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ABSTRACT

While exposure to low fluoride is essential for stronger bones and teeth, exposure to high
concentration (> 3 mg/L/day) leads to hyperostosis and osteoporosis. This research evaluated
the role of fertilizer application on soil’s fluoride release, and assess the effectiveness of using
seaweed (Eucheuma cottonnii) derived materials for remedial purposes. The soil
characterization results in the study area, indicated the availability of diverse fluoride fractions
and in different quantities in the soil such that; water-soluble (Ws-F) (39.5 £ 0.5 mg/kg),
Exchangeable (Ex-F) (3.5 + 0.5 mg/kg), bound to iron/manganese (Fe/Mn-F) (3.1 £ 1.0 mg/kg),
and organic matter bound (Or-F) (9.1 + 2.1 mg/kg) fluoride whereas the total fluoride (Tot-F)
was 422 + 52.9 mg/kg. The study further reports that the use of three studied fertilizers
(diammonium phosphate (DAP), Urea, and farmyard manure) accelerates the bioavailability of
fluoride in the soil by increasing Ws-F. These results deliver alerts to the plant health regulators
suggesting proper management of the quality of fertilizers used for the enhancement of crop
quality particularly those used in fluoride-contaminated agricultural soils. While fertilizer
application accelerated the bioavailability of fluoride in the soil, soil amendment with dried
seaweed (DSW) led to a decrement of Ws-F from 81.7 + 3.1 mg/kg up to 28.5 mg/kg whereas
the fermented seaweed (FSW) decreased Ws-F from 81.7 + 3.1 mg/kg to 12 + 1.3 mg/kg
following 5 % (w/w) amendments. But unlike DSW and FSW, seaweed-derived biochar (SB)
adsorbed fluoride at specific pH five (5) from 103.1 mg/kg to 91.2 + 3.2 mg/kg whereas
hydroxyapatite activated seaweed-biochar (HSB) exhibited defluoridation capabilities at varies
pH (3 — 11) with a maximum Ws-F reduction from 103.1 mg/kg to 21.6 = 2.1 mg/kg which is
close to the recommended limit of 16.4 mg/kg. The DSW and FSW defluoridation was based
on complexation reactions, alteration of soil properties, and increasing the soil-specific surface
area, but SB and HSB defluoridation was through chemisorption. Therefore, seaweed-derived
materials are capable of remediation of fluoride contaminated soils and the study recommends
further investigation on fluoride uptake by crops in pot and field experiments post-amendment

with seaweed derived materials.
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CHAPTER ONE
INTRODUCTION
1.1  Background of the Problem

Fluoride (F~) is the ionic form of fluorine (F,). Fluorine (F,) is the 13" most abundant element
in the environmental aspects of soil, air, and water. It does not occur in its elemental state
naturally due to its high reactivity but exists as a fluoride ion (F~) reacting with the
electropositive elements (Hong et al., 2016). Fluoride ion is among the essential trace element
maintaining normal psychological activities in animals including humans. It is an important
element responsible for stronger skeletal tissues in the body (Ma et al., 2014; O'Hagan et al.,
2002). Regardless of its essentiality, fluoride is reported to cause teeth fluorosis in humans at
levels higher than 1.5 mg/L, affect bones at 4 -10 mg/L, and crippling fluorosis at levels higher
than 10 mg/L (Okamoto, 2001). Chronic fluorosis is reported in grazing animals due to
ingestion of fluoride-containing volcanic ashes and intake of naturally polluted water, soil, and
plants (Cronin et al., 2000).

In the environment, fluoride is released naturally through weathering and volcanic activities
however anthropogenic activities such as industrialization and agricultural practices accelerate
its release rates (Jayarathne et al., 2014). Initially, drinking water was considered a
conventional fluoride exposure route. This led to the establishment of several water
defluoridation techniques such as membrane separation, ion exchange, adsorption,
nanofiltration, and flocculation which have been proved effective and efficient. These water
defluoridation techniques are currently being implemented for water defluoridation in a
different parts of the world (Waghmare & Arfin, 2015). Although water defluoridation is
generally settled, fluorosis is yet to be settled because there is more to fluoride exposure sources
apart from drinking water (Rizzu et al., 2020b). Oral care products, seafood, vegetables, tea,
meat, and even air in industrialized countries are reported to contain a momentous amount of
fluoride which human beings are exposed to, daily exceeding the recommended limit (Rizzu et
al., 2021; Singh et al., 2018). Symptoms of fluorosis was discovered in 18% of the population
in Ethiopia with fluoride concentration in drinking water as low as 0.2 - 0.3 mg/L (Olsson,
1978). Another study reported the prevalence of fluorosis in children in Sudan consuming
drinking water with 0.25 mg/L fluoride of which 91% of the children revealed the symptoms

of fluorosis (Ibrahim et al., 1995) suggesting the existence of multiple fluoride exposure routes.



Therefore, human beings living in fluoride contaminated areas will always be exposed to

fluoride above the recommended limit unless all exposure sources are managed accordingly.

Fluoride exposure through food is linked to soil-fluoride directly or indirectly as most food
originates from the soil (Hong et al., 2016). Naturally, to reduce or mitigate fluoride exposure
through plants, low fluoride accumulators are grown in contaminated soils, and high
accumulators are grown in contamination-free soils, however, this cannot be implemented in
real-life situations (Banerjee et al., 2019). Another approach is to limit fluoride uptake by plant
roots through immobilization/adsorption of the fluoride found in the soil (Suzuki et al., 2013;
Tafu & Manaka, 2016; Wyszkowski et al., 2014).

Unlike water, natural soil-fluoride originates from the underlying parent rock material and
therefore soil-fluoride distribution is linked to the soil formation process (Baunthiyal & Sharma,
2012; Hong et al., 2016; Zhao et al., 2015). Soils with fluoride-free parent rocks can contain
fluoride concentrations in the range between 20 - 1,000 pg/g whereas fluoride-contaminated
soils can contain concentrations as higher as several thousand pg/g (Chatterjee et al., 2020;
Larsen & Widdowson, 1971). While there are different forms of fluoride in the soil, it is the
soluble-fluoride content in the soil that is biologically important to plant and animals. This is
the amount of fluoride in soil that is biologically available to the soil biota. Several studies have
reported fluoride uptake by plants and its toxicity. Plants absorb fluoride ions through their
roots and accumulate in their different edible parts but the amount taken by the plant depends
on the type of the plant, soil properties, and the amount of soluble-fluoride (Hong et al., 2016).
Since plants are at the bottom of the food chain, they potentially expose all other higher
members of the food chain with human beings at the top to fluoride (Rizzu et al., 2020a).
Therefore, it remains important to find ways to minimize the bioavailability of fluoride in the

soil.

Bio-adsorbents have been used for fluoride removal purposes (Bashir et al., 2015). These
adsorbents have functional groups such as hydroxyl, carboxyl, thiol, amine, and sulfate, which
are susceptible to modification to acquire efficient defluoridation capabilities (Evangeline &
Pragasam, 2015). Although effective, the majority of these bio-adsorbents have been tested for
water defluoridation (Bashir et al., 2015; Nehra et al., 2020; Qiu et al., 2020; Tomar et al.,
2014), but literature on its application particularly those derived from seaweed for soil

remediation is limited and requires further investigations.



This study aimed to exploit seaweed (Eucheuma cottonii) for minimizing the bioavailable
fraction of soil fluoride thereby preventing its mobilization and accumulation into the plants,
vegetables, sea biota, grazing animals, and other living things. The seaweed contains
Carrageenan polysaccharide as its major structural component in the cell wall which contains
important functional groups crucial for fluoride trapping and locking in the soil. The same
functional groups can also be manipulated using different techniques to further enhance their

defluoridation performance in the soil.
1.2 Statement of the Problem

While several defluoridation techniques are dedicated to defluoridation of drinking water, less
attention is directed towards other potential fluoride exposure routes particularly soil which
harbors most of the fluoride present in the ecosystem. Although most of the fluorides in the soil
are sparingly soluble in the presence of water, some such as SiF,, NaF, and HF are quite
soluble constituting the bioavailable fluoride fraction (Cronin et al., 2000; Pickering, 1985).
The bioavailable fluoride in the soil ends up in the food chain directly through uptake and
accumulation by plants who are the bottom members of the food chain exposing the rest of the
chain to fluoride toxicity (Fig.1). For-example a study by Rizzu et al. (2020a) reported the
cumulative estimated average daily dosage (EADD) to be in the range of 0.026 - 0.165 mg/kg.
The EADD was calculated from the edible parts of maize (Zea mays L.), bean (Phaseolus
vulgaris L.), tomato (Lycopersicon esculentum Mill.), and kale (Brassica sp. pl.) grown in soils
encompassing the bioavailable fluoride concentration of 63 — 133 mg/kg (Rizzu et al., 2020b).
These results are of significant importance as they present an exposure rate from single source
and suggests that exposure to multiple sources could surpass the maximum recommended
limits of 1.5 mg/L/day and 4 mg/L/day set by WHO and TBS, respectively (Ligate, 2023).
Moreover, the bioavailable fluoride in the soil ends up being distributed into surface waters
(lakes, rivers, and oceans) through surface runoff, groundwater through leaching, and in
uncontaminated soils through erosion widening the exposure routes (Ibrahim et al., 1995;
Jayarathne et al., 2014). While this is a case, techniques such as electrokinetic (Prabhu et al,,
2023), soil washing , biological remediation (del Socorro Santos-Diaz & Zamora-Pedraza,
2010; Suzuki et al., 2013), and immobilization/adsorption have been investigated for soil
defluoridation but majority of these techniques are either not economical, have unsatisfactory
results or unrealistic for implementation in actual environment calling for more feasible

remedial approaches which is the main focus of this study.
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Figure 1: Distribution of soil fluoride into different parts of the ecosystem
1.3 Rationale of the Study

The free fluoride in the soil is normally taken up and accumulated into edible parts of crops
which end-up reaching human beings who are the top members of the food chain (Rizzu et al.,
2020b). While it is necessary to add fertilizer into the agricultural soils to enhance soil fertility,
these fertilizers particularly diammonium phosphate (DAP) has significant quantities of
fluoride which is released into the soil following its application. Furthermore, application of
these fertilizers in fluoride contaminated zones minimizes the fluoride absorption efficiency of
the soil (Hong et al., 2016; Jha et al., 2008; Murray, 1984). While fertilizer application is

important, reducing the amount fluoride exposure through soil remains important as well.
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Therefore, this study intends to limit the bioavailability of fluoride in the soil using seaweed
derived materials. The seaweed used is Eucheuma cottonii because it contains 30% carrageenan
which is a high molecular weight organic compound (HMWOC) which can easily be
manipulated for defluoridation purposes (Susilorini et al., 2014). But this seaweed is chosen
specifically because it contains plant growth hormones and can therefore play the role of
fertilizer. Although the seaweed has been investigated for adsorption of cationic species such
as uranium, cadmium, and arsenic (Chang & Teo, 2016; Distantina & Fahrurrozi, 2011; Guntur
et al.; Susilorini et al., 2014), handful information is available on its use for adsorption of
anionic species like fluoride particularly the one found in the soil. Therefore, this study
provides a more feasible remedial alternative in terms of defluoridation -efficiency,

improvement of crop health and soil fertility in fluoride-contaminated soils.
1.4  Objectives of the Study

1.4.1 General Objective

The overall objective of this study is assessment of fluoride contamination status of the soils
and exploration of remediation approaches using seaweed (Eucheuma cottonii)-derived

materials employing soils along the slopes of Mount Meru as a case study.
1.4.2 Specific Objectives
The study aimed to achieve the following specific objectives:

Q) To quantify the bioavailable fluoride fractions in the fluoride-contaminated soil along

the slopes of Mount Meru.

(i) To evaluate the responsive behavior of the bioavailable fluoride fractions towards the

commonly used fertilizers in the contaminated agricultural soils.

(ili)  To formulate and evaluate the efficiency of dried and fermented seaweed Eucheuma

cottonii for remediation of fluoride-contaminated soil.

(iv)  To formulate and evaluate the defluoridation efficiency of seaweed-derived biochar and

its activated product with hydroxyapatite.



1.5

Research Questions

The study intended to answer the following questions:

(i)

(i)

(iii)

(iv)

1.6

What are the bioavailable fluoride fractions present in the agricultural soils along the

slopes of Mount Meru?

How does fertilizer application practice influence fluoride adsorption/release behavior

of the soil?

Do seaweed derived materials have the potential for remediation of fluoride

contaminated soils?
Which seaweed seaweed-derived material has the highest defluoridation efficiency?

Significance of the Study

Most of the population (both Plantae and Animalia kingdoms) living in fluoride-contaminated

areas will be exposed to high fluoride concentrations unless all exposure routes and precursors

are identified and managed accordingly. This study holds soil as a principal source of fluoride

distribution and accumulation into the food chain and therefore intends to limit its mobility

through the ecosystem by reducing the amount of the bioavailable fraction in the soil using

seaweed-derived materials. The use of seaweed-derived materials for remediation purposes of

fluoride-contaminated soils is crucial for long-term sustainability of soil properties, fertility,

and productivity. Therefore, the results of this study will be helpful in:

(i)

(i)

(iii)

(iv)

Providing information about the bioavailable fluoride fraction in the soil as well as the
role of agricultural practices, particularly fertilizer application, in the enhancement of

the fluoride bioavailability in the agricultural soils.

Promoting awareness on the existence of fluoride in the soil, and the role it plays in

fluoride exposure through food.

Evaluating the effectiveness of using the locally available seaweed and its derived

materials for remedial purposes of fluoride-contaminated agricultural soils.

Reporting the appropriate dosages for effective remediation purposes of contaminated

soils.



1.7 Delineation of the Study

The current study was undertaken from January 2020 to January 2023. The case study involved
collecting the soil and farmyard manure obtained from one of the agricultural farms located on
the slopes of Mount Meru. The soil collected was used for the investigations reported in this
study. The first objective intended to uncover whether the agricultural practices (this case being
fertilizer application) accelerate or decelerate fluoride release in the soil and to what extent.
The second and third objectives focused on identifying the most effective seaweed preparation
method for remedial of fluoride contaminated agricultural soil. Effective in this study refers to
the ability of the amended material to reduce the amount of bioavailable/soluble fluoride in the
soil. The bioavailable fluoride fraction in this study was equivalent to the extractable fluoride
fractions. All the experiments were conducted at a laboratory scale rather than field due to
constrains of funds and time. This study has not covered the investigation of fluoride uptake
by the plants after amendment with the seaweed materials. Even though the pot experiments
intended to investigate the efficiency in limiting fluoride uptake by plants after amendments
was conducted, the results could not be acquired due to unsuccessful seed germination. But
also, this study did not cover the socio-economic aspect of the use of seaweed-derived materials

and therefore, recommends for further studies.



CHAPTER TWO
LITERATURE REVIEW
21 Fluorine and Fluorides

The determination and quantification of biologically and environmentally essential ions have
caught the attention of researchers globally. Amongst these ions is fluorine (F,) which is a
univalent, irritating, pale yellow-green gaseous halogen with a sharp odor It is the most
electronegative element and the most reactive of all. Because of this property, elemental F,
rarely exists in nature (Fig. 2), instead, it exists as a fluoride (F ™) ion which readily reacts with

other elements to form fluoroinated compounds (WHO, 1984, 2003; Yuan et al., 2019).

Fluorine Atom Electron Fluoride ion (F ™)

Figure 2:  The electron configuration of a fluorine atom and fluoride ion (F~)

Fluorinated compounds are referred to as “fluorides” and have dissimilar properties to the
similar compounds of the other halogens. Fluorides such as SrF, and CaF, are sparingly
soluble in water while CaCl,, CaBr,, SrCl,, and SrBr, are readily soluble in water whereas
the case is reversed for AgF, AgCl, and AgBr (Fuwa, 1986). The fluoride ions react strongly
with heavy metals to form complex metallic ions such as AIFg~, FeF2~, ZrFZ~, ThFZ™ . It also
reacts strongly with organic and inorganic compounds and forms insoluble fluorinated
compounds (Yuan et al., 2019). Therefore, while fluorine rarely exists in nature,

fluorides/fluorinated compounds (FCs) are abundant in nature.
2.1.1 Sources of Fluoride in the Environment

Fluorides occur naturally on the earth’s crust but are released onto the earth’s surface through
natural activities like weathering and volcanic activities or anthropogenically through

agricultural practices and industrial activities (Hong et al, 2016; WHO, 2003). Naturally,



fluorides are found in phosphate rock deposits and minerals that are sedimentary. The main
fluoride-containing minerals are fluorite (CaF,), fluorapatite ((Cas(OH,F)(P0,)3), and
cryolite (NasAlFg). Fluorite (CaF,) contains about 49% fluoride, fluorapatite
(Cas(OH,F)(P0O4)3) about 4% fluoride, and cryolite (Na3AlFg) has 54%, fluoride (Fuge,
1988). Among the three main minerals, fluorite (CaF,) is considered a commercial source of
fluoride whereas fluorapatite (Cas(OH, F)(P0,)3) is mined for commercial fertilizer purposes,
and cryolite (Na3AlFy) is rarely found in nature but used during aluminum smelting process
(Jhaetal., 2011). It is estimated that the annual release of fluorides inform of hydrogen fluoride
(HF) from the volcanic activities alone to range between 60 — 6 000-kilotons (Symonds ef al.,
1988). Oskarsson reported rapid fluoride release in the form of Cas(P0,)3F, NaF, AlF;,
CaSiF,, and CaF,, in the volcanic ash (Oskarsson, 1980) and another study further concluded
the presence of fluoride within the glassy fraction of volcanic ash and the soluble fluoride salts
attached to the top layer of the volcanic ash (Delmelle ef al., 2007). The amount of fluoride
concentration in the crystalline fraction was later found to range between 280 - 480 mg/kg in
the form of F — Si and F — Al whereas the top layer existed in F — Na and F — Ca salts
which were far from those inside a glassy fraction (Bia ef al., 2020). Unlike volcanic eruption,
fluoride release into the soil through weathering is associated with pH and the amount of
NaHCO5 present in either rock or the passing water, temperature, depth of the rock, and the
climatic conditions and contributes to about 400 mg/kg total fluoride (Tot-F) of the soil (Chae
et al., 2006; Mondal & Gupta, 2015; Rafique et al., 2015).

The major and common anthropogenic sources of fluoride are agriculture and industrialization.
Industrial activities such as aluminum smelting (Kvande & Drables, 2014), coal-burning
(Fidanci, 2001), steel production (Blanco-Flores ef al., 2018), chemical production (Alexander
et al., 2003), glass manufacture (Ono et al., 2022), fertilizer , pesticides (Kim et al., 2011), as
well as brick and ceramics manufacturing (Sun & Su, 1985), enriches the topsoil with fluoride.
For example, the aluminum smelting process uses cryolite (Na3AlFg) which emits fluoride in
the form of HF in the atmosphere and further deposits on the topsoil (Kvande & Drables, 2014).
In 1995, Arnesen and coworkers investigated the soil fluoride pollution caused by the
aluminum smelters in Norway. This study reported that soil fluoride pollution could be traced
to more than 30 km away from the smelters and fluoride concentration increased with
increasing soil depth (Arnesen et al., 1995). On contrary, soils around 3 to 5 km away from
brick and ceramics industries were reported to contain 0.6 - 3 mg/kg fluoride higher than the

soils 30 km away (Jha et al., 2008).



The highest anthropogenic soil fluoride source in unindustrialized countries is fertilizer
application. Phosphate fertilizers contain about 1.5 to 3% fluoride and therefore, continuous
application of phosphate fertilizer hypothetically increases the amount of fluoride in
agricultural soils. Therefore, on every occasion, 1 ton of phosphate fertilizer addition to the
agricultural soil contributes to 0.01 tons of fluoride. According to the 2021/2022, FAO, the
current world phosphate fertilizer demand is estimated to be 49 096 000 tons equivalent to 490
960 -1 472 889 tons of fluoride enrichment into the agricultural soil. The fluoride released
during the manufacture of fertilizer is far more dangerous as it is released in form of gaseous
HF into the atmosphere which later deposits itself in plant leaves, topsoil, and human skin and

mixes with the inhaled air.
2.1.2 Fluoride Uses and Toxicity

The toxicity of fluoride may be acute, chronic, or mild depending on the exposure route and
rate. The routes of fluoride exposure include ingestion, inhalation, and absorption through the
skin (Fuge, 1988; WHO, 2003). For human beings, acute toxicity normally results from the
ingestion of fluoride salts or solutions (NaF, SiF,). Chronic toxicity is associated with
occupational exposures to dusts, gaseous HF, ingestion of foods or water containing fluoride
(Hodge & Smith, 1977). Chronic toxicity is characterized by osteosclerosis, a disorder
characterized by irregular hardening of bone and an advancement in bone density reliant on the
duration and magnitude of exposure. It has also been estimated that exposure to 32 — 64 mg/kg

fluoride is lethal to people weighing 70 kg and above (WHO, 2003).

Fluorosis is a common fluoride toxicity reported. Dental fluorosis shows mild exposure to
fluoride whereas skeletal fluorosis is caused by ingestion of high fluoride levels (Hodge &
Smith, 1977). These two conditions are common in areas with excessively high fluoride levels
in water and soil (Singh et al., 2018). In adults, fluoride facilitates the growth of abnormal bone
at tendon and ligament insertion sites which causes ossification and also increases bone density
a condition called osteosclerosis. These two conditions are characterized by excessive joint
pain as well as stiffness in adult life associated with neurological complications (Gupta &
Ayoob, 2016; Jarvis et al., 2013). Fluorosis in children manifests by bone deformities
especially when the child’s diet has inadequate calcium and proteins. When calcium is
insufficient, fluoride exacerbates the calcium demand by chelating with calcium causing

secondary hyperthyroidism and sclerosis of the bones (Jarvis et al., 2013).
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Once exposed to fluoride, it is absorbed immediately into the blood where 50% of it is excreted
via urine in the next 24 h, and the remaining 50% is deposited into the skeleton tissue delaying
the mineralization process and altering its crystal structure (Hodge & Smith, 1977). The earlier
fluoride toxicity signs include molted teeth and skeletal fluorosis (Maadid et al, 2017).
Herbivores were more susceptible to toxicity compared to carnivores and other animals

because their eating is not selective (Chatterjee et al., 2020).

Plants are exposed to fluoride through soil, water, and air. From the soil, fluoride is absorbed
by plant roots and is accumulated in different parts of the plant depending on the plant type
(Hong et al., 2016). It travels in the plant tissue through transpiration or can move through the
stomata finding its place at the margins of the leaves (Chatterjee et al., 2020; Hong et al., 2016;
Jha et al., 2008). Depending on the fluoride accumulation rate in the plant, it stops the
photosynthesis process from taking place through the alteration of metabolic pathways,
inhibiting enzymes that require cofactors like Ca?*, Mn?*, and Mg?* ions and lowering the
amount of chlorophyll in the leaves (Jha ef al, 2011). Necrosis is an early sign of fluoride
toxicity in the plant however it doesn’t kill the plant, it weakens it affecting its production

quality and quantity (Chatterjee et al., 2020; Jha et al., 2008).

Human industrial activities have established a wide variety of fluorinated precursors which
creates novel toxic fluorinated compounds (FCs) once they interact with the environment. The
novel fluorinated chemical structures make up to 60 — 90% of total FCs in biological and
environmental conditions (Yeung & Mabury, 2015). In 1975 for-example, Teflon, a fluorinated
compound used to coat non-stick cookware was found to enhance the amount of fluoride 3
folds in foods compared to other cookware handing the lives of Americans to cancer risks to

date (Mack, 1961).

The high electronegativity of fluorine gives it a strong oxidizing property which favors its
reaction with most organic and inorganic materials below and at room temperature (Fidanci,
2001). Henceforth, FCs are utilized in production processes or embedded in many products
utilized in our day-to-day activities. Although there are numerous minerals containing fluoride,
only three minerals are fit for commercial utilization due to their high fluoride concentration.
These minerals are, cryolite (AlF;3NaF), fluorite/ fluorspar (CaF,), and fluorapatite
(Cas(P0O,4)3F) (Hong et al., 2016).

Initially, the use of fluorides was limited to its salts only whereby during this period, salts such
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as fluorite and cryolite were used as fluxing agents for iron and steel furnaces and welding
(Asakawa et al., 2007). Cryolite was also used as an electrolyte in the aluminum production
process (Hall-Heroult electrolytic process). Further up, uranium hexafluoride (UFg) was in
demand for uranium production during world war (II). Uses in ceramics and glass manufacture
were reported but were considered as insignificant rate during this period (Arnesen et al., 1995;
Asakawa et al., 2007; Fung et al., 2003; Jha et al., 2011; Villalba et al., 2007). By 1920, a new
process (floatation process) was developed. This process enabled the production of more than
97% pure fluorite named Acid spar distinguishing it from metspar which was the impure
fluorite. This was a major milestone in the use of FCs as acid spar gave way to the production
of a pure hydrofluoric acid (HF) used in the production of chlorofluorocarbons (CFCs) used as
refrigerants, deodorants, cleaning agents, propellants for spray cans in paints, solvents, foaming

agents, to mention a few (Asadi ef al., 2018; Villalba et al., 2007).

By far, the second most worldwide use of fluorinated compound apart from fluorite is
fluorapatite which is used in the fertilizer industry to manufacture phosphoric acid (H,P0,)
which contains 2 — 3%, fluoride (Hong et al., 2016; Yi et al., 2017). During the production of
phosphoric acid, fluorapatite is dissolved into sulfuric acid a process that releases fluoride in
form of hydrogen fluoride gas (HF) into the atmosphere (Villalba et al., 2007). In the 1990s
the international phase-out of CFCs led to the establishment of hydrofluorocarbons (HFCs) and
hydrochlorofluorocarbons (HCFCs) which widened the uses of FCs and hence the demand for
hydrofluoric acid (HF). Today, the use FCs is not limited to the above-mentioned uses but is
used in healthcare (as parts of drugs and inducing anesthesia) (Mahmic¢-Kaknjo & Marusic,
2015). In food security (herbicides, fungicides, insecticides) (Harsanyi & Sandford, 2015),
materials (enhancement of thermostability, non-stick cookware (Teflon, Dupont), protective
clothing and textile treatment (Goretex®, WL Gore)) (Ameduri & Boutevin, 2004), and Energy
(as fuel for atomic energy industries, (Flemion®, Asahi Glass)) (Hoogers, 2002). All of these

fluoride uses are the main reasons leading to fluoride excavation and extract from its rocks.
2.1.3 Fluoride in Soil

Fluoride in soils is normally contained within minerals fluorite and micaceous clay minerals.
But fluoride in the soil can also be found adsorbed in ions and compounds (Bowen & Rood,
1966). While natural soil fluoride is a function of the soil parent material, it is high in volcanic
areas with active fluoride-rich volcanic ash (Cronin et al.,, 2000). Where the soil is form of

quartzo-feldspathic rocks, older igneous rocks, and phosphate-free carbonate rocks the
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quantities of natural soil fluoride are generally lower (Bowen & Rood, 1966; Cronin et al.,
2000; Rooeda-van-Eysinga, 1974). In the soil, fluorine exists as fluoride ions (F~) which is
lithophile (has a high affinity to silicates and oxides of the soil). Its lithophilic character favors
its retention in the soil through the formation of ligand exchange reactions with the soil
minerals and elements such as Al or H. Normally the total fluoride (Tot-F) concentration in
uncontaminated soil range between 200 — 300 mg/kg (WHO, 2003) however some
uncontaminated soils were reported to contain Tot-F concentration of 1000 — 3500 mg/kg
(Ranjith et al., 2017). In the soil, fluoride is mostly found locked with soil elements, particularly
aluminum, ammonium, potassium, iron, or clay. Fluoride attaches to the clay by displacing the
hydroxide ion found at the surface of the clay (Ranjith et al., 2017). If the soil contains
calcareous properties fluoride leaching and dispersion will be limited by the formation of CaF,
precipitate (Jha ef al., 2011) whereas sodic soils are characterized by high soluble fluoride
concentration due to the formation of a highly soluble NaF. Therefore, sandy soils contains
lesser fluoride compared to clay soils, but if the sandy soil is sodic, it is likely to contain high
fluoride concentration (Li et al., 2020). Apart from the soil properties and composition, fluoride
concentration and release into the soil depends on other external factors such as weathering,

climate, and altitude.

High variability is reported between soils that are uncontaminated which is associated with the
soil particle size and properties. High total fluoride in the soil is associated with an increasing
clay content of the soil, depth of the soil (due to the low affinity of fluoride to organic matter,
increasing clay content and long-term fluoride leaching) (Bowen & Rood, 1966; Hani, 1978;
Larsen & Widdowson, 1971; Omueti & jones, 1980).

Unlike total fluoride, the labile form of fluoride considered bioavailable is made up of soluble
compounds of fluoride. It forms its most stable bonds with Al, Ca, and Fe but forms unstable
compounds with soil components that contain these elements, and clay minerals. At low
quantities, both Fe and Al oxides and hydroxides have high fluoride adsorption whereas clay
minerals, halloysite, and kaolinite have a natural tendency to absorb high fluoride quantities

(Bowen & Rood, 1966; Larsen & Widdowson, 1971).

The fluoride in water (ground and surface water) originates from the natural rock’s dissolution
through weathering and volcanic processes. Anthropogenic activities such as fertilizer and
industries as well as volcanic activities release fluoride on to the soil and atmosphere which is

also deposited on the earth’s surface (topsoil) (Asadi et al., 2018; Hong et al., 2016). On the
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earth’s surface fluoride can be transferred into the ground water through leaching or to the
surface water by erosion or surface water runoff. Fluoride in groundwater depends on the
aquifer fluoride enrichment which further depends on its physical characteristic, rock types,

pH of the water, water residence time soil properties as water reacts (Chidambaram et al., 2018).

Although with the cycle it's normally tricky to identify the source, with fluoride though, the
source could be identified as the soil. It is the soil that holds the initial fluoride whether in total
or soluble form. Altering the soil properties and its interaction with other environmental aspects
leads to the soil-fluoride release either into the atmosphere, surface water, groundwater, or into
fluoride-free soil. Therefore, the main question remains: will control the solubility of soil-

fluoride limit its release into the environment?

In the soil, fluoride undergoes a diversity of complex reactions with the soil elements to form
massive fluorinated complexes. It undergoes precipitation-dissolution, complexion-
dissociation, or adsorption-desorption reactions to balance itself in the soil system as shown in
Table 1 (Jha et al., 2008; Pickering, 1985). It forms reversible reactions with soil elements such
as AI3t, Ca?t, Mg?*, and Fe?* to form precipitates that accumulate in the soil. At different
pH, fluoride reacts selectively with soil elements to form complexes. At pH below 6 for
example, fluoride reacts with aluminum to form Al — F complexes (AlF;, AIF*~, AIF?*,
ALF3%) (Jha et al., 2011; Lindsay & Walthall, 2020). In strong acidic soils, fluoride tends to
form complexes with free iron (Fe) ions in the soil and therefore fluoride will exist as Fe — F
complexes such as (FeF,', FeF?*, FeF;) (Perrott et al., 1976; Pickering, 1985). The presence
of wastes of animal origin in the soil, organic matter and its decomposition products such as
volatile organic acids, phenols, and alcohol also reacts with fluoride through adsorption to form
organic/inorganic-fluoride complexes. The main fluoride adsorption mechanism with the
organic soil components is through exchange with the —OH group in the organic acids (Chen

etal.,, 2013; Jha et al., 2011; Perrott et al., 1976).

Based on chemical extraction methods, fluorides can be grouped as water-soluble (Ws-F),
Exchangeable (Ex-F), bound to iron and manganese (Fe/Mn-F), bound to organic matter (Or-
F), and residual fluorides (Res-F) presented in Fig. 3 (Chen ef al., 2013). The concentration of
each form of fluoride is different from one soil to the other depending on the soil properties

such as clay content, pH, organic matter, elemental composition as well as climatic conditions

(Chen et al., 2013).
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Table 1: The main fluoride chemical reactions in the soil

Reaction type Chemical reaction

CaF, & Ca** + 2F~

MgF, & Mg?*t + 2F~

AlF; o AP + 3F~
Precipitation — dissolution ~ FeF; < Fe3* + 3F~

KF & Kt + F~

NazAlFy < 3Nat + A3t + 6F~

ZInF, © Zn?* + 2F~

(H,0 —Fe —OH)® + F~ & (H,0 —Fe—F)° + OH™

(HO —Fe—0OH)" + F~ & (HO—Fe—F)" + OH™

(H,0 — Fe —OH)° + F~ & (HO — Fe—F)° + H,0
Adsorption-Desorption (Fe —OH —Fe)* + F~ & (Fe — F)‘% + (Fe — OH)_%

—COOH + F~ & COF + OH "™

—CH,0H + F~ < CH,F + OH™

—OH + F~ & F + OH~

ABY + F~ o AIF?*t

AT + 2F o AIF?*t
ABY + 3F~ o AlF,

At + 4F~ o AIF3-
APPT + 5F~ o AIFZ™

AT + 6F~ o AlF3~
Complexation-dissociation Fe3* + F~ < FeF?*
Fe3* 4+ 2F~ & FeF**
Fe3t + 3F~ & FeF,
Fe?" + F~ & FeF,
Mn?t + F~ & (MnF)*
In*t+ F~ o (ZnF)*
Zn*t + 2F~ o (ZnF,)°

Water-soluble fluoride (Ws-F) and Exchangeable fluoride (Ex-F) are the two fluoride fractions
easily found in the soil solution interface (Rizzu et al., 2020b). It is attached to the soil-solid

interface, clay, or soil exchangeable cations through electrostatic adsorption and released back

15



into the soil through desorption (Yi et al., 2017; Zhao et al., 2015). The two forms can easily
be removed from the soil through phytoextraction, adsorption/immobilization, leaching, or

electrokinetic as they are sensitive to pH changes in the soil system.

Fluoride bound to iron and manganese (Fe/Mn-F) is the fluoride fraction that is attached to
either aluminum (Al*X*), iron (Fe**), or Manganese (Mn?*) elements in the soil (Chen et al,,
2013). Unlike the first two, the reaction of fluoride with these elements involves complex
formation and dissociation and its amount is dependent on pH and the number of targeted
cations present in the soil (Li et al., 2020; Yi et al., 2017). For example, low pH favors the
formation of Al — F or Fe — F complex however its concentration cannot exceed the
concentration of these elements present in the soil. minimization of the bioavailability of this
fluoride fraction involves immobilization by the introduction of another stable element with a

stronger affinity to fluoride (Li ef al., 2020).

There are two classes of organic acids in the soil, low molecular weight organic acids
(LMWOA) such as oxalic acid which originates from plant material decomposition, microbial
metabolism, or root exudates. The second is high molecular weight organic acids (HMWOA)
like Humic acids (Jones, 1998; Strobel, 2001). Both of these organic acid classes together with
their decomposition products participate in adsorption-desorption reactions with fluoride or the
formation of complexes with fluoride (Chen ef al., 2013). If the organic acids participate in
adsorption-desorption or unstable complex reaction with fluoride, it forms an organic matter
bound-fluoride (Or-F) fraction (Wang et al, 2007), but if it forms a stable complex it
contributes to residual fluoride (Res-F) (Chen et al,, 2013).

Unlike the first four fluoride fractions, residual fluoride (Res-F) represents complex fluoride
compounds. This fluoride fraction is yet to be extracted like the other fractions but is calculated
as the difference between the total fluoride (Tot-F) in the soil and the four fluoride fractions

(Equation 1) (Chen et al., 2013).

Res-F = Total fluoride (Tot-F) — ((water-soluble (Ws-F) + Exchangeable (Ex-F) + bound to

iron and  manganese  (Fe/Mn-F) +  bound to  organic  matter  (Or-

) oot et e et et et e e e e (01)

These residual fluorinated compounds can either be attached to organic or inorganic
compounds of the soil. Although Res-F could originate naturally into the soil, a significant part

of it is caused by anthropogenic activities like pesticide and fertilizer application as well as
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industrialization (Bolan et al., 2021). The Res-F could be potentially harmful at very low
concentrations compared to the four fractions (Harada & Koizumi, 2009) and includes harmful
fluorinated compounds such as specific forms of organic-F particularly perfluorinated
compounds (PFCs), perfluorooctanoate (PFOA), and perfluorooctanesulfonate (PFOS)
(Fiedler, 2007).

Analytical chemists have been working on ways to analyze these fluoride complexes not only
in biological samples but in environmental samples as well. A limited number of Res-F is
quantified using liquid chromatography-tandem mass spectrometry (LC-MS-MS) (Schroder,
2003), ionic or gas chromatography-mass spectrometry (GC-MS) (Bose ef al., 2019; Percival,
1957), and high-resolution-mass spectrometry (HR-MS) (Asadi et al., 2018; Blondel et al.,
1989). These techniques though, although effective, yet, cannot capture all the Res-F
compounds due to a lack of authentic standards. Therefore, the question of how many Residual
fluorinated compounds is present in the environment and are missed during analysis remains a

puzzle.

Residual fluoride
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Mineral particle
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Organic/
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Fluoride bound to
organic matter
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Iron/Manganese

Fe/Mn/Al

Soil solution/
Electrostatic

adsorption

l
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Figure 3:  The bioavailable soil-fluoride fractions and their interaction
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Normally, fluorosis is associated with fluoride in drinking water because this is the most direct
fluoride exposure pathway (Rizzu et al., 2020b). Exposure to water is through ingestion of
fluoride-contaminated water which is absorbed into the blood stream and deposited into the
skeletal tissue (Diaz-Nava et al., 2002). Water was identified as the main fluoride exposure
source up until other exposure sources were reported. Olsson discovered symptoms of fluorosis
in 18% of the population in Ethiopia with fluoride concentration in drinking water as low as
0.2 - 0.3 mg/L (Olsson, 1978). Another study by Ibrahim and coworkers investigated the
prevalence of fluorosis in children in Sudan consuming drinking water with 0.25 mg/L fluoride
of which 91% of the children revealed the symptoms of fluorosis (Ibrahim et al., 1995). The
results from these studies suggested the availability of other potential fluoride exposure sources
apart from drinking water (Malde et al., 1997). Following the discoveries, Malde et al. (1997)
decided to investigate alternative fluoride exposure sources in the food web apart from drinking
water. The results of fluoride concentrations were dreadful such that sardines from the Indian
Ocean contained 144 mg/kg, shrimp contained 17 mg/kg, spinach had 6.8 mg/kg dry weight,
and tea contained 132 - 249 mg/kg dry weight (Malde et al., 1997). The fluoride concentration
in fish ranged from 4.4 - 21.5 mg/kg depending on the type of fish but fish bones contained
1000 - 2300 mg/kg dry weight (Malde ef al., 1997). Seawater biota uptake their fluoride from
the sea water and over time, they accumulate a significant amount of fluoride in different parts

of their bodies which end-up accumulating in human tissue after consumption.

Plants grown in fluoride uncontaminated soil contained fluoride concentrations of less than 10
mg/kg (Hong ef al., 2016). Although the soil contains a high amount of total fluoride (Tot-F),
Plant roots are capable of taking water-soluble fluoride (Ws-F) fraction only. Other fluoride
fractions (exchangeable (Ex-F, bound to iron and manganese (Fe/Mn-F), bound to organic
matter (Or-F), and residual fluoride (Res-F)) cannot be taken up by the plant roots however can
be taken up indirectly (Rizzu et al., 2020b). Indirect uptake involves the conversion of the
fluoride fractions into water-soluble fluoride (Ws-F) by changing the soil properties of pH, clay
content, Organic matter, or elemental composition (Arnesen et al.,, 1995; Hong et al., 2016).
Therefore, the amount of soil fluoride accumulated by the plant through roots depends on the
amount of water-soluble fluoride (Ws-F) in the soil, soil properties, and the type of plant
species, the latter being the major limiting factor (Camarena-Rangel ef al., 2015; Rizzu et al.,

2020b; Shu et al., 2003).
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2.2  The Geographical and Geochemical Fluoride Distribution

2.2.1 Global Fluoride Belts

High fluoride concentration in water is associated with extensive geographical and geological
belts which are associated with either tectonic zones, marine sediments, granites, and gneissic
rocks as well as volcanic rocks appearing at linear elasticities linking different countries (Gupta
& Ayoob, 2016). Based on these factors, the distribution of fluoride is divided into five major
fluoride belts (Fig. 4).

The first belt runs south; it starts from Turkey to Tanzania. This belt starts from Turkey and
cuts across Syria, Egypt, Jordan, Somalia, Sudan, Ethiopia, Kenya, Tanzania, Mozambique,
and South Africa. Fluorosis observed from this belt is mainly caused by geological sources
which contaminate both the topsoil and water. Higher levels of fluoride in the groundwater in
the vicinity of the rift valley are observed in Ethiopia, Kenya, Tanzania, Mozambique, and

South Africa (Chowdhury ef al., 2019).

The second belt runs from Egypt to Mauritania. It starts from Egypt through Libya, Algeria,
Morocco, and Western Sahara ending at Mauritania. The significantly high geological fluoride
concentration in this belt is contributed by granites and Precambrian basement gneisses
(Chowdhury et al., 2019). While the latter is true for Libya and Algeria, fluoride in the
groundwaters of Mauritania is associated with meta-rhyolites whereas the elevated fluoride
levels in Morocco and Western parts of the Sahara are mainly contributed by the mining of
phosphate rocks for fertilizer manufacturing, application, and exportation (Adesiyan ef al.,

2018; Maadid et al., 2017).

The third fluoride belt runs from Turkey through China. Its starting point is Turkey followed
by Iraq, Iran, Afghanistan, Pakistan, India, and North Thailand, through China (Chowdhury et
al., 2019). High fluoride concentrations in Iraq and Iran have been associated with the
weathering and dissolution of gypsum, calc-alkaline rocks, and volcanic activities, unlike
Afghanistan whose fluoride is associated with pegmatite veins and granites, and Pakistan which
is enhanced by dry climate as well as alkaline water (Dehbandi et al., 2017). Unlike other
countries in its belt, India's fluorosis is contributed to several factors including granites and its
aquifers, the manufacture, and application of phosphatic fertilizers, and fracture-controlled
hydrology (Kumar et al., 2016) whereas Fluoride in China and Thailand are associated with
hot springs accompanied by the above-mentioned factors (Gupta & Ayoob, 2016).
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Figure 4: The geographical distribution of fluoride in the world agro-ecosystem
(Chowdhury et al., 2019)

The fourth belts stretch from the Sierra Nevada to the Andes Mountains. The belt starts from
the Sierra Nevada, USA Rocky Mountains, Mexico, central America, Peru, Columbia, and
Bolivia, ending at the Andes Mountains. This belt is also characterized by a tropical climate
and the major soil type is Andisols (Chowdhury et al., 2019). It connects a significant number
of volcanoes and therefore it’s a volcanic fluoride belt. Fluoride at the surface and ground water
as well as soil is caused naturally by volcanic eruption and ash. Fluoride enrichment in South
America and Columbia is contributed solely by hot springs and volcanic craters whereas in
Sierra Nevada and Bolivia, fluoride is also contributed by granitic aquifers and the Andes
mountains contain volcanic ash which through leaching and runoff it feeds fluoride to ground

and surface water as well as the topsoil.
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The fifth and last belt runs from Japan to the Volcanic islands of Indonesia. Japan is the starting
point then the Philippines through Indonesia and is dominated by Andisols soil (Chowdhury et
al., 2019). Like the fourth belt, this belt is also connected by a series of active and dormant
volcanoes but with tectonic activities included. Although volcanic ash, rocks, and subduction
are the principal causes of high fluoride concentration in Japan and Indonesia, the Philippines
receive extra influence from the hot springs rising its fluoride concentration in the lake to >

1266 mg/L.
2.2.2 Fluoride in Tanzania

Fluorosis is reported prevalent in more than 25 countries worldwide (Fawell et al., 2006). Most
of these countries occur in volcanic areas such as the east African rift valley (EARV) which
Tanzania is part of. It is reported that 87.4% of children aged 9 — 13 at Maji ya Chai exhibited

severe dental fluorosis (Fawell et al., 2006).

Figure 5:  Map showing reported Tanzanian regions affected by fluoride

In 1999, Awadia reported 83 — 95% of native people living in the Arusha and Kilimanjaro
regions exhibited severe dental fluorosis (Awadia et al., 1999). On the other hand, the
prevalence of skeletal fluorosis has been reported in Arusha, Kilimanjaro, Singida Shinyanga
Mwanza, and Mara, regions, the leading regions being Arusha region situated at the foot of
Mount Meru and Moshi situated at the foot of Mount Kilimanjaro (Fig. 5) (Awadia et al., 1999;
Fawell et al., 2006; Mjengera & Mkongo, 2003). These regions contain fluoride concentrations

ranging from 12 — 690 mg/L in surface waters (Fawell et al., 2006).
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2.3  Remediation Technologies for Fluoride-Contaminated Soils
2.3.1 Electro-Kinetic Remediation

The electrokinetic remediation technique is an in-situ technology for the cleanup of sludge,
sediment, and soil that has been contaminated with organic and inorganic contaminants. It
works by supplying direct electric currents to the contaminated soil (Virkutyte et al., 2002).
The contaminants can be removed by two transport mechanisms; electro-osmosis or electro-
migration. Electro-osmosis involves the movement of pore water towards the cathode when the
zeta potential of the soil surface is negative whereas electro-migration causes cations to move
from anode to cathode (Baek & Yang, 2009; Zhu et al., 2009). In an electrokinetic system, the
electrolysis reaction near electrodes facilitates the extraction and desorption of pollutants from
the soil. For example, during the removal of cationic contaminants, the hydrogen ion produced
at the anode moves to the cathode, and the cationic contaminants are extracted and desorbed
from the soil by cation exchange with hydrogen which then moves towards the cathode. These

processes make the soil acidified and contaminants are then removed.

Electrokinetic technology has been effectively used to remove contaminants such as organic
pollutants and heavy metals from contaminated soils. But remediation of fluoride-
contaminated soils using conventional electrokinetic technology has yielded unsatisfactory
results (Zhu et al., 2009). To effectively remove fluoride from the soil using the electrokinetic
method, the pH of the system needs to be controlled. This is because fluoride is strongly held
at pH 5.5 - 6.5 and then desorbed intensely at one unit higher or lower (Jha ef al., 2011). At
high pH, fluoride cannot form complexes with aluminum or iron instead fluoride is desorbed
by the soil and exist as free fluoride (Baek & Yang, 2009; Costarramone et al., 2000). At low
pH fluoride forms complexes with aluminum inhibiting its effective adsorption by other stable

soil ions.

In response to the pH control challenge, studies proposed using anolyte to enhance the
performance of the electrokinetic method for the remediation of fluoride (Hu ef al., 1997; Kim
et al., 2009; Pomes et al., 1999). The anolyte application was said to increase the electro-
osmotic flow which enhances the electro-osmotic fluoride transport of the system however Zhu
et al. (2009) when investigating the two different concentrations of anolyte solution circulated
with a strong base solution and three different electric potentials suggested electro-migration

to be a major transport process and the fluoride removal efficiency of 73% was attained (Zhu
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et al., 2009). On the other hand, Zhou et al. (2014) identified the unsatisfactory fluoride
remediation results obtained during conventional electrokinetic was because anionic pollutants
such as fluoride are easily desorbed from the soil at high pH more than at neutral pH and acidic
conditions. The approaching cathode releases more OH~ which accelerates pH rise favoring
fluoride desorption from the soil (Zhou et al., 2014). Following their observation, the authors
employed electrokinetic with several approaching cathodes to remediate fluoride-contaminated
soil. Their proposed method enhanced fluoride removal efficiency from 69.8 to 75% while
serving 16% of the operating energy consumption (Zhou et al., 2014). Although efficient, the
utilization of electrokinetic in situ is rather technical, and manipulating it to acquire selectivity

is of importance.
2.3.2 Biological Remediation

Biological remediation involves the use of living organisms both naturally occurring or
genetically modified to absorb and accumulate fluoride that is present in the contaminated areas.

These living organisms can either be microorganisms (bacteria and fungi) or plants.
Q) Microbial remediation

Table 2 presents microorganisms that have been investigated for fluoride absorption and
accumulation. The commonly used microorganisms are bacteria and fungi. These microbes
utilize the contaminant during their metabolism process. The high reactivity property of
fluoride, adds to the advantage of fluoride reacting with the microbial enzymes, by forming
alumino-fluoride and beryllium fluoride complex which are phosphate analogs, or by acting as
a trans-membrane proton transporter through the formation of HF (Poulsen, 2011). Although
fluoride exposure has been reported to decrease 80% of the bacterial biomass, some bacteria
protect themselves by secreting an outer covering layer that is hydrophobic assisting its
adaptation to fluoride toxicity (Hussein et al., 2003; Tscherko & Kandeler, 1997). The bacteria
capable of secreting the hydrophobic layer are mass-produced and utilized for the remedial
purpose against fluoride contamination but their defluoridation efficiency is still low and not
cost-effective. Recently, the employment of micro-organisms for defluoridation has been
widely reported but the majority of the studies focus on water leaving a handful of data for soil

research.
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Table 2:  Defluoridation efficiency of different microorganisms reported in literature
using different initial fluoride concentration

Microbial spp. Microbial F~dosage F ™ remov Reference
dosage (g) (mg/L) ed (%)

Aspergillusniger FS18 1.5 2,4,and 6 100 Annadurai et al. (2019)
Starria zimbabweensis 0.089 10 66.6 Biswas et al. (2018)
Padina sp. 3 3 94 Mohamed et al. (2020)
Phormidium sp. 4.5 3 60 Mittal et al. (2020)
Ulva fasciata 0.5 5 97 Kalyani et al. (2009)
Spirogyra sp. 101 0.05 5 64 Mohan et al. (2007)
Acinetobacter sp. 0.04 5 57 Shanker et al. (2020)
GU566361

Bacillus cereus - 730 22 Banerjee et al. (2016)

(i)  Phytoremediation

Table 3 presents plants that have been reported to accumulate high fluoride concentrations.
Phytoremediation involves the use of plants to clean fluoride-contaminated soil. while the
majority of plants depend on the soil to obtain its nutrients for growth and development,
scientists have invested in utilizing this approach to identify plants that a capable of taking up
fluoride and tolerate to its toxicity (hyperaccumulators) (Baunthiyal & Ranghar, 2015). Santos-
Diaz and Zamora-Pedrazaa (2010) investigated the water defluoridation efficiency of 17
different plant species at fluoride concentration of 2.5 — 10 mg/L, however, it was three species
only (Saccharum officinarum (40% removal), Pittosporum tobira (15% removal) and Camellia
Jjaponica (7.5% removal)) that proved effective at 4 mg/L initial fluoride concentration (del
Socorro Santos-Diaz & Zamora-Pedraza, 2010). Even though this approach could be cost-
effective, it has limitations such as the immobility of plants, disposal after harvest, and taking

time to grow (Wang et al., 2002).

24



Table 3:  Fluoride absorption efficiency of different plants as reported in literature

Plant spp. Fluoride removal Reference

Oryza sativa 25 mg/L Banerjee et al. (2020)
Solanum lycopersicum 0— 100 mg/L Ahmad et al. (2018)
Portulaca grandiflora 22.96 mg/mL Patil et al. (2014)
Camellia sinensis 1442 mg/kg Camarena-Rangel et al. (2015)
Vachellia tortilis 592.24 pg/g Baunthiyal and Sharma (2012)
Amaranthus gangeticus 20.9 g/kg Khandare and Rao (2006)

2.3.3 Chemical Remediation

Immobilization/Adsorption is among the most effective methods for the remediation of
contaminated soils (Tafu & Manaka, 2016). It controls pollutant dispersion to the surroundings
or prevents its movement to the water sources both ground and surface water (Bolan et al.,
2021; Udeigwe et al., 2011). Compared to washing treatment or soil removal, immobilization
is cost-effective to inhibit contaminants in the environment (Asakawa ef al., 2007; Tafu &
Manaka, 2016). This process involves the incorporation of hazardous elements into a stable
matrix through cementing reactions locking it from dispersion into the environmental matrix
(He & Suito, 2001). Table 4 presents adsorbents investigated for the remediation of fluoride-

contaminated soils.

Gao et al. (2012) investigated the soil defluoridation influence of wood and bamboo charcoal
in tea plants cultivated soils. Their results suggested that both wood and bamboo charcoal could
effectively adsorb the bioavailable fluoride in the soil and thereby prevent its uptake and
accumulation by the tea roots. Both charcoals are equipped with active sites capable of holding
the free fluoride in the soil solution making it unavailable for the plant roots to absorb (Gao et
al., 2012). In 2013, Suzuki and coworkers investigated the efficiency of fluoride
immobilization in artificially contaminated kaolinite using commercial-grade magnesium
oxide (MgO). The results suggested that MgO could sufficiently immobilize fluoride if a
sufficient amount of M g0 is added. Fluoride could be removed from 100 - 0.8 mg/L at MgO
a dosage of 100 mg/20 mL following the mechanism of Equations 2 - 4 (Suzuki et al., 2013).
Even though immobilization of fluoride with M gO proved to be effective, it is not economical

and rises the soil pH which is a crucial factor for crop germination and development.
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MgO + Hy0 © Mg?T 4 20H i cci s s s e e et ae e e ve ve ve et annennannsnn een een en enes (02)
Mg?t + 20H™ © MG(OH) g oo ceecer eee ceeeee ee ee e st een een ens sns een en e sae wa aen wen 2en snn ene (03)
Mg(OH)y + 2F~ © MGF, + 20H™ oo ceecee cee e vt een ean et ene en e e an wen een een ann onr (04)

Another study investigated two low molecular weight organic acids (LMWOA), Humic and
citric acid. Humic acid was found to decrease water-soluble fluoride but increase the amount
of exchangeable fluoride. This study, therefore, concluded that the presence of low molecular
organic acids in the soils activates the release of fluoride into the soil and therefore accelerates
its uptake and accumulation by crops (Chen et al., 2013). When LMWOA was mixed with
hydroxyapatite and tested for fluoride adsorption, it was found to increase the number of active
sites in hydroxyapatite and therefore enhanced fluoride adsorption capacity (Wang et al.,
2011).

The pH of the soil is one of the methods investigated for fluoride uptake. Ruan et al. (2004)
investigated the impact of pH on fluoride uptake by tea plants where the highest fluoride uptake
was observed at a pH of 5.5 and low uptake was observed at a pH of 4.0. However, pH is not
a reliable method since pH is not always consistent. The inconsistence of pH is attributed to
changes in soil properties such as CEC, EC, elemental composition, and organic matter which
are normally subject to change. On the other hand, liming has been found to limit fluoride
uptake in plants by 47%, however, higher concentrations of lime in soil rises pH and as a result

facilitates further fluoride release (Ruan et al., 2004).

Synthetic adsorbents such as polyphenol- Ce derived from plants were used to suppress
fluoride accumulation in plants by controlling its uptake. Polyphenol contains end-to-end
phenolic hydroxyls which chelate with AI3*in the soil and therefore prevent plant uptake of
fluoride in the form of AlF;, a fluoride complex taken by tea plants easily. Also Ce**could
accommodate two fluoride ions and therefore hold them for uptake (Zhao et al., 2015). Most
of these reported fluoride immobilization technologies have proved effective but could not

limit fluoride to the levels permissible for plant uptake.
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Table 4: Fluoride remediation efficiency of different adsorbents

Adsorbent F~ removal (%) Reference
Hydroxyapatite 37.3-87.8 Gan et al. (2021)
Wood and bamboo charcoal 5-30 Gao et al. (2012)
CaO 37.2 Ruan et al. (2004)
MgO effective Suzuki et al. (2013)
polyphenol-Ce 74.5 Zhao et al. (2015)
Al; (504)5 40 - 69 Zang et al. (2022)

In another study, hydroxyapatite (Ca,o(P0O4)s(OH),) was used to immobilize fluoride.
Hydroxyapatite which is a stable calcium of phosphate easily exchanges its OH " ion with
fluoride ion. The 2% w/w hydroxyapatite amendment could immobilize up to 37.3 - 87.8%
water soluble-fluoride (Ws-F) at an initial concentration of 14.3 - 124.5 mg/kg by a mechanism

presented by Equation 5 (Gan et al., 2021).
CalO(P04)6(0H)2 + 2F_ + 2H+ g Calo(P04)6F2 + 2H20 EEE EEE EEE EES EES EES EEN EEE B N EEE EEE oW (05)

The challenge with using hydroxyapatite is that it requires higher calcium concentration and in
its supersaturated state, hydroxyapatite precipitates into particles that are very small and
difficult to handle. To overcome this challenge, dicalcium phosphate dihydrate (DCPD,
CaHPO, - 2H,0) was further investigated for 20 mg/L fluoride immobilization. Although there
was no reaction within the first 4 h contact time between fluoride and DCPD, fluoride was
abruptly removed in the next 1 h (5" hour) to attain a final fluoride concentration of 3 mg/L

(Equation 6) (Tafu & Chohji, 2006).
10CaHPO 4H,0 + 2F~ = Ca;o(PO,)eF, + 4HPO?™ + 10H* + Oy oo ee v evv e .. (06)
2.4 The use of Biomaterials

In agricultural activities, biomaterials have been used to improve the soil quality which in turn
enables farmers achieve high quality agricultural products (Shaji et al., 2021). Fertilizers
derived from biomaterials is mostly organic and due to its low decomposition process the
nutrient leaching process is slowed (Craigie, 2011; Krishnamoorthy & Malek, 2022). Therefore
biomaterials are considered useful soil amendments (Chew et al., 2019). Seaweed materials
and extracts has a variety of bioactive compounds which are beneficial for plant growth and

development (Craigie, 2011). The extraction of these bioactive compounds is executed using
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water, acids or bases, physical methods or by heat (Sharma et al., 2014). Amongst biomaterials,
seaweeds have been reported to contain a wide variety of bio-stimulants for agricultural

purposes (Krishnamoorthy & Malek, 2022).

Seaweed Eucheuma cottonii is one of the seaweeds that has high value economically and it is
also known as Kappaphycus alvarezii (Supriyono et al., 2022). This seaweed contains a high
molecular weight organic compound called carrageenan which has several industrial
applications ranging from gelatin of seaweed, medicine, textile, woof, cosmetics, food,
shampoo, toothpaste, paper, and even lubricating oil on Petro-gas industries (Sharma et al.,
2014). But unlike many other seaweeds, this seaweed contains plant growth hormones such as
auxin, cytokinin, gibberellin, kinetin, and zeatin contributing to its application as fertilizer into
the soil (Cahyaningtyas et al., 2021; Sedayu et al., 2014). The use of Eucheuma cottonii for
commercial purposes have been effective due to its availability which is abundant and its short
growth circle which grows ten times its initial weight in just six weeks (Cahyaningtyas et al.,
2021).

The use of biomaterials for defluoridation purposes has the advantages of environmental
pleasantness, abundance, and economics. Some of the biomaterials investigated for
defluoridation purposes include algae (El-Said et al., 2018), leaves (Dehghani et al., 2018),
husks (Gebrewold et al., 2019) as well as biowastes. The biomaterials could be used in their
natural states or modified. A study investigated a defluoridation efficiency of a biomaterial
derived from Luffa cylindrica integrated with nano-cerium oxide which was found effective in
offering better interaction between its active sites and free fluoride ions ensuing higher fluoride
adsorption (Nehra et al., 2020). Another study investigated the use of rice husk coated with
aluminum hydroxide which revealed a fluoride adsorption capacity of 9 — 10 mg/g (Ganvir &
Das, 2011). Natural biomaterials are packed with essential adsorption components such as
lignin, tannins, cellulose, and pectin responsible for ionic reactions and sorption behaviors
(Nehra et al., 2020). With these essential adsorption components, modification of biomaterials
with inorganic compounds guarantees its highest defluoridation capacities at affordable
expenses (He et al., 2020).

There are micro and macro-algae species in the marine environment both of which have been
investigated for contaminant removal. Seaweeds also termed macro-algae are marine species
with no true roots, leaves, or stems. Seaweed serves as food, fertilizer, fodder/feed to fish and

poultry, as well as a source of active ingredients in phytochemicals (alginates, carrageenan,
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ulvan, and agar) (Krishnamoorthy & Malek, 2022). Lately, seaweed-derived bio-materials for
removing pollutants in water and soil have drawn the attention of researchers globally. This is
attributed to its abundance, cost-effectiveness, short growth period, and high binding capacity

(He et al., 2020).

Remediation of contaminated soils using seaweed depends on the interaction between the target
contaminant in the soil and the engineered mechanism of the amended algae. These interactions
can either be physical, electrostatic, ion exchange, precipitation, or complexation. Seaweed has
high exchangeable nutrient content (N, P, K, Mg, and Ca) which contributes to soil fertility
compared to most other biomaterials (He et al., 2020; Singh et al., 2021). Depending on the
type of seaweed, it can also neutralize the pH, CEC, carbon content, and specific surface area
(SSA) of'the soil (Enriquez, 2017). Seaweed biochar has also been investigated for contaminant
removal in the soil. the seaweed-derived biochar contains lower lignin. Lower lignin content
reduces volatilization which further lessens weigh loss during pyrolysis thereby producing

more biochar compared to the same amount of wood-based biomass (Singh ef al., 2021).

Even though the use of seaweed-based bio-adsorbents for soil remediation has been exhausted
for the removal of cationic pollutants such as copper, nickel, and lead and has shown great

potential, its use for anionic pollutants such as fluoride calls for further research.
2.5  Mechanisms of Fluoride Removal

The fluoride removal depends on an interaction between fluoride and the surface of the
amended adsorbent. This interaction is a function of the characteristic of the surface of the
adsorbent. These interactions can be:

2.5.1 Electrostatic Attractions

This involves an interaction between cation-n and C = C bond and C - C. The interaction
between cations and protons in the electrolyte solution determines the rate of dynamics taking
pace in a scatter system like coagulation, flocculation, interaction with the boundary surface
(adsorption), and aggregation (Adamczyk & Warszynski, 1996). Dugyala et al. (2016)
investigated the impact of particle charge and concentration on the adsorption dynamics of
silica nanoparticles to the fluid-fluid interface where the interfacial tension decreased was more
when the particles were weakly charged meaning more adsorption but when particles were

highly charged, the interfacial tension change was negligible (no adsorption). When the
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particles are highly charged, the net energy barrier prevents the adsorption of ions into the
interface however the addition of a sufficient amount of NaCl decreases the net energy barrier
facilitating easy adsorption (Dugyala et al., 2016). Normally the electrostatic attraction
depends on the point-zero-charge (pHpzc) of the adsorbent. If the pHp.c of the adsorbent is higher
than the solution interface the surface of the adsorbent becomes protonated thereby promoting
electrostatic interaction with the contaminant. This was reported while investigating the
defluoridation mechanism of chitosan and composite magnesia/chitosan (MgOC) (Sundaram
et al., 2009a; Viswanathan et al., 2009)

2.5.2 Physisorption

Physical sorption involves the diffusion of the ionic forms into the pores of the adsorbent
materials without participating in any chemical reactions/bonds. This fluoride removal process
was observed during the fluoride removal by hydrothermally modified limestone powder using
phosphoric acid. The study results suggested that the Langmuir plots were poor than those of
the Freundlich adsorption plots signifying that the fluoride removal process was primarily
physisorption (Gogoi & Dutta, 2016).

2.5.3 Complexation

Once the soil encounters a polar solution, the elements within are dissolved into the interface
as cations, neutral, complexes, or anions. The anions and cations are solvated (they are
surrounded by a hydration shell of water molecules) forming dipole-ion bonds with the
dissolved ions. Sometimes the anions and cations or other molecules can bond with each other
forming aqueous complexes in which a central cation is surrounded by anions/ligands
(Koretsky, 2000). Complexation can contribute to contaminant adsorption through complex
formation or competing for the surface for available adsorption sites, causing no perceptible
change in the degree of adsorption if the ligand has weak complex formation ability/ displays
a lack of affinity for the solid surface or it may enhance adsorption if the ligand is capable of
strong complex formation and strong affinity to the solid phase of the adsorbent and soil (Elliott
& Huang, 1979).

2.5.4 lon Exchange

This mechanism involves an exchange reaction between a contaminant and anions/cations

attached to the adsorbent. For this removal method to be effective, the newly formed
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component post ion-exchange should be insoluble/stable. Exchange resins such as Amberllte
IRA 400, Polyanion (NCL), and Deacedite FF (IP), have been investigated for fluoride removal
through ion exchange (Bose et al., 2019; Popat et al., 1994). lon exchange is 90 -95% effective
however its efficiency is highly affected by the presence of other anions and cations (Ingle et
al., 2014).

2.6 Factors Affecting Fluoride Adsorption
2.6.1 Soil Properties

Total fluoride is reported to vary greatly among soils. This variability is correlated to the soil
texture, pH, and organic matter. High fluoride content is associated with an increase in the clay
content of the soil as it increases the solid surface area of the soil for fluoride ions to attach.
The most interesting soil property controlling the soil's ability to fluoride adsorption is the soil
pH. at pH 6 fluoride adsorption is reported to be at its maximum and dropped drastically at one
unit higher or lower pH value (Gilpin & Johnson, 1980; Larsen & Widdowson, 1971). pH is
also associated with the dissolution of fluorapatite mineral (Cronin et al., 2000) and low pH
favors the formation of Al — F complexes increasing soil’s fluoride adsorption. Unlike low pH,
high pH increases the electrostatic potential of the soil which decreases the soil’s ability to
retain fluoride thereby increasing fluoride concentration in the soil solution interface which
becomes bioavailable. High pH also works by increasing the concentration of OH ™ ions in the
soil solution interface which inturn displaces the adsorbed fluoride ions in the soil (Larsen &
Widdowson, 1971). Similarly, fluoride adsorption in calcareous soils is low in acidic soils
limited by the rate of formation and dissolution of CaF, and CasF(P0,); promoting swift
fluoride leaching. Also the formation and dissolution of is slow, other studies have reported
these soils to retain 98% of the formed fluoride for over 10 years unlike NaF and NasAlFg

which retained most fluoride at the topsoil (Murray, 1984).

pH is not only the mastermind controlling the soil properties but also controls the defluoridation
performance of the remedial material. A vast of studies have reported that the defluoridation
efficiency of the adsorbents was contingent on pH, while some adsorbents performed well at a
wide pH range, some could only perform at a solitary pH. for this reason, pH has been an
important monitored parameter during analysis. Pumice was modified with HCl and NaOH to
enhance its defluoridation efficiency, the results observed defluoridation increase from pH 2 —

6 and a decrease from pH 6 — 10. High fluoride removal was noticed in acidic conditions than
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in alkaline conditions the maximum being at pH 6. pH of the solution and the adsorbent pHpzc
affects the anionic structure of fluoride and the dispersion of negative and positive charges at
the adsorbent surface (Yousefi ef al., 2019). When the solution pH is less than the pHpzc of the
adsorbent, the surface of an adsorbent becomes positively charged attracting more fluoride ions
but when the solution pH is more than the pHpzc of the adsorbent, its surface becomes
negatively charged repulsing the fluoride ions. Therefore, defluoridation is low when the initial
pH is close to or higher than the adsorbent pH,,. due to proton release (deprotonation)

(Sawangjang et al., 2021).

A study by Bower and Hatcher which investigated fluoride adsorption in acidic and alkaline
soils reported fluoride adsorption to decrease in an order AL(OH); precipitate on bentonite >
Al(OH)3 >> hydrated halloysite & dehydrated halloysite > a weakly acidic soil >> kaolinite >
gibbsite > alkaline soils > goethite > bentonite and vermiculite. The conclusion from this study
suggested that fluoride adsorption occurs by an exchange reaction between the —OH groups of
the AI(OH)3 and Al polymers rather than by exchange with crystal lattice —OH groups of the
clay minerals (Bower & Hatcher, 1967).

2.6.2 Initial Fluoride Concentration

The amount of fluoride adsorbed is directly related to the amount of fluoride present in the soil
solution interface. Even if the adsorbent still contains several active sites for fluoride adsorption,
if it is not available in the soil solution then none will be adsorbed (Khandare & Rao, 2006).
Commonly, to understand the saturation point of the adsorbent, the initial fluoride
concentration is varied. At the highest initial fluoride concentration, all the active sites as well
as exchangeable ions in the adsorbent material are saturated reaching an equilibrium indicating

the maximum defluoridation efficiency of the adsorbent (Dong & Wang, 2016).
2.6.3 Contact Time

Contact time is the amount of time an adsorbent material is kept in contact with the solution
containing fluoride ions. This provides ample time for the exchange reactions or adsorption
process to take place. While some adsorbents require sufficient time to react with the fluoride
ions, some adsorbents exert abrupt reactions. The contact time data are normally used to define
the adsorption kinetics of the adsorbent fitted in pseudo-first and pseudo-second-order kinetic

models discussed in Chapter three (He et al., 2016).
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2.6.4 Adsorbent Surface Area

The surface area of the adsorbent defines the number of fluoride ions it will hold. It is defined
by the porosity of the adsorbent material. A porous material provides more adsorption sites for
the interaction with the fluoride ions through physisorption or chemisorption (Hegde et al.,
2020; Madera-Parra, 2016). While natural biomaterials which contains activated carbon
contains a reasonable surface area for adsorption, crosslinking it with metal oxides increases
its surface area and hence adsorption efficiency. A study by Mukherjee and Halder (2016)
compared the defluoridation efficiency of raw biomass and activated carbon of Colocasia
esculenta in which, raw biomass had a surface area of 49.33 m?%/g with fluoride adsorption
efficiency of 33% and its activated biochar almost doubled to 89. 98 m?/g surface area and
fluoride adsorption of 78.8% which is a significantly large improvement in both surface area
and defluoridation efficiency a study later supported by Bibi ef al. (2017) while using rice husk
and potato peel (Bibi ef al., 2017; Mukherjee & Halder, 2016).

2.6.5 Presence of Co-Existing lons

Both anions and cations are known to affect fluoride adsorption. The presence of these ions can
facilitate fluoride adsorption but could also hinder its adsorption by competing for the active
sites. The order in which anions interfere with fluoride removal is HCO3 > SO;~ > Cl™under
the use of different biomaterials (Kamathi, 2017; Sharmila et al., 2019). A study Investigating
the alumina-based defluoridation examined the interference profiling of Cl~, S0%~, C0O%,
OH ~anions in the surface water where CO5~ and OH~ was found to interfere fluoride removal
more compared to CI~ and SO~ (Bavda et al., 2018). While there is a handful of literature on
the effect of cations on fluoride adsorption, some studies have reported that the presence of
Ca?* had no significant influence on fluoride adsorption into Ti0, adsorbent while Mn2* was

found to enhance the fluoride adsorption into Zeolite material (Hegde et al., 2020).
2.6.6 Adsorbent Dosage

In most cases, the increase in adsorbent dosage increases fluoride adsorption. This is due to the
increment in the adsorption sites in contact with the fluoride ions. But as adsorbent dosage
increases, the adsorption rate decreases as the interaction between the unsaturated adsorption

sites of the material with the fluoride ions decreases (Mbugua et al., 2020).
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CHAPTER THREE
MATERIALS AND METHODS
3.1  Study Area

The soil used for this study was collected at Ngarenanyuki which is one of the 17 wards of
Meru district, Arusha, Tanzania (Fig. 6). Its geological setting is latitude 3° 8' 59" S and
longitude 36° 51' 0" E and is located between Mount Meru and Mount Kilimanjaro. It is part
of the East Africa Rift Valley surrounding Mount Meru which is an active Volcano.
Ngarenanyuki ward has five villages (Uwiro, Olkung’wado, Ngabobo, Kisimiri chini and
Kisimiri juu). The annual mean temperature is between 20 + 2 and 29 + 2°C. The study area
has an Afro-Alpine semi-arid climate characterized by a wet and dry season (Kihampa et al.,
2010). The major wet season begins from June through September and accounts for
approximately 70% of the annual rainfall while another wet season which is minor accounts
for the remaining 30% of annual rainfall from mid-February through mid-May and the mean
annual rainfall is estimated to be 535 mm (Ghiglieri et al., 2010; Kihampa et al., 2010). The
significant part of the soil is characterized as sandy loam and the main source of food and
income in this area is small-scale farming whereby people are involved in the cultivation of
food and cash crops some of which includes, tomatoes, cabbage, potatoes, onions, maize, and
beans (Mkungu ef al., 2014). The volcanic activities in this area have led to the accumulation
of volcanic material containing fluoride at the topsoil, surface water, and groundwater and have

attracted the majority of fluoride research activities (Kihampa et al., 2010).
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Figure 6: A map showing the location of the study area
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3.2 Materials

The important materials used for this study were, Seaweed Eucheuma cotonnii, and fertilizers
(diammonium phosphate (DAP), urea and farmyard manure). The seaweed was collected along
the coastal area at Tanga region, Tanzania. The DAP and urea fertilizers were bought from
local fertilizer suppliers in Arusha region. The farmyard manure was collected from the cattle
house in one of the houses at the study area. The materials investigated for defluoridation
purposes were dried seaweed (DSW), fermented seaweed (FSW), seaweed-derived biochar
(SB) and hydroxyapatite-activated seaweed biochar (HSB). All the chemicals used for this

study were of analytical grade and distilled water was used throughout the study.
3.3  Soil Sampling and Sample Preparation

To identify the soil used for the experimental purposes of this study, a preliminary study was
conducted. The soil samples were randomly collected from four different villages of the
Ngarenanyuki ward (Ngabobo, Olkung’wado, Uwiro, and Kisimiri Chini). After sample
collection, the amount of total fluoride and the fluoride fractions were determined for each soil
as well as pH and electric conductivity (EC) (preliminary data are available in Appendix 1).
The data from this preliminary study established the use of cultivated soil from the
Olkung’wado area located at coordinates 3°10°35” S 36°51°35” E throughout the study. Maize
and beans were cultivated during the rainy season and horticultural production (Tomato, kale,
cabbage, and onions) under irrigation during the dry season. According to the farm owners, the
soil has regularly been supplied with DAP, Urea, and manure fertilizers for more than 2 decades

to supply plant nutrients.

The topsoil (0 - 20 cm), was randomly collected from the same farm using a hand spade during
the dry season to represent the root zone of most cultivated crops in the area. The soil was then
mixed thoroughly, air-dried for 2 days, and then passed through a 2 mm sieve to eliminate grit
and other debris. The soil was stored in plastic containers that were cleaned with nitric acid
(HNO3) before laboratory analysis. The selected soil parameters measured were pH, particle
size distribution, soil organic matter (SOM), cation exchange capacity (CEC), electrical
conductivity (EC), water holding capacity, soil specific surface area (SSSA), fluoride fractions
(water-soluble (Ws-F), Exchangeable-fluoride (Ex-F), fluoride-bound to iron/manganese
(Fe/Mn-F), organic matter bound-fluoride (Or-F), and residual-fluoride (Res-F)), phosphorus

(P) interms of phosphorus pentoxide (P,0s), and the exchangeable bases (calcium (Ca?"),
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magnesium (Mg?*), potassium (K*) and sodium (Na*). These parameters were monitored

before and after amendment with each of the investigated materials.
3.4  Laboratory Analysis

The hydrometer method was used to measure the soil particle size distribution (Pickering,
1985). The content of SOM was calculated using the loss-on-ignition (LOI) method (Chen et
al., 2013). An electrical conductivity meter and pH meter were used to measure the electric
conductivity (EC) and pH of the experimental soil. The cation exchange capacity (CEC) was
measured using the barium chloride-triethanolamine method (pH 8.2) (Purnamasari et al,
2021). The water absorption capacity was measured by the centrifugation method (Jumaidin et
al., 2017). The specific surface area of the soil was determined using the ethylene glycol
monoethyl ether (EGME) method according to procedures by Yeliz and Abidin (Yukselen &
Kaya, 2006). The exchangeable bases were quantified using the flame atomic absorption
spectrophotometer (FAAS) (Selassie et al., 2020) and X-ray fluorescence (XRF) was used to
analyze the total elemental composition (Bibi et al., 2017). The Point-zero-charge (pHzpc) of
the composite material was determined using a pH drift method (Chai ef al., 2013). The carbon
(C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (0) were determined using a micro-
element analyzer (Saeed ef al., 2020). For the analysis of moisture content, 2 g of the air-dried
seaweed and seaweed biochar were oven dried at 105°C for 3 h, stored in the desiccator, and
weighed when cooled to room temperature. The scanning electron microscope (SEM-EDX)
was used to observe the morphology of the adsorbents, X-ray diffraction (XRD) was used to
capture the crystal structure of the adsorbents (Qiu et al., 2020).

3.4.1 Total Fluoride

Total fluoride was determined according to McQuaker and Gurney's procedure. The 0.5 g of
the soil sample was weighed into the crucibles and then moistened with 5 mL of distilled water.
A 6 ml of concentrated NaOH (17 M) was then added and placed into the oven set to 150°C
for 1 h. After 1 h the samples were moved into the muffle furnace set at 600°C for 30 min and
then left to cool to room temperature. Distilled water was added to allow the dissolution of the
NaOH cake then moved to a 100 mL centrifuge tubes where the pH was adjusted to around 8
by using HCl. Subsequently, the samples were shaken and centrifuged and the supernatant was
collected for analysis using a fluoride ion-selective electrode (F-ISE) mixed with TISAB 1II as

an ionic strength adjustment buffer at 1:1(Dagnaw et al., 2017; Loganathan et al., 2001;
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McQuaker & Gurney, 1977).
3.4.2 Sequential Extraction of Fluoride Fractions

Species of fluoride were extracted sequentially following a procedure reported by Chen and
coworkers (Chen et al., 2013). A 2.5 g of soil sample was sieved using 0.2 mm mesh and placed
into a 50 ml centrifuge tube and various species of fluoride were extracted by adding 25 ml of
the extracting solutions as summarized in Table 5. Sequential extractions were also used to

extract the forms of fluoride present in the fertilizer’s seaweed material.

Table 5:  Procedures for sequential extraction of fluoride fractions from the soil (Chen

etal., 2013)
Fluoride spp. Extract Solution Settings
Ws-F Distilled water agitate for 0.5 h at 60°C
Ex-F 1.0 mol/L MgCl, (pH=7) agitate for 1 h at 25°C
Fe/Mn-F 0.04 mol/L NH,OH.HCl agitate for 1 h at 60°C
Or-F 1*: 3 mL, 0.02 mol/L, HNO5 + 10 mL 30% After both steps: agitate
H,0, for 0.5 h at 25°C
27d: 12 mL, 3.2 mol/L ammonium Oxaloacetate
(NH,OAc)
Res-F A difference between Tot-F and a sum of the 4
forms
Complex-F X-Ray Diffraction technique

3.4.3 Analysis of Volatile Fatty Acids (VFAS)

Gas chromatography (GC) was used to analyze the amount of volatile fatty acids (VFAs)
present in the fermentative sap using the flame ionization detector (FID) and acetic acid as the
standard solution. For analysis, the samples were collected from the fermented sap and then
centrifuged at 1,500 rpm for 10 minutes to obtain a clear liquid. The liquid was acidified to pH
1.8 with formic acid to ensure that the pH of the sample is below its dissociation value (pKa)
(Huq et al., 2021). Due to analytical limitations, the VFAs results were given as the total
volatile fatty acids (TVFAs) expressed as g acetic acid/l (gAc/l). The C: N ratio of the seaweed
was measured using the CHNS analyzer (Saeed et al., 2020).
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3.4.4 Proximate and Ultimate Analysis

The proximate and ultimate analyses of soil and seaweed derived materials were conducted as
follows. The empty crucibles were initially fired at 600°C in a muffle furnace for 2 h and then

cooled to room temperature in a desiccator and weighed.

For determination of moisture content (Equation 7), 2 g (wet weight (A)) of dried seaweed
(DSW) was added into a crucible and oven dried at 105°C for 3 h to remove free water from

the sample followed by re-weighing to obtain the dry weight of sample (B).

(%)Moisture content = ( )x 3O SRS 7

The samples were then transferred into a muffle furnace set at 970°C for 3 h cooled in a

desiccator and weighed (C) to obtain the volatile matter content as per Equation 8.

(%) Volatile Matter = (T)X 3 0L PSPPSR € - )

The sample was again transferred into a muffle furnace which was now heated at 850°C for 3
h, cooled and weighed (D) to obtain the ash content as per Equation 9 and the fixed carbon
content was calculated as a difference between 100 and the weighed values ae per Equation 10
(Krishnamoorthy & Malek, 2022).

B—D
() ASh = ==X 100 o (9)

(%) Fixed Carbon = 100 — (%) Moisture — (%)Volatile matter — (%)Ash ... ... ... (10)

For ultimate analysis, the DSW and its biochar samples were analyzed using the organic
elemental analyzer, Thermo Scientific Flash 2000 series CHN/S analyzer using a thermal
conductivity detector (TCD). Initially, a blank cup was loaded into the CHNS-O equipment to
establish the C, H, and N values that were present in the combustion and carrier gas followed
by an introduction of 0.4 mg of the samples. The amount of C, H, N, S, and Ash was obtained

but the amount of oxygen (O) was obtained as per Equation 11.

(%)0 =100 — ((%)C + (%)H + (%)N + (%)S + (%)ASR) e cvs vre vee evv vvv v v e e (11)
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3.4.5 Determination of Exchangeable cations, Cation Exchange Capacity (CEC), and
Exchangeable Sodium Percentage (ESP)

To determine the number of exchangeable bases present in the soil, 5 g of the soil sample was
placed into a flask followed by slow addition of 50 ml of ammonium oxaloacetate (NH,OAc)
at pH 7. The suspension was kept shaking for 30 minutes and thereafter was filtered by a
Whatman paper. The extracted solutions were injected with cesium chloride solution to
suppress the ionization of the exchangeable bases and were used for the determination of

exchangeable bases in the atomic absorption spectrophotometer (AAS).

On the other hand, CEC presents a quantity of negatively charged sites at the surface of the soil
particles able to retain the positively charged ions. Therefore, higher soil CEC presents a greater
holding capacity of exchangeable bases and vice versa. Because the pH of the soil used for this
study was strongly alkaline, the CEC was determined by the barium chloride-triethanolamine
method (pH 8.2). To measure CEC, 2 g of the experimental soil was added into weighed empty
falcon tubes followed by the addition of 20 mL of 0.1 M BaCl,.2H,0 and shaken for 2 h. the
mixture was centrifuged at 5000 rpm and decanted. Thereafter, 20 mL of 2 mM BaCl,.2H,0
was added and shaken for 1 h, centrifuged, and the supernatant was discarded. The process was
repeated several times to obtain a slurry pH thereafter added 10 mL of 5 mM MgSO, and
shaken for 1 more hour where distilled water was continuously added up until the conductivity
of the solution reaches that of 1.5 mM M gS0, and weigh the tube with the contents. The CEC

was determined as Equations 12 (a-d):

(i) Total solution (S¢o¢) (MLS) (assuming 1 mL weighs 1 g) .. e vev v vvvevee e o (12)
=Wy W - W,

Where:
Wy -Final weight of the tube (g)
W; - Initial weight of the tube ()
W;- the weight of the soil used (2 g)
(i) Mg in solution = S;,; (mLs) x 0.003 (meg/mL) (1.5 mM MgSO0, has 0.003 meg/mL)

(i) Total Mg added (meq) = 0.1 meqg (meq in 10 mL of 5 mM MgS0,) + meq added in 0.1
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M MgS0O,(mL of 0.1 M MgS0, X 0.2 meg/mL (0.1 M MgSO, has 0.2 meg/mL))
(iv) CEC (meq/100 g) = (Total Mg added — Mg in final solution) X 50(50 is from converting
the 2 g of soil into 100 g)

The exchangeable sodium percentage (ESP) which explains the quantity of soil cation
exchange sites occupied by sodium was calculated as per Equation 13:

ESP = Exchangeable Na*
(Ca?*+ Mg2t+K++Nat)

X100 cis e oo e e e e et e e eee e e 2 (13)

3.5  Adsorption Experiments and Isotherms

The efficiency of a remediation technique is normally measured by analyzing its ability to
remove a targeted contaminant. The ability to remove fluoride is termed defluoridation capacity
and is presented as a mass of fluoride adsorbed per unit mass of an adsorbent (m/m). The
defluoridation capacity varies from time to time depending on the initial fluoride concentration,
adsorbent dosage, temperature, pH, and contact time. For proper design and understanding of
the adsorption mechanism, one needs to understand and interpret the adsorption isotherm. It is
used to quantify the adsorbate, analyze the behavior of the adsorption system, and verify the

consistency of the theoretical assumption in the experimental study.

In this study, fluoride adsorption into the seaweed-derived materials was fitted into three
selected adsorption isotherm models namely, Langmuir, Freundlich, and Temkin. The
adsorption experiments were conducted in batches at room temperature 24 + 3°C. The
experimental soil (5 g) was mixed with different concentrations of fluoride (25, 50, 100, 200,
and 300 mg/L) together and 50 ml of 0.01 mol/l CaCl, solution. Thereafter, the synthesized
material was added and the mixture was kept shaking in a shaker at 110 rpm for 72 h. After 72
h the mixture was centrifuged and the amount of fluoride remaining in the supernatant was
measured potentiometrically using the fluoride ion selective electrode (F-ISE). The amount of
fluoride absorbed by the soil (g,) was determined as a difference between the initial

concentration (Cy) and the final concentration (C,) using the following Equation 14:

G

- e e (14)

qe =
where:

q. - fluoride adsorbed by the soil (mg/g),
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C- concentration (mg/L),
W - the weight of the soil (kg),
V- the volume of the solution (1).

To understand the adsorption behavior of fluoride to the materials, the experimental data were

fitted on the Langmuir (15), Freundlich (16), and Temkin (17) models.

The basic assumption of the Langmuir Theory is that adsorption occurs at the homogeneous
sites which are specific inside the adsorbent. Once a fluoride ion occupies that specific site no

additional fluoride adsorption happens to generate monolayer adsorption (Walsh ef al., 2020).

1 1 1 N 1 (15)
o Y B R R
(5) = s s
Qmax 7" Intercept( a)
A E— 155
L\img) = Slope s gy T e e .(15b)
R, = ! 15

Freundlich's Theory works in an assumption that there exists an interaction between the
fluoride ions and the adsorbent sites as well as with the adsorbed fluoride ions generating the

multilayer adsorption (Sundaram et al., 2008)

094, =Log Ky + St (16)
log Kp = INtercept ... ... .. o v e e et v e e e et vt ei e e e e e (160)

1
- = SLOPE oo vt e s e et et e s e et et e e e et e e e e e e (16D)

Whereas Temkin isotherm assumes that as the adsorbent surface coverage increases, the
adsorption heat of molecules decreases linearly and that adsorption is categorized by the

unvarying dispersal of binding energies to a supreme binding energy (Piccin et al., 2011)
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qe =

where:

3.6

BrinKy

RT RT
Br

By (ﬁ) = S10PE o e s st s e e e e e e e e (17Q)

K ( L )_ (Intercept) 17b
"\mg = exp B, T ( 74 )

q. - Amount of fluoride adsorbed by the soil (mg/g),
C, - Fluoride concentration at equilibrium (mg/L),
K; - Langmuir constant representing the maximum adsorption capacity (L/mg),

R; - Indicates wether the shape of the isotherm is favorable (R, < 1), linear (R, = 1) or

unfavorable (R, > 1)
Qmax - Maximum fluoride concentration adsorbed by the soil (mg/g),

K; - Freundlich constant,

%- Adsorption intensity (The value of % defines whether the adsorption process is

favorable (0.1 < % < 0.5) or unfavorable (% >2)) (Ayub et al., 2020).

R - Universal gas constant (8.314 J/mol K),
T - Temperature (K),
K7 -Temkin isotherm equilibrium binding constant (L/mg), and

By - Temkin isotherm constant (The positive By the value indicates the adsorption

process is exothermic and if negative the adsorption is endothermic).

Kinetic Study

The data obtained from the kinetic experiments were fitted into the two common kinetic models;

the pseudo-first (Yang & Al-Duri, 2005) and the pseudo-second (Ho, 2006) models shown by

Equations 18 and 19.
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K
log(q. — q;) =logq, — ( L )t PSPPI @ K - )

2.303
t 1 1
Z = ok + (Z) b oot e et e eet e eee e eee s ees es ees aee ses es ees aee ses mee s es tes es mee es wen ses ven anes (19)
Where:

q: and q, are the fluoride concentration at time (t) and at equilibrium, (mg/g)

respectively.

The pseudo-first-order parameters were obtained by drawing the linear plots of In (g,-

q:) Vs t whereas the pseudo-second-order parameters were obtained by drawing a

linear plot of qi Vs t.
t

3.7 Analysis of Microbial Community

The soil microorganisms were quantified by the agar plate dilution method (Al-Dhabaan &
Bakhali, 2017). Bacteria were cultured using a buffered peptone enrichment medium and later
transferred to the nutrient agar where it was sub-cultured into blood agar and MacConkey agar.
The Sabouraud Dextrose agar was used for culturing fungi and starch casein agar (SCA) was

used for culturing actinomycetes.
3.8 Material Synthesis

This study investigated the efficiency of four different seaweed-derived materials for reducing
the amount of bioavailable fluoride fraction in the agricultural soil. The four preparation
methods investigated were dried seaweed, fermented seaweed, seaweed-derived biochar and
hydroxyapatite activated seaweed biochar. The seaweed used for these studies is Eucheuma
cottonii collected from the Tanga region, Tanzania. The seaweed was collected and preserved
in plastic containers with some seawater, then transported to the laboratory where it was washed
thoroughly with fresh water to remove any salts deposited on the surface, rinsed with distilled

water, and was then sun-dried.
3.8.1 Dried Seaweed (DSW)

The seaweed was collected at the coast, washed thoroughly with seawater, packed into plastic

containers, and transported to the laboratory. In the laboratory, the seaweed was rinsed with
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distilled water and air-dried for 1 week. The seaweed was then ground into a fine powder using
a mechanical grinder to obtain a fine powder which was sieved to pass through a 2 mm sieve
for homogeneity. The now-dried seaweed was stored at room temperature in a shaded area and

labeled DSW.
3.8.2 Fermented Seaweed (FSW)

To obtain the fermented seaweed, 500 g of the seaweed powder was transferred to a container
where it was mixed with 500 mLs of the inoculum (anaerobic sludge from the septic tank), 1 L
distilled water, and 100 ml molasses. The molasses contains high quantities of sucrose and
fructose which is an easily available food source for the anaerobic biomass. Subsequently, 4
ml of iodoform was added to prevent the methanogenesis process from taking place, thereby
encouraging acidogenesis and acetogenesis processes (Placido & Zhang, 2018). After mixing,
the container was closed to stimulate the fermentation process. The container was kept in a
shaker (110 rpm) at 37°C, free from light until the seaweed was entirely soft (5 weeks). The
now fermented seaweeds were oven-dried at 50°C to obtain a hard solid which was again milled

into a fine powder and sieved through a 2 mm sieve. This powder was stored and labeled FSW.
3.8.3 Seaweed-Biochar (SB)

The powdered seaweed was pyrolyzed in a tube furnace at 450°C for 2 h under continuous N2
flow. The temperature ramp was maintained at 10°C/min up until the desired temperature was
reached. The pyrolysis temperature was selected to recover high biochar yield and moderate
cation exchange capacity (CEC) (Liang et al., 2016). Thereafter, the carbonaceous materials
whichwere now seaweed biochar (SB) were recovered. In order to facilitate the reaction, SB was
first dipped with 1M HCL, washed with distilled water followed by dipping into 1M NaOH

solution, and thereafter rinsing it several times (Qiu et al., 2020).
3.8.4 Hydroxyapatite-Activated Seaweed-Biochar (HSB)

The hydroxyapatite-activated seaweed-derived biochar (HSB) was prepared by taking 5 g
seaweed biochar (SB) and dissolved in a 200 mL solution of 1M diammonium phosphate
(NH,), PO, stirred at 200 rpm for 12 h. After the 12 h, the SB was filtered out by centrifuging

at 4000 rpm for 15 minutes, rinsed, and transferred to a 1.67 M solution of Ca(NO3),
maintained at a minimum pH of 10 using an ammonia solution (NH30H). The contents were

allowed to mature by stirring for 24 h at room temperature (24 + 2°C). Afterward, the
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hydroxyapatite-activatedseaweed biochar (HSB) was separated from its mother solution by
centrifugation and rinsed several times with distilled water. The material was then oven-dried

at 70°C for 2 days and crushed into a fine powder using a mortar and pestle.
3.9  Experimental Setup
3.9.1 Determination of the Influence of Fertilizers on the Soil Fluoride Fractions

To investigate the influence of fertilizer on the forms of fluoride in the soil, the three different
fertilizers were mixed with the experimental soil at a laboratory scale for homogeneity. A 100
g sample of fluoride-contaminated soil (39.5 £ 0.5 mg/kg, Ws-F) was thoroughly mixed with
80 mg of DAP or Urea or 500 mg of cow manure based on calculations of Food and Agriculture
Organization (FAO) regulations. The samples were then incubated in a shaded area at room
temperature (27 £ 2°C) and 70% moisture. The experiment was conducted in a completely
randomized design. The blank samples were prepared within each series of sampling and
analysis for quality assurance and detection of possible contaminations. The analysis of the
amount of Ws-F, Ex-F, Fe/Mn-F, and Or-F on the soil-fertilizer mixtures together with pH was
monitored every 30 days for 5 months. For analysis, a small amount of soil was taken, oven-

dried at 40 °C then stored in a desiccator.
3.9.2 Determination of the Defluoridation Efficiency of Dried and Fermented Seaweed

The fluoride-containing soil samples (1 kg) were packed into the experimental pots and then
mixed thoroughly with either 1.25, 3, or 5% (w/w) of either dried seaweed (DSW) or fermented
seaweed powder (FSW) equivalent with the control samples labeled 0% in triplicates.
Thereafter, the soil was humified to approximately 70 - 75% saturation and incubated in a
shaded area, at room temperature (24 + 3°C). The first soil sample was collected within 24 h
of inoculation, and the fluoride fractions, as well as pH, were extracted, measured and
quantified. The incubation process continued for 4 months while sampling and analysis were
conducted every 30 days. The samples for each amendment was prepared in triplicates and the

results are presented as mean values.

3.9.3 Determination of the defluoridation efficiency of Seaweed Biochar (SB)

Hydroxyapatite-Activated Seaweed Biochar (HSB)

The natural fluoride-containing soil was used to study the influence of adsorbent dosage,

45



contact time, and pH on the defluoridation efficiency of the adsorbents. The impact of initial
fluoride concentration on HSB defluoridation efficiency was studied by spiking the soil with
25, 50, 75, and 100 mg/L fluorides in form of NaF in order to obtain different fluoride

concentrations and incubating for 1 month before the experiment.

In each of the batch experiments, 5 g of the soil sample was mixed with the selected adsorbent
dosage, moistened, and incubated for 12 h before the test experiment begins. Five different
adsorbents dosages were investigated for soil fluoride lock-off efficiency (0.1, 0.2, 0.3, 0.4, and
0.5 g together with the controls), the kinetic study comprised of 30 min, 1,1.5, 2, and 2.5 h
contact time intervals whereas the impact of pH was investigated from (pH 3 - 11) at an interval
of 2. All the experiments were conducted in triplicates and the results were reported as mean

values.
3.10 Statistical Data Analysis, Quality Assurance and Control

Statistical data analysis was computed using Origin Pro 8.5 software and Excel. For quality
assurance, the experiment was conducted in triplicates and two samples were drawn from each
replicate for analysis. Values are given as mean + standard deviation. To calculate the statistical
significance levels, ANOVA tests were conducted using XLSTAT followed by Tukey’s multiple
pairwise comparison tests. Replicates of the samples were used for the ANOVA test, and a
significant level of 5% was used in the statistics. For quality control, the soil samples were
collected in composite manner to obtain a representative soil sample, and the analytical

instruments were calibrated prior quantification.
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CHAPTER FOUR
RESULTS AND DISCUSSION

This section presents and discusses the major findings of this study. The major findings of this
section include the characterization of the investigated materials, the influence of the
investigated materials on the experimental soil properties, defluoridation efficiency,
mechanism, and kinetics. The amount of fluoride in the experimental soil reported in this
section may vary from objective to objective. This is because it is very unlikely to get the same
fluoride concentration in the soil each time you collect the soil samples even though the soils
were collected in a composite manner to ensure that the soil obtained is a representative sample.
The bioavailable fluoride in this study represents a total of the four extracted fluoride fractions
water soluble-fluoride (Ws-F), Exchangeable fluoride (Ex-F), fluoride bound to Iron and
manganese (Fe/Mn-F), and organic matter bound fluoride (Or-F). Therefore, bioavailable in
this section is equivalent to the extractable fluoride and are bioavailable in an order Ws-F >
Ex-F >>Fe/Mn-F>>>0r-F.

4.1 Materials Characterization
4.1.1 Dried Seaweed (DSW) and Fermented Seaweed (FSW)

The properties of interest for dried seaweed (DSW) and fermented seaweed (FSW) for this
study are presented by Table 6. During the fermentation process, the anaerobic biomass
converts the insoluble high molecular weight organic compounds (HMWOCs) such as
polysaccharides, proteins, and lipids which are the main components in the seaweed into
soluble low molecular weight organic compounds (LMWOCs) such as monosaccharides,
amino acids, and other simple organic compounds which exists as a source of energy and
carbon to the other group of micro-organisms (Justo et al., 2016; Placido & Zhang, 2018). The
simple organic acids produced are further assimilated to produce short-chain organic acids like
acetic acid, propionic acids, butyric acids, and alcohols which can either be fatty acids (FAs),
amino acids, or simple sugars as shown by Equations 20 - 25 (Anukam et al., 2019; Placido &
Zhang, 2018). These processes are accountable for the 0.3 gAc/l TVFAs obtained. The role of
fermentation in defluoridation is to increase the number of reaction sites responsible for
fluoride adsorption through breaking down the HMWOCs into LMWOCs. One HMWOC can
absorb only a number of fluoride ions in a soil solution interface but breaking one HMWOC

into several LMWOA s which are unstable and reactive increases its reaction sites and surface
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are and hence the number of fluoride ions absorbed.

Table 6:  The selected properties of dried seaweed and fermented seaweed

Parameter DSW FSW
Carbohydrate 59%

Lipids 0.9%

Protein 6.7%

pH 7 5.9

The fixed carbon 21%

C 48%

H 7%

N 1.12%

S 0.9%

Total organic carbon (TOC) 23%

Moisture 5.98%

Water absorption (g/g) 2.5 2.7

Total volatile fatty acids 0.3
concentration (TVFAs) (gAc/l)

Ash 24%

Volatile matter content 49%

phosphorus (P) (mg/kg) 4.1

potassium (K) (mg/kg) 3.7

calcium (Ca) (mg/kg) 14.7

sodium (Na) (mg/kg) 21.0
(CeH1p05)y, + 2nH,0 — NCeH1206 + NH,0 ... oo cee v s e s e e e e e ee evee ane e o (20)
CcH1206 = 2CH3CH,0H A 2C0; .. cov e et et et et et e e e e e e e e e e e e e e (21)
CoH1206 + 2H, — 2CH3CH,COO0H + 2Hj0 ..o cv v et e et e et et e e e e e e (22)
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CH3CH,COOH + 3H,0 — CH3COOH + CO5 4 4Hy v coe e cees s s oo e (23)
CoHy,06 + 2H,0 — 2CHZCO0H 4 2C05 + 4Hy eovove oo oo oo e aee e o e (24)
CH3CH,OH + Hy0 — CH3COOH + 2Hy evvovecoeoes oo oot e eee aee eenee eee aee eve e e+ (25)

The use of iodoform prohibited the acetic acid conversion (Equations 26 - 28) into methane but
promoted the accumulation of the evidenced TVFAs as reported by Jung et al., (Jung et al.,
2015).

CH3COOH = CHy 4 €Oy evv oo eoe oo oo oot et eee oot eee ees oot e eee oo eee ees e eee aee e eee 1mae2 (26)
COy + 4Hy = CHy + 2Hp0 oo oo oee e eee oo eee oo e et eee e e e e e (27)
2CHsCH,0H + 2C0; — 2CHsCOOH + 0.50; cvv vvs e eee s oot ees e eeee e e eeee ere e e (28)

4.1.2 Seaweed Biochar (SB) and Hydroxyapatite-Activated Seaweed Biochar (HSB)

The moisture, ash, and volatile matter content of the seaweed (DSW) was 5.98 + 1%, 24.3 +
1%, and 49.1 £+ 2% compared to its biochar (SB) which was 0.9 + 0.3%, 22.9 + 1%, and 32 +
2%, respectively. The moisture, ash, and volatile matter of SB biochar decreased compared to
dried seaweed matter which is crucial for increasing the absorption surface area of the biochar.
The amount of fixed carbon, C, H, N, S and O for seaweed was 19.3 £ 4, 48.2 + 1%, 7 + 0%,
1.1 £0%, 0.9 £ 0%, and 41 + 2% whereas that for SB was 43.7+ 1, 56.2 £ 2%, 6 + 1%, 1.2 £+
0%, 1.3 = 0%, 21 £ 2%, respectively. Both seaweed and its biochar had high contents of C and
O but the carbonization process lead to an increment of € and a decrement of oxygen (0). The
increment in carbon is influenced by the pyrolysis process which leads to a more concentrated
carbon material whereas a decrement of oxygen highlights the presence of aromatic compounds
in the seaweed. Therefore, these results suggest that pyrolysis concentrates the amount of

carbon in the seaweed leading to an increment in the adsorption active sites.

The XRD patterns of SB, and HSB, are shown in Fig. 7. The SB represented by a black line is
branded by a significant amount of amorphous materials and crystalline peaks of calcite
(CaCO03) at 23°, 29°, 36°, 40°,43.5°,48°, and 49° 26, quartz (Si0,) at 21° and 26.5° 26 and
calcium hydroxide (Ca(OH),) at 34° 26. Activation to HSB represented by a red line, reveals
additional peaks to the SB at 31° — 35° 2. The additional peaks observed match the
hydroxyapatite (Cas(P04)3(0OH),) peaks produced during the addition of diammonium
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phosphate ((NH4),P0,) and calcium nitrate (Ca(NO5),) into the SB and therefore confirms
the formation of hydroxyapatite in the adsorbent. The width of the peaks suggests that the
attached hydroxyapatite in the SB has a small crystallite size (10 nm). But there was no
noticeable alteration of the XRD pattern of HSB after treatment with the fluoride soil solution
and these results are coincidental with results reported by Diaz-Nava et al. (2002). The XRD
pattern of HSB did not change after fluoride adsorption showing that meaning fluoride ion

exchanges with the OH™ in the hydroxyapatite rather than in its crystal lattice.

The SEM micrographs of SB and HSB at 50.0 um are presented in Fig. 8 (a) and 8 (b),
respectively. The figures demonstrate that the hydroxyapatite attaches itself to the surface of
SB and constitutes rod - like structures. The elemental composition of SB was observed to
change after activation with the hydroxyapatite where HSB displayed an extended
concentration of Ca and P compared to the rest of the elements projecting a shift in the weight

(%) of the elements within the adsorbent.

——HSB ——F-HSB ——SB
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002
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Figure 7: The XRD pattern for seaweed biochar (SB), hydroxyapatite-activated
seaweed biochar (HSB), and fluoride-treated HSB (F-HSB) conforming
the formation of hydroxyapatite and its resemblance succeeding fluoride
adsorption
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Element W1t%

C 87.11
O 10.69
Na 0.12
Mg 0.14
Al 0.23
Si 0.24
P 0.06
S 0.24
K 0.52
Ca 0.49
Mn 0.04
Fe 0.04
f L Cu 0.09
x1.00k SE(L) Total 100.00
" Element  Wit%
C 78.57
O 15.68
Na 0.15
Al 1.16
Si 0.13
P 1.12
S 0.26
K 0.04
Ca 2.71
Fe 0.02
Cu 0.17
I50',0u'mI Total 100.00

Figure 8: The SEM micrograph and EDX spectra for (a) seaweed biochar (SB), and (b)
Hydroxyapatite activated seaweed biochar (HSB) at 50.0 pm

Furthermore, Fig. 9 shows EDX analysis showing the distribution of Carbon (C), phosphorus
(P), and calcium (Ca) in both SB and HSB. Both EDX spectra present high C enrichment as
seaweed is a carbon-based material but in contrast to SB, the HSB spectra present a substantial
enrichment of P and Ca which are the main components of the hydroxyapatite suggesting its

presence in high concentration in the fabricated HSB material.
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Figure 9: The EDX maps showing the spatial distribution of phosphorus and calcium
in the (a) seaweed biochar before activation (SB) and (b) seaweed biochar
post activation with the hydroxyapatite (HSB)

4.1.3 Fluoride Quantification in the Experimental Soil, Fertilizers and Seaweed

The availability, mobility, and toxicity of fluoride to plants and animals is not a function of Tot-
F but the form in which it exists (Loganathan et al., 2001). The soil had an average Tot-F of
422 + 52.9 mg/kg. The bioavailable forms of fluoride present in the experimental soil were
additionally extracted sequentially and found Ws-F of 39.5 + 0.5 mg/kg which was the major
quantity extracted followed by Or-F (9.1 £ 2.1 mg/kg), then Ex-F (3.5 £ 0.5 mg/kg), the
minutest being Fe/Mn-F (3.1 + 1.0 mg/kg). The extracted bioavailable fluoride fractions
accounted for 13.5% of the Tot-F whereas 86.5% remains quantified as the residual amount

(Res-F).

Moreover, the amount of fluoride in the seaweed material used for the study was quantified
and DSW was found to contain 8 + 2 mg/kg fluoride. This amount of fluoride could not be
detected in either fermented seaweed (FSW) or seaweed-derived biochar (SB) as well as in the
hydroxyapatite-activated seaweed biochar (HSB) and therefore further studies on the influence

of fermentation and pyrolysis processes on fluoride concentration is recommended.
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The amounts of forms of fluoride existing in fertilizers is presented in Table 7. There was a
statistically significant difference (p<0.05) in the amount of all fluoride fractions in the
fertilizers (Appendix 2). DAP had the highest concentration in all extracted fluoride fractions,
followed by manure, whereas Urea displayed the least. The Ws-F concentration was 1.5 £ 0.1
mg/kg for Urea, 2.4 £ 0.5 g/kg for DAP, and 8.2 + 1.9 mg/kg for manure. While other forms of
fluoride were minimal (< 0.5 mg/kg) in Urea, manure contained 1.9 = 1, 6.8 + 0.4, 6.1 £ 0.6
mg/kg, and DAP, 52.8 £ 19.7, 370 £ 22.5 and 570 + 44.0 mg/kg; Ex-F, Fe/Mn-F and Or-F,

respectively.

Table 7:  The quantity of fluoride fractions in the three commonly used fertilizers along
the slopes of Mount Meru

Fertilizers Tot-F Ws-F Ex-F Fe/Mn-F Or-F
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
DAP 8,760 £ 246 2,410=x£53.3 52.8+19.7 370+ 22.5 570+ 44
Manure 98 +7 82+1.9 1.92+1 6.8+£043 6.12+0.6
Urea 1.98+0.9 1.5+0.12 0.27+£0.1 N/A N/A

The amount of the bioavailable fraction in the experimental soil was high enough to be
absorbed by the plant roots and disseminated into the water in significant quantities enough to
lead to fluorosis (FAO, 2003; Loganathan ef al., 2001). Each of the fluoride fractions exhibits
an exceptional behavior dictated by factors such as; the place it is attached, human activities,

soil properties, and the climate of the area (Arnesen, 1997; Zhao et al., 2015).

The high fluoride concentration detected in the DAP fertilizer is principal since it is derived
from phosphate rock. Phosphate-rock is known to contain fluorapatite (Cas(P0O,);F) and
fluorite (CaF,) (Loganathan et al., 2001; O'hara et al., 1982). DAP fertilizer is manufactured
by a wet process through a reaction between ammonia and phosphoric acid (Equations 29 and
31). During this process, fluoride is lost into the atmosphere as HF, but some of it precipitates
as CaF, (Equation 30) and remains in the fertilizer accounting for 2 - 3% of the phosphate-
fertilizer (Ramteke et al., 2018). The 2 - 3% CaF, introduced into the soil as Ex-F each time
the phosphate-fertilizer is applied into agricultural soils which depending on the soil properties
is converted to Ws-F as NaF, and SiF,. Conversely, most of the HF does not escape into the

atmosphere but deposited back into the fertilizer as the Ws-F.

Cas(POy)sF + 5H,S0, — 3H3PO, + 5CaS0, + HF wooovoooesoos e eee e e . (29)
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Ca?t + 2HF — CaFy+ 2H™ oo i e et e e et e ce s vetaetenn enn enn 1nn ean een enn 20 w1 wee o (30)
2NH; + H3PO, = (NH)HPO, oo cov e e e et e e vt vt eee ee e et evnantensen e e s weeenes (31)

Inversely, the existence of fluoride fractions in the manure used for this study, demonstrates
the fluoride exposure to herbivorous in the contaminated area. The exposure footpaths to the
animals is through grazing, soil ingestion, and/or drinking water (Hong et al., 2016). Apart
from water, exposure through grazing is minimal compared to direct soil ingestion (Cronin et
al., 2000). Acute fluorosis has been observed in domestic animals after immediate ingestion of
fodder containing fluoride levels higher than 3000 mg/kg (O'hara et al., 1982). Even further,
deaths have been observed due to the ingestion of fluoride-containing volcanic ash dumped on

pastures (Cronin et al., 2003).
4.2 Soil Properties
4.2.1 General Soil Properties

The average values of the selected soil properties are presented in Table 8. The studied soil
properties were targeted based on their known influence on fluoride behavior. The soil
properties observed are in concordance with those obtained by Rizzu ef al. (2020b) who used
the same agricultural soil to investigate fluoride uptake by maize and bean plants (Rizzu et al.,
2020b). The soil is characterized as sandy loam with a Tot-F concentration of 422 + 52.9 mg/kg
and Ws-F of one order magnitude less thus very likely to cause toxicity to fluoride-sensitive
plants and animals in the area. The pH of the experimental soil is strong alkaline and has a high
concentration of exchangeable sodium as compared to the rest of the exchangeable bases. The
quantity of sand in the experimental soil was also found to exceed 50% of other soil texture
parameters. The extent of fluoride in this soil is linked to numerous soil properties (Rizzu et
al., 2020b). But, fluoride in the experimental soil could be associated with exchangeable
sodium percentage (ESP), clay content, pH, irrigation, and contamination from long-term use

of phosphate fertilizers.

The properties of the experimental soil after amendment with DSW and FSW are presented in
Tables 9 and 10. The impact of DSW and FSW on the soil properties appeared to follow a
similar pattern but at different efficiencies. Both amendments led to an increment in the water
retention capacity, CEC, and SOM of the experimental soil which could be accounted to the

decomposition process of organic matter. This increment observed was directly related to the
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amendment dosages. The amendments were observed to decrease soil pH but had no

statistically significant influence on the quantity of phosphorus in the soil.

Table 8:  The selected soil properties of the experimental soil

Property Quantity
CEC (meq/100g) 15.6
Clay (%) 6.4
Silt ((%) 18.2
Sand (%) 75.4
Ca?* (mg/kg) 34+8
Mg** (mg/kg) 7+2
K* (mg/kg) 98 +22
Na* (mg/kg) 317 +£102
PO}~ (mg/kg) 17.2+3
ESP (%) 69.5+9
O.M (g/kg) 11.2+4
EC (uS/cm) 408.6 £ 13
Water retention (gH,0/g soil) 0.02+0.1
pH (H20) 9.3+0.3

The pH drop observed was through the ionization of the organic compounds, HMWOC in DSW
and LMWOC in FSW. Once the organic compounds are introduced into the alkaline soil (high
pH) they become deprotonated loosing H* into the soil solution interface. The released
H*reacts with OH™ to form H,0 (Mittal et al., 2020). This reaction reduces the number of
OH™ in the soil solution interface which inturn reduces the pH of the soil and increases the

water retention capacity of the soil.
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Table 9: The influence of dried seaweed (DSW) amendment dosage (%, w/w) on the
experimental soil to the target soil properties at the 120" day

Soil Property Initial 0% 1.25% 3% 5%
Water retention 0.02+0.1 0.02+0.1 01+01 0.27+0.1 0401
(gH,0/g soil)
CEC (meq/100g) 328+09 305+0.5 37.0+1.4 37.1£ 1.4 44 +3.1
P03~ (mg/kg) 172404  158+2  11.9+33 102+1.6 164+39
EC (uS/cm) 453 +3 451 +2 440 + 5 442 + 4 432 + 4
SOM (%) 2.5+0.1 26+04 2.7+£0.2 34+03 38+04

The protonated HMWOCs and LMWOC:s in the soil solution interface becomes negatively
charged (R — COO™) and (R — O7). Its existance as negatively charged ins in the soil leads to
an increment in the cation exchange capacity of the soil (CEC). But once it interacts and reacts
with the soil cations to attain stability it reduces the electric conductivity (EC) of the soil as
observed. The seaweed materials also contains a significant amount of cations and anions
which participate in a number of beneficial reactions with the soil solid phase (Cahyaningtyas

et al., 2021; Sharma et al., 2014).

The LMWOA s plays an important role in the chemical, physical and biological properties of
the rhizosphere (Ma et al., 2021). It accelerates the bioavailability of carbon and micronutrients
in the rhizosphere for plant utilization. Although the soil is capable of converting HMWOC:s to
LMWOCs:s, this process is fairly slow and could last long (Chew et al., 2019; Craigie, 2011).
Therefore, the fermentation process fuels this conversion thus speeding up the action of organic

fertilizer in the soil (Krishnamoorthy & Malek, 2022).

Table 10: The influence of fermented seaweed (FSW) amendment dosage (%, w/w) to
the experimental soil on selected soil properties at the 120" day

Soil Property Initial 0% 1.25% 3% 5%
Water retention (gH,0/gsoil) 0.02+0.1 0.02+01 006+01 017+01 02301
CEC (meq/100g) 32.8+09 305+05 345+17 353+17 37+13
P02~ (mgl/kg) 172+04 158+2 125+04 140+09 164+08
EC (us/cm) 4539+23 451+16 444+13 443+ 0.4 440+ 2
SOM (%) 25+0.1 26+04 3.5%£0.6 42+0.3 54 +£0.3
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4.2.2 Soil pH
Q) Fertilizers and soil pH

Table 11 presents the influence of fertilizers on the pH of the soil. The pH is identified to affect
most of the soil's biogeochemical characteristics. It pedals the interaction, translocation,
transformation, and fate of diverse elements in the soil together with contaminants. It is
therefore the architect behind the behavior of soil components and thereby properties of many
soils (Minasny ef al., 2016). There was a significant difference (p<0.05) in the influence of
the three fertilizers on the soil pH (Appendix 3). The pH change exhibited a slight positive
correlation with the control (r = 0.31) and manure (r = 0.38), a weak positive with DAP (r =
0.19), and a strong negative correlation with Urea (r = -0.88) articulating the relationship

between a specific fertilizer and the soil pH change.

Table 11: The influence of fertilizers on soil pH

Day Control DAP Urea Manure
0 9.3+0.1 93+0.1 93+0.1 9.3+0.1
30 9.1+0.3 8.0+0.3 8.8+0.3 9.7+0.3
60 9.6+£0.04 93+0.5 8.8+0.3 9.6+0.0
90 9.4+0.0 89+0.2 9.6+0.2 9.8+0.1

120 93+0.2 92+0.3 93+03 95+0.2

150 93+0.2 93+0.2 9.4+0.2 9.6+0.3

In the soil, Urea liquifies and releases ammonium which rises the soil pH promoting an alkaline
condition (in the first 14 days). Depending on the soil microbial activity, the released
ammonium starts to progressively convert into nitrate through nitrification process ensuing
consequent acidification observed by day 30 - 60 (Equations 32 - 35). Over time, ammonia-
nitrogen is formed and is lost into the atmosphere through the ammonia volatilization process
(Equation 36), this results in the pH rise observed on the 90" day attaining stability through
150" day (Ernst & Massey, 1960).

NH,CONHy + 2Hy0 = (NHy)5C05 oo oveeee eeeeee eee oo oo eee eee eee eee ers e e e wee ene (32)

(NH,),C05 + Hy0 — 2NHg + COy 4 2HpO wovvveovs s oo e eee eee evee aee eee e o2 (33)
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(NH,),C05 + 30, = 2NO5 + COy + 2H" + 3Hy0 oo oo e e e e (34)
NOZ 4 0.505 = NO3Z eosevscos e eee eee eee eee ees ees e vee eee eee see ees s e vee eee eee see emne enn2 (35)
2NO; + 6C + 2H,0+2¢™ = Ny + 4HCO ™ + 2C0q. e cvs s oo eeeeeeeare eee e (36)

While nitrogen undertakes revolutions in Equations 32 - 35, phosphorus similarly undergoes
its chain of transitions in Equations 37 - 39. In the soil, Phosphorus pent-oxide dissociates into
phosphoric acid which is its temporal transitional product. The formation of phosphoric acid
lowers the soil's pH (day 30) before its disintegration into hydrogen and phosphate ions
(McCann, 1953). The two ions are additionally neutralized by the OH™ from the soil solution
interface endorsing the pH rise again observed from day 60 through day 150.

(NH)2HPO, @ NH 3+ (NH)HZPO, cos oo oo oot eee e oo e s e vee eee eee aee eme e (37)
(NH)H,PO, = NHJ + HyPOy+ € oo oeeeeeeeeeeeeos oo oo eee eeee et eee eee een e s e e (38)
HyPO, 2 PO; + 2H T A €7 oo oot oot e oot et e eee oo e eee et eee eee ems s e ven ren eee aee 1nae (39)

(i)  The influence of DSW and FSW on the soil pH

The influence of DSW and FSW on the pH of the soil is presented in Fig. 10 (a) and Fig. 10
(b), respectively. Within first 30 days of incubation, there was no pH change in the control
samples however by the 60" day the pH dropped to 8.9 and remained fairly persistent thereafter
but here was a significant difference in pH (p<0.05) between the treatments (both DSW and
FSW) and the control samples (Appendix 4). The pH drop among DSW dosages was
statistically noticeable (p>0.05) between day 30™ and 60" then remained unnoticeable
throughout the experiment (120" day) where pH reduced from 9.3 £ 0.3 t0 7.5+ 0.2, 7.3 £ 0.2
and 6.9 = 0.3 following the 1.25, 3, and 5% amendment, respectively. While FSW exhibited
the same behavior as that of DSW, yet its amendment within the first 24 h clear-cut the pH
from 9.3 £0.3t09.1 £0.2,9.0 + 0.1, and 8.4 £ 0 and sustained a drop from 9.3 +0.3 to 7.8 £
0.1, 7.4 £ 0.1 and 7.0 = 0.0 by the 120t day, following, 1.25, 3, and 5% FSW amendment
dosages, respectively. Even though the pH midst treatments were significantly different
(p<0.05), the 3 and 5% amendments were not statistically different (p>0.05) throughout the

experiment.

The pH drop observed was through the ionization of the organic compounds, HMWOC in DSW
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and LMWOC in FSW. Once the organic compounds are introduced into the alkaline soil (high
pH) they become deprotonated loosing H into the soil solution interface. The released
H*reacts with OH™ to form H,0 (Mittal et al., 2020). This reaction reduces the number of
OH™ in the soil solution interface which inturn reduces the pH of the soil and increases the

water retention capacity of the soil.

@ DSW  go% =1.25% m3% m5% ||(D) FSW B0% ®125% ®3% E5%
11 11
10 10
9 9
8 8 :
T i
L7 57 gt
i~
6 6 7
2
5 5 A 1
4 4 A 1
=l B
L B -
3 ¥ : . h i gl 3 3 : -l - = E3 -
0 1 30 60 90 120 0 1 30 60 90 120
Time (Days) Time (Days)

Figure 10 : (a) The impact of dried seaweed (DSW) amendment on soil pH, (b) The
impact of fermented seaweed (FSW) on soil pH. Both studied every 30 days
for 120 days at different amendment dosages

(ili)  The influence of SB and HSB on the soil pH

Since the defluoridation efficiency of seaweed biochar derived (SB) was selective, its impact
on soil pH was not studied but the impact of its fabricated HSB on the soil pH was studied and
the results are presented in Fig. 11 (a). The influence of HSB on the soil pH was studied at 5
different soil pH values (3, 5, 7, 9, and 11). The findings on its impact on the soil pH were
found to relate to its point-zero-charge (pHpzc). The pHpzc of HSB was 7.4 which means at this
pH, HSB exists as a neutral material. Once HSB is introduced into a soil solution interface with
a pH < pHpzc the HSB will be protonated attracting the H*in the soil thus rising the soil pH to
create a new equilibrium of the soil solution. Conversely, when the pH of the soil > pHpzc,
HSB becomes deprotonated attracting the OH™ in the soil thereby lowering the soil pH as it

creates a new equilibrium pH (Qiu et al., 2020).
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The impact of the soil pH on the defluoridation efficiency of seaweed biochar (SB) and
hydroxyapatite-seaweed biochar (HSB) was further investigated employing five different pH
values (3, 5,7, 9, and 11) and the results are presented in Fig. 11 (b). The pH of the soil solution
had a significantly higher influence on the defluoridation efficiency of SB as compared to its
HSB. The maximum defluoridation efficiency of SB was noticed at pH 5 which was 37.7%
and dropped abruptly to 8.4% at pH 7 hitting 0% at pH 9 and 3 and 10.2% at pH 11. Whereas
the defluoridation efficiency of HSB was at its peak at pH 7 (65.5%), decreasing in an order 5
(65.2%), > 3 (53.8%), > 9 (49%), and > pH 11 (37.7%) indicating a significant improvement
from its corresponding SB. The defluoridation behavior manifested by SB was analogous to
the behavior of hydrous zirconium oxide which dropped from 12 mg/g at pH 5 to 2.7 mg/g at
pH 7 to 0 mg/g at pH 9 (Das et al., 2003).
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Figure 11: (a) The influence of HSB on the soil pH (b) The impact of pH on the
defluoridation efficiency of seaweed biochar (SB) and hydroxyapatite-
activated seaweed biochar (HSB) at an initial fluoride concentration of 103
+ 3.6 mg/kg, 0.2 g adsorbent dosages and contact time of 1 h

The observed fluoride adsorption by SB is non-specific, such that, its adsorption process is
dependent on pH (Wambu & Kurui, 2018). At pH 3 fluoride could not be adsorbed because it
exists mainly as HF. The soil is known to strongly adsorb fluoride at pH 5.5 - 6.5 and this
together with the pHpzc of SB which is 6.5 could have contributed to high fluoride adsorption
observed at pH 5 (Hong et al., 2016). At pH 7 adsorption is through ion-dipole-bonding and at
pH 11 the concentration of OH™ in the interface is high and therefore fluoride adsorption into

the SB is mainly through physisorption (Qiu et al., 2020).
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On the contrary, HSB exhibits both specific and nonspecific fluoride adsorption. Specific
fluoride adsorption is observed through ion-exchange between F~ and OH™ in the
hydroxyapatite, and the precipitation reaction between F~ and Ca?' released from the
dissolution of hydroxyapatite (Wambu & Kurui, 2018). At pH 4 — 12, hydroxyapatite exists as
a stable calcium phosphate salt and therefore its OH™ can easily be exchanged with the soil
anions. Although the soil solution encompasses a significant number of anions such as nitrate,
sulfate, phosphate, and chlorides, hydroxyapatite displays selective adsorption towards the
fluoride ions because the ionic radii of F~ (1.33 A) are closer to that of OH™ (1.37 A) and
exchanges with fluoride to easily attain the stability of hydroxyapatite in form of fluorapatite
(Cas(P0,)3F) which is insoluble, stronger, and tougher. The non-specific adsorption is
observed in the SB active sites which were not attached with hydroxyapatite (Valdivieso ef al.,

2006).
4.2.3 Microbial Community

Figures 12 and 13 present the influence of DSW and FSW amendment on (a) Bacteria, (b)
Fungi, and (c) Actinomycetes. The soils treated with DSW and FSW revealed significantly
higher quantities of bacteria as compared to those found in the control group. There was a
statistically significant difference (p<0.05) in the number of bacteria cells between the control
plates and the amendments as well as between individual amendments. While the amendment
of 1.25% DSW led to a decrement in the number of bacteria by a factor of 0.62, the dosages of
3 and 5% led to an increase by a factor of 2.19 and 3.22, respectively. The DSW also increased
the number of fungi by factors, 1.38, 1.54, and 2.23, which was following 1.25, 3, and 5%
amendments, respectively. Moreover, the number of actinomycetes cells in 1.25 and 5%
amendments was less by factors 0.56 and 0.87 compared to that in the control plate whereas,

in 3 % amendment, an increment by a factor of 1.61 was observed.

The number of bacteria increased by a factor of 1 + 7.2, 1.9 + 4.3, 3.0 + 9.0, following, 1.25,
3, and 5%, FSW amendment dosage, respectively. The addition of 5% FSW, was also observed
to increase the amount of fungus in the soil by a factor of 1.6 + 9.9 whereas, 3 and 1.25%
amendments did not reveal a statistically significant difference (p>0.05) to that of the control.
Moreover, while 3% FSW reduced the number of actinomycetes by a factor of 1.3 £ 8, the 5%
FSW increased its number by 1.7 £ 17 and there was no significant difference (p>0.05) on the

impact of 1.25% amendment dosage to that of the control.
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4.3 Fluoride Adsorption
4.3.1 The Influence of Fertilizers on Soil Fluoride Adsorption and Release

The dynamics of the fractions of fluoride in the soil after adding fertilizers are presented in Fig.

14. Supplementing the soil with the fertilizers contributed to a rise in the average amount of
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Ws-F from 39.5 £ 0.5 to 42.7 £ 2.0, 46.4 £ 2.6, and 48.2 + 3.2 mg/kg for Urea, DAP, and
manure, respectively, whereas in the control this amount reduced to 38.6 £ 1.7 mg/kg over 150
days. There was a significant difference (p<0.05) between the influence of the three fertilizer-
amended soils and the control on the increase of Ws-F in the soil. The difference between Ws-
F in Manure and Urea as well as DAP and Urea amended soils was significant (p<0.05) but
there existed no significant relationship between manure and DAP (p>0.05) during the
incubation period (supplementary data are attached as Appendix 3). When compared to the
control, Ws-F concentration in the soils treated with fertilizers increased by 4.1 £ 0.2, 7.8 £ 0.6,
and 9.6 + 1.1 mg/kg for Urea, DAP, and manure, respectively. The increment in the amount of
Ws-F observed when Urea was added into the soil is similar to the results obtained by Chen et
al. (2010) on both fluvo-aquic and paddy soil (Chen, 2010). The increase in the amount of Ws-
F was instant during the first 30 days followed by insignificant deviations thereafter in all
samples. There was no significant difference observed in Ws-F from day 90 to 150 on all soil

samples pointing to the establishment of the equilibrium of fluoride in the soil.

Manure and DAP contained fluoride and therefore the increment in fluoride observed in the
soil could be through direct supplementation. But considering the quantity of fertilizers mixed
into the soil, the amount released directly into the soil could be estimated to be as low as around
0.2+ 0.7 mg/kg for DAP and 0.004 + 0.02 mg/kg for manure and negligible for urea. Therefore,
although the fertilizers could have augmented the bioavailability of fluoride in the soil directly,
its impact is fairly low as equated to its indirect impact (alteration of the soil elemental
composition and pH). The effect of fertilizers on the increase of fluoride fractions was
pronounced more on the Ws-F fraction. The Ws-F in the experimental soil was the highest
bioavailable fraction over the rest of the fractions and was reported in literature to directly
correlate with fluoride uptake by Trifolium repens and Lolium multiflorium (Arnesen, 1997).
The accretion of fluoride in tea leaves was also reported to linearly correlate with the quantity
of Ws-F in the soil (Ruan et al., 2003). The Ws-F is the form of fluoride that thaws in soil
solution, one that has dimly been attached to the soil solid phase. The higher the amount of
Ws-F, the higher its availability for plants and animals, and the higher the toxicity exposure
levels (Gao et al., 2012).

Similarly, while Urea did not reveal a noteworthy impact on the amount of Ex-F, manure
exhibited a rise of 1.8 + 0.5 mg/kg and DAP of 0.7 + 0.5 mg/kg equated to the control soils as

shown in Fig. 14 (b). There was no significant difference (p>0.05) on the amount of Ex-F
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between the fertilizers and control samples except for manure samples. Similarly, a significant
difference (p<0.05) was observed between the fertilizer-amended soils on the behavior of Ex-
F except for DAP and Manure amended soils. The Ex-F exhibited a crisscross rise and fall
changes due to its sensitivity to pH changes that were taking place in the soil-fertilizer solution
interfaces however the crisscross pattern came to an end from the 90" day where the
concentration of Ex-F in both samples became constant through the 150" day. Contrariwise,
there was no significant difference (p>0.05) in Fe/Mn-F observed between fertilizer-amended
soils and the control samples. The initial concentration of Fe/Mn-F in the soil before the
addition of fertilizers was 3.1 £ 0.9 mg/kg which augmented to 4.0 £2.1, 6.2+ 1.7,3.5+ 0.7,
and 6.1 = 1.9 mg/kg for control, DAP, Urea, and manure, respectively (Fig. 14 (c)). These
values are equivalent to an increase of 2.2 + 0.3 and 2.1 + 0.2 mg/kg for DAP and manure and
a decrease of 0.4 £ 0.2 mg/kg for Urea as equated to the variations in the control sample.
Although the impact exerted by fertilizers on Fe/Mn-F was different from one another, the
difference was not significant. Furthermore, the fluoride fractions were found to correlate to
each other such that Ws-F-Ex-F showed a strong positive correlation (0.697), Ex-F-Fe/Mn-F a

moderate positive correlation (0.449), and Ws-F-Fe/Mn-F a weak positive correlation (0.173).

Again, there was no significant variation in the quantity of all fluoride fractions from day 90 to
150, a similar behavior exerted by pH. These correlation between pH variation and the fluoride
fractions is also reported by Huang ef al. (2023). This is the point where the soil establishes its
new fluoride distribution equilibrium succeeding fertilizer application. Fertilizers interfere with
the fluoride cycle in the soil through the introduction of new ions, changes in pH, and direct
introduction of fluoride. New ions present take part in chemical reactions in the soil to gain its
stability which further affects the soil pH (Chen et al., 2013; Huang et al., 2023). The ability
of the ions to participate in the chemical reactions in the soil can either hasten fluoride release
or boost the fluoride holding capacity of the soil the same case being applied to pH changes.
Therefore, once fertilizer is introduced into the soil, the soil undergoes these oscillations until

a new equilibrium is established.

65



(a) water-soluble fluoride (Ws-F), (b)

o
s
—
o
S
L
x @
2 >
: S &
53 a
B8 8
(B}
3 E
|
o o =
) £ )
A S ”
: - 8g
W I ® O —
< — &
= =
@ o A o © < o~ o
g > | |L (6x/6w) 4-un/ed
M E L L L L o m
v © R NN o
D o I e
= -
o
e ™ o
x w N
= o —
5 o) m
w — M zZ g L o >
x < T ©
o o> o (|
B @ ~
o) o o) o o) o o m
Jre} rs) < < ™ 3] © <
© - -
~ (B>1/6w) 4-sp e Q
E ™
Z 0o
o<
on +3003000033000003) |
RO —
© © < o~ o
—~
o) (B>/6w) 4-x3

Exchangeable - fluoride (Ex-F), (¢) fluoride bound to iron and manganese
66

(Fe/Mn-F)

The influence of fertilizers on

(Rayment & Higginson, 1992). These cations equilibrate charges of unstable clay minerals and
are interchangeable with one another. Clay customarily comprises an electrical charge caused

The Ex-F is held by exchangeable cations (Ca®*, Mg?*t, Al3*, K*, and H') in the soil

Figure 14



by the imbalance of the quantity of electronegative and electropositive ion layers within the
crystals. The imbalance is generated by the impurities integrated into the clay minerals during
its development. The presence of an electrical charge attracts ions such as exchangeable cations
to gain steadiness. Consequently, exchangeable cations are seized by the negatively charged
clay minerals in the soil (Sumner, 1999). Therefore, the number of exchangeable cations and
hence Ex-F is limited by the quantity of negatively charged clay particles. The presence of a
substantial amount of permanently negatively charged clay minerals increases the number of

exchangeable cations and vice versa.

The exposed surface of the Fe/Mn-OH group has an amphoteric character which permits it to
lose or accept hydrogen ions contingent on the pH of the soil solution. At low pH, anions are
strongly seized and the soil will participate in anion exchange capacity (AEC) whereas, at high
pH, cations are strongly seized and become part of the soil CEC (Chen ef al., 2013; Sumner,
1999). Also, the carboxyl group associated with the surface of the oxide/hydroxide takes a share
in anion exchange with the fluoride-containing ligands exchanging the F “and OH ~liable to
pH, the amount of Fe/Mn-OH, and fluoride present in the soil. This elucidates the increase of
Fe/Mn-F in the experimental soil. The increase in the amount of Fe/Mn-F is beneficial since

this form of fluoride is mostly unavailable for plant uptake (Chen, 2010).
4.3.2 Fluoride Adsorption Efficiency of Dried Seaweed (DSW)

The defluoridation efficiency of DSW at different dosages is presented in Fig. 15 (a). The Tot-
F concentration of the experimental soil used for this experiment was 842 + 26 mg/kg, Ws-F
of 81.7 £ 3.1 mg/kg, Ex-F of 5.5 + 0.1 mg/kg, Fe/Mn-F of 8.7 + 0.1 mg/kg and Or-F of 11.7 +
0.8 mg/kg. It is obvious that fluoride removal efficiency is directly proportional to the DWS
amended dosage. The amount of Ws-F reduced from 81.7 £ 3.1 mg/kg to 54.2+2.4,43 + 1.2,
30.1 = 0.9, and 22.8 = 1.3 mg/kg following 0, 1.25, 3, and 5%, DSW amendment at the
incubation period of 120 days. The impact of contact time on the Ws-F reduction in the soil is
presented in Fig. 15 (b). It is observable that Ws-F in the experimental soil decreased with
increasing contact time for all the amendment dosages. Following the amendment of 0, 1.25,
3, and 5%, DSW, the Ws-F decreased from 81.7 £ 3.1 mg/kg to 78.4, 70.6, 67.8, and 54.0
mg/kg within 24 h, and 54.7, 43.2, 43.1 and 32.5 mg/kg by the 30" day, then to 54.7, 43.2, 32.7
and 28.5 mg/kg by the 60" day which remained fairly constant through the 120 days.
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Figure 15: (a) The impact of dried seaweed (DSW) amendment dosage on the amount of
water-soluble fluoride (Ws-F) in the soil at the 120% day (b) The impact of
contact time/incubation period (0, 1, 30, 60, 90 and 120 days) on the removal
of Ws-F in the soil

The influence of the DSW amendment on fluoride fractions in the soil is presented in Table 12.
There was a significant difference (P<0.05) between the initial and the final concentration of
fluoride fractions except for the Fe/Mn-F by the 120" day. While Ws-F decreased by 33.2,47.7,
63.8, and 72.3%, the Ex-F increased by 64.3, 73.6, 73.8, and 77.5%, and the Fe/Mn-F increased
by 6.5, 52.7, 52.5, and 61.5% following the 0, 1.25, 3, and 5% amendment dosages. The DSW
amendment had no statistically significant (p>0.05) impact on the amount of Or-F as its
concentration remained equal with that of the control samples whereas the amount of Res-F

increased by 2.2, 3.0, 4.5, and 4.7% following 0, 1.25, 3, and 5% amendments.
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Table 12: The influence of dried seaweed (DSW) on the soil fluoride fractions at different
amendment dosages

Fluoride fractions Initial conc. 0% 1.25% 3% 5%
Ws-F (mg/kg) 81.7+3 54.6+2 42.7+2 29.6+2 226+ 1
Ex-F (mg/kg) 55+1 154+3 209+2 21.0+2 244+ 2
Fe/Mn-F (mg/kg) 8.7+4 93+£2 184+2 183+3 22.6+2
Or-F (mg/kg) 11.7+1 4.6+1 4.6+1 49+1 4.6+1
Res-F (mg/kg) 734.4 + 17 751.1+18 757+19 768.2+18 770.8 £ 20
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Figure 16: The impact of different DSW amendments (0, 1.25, 3, and 5%) on the soil-
specific surface area by the 120" day of incubation

Figure 16 presents the influence of DSW to the soil-specific surface area (SSSA). It is within
the solid phase of the soil that the fluoride ions are attached. The higher the amount of the solid
phase of the soil the higher the surface area for fluoride ions to attach. By the 120" day, the
surface area of the soil increased from 112+ 11.6 to 152 + 7,232 + 9, and 327 + 13 following

0, 1.25, 3 and 5% amendments, respectively.

From the data collected, it is obvious that the Ws-F decreased but Ex-F, Fe/Mn-F and Res-F
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increased. Therefore, DSW defluoridation mechanism is through conversion of Ws-F into
unstable fluoride fractions which are Ex-F and Fe/Mn-F. But also, through conversion of Ws-
F into stable/complex fluoride fractions represented as Res-F. The DSW contains different
cations and multivalent ions which reacts with the free fluoride present in the soil solution
interface leading to an increment in these fluoride fractions, Ex-F and Fe/Mn-F. But the
HMWOC:s in the seaweed reacts with the free fluoride in the solution interface to form C — F
bonds known as fluorocarbons and Organomettalicfluorcarbons as presented by Equations 40

- 41 (Valdivieso et al., 2006; Wambu & Kurui, 2018).

R—CO0™ + Ca?t+ F~ > R—=C00 —Ca—F . st et s et e et et et et et e e s e o2 (40)
R—O0H + Si0, + 3F~ + 5H* +2¢™ = R—SiF 34 3Hy0 oo ces vev v e v e e (A1)
4.3.3 Fluoride Adsorption Efficiency of Fermented Seaweed (FSW)

The four fractions of fluoride were monitored throughout the experiment and the results are
presented in Fig. 17. The supplementation decreased the Ws-F from 81. 7 + 3.1 mg/kg to 42.7
+2.4,33.7+1.2,19.6£0.9, and 12 £+ 1.3 mg/kg following 0, 1.25, 3, and 5%, FSW amendment
dosages, respectively. The 5% amendment could reduce the amount of Ws-F below the
recommended level of 16.4 mg/kg (Rizzu et al., 2020b). Dissimilar to Ws-F, the Ex-F, and
Fe/Mn-F increased following the FSW amendment. The Ex-F increased from 5.5 = 0.1 mg/kg
to 14.8 £0.7,19.1 +£2,20.3 £0.8, and 21 + 1.6 mg/kg after 0, 1.25, 3, and 5 %, amendments.
The Fe/Mn-F increased from 8.7 + 0.1 mg/kg to 16.3 £3.5,24.4+2,248+2.1,and 25.7 = 1
succeeding 0, 1.25, 3, and 5%, FSW amendment which is the lesser bioavailable form
compared to the above mentioned two but there was no observed impact of the amendments

on Or-F.

There was a significant difference (p<(0.05) in the amount of Ws-F observed between 0, 1.25,
and 3%, to that of 5% amendment within the first 24 h of the incubation. The amendment
dosage was inversely related to the amount of Ws-F in the soil such that, as the dosage increased,
the Ws-F in the soil reduced. Within 30-day incubation, the amount of Ws-F was significantly
different (p<0.05) amid the treatments and the control (0%). A significant difference between
1.25 and 3% to the 5% amendment was also observed but the two (1.25 and 3%) were not
significantly different (p>0.05) up until the 60" day. From the 60" day to the 120" day, there
was a significant difference in the amount of Ws-F among all treatments. Furthermore, Fig. 18

presents the influence of FSW amendments on the specific surface area of the soil. The addition

70



of FSW into the soil increased the soil’s specific surface area by 28.2, 49.3, and 67.6%

following 1.25, 3, and 5% amendment, respectively.
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Figure 17: The Impact of Fermented Seaweed (FSW) Amendment on Fluoride Fractions
of the Soil (a) Water Soluble-Fluoride (Ws-F), (b) Exchangeable-fluoride (Ex-
F), (¢) Fluoride-Bound to Iron/Manganese (Fe/Mn-F)
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Figure 18: A scatter diagram showing a linear relationship between the FSW and the
specific surface area of the soil on the 120™ day

To further understand the adsorption mechanism of FSW, its defluoridation data at different
initial fluoride concentration were fitted into three models, Langmuir, Freundlich and Temkins

and Table 13 represents the calculated isotherm parameters of the three models.

Table 13: Isotherms parameters for the adsorption of fluoride in the soil succeeding
fermented seaweed (FSW) amendment at 1.25% amendment dosage

Parameter Langmuir Freundlich Temkin
mg 15.6
Qmax (_) /
g
0.009
Ki(—)
mg
R? 0.967
R; 0.52
l 0.58
n
Ky 3.733
R? 0.959
J 0.040
B (——
T(mLol
1.92722
Kr(—)
mg
R? 0.996

When comparing the R? values of the three models, Temkin’s model provided the best fit

(0.996) for the adsorption data from the experiment. High R? signifies a strong contact between
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the fluoride ions and the reactive groups in the FSW. According to Temkin’s model, the Ky
value describes the affinity of the adsorbent to soil ions. The K value for this study was
extremely high 1.92722 L/g which expresses the high affinity of fluoride ions to the FSW. The
slightly positive value of B (0.040) also indicates that this process is somewhat exothermic.
The study by Abasiyan et al. (2019) reported that the amount of Q,,,,, Was higher in the soil
compared to the same material in the water system (Abasiyan et al., 2019). The high adsorption
in the soil is accounted for by the existence of other soil components containing a variety of
functional groups such as carboxyl, phenolic, and carbonyl which interact and bind with the

target ions in the soil acting as natural adsorbents.

Both HMWOCs and LMWOCs act as binding sites for soil ions. Their binding capacity
depends on their length, flexibility, linearity, the number of —OH groups, and the number of
acid groups (—COOH) (Ruiz-Hitzky et al., 2004). The binding capacity is also catalyzed by the
multivalent ions in the soil which react with the negatively charged acidic functional groups of
the organic acids generating positively charged compound that reacts with the clay. In both
neutral and alkaline soils, the multi-valent ions involved in these reactions are Ca®* and
M g?*(Liitzow et al., 2006). Thus, the organic compounds containing acid groups, particularly
carboxylic groups (—COOH) and the hydroxyl groups (—OH) partakes ionic binding with the
multi-valent cations which then participate in the ion exchange sites on clay or with anionic
adsorption to positively charged clay sites at the edges ( Equations 42 - 44) (Ahmed et al., 2021;
Ruiz-Hitzky et al., 2004). This could be a multifaceted way through which fluoride is adsorbed

into the organic compounds of the FSW.

R = COO™ + Ca?* = R—CO0 — Ca¥ wve oo oo eoe e oot emeeee e oo aeseee e e e eee e s o o (42)
R—C0O0—Ca*t+ Clay > R—C0O0Ca — Clay™ ... . e veecer ves e et eee e et e e eene e (43)
R —C00Ca—Clay* + F~ = R—=C00 = Ca = Clay — F oo eoes oo ees e o o (44)

The FSW also acts indirectly through the alteration of the soil properties. Apart from binding
with the soil ions, the application of FSW reduces the bioavailability of fluoride in the soil
indirectly by converting most of the Ws-F to either Ex-F, Fe/Mn-F and/or Res-F and also
through pH change. The pH which remains an important soil property control the soil’s
chemical reactions and the activity of soil microorganisms was reduced from strong alkaline

(pH9.3£0.3)to 7.8 £ 0.1, 7.4 £ 0.1, and 7.0 + 0.0 after the amendments which is in contrast
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to the control samples sustained at pH 8.9 + 0.3.

Among the chemical reactions that pH controls are the sorption and desorption of fluoride in
the soil. At high pH, the fluoride attached to either clay particles, exchangeable bases, SOM,
or other multivalent elements is easily replaced by the OH™ ions accumulated on the soil
solution interface. As the pH drops, the amount of OH™ ions in the soil solution interface
diminutions dipping its competition with fluoride ions on the solid phase of the soil which
results in more fluoride being held by the soil. At low pH, the F~ substitutes the OH~, which
decreases the number of F~ present in the soil solution interface. If the pH of the soil is high,
the unconfined OH™ increases. The upsurge of OH™ further replaces the F~ until an
equilibrium is established (Equation 45). But at neutral to low pH the H* reacts with the OH~
to form H,0 (Equation 46)

R—CO—0H + F~ @ R=CO —=F 4 OH see oo oo eee e eee e eee oo eee et eee ers e amn e (45)
R—CO—0H 4+ F"+H* 5> R=CO —F 4 Hy0 eeecce e ete e e eee e e (46)

The Ex-F is bound to the exchangeable bases (Ca®*, Mg?*, K*, and Na™) in the soil which is
sensitive to pH changes whereas the Fe/Mn-F representing fluoride-bound to Fe, Mn, and Al
exist in their steady forms (unreactive) at high pH and become reactive (unstable) as pH drops .
Therefore, as pH drops, they easily react with the soil’s anionic species particularly fluoride

which is strong electronegative.

Although defluoridation mechanism of FSW is similar to that of its DSW, its defluoridation
efficiency is higher. High defluoridation efficiency of FSW is because of the increment of its
reaction surface area and sites. Breaking the HMWOC in the DSW to produce LMWOC does

not only increase the reaction sites of a single compound but its surface area as well.

4.3.4 Fluoride Adsorption Efficiency of Seaweed Biochar (SB) and Hydroxyapatite
Activated Seaweed Biochar (HSB)

The initial experiment for this section examined the defluoridation efficiency of SB and HSB
at different adsorbent dosages (0.1, 0.2, 0.3, 0.4, and 0.5 g) using 5 g of naturally fluoride-
polluted soil with a Ws-F concentration of 103.1 + 3 mg/kg at a 24 h contact time. The results

of the impact of adsorbent dosage on fluoride removal are presented in Fig. 19 (a).

As expected, the defluoridation efficiency of both SB and HSB increased with increasing
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adsorbent dosage. The maximum defluoridation efficiency of HSB was observed at 0.5 g
dosage which was 79%, 74.1% at 0.4 g, 70.8% at 0.3 g, 61.6% at 0.2 g the least being 39.3%
at 0.1 g. whereas, SB had a defluoridation efficiency of 0.8%, 3.3%, 7.5%, 8.7%, and 11.5% at
0.1, 0.2,0.3, 0.4, and 0.5 g, respectively. It was obvious that HSB had a higher defluoridation
capacity equated to its SB.

To further determine the maximum fluoride adsorption capacity and saturation point of the
HSB, diverse initial fluoride concentrations were tested against a constant adsorbent dosage
(0.2 g) and its results are presented in Fig. 19 (b). Inorder to obtain different initial fluoride
concentration, four different NaF standards were prepared (25, 50, 75, and 100 mg/L). From
Fig. 19 (b), the defluoridation capacity of HSB certainly increased with the increasing initial
fluoride concentration. At the minimum initial fluoride of 89.1 mg/kg, the defluoridation
capacity was 45.7% (C, =48.3 mg/kg) while at the initial fluoride concentration of 177.6 mg/kg,
the defluoridation capacity increased to 53.8% (C, = 82.2 mg/kg) without a saturation signal.

To intensely understand the defluoridation behavior of HSB, the defluoridation data were
further fitted into the two adsorption isotherm models; Langmuir and Freundlich as presented
in Fig. 20, and the model parameters for both models are presented in Table 14. The basic
assumption of the Langmuir Theory is that adsorption arises at the homogeneous sites which
are specific inside the adsorbent. Once a fluoride ion occupies a specific site, no additional
fluoride adsorption happens to generate monolayer adsorption (Walsh et al., 2020).
Alternatively, Freundlich's Theory works in an assumption that there occurs an interaction
between the fluoride ions and the adsorbent sites as well as with the adsorbed fluoride ions

generating the multilayer adsorption (Sundaram et al., 2008).
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Figure 19: (a) Comparison of the defluoridation efficiency of the seaweed biochar (SB)
and the hydroxyapatite-activated seaweed biochar (HSB) (b) comparison of
fluoride removal rate (mg/kg) of SB and HSB (c) Defluoridation capacity of
the HSB at different initial fluoride concentrations using 0.2 g adsorbent
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Based on the coefficient of determination (R?) results, the adsorption of fluoride onto HSB fits

with the Langmuir model (R? = 0.96) trailed by the Freundlich model (R? = 0.94). The obtained
values of % (1) in the Freundlich model lie between 0 and 1 representing the favorable

conditions for fluoride sorption and the value of R; (0.85) in the Langmuir model were
similarly in the range of 0 and 1 representing favorable fluoride adsorption conditions as well.
From the experimental results, it looks that both models could be used to explain the fluoride
adsorption process detected meaning some parts of the adsorbent exhibited a monolayer

adsorption and other parts exhibited multilayer adsorption.

Studying the fluoride adsorption mechanism in the soil is tricky since soil itself is a natural
adsorbent. But HSB adsorbent itself had different active sites from SB, and those attached with
the hydroxyapatite. Thus, the HSB adsorbent had two diverse active sites from hydroxyapatite
and its respective SB which have different fluoride adsorption mechanisms displaying the
adsorption behaviors that fit both Langmuir and Freundlich models. The solid phase of the soil
is also a natural fluoride adsorbent providing the attachment sites for fluoride adsorption and
the elemental composition of the soil provides exchange reactions with the free fluoride
contributing to the prevailing complex adsorption mechanism of the HSB amended. Therefore,
the complex nature of the adsorbent and the soil creates a multifaceted fluoride adsorption

mechanism which could either be multilayer or monolayer.

Table 14: The isotherm parameters for Langmuir and Freundlich's models describing
the adsorption of fluoride on HSB

Parameters Langmuir Freundlich
mg 23.
Qmax (_) 33
g
L 0.002
Ki(—)
myg
R? 0.96
R; 0.85
K 0.06
1 1
n
R? 0.94
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To understand the kinetics of the adsorption process, the kinetic experiments were conducted
using 5 g of the soil with an initial fluoride concentration of 100.3 + 3 mg/kg, and an adsorbent
dosage of 0.2 g for contact times of 0.5, 1, 1.5, 2 and 2.5 h. the results for the impact of contact
time on fluoride adsorption are presented by Fig. 21. Maximum fluoride was adsorbed within
the first 30 minutes followed by a slight removal through an equilibrium. Fluoride
concentration in the soil was reduced from 100 + 3 mg/kg to 28. 8 + 2 mg/kg equivalent to the
HSB defluoridation capacity of 1.79 mg/g (71.3% removal) and the outstanding 3.8 £ 1 mg/kg
(2.9% removal) was adsorbed in the subsequent 2 hours accounting for a total HSB
defluoridation capacity of 1.88 mg/g (75.2% removal). The defluoridation kinetics of the HSB
is analogous to adsorbents reported by Bhaumik ef al. (2011), Meenakshi and Viswanathan
(2007) and Montazeri et al. (2011). These results propose that the saturation of HSB is reached

immediately after 30 minutes.
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Figure 20: The adsorption model of fluoride into HSB composite at 0.2 g adsorbent
dosage (a) Langmuir (b) Freundlich

The data obtained from the kinetic experiment was further fitted into the two common kinetic

models; the pseudo-first (Ho, 2006) and the pseudo-second (Zhang et al., 2017) models and

the parameters for both models are presented in Table 15. The adsorption kinetics of fluoride

ions into the HSB could not fit pseudo-first-order (R? = 0.057) but rather pseudo-second-order

(R%=0.999). The chi-square value (X?) for the pseudo-second-order model was 0.096 which
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is smaller than the X? for the pseudo-first-order (1.74) proves to the appropriateness of the
pseudo-second-order to the kinetic behavior of fluoride adsorption to the HSB. On another note,
the value of g, for the pseudo-second-order (1.905 mg/g) was closer to the experimental g,
which was 2.02 mg/g whereas the q, for the pseudo-first-order was 0.834 mg/g showing that
the pseudo-first-order is not an appropriate model to describe the kinetics of HSB fluoride

adsorption but rather the pseudo-second-order of kinetics .

According to Meenakshi and Viswanathan (2007), the defluoridation process ruled by ion
exchange is abruptly equated to the defluoridation process ruled by adsorption (Yang & Al-
Duri, 2005). The saturation point of HSB was observed past 30 minutes which according to
Sundaram (2008) is not abrupt (Diaz-Nava et al., 2002) demonstrating both adsorption and ion-
exchange processes were taking place concurrently. The two fluoride removal processes
(adsorption and ion exchange) could be attributed to the presence of active sites of both
attached hydroxyapatite, unattached seaweed biochar, and the solid part of soil capable of

exchanging or adsorbing the free fluoride.

The defluoridation efficiency of adsorbents at different pH is related to the pHpzc of the
adsorbent (Valdivieso ef al., 2006). The pHzpc of SB was 6 and that of HSB was 7.4. The higher
pHpzc of HSB could be contributed by the activation of SB using hydroxyapatite.
Defluoridation is favored when the pH of the soil-water interface is less than the pHpzc of the
adsorbent. If the pH < pHpzc the surface of the adsorbent is positively charged and exerts
defluoridation through chemisorption and ion exchange which is stable, abrupt, and favors
more fluoride removal. Therefore, rising the pHpzc of the adsorbent enhances its defluoridation
efficiency (Sundaram et al., 2009b; Valdivieso et al., 2006). Additionally, when the pH of the
soil solution interface is more advanced than the pHpzc of the adsorbent, the surface of the
adsorbent develops negative charges exercising an electrostatic repulsion with fluoride ions.
Under these conditions, defluoridation occurs through physisorption and to a lesser extent
through ion exchange which is a slow and unstable process decreasing the fluoride adsorption
capacity of the adsorbent. This elucidates the maximum defluoridation efficiency observed at

pH 5 - 7 followed by the sharp diminution at pH 9 — 11 (Bhaumik ef al., 2011; McCann, 1953).
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Figure 21: (a) The kinetics of fluoride removal efficiency of HSB at 0.2 g adsorbent dosage
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Table 15: Rate constants of the pseudo-first-order and pseudo-second-order

Parameter Pseudo-first Pseudo-second
9
K;/min -8.613E-05 K (mg 0.015119
2 min
mg mg
qe(—) 0.834 qe(—) 1.9048
g 9
R? 0.051 R? 0.99852
X? 1.74 X2 0.096

The soil fluoride removal by HSB was over adsorption and ion-exchange mechanism processes
(McCann, 1953). The pHpzc of HSB was 7.4 and below this pH, its surface attains a positive
charge endorsing maximum fluoride removal through electrostatic attraction amid the positive
HSB adsorbent surface and the negatively charged fluoride ions (Equation 47 - 48). At pH
above 7.4, the HSB surface started to acquire a negative charge reducing its affinity to the

negatively charged fluoride ions and thus low defluoridation capacity derived through

physisorption.
Cas(PO)30H + nF™ = Cas(PO)g(OH)... . El oo e s eee e s s s oo e (47)
Cas(PO)30H + nF™ = Cas(PO)3(OH) .. Fy ooeooeoos oo ces e ces e e e e aee e o (48)

The ion-exchange mechanism comprises the exchange with the hydroxyl (OH ™) ion obtainable
in the hydroxyapatite attached to the HSB (McCann, 1953). The OH™ ion exchanges with the
fluoride ion accessible in the soil solution to form fluorapatite (Equation 49 - 50). Furthermore,

the soil could be a natural fluoride adsorbent at pH 5.5 - 6.5.
Cas(P0O,)30H 4+ F~ = Cas(P0Oy)3F + OH™ oo st et e e e et et e e e e e e e (49)
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
51 Conclusion

The study quantified the amount of fluoride in the soil collected in agricultural soils located
along the slopes of Mount Meru. The study presents the quantities of four (4) fluoride fractions
present in the agricultural soils located along the slopes of Mount Meru. The four bioavailable
fluoride fractions in the soil which was observed to decrease in an order Ws-F >> Or-F > Ex-
F > Fe/Mn-F. This amount is higher for daily consumption by the grazing animal through direct
soil consumption. Therefore, the result from this study highlights a need to control the

bioavailability of fluoride in fluoride-contaminated agricultural soils.

A subsequent experiment focused on identifying whether agricultural practices enhance the
bioavailable fluoride fraction in the agricultural soil. The study investigated the influence of
the three commonly used fertilizers by farmers in the study area on the bioavailability of
fluoride. The results concluded that the application of three fertilizers accelerates the
bioavailability of fluoride in the soil at different rates and through different mechanisms in a
decreasing order DAP >> manure > Urea. Therefore, it is important for the government

authorities to take note and control the fertilizers used in the fluorinated zones of the country.

The study further presented the use of seaweed (Eucheuma cottonii)-derived materials for
defluoridation purposes of fluoride contaminated soils. The seaweed materials investigated
were prepared in four (4) different ways; dried seaweed (DSW), fermented (FSW), seaweed
biochar (SB), and hydroxyapatite-activated seaweed biochar (HSB). The results suggest that
the defluoridation mechanism of DSW and FSW is similar which is by conversion of Ws-F
into Ex-F, Fe/Mn-F and Res-F. But FSW has high defluoridation efficiency compared to DSW
because the fermentation process breaks the HMWOCs present in DSW into LMWOCSs thereby

increases the reaction sites.

Unlike DSW and FSW, the defluoridation efficiency of SB was sensitive to the pH of the soil
solution interface. It could perform at pH 5 only, with a maximum defluoridation efficiency of
37.7%, however, its activation with the hydroxyapatite into HSB enhanced its defluoridation
efficiency to a maximum of 79% using an initial Ws-F concentration of 103 mg/kg. Activation
of SB with hydroxyapatite raised its point-zero-charge (pHrzc) from 6 to 7.4 which further
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broadened its fluoride adsorption spectra from strict acidic conditions (pH 5) to a variety of pH
conditions (pH 3 - 11). The study envisions that the detected fluoride removal by HSB
adsorbent is through chemisorption at pH below the pHpzc of HSB, physisorption into the
seaweed biochar at pH above pHpzc of HSB or through ion exchange with the OH~ion in the
hydroxyapatite part of the HSB adsorbent. Therefore, all seaweed preparation methods proved
effective for the remediation of fluoride-contaminated soils at decreasing efficiencies HSB >>
FSW > DSW > SB.

5.2 Recommendations

Following the conclusions derived from this study, the researcher recommends further

investigations on:

Q) The theoretical and experimental study on the performance of these seaweed materials

in fluoride-contaminated soils of different pH and textures

(i) The pot experiment as well as a field experiment to analyze fluoride uptake by crops

following DSW, FSW, and HSB amendments

(ili)  The lifecycle assessment of fermented seaweed (FSW) and hydroxyapatite activated
seaweed biochar (HSB) for its use in the field

(iv)  The socio-economic study indicating both social as well as economic feasibility of the

use of seaweed (Eucheuma cottonii) derived materials
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AFFENDICES
Aperdix ;- Apreliminery study quentifying fiuorice fractions, EC, and pHof thesoils along the stLdy area

Location WeF ExF FeMnF  OrF TotF p RC
Okung'wado DHLI85 34429 31812 66517 409+014 9304  2AB6
Unito 4634306 S04+E37  T08+27 717424 3274989 891 2545
Neghoho 1434541002 102465 389+17 52404  479+£72  87£03 44
Kireeni %57+185  456+46 12654 1632427 07433 9405 306
Mikey Q25147 427441 4B+27  6B=14  1PBEIS 702 1895




Apadix2: - Aralysis of the differences betineen the influence of fertilizers an the soil pHwithia confidence interval of 986 ([pH)

Contrast Differance Sendardizddifference Oriticalvalbe  Pr>Diff - Significant
VarurevsUrea 5656 842 2739 <0001 Yes
Verure\vs DAP 08% 130 279 0500 No

Verure s Control 039 0433 2739 0%l No
Control vsUrea 5327 7914 2.0 <0001 Yes
Control vs DAP 0500 08 279 083 No
DAP\sUrea 4,767 7082 2.0 <0001 Yes
Tukey'sd critical valLe: 3901




Apadix3:  Sinmaryofthe least square (LS) means for the fertilizers

Fertilizer W&F Bd- FelVinF H
Verure 4660a 4463a 438a 96/6a
DAP iSIVIvE: o 37 45%a 8./8/a
Control B.M4c 3183b 4 7cAa 0HA7a
Urea 43161b 3117b 3(0%a 4020b
Pr>FVioH) <0000L 0067 0163 <0000L

Significant Yes No No Yes




Apadix4:  Rawdata (WsF) of the defluoridation efficiency of dried seanesd (OSA)

DAV Qo) &yl D by 60 Dy Day120
0 786 536 3 537 542
0 774 57 %8 53 535
0 703 549 549 538 %1
125 74 492 37 854 467
125 68 4 9 415 26
125 679 D4 9 21 47
3 687 D4 P2 318 315
3 678 419 B4 284 776
3 &9 481 206 D1 208
5 53 313 77 28 232
5 %8 B1 24 219 219
5 533 B3 202 216 28




Appadix5:

Rawdata (&) of the defluondation efficiency of Fermented seanesd (FSA)

RNV Qo) eyl oy 30 cy®0 Dy Day120
0 793 546 02 23 L7
0 761 436 486 23 415
0 07 508 292 5 438

125 4 36 405 6 %6
125 711 346 D4 23 1
125 623 35 R7 58 3
3 603 27 279 205 181
3 &0 56 284 24 211
3 648 25 27 206 196
5 535 27 182 13 12
5 3 249 1665 10 113
5 07 27 184 113 126
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Appendix 6:

Poster Presentation

Abstract

Exposure to low fluoride is essential for stronger
bones and teeth but exposure to high levels (> 3
mg/L/day) leads to hyperostosis and osteoporosis.
This study investigated the effectiveness of using
seaweed (Eucheuma cottonii) derived materials for
fluoride contaminated soil remedial purposes. Soil
amendment with dried seaweed (DSW) and
fermented seaweed (FSW) led to a decrement of
Ws-F from 81.7 = 3.1 mg/kg to 28.5 mg/kg and 12
= 1.3 mg/kg following 5% (w/w) amendments,
respectively. But while seaweed-derived biochar
(SB) adsorbs fluoride at specific pH values only, its
activated product with hydroxyapatite (HSB)
exhibited a maximum Ws-F reduction from 103.1
mg/kg to 21.6 = 2.1 mgkg at 0.2 g dosage.

While several defluoridation techniques are dedicated
to defluoridation of drinking water, less attention is
directed towards other potential fluoride exposure
routes particularly soil which harbors most of the
fluoride present in the ecosystem. Although most of
the fluorides in the soil are sparingly soluble in the
presence of water, some such as SiFy, NaF, and HF
are quite soluble constituting the bioavailable fluoride
fraction. The bioavailable fluoride in the soil ends up
in the food chain directly through uptake and
accumulation by plants who are the bottom members
of the food chain exposing the rest of the chain to
fluoride toxicity. While this is a case, techniques such
as electrokinetic, soil washing, biological remediation
and immobilization/adsorption have been investigated
for soil defluoridation but majority of these techniques
are either not economical, have unsatisfactory results
or umrealistic for implementation in actual
environment calling for more feasible remedial
approaches which is the focus of this study.

of Slopes of Mount Meru

Remediation of Soils Contaminated with Fluoride using Seaweed-Derived Materials: Case

Treos T *
e
— e

SB-Seaweed Biochar, HSB-Hydroxyapatite
Activated SB, Ws-F-Water-Soluble Fluoride, Ex-F
Exchangeable Fluoride, Fe/Mn-F Fluoride Bound
to Iron and Manganese, Res-F-Residual Fluoride,
Or-F-Organic Matter Bound Fluoride

DSW-Dried Seaweed, FSW-Fermented Seaweed,
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