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ABSTRACT

Excessive fluoride in drinking water is a critical global health issue, causing dental and skeletal
fluorosis in millions of individuals, particularly in regions dependent on contaminated
groundwater. Borewell water often contains elevated fluoride concentrations due to geogenic
leaching from fluoride-bearing minerals. This study reports the synthesis and application of a
surface tuned metal oxide-clay composite (ZnO-Bentonite clay composite) for efficient fluoride
removal from borewell waters. Batch adsorption experiments systematically evaluated the effects
of pH (2-10), initial fluoride concentration (5-50 mg/l), agitation time (1-90 min), and temperature
(20-50 °C). Optimal removal was achieved at pH 4.0, 30 min contact time, 2 g/l adsorbent dose and
30°C temperature, yielding 97.2% and 92.5% adsorption for initial fluoride concentrations of 5 and
10 mg/l, respectively. Equilibrium studies showed that the data is fitted the Langmuir isotherm (R²
> 0.94), with a maximum adsorption capacity (q

m
) of 22.22 mg/g. Field-scale validation using

borewell samples from the Tungabhadra River Basin demonstrated near-complete fluoride
removal (99.9%), confirming the material’s operational feasibility. The results highlight the
potential of the metal oxide–clay composite as a low-cost, scalable, and highly effective adsorbent
for fluoride remediation in rural and fluoride-endemic regions.

KEYWORDS: Fluoride adsorption, Borewell water, Equilibrium studies, Isotherm,
Tungabhadra River

INTRODUCTION

Fluoride contamination is a significant global
environmental and public health concern, with
millions of individuals suffering from fluorosis
(Vithanage and Bhattacharya, 2015). The problem is
particularly acute in rural regions where
communities rely heavily on borewell water for
daily needs. In India, widespread fluoride
contamination is prevalent in the Tungabhadra
River Basin and adjacent areas, with the Nalgonda
district often referred to as the “fluorosis capital”
due to its severe impact on the health and
livelihoods of hundreds of thousands of residents
(Brindha et al., 2011). Fluoride exhibits a dual effect

on human health depending on its concentration in
drinking water. While optimal intake is essential for
dental health, both deficiency and excess can be
detrimental. Prolonged exposure to elevated
fluoride levels leads to dental and skeletal fluorosis,
irreversible conditions with permanent health
problems (Patil et al., 2018). Globally, fluorosis affects
approximately 200 million people across 25
countries (Vithanage and Bhattacharya, 2015), and
in India alone, an estimated 70 million individuals in
22 states are impacted (Bose et al., 2019).

Various defluoridation techniques have been
developed to reduce fluoride concentrations to safe
limits, including adsorption-based methods, ion
exchange, membrane separation processes,
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electrocoagulation, dialysis, and chemically induced
precipitation (Waghmare and Arfin, 2015). Among
these, precipitation using readily available
alumremains cost-effective and simple to implement
but produces chemically enriched sludge that poses
disposal challenges. Membrane-based processes are
effective but often hindered by high capital,
operational, and maintenance costs. Despite these
limitations, adsorption is widely recognized as the
most preferred defluoridation approach due to its
low cost, operational simplicity, and adaptability for
rural applications (Madhukar et al., 2014). In the
Indian context, herbal and indigenous materials
have shown promising potential for fluoride
removal (Bose et al., 2019). Several defluoridation
methods are currently practiced, including the
Nalgonda Technique, Algona Technique, Activated
Alumina Technique, KRASS Technique, and IISc
Technique (Bose et al., 2018). Among these, the
Nalgonda Technique has been highlighted as
particularly suitable for both domestic and
community-level applications (Choubisa, 2023).

Among the various adsorbent materials,
activated alumina is widely used for defluoridation;
however, its efficiency is strongly influenced by the
chemistry of the water being treated. Factors such as
water hardness, and the presence of silica or boron,
can significantly reduce its performance (George et
al., 2010). The efficiency of activated alumina is
governed by parameters including pH, alkalinity,
crystalline form of alumina, and the activation
process. While chloride and sulphate ions generally
do not affect the adsorption process, the presence of
competing inorganic ions such as arsenic, selenium,
and phosphate, as well as organic substances like
dissolved organic matter, can reduce fluoride
removal by occupying active adsorption sites
(Tripathy et al., 2006). The process is highly pH-
specific, operating most effectively between pH 5.0
and 6.0. At pH values below 5.0, activated alumina
tends to dissolve, whereas at alkaline conditions (pH
> 7.0), competing ions such as hydroxide and silicate
dominate the adsorption sites, reducing fluoride
uptake (Ingle et al., 2014).

Srimurali et al. (1998) evaluated the
defluoridation capabilities of several low-cost
materials, including bentonite clay, charfine, lignite
coal, kaolinite clay, and nirmali seeds, in
laboratoryprepared fluoride-contaminated water.
Nirmali seeds and lignite clay exhibited negligible
fluoride removal, whereas kaolinite clay and
charfine achieved 18.2% and 38% removal,

respectively. Bentonite clay showed the highest
removal efficiency of 46% at pH 2.8. Further
improvement in bentonite-based adsorption was
demonstrated by Kamble et al. (2009), who modified
bentonite clay with 10% lanthanum, significantly
enhancing its fluoride removal capacity compared
to raw bentonite, particularly under acidic
conditions. However, ions such as bicarbonate and
carbonate were found to inhibit the adsorption
process. In addition to technical performance and
cost-effectiveness, the social and environmental
acceptability of defluoridation technologies within
the target community is critical. As noted by Ayoob
et al. (2008), the “best available technology” in terms
of laboratory performance may not necessarily be
the most appropriate choice for real-world
application.

In this context, the present study focuses on the
synthesis of a metal oxide–clay composite for the
efficient removal of fluoride from borewell water in
the Tungabhadra River Basin, India. Comprehensive
batch adsorption experiments were conducted to
optimize key operational parameters for effective
fluoride removal from the aqueous phase. The
developed adsorption system demonstrated high
removal efficiency and offers strong potential for
decentralized implementation in rural communities
affected by fluoride contamination.

MATERIALS AND METHODS

Synthesis of metal oxide-clay complex

The precipitation technique was used for the
preparation of ZnO (metal oxide) using zinc acetate
dihydrate and NaOH solutions. About 0.1 M zinc
acetate dihydrate was prepared in Type 1 water and
0.2 M NaOH solution was added to it in dropwise
manner. Simultaneously, a slurry form of bentonite
clay is also added to the same reactant solution in
dropwise manner with constant stirring at room
temperature until 2 h. The resultant mixture is
subjected to aging for 24 h at room temperature.
After that, the mixture was centrifuged and a
repeatedly washed with Type 1 water and 95%
ethanol to remove residual ions and dried at 75 oC
for 12 h. The dried powder was calcined at 400 oC
for 3 h to get metal oxide-clay composite (ZnO-
Bentonite clay composite).

Adsorption Experiments

To find out the metal oxide-clay composite capacity
to remove fluoride from aqueous solutions, batch
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adsorption techniquewas conducted. The lab’s stock
solution of 100 mg/l fluoride, weighing 0.2212 g,
was made by precisely weighing it and followed by
dissolving it in Type 1 water. A 50ml Erlenmeyer
stoppered conical flask containing 0.1g of metal
oxide-clay was used in the experiments, along with
various fluoride ion concentrations ranging from 5
to 50 mg/l. To adjust the pH of the solution, various
concentrations of HNO3

 and also NaOH solutions
were utilised (0.001, 0.005, 0.01,0.05, 0.1, 0.5, and
1N). In a temperature-controlled shaker (Make:
Labline, India), the solution was afterwards
periodically shaken at 100 rpm. The amount of
fluoride was determined colorimetrically using
Continuous Flow Analyser (Make: Skalar, Model:
San++) based on the standard procedure (APHA,
2017). The temperature (293-323K), pH (2.0-10.0),
and contact time (1-90 min) are all varied in the
adsorptive removal tests. The amount of
fluorideadsorbed on the material surface was
calculated using the equation

 o eC C
q V

m


 .. (1)

where ‘Co’ denotes the quantity of fluoride that
was dissolved in the beginning solution, and ‘q’ is
the amount of fluoride that was adsorbed (in mg/g)
onto a single unit of the adsorbent surface.  ‘m’ is the
mass of an adsorbent (mg), and ‘V’ is the total
volume of an aqueous phase (in ml). ‘Ce’ stands for
the equilibrium fluoride concentration. The obtained
kinetic and equilibrium results were used to
interpret the type of kinetic and isotherm models to
describe the mechanism of fluoride adsorption
process.

RESULTS AND DISCUSSION

Influence of solution pH

The pH of fluoride solution influences the surface
properties of the metal oxide-clay composite as well
as the fluoride speciation. The solution pH decides
the surface charge density of the adsorbent material
as well as the adsorbate charge distribution. A series
of pH ranging from 2 to 10 was used to optimize the
best solution pH, which favours the maximum
fluoride adsorption onto metal oxide-clay surface.
Fig. 1 clearly showed that the maximum fluoride
adsorption happens at pH 4 at 30oC for an initial
fluoride concentration of 5 and 10 mg/l. At pH 4, an
amount of 2.43 (97.2%) mg/g and 4.63 (92.5%) mg/

g fluoride was adsorbed onto the metal oxide-clay
composite surface. Based on the fluoride speciation
characteristics, at pH 4, the available fluoride species
are F- and HF2

-, which are responsible for the
adsorptive removal of fluoride by the positively
charged adsorbent surface.But at higher pH values,
even though F- species are available in the
experimental solution, they will be repelled by the
OH- ions available in the metal oxide-clay composite
and resulting lesser adsorption. The mechanism of
fluoride removal at the optimum pH of 4 can be
described as follows

(MO)OH2
+ + F-  (MO)F + H2O

(MO)OH +F- (MO)F + OH-

(Cly)OH2
+ +F- (Cly)F + H2O

(Cly)OH+ F- (Cly)F + OH-

Fig. 1. Influence of pH on the adsorption of fluoride on to
metal oxide-clay composite

Effect of agitation time and initial concentration

The effect of agitation time on fluoride adsorption
onto metal oxide-clay composite was investigated
over 1-90 min at 30 °C and pH 4.0, using initial
fluoride concentrations of 5 and 10 mg/l. The
amount of adsorbent for each experiment was fixed
as 2 g/l. The adsorption profiles (Fig. 2) show that
maximum uptake occurred within the first 30 min,
after which no significant increase was observed,
indicating attainment of equilibrium. The rapid
initial adsorption can be attributed to the abundance
of available binding sites and surface cavities on the
adsorbent. As equilibrium was approached, the
number of vacant sites decreased due to progressive
occupation by fluoride ions, reducing the probability
of further adsorption (Kimambo et al., 2023).
Quantitatively, 73.8% removal (1.86 mg/g) was
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achieved within 15 min, while maximum adsorption
of 97.2% (2.43 mg/g) occurred at 30 min for an
initial fluoride concentration of 5 mg/l. At the same
time, an amount of 69.1 % (3.46 mg/g) was achieved
within 15 min, while maximum adsorption was
noticed at 30 min with a quantitative removal of 92.5
% (4.63 mg/g) for an initial concentration of 10 mg/
l. A slight decline to 91.4% (2.23mg/g) and 87.1 %
(4.36 mg/g) was observed after 90 min, for initial
fluoride concentrations of 5 mg/l and 10 mg/l,
respectively, suggesting partial desorption between
30 and 90 min. These results indicate that the
optimal contact time for maximum fluoride
adsorption by metal oxide-clay composite is 30 min.

adsorption efficiency at elevated concentrations
(Gitari et al., 2015). During the process, adsorption
and micro-desorption events occur simultaneously,
temporarily releasing and reoccupying active sites.
At the onset of adsorption, the concentration
gradient between solution and adsorbent drives
rapid mass transfer of fluoride ions, resulting in
higher adsorption rates compared to desorption.

This behavior can be explained by Fick’s first law
of diffusion, which states that the diffusion flux (J) is
proportional to the concentration gradient (C/x)
and the diffusion coefficient (D):

J = -D * (C/x) .. (2)

Here, J represents the diffusion flux, D the
diffusion coefficient of fluoride ion, and C/x the
concentration gradient. The rate and direction of
diffusion are thus governed by the concentration
gradient, with each ionic species diffusing
independently of others under ideal conditions. In
more complex systems, interactions such as solute–
solute competition or chemical reactions may alter
diffusion behavior (Zhu et al., 2022).

The experimental results (Fig. 3) show that at
lower concentrations (e.g., 5 mg/l), fluoride ions
experience a strong driving force from the
concentration gradient, effectively overcoming
resistance to mass transfer and resulting in
maximum adsorption efficiency at 30 min contact
time and 30 °C. However, beyond a certain
concentration threshold, the fixed number of
adsorption sites on the metal oxide-clay composite
becomes limiting, leading to a decrease in
percentage removal despite a higher q. These
findings confirm that fluoride adsorption is strongly
concentration-dependent and controlled by both site

Fig. 2. Influence of contact time on the adsorption of
fluoride on to metal oxide-clay composite

The influence of initial fluoride concentration on
adsorption by metal oxide-clay was investigated in
the range of 5–50 mg/l under optimized conditions
(pH 4.0, 30 °C). As shown in Fig. 3, the adsorption
efficiency decreased steadily from 97.2% to 75.6%
with increasing concentration, whereas the
equilibrium adsorption capacity (q) increased
steadily from 2.43 to 18.90 mg/g. This trend can be
explained by the finite number of active adsorption
sites on the adsorbent. At low concentrations,
fluoride ions encounter a large number of vacant
surface sites, resulting in high adsorption
percentages. At higher concentrations, however,
these sites become progressively saturated, leading
to a decline in percentage removal, even though q
continues to increase due to the higher number of
ions available for adsorption (Kimambo et al., 2023).
Bentonite-modified adsorbents and related studies
have also reported that competing ions, including
bicarbonates and carbonates, further suppress

Fig. 3. Effect of initial concentration on the fluoride
adsorption on to metal oxide-clay composite
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availability and diffusion-driven mass transfer.

Effect of temperature and thermodynamic analysis

The effect of temperature on fluoride adsorption by
metal oxide-claycomposite was studied in the range
of 20–50 °C (293-323 K) at pH 4.0, a contact time of
30 min, and initial concentrations of 5–50 mg/l. The
adsorption capacity (q) as a function of temperature
is shown in Fig. 4. The results reveal that adsorption
efficiency decreased steadily with increasing
temperature, suggesting an exothermic process. At
lower temperatures, strong interactions between
fluoride ions and the active sites of metal oxide-clay
composite facilitated adsorption; however, as
temperature increased, these interactions weakened,
leading to partial desorption of metal ions and
reduced removal efficiency. At an initial
concentration of 5 mg/l, adsorption efficiencies
ranged from 98.9 % to 91.4 % between 293 and 323
K. This decrease in trend is due to reduced binding
affinity and possible modification of surface
properties at elevated temperatures (John et al.,
2024).

where K0 is the dimensionless equilibrium
constant, R is the universal gas constant (8.314 J/
mol/K), and T is the absolute temperature in Kelvin.
Equilibrium constants (K0) calculated from
adsorption isotherms at 293, 303, 313, and 323 K
were 1.123, 1.345, 1.485, and 1.601, respectively. The
van’t Hoff plot of lnK0 versus 1/T was used to
estimate H° and S°. Negative G° values across
the temperature range confirm that fluoride
adsorption onto metal oxide-clay composite is
spontaneous and thermodynamically feasible. The
negative S° value (–86.23 J/mol/K) indicates
decreased randomness at the solid–liquid interface,
reflecting a high specificity of metal oxide-clay
composite for fluoride ions. The enthalpy change
(H° = – 50.75 kJ/mol) confirms the exothermic
nature of the adsorption process. The magnitude of
H° further indicates that the mechanism is
predominantly chemisorption, involving stronger
interactions such as surface complexation or
chemical bond formation between fluoride ions and
the active functional groups present on the metal
oxide-clay composite surface. The maximum
adsorption capacity obtained under batch
conditions was 18.23 mg/g, demonstrating the high
potential of metal oxide-clay composite as an
effective adsorbent for fluoride removal.

Adsorption equilibrium studies

Adsorption isotherms are essential for
understanding the interaction between adsorbates
and adsorbents, as well as evaluating the adsorption
capacity of the material. In the present study,
equilibrium data for fluoride adsorption onto metal
oxide-clay composite from aqueous solutions were
analyzed using Langmuir and Freundlich isotherm
models (Figs. 5, 6). The Langmuir isotherm model
assumes monolayer adsorption on a homogeneous
surface, where the rates of adsorption and
desorption remain constant (Langmuir, 1916). The
linearized form of the Langmuir equation is given
as:

1e e

e m m

C C
q b q q

 
 ..  (5)

where C  (mg/L) is the equilibrium concentration
of fluoride ion, q (mg/g) is the adsorption capacity
at equilibrium, qe (mg/g) is the maximum
adsorption capacity, and b (l/mg) is the Langmuir
constant related to the binding affinity.

The plot of C/q versus C (Fig. 5) provides a
straight line, from which the values of qe and b were

Fig. 4. Effect of temperature on fluoride adsorption on to
metal oxide-clay composite

To further evaluate the feasibility and spontaneity
of the process, adsorption thermodynamics were
examined under optimized conditions: adsorbent
dosage of 2.0 g/l, initial concentrations of 50–50
mg/l, contact time of 30 min, and pH4.0. The
standard Gibbs free energy (G°), enthalpy (H°),
and entropy (S°) changes were determined using
the van’t  Hoff relation:

lno
oG RT k  .. (3)

ln
o o

o
S Hk
R RT
   .. (4)
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calculated as 22.22 mg/g and 0.3368 L/mg,
respectively. The favourability of adsorption was
further evaluated using the dimensionless
separation factor (RL), defined as:

 0
1

1LR bC


               (6)

where C0 is the initial fluoride concentration (mg/
l). In this study, RLvalues ranged between 0 and 1 for
all tested initial concentrations (5–50 mg/l),
indicating favorable adsorption behavior.
Specifically, RL values suggest the process is
favorable (0 < R8  < 1), while values of RL= 0
indicate irreversible adsorption, and RL>1
correspond to unfavourable adsorption. The
correlation coefficient (R² = 0.9405) further confirms
that the Langmuir model adequately describes the
fluoride adsorption process on metal oxide-clay
composite, suggesting monolayer adsorption on a
uniform surface.

Freundlich isotherm describes adsorption on
heterogeneous surfaces and assumes the possibility
of multilayer adsorption (Freundlich, 1906). Its
nonlinear and linearized forms are expressed as:

1
n

e eq kC                                                           (7)

1log log loge F eq K C
n

 
                               (8)

where KF and 1/n are used to denote the words
“adsorption extent” and “adsorption intensity,”
respectively. ‘Ce’ indicates the ideal adsorption
concentration (mg/l), while ‘qe’ stands for the
adsorption capacity (mg/g).

A plot of log q versus log C (Fig. 6) yielded a
straight line, from which the constants KF and 1/n
were found to be 5.2917 mg/g and 0.7236,
respectively. The regression coefficient (R² = 0.8148)
was lower than that of the Langmuir model,
suggesting a better fit of the Langmuir isotherm to
the experimental data. These findings demonstrate
that fluoride adsorption onto metal oxide-clay
composite predominantly follows a monolayer
adsorption mechanism, consistent with surface
homogeneity of the adsorbent material.

Application of the adsorbent for treating borewell
water

The efficiency of the synthesized metal oxide-clay
composite for fluoride removal was validated
through real sample analysis of river water collected

from 25 monitoring stations in the Tungabhadra
River Basin. The relevant physicochemical
composition of these water samples is presented in
Table 1 along with fluoride concentration, which is
also depicted in Fig. 7. The optimized adsorption
parameters, including a contact time of 30 min,
temperature of 30 °C, and an initial fluoride
concentration of 10 mg/l, were established from
batch adsorption experiments. No pH adjustment
was performed, and the natural pH values recorded
during field sampling were maintained throughout
the study (pH 5.5-6.5). For all stations having
varying concentrations of fluoride ranging from
0.23-3.5 mg/l, the borewell water samples were
spiked with fluoride to achieve concentration as 10
mg/l. The influence of adsorbent dosage (2.0–5.0 g/
l) on fluoride removal is illustrated in Fig. 7. The
results clearly indicate that increasing adsorbent
dosage enhances fluoride removal efficiency,
achieving near-complete elimination. Specifically,
removal efficiencies of ~99.9% were observed for
stations all stations with varying adsorbent dosages
of 2.0, 3.0, and 4.0 g/l.

Fig. 5. Langmuir isotherm plots

Fig. 6. Freundlich isotherm plots
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CONCLUSION

This study demonstrated the effective utilization of
metal oxide-clay composite, which proved to be a

highly efficient adsorbent for fluoride removal from
borewell waters. Kinetic studies revealed that
fluoride adsorption followed a pseudo-second-order
model, supported by chemisorption mechanisms.
Isotherm analysis suggested monolayer adsorption
on homogeneous surfaces. The tailor-made metal
oxide-clay composite facilitated easy separation and
improved adsorption kinetics, while maintaining
stable pH during treatment, which is advantageous
for environmental and biomedical applications. The
absence of microbial growth during adsorption
further supports its long-term applicability.
Although this work focused on fluoride ions, the
promising performance of metal oxide-clay
composite suggests its potential for the removal of
other toxic anions and metalloids. Overall, metal
oxide-clay composite represents a low-cost,
sustainable, and multifunctional adsorbent derived
from natural materials, offering significant promise
for wastewater treatment and environmental
remediation.
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