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ABSTRACT: Fluoride is a naturally occurring element present in rocks, minerals, soil and water. At low
concentrations it can contribute to dental health, whereas prolonged exposure to elevated concentrations may cause
dental and skeletal fluorosis. Groundwater is especially susceptible to fluoride contamination because of prolonged
water—rock interaction, dissolution of fluoride-bearing minerals, alkaline conditions, low calcium concentration and
other hydrogeochemical processes. Conventional defluoridation methods such as coagulation, ion exchange, membrane
separation and electrochemical treatment can be effective, but cost, energy demand, maintenance and secondary waste
can restrict their use in rural areas. Adsorption using natural materials and agricultural wastes has therefore attracted
considerable attention. Rice husk, wheat husk, coconut residues, sugarcane bagasse, fruit wastes, clay, zeolite and
biomass-derived carbon can provide active sites for fluoride uptake. Their performance depends on pH, adsorbent dose,
contact time, initial fluoride concentration, temperature, particle size and competing ions. This review summarizes
fluoride occurrence and health effects, conventional treatment methods, adsorption principles, important natural and
agricultural waste-based adsorbents, controlling factors, mechanisms, advantages, limitations and future prospects.
Such materials may support low-cost and decentralized treatment when validated under real groundwater conditions.

KEYWORDS: Fluoride; groundwater; defluoridation; adsorption; agricultural waste; natural adsorbent; biosorption;
rice husk; wheat husk; sustainable water treatment.

L. INTRODUCTION

Groundwater is an important source of drinking water for rural and urban communities because it is widely available
and can be accessed throughout the year. Its quality, however, is strongly influenced by the geology, mineralogy,
residence time and hydrogeochemistry of the aquifer. Fluoride is among the important naturally occurring groundwater
contaminants.

Fluoride is released into groundwater mainly through weathering and dissolution of fluoride-bearing minerals. Fluorite,
biotite and other minerals may contribute fluoride during prolonged water—rock interaction. Alkaline conditions, low
calcium concentration, bicarbonate, evaporation and long groundwater residence time can favour fluoride mobilisation.
The concentration and duration of exposure are important in determining health effects.

The WHO guideline value for fluoride in drinking water is 1.5 mg/L. In India, drinking-water quality is addressed
through Bureau of Indian Standards specification IS 10500. Therefore, groundwater with excessive fluoride requires
appropriate treatment before drinking.

Defluoridation technologies include precipitation/coagulation, ion exchange, membrane processes, electrochemical
treatment and adsorption. Adsorption is particularly attractive because it can be simple to operate and can employ
inexpensive locally available materials. Agricultural wastes such as rice husk and wheat husk can potentially be
converted from low-value residues into useful water-treatment materials. This approach can simultaneously address
fluoride contamination and agricultural-waste management.

II. FLUORIDE CONTAMINATION IN GROUNDWATER

The principal source of fluoride in many groundwater systems is geogenic. Fluoride-bearing minerals undergo
weathering and dissolution, releasing fluoride into groundwater. Important controlling factors include mineral
composition, groundwater residence time, pH, temperature, calcium concentration, alkalinity, bicarbonate, evaporation
and ion exchange.
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Anthropogenic sources can also contribute locally, particularly from industrial activities involving fluoride-containing
materials, phosphate processing and certain wastes. A complete assessment should therefore consider both natural and
human-derived sources.

Fluoride contamination is an important groundwater-quality concern in several parts of India. The problem is
particularly significant in rural regions where communities may depend heavily on untreated groundwater. Affordable
and locally manageable treatment technologies are consequently important for sustainable water management.

III. HEALTH EFFECTS OF EXCESS FLUORIDE

Fluoride effects depend on concentration and duration of exposure. Long-term intake of excessive fluoride can cause
dental fluorosis, which affects tooth enamel. Higher and prolonged exposure can contribute to skeletal fluorosis. Risk is
also influenced by total fluoride intake from food and other sources, age, nutritional status and climatic conditions.

The purpose of defluoridation is therefore to reduce excessive fluoride to an appropriate drinking-water level rather
than necessarily remove every fluoride ion.

IV. CONVENTIONAL METHODS OF FLUORIDE REMOVAL
Coagulation and precipitation remove fluoride by forming precipitates and incorporating fluoride into flocs. The
Nalgonda technique is a well-known example used in India. Its advantages include relatively simple operation,
although chemical consumption and sludge generation must be managed.
Ion exchange can provide effective fluoride removal but may require specialized resins and regeneration. Reverse
osmosis and other membrane methods are highly effective but require pressure, energy and maintenance and produce
reject water. Electrochemical processes can also remove fluoride through coagulation reactions, but electricity and

electrode consumption influence operating cost.

Adsorption provides an alternative in which fluoride accumulates on the surface or within pores of a solid material. Its
simplicity and flexibility in material selection make it a major area of defluoridation research.

V. ADSORPTION PROCESS AND EVALUATION

Adsorption is a surface phenomenon in which dissolved fluoride interacts with active sites of a solid adsorbent. A
simplified representation is:

Adsorbent + F~ — Adsorbent-F

Possible mechanisms include electrostatic attraction, ion exchange, ligand exchange, surface complexation, hydrogen
bonding and pore diffusion. The dominant mechanism depends on the chemical composition and surface characteristics
of the adsorbent.
Fluoride removal efficiency is commonly calculated as:

Removal efficiency (%) = [(Co — C.)/Co] x 100
where Co is the initial fluoride concentration and C. is the equilibrium concentration, both in mg/L.
Adsorption capacity is commonly expressed as:

ge = [(Co— C¢)V])/m

where (. is the equilibrium adsorption capacity (mg/g), V is solution volume (L), and m is adsorbent mass (g).
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VI. NATURAL ADSORBENTS

Natural materials are attractive because they may require little processing and can often be obtained locally. Clay
minerals such as bentonite contain surface sites that can interact with dissolved ions. Their fluoride-removal
performance depends on mineral composition, pH and particle size.

Zeolites are porous aluminosilicate minerals with ion-exchange properties. Natural zeolites may have limited fluoride
affinity, so modification can sometimes be used to improve performance. Other mineral-rich materials containing
aluminium, iron, calcium or magnesium may also provide active centres for fluoride adsorption.

The main advantages of natural mineral adsorbents are availability and relatively low raw-material cost; however, their
composition and performance can vary between sources.

VII. AGRICULTURAL WASTE-BASED ADSORBENTS

Agricultural residues are renewable and frequently inexpensive. Rice husk, wheat husk, coconut shell, sugarcane
bagasse, fruit peels, corn residues and other lignocellulosic wastes contain cellulose, hemicellulose, lignin, silica and
oxygen-containing functional groups. These components can provide surfaces for interaction with fluoride.

Rice husk is particularly interesting because it is abundant and silica-rich. It can be used raw, washed and dried,
powdered, carbonized, activated or chemically modified. A published laboratory study of rice-husk-derived adsorbent
reported approximately 87% fluoride removal under its investigated conditions, demonstrating its potential while also
showing the importance of experimental conditions.

Wheat husk is another promising residue in wheat-producing regions. Hydroxyl and carboxyl groups on lignocellulosic
surfaces may participate in ion interactions. However, performance should be established using actual groundwater
rather than assumed from synthetic solutions.

Coconut shells can be converted into activated carbon, while sugarcane bagasse can be processed into adsorbent or
carbonaceous materials. Fruit peels and corn residues have also been investigated. Because composition differs among
wastes, each material must be evaluated experimentally.

VIII. PREPARATION OF AGRICULTURAL WASTE ADSORBENTS

A general preparation sequence is:
Collection — Washing — Drying — Grinding — Sieving — Optional activation/modification — Characterization —
Adsorption testing

Washing removes soil, dust and soluble impurities. Drying reduces moisture and improves storage. Grinding increases
surface area, while sieving produces a more uniform particle size. Physical or chemical activation may increase surface
area and introduce useful functional groups, but it can also increase cost and generate chemical waste. For rural
applications, the simplest preparation that provides reliable performance is generally preferable.

IX. FACTORS AFFECTING FLUORIDE ADSORPTION
Initial fluoride concentration affects the driving force for mass transfer and adsorption-site occupation. Adsorbent dose
generally increases percentage removal by providing more active sites, although excessive dosage may provide
diminishing improvement.
pH is one of the most important variables because it controls adsorbent surface charge and fluoride speciation. Contact

time affects the rate of uptake; adsorption is often faster initially and slows as sites become occupied. Temperature can
influence diffusion and adsorption interactions, although its effect is material-specific.
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Real groundwater contains bicarbonate, chloride, sulphate, nitrate, calcium, magnesium and other ions. These species
may compete for adsorption sites or alter fluoride chemistry. Consequently, performance observed in synthetic
solutions may differ from performance in actual groundwater. This is a critical consideration for practical application.

X. MECHANISMS, ISOTHERMS AND KINETICS

Fluoride can be removed by electrostatic attraction to positively charged surfaces, ion exchange, ligand exchange with
surface hydroxyl groups, surface complexation with metal centres and pore diffusion. More than one mechanism can
operate simultaneously.

The Langmuir isotherm assumes adsorption on a relatively homogeneous surface with finite sites:
g = (qmax K, Co)/(1 + KiCe)
The Freundlich model is commonly used for heterogeneous surfaces:
qe = Kf CA(1/n)

Kinetic analysis commonly includes pseudo-first-order, pseudo-second-order and intraparticle-diffusion models. These
models help describe adsorption rates and possible controlling mechanisms. Model selection should be based on
experimental data rather than theoretical preference alone.

XI. ADVANTAGES AND LIMITATIONS

Natural and agricultural waste-based adsorbents offer low raw-material cost, local availability, renewability, waste
valorisation and potential suitability for decentralized treatment. They can be designed for batch treatment or fixed-bed
columns.

However, important limitations remain. Agricultural residues have variable composition, raw biomass may have
limited fluoride affinity, and pretreatment may be necessary. Regeneration and safe disposal of fluoride-loaded
adsorbents are important because the adsorbed fluoride must not be released back into the environment. Real
groundwater chemistry can reduce performance, and laboratory batch results do not automatically translate into reliable
field-scale operation. Pilot-scale testing is therefore essential.

XII. SUSTAINABLE AND RURAL APPLICATION
A sustainable system should consider the complete life cycle of the adsorbent:

Agricultural residue — Cleaning — Drying — Processing — Adsorbent — Fluoride-contaminated groundwater —
Adsorption — Treated water — Regeneration or safe disposal

A possible rural treatment train is raw groundwater, preliminary filtration, an agricultural-waste-based adsorbent
column, post-treatment and fluoride testing before safe storage. Before implementation, groundwater should be
analysed for fluoride, pH, electrical conductivity, total dissolved solids, hardness, alkalinity, calcium, magnesium,
bicarbonate, chloride, sulphate and nitrate. Periodic monitoring is essential because groundwater chemistry can change
seasonally and with pumping conditions.

XIII. FUTURE RESEARCH PERSPECTIVES
Future work should emphasize unmodified or minimally modified agricultural residues, environmentally safer

activation methods, experiments with actual groundwater, fixed-bed column studies, regeneration, spent-adsorbent
management and full economic evaluation.
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Economic assessment should include raw-material collection, transportation, preparation, energy, chemicals,
equipment, regeneration, replacement and waste-disposal costs. Research should also evaluate adsorbent stability,
possible leaching of unwanted constituents and long-term performance. A promising laboratory adsorbent should be
considered for practical drinking-water use only after appropriate safety, performance and pilot-scale validation.

XIV. CONCLUSION

Fluoride contamination of groundwater is an important environmental and public-health concern, especially where
untreated groundwater is widely used for drinking. Adsorption using natural and agricultural waste-based materials
provides a promising sustainable approach because materials such as rice husk, wheat husk, coconut residues,
sugarcane bagasse, fruit wastes, clay and zeolite can be inexpensive and locally available.

Agricultural-waste-based defluoridation can provide the additional benefit of converting residues into useful treatment
materials. Nevertheless, adsorption capacity alone is not sufficient to establish field suitability. pH, competing ions,
adsorbent dose, contact time, regeneration, spent-adsorbent disposal, safety and long-term performance must be
evaluated under real groundwater conditions. With scientific validation and pilot-scale development, these materials
could contribute to affordable and decentralized drinking-water treatment in fluoride-affected regions.

Table.1. General Comparison of selected adsorbents

cost

Adsorbent Major advantage Main limitation Potential

Rice husk Abundant, low cost, silica- | Raw material may have | High
rich limited capacity

Wheat husk Readily available residue Variable composition High

Coconut shell Good carbon precursor Activation may increase | High

Sugarcane bagasse

Renewable and abundant

May require modification

Moderate—High

Fruit peels Available and | Composition varies Moderate
biodegradable

Clay Natural and inexpensive Fluoride affinity varies Moderate

Zeolite Porous and ion-exchange | May require modification | Moderate—High

properties
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