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ABSTRACT

	 Excess fluoride in drinking water poses significant health risks, necessitating the development 
of efficient and sustainable removal methods. This study investigates using a novel hybrid material, 
zirconium-loaded agar-agar-based activated biochar (Zr-AAABC), derived from Ricinus communis 
leaves, for fluoride removal from a water-based solution. The Zr-AAABC was synthesised by 
impregnating biochar from castor tree leaves with zirconium metal ions, utilising chemical and 
thermal activation techniques, including a 24-h treatment with 2M sulfuric acid. Temperature (20-
90°C), adsorbent dose (0.1-1.5 mg/L), adsorption duration (10-180 min), pH levels (1-13), and initial 
concentration of fluoride (10-100 mg/L) were among the variables tested to determine Zr-AAABC's 
adsorption performance. We validated the bio adsorbent's composition and structure using SEM, 
FTIR and ImageJ software. The results of the adsorption experiment, which demonstrated a good 
match with the Langmuir isotherm model and pseudo-second-order kinetic model, are consistent 
with monolayer adsorption on a homogeneous surface. The optimal parameters for fluoride removal 
were as follows: 1 g adsorbent dose, 2 h of contact time, 60°C temperature, 10 mg/L starting fluoride 
concentration, and pH 7. We obtained 92% fluoride removal under the above conditions. However, 
we obtained only 82% fluoride removal using activated castor leaf biochar. Our results suggest that 
Zr-AAABC provides a sustainable and efficient alternative to conventional water filtration methods, 
including standard biochar, with significant potential for fluoride removal.

Keywords: Ricinus communis leaves, Agar-agar, Zirconium, Adsorption, Fluoride, 
Activated biochar. 

INTRODUCTION

	 Tissue mineralization is essential for 
developing strong bones and tooth enamel and 
requires fluoride in all living organisms. Nevertheless, 
dental fluorosis and impaired calcium & phosphorus 
metabolism in both children & adults may result 

from excessive fluoride levels in drinking water1. 
This might impede the growth and development of 
youngsters. Concerned about these problems, the 
World Health Organization recommends keeping 
fluoride levels in water supplies between 0.5 mg/L 
and 1.5 mg/L2. Fluoride contamination is a significant 
issue as it affects over 200 million people globally, 
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particularly in developing countries with high fluoride 
water supplying fluoride, such as Iran, Kenya, China, 
and India. This issue is especially severe in some 
Indian states, including Uttar Pradesh, Gujarat, 
Andhra Pradesh, Karnataka, and Tamil Nadu3. For 
fluoride, developing a system to remove fluoride 
from potable water is essential for human and 
environmental health.

	 Ion exchange, coagulation, precipitation, 
electrodialysis, reverse osmosis, and adsorption 
are among the numerous methods that have been 
proposed for the removal of fluoride from potable 
water4. Adsorption is a method that is frequently 
employed and beneficial because of its simplicity 
and easy use, low energy consumption, cost-
effectiveness, and high efficiency5. The creation 
of carbon-based adsorbents, such as activated C, 
C nanotubes, and carbon fibre made of affordable 
basic materials and enormous surface areas, for 
example, activated C, C nanotubes, and C fibre 
that are made of affordable basic materials and 
have vast surface areas has drawn the attention of 
several researchers. However, the limited physical 
interactions between fluoride and the adsorbents 
continue to hinder the adsorption capacity of 
these carbon adsorbents. This restriction has been 
overcome by adding metal hydroxides and oxides6, 
which have significantly increased the surface area 
and interactions with fluoride, improving the carbon 
adsorption capacities. Another way to remove 
fluoride is using adsorbents filled with common metal 
ions7, such as Zr4+ 8, Al³+ 9, Fe³+ 10, and La³+.

	 This study introduces a cost-effective and 
innovative bioadsorbent, Zr-AAABC, developed by 
incorporating zirconium ions loaded agar-agar11 

based activated biochar derived from castor leaves. 
The impregnation process, performed via soaking, 
is a well-known method for modifying carbon-
based adsorbents. Zirconium12-15 is highly valued 
for fluoride adsorption due to its cost-effectiveness, 
non-toxicity, chemical stability, thermal resistance, 
and biocompatibility. As Zr (IV), its strong favourable 
electron properties enhance binding with fluoride 
ions through Lewis’s acid-base interactions. 
When activated carbon is modified with zirconium 
ions, fluoride adsorption capacity increases  
3-5 times, improving surface area, cavity volume, 
and active sites for efficient fluoride removal from 
water. Incorporating agar-agar in synthesising 

zirconium-loaded castor leaf biochar (Zr-AAABC) 
significantly enhances the adsorbent's properties 
and performance, especially for applications like 
fluoride removal from water. Agar-agar, a natural 
polysaccharide, contributes to the biochar's porosity 
during its preparation. This helps form a more porous 
structure with a higher surface area, essential 
for enhancing the material's adsorption capacity. 
The increased surface area provides more active 
sites for the adsorption of fluoride ions and other 
contaminants from water. Agar-agar acts as a binder 
in the composite material, improving the mechanical 
stability of the biochar16,17. This process can increase 
the bioadsorbent's surface area by up to tenfold, 
enhancing its fluoride removal capacity. 

	 Zr-AAABC was systematically characterised 
using SEM-EDX, Image J, and FTIR analysis. 
Batch adsorption studies examined initial fluoride 
concentration, temperature, pH, adsorbent dosage, 
etc. Additionally, adsorption isotherms (Langmuir, 
Freundlich, and Temkin isotherms) and kinetics 
models (pseudo-first-order, pseudo-second-order, 
and Intra-particle diffusion models) were performed. 

Materials and procedures

Development of materials
Reagents used
	 The reagents used during the experiments 
were Sodium Fluoride (97% assay, ASES Laboratory 
reagent), Zirconium Oxide (99% assay, HIMEDIA), 
Agar Agar powder no. 1 (LOBA Chemie), NaOH, and 
HCl, all of which were of analytical grade.

Fluoride stock and standard solution preparation 
	 0.221 g of dry sodium fluoride was dissolved 
in 1000 mL double-distilled water in a volumetric flask, 
producing the 100-ppm fluoride stock solution. 100 
mL of the stock solution was mixed with 1000 mL of 
double-distilled water to create the 10-ppm fluoride 
standard solution. The concentration of fluoride in this 
1 mL solution was 0.1 mg.

Synthesis of Zr-AAABC
	 Matured leaves of R. communis were 
collected, cleaned adequately with distilled water, 
and then allowed to dry for three to four days. The 
dried leaves were powdered using an electrical 
grinder and pyrolysed entirely for 30 to 40 min at 
4000C in a muffle furnace. The biochar obtained 



473Mishra et al., Orient. J. Chem., Vol. 41(2), 471-481 (2025)

was activated with a 2M sulfuric acid solution. The 
activated biochar was first cleaned and washed 
extensively with deionised water until pH seven 
was obtained, after which it was dried in an oven for  
12 h at 1050C. A magnetic stirrer was used to mix  
2 g activated charcoal with agar-agar (2%) solution. 
Later, 2% ZrOCl2•8H2O solution was gradually 
mixed into the agar-agar+activated biochar 
solution with constant stirring. The mixture was 
held at 850C for 3 h, and later, its temperature was 
raised to 1100C for complete evaporation till our 
bioadsorbent was obtained. Activated charcoal 
functionalised with sulfuric acid introduces several 
surface functional groups, including sulfonic acid 
(-SO3H), carboxyl (-COOH), and hydroxyl (-OH) 
groups, primarily through oxidation and sulfonation 
reactions. The -SO3H group, characteristic of 
sulfuric acid activation, significantly enhances 

the charcoal's adsorption capacity, especially 
for essential compounds. The functionalized 
charcoal is further modified by coating it with agar-
agar, a polysaccharide forming a hydrogel-like 
network on the surface. Zirconium ions (Zr4+) from 
zirconium oxychloride ZrOCl2•8H2O interact with 
the surface groups (-SO3H, -COOH, and -OH), 
forming coordination complexes where these 
functional groups act as ligands, binding Zr4+ ions 
to the surface. The resulting zirconium-loaded 
biochar demonstrates enhanced fluoride (F-) ion 
adsorption. The adsorption occurs through three 
mechanisms: electrostatic attraction, where the 
positively charged Zr4+ sites attract negatively 
charged F- ions; ion exchange, where F- displaces 
other anions (such as -OH) bound to zirconium; and 
surface complexation, where fluoride forms stable 
Zr-F bonds via inner-sphere complexation. 

Fig. 1. Steps in synthesising zirconium-loaded, agar-agar-based castor leaves activated charcoal

Characterization methods
	 The surface morphology and structural 
features of Zr-AAABC were studied pre- and 
post-fluoride adsorption under scanning electron 
microscopy (SEM, Carl Zeiss Evo MA25). EDX 
(Energy-Dispersive X-ray Spectroscopy) was 
used to determine the element composition in  
Zr-AAABC. Fourier Transform Infrared Spectroscopy 
(FTIR, Agilent Cary 630) showed functional group 
adsorption in the 400-4000 cm-1 range. Using ImageJ 
software, the average pore size and length of the 

Zr-AAABC bioadsorbent were also measured before 
and after fluoride adsorption.

Adsorption study and fluoride measurement
	 For investigating fluoride adsorption onto 
Zr-AAABC, The optimal adsorption conditions were 
determined by adjusting the initial concentration of 
fluoride(10 to 100 mg/L), pH (1-13), temperature 
(20-900C), contact duration (10-180 min), adsorbent 
quantity range of (0.1-1.5 g/L) in the testing. 
The OFAT (one factor at a time) method, which 
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included changing one variable while keeping the 
others constant, was used to carry out the cohort 
studies. A 100 mL solution of 10 ppm fluoride 
solution was used in each adsorption experiment. 
A fluoride-selective electrode was used to measure 
the remaining concentration of fluoride. Ten to  
180 min of kinetic adsorption was investigated with a 
starting concentration of fluoride, i.e. 10 mg/L, and an 
adsorption amount of 1 g/L, and Variations in fluoride 
content from 10-100 mg/L allowed one to investigate 
the adsorption isotherm at a 1 g/L adsorbent dosage. 
Here is the formula that was used to compute the 
capacity of adsorption (qt, mg/g) of Zr-AAABC.

qt = (C0-Ct)V/m

C0 = initial concentration of fluoride(mg/L)
Ct = currentconcentration of fluoride (mg/L)
V = solution's-volume (mL). 
m = adsorbent quantity (g) 

Fig. 2. Zr-AAABC SEM images- Before (a) and after adsorption (b)

RESULTS AND INTERPRETATION

Characterisation of Zr-AAABC
Morphology and element detection
SEM analysis
	 Through the use of SEM analysis, the 
surface morphology of the Zr-AAABC was confirmed. 
The images obtained from the SEM of Zr-AAABC 
before & after fluoride adsorption are shown in 
Fig. 2(a) and (b). Significant pores are seen in the 
surface morphologies of Zr-AAABC, but the fluoride-
loaded adsorbent reveals essentially minimal pores 
following fluoride adsorption. Consequently, the 
considerably developed pore structures and fluoride 
attachment capacity of Zr-AAABC are validated. The 
surface of Zr-AAABC smoothed out significantly 
more after fluoride ions saturated it, indicating 
that Zr-F complexes could potentially obstruct  
Zr-AAABC's Chanel.

Image J analysis
	 According to the figures, the adsorbent's 
surface was porous before adsorption, but after 
adsorption, the porosity significantly decreased, 
which can be attributed to fluoride adsorption. Image 
software demonstrated this phenomenon, showing 

that the adsorbent's surface area decreased as 
well (Fig.3), as demonstrated by the length and 
area of the pores, which were 19.10 micrometres 
and 6.479 micrometres before adsorption and 
4.61 micrometres and 0.796 micrometres after 
adsorption, respectively.

Fig. 3. Surface analysis by ImageJ software

Zr-AAABC Before adsorption                          Zr-AAABC after adsorption
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Energy-dispersive X-ray Spectroscopy analysis
	 The elemental composition of Zr-AAABC 
adsorbent was investigated by EDX both before 
and during the adsorption of F- ions. The material's 
surface composition variations throughout the 
adsorption process were crucially revealed by this 
research when combined with Scanning Electron 
Microscopy (SEM).

	 The EDX analysis of Zr-AAABC, as shown 
in the (Fig. 4), highlights the material's elemental 
composition before and after adsorption. Before 
adsorption, the peaks corresponding to C, O, 
Cl, S, and Zr confirm the successful embedding 
of zirconium on the surface of Zr-AAABC. This 
demonstrates that the Zr metal is well-integrated 
into the structure. After adsorption, a fluoride 
peak indicates the effective adsorption of fluoride 
ions onto the Zr-AAABC surface. Reduction 
in Zirconium, the decrease to 7.18 to 2.58 in 
weight% and 1.08 to 0.38% (atomix%) implies 
partial surface coverage by the adsorbed material, 
reducing the exposure of Zr. These results confirm 
the material's ability to interact with and adsorb 
fluoride, showcasing its functionality in adsorption 
applications.

Spectroscopic evidence for anchoring of Zr on 
AAABC and adsorption of fluoride on Zr-AAABC 
(FTIR analysis)
	 Spectroscopic analysis using FTIR 
was employed to invest igate the f luor ide 
adsorption mechanism on Zr-AAABC and the 
anchoring of Zr onto AAABC. The spectra (Fig. 
5a) revealed that the peak at 3220.4 cm-1, 
associated with –OH groups, shifted to 3239.1 
cm-1 upon Zr addition (Fig. 5b), indicating an 
interaction between Zr and the –OH groups 
of AAABC. The significance of -OH groups 
in fluoride removal was further shown by the 
fact that the peak shift to 3324.8 cm-1 after 
adsorption of fluoride peak shift to 3324.8 
cm-1 after f luor ide adsorption (Fig. 5c). In 
addition, the peak at 1606.5 cm-1 is ascribed to 
carboxylate C=O stretching, and there is a shift 
from 1625.1 cm-1 to 1654 cm-1, which shows 
functional group modifications after fluoride 
adsorption. The Zr-O and Zr-OH vibrations 
were reflected by the bands at 1264.2 cm-1 
and 1375.4 cm-1, respectively. A broad band 
at 1073.5 cm-1 suggested that the vibrations of 
the Zr-O, C-O, and Zr-OH bonds overlapped. 
These spect rum a l terat ions demonstrate 
that Zr-AAABC's enhanced fluoride removal 
effectiveness is due to structural modifications 
and functional group interactions.

Fig. 4. Elemental analysis by EDX (Before and After 
Adsorption)
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Fig. 5. FTIR spectra of (a) activated biochar of castor 
leaves (AB), (b) Zr-AAABC before fluoride adsorption  

and (c) Zr-AAABC after fluoride adsorption

Fluoride removal: Influence of duration of 
contact
	 The experiments were carried out at 
a temperature of 35°C using 1 g/L Zr-AAABC,  
10 mg/L starting fluoride concentration, and pH 
level 3 to ascertain the minimum contact time 
required for optimal fluoride adsorption. As 
shown in the (Fig. 6b), the adsorption capacity 
levelled down after an initial surge in the first 
120 min because as fluoride binds, the initial 
abundance of active sites is reduced. Two 
hours of contact time were used to ensure the 
attainment of equilibrium.

Fluoride removal: Influence of pH
	 Depending on the solution's pH, the 
adsorbent's functional groups are protonated 
differently. Experiments carried out at 35°C for 
2 h with a concentration of 1 g/L Zr-AAABC and 
10 mg/L fluoride solution showed that fluoride 
adsorption dropped significantly between pH 
1 and 7 (Fig.6c). The creation of hydrofluoric 
acid in acidic circumstances enhanced fluoride 
removal ,  whereas the repuls ion between 
fluoride and hydroxide ions in basic conditions 
inhibited it.

Fluoride removal: Influence of temperature 
	 Figure 6d shows how the fluoride removal 
ability of Zr-AAABC changes with temperature. For 
two hours, starting with an initial concentration of 
10 mg/L, pH 3, and 1 g/L adsorbent, the fluoride 
concentration was lowered by 89% by raising 
the temperature from 20°C to 60°C. However, 
increasing the temperature to 90°C decreased 
fluoride removal to 62%, likely due to increased 
fluoride ion solubility or enhanced escape from the 
Zr-AAABC surface.

Fluoride removal: Influence of initial concentration 
of fluoride 
	 The study explored how fluoride's initial 
concentration (10-100 mg/L) affects Zr-AAABC's 
adsorption capacity. With 1 g/L adsorbent, pH 3, 
and 35°C for 2 h, maximum fluoride removal was 
observed at 10 mg/L. Higher concentrations reduced 
available active sites, decreasing fluoride removal, 
as shown in (Figure 6e).

Batch adsorption analysis
Fluoride Removal: Influence of Adsorbent Dose
	 Us ing a s tar t ing concentrat ion of 
fluoride, 10 mg/L, a pH of 3, and Zr-AAABC 
amounts ranging from 0.1 to 1.5 g/L, adsorbent 
studies were carried out at 35°C for 2 hours. 
The f luor ide  e l im ina t ion  increased f rom  
52% to 91.7%. We increased the number of 
doses from. 1 g to 1.5 g (Fig. 6a) due to more 
binding site availability at higher dosages. After 
reaching equilibrium at 1 g/L, saturation was 
achieved. So, we have used a dose of 1 g for 
our further studies.
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Fig. 6. Impact of (a) quantity of adsorbent, (b) contact duration, (c) pH, (d) temperature and (e) Initial F concentration on 
removal percentage of fluoride by Zr-AAABC

Adsorption equilibrium study
	 A study of adsorption equilibrium is crucial 
because it informs us how much adsorption will occur. 
The isotherm was used to identify the equilibrium 
parameters and adsorption characteristics18. It also 
shows how the adsorbent and adsorbate molecules 
interact. The fluoride adsorption mechanism onto  
Zr-AAABC is considered using Freundlich, Langmuir, 
and Temkin adsorption isotherms. The calculated 
adsorption isotherm values and the linearised type 
of these models are shown in Table 1.

Langmuir isotherm
	 It describes adsorption at homogeneous 

regions of the surface of the adsorbent19. The 
equation is expressed as:

1/qe = 1/bqmaxCe+1/qmax.

	 This equation states that the Langmuir 
constant (KL) is equal to qmax, where Ce is adsorbate 
concentration at equilibrium in the liquid phase, qe is 
the quantity of adsorbed adsorbate at equilibrium, 
and qmax is the sorption capacity of the monolayer 
at saturation point20. The equilibrium parameter, RL, 
is obtained as follows:

RL = 1/1+ KLC0
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	 The Langmuir isotherm model was used 
to assess fluoride adsorption onto Zr-AAABC. The 
model's parameters are shown in Table 1, exhibiting 
a high correlation coefficient (R2 = 0.998), suggesting 
a remarkable match to the Langmuir equation. The 
monolayer saturation capacity (qm) was determined 
to be 9.183 mg/g. Given that it falls between 0 and 
1, the dimensionless separation factor (RL) value of 
0.014527 suggests good adsorption circumstances. 
This indicates that the Langmuir model well 
describes the adsorption of fluoride on Zr-AAABC, 
which means that the adsorbent surface is effectively 
covered by a monolayer (Figure 7a).

Freundlich isotherm
	 In general, physicochemical adsorption 
on heterogeneous surface energy systems can be 
explained by the Freundlich isotherm21. The linear 
form is expressed as follows:
 
logqe = (1/n) logCe + logKf	

	 Kf and n are Freundlich constant. A measure 
of surface heterogeneity, 1/n has a numerical value 
between 0 and 1. Surface heterogeneity is indicated 
by a value of 1/n closer to zero. A chemisorption 
process is marked by several 1/n less than 1, 
while cooperative adsorption is indicated by a 1/n 
more than 122 value. The plot's excellent linearity 
(R2 = 0.988) suggests that this isotherm can be 
used effectively for fluoride sorption on Zr-AAABC 
surfaces (Fig. 7 b). The value of 1/n, or less than 1, 
(0.652) also suggested that Zr-AAABC and fluoride 
ions formed a substantially stronger link and had a 
better adsorption mechanism.

Temkin isotherm
	 The Temkin isotherm is typically employed 
for systems with heterogeneous surface energy. It 
facilitates the assessment of the adsorbed solution's 
and adsorbent's adsorption potential23. The free 
energy of sorption is assumed to be a function of 
surface coverage for the Temkin isotherm. 

The Temkin isotherm's lineralized form is:

qe = B lnAT + B lnCe

	 The adsorption enthalpy is related to B and 
calculated as RT/bT. The Temkin coefficient (mg/L) 
is abbreviated as AT. 

	 With KT values of 0.8621 L/mg and BT 
values of 2.012 J/mol, together with an R2 value 
of 0.958, the model seems suitable for fluoride 
adsorption on Zr-AAABC (Figure 7c).

Table 1: Isotherms of Zr-AAABC for F- adsorption

	Initial fluoride-	 Langmuir  	 Freundlich	 Temkin
	concentration	

	 10 mg/L	 qm(mg/g) 9.18	 Kf 0.833	 BT(J/mol) 2.012
		  KL 6.78	 1/n 0.652	 KT(L/mg) 0.862
		  RL 0.014	 R2 0.988	 R2 0.958
		  R20.998		

Fig. 7. Adsorption isotherm study

Adsorption kinetics
	 The kinetics of any adsorption process 
are contingent upon various factors, such as the 
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concentration of the adsorbate, the interactions 
between adsorbate and adsorbent, and the structural 
characteristics of the adsorbent24. These variables 
collectively influence how efficiently and rapidly 
adsorption occurs in a given system.

Pseudo-first order
	 The linear form of the pseudo-first-order 
ordermodel2025 is model is expressed as;

log (qe-qt) = logqe –K1t/2.303

	 Here, K1 is hypothetical f irst-order 
kinetic model rate constant (1/min), qe is fluoride 
adsorption amount onto Zr-AAABC at equilibrium 
(mg/g), and qt is fluoride adsorption quantity 
onto Zr-AAABC at time t. Table 2 summarisesthe 
findings of the current study. According tothe 
graph of ln (qe-qt) vs t (Fig. 8a), values of K1 and 
qe are -0.000138 and 0.91 mg/g, respectively. As 
predicted by theory, the graph was linear (R2 = 
0.969). The computed values of qe, which are 0.91 
mg/g and qe exp, which are 0.87 mg/g, showed the 
least difference between the two sets of values, 
suggesting that the first-order kinetics can be 
applied to fluoride adsorption by Zr-AAABC.

Pseudo-second order
	 This model's kinetic process is expressed 
as follows:

dq1/dt = K2(qe–qt )
2

Here, K2 is rate constant g/ (min. mg)26.

	 Table 2 shows the values of K2 and 
qe, which were obtained by plotting t/qt vs. t  
(Fig. 8b). A linear relationship between t/qt and 
t was shown in the plots (R2 = 0.981) when the 
second-order rate model was used under these 
circumstances. 

	 Very few discrepancies exist between the 
experimental findings of qe (0.87 mg/g) and the qe 
value (0.95 mg/g) found in the second-order plot. This 
suggests that the second-order mechanism controls 
the fluoride adsorption process. 

Intra-particle diffusion model
	 This model evaluates whether pore 

diffusion isthe limiting phase during adsorption27. 
The rate constant (Kdiff, g/(mg.min1/2)) of this model 
was determined using the following equation:

qt = Kdif. t
1/2 + C

	 The model is used to analyse fluoride 
sorption on Zr-AAABC, focusing on boundary 
layer thickness (C) and kdif (slope of qt vs t0.5 plot 
in g/(mg•min0.5)). The Weber-Morris plot (Fig. 8c) 
demonstrated good linearity (R2 = 0.955), with a zero 
intercept (0.076), indicating minimal boundary layer 
effects. This suggests that intra-particle diffusion 
likely governs the rate of fluoride accumulation on 
Zr-AAABC, validating the model's utility.

Fig. 8. Adsorption kinetic study of Zr-AAABC
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Table 2: Reaction rates for Zr-AAABC adsorption on F-surface

	Initial concentration	 Pseudo first order   	 Pseudo second order  	 Intraparticle diffusion

	 10	 qe, exp(mg/g)  o.87	 qe, cal (mg/g) 0.954	 Kdiff (g/(mg.min1/2 ) 0.066
		  qe, cal (mg/g)  0.91	 K2 0.04	 I. 076
		  K1  -.0001	 R2 0.981	 R2 0.955
		  R2 0.969		

CONCLUSION

	 The study effectively demonstrates 
the high efficiency of the Zr-AAABC adsorbent 
in removing excess fluoride from water. Under 
optimal conditions-pH 7, an adsorbent dose of 1 
g/L, a contact time of 2 h, a temperature of 60°C, 
and an initial fluoride concentration of 10 mg/L-a 
fluoride removal efficiency of 92% was achieved 
using this simple yet promising approach. Modifying 
activated biochar with agar-agar and a zirconium-
based bioadsorbent enhanced the efficiency from 
82% to 92%. The experimental data align well 
with the pseudo-second-order kinetic model and 
the Langmuir adsorption isotherm, indicating that 

these models effectively describe the adsorption 
and reaction kinetics. These findings contribute 
significantly to fluoride removal technology, offering 
a practical and reliable solution for mitigating 
fluoride contamination in water resources.
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