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Effective and sustainable fluoride removal from aqueous 
solutions using chemically functionalized biochar and 
pellet based column system
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Abstract

Aim:  This study aims to assess the fluoride-removal performance of a unique column-bed prototype designed for water treatment.

Methodology: In batch and column study, the efficacy of the adsorbent chemically functionalized sugarcane bagasse biochar (FSB) in fluoride removal 
(water spiked with sodium fluoride) was examined under diverse conditions. The adsorption process was analyzed by the Langmuir and Freundlich 
isotherms, while the kinetics was examined using the pseudo-first and pseudo-second-order models. The column bed, prepared from low-cost pellets of 
Plaster of Paris, bagasse filaments, and FSB, was tested under varying flow rates, bed heights, and electric charges.

-1 -1Results: Optimal fluoride removal (78.6%) was achieved at 60 min contact, 150 mg 100 ml  adsorbent, 5.0 mg l  fluoride, 120 rpm agitation, and pH 5.0. 
Adsorption followed the Freundlich model and pseudo-second-order kinetics, indicating chemisorption, while column studies showed improved removal 
with increased bed height and lower flow velocity.

Interpretation: This study introduces a novel column-bed reactor design for fluoride removal, employing pelleted FSB packing material as a unique 
approach to enhance efficiency.
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friendliness, minimal skill and electricity requirements, and 
potential for adsorbent reuse (Mohapatra et al., 2009; 
Viswanathan et al., 2010; WHO, 2010). In view of the above, an 
efficient fluoride removal method that can meet regulatory 
standards are highly sought (Solanki et al., 2022). Balancing 
maintenance needs, availability of skilled personnel, and 
operational simplicity without compromising efficiency is 
essential. This study aimed to develop a cost-effective, agro-
based adsorbent for fluoride removal from drinking water via 
adsorption.

Materials and Methods

Production of sugarcane bagasse (SB) biochar and chemically 
functionalized sugarcane bagasse (FSB) biochar: The FSB 
was stored in an airtight container for further analysis. Sugarcane 
bagasse procured from a local market was cut, washed, oven-dried 
at 105°C for 24 hr, and pyrolyzed at 500°C for 2 hr to obtain biochar 
(Jateen et al., 2023). SB was then functionalized with 1% KCl (1:3 
w/v), pyrolyzed at 700°C for 60 min, rinsed, and oven-dried at 
120°C overnight. The resulting functionalized biochar (FSB) was 
stored in an airtight container for further use (Fig. 1). 

Fluoride ions analysis method: A stock solution of fluoride (100 
-1mg l ) was prepared and subsequently diluted as per 

experimental requirement. The fluoride analysis was conducted 
in situ utilizing a bench-top fluoride ion electrode (Horiba, Japan) 

-1 -with a resolution range of 0.1-1000 mg l  F .

Physical and chemical characteristics of SB and FSB

Determination of pH: A 5.0 g of FSB and SB biochar samples 
were mixed with deionized water and heated at 90°C for 30 min. 
The suspensions were allowed to cool at room temperature and 
pH was measured using a pH meter (Hanna- Digital pH meter, 
range: 0-14 pH).

Bulk density: A 25 ml glass cylinder was filled with 40 μm FSB 
and SB biochar (oven-dried at 80°C overnight) in triplicate, 
tapped to compact, and bulk density was calculated as per 
Senewirathna et al. (2022).

Functional group analysis: Functional groups were analyzed 
by Fourier Transform Infrared spectroscopy (FTIR) (4000–400 

-1cm ; FTIR-2000, Perkin Elmer) using potassium bromide (KBr) 
pellets prepared with a Perkin-Elmer hydraulic pump. Elemental 
composition was determined by Energy Dispersive X-ray 
Spectroscopy (EDX), which identifies elements and their relative 
atomic percentages based on characteristic X-ray spectra.

Proximate analysis of FSB and SB biochar: The proximate 
analysis of FSB and SB biochar was estimated by measuring the 
moisture content, volatile matter, ash content, and fixed carbon 
following the standard methods of APHA (2022).

Introduction

Fluoride is among the most abundant elements on earth, 
present in nearly all groundwater globally. Groundwater is the 
primary source of drinking water for a substantial segment of the 
global population (Chamanehpour et al., 2020). Groundwater 
fluoride pollution constitutes a significant problem impacting 
millions of individuals worldwide (Alhendal et al., 2020; 
Derakhshani et al., 2020). Currently, the utilization of freshwater is 
increasing at remarkable speed, driven by rapid industrial growth, 
rise in global population, the expansion of mechanized 
agriculture, and rapid urbanization (Fito and Alemu, 2019; Fito et 
al., 2017). Fluorite, biotite, topaz, fluorapatite, cryolite, 
hornblende, and muscovite are examples of rocks with fluoride-
rich minerals. When these minerals come into contact with water, 
they produce fluoride (Rizzu et al., 2021). The concentration of 
fluoride in groundwater is influenced by various factors, including 
the physical and chemical characteristics of the aquifer (Raj and 
Shaji, 2017), the degree of rock weathering, the water depth within 
the aquifer (Raju et al., 2012), soil and rock acidity and porosity, 
interactions among chemical elements, regional temperature 
(Singaraja et al., 2014), mineral composition of rocks, and the 
geochemistry of groundwater (Patel et al., 2018).

Fluoride concentrations in groundwater in several nations 
present a health risk to millions globally (Vithanage and 
Bhattacharya, 2015). The quality of drinking water is essential for 
public health and overall well-being. The ideal concentration of 

-1fluoride in drinking water is approximately 1.0 mg l , which 
supports oral health and bone development. Excessive fluoride 

-1intake exceeding 1.5 mg l  (WHO, 2006) may lead to dental and 
skeletal fluorosis in individuals. Over 200 million individuals 
globally are expected to consume water containing fluoride levels 

-1exceeding 1.5 mg l , which is the threshold recommended by the 
World Health Organization (WHO, 2021). Groundwater in many 
Indian states, including Andhra Pradesh, Haryana, Karnataka, 
Maharashtra, Rajasthan, Tamil Nadu, and West Bengal, have 
elevated fluoride levels (Amalraj and Pius, 2013; Ayoob and 
Gupta, 2006; Meenakshi and Maheshwari, 2006).

Agro-based products are promising, cost-effective 
adsorbents for fluoride removal, including Kaith leaves, Feronia 
limonia, coconut husk and shell charcoal, neem and mango 
derivatives, rice husk, black mustard husk ash, fruit peels 
(Manilkara zapota, Solanum tuberosum), Phyllanthus emblica, 
Strychnos potatorum, Moringa species, Azadirachta indica 
leaves, iron-infused Pisum sativum peel, Senna auriculata petals, 
Ficus glomerata bark, Tulsi, karanji, citron peel, and Parijaat (Lal 
et al., 2022; Chukka et al., 2022; Kumar and Maurya, 2022; 
Jadhav and Jadhav, 2022; Kavisri et al., 2022). Current methods 
for reducing fluoride in drinking water—such as chemical 
precipitation, coagulation, ion exchange, electrocoagulation, 
nanofiltration, catalytic ozonation, and electrochemical oxidation 
are limited by high operational costs, maintenance, and waste 
generation. Adsorption is preferred in rural areas due to its cost-
effectiveness, simplicity, high efficiency, environmental 
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Bulk density=
Weight of dry material (g)

Volume of packed dry material (ml)
×100
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42 paper. Residual fluoride in a 5 ml filtrate was measured using a 
fluoride ion electrode (Horiba, Japan).

Adsorption isotherms and kinetics: Adsorption isotherms 
elucidate adsorbate–adsorbent interactions and maximum 
adsorption capacity. Equilibrium data were evaluated using 
Langmuir (monolayer adsorption on uniform surfaces) (Langmuir, 
1916) and Freundlich (multilayer adsorption on heterogeneous 
surfaces) models (Freundlich, 1906), with linear plots used to 
calculate isotherm constants (Sivarajasekar et al., 2017). 
Adsorption kinetics, essential for assessing efficiency, was 
analyzed using pseudo-first-order and pseudo-second-order 
models (Waghmare et al., 2015).

Removal efficiency and adsorption capacity: The fluoride 
removal efficiency after adsorption and uptake capacity of 
adsorbent at any time (t) was estimated by the following formula:

Removal efficiency (%)=[(C -C)/Co] ×100o i

-1Where, C  the is initial fluoride concentration (mg l ), C  is o i

the residual fluoride concentration at time t, M is the mass of the 
adsorbent (g) and V (l) is the volume of the solution used in the 
batch study.

Fabrication of adsorbent coated Plaster of Paris pellets: 
Pellets were prepared by mixing bagasse filaments (2–4 mm) and 
Plaster of Paris (10:90 w/w), molding, air-drying, and oven-drying 
at 105 °C for 12 h. For coating, 1 g chitosan and 1 g KCl were 
dissolved in 100 ml of 1% acetic acid, filtered, and used to 
immerse pellets twice with air-drying in between. The pellets 
prepared by the above procedure were stored in a desiccator (the 
actual view of the pellets before and after coating (Fig. 2a,b). For 
coating, 1 g chitosan (≤75% acetylation) and 1 g KCl were 
dissolved in 100 ml of 1% acetic acid under constant stirring (450 
rpm, 30 min), filtered through a 0.1 mm nylon sieve to remove 
coagulates, and the clear suspension was used for pellet coating. 
Pellets were immersed in the coating suspension for 30 sec, air-

Elemental analysis of FSB and SB biochar: Carbon, hydrogen, 
nitrogen, and sulfur contents (in %) were estimated with a CHNS 
analyzer (Elementar Vario MICRO, India) with helium as a carrier gas 
and oxygen as a combustion gas and Thermal conductivity detector 
(TCD). The operation was conducted under following conditions 
combustion tube 1150°C, reduction tube 850°C, TCD 59–60°C, 

-1 -1helium flow 200 ± 10 ml min , oxygen flow 10 ± 2 ml min  (non-
-1combustion) and 30 ± 2 ml min  (combustion), at 1200 ± 50 mbar.

Iodine number: Iodine number was estimated by the standard 
method of ASTM (D4607-94). A 0.3 g powdered carbon was 
treated with 5% HCl, followed by 0.10 N iodine solution, agitated 
for 20 min, and filtered through a Whatman No. 1. A 30 ml aliquot 
was titrated with 0.1 M Na S O  using starch as an indicator, with a 2 2 3

blank prepared without carbon. Iodine removal percentage was 
calculated.

Batch adsorption study: Batch adsorption experiments using 
-1FSB were conducted with NaF-spiked solutions (5–40 mg l ) 

-1prepared from a 100 mg l  standard. Mixtures were agitated in a 
thermostat shaker (ROTEK LSV, India) (25 ± 1°C, 120 rpm) for 60 
min, allowed to settle for 2 min, and filtered through Whatman No. 
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Fig. 1: Chemically functionalized biochar.

Fig. 2: (a) Pellet before coating, (b) Pellet after coating and (c) Coated pellet after drying.

[(C -C )V]o i

M
Adsorption capacity=

a b c
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dried for 20 min, re-immersed for a thicker layer, and oven-dried at 
105°C overnight to constant weight (Fig 2c). They were then 
sprayed with 1% NaOH, dried, and weighed to calculate coating 
load. Screening showed this formulation achieved superior 
fluoride removal compared to other variants.

Thomas model: Thomas kinetic model, commonly applied to 
fixed-bed columns, estimates the maximum solid-phase solute 
concentration and adsorption rate constant for continuous 
adsorption processes (Chen et al., 2011).

Regeneration of spent coating: At breakthrough, the 
exhausted bio-adsorbent coating was regenerated by applying a 
composite mixture of chitosan, potassium chloride and glacial 
acetic acid. The recoating procedure was conducted at each 
exhaustion (breakthrough) point for a maximum of five cycles. 
The average removal efficiency (%) was employed to evaluate 
the performance of the regenerated adsorbent during each 
operational cycle.

Removal efficiency (%) = [(C -C ) / C ] x 1000 1 0

Results and Discussion

The prepared biochar exhibited a dark, granular, porous, 
and amorphous carbonaceous appearance. The percentage of 
fixed carbon was 73.26% for FSBB and 65.61% for SBB (Table 1). 
The higher fixed carbon percentage signifies the adsorbent's 
quality, enhancing surface area and adsorption efficiency. These 
findings are consistent with Boer et al. (2021), who found that a 

ohigh carbon content of 68.50-73.01% was obtained at 400 C and 
o500 C. Another investigation of locally produced activated carbon 

found 4.0% moisture, 36.0% ash, 42.2% fixed carbon, and 16.8% 
volatile compounds (Nure et al., 2017). The moisture content 2.45 
% of FSBB was determined lower than SBB 3.74%, indicating 
high adsorbent attributes. In the current investigation, the volatile 
matter of FSB and SB biochar was 14.07% and 17.94%, while the 
ash content was only 10.22% and 12.71%, indicating that the 

inorganic component was minimal. Thermal degradation of 
cellulose and lignin at 400–500°C reduces volatile matter while 
increasing the carbon and ash content; bagasse charcoal 
showed 24.31–25.80% volatiles at 400 °C and 13.01–16.43% at 
500°C, confirming the decline with higher temperatures (Boer et 
al., 2021). Moderate ash concentration often enhances the 
adsorption of organic molecules from aqueous solutions due to 
hydrophobic properties of the material (Adib et al., 2018). High 
ash content in raw materials hinder activated carbon 
development by lowering carbon yield and adsorption efficiency, 
making the production of low-ash adsorbents a key challenge in 
adsorption-based water and wastewater treatment. In this study, 

-1the bulk density of FSBB was 0.295 g ml  and that of SBB was 
-10.272 g ml , both close to the reported range. Yu et al. (2019) 

found that sugarcane bagasse biochar had a much lower bulk 
-1density of 0.11 g ml , while Kakom et al. (2023) observed a 

-1decrease in the bulk density from 0.163 to 0.086 g ml  as pyrolysis 
temperature increased from 300 to 700°C. Since high bulk 
density is generally considered advantageous for the adsorbents, 
the values obtained for FSB indicate favorable material 
properties. Both FSB and SB biochars also exhibited an alkaline 
pH. Table 2 displays the elemental composition of FSB and SB 
biochar based on the analysis.

FTIR was employed to examine the alterations in the 
functional groups of sugarcane biochar prior to and following 
treatment with KCl, as well as subsequent fluoride adsorption 
(Fig. 3), with a comparative analysis of three spectra available in 
Table 3. The FTIR spectra indicated the presence of O-H 
(hydroxyl) and C=C (alkene) groups prior to and following 
adsorption. The analysis indicated that the original SBB displayed 
characteristic peaks in alignment with prior studies (Fonsêca et 
al., 2022). The untreated biochar exhibited peaks at 3685, 3592, 

-11593, and 1492 cm , which are associated with O-H and C=C 
functional groups, respectively. Significant shifts in the peaks 
were observed in the spectra of the treated and fluoride-adsorbed 
biochar samples, indicating alterations in the chemical structure 

-1of the biochar. FTIR analysis showed a C=O peak at 1677 cm  in 
untreated biochar, absent in KCl-treated (FSB) and fluoride-

-1adsorbed samples. A KCl peak at ~1230 cm  confirmed 

222 Journal of Environmental Biology, March 2026

Table 1: Characterization of chemically functionalized biochar and biochar

-1Samples Moisture(%) Ash (%) Volatile matter (%) Fixed carbon (%) Bulk density (g ml ) pH value

Chemically functionalized 2.45±0.04 10.22±0.24 14.07±0.23 73.26±0.16 0.295±0.01 8.01±0.01
biochar (FSB)
SB biochar 3.74±0.06 12.71±0.16 17.94±0.21 65.61±0.20 0.272±0.01 8.3±0.09

Table 2: Ultimate analysis of chemically functionalized biochar (FSB) and SB biochar

Samples C (%) H (%) N (%) S (%) O (%)

Chemically functionalized biochar (FSB) 69.32±0.07 1.06±0.07 1.02±0.04 0.12±0.04 28.48±0.32
SB biochar 66.19±0.48 1.41±0.04 1.07±0.06 0.16±0.02 31.17±0.44

Ct

C0

= k  C  t - k  NAB 0 AB 0
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present before and after fluoride adsorption, with notable 
changes, including a decrease in the oxygen concentration 
following adsorption (Tables 4,5). The EDX images showed that 
the Fe signal strength increased during adsorption (Fig. 4b). This 

−indicates that fluoride ions may displace oxygen atoms (OH ) on 
the adsorbent surface. The presence of Ca, Al, and Fe is essential 
for fluoride removal from water because they have a high 
propensity for interacting with fluoride to produce insoluble 
compounds (Alwash, 2017; Waghmare and Arfin, 2015). Fluoride 
removal occurs via precipitation or adsorption: Ca²⁺ forms 

successful modification, while shifts in the 1000–1300 cm  region 
after fluoride adsorption indicated interaction with lignin, 
cellulose, and hemicellulose functional groups. FTIR analysis 

-1(600–900 cm ) revealed new O–H peaks in fluoride-adsorbed 
biochar, absent in untreated and KCl-treated samples, indicating 
fluoride interaction. These results, consistent with the reports of 
Dehghani et al. (2018), highlight the impact of KCl modification 
and fluoride adsorption on biochar functional groups, relevant for 
environmental remediation. EDX analysis confirmed Fe ion 
precipitation on the novel adsorbent. Carbon and oxygen were 

-1
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Fig. 3: FT-IR spectroscopy of untreated, treated biochar and after adsorption of fluoride.

Table 3: Different functional groups in untreated, treated biochar and after adsorption

-1Wavelength (cm )

Untreated biochar Treated biochar After absorption

O – H stretching 3690 - 3100 3689 3769 3528
3592 3688 3404

C=O 1650 - 1800 1677 - -
C=C 1500 - 1600 1593 1599 1618

1497 - -
KCl related peak 1230 - 1229 -

1000 - 1300 1198 1168 1120
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insoluble CaF₂, Al³⁺ generates AlF₃, and Fe ions adsorb fluoride 
to form FeF₃. EDX analysis (Table 4, Fig. 4a) confirmed the 
presence of Ca, Al, Fe, and Mg in the novel adsorbent, indicating its 
high affinity for fluoride and effective removal capability (Waghmare 
and Arfin, 2015; Wang et al., 2015). Sugarcane bagasse biochar 
produced at 500°C exhibited an iodine value of 261.34 ± 24.22 mg 

-1g , increasing with pyrolysis temperature, indicating a highly porous 
and effective adsorbent structure (Loc et al., 2023).

In batch experiments, FSB achieved 76.8% fluoride 
-1 -1removal with a capacity of 3.86 mg g  at 5 mg l  fluoride, pH 5, 150 

-1mg 100 ml  adsorbent, 60 min contact, and 120 rpm agitation. 
Consistent with these results, Gourai et al. (2023) reported ≥80% 
removal using M. oleifera biochar, while Rahman et al. (2022) 
observed 99% removal with Bajra husk biochar at pH 2. Further, 
low pH enhances adsorption by increasing active site selectivity, 
whereas alkaline conditions reduce fluoride sorption, as 
observed in corncob (Hettithanthri et al., 2023) and Dodonaea 
bark biochars (Aziz et al., 2022), rice straw biochar (Yan et al., 
2022). Adsorption isotherms describe the equilibrium between 
solute in the liquid phase and adsorbed solute on the adsorbent at 
constant temperature, with Langmuir and Freundlich models 
commonly used to characterize adsorption behavior. For 
Langmuir isotherm, a plot of 1/Cₑ versus 1/qₑ was used to 
determine b and Q₀ (Table 6). The high R² value indicated good 
model fit, suggesting homogeneous adsorption on the adsorbent 
surface. Freundlich model describes adsorption on 
heterogeneous surfaces. Constants 1/n and Kf were obtained 

from the slope and intercept of log qₑ versus log Cₑ (Table 6). The 
strength of adsorption, or affinity of 1/n, is indicated by the 
constant n in the Freundlich model. During this process, the 
calculated value of n (0.5555) is less than 1, indicating that bio-
sorption is a chemical process (Sivasankar et al., 2012). Kinetic 
data were analyzed using pseudo-first- and pseudo-second-
order models (Ho, 2006). The pseudo-second-order model 
provided a better fit (R² = 0.9967) with an equilibrium adsorption 

-1capacity of 6.10 mg g  at 5 mg l  fluoride, closely matching the 
experimental data (Table 7). This suggests that fluoride 
adsorption on FSB is mainly driven by chemical adsorption 
(Bakhtiari and Azizian, 2015).

Column experiments were conducted using spiked 
fluoride water to evaluate the effect of influent flow rate on FSB 
adsorption capacity and breakthrough behavior. Flow rates of 

-1100, 150 and 200 ml min  were tested at a constant fluoride 
-1concentration of 30 mg l  and a bed height of 30 cm. As shown in 

Fig. 5, the higher flow rates shortened both breakthrough and 
exhaustion times because the fluoride ions had less contact time 
with the adsorbent. Lower flow rates extended breakthrough time, 
saturation time, and treated volume due to prolonged interaction 
with the adsorbent pores. These results corroborate with the 
findings of Hiremath and Theodore (2017), who noted that slower 
flow enhances adsorption by improving access to biosorption 
sites, which gradually become occupied, reducing efficiency. 

Overall, increasing influent fluoride concentration and 

-1
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Table 4: Composition and weight of different elements before adsorption

Elements Weight (%) MDL Atomic (%) Net Int R A F

C K 55.9 0.90 66.2 228.6 0.9284 0.0906 1.0000
O K 32.6 0.42 29.0 276.8 0.9371 0.0736 1.0000
Na K 1.4 0.14 0.9 48.6 0.9468 0.2834 1.0025
Mg K 0.5 0.09 0.3 30.9 0.9497 0.4251 1.0041
Al K 0.2 0.08 0.1 14.9 0.9524 0.5658 1.0070
Cl K 5.8 0.09 2.3 409.4 0.9619 0.8914 1.0172
K K 0.9 0.10 0.3 47.9 0.9661 0.9171 1.0306
Ca K 2.6 0.12 0.9 123.0 0.9680 0.9357 1.0210

Table 5: Composition and weight of different elements after adsorption

Elements Weight (%) MDL Atomic (%) Net Int R A F

C K 25.8 1.46 37.5 79.8 0.9101 0.0662 1.0000
O K 26.5 0.35 29.0 279.6 0.9203 0.0881 1.0000
Fe K 20.5 0.23 18.8 299.4 0.9245 0.0979 1.0000
Na K 6.0 0.15 4.6 177.4 0.9319 0.2319 1.0025
Mg K 1.5 0.10 1.1 74.2 0.9355 0.3350 1.0040
Si K 0.3 0.08 0.2 25.2 0.9419 0.5920 1.0114
S K 1.3 0.08 0.7 101.2 0.9477 0.7827 1.0268
Cl K 5.2 0.09 2.6 359.0 0.9503 0.8339 1.0264
K K 2.2 0.10 1.0 127.3 0.9554 0.8876 1.0490
Ca K 10.7 0.12 4.7 502.3 0.9578 0.9072 1.0148
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Fig. 4: (a) EDX spectrum after fluoride adsorption.EDX spectrum before fluoride adsorption and (b) 

-1Fig. 5: Effect of bed on breakthrough time at different flow rate (BD=30 cm. and C0=30 mg l ).
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flow rate decreased breakthrough and exhaustion durations, 
while adsorption capacity declined at higher flow rates. 
Breakthrough curves were evaluated at bed depths of 10, 20 and 

-130 cm, with a constant flow rate of 100 ml min  and initial fluoride 
-1concentration of 30 mg l . Increasing the bed depth from 10 to 30 

cm extended both the saturation time and the volume of treated 
water, from 11 hr and 112 l at 10 cm to 21 hr and 165.12 l at 30 cm. 
This indicates that higher bed heights enhance breakthrough and 
exhaustion times due to the increased availability of sorption sites 
and an expanded mass transfer zone (Fig. 6). Shallower beds 
produced steeper breakthrough curves and shorter breakthrough 
times, as limited binding sites and reduced diffusion time 
restricted fluoride adsorption. These findings align with the 
previous studies showing that larger bed heights prolong 
breakthrough and exhaustion phases (Hiremath and Theodore, 
2017). Similarly, Abu Bakar et al. (2019) observed that 
Quaternized Palm Kernel Shell had larger pores than Palm 
Kernel Shell Activated Carbon, and Liu et al. (2022) reported 
comparable results using Al-impregnated granular activated 

carbon. The effect of applied voltage on fluoride removal was 
evaluated at 0, 200 and 220 V. Increasing the voltage improved 
the removal efficiency, with 220 V achieving the highest fluoride 
removal of 99.75%, which reveals that the applied electric current 
appeared to activate the column, enhancing adsorption and 
desorption processes (Shivayogimath and Punage, 2014).

Thomas model, widely used for fixed-bed column 
adsorption, was applied to calculate the rate constant KTH) and 
maximum solid-phase concentration (q₀) from column data via 
linear regression (Eq. 9, Table 8). Coefficients of determination 
(R²) ranged from 0.8683 to 0.9696. Increasing influent 
concentration or flow rate decreased q₀ but increased K , while TH

higher bed heights increased q₀ and decreased K . These TH

results indicate that fluoride adsorption is driven by the 
concentration gradient, and adsorption efficiency improves with 
lower flow rates, higher influent concentration, and greater bed 
height (Aksu and Gonen, 2004).

Table 6: Langmuir and Freundlich isotherm

Isotherms Parameters Values

-1Q (mg g ) 13.1492o
-1b (L g ) 0.4217

Langmuir R 0.5258L
2R 0.9883

-1 -1 1/nK   (mg g  ) (l mg  ) 2.2485F

1/n 0.5555
Freundlich n 1.8001

2R 0.9919

Table 7: Pseudo-first-order and Pseudo-second-order kinetic model

Kinetic models Parameters Values

k (1 min ) 0.00431
-1Pseudo-first-order kinetic model q  (mg g ) 5.16e

2R 0.6904
-1k (1 min ) 0.22962
-1Pseudo-second-order kinetic model q  (mg g ) 6.10e

2R 0.9967

-1

Table 8: Linearized Thomas model parameters at 7.5% breakthrough

-1 -1 -1 2BD (cm), C  (mg l ) K  (l mg . min.) q  (mg g ) R0 TH 0
-1and Q (ml min )

[10,30,100] 0.0215 4.65 0.8683
[20,30,100] 0.0223 4.94 0.9101
[30,30,100] 0.0157 6.43 0.9242
[30,25,100] 0.0206 6.00 0.9645
[30,20,100] 0.0168 6.16 0.9696
[30,30,200] 0.0209 4.62 0.9470
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The fluoride adsorption performance of pellets and FSB 
was evaluated over five regeneration cycles and compared with 
the initial adsorption (Fig. 7). Initial fluoride removal was 99.75%, 
decreasing to 76.25% after five cycles, likely due to 
chemisorption of residual fluoride and gradual adsorbent 
depletion (Zhang et al., 2019). These results suggest that 
regeneration can reduce treatment costs while maintaining 
reasonable adsorbent efficiency. This study demonstrated that a 
column bed composed of biosorbent-coated pellets and 
chemically functionalized biochar effectively removes fluoride. In 

-1continuous-flow experiments using 30 mg l  fluoride at 100 ml 
-1min , removal efficiency reached 99.75%. Fluoride removal and 

adsorption capacity increased with concentration, with early 
column saturation observed. The adsorbent maintained its 

efficiency over five treatment cycles, highlighting that the 
pelletized and functionalized biochar column bed provides a cost-
effective solution for fluoride removal from water.
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