specified style in document.-5

t :In_2 Error! No text of
2k,

specified style in document.-6

The pseudo-second-order kinetic model is given as:
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k

where "z is the PSO rate constant (g/mg/min).

The initial sorption rate (S.ae) and the adsorption half-life (th) for PSO were obtained from
equations 3-8 and 3-9, respectively, (Ho and McKay, 1999). The computed values are
presented in Table 4-4.

Srae = Kol Error! No text of
specified style in document.-8
1
t}/ = Error! No text of
2 kzqe

specified style in document.-9

From literature, the required contact time for initial endosulfan concentration (10-20 mg/L)
to get to equilibrium state was 1-3 hours while that of higher concentration (30-40 mg/L) is 4-
5 hours (Kakoi et al., 2015). Adsorption of a solute onto a porous adsorbent involves three
consecutive steps of mass transport (Fytianos et al., 2000). The adsorbate moves through the
solution, that is, film diffusion, followed by migration of solute molecules from the particle
surface into interior sites by pore diffusion and finally the adsorbate is adsorbed into the
adsorbent’s active sites. This process takes relatively long contact time. Film diffusion, pore
diffusion, and the amount of agitation applied in the system control rate of adsorption. Kakoi
et al., 2015 reported optimum agitation rate to be 200 rpm. If relatively little agitation occurs
between the geopolymer particle and the adsorbate solution, the surface film of the liquid
around the particle will be thick and film diffusion becomes the rate-limiting step. However,
with adequate agitation, the rate of film diffusion increases until pore diffusion generally

becomes the rate-limiting step (Kakoi et al., 2015).

3.2.5 Thermodynamic Parameters of Adsorption Process

The effect of varying temperature while other environmental conditions are kept constant
gives the thermodynamic aspect of the adsorption experiment. Data obtained from varying
temperature were used to determine the thermodynamic nature of the adsorption process such
as feasibility, reversibility or irreversibility of the experiment. Change in Gibbs free energy,
AG, (kJmol™) of the adsorption process is normally calculated using equations 3-10 and 3-11.
AG =AH - TAS 3-10
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Where AG is change in Gibbs free energy (kimol™), AH is change in enthalpy (kJmol™), AS
is change in entropy (JK™mol™), T is the absolute temperature (Kelvin).

AG = —RTII]K(‘ 3-11

where K. is the dimensionless equilibrium constant, T is the absolute temperature (Kelvin)
and R is the universal gas constant (8.314 J/mol. K).

K_=1000K, 3-12

where Ky is the distribution coefficient (L/g) when the density of water is 1000 g/L (Hermann
et al., 2022).

Cads

C, 3-13
Kq is the distribution coefficient (L/g). Cags represents the equilibrium endosulfan

Kd =

concentration in the solid phase (mg/g) and Ce is the equilibrium endosulfan concentration in
the solution (mg/L) (Hermann et al., 2022).
Enthalpy change, AH, (kJmol™) and change in entropy, AS, (JK'mol™) of the adsorption

process is normally calculated using the Van’t Hoff equation 3-14.

mK =25 A

° R RT 3-14
where K¢ is the dimensionless equilibrium constant, T is the absolute temperature (Kelvin)

and R is the universal gas constant (8.314 J/mol. K).

The Van’t Hoff equation [3-14] describes the temperature dependence of K. by relating (AG)
to K. When K¢ = 1 then (AG) = 0 and the process is at equilibrium. K¢ < 1 then (AG) is
positive and the process is non spontaneous. K. > 1 then (AG) is negative and the process is
spontaneous. The decrease in AG values with an increase in temperature implies that the
adsorption process is increasingly spontaneous, a phenomenon characteristic of an
endothermic process. The low magnitudes of AG values suggest a physisorption mechanism

(Dzoujo et al., 2022).

Change in Gibb’s free energy (AG) will tell the feasibility of the process, whether the
reaction will tend to proceed in the forward or reverse direction that is, favourable or
unfavourable. If (AH) is positive then the adsorption process is endothermic and if (AH) is
negative then the reaction is exothermic. Enthalpy change (AH) will tell whether the process
is endothermic or exothermic. Change in entropy (AS) will tell the spontaneity of the

adsorption process.
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Dzoujo et al. (2022) reported positive enthalpy (AH) values for the adsorption of the
methylene blue on the geopolymer-biochar composites adsorbents which indicated an
endothermic process. The positive values of change in entropy (AS) indicated an increased
disorderliness at the solid/liquid interphase. The AH values, less than 40 kJ/mol, confirmed
that the adsorption of methylene blue onto the geopolymer-biochar composites is a physical
process (Shikuku and Jemutai-Kimosop, 2020). The thermodynamics data indicate that the
adsorption of methylene blue onto the geopolymer-biochar composites is entropy-driven.
Methylene blue, being a large organochlorine molecule, gives insights on the mechanism of

adsorption endosulfan onto geopolymers.

3.2.6 Adsorption Isotherm Modelling

Isotherm models were useful in predicting the equilibrium distribution of the solute. In most
studies, two or more adsorption isotherm studies were applied and then a conclusion was
made on which isotherm model best described the adsorption data. In this study Langmuir
and Freundlich adsorption isotherm models were adopted on the geopolymers to tell the
nature of adsorption process by varying the initial endosulfan concentration and fitting on the
isotherm models. The use of Langmuir and Freundlich adsorption isotherm models could

give more precise inference on whether the adsorption was monolayered or multi-layered.

3.2.6.1 Langmuir Isotherm Model

Langmuir isotherm model assumes that, there occurs a single layer adsorption of adsorbate
molecules onto a fixed number of active sites and that there’s no lateral interaction between
adsorbed molecules on a morphologically homogeneous surface. The adsorption sites, in this
case, are considered to be identical (Meroufel et al., 2013). The theoretical monolayer
maximum adsorption capacity of the adsorbent and the correlation coefficients obtained are

used to determine the best-fitting model for the adsorption data.

El Alaouani et al. (2018) found that Langmuir model best described the adsorption data
among other three adopted models. In their study, they obtained Langmuir maximum

R

adsorption capacity and the separation factor,™., which is a dimensionless equilibrium

constant that indicates the shape of the isotherm. The R_ value relates to the nature and
feasibility of the adsorption isotherm as summerized in Table 2-1 (Meroufel et al., 2013).
Similar studies on adsorption of various adsorbates such as sodium dodecyl benzene
sulfonate (SDBS), onto fly ash-based geopolymers reported Langmuir model as best-fitting
model for the adsorption data (Siyal et al., 2019). The use of Langmuir and Freundlich
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adsorption isotherm models can give more precise inference on whether the adsorption
process was physisorption or chemisorption. This will then provide an understanding on
whether or not, sodium silicate to sodium hydroxide ratio has a bearing on the adsorption

mechanism.

Table 3.1: Interpretation of Langmuir separation constant, R

R, value Adsorption process

R -1 Linear

] Not favourable

R -p Not reversible
0<R<1 Favourable

Source: Meroufel et al., 2013

3.2.6.2 Freundlich Isotherm Model

The Freundlich model proposes a multilayer adsorption (Halsey, 1948; El Alaouani et al.,
2018). This kind of adsorption has differing dispersion of adsorption affinities onto the
heterogeneous surface of the adsorbent without lateral interaction. In line with this postulate,
the adsorption sites which are energetically favoured are occupied first, followed by those
having diminishing binding energies with increasing rates of site occupancy (El Alaouani et
al., 2018).

The Freundlich equation is exponential and therefore the amount of adsorbate on the
adsorbent surfaces rises with increase in solute concentration. A coefficient of determination
(R value is close to unity shows a good fit between this model and the experimental data
(Halsey, 1948; El Alaouani et al., 2018). If the data was better described by Freundlich

model, there was a high likelihood that the adsorption process is chemisorption.

3.2.7 Statistical Analysis
Variability between replicates was expressed in terms of error bars. The statistical difference
was tested using One Way Analysis of Variance on OriginPro 9.0 software as presented in

the appendices 1, 2 and 3.
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CHAPTER FOUR
RESULTS AND DISCUSSION
This chapter describes the results obtained from the various sample treatments from
adsorbents characterization to sorption kinetics, thermodynamics parameters and isotherms.

Herein discussed are the physical and chemical meaning and interpretations.

4.1 Production of the Geopolymers

The MWFA had course profile with a mixture of very fine and rough particles. Effervescence
is observed during the reaction between MWFA and alkaline activator solution and the
MWFA-based geopolymers synthesized appeared to have numerous pores distributed
throughout the whole mass, similar to pumice rocks, as shown in Figure 4.1. Porosity
increases from GPA, to GPB to GPC with increase in sodium silicate to sodium hydroxide

mole ratio.

Figure 4.1: Photographs of MWFA, GPA, GPB, and GPC (Scale - 3:4)
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4.2 Characterization Studies of the MWFA and MWFA-based Geopolymers

4.2.1 Functional Group Identification
FTIR plots (Figure 4.2) present the functional groups present in MWFA.
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Figure 4.2: FTIR spectrum of MWFA

For MWFA, there were absorption bands at 1616 cm™, 3400 cm™, 1435 cm™, and a pre-
eminent band at 989 cm™ corresponding to deformation and stretching vibrations of —OH, H—
O-H, C=0 bonds, Si-O-T (T-tetrahedral Al or Si) bonds. Other important bands were
centered between 400 cm™ and 800 cm™ wave numbers corresponding to asymmetric and
symmetric stretch vibrations of aluminosilicate tetrahedral. Similar results were reported by
Innocenzi et al. (2003) in which the silica bands appeared in the 1000—1300 cm™ region.
FTIR plots (Figure 4.3) present the functional groups found in MWFA and the MWFA-based

geopolymers.
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Figure 4.3: FTIR spectra of MWFA, GPA, GPB, and GPC
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A comparison of MWFA-based geopolymers with MWFA shows some changes in the bands.
The presence of quartz in MWFA gave Si-O-T (T-tetrahedral Al or Si) bonds responsible for
the band at 989 cm™ (Siyal et al., 2019). The shift in this band to lower wavenumbers (968
cm?, 965 cm™, 970 cm™) in the MWFA-based geopolymers GPA, GPB, and GPC show that

some quantity of metasilicate participated in the geopolymerization reaction.

The bands at 989 cm™ and 673 cm™ correspond to the asymmetric and symmetric stretch
vibrations of aluminosilicate tetrahedral, Si-O-T (T-tetrahedral Al or Si) in MWFA. The
asymmetric stretch vibration bands reduced to lower wavenumbers (968 cm™, 965 cm™, and
970 cm™), increased in intensity, and narrowed with the synthesis of GPA, GPB, and GPC,
respectively. According to Daud et al. (2021), Si-O-T gives the main band used as evidence
of geopolymer synthesis. During geopolymerization, there is bond breaking and bond
formation responsible for the variations in the main band (Siyal et al., 2016). The shift in
these main bands to lower wavenumbers was evidence that changes occurred in the angle and
length of the Si-O-Si bonds indicating that the sodium silicate to sodium hydroxide mole ratio

contributes significantly to the structure of the prepared geopolymers (Innocenzi, 2003).

The bands at 1616 cm™ and 3400 cm™ in the MWFA are due to deformation and stretching
vibrations of —-OH and H-O-H bonds (Zhang et al., 2012). The stretching vibrations of H-O—
H and —OH bands appear at 2968 cm™, 2972 cm™, and 3025 cm™ for GPA, GPB, and GPC
respectively. The deformation vibrations of —OH bands appear at 1627 cm™, 1637 cm™, and
1637 cm™ for GPA, GPB, and GPC respectively. The H-O—H and —OH bond bands indicate
the presence of water and silanol groups (Tome et al., 2018). The silanol group and water
molecules trapped in the geopolymer hollows are responsible for the shifts in the deformation
vibrations of —OH bands to higher wavenumbers (Zhang et al., 2012; Liu et al., 2016).
Previous related geopolymer studies also reported similar trends in FTIR analysis, confirming
the successful synthesis of geopolymers GPA, GPB, and GPC (Sarkar et al., 2017; Nath and
Sarker, 2017).

4.2.2 Morphological and Composition Analysis
The morphological and structural analysis of the MWFA obtained from SEM-EDX images
are shown in Figure 4.4. MWFA appears to have loosely packed structures with high

porosity.

This is consistent with the findings of EI Alouani et al. (2018) which reported loosely packed

and porous structures.
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Figure 4.4: SEM image of MWFA (X230)

The percentage elemental composition of the MWFA are shown in Table 4-1. The Si/Al ratio
in MWFA was found to be 1.18. Sodium was below detection limits since alkaline activator
had not been added. Presence of Al and Si makes MWFA a good precursor for

geopolymerization.

Table 4.1: Elemental composition of precursor (MWFA)

O (%) Mg(%) Na(%) AI(%) Si(%) Ca(%) SiAl

MWFA 56.84 2.26 ND* 8.34 9.84  23.08 1.18

*ND -not detected

The morphological and structural analysis of the MWFA, GPA, GPB, and GPC obtained
from SEM-EDX images are shown in Figure 4.5. One clear observation is the uniform
granular, tiny, spherical, and loosely packed structures in the geopolymers, evidence that
geopolymerization occurred (Maleki et al., 2019; EI Alouani et al., 2018). The absence of
tinny spherical structures in GPA, GPB, and GPC indicates almost complete
geopolymerization of the precursor materials into geopolymers. Comparatively, the spongy
and gel-like morphology is more elaborate in GPC and GPB than in GPA (Al-Ghouti et al.,
2020). The presence of pores and cavities on the surfaces of the adsorbents is the key factor
for endosulfan removal from wastewater by adsorption (Shokrollahi et al., 2011; Ghani et al.,
2020).
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Figure 4.5: SEM images of MWFA, GPA, GPB, and GPC at X230 magnification

The percentage elemental composition of the MWFA and the prepared geopolymers are
shown in Table 4.2. The Si/Al ratio in MWFA and the geopolymers was found to be
different. The changes in elemental composition arose from the alkaline activator solutions
used. The MWFA-based geopolymers had Si/Al ratio lower than 2.4 indicating that they had
polysialate-siloxo (-Si-O-Al-O-Si-O-) structure (EI Alouani et al., 2018). The amount of
heavy metals in the MWFA and the MWFA-based geopolymers was undetectable, indicating
the unlikely possibility of secondary pollution from the adsorbents (Ghani et al., 2020).

Table 4.2: Elemental composition of MWFA-based geopolymers

0 (%) Mg (%) Na(%) Al(%) Si(%) Ca(%) Si/Al

MWFA 56.84 2.26 ND 8.34 9.84 23.08 1.18
GPA 61.83 ND 25.78 3.36 6.41 2.62 1.91
GPB 55.29 ND 19.40 8.65 16.66 ND 1.93
GPC 53.86 ND 22.76 1.77 15.61 ND 2.01
KEY:

ND- not detected
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4.2.3 Crystallinity and Mineralogical Studies

The diffractograms of the MWFA used for the synthesis are shown in Figure 4-6. Sharp
peaks (labelled in alphabetical letters) indicate a crystalline phase while a hump (appearing at
10 <20 < 40) shows the presence of an amorphous phase.

The MWFA had a degree of crystallinity (DOC) of 17.40% and the amorphous content was
82.60% by weight. The following four crystalline phases were identified in MWFA,; 37.3%

grossular (AlzcaaDmSia) (cubic crystal system) [PDF# 96-900-0442], 34.4% cristobalite
(SiD:) (tetragonal) [PDF# 96-900-1581], 21.2% quartz (SiDE) (trigonal-hexagonal axes)

[PDF# 96-901-1495], 7.2% Kalsilite (*KO.SY) (hexagonal) [PDF# 96-900-9729]. The
unidentified peak area was 13.3%.
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Figure 4.6: XRD diffractograms for MWFA

The diffractograms of the three studied geopolymers GPA, GPB, GPC, and aluminosilicate
source (MWEFA) used for the synthesis are shown in Figure 4-7. The crystalline phases,
degree of crystallinity (DOC), and amorphous contents were determined using Rietveld
Method on Match XRD software. The DOC was calculated by dividing the total area of the
crystalline peaks by the total area under the diffraction curve. On the other hand, the
amorphous content was calculated by dividing the total area of amorphous peaks by the total
area under the diffraction curve. The raw data of the diffraction patterns were analyzed using
Match XRD software. For a selected phase, the total area of matched peak divided by the
total area of the crystalline phase peaks gave the phase quantification.
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Figure 4.7: XRD diffractograms for MWFA, GPA, GPB, and GPC

The MWFA had a DOC of 17.40% and the amorphous content was 82.60% by weight. The
following four crystalline phases were identified in MWFA; 37.3% grossular (Alz{:aaDuSia)
(cubic crystal system) [PDF# 96-900-0442], 34.4% cristobalite (SiD:) (tetragonal) [PDF# 96-
900-1581], 21.2% quartz (SiD:) (trigonal-hexagonal axes) [PDF# 96-901-1495], 7.2%

kalsilite (*1KQ,51) (hexagonal) [PDF# 96-900-9729]. The unidentified peak area was 13.3%.
The GPA had a DOC of 20.45% and the amorphous content was 79.55% by weight. The

four identified GPA: 47.3%

following crystalline  phases were in lisetite
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(Al ,,Ca,;Na, ,,0,.Si, ) (orthorhombic) [PDF# 96-900-1030], 23.2% Albite (AINaO,Si,)
(triclinic (anorthic)), [PDF# 96-900-3701], 19.3% Jadeite (AIN@0,SL,) (monoclinic) [PDF#
96-900-0344], 10.1% barroisite (Al,CaH,Ma.,NaO,,Si.) monoclinic) [PDF# 96-901-6521].

The unidentified peak area was 15.0%.
The GPB had a DOC of 14.88% and the amorphous content was 85.12% by weight. The

following three crystalline phases were identified in GPB; 52.4% kumdykolite (AINaO,Si)

(orthorhombic), [PDF# 96-154-4371], 25.1% melilite (AICa@Na0,Si.) (tetragonal), [96-900-
8196], 22.5% albite (AIN@O,SL) (tricinic (anorthic)), [PDF# 96-900-3702]. The unidentified

peak area was 11.4%.

The GPC had a DOC of 21.26% and the amorphous content was 78.74% by weight. The
following two crystalline phases were identified in GPC; 53.2% Albite (AINaO,Si,) (triclinic

(anorthic)), [PDF# 96-900-0586], and 46.8% lisetite (AlioCa; 0N, ;0. Si, )
(orthorhombic), [PDF# 96-900-1030]. The unidentified peak area was 17.4%. The changes in
sodium silicate to sodium hydroxide mole ratios favoured the formation of new mineral
phases resulting in geopolymers with varied chemical compositions (EI Alouani et al., 2018).
Ibrahim et al. (2022) reported similar diffractograms in which quartz (SiO;) emerged as a
major crystalline peak at 20 values of 27.993° and less intense peaks at 20.836°, 40.479°,
44.484°, 50.535° and 67.42° in the fly ash and the synthesized geopolymer. The study also

reported similar phases such as mullite.

4.2.4 Point of Zero Charge (pHpzc) Studies

The pHy,c for MWFA was found to be at pH 8.1 as shown in Figure 4-8. The surface of
MWFA became positively charged below pH 8.1, neutral at pH 8.1, and negatively charged
above pH 8.1.
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Figure 4.8: The pH point of zero charge of MWFA

Designing adsorption-based separation techniques between a solid and liquid phase depends
on the surface chemistry of the adsorbent described by its point of zero charge (pHpzc). The
PHyzc is the average pH value of the adsorbent in the NaCl electrolyte. The pHp,c was found
to be at pH 8.1, 6.8, 6.7, and 6.8 for MWFA, GPA, GPB, and GPC, respectively (Figure 4-9)
showing that geopolymerization affected the surface properties. For instance, GPB became
positively charged below pH 6.7, neutral at pH 6.7, and negatively charged above pH 6.7.
The pHp, is observed to be independent of the sodium silicate to sodium hydroxide mole
ratios of the alkaline activator solution. Values comparable to those in this study and similar
findings have been reported by Hermann et al. (2022); Sarkar et al. (2019).
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Figure 4.9: The pH point of zero charge of MWFA, GPA, GPB, and GPC
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4.3 Adsorption Experiments

4.3.1 Calibration Curves

In order to obtain the residual endosulfan concentrations, the calibration curves obtained in
the concentration range 0 — 20 mg/L afforded a linear regression coefficient, R? > 0.99 as
shown in Figure 4-10. The linearity confirmed reliable quantitative analysis. The linear
equation is shown below:

y = 0.0087x — 0.0011 4-1

The control experiment showed that undetectable amount of the endosulfan were adsorbed on
the glass container walls. The pH of endosulfan solution following treatment with MWFA
was constant in the range of pH 5.0 -5.2.
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Figure 4.10: Calibration curve for endosulfan

4.3.2 Effect of pH on Adsorption Mechanism

At lower pH conditions below pHpzc 6.8, the Si-OH and Al-OH centres of the geopolymer
were protonated due to a high concentration of H* ions (Figure 4.11). As a result, the
adsorbent surface became positively charged (GP") and the negatively charged endosulfan
moieties (pKa = -5.5) are electrostatically attracted to the geopolymer surface. This results in
increased adsorption at low pH (Figure 4-12). Similar phenomenon was observed for
adsorption of alpha and beta endosulfan onto bentonite clay (Rauf et al., 2012) and uptake of

endosulfan by saw dust derived activated carbon (Kakoi et al., 2015).

At higher pH, the Si-OH and AI-OH groups in the geopolymer were deprotonated hence the
geopolymer surface became negatively charged. Consequently, coulombic repulsion forces
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between the adsorbent surface and anionic adsorbate ions became significant resulting in
decreased adsorption. Similar sequence was reported for the removal of anionic eriochrome
black T dye onto alkali activated volcanic ash based geopolymer (Tome et al., 2021). The
decrease in adsorption at high pH is also attributed to competition between the hydroxide ions
(OH") and negatively charged endosulfan for the same adsorption sites. Besides electrostatic
interactions, hydrogen bonding between the hydrogen in the hydroxyl (~OH) groups on the
adsorbent surface and the lone pairs of electrons of the electronegative O and Cl atoms of
endosulfan is proposed. This is consistent with reports by Owino et al. (2023) for the removal
of anionic dye, bromocresol green, using solid waste fly ash based geopolymers. Very low
pH ranges were unsuitable for practical application (Ikowska et al., 2009). The optimum pH
was found to be 5.0 as shown in Figure 4-12. Further details on adsorption mechanism is

discussed under Kinetics, isotherms and thermodynamic studies.
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Figure 4.11: Surface charge of the MWFA-based geopolymer in acidic medium
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Figure 4.12: Graph of adsorption capacity and removal efficiency against pH
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4.3.3 Effect of Initial Concentration

The adsorption capacity was found to increase with an increase in initial concentration of the
endosulfan (Figure 4-13). This phenomenon can be explained by the fact that at low
concentrations, the majority of the adsorption sites remained unoccupied due to low
adsorbate / adsorbent interactions leading to low adsorption capacity. However, when the
initial concentration of endosulfan was increased, it resulted to increased adsorbate/adsorbent
interactions and mass gradient between the solid phase and the bulk solution until the
maximum adsorption capacity was reached. Similar trend was reported for the adsorption of
methylene blue dye by geopolymers derived from common clay and rice husk ash (Maingi et
al., 2017) and volcanic ash-metakaolin based geopolymers (Shikuku et al., 2022).
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Figure 4.13: Variation of adsorption capacity and removal efficiency with initial
concentration

4.3.4 Effect of Contact Time

The time-dependent evolution of the geopolymer sorption capacity for endosulfan depicted
fast sorption kinetics leading to saturation within 90 min (Figure 4-14) followed by an
equilibrium phase. Noteworthy, the geopolymers exhibited higher removal efficiencies for
endosulfan (> 83 %) than MWFA (20.58 %) as shown in Table 4-3. Geopolymerization
improved the removal efficiency of the raw material by approximately 4-orders of magnitude.
Tome et al. (2023) also noted that geopolymerization increased the adsorption capacity by 5-
orders of magnitude for laterite-based geopolymers. Geopolymerization is therefore

demonstrated to be a beneficial step.
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Table 4.3: Variation of adsorption capacity, at, (mg/g) with time (minutes) (Co =8
mg/L, T = 303 K)

Time (Minutes) Adsorption Capacity, qt, (mg/g)

GPA GPB GPC MWFA
0 0.13825 0.13825 0.13825 0.02297
10 1.00282 1.29101 1.17573 0.31116
20 1.34865 1.46392 1.5792 0.42644
30 1.86739 1.80975 2.0403 0.48408
40 2.09794 2.09794 2.44377 0.77227
50 2.44377 2.50141 2.61669 0.88754
60 2.90488 2.96251 2.7896 1.00282
90 3.30834 3.30834 3.42362 1.06046
120 3.42362 3.42362 3.48126 1.23337
150 3.5389 3.5389 3.65417 1.34865
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Figure 4.14: Evolution of sorption capacity of GPA, GPB, GPC, and MWFA for
endosulfan with time (m = 0.1g/50mL, Ci = 8mg/L, pH =5)

4.3.5 Kinetics Studies
The adsorption kinetics for endosulfan onto the geopolymers were analyzed using Lagergren

pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models.
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Table 4.4: Lagergren pseudo-first-order (PFO) and Pseudo-second-order (PSO)
parameters

Model Parameter GPA GPB GPC MWFA

PFO Ki (min ™) 0.024 0.026 0.028 0.019
qe (cal) (mg g ™) 3.661 3.604 3.635 1.399
e (exp) (Mg g b 3.308 3.308 3.424 1.061
Srate (mg.g “.min"")  0.088 0.093 0.102 0.027
e (min) 28.88 26.66 24.76 36.48
R? 0.978 0.974 0.996 0.955

PSO Kz (g mg ' min?) 0.027 0.027 0.028 0.009
ge(cal) (mg g ™) 0.689 0.690 0.691 0.688
ge(exp) (mg g b 3.308 3.308 3.424 1.061
Srate (mg.g*min"?)  0.128 0.129 0.134 0.004
i) 53.75 53.68 51.68 161.5
R? 0.875 0. 880 0.895 0.847

Coefficients of determination (R?) values have been used extensively as the criterion for
discriminating best-fitting models (Dzoujo et al., 2022; Tome et al., 2022; Tome et al., 2023;
Shikuku et al., 2022). From Table 4-4, since the coefficients of determination (R?) values for
the PFO were closer to unity than PSO, the adsorption Kkinetics were best accounted for and
predicted by the PFO kinetic model. The initial adsorption rates (Srate) decreased in the order
0.102 > 0.093 > 0.088 > 0.027 for GPC, GPB, GPA, and MWFA, respectively, with a
decrease in sodium silicate to sodium hydroxide mole ratios. Relative to the precursor,
MWEFA, the adsorption rate (ki) was ~1.5 times higher for the geopolymers, an indication
that geopolymerization enhanced the number and accessibility to the adsorption sites.

Similarly, geopolymerization increased the adsorption rate by 3-8 orders of magnitude for the
removal of methylene blue dye onto volcanic ash-metakaolin based geopolymers relative to
the precursors (Shikuku et al., 2022). However, the adsorption of methylene blue was
described by the PSO model. The rate constant (ki) showed minute variation across the
geopolymer adsorbents. The adsorption rate (ki) was therefore weakly influenced by the

chemical composition of the materials. This is contrary to results by Shikuku et al. (2022)
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where rate constant was dependent on geopolymer composition. This illustrates that
functional group density and accessibility vary with synthesis conditions.

At the onset, when all adsorption sites are vacant, the GPC had the highest initial adsorption
rate (Srae) indicating that it had the highest number of energetically favourable and accessible
adsorption sites thus controlling the adsorption half-life (ty2). The sodium silicate to sodium
hydroxide mole ratio of the activator solution had a bearing on the accessibility of the
favoured adsorption sites. Conformity to PFO suggests a physisorption-mediated rate-
determining step (Revellame et al., 2020; Gupta et al., 2021; EI Alouani et al., 2018).

4.3.6 Thermodynamics of Endosulfan Adsorption

Temperature rise led to an increase in the amount of endosulfan adsorbed indicating an
endothermic reaction. As the temperature increased, the kinetic energy of endosulfan
molecules increased leading to an increase in mobility of the adsorbate molecules and the
number of interactions with active sites. An increase in temperature also decreased the
boundary layer and this led to an increase in adsorption. Similar phenomenon was used to
account for the endothermic adsorption of methylene blue dye onto pozzolan-biochar

geopolymer composites (Dzoujo et al., 2022).

The effect of temperature changes on the sorption was studied in the range 303-353 K. The
thermodynamic parameters, namely, change in Gibbs free energy (AG), enthalpy (AH), and
entropy (AS), which indicate the practical feasibility of the process, post-adsorption structural

changes of the adsorbent and the adsorption mechanism, were derived using the van’t Hoff

plot (Figure 4-15).
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Figure 4.15: The Van't Hoff plots for MWFA, GPA, GPB and GPC

The positive AH®qs (kJ/mol) values for all the geopolymers confirmed an endothermic
process. According to Jemutai-Kimosop et al. (2022), AH values above 40 kJ/mol
corresponds to chemisorption mechanisms. In this study, all the enthalpy values were very
low (< 40 kJ/mol) which corresponds to physisorption processes. Similar results were
reported for the adsorption of endosulfan onto amine-modified magnetic diatomite, an

aluminosilicate based adsorbent (Alacabey et al., 2022).

The positive AS°gqs (J/K) value indicated that, at the liquid-solid interface, there was an

increased disorderliness (Shikuku et al., 2018).

The negative AG®,qs (kJ/mol) values (Table 4-5) indicated that the adsorption processes were
spontaneous and favourable. The relatively low magnitudes of AG®,4s values supported the
aforementioned physical adsorption mechanism (Dzoujo et al., 2022; Hermann et. al., 2022).
The thermodynamics data showed that the adsorption of endosulfan by the MWFA- based

geopolymers was an entropy-driven process.
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Table 4.5: Thermodynamic parameters of GPA, GPB, GPC, and MWFA

GPA GPB GPC MWFA

T AHT AG® AS® Fily aG® AS® AR AG® AS? AHT aG® AS?

(K) ads ads ads ads ads ads ads ads ads ads ads ads
kJ/mo  kJ/imo  J/K/mol kdJ/mo  kJ/mol JK/m  kd/mol kJ/mol JIK/mol  kJ/mol kJ/mol JIKIm
| | | ol ol

303 31.98 -18.85  167.75 35.65 -18.69 178.4  40.67 -18.90 195.44 13.61 -11.81 83.91

8

313 -20.26 -19.75 -20.52 -12.45

323 -22.16 -22.16 -21.80 -13.75

333 -23.73 -23.73 -24.28 -14.38

343 -25.69 -25.69 -26.55 -15.22

353 -27.33 -27.33 -28.56 -15.87

Ea 28.57 31.49 36.78 3.25

kd/

mol

S 2.6676 x 10°° 9.5622 x 107 1.1482 x107 2.2630 x 10*

The sticking probability, S*, and adsorption activation energy (E;) were computed from

experimental data using the modified Arrhenius-type equation (equation 4-10) related to

surface coverage () (Shikuku et al., 2018) and plotted as shown in Figure 4-16.

« F
In(l-0)=InS
n(l-0)=InS" + S

a

The value of 0 was determined using equation 4-11:

ez[l_&

i

¢

4-10

4-11

Where C. is the equilibrium endosulfan concentration (mg/L), C; is the initial endosulfan

concentration (mg/L) and R is the universal gas constant (8.314 J/K.mol).

The sodium silicate to sodium hydroxide mole ratio had a bearing on activation energies.

Activation energies for the adsorption processes were found to be 28.57, 31.49, 36.78, and
3.25 kJ/mol for GPA, GPB, GPC, and MWFA, respectively indicating that there was purely

physisorption due to minimal electrostatic interaction between MWFA and endosulfan. The

Ea values and AH®ads values were all lower than 40 kJ/mol and this consistency confirmed

majorly physical adsorption processes.
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The S*depends on the adsorbate/adsorbent system under study and temperature. S value lies
in the range 0 < S < 1. The S values were found to be 2.6676 x 10, 9.5622 x 107, 1.1482
x107, and 2.2630 x 10™ for GPA, GPB, GPC, and MWHFA, respectively. The sticking
probability (S*) was found to be very low indicating a low probability for the endosulfan
molecules to stick on the adsorbent surface upon collision, a testament to a physisorption
mechanism with almost no exchange of electrons (Shikuku et al., 2018).
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Figure 4.16: Arrhenius-type equation plots for MWFA, GPA, GPB and GPC

4.3.8 Adsorption Isotherms

Equation 4-12 describes the nonlinear Langmuir isotherm (Langmuir 1918):

q — QDKLCG
- 1+K,C, 4-12

C. represents the equilibrium concentration of endosulfan adsorbate (mg/L) while g is the
amount of endosulfan adsorbed at equilibrium (mg/g). The Q, represents the monolayer
maximum adsorption capacity (mg/g), and the Langmuir adsorption constant, K, (L/mg), is
related to the free energy of adsorption.

According to the Langmuir isotherm model, there occurred single-layer adsorption of
adsorbate molecules onto a fixed number of active sites and there was no lateral interaction
between adsorbed molecules on a morphologically homogeneous surface. The adsorption
sites were, in this case, considered to be identical (Peydayesh et al., 2014; Karaer and Kaya,
2016; Zulkifly et al., 2019).

Equation 4-13 describes the Langmuir isotherm expressed using a dimensionless parameter

called the separation factor (R.), as follows:
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1
C1+K,C, 4-13

L

R values indicate the nature and feasibility of the isotherm as favourable (0 < R < 1),
unfavourable (R > 1), linear (R = 1), and irreversible (R_ = 0) (Ofomaja, 2008). Equation 4-

14 expresses Freundlich isotherm:

1
q. = K;-Cﬁ 4-14

Where ge (Mmg/g), is the adsorbed amount of adsorbate at equilibrium. Freundlich constant K,
((mg/g) x (L/mg)*1/n)) indicates the relative adsorption capacity of the adsorbent (mg /g); ‘n’
is the Freundlich exponent and 1/n is the Freundlich intensity parameter, a constant that
shows the intensity of the adsorption. The C, (mg /L) value was the equilibrium concentration

of adsorbate.

The Freundlich equation has two constant K. and 1/n for a given adsorbent and adsorbate
respectively at a particular temperature. High Kg and low values of 1/n indicate high
adsorption throughout the concentration range studied whereas high values of 1/n and low K¢
values indicate low adsorption (Treybal, 1980). Freundlich intensity parameter also shows
surface heterogeneity where it becomes more heterogeneous as its value gets closer to zero.

Freundlich equation is exponential; therefore, the amount of adsorbate on the adsorbent
surfaces rises with an increase in solute concentration. Using equation 4-15, Halsey

determined what is known as Freundlich maximum adsorption capacity (Halsey, 1948):

”
q, =K.C/" 4-15

where C; is the initial solute concentration (mg/L) and gm is the Freundlich maximum
adsorption capacity (mg/g).

The equilibrium data were tested against the two classical nonlinear adsorption models. The
nonlinear regression was performed by minimization of the values of the regression sum of
squares (RSS) expressed as equation 4-16 (Shikuku et al., 2018):

N
2
RSS = Z (ge.exp erimental QE. predicted )
[ 4-16

The best-fitting model was determined using the coefficient of determination (R?) values. The
relatively high coefficient of determination (R?) values (Table 4-6) indicate that the
adsorption of endosulfan onto the geopolymers was best predicted by the Langmuir isotherm.

The R_ values were between 0 and 1 for all the adsorbents indicating that the adsorption
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processes are favourable (Meroufel et al., 2013). The adsorption of endosulfan onto an
aluminosilicate based adsorbent, amine-modified magnetic diatomite, was similarly described
by the Langmuir isotherm (Alacabey et al., 2022). Similar observation was reported for the
removal of endosulfan onto wood charcoal (Yedla and Dikshit, 2008).

Table 4.6: Langmuir and Freundlich isotherm models parameters

Langmuir isotherm model Freundlich isotherm model
Qo KL/ Ka ) - Klmg g (mg 1
(mg/g] mol) rRL R R™  /g) /g nn

GPA 15899 0.258 4.10 0.162 0.971 0.943 3.288 23.676 0.659 1.517
GPB 16.970 0.238 4.04 0.174 0.951 0921 3301 25.162 0.678 1.475
GPC 20.010 0.191 3.82 0.207 0.944 0.923 3.229 28.848 0.731 1.368
MWFA  1.872 0.070 0.13 0.417 0.987 0.964 0.184 1141 0.609 1.642

The monolayer maximum adsorption capacities (Q.) were 15.89, 16.97, 20.01, and 1.87 mg/g
for GPA, GPB, GPC, and MWFA respectively. Notably, the adsorption capacities of the
geopolymers were substantially higher (~8-10 times) than that of MWFA attesting that
geopolymerization was a beneficial step. Additionally, the adsorption capacity of the
geopolymers increased with increasing sodium silicate to sodium hydroxide ratios. The
apparent equilibrium constant (K;), a product of Q, and K., derived from the Langmuir
isotherm, is a measure of the relative affinity of the adsorbent towards the endosulfan
molecules (Mishra and Tiwari, 2006). The apparent equilibrium constant values (Table 4-6)
indicates that the affinity of the geopolymers for endosulfan is much higher (~30 times) than
that of MWFA indicating that geopolymerization process imparts surface properties such as
lower pHpzc and higher porosity which enables the geopolymers to have higher affinity for

endosulfan.

Additionally, the geopolymers had a similar affinity toward endosulfan. This shows that the
difference in chemical compositions of the geopolymers, from the XRD data, could not
account for the trends in their adsorption capacities. This is further supported by the FTIR
data that showed no new functional groups that would induce increased affinity. The increase
in adsorption capacity with an increase in sodium silicate to sodium hydroxide mole ratios is
attributed to increased accessibility to the energetically favoured binding sites. The

adsorption capacity of geopolymers is therefore neither necessarily nor solely controlled by
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their composition. A trade-off between composition and textural properties is inferred (Tome
etal., 2023).

On the other hand, the Freundlich model (Freundlich, 1906) proposes multilayer adsorption.
This kind of adsorption has differing dispersion of adsorption affinities onto the
heterogeneous surface of the adsorbent without lateral interaction. In line with this postulate,
the adsorption sites which were energetically favoured were occupied first, followed by that
had diminishing binding energies with increasing rates of site occupancy.

The Kg and 1/n for the geopolymers were higher than the MWFA indicating that
geopolymerization improved the affinity for the endosulfan. However, the K¢ values for the
geopolymers were invariable (Table 4-6) indicating that the affinity of the geopolymers for
endosulfan was independent of the composition. This is consistent with the apparent
equilibrium constants (K;) from the Langmuir isotherm. The Freundlich factor (1/n) values
less than unity correspond to heterogeneous adsorbent surfaces. Additionally, the magnitudes
of 1/n suggest weak adsorbent-adsorbate interactions corresponding to the physisorption
mechanism (Shikuku and Jemutai-Kimosop, 2020). This is supported by the thermodynamics
data.

The adsorption capacities of the geopolymers in this study were compared with those
adsorbents reported in the literature for the removal of endosulfan from water (Table 4-7). It
is observed that the adsorption capacity of geopolymers, especially GPC, was higher than
most of the adsorbents. MWFA-based geopolymers are therefore promising adsorbents for

the sequestration of endosulfan from water.
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Table 4.7: A comparison of adsorption capacities of MWFA-based geopolymers with
other adsorbents for endosulfan

Adsorbents Qo (mg/g) Reference

GPA 15.899 This study

GPB 16.970 This study

GPC 20.010 This study

MWFA 1.872 This study

Wood Charcoal 0.530 Yedla and Dikshit (2008)
Amine-modified 97.200 Alacabey (2022)

magnetic diatomite

Raw diatomite 16.600 Alacabey (2022)

Carbon Slurry 34.110 Gupta and Imran (2008)
Activated charcoal 2.145 Sudhakar and Dikshit (1999)
Wood charcoal 1.773 Sudhakar and Dikshit (1999)
Sojar caju 1.575 Sudhakar and Dikshit (1999)
kimberlite tailings 0.882 Sudhakar and Dikshit (1999)
Silica 0.323 Sudhakar and Dikshit (1999)
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CHAPTER FIVE

CONCLUSIONS, RECOMMENDATIONS AND SUGGESTIONS FOR FURTHUR

RESEARCH

5.1 Conclusions

Three MWFA-based geopolymers GPA, GPB, and GPC were synthesized via alkaline
activation with increasing sodium silicate to sodium hydroxide mole ratios ratios of
0.17, 0.21, and 0.24 for GPA, GPB, and GPC, respectively.

The geopolymerization reaction was evidenced by the shift in the Si-O-T (T=Si or
Al) asymmetric stretching vibrations towards lower wavenumbers 968 cm™, 965 cm™,
970 cm™ for GPA, GPB, and GPC, respectively, in relation to the band at 989 cm™ in
the MWFA (FTIR), the formation of new mineral phases (XRD) and distinguishable
morphologies (SEM-EDX). The aluminosilicate composition of MWFA was
sufficient for geopolymer development.

Adsorption performance decreased with increase in pH. The effect of pH showed
adsorption mechanism was largely due to electrostatic interactions. Removal
efficiency increased with increase in initial endosulfan concentration. The adsorption
kinetics of endosulfan onto the geopolymers followed the pseudo-first-order kinetics
attaining equilibrium in 90 min and Langmuir isotherm model gave the best
description of the equilibrium data. Amount adsorbed increased with the rise in
temperature and adsorbent dosage. Thermodynamically, the adsorption processes
were endothermic (AH > 0), spontaneous (AG < 0), physical, and entropy-driven.

The Langmuir maximum adsorption capacities increased in the order 1.872, 15.899,
16.970, and 20.010 mg/g with increasing sodium silicate to sodium hydroxide mole
ratios for MWFA, GPA (0.17), GPB (0.21), and GPC (0.24), respectively. The
sodium silicate to sodium hydroxide ratio of 0.24 produced an MWFA-based
geopolymer with the highest adsorption capacity and performance. Alkalination of
MWFA was shown to be a beneficial pre-treatment step both for adsorption capacity
and adsorption rate. The adsorbent-adsorbate affinity and adsorption rates were
independent of the composition of the geopolymer.

49



5.2 Recommendations

MWFA with sufficient aluminosilicate content should be used for geopolymer
development with higher silicate to NaOH ratios for maximization of the adsorption
capacities for endosulfan removal in large scale water treatment systems.

In order to predict the mechanism of endosulfan removal using MWFA-based
geopolymers in water treatment systems, the determined kinetic, thermodynamic and

adsorption isotherm parameters should be applied.

5.3 Suggestions for Further Research

Evaluation of suitable solvents for desorption of endosulfan from an exhausted
geopolymer to evaluate the number of cycles the MWFA-based geopolymers may be
reused.

Suitable low-cost silica sources as replacement for commercial sodium silicate for the
development of geopolymer adsorbents.

Other synthesis conditions that may affect or improve geopolymer adsorptive

properties, such as use of additives, should be investigated further.
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APPENDICES

Appendix 1: Statistical analysis of the kinetic data using originPro 9.0 software

ANOVAOneWay (20/11/2023 08:41:47)
Descriptive Statistics

M Analysis |~ M Missing Mean Standard Deviation = SE of Mean

CPA 1 0| 200564 - -

GPB g ] 49772 172797 0.57599

GPC 9 0 515652 1.73298 0.57766

MW EA g9 0 167262 073238 0.24412
One Way ANOVA
Owverall ANOVA

DF  Sumof Squares = Mean Square FValue Prob=F
Model 3 728612 2428707 1116571 B.835B9E-5
Error | 24 52 20354 217515
Tatal 27 12606474

Mull Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or mare lewels are difizrent.
At the 0.05 level, the population means are significanthy different.
Fit Statistics
R-Square  CoeffVar  Root MSE @ Data Mean
053259 038144 147484 3.86652

NMeans Plot (SD as Error)

N
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Appendix 2: Statistical analysis of the thermodynamic data using originPro 9.0 software

ANOVAOneWay (20/11/2023 08:13:43)
Descriptive Statistics

M Analysis | N Missing M ean Standard Deviation | SE of Mean
GPA 1 0| 6.38613 - -
CPBE 6 0| 7.02015 0.61756 0.25212
cpPC B 0| 7.13543 0.58212 0.23765
MV EA G 0 1.98642 042145 017208
One Way ANOVA
Overall ANOVA
OF | Sumof Squares  Mean Sguare FWalue Prob=F
Madel 3 104. 68563 34.89521| 11659375 1.28291E-10
Error 15 4 43833 0.29829
Tatal 18 109.17497

Mull Hypothesis: The means of alllevels are equal.
Alternative Hypothesis: The means of one or more lewls are difizrent.
At the (.05 level, the population means are significantly different.
Fit Statistics
R-Square  CoeffVar Root MSE  Data Mean
0.95888 010068 054707 5.43359

Means Plot (5D as Error)

==

—
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Appendix 3: Statistical analysis of the Langmuir adsorption isotherm data using originPro
9.0 software

ANOVAOneWay (20/11/2023 08:28:44)
Descriptive Statistics

M Analysis | N Missing Mean Standard Deviation = SE of Mean
GPA 1 0 342362 - -
CPBE 5 0 1001725 5.08023 237195
cpPC 5 0 1006336 516808 231124
MWES 5 ] 1.486581 0.56431 0.25237
One Way ANOVA
Overall ANOVA
OF  Sumof Squares  Mean Sguare  F Yalue Prob=F
Maodel 3 257 17248 B.72416 | 486735 0.01933
Error . 12 211.34508 17.61208
Taotal 15 458.51756

Mull Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or more lewls are difizrent.
At the 0.05 level, the population means are significantly different.

Fit Statistics

R-Square | CoeffVar Root M3E  Data Mean
0.54891 0.60351 4 19668 6.95379

Means Plot (5D as Error)

ZaN
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Appendix 4: Langmuir adsorption isotherm using excel
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Appendix 5: Freundlich adsorption isotherm using excel
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