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Groundwater is the primary source of drinking water in rural areas, but fluoride contamination poses significant health risks when present 

above permissible limits. This study investigates the sustainable removal of fluoride using activated carbon (AC) derived from agricultural 

wastes, namely rice husk (RH) and potato peel (PP), activated with phosphoric acid. Batch adsorption experiments were carried out using 

synthetic fluoride solutions and groundwater collected from hand pumps and tube wells in the Banasthali (Niwai) region of Rajasthan. 

Fluoride concentrations in the groundwater ranged from 0.10 to 5.71 mg/L, with several samples exceeding the permissible limit of 1.5 

mg/L. RH-AC achieved a maximum fluoride removal of 79%, compared with 54.17% for PP-AC at an initial fluoride concentration 

of 5 mg/L. The adsorption behaviour was best fitted by the Freundlich isotherm, while the pseudo-second-order model provided the best 

fit for the adsorption kinetics. The findings identify rice husk-based activated carbon (RH-AC) as a promising, low-cost adsorbent for 

fluoride removal from contaminated water. Using agricultural waste for this purpose may offer a practical route to water treatment while 

supporting SDGs 3 (Good Health and Well-being), 6 (Clean Water and Sanitation) and 12 (Responsible Consumption and Production). 
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INTRODUCTION 

 Access to safe drinking water remains a major global 

concern, even though water covers a large part of the Earth’s 

surface. Groundwater accounts for only about 0.6% of the 

Earth’s total water reserves but provides drinking water to 

nearly half of the global population. Its role is particularly 

important in developing countries such as India, where it 

meets approximately 80% of rural drinking water needs and 

50% of irrigation demand [1]. Rapid urbanization, industrial 

growth and population expansion have increased pressure on 

groundwater resources and contributed to contamination, 

posing risks to both human health and the environment. 

 Fluoride (F–) is a common groundwater contaminant 

reported in more than 25 countries, with concentrations often 

exceeding the World Health Organization (WHO) guideline 

value of 1.5 mg/L [2]. Fluoride at low concentrations supports 

dental and skeletal health, while prolonged exposure to exce-

ssive levels can cause dental and skeletal fluorosis, renal dys-

function and neurological disorders [3-5]. Its presence in 

groundwater is linked to natural geological processes and 
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human activities, making effective removal important for 

protecting public health. 

 Several treatment methods are available for fluoride 

removal such as reverse osmosis, ion-exchange, membrane 

filtration, electrochemical treatment and chemical precipitat-

ion [6]. Their use may be restricted by high operating costs 

and the need for specialized equipment and infrastructure. 

Adsorption is a practical alternative due to its simple operation, 

relatively low cost and potential for efficient fluoride removal 

[7,8]. Activated carbon (AC) is widely studied for this pur-

pose, as its porous structure and large surface area provide 

sites for contaminant uptake [9,10]. 

 Growing interest in sustainable treatment materials has 

encouraged the use of agricultural residues as precursors for 

activated carbon. Rice husk (RH) and potato peel (PP) are 

readily available byproducts that can be converted into useful 

adsorbents. Rice husk is abundant in rice-producing regions 

and offers a low-cost raw material with a stable structure [11]. 

Potato peel is generated in substantial quantities during potato 

processing and household food preparation. Its disposal pre-

sents a waste-management challenge, while its use as an ads-
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orbent offers an opportunity to recover value from this residue 

[12]. 

 Although rice husk- and potato peel-derived activated 

carbons prepared using phosphoric acid (H3PO4) have been 

investigated separately, their comparative performance for 

fluoride removal under identical experimental conditions 

remains insufficiently explored. This study addresses this gap 

by comparing the two bioadsorbents in terms of fluoride-

removal efficiency, adsorption capacity, physico-chemical 

properties, equilibrium behaviour and adsorption kinetics. 

The comparison helps identify differences in adsorption cap-

acity, equilibrium behaviour and fluoride removal efficiency 

between the two adsorbents. 

 Furthermore, the study assesses fluoride occurrence in 

drinking-water sources collected from hand pumps and tube 

wells in the Banasthali (Niwai) region of Rajasthan, India, 

linking a site-specific groundwater-quality concern with the 

laboratory evaluation of potential treatment materials. This 

approach supports further research into agricultural-waste 

valorization and fluoride-contaminated water treatment, contri-

buting to the objectives of SDG 6 (clean water and sanitation), 

SDG 12 (responsible consumption and production) and SDG 3 

(good health and well-being). However, the findings repre-

sent laboratory-scale evidence and require further validation 

before practical or large-scale application can be establi-

shed. 

EXPERIMENTAL 

 Study area: Niwai Tehsil is located in Rajasthan, south 

of Tonk district, and is surrounded by Ajmer, Bhilwara and 

Bundi districts. The area is connected to Jaipur by road, with 

the district headquarters approximately 167 km away. The 

region lies at an average elevation of about 296 m above mean 

sea level and covers approximately 153,969 hectares. The 

geographic location of Niwai is 25º35 N 73º37 E, 25.58º N 

73.62º E. It is 296 m (971 feet) above mean sea level on aver-

age. The land-scape near Bisalpur Dam consists of relatively 

level terrain interspersed with hills and the area experiences 

a hot, arid climate. The present study investigates ground-

water quality in fluoride-affected areas of Niwai Tehsil (Fig. 

1), with particular attention to identifying locations where 

fluoride concentrations fall within acceptable limits. The 

findings are intended to improve understanding of local 

groundwater quality and support the selection of suitable 

water sources. The study may further guide the development 

 

 

Fig. 1. Geospatial map of five km. nearby Banasthali villages, Tonk, Rajasthan, (a): India, (b) Rajasthan, (c): Tonk district and (d) sample 

study area); (source: Diva GIS and Survey of India) 
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of practical, low-cost and efficient defluoridation methods 

for village level applications. 

 Estimation of F– in drinking water: Groundwater 

samples were collected from hand pumps (HP) and tube wells 

(TW) across 16 villages within a 5 km radius of Banasthali, 

Niwai, Rajasthan, using a random sampling method. The 

sampling area was defined with reference to the central point 

of Banasthali. After collection, the samples were stored at 4 

ºC until laboratory analysis. Fluoride (F–) concentrations were 

measured using a fluoride ion-selective meter. A 1000 ppm 

fluoride standard solution was prepared using distilled Milli-Q 

water and TISAB III buffer. Before sample analysis, the meter 

was calibrated using fluoride standards of 0.1, 1.0, 10 and 100 

ppm. For calibration, 50 mL of each standard solution was 

mixed with 5 mL of TISAB III and the electrode was immer-

sed until the reading stabilized. The electrode was rinsed 

thoroughly with distilled water between measurements. Ground-

water samples were analyzed using the same procedure, with 

50 mL of each sample mixed with 5 mL of TISAB III before 

measuring the fluoride concentration. 

 Preparation of activated carbon: Rice husk (RH) and 

potato peel (PP) were washed thoroughly with distilled water 

to remove surface contaminants and dried in a hot-air oven at 

100 ºC for 6 h. The dried materials were carbonized in a 

muffle furnace at 300 ºC for 1 h and allowed to cool to room 

temperature for 30 min. The carbonized samples were then 

soaked in distilled water containing 75 mL of conc. H3PO4 in 

500 mL beakers for 24 h to facilitate activation and improve 

porosity. Following activation, the materials were heated at 

500 ºC. The samples were then treated with 100 mL of 

distilled water containing 0.5 g of NaHCO3 to neutralize the 

residual phosphoric acid. The materials were washed initially 

with boiling water, followed by four to five rinses with 

distilled water until a neutral pH was attained. The washed 

samples were dried again at 100 ºC and sieved to obtain a 

uniform particle size of 1.18 mm. The prepared activated 

carbons were stored in clean, dry containers until further use 

[13]. 

 Batch adsorption experiment: A fluoride stock solu-

tion with an initial concentration of 5 mg L–1 was prepared 

by diluting a 1000 mg L–1 fluoride standard solution with 

distilled water. Batch adsorption experiments were carried out 

to assess the fluoride removal performance of the prepared 

activated carbons. The effects of adsorbent dosage, contact 

time, solution pH and initial fluoride concentration were 

examined under controlled conditions. The effect of adsorbent 

dosage was evaluated using 2, 4, 6, 8 and 10 g of activated 

carbon with a uniform particle size of 1.18 mm. Each experi-

ment was conducted by adding the specified adsorbent mass 

to 100 mL of fluoride solution (5 mg L–1) in a conical flask. 

Contact time was investigated by agitating the mixtures for 

30, 60, 90 and 120 min. The effect of pH was studied at 

values of 2, 4, 6, 8 and 10, adjusted using 0.1 N HNO3 and 

0.1 M NaOH. For these experiments, 10 g of RH-AC and 8 g 

of PP-AC were added separately to 100 mL of fluoride solu-

tion. The effect of initial fluoride concentration was examined 

over the range of 1.0-5.0 mg L–1 using fixed adsorbent doses 

of 10 g RH-AC and 8 g PP-AC. After adsorption, the residual 

fluoride concentration was measured to determine the removal 

efficiency by comparing the initial and equilibrium concen-

trations, as described in eqn. 1: 
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where Ci represents the initial fluoride concentration, while 

Ce denotes the residual fluoride concentration at equilibrium; 

V refers to the total volume of the aqueous solution used in 

the experiment. 

 Adsorption isotherm: Isotherm modelling helps explain 

the adsorption behaviour of fluoride ions on adsorbent surf-

aces and their distribution between the solid and liquid phases 

at equilibrium. The Langmuir and Freundlich models are 

widely used in water and wastewater treatment to evaluate 

adsorption capacity and surface characteristics under cons-

tant temperature conditions [14]. The Langmuir model assumes 

adsorption on a uniform surface, whereas the Freundlich 

model accounts for surface heterogeneity and non-uniform 

adsorption energies [15]. The linear form of the Freundlich 

isotherm is expressed in eqn. 2: 
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 In the Freundlich model, Kf represents the adsorption 

capacity, while n describes the adsorption intensity and the 

favourability of the adsorption process. The Langmuir isotherm 

describes adsorption as a monolayer process occurring on a 

finite number of uniform adsorption sites on the adsorbent 

surface [16]. The linear form of the Langmuir equation is 

given in eqn. 3: 

  e
e

e 1 max max

C 1 1
C

q K q q
= +  (3) 

where Kl (L mg–1) represents the Langmuir constant, which 

indicates the strength of interaction between the adsorbent 

and F– ions, while qmax (mg g–1) denotes the highest adsorp-

tion capacity corresponding to a complete monolayer on the 

adsorbent surface; Ce (mg L–1) is the concentration of F– 

remaining in the solution once equilibrium is reached and qe 

(mg g–1) refers to the amount of F– adsorbed per gram of 

adsorbent under equilibrium conditions. 

 Kinetic isotherm: The rate constants for the pseudo-

first-order (PFO) and pseudo-second-order (PSO) models 

were calculated from the experimental adsorption data collected 

at different contact times. The PFO model, originally prop-

osed by Lagergren, was used to describe the adsorption 

kinetics. Its governing equation is presented in eqn. 4: 

  
n e t e 1L (q q ) lnq K t− = −   (4) 

 The equation for the PSO model, which describes equili-

brium adsorption, was using eqn. 5 by [17]:  

  
2

t 2 e e

t 1 1
t

q K q q
= +   (5) 

where, t represents the contact time expressed in minutes. 

The parameter K1 denotes the kinetic rate constant associated 

with the PFO model. The term qt refers to the amount of 

adsorbate taken up by the adsorbent at any given time t, meas-

ured in mg g–1, while qe indicates the adsorption capacity 
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achieved at equilibrium. The constant K2 corresponds to the 

rate constant of the PSO kinetic model and is expressed in g 

mg–1 min–1. 

 Intra-particle diffusion model (IPD): The intraparticle 

diffusion (IPD) model, proposed by Weber and Morris, was 

used to investigate the diffusion mechanism involved in 

fluoride adsorption. The model relates the amount of fluoride 

adsorbed to the square root of contact time (t1/2), as expressed 

in eqn. 6, to assess the role of intraparticle diffusion in the 

adsorption process. 

  1/2

t pi iq K t C= +   (6)  

where Kpi denotes the IPD rate constant, which quantifies the 

diffusion-controlled adsorption process and is measured in 

mg g–1 min0.5. 

RESULTS AND DISCUSSION 

 Fluoride (F–) concentrations varied considerably across 

the 16 villages of Niwai Tehsil. The concentrations ranged 

from 0.14 to 5.71 mg L–1 in tube-well (TW) samples and from 

0.10 to 4.86 mg L–1 in hand-pump (HP) samples. Villages 

near Banasthali generally recorded higher fluoride levels, 

whereas comparatively lower concentrations were observed 

near Niwai town. Site-specific fluoride concentrations are 

presented in Table-1 and their spatial distribution across the 

study area is illustrated in Fig. 2. 

 Several villages had fluoride concentrations exceeding 

the Central Pollution Control Board (CPCB) guideline of 1.0 

mg L–1 for drinking water. The highest concentrations in HP 

samples were recorded at Monoharpura, Deori, Jagatpura, 

Ahmadpura, Banasthali, Shridaulatpura, Bhadagpura and 

Beedoli. In TW samples, increased concentrations were reco-

rded at Deori, Jagatpura, Ahmadpura, Banasthali, Jagatpura 

Khurd, Shridaulatpura and Beedoli. These findings are impor-

tant for rural communities that depend on groundwater for 

drinking, cooking, agriculture and livestock activities [18,19]. 

 The higher fluoride concentrations observed in villages 

such as Shridaulatpura and Jagatpura may be related to differ-

ences in aquifer depth, local geological conditions and ground-

water recharge patterns. Geological weathering and the diss-

olution of fluoride-bearing minerals are recognized sources of 

fluoride in groundwater. As groundwater moves through rocks 

and soil the gradual dissolution of fluoride-bearing minerals 

releases fluoride into the water and increases its concentration 

[20]. Differences in geological formations, recharge conditions 

and groundwater composition may explain the lower concen-

trations observed near Niwai town, although site-specific evi-

dence is required to establish the causes of the spatial variation. 

 

 

Fig. 2. Geospatial distribution of F– concentration in the rural area, (a) TW and (b) HP 
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Characterization of activated carbons 

 Proximate analysis: The proximate analysis of activated 

carbons prepared from rice husk (RH-AC) and potato peel 

(PP-AC) demonstrated distinct physico-chemical properties 

(Table-2). PP-AC had a higher fixed carbon content (8.96%) 

than RH-AC (7.54%), which may reflect differences in their 

carbonization behaviour and could influence their adsorption 

performance. Fixed carbon content is an important parameter 

in assessing activated carbon quality [21]. RH-AC had a 

higher bulk density (4.87 g cm–3) than PP-AC (3.49 g cm–3). 

The lower bulk density of PP-AC may be associated with a 

more open structure that can favour adsorption although por-

osity measurements are needed to confirm this interpretation 

[17]. The pH values of RH-AC (5.63) and PP-AC (5.04) 

indicate mildly acidic surfaces that may affect the adsorption 

of metal ions and organic contaminants through interactions 

with surface charge [22]. 

 
TABLE-2 

PROXIMATE DATA OF AGRICULTURE  

WASTE DERIVED ACTIVATED CARBON 

Proximity analysis Rice husk Potato peel 

Moisture analysis (MC) 4.18 9.71 

Volatile matter (VM) 25.33 28.11 

Ash content (AC) 62.95 71.16 

Fixed carbon (FC) 7.54 8.96 

Bulk density 4.87 3.49 

pH 5.63 5.04 

 

 FTIR spectra analysis: The FTIR spectra of RH-AC 

and PP-AC showed broad bands at 3805-3676 cm–1 assigned 

to –OH stretching vibrations of hydroxyl groups. Bands in 

the 3439-2523 cm–1 region were attributed to cellulose and 

hemicellulose components. The peaks at 3301, 3060, 2943 

and 2884 cm–1 were assigned to aliphatic C–H stretching 

vibrations [23]. The band at 1618 cm–1 was associated with 

C=O stretching in carbonyl groups while the peak near 1590 

cm–1 was attributed to aromatic C=C/C=O vibrations. Peaks 

at 1288 and 1115 cm–1 corresponded to C–O and C–O–C stre-

tching vibrations in cellulose-like structures (Figs. 3a and 

3c). Bands within 1300-900 cm–1 were attributed to phos-

phorus containing groups such as P=O and P–O–C linkages 

introduced during H3PO4 activation [24,25]. Strong bands 

near 1097 and 808 cm–1 were assigned to asymmetric and 

symmetric Si–O stretching vibrations respectively [26]. These 

oxygen-, phosphorus- and silicon-containing groups may 

provide active sites for fluoride adsorption and influence the 

surface chemistry of both adsorbents. 

 The FTIR spectra of RH-AC and PP-AC after fluoride 

adsorption show changes in the position and intensity of 

several absorption bands compared with the chemically modi-

fied adsorbents (Figs. 3b and 3d). These changes suggest the 

involvement of surface functional groups in fluoride binding. 

The broad bands in the region of 3805-3676 cm–1 are related 

to the –OH stretching vibrations and changes in this region 

may indicate the participation of hydroxyl groups in the adsor-

ption process. Variations in the bands assigned to C–O and 

C–O–C vibrations near 1288 and 1115 cm–1 suggest possible 

interactions involving oxygen-containing surface groups. 

Changes in the bands associated with P–O and P–O–C link-

ages in the 1300-900 cm–1 region may reflect the contri-

bution of phosphorus containing groups to fluoride uptake. 

The bands near 1097 and 808 cm–1, assigned to Si–O stret-

ching vibrations, may indicate the involvement of silicon-

containing surface sites. These spectral changes suggest that 

fluoride adsorption may involve interactions with hydroxyl 

and other oxygen-containing groups, along with phosphorus- 

and silicon-containing sites. 

 SEM: The SEM micrographs of rice husk-based activated 

carbon (RH-AC) and potato peel-based activated carbon (PP-

AC) before and after fluoride treatment are shown in Fig. 4. 

Before treatment (Fig. 4a and c) the adsorbents showed rough 

and irregular surfaces with well-developed pores following 

carbonization and chemical activation using H3PO4 and 

NaHCO3 at 500 ºC. These surface features provide potential 

sites for fluoride adsorption. After treatment with fluoride 

contaminated water (Fig. 4b and d) the surfaces appeared 

smoother with partial pore blockage and visible deposits. 

These changes suggest that fluoride adsorption altered the 

surface morphology and may have occupied some of the 

accessible pores. 

 X-ray diffraction (XRD): XRD analysis was used to 

examine the crystallinity and phase composition of the prep-

ared materials (Fig. 5). The RH sample showed a broad diff-

raction peak at 2 ≈ 24º, which was attributed to predo-

minantly amorphous silica [21]. After chemical activation 

with H3PO4 and NaHCO3 additional peaks appeared near 25º 

and 42º, which may indicate the development of partially 

ordered carbon structures. RH-AC and PP-AC exhibited more 

distinct diffraction features than the raw materials. A promi- 

TABLE-1 

FLUORIDE (F⁻) CONCENTRATION LEVELS IN HAND-PUMP AND TUBE-WELL WATER 

SAMPLES COLLECTED FROM DIFFERENT VILLAGES IN THE STUDY AREA (mg L–1) 

Location No. Villages Hand pump Tube well Location No. Villages Hand pump Tube well 

0 Niwai 0.1 0.1 8 Beedoli 4.5 5.7 

1 Deori 2.9 2.4 9 Ahmadpura 3.8 3.2 

2 Dangarthali 1.8 1 10 Shridaulatpura 4.8 2.7 

3 Soorajpura 1.2 1 11 Khandewat 0.9 1.1 

4 Monoharpura 2.2 0.7 12 Banasthali 3.4 3.4 

5 Bhadagpura 1.7 0.3 13 Ramjipura 1.5 1.3 

6 Barh-pathrajkhurd 0.1 0.2 14 JagatpuraKhurd 0.3 2.2 

7 Jagatpura 4.6 4.6 15 Palei 0.8 0.9 
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Fig. 3. FTIR spectra of agriculture-derived activated carbon before and after fluoride removal 

 

 

Fig. 4. SEM images of AC (a) chemically treated RH-AC (b) after water treatment RH-AC, (c) chemically modified PP-AC, (d) after water 

treatment PP-AC 
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nent peak at 2θ = 26.6º was assigned to the (002) plane of 

graphite [27] while the reflection at 43.6º was associated with 

crystalline graphite in accordance with JCPDS No. 41-1487 

[6]. A peak at 50.6º was attributed to a KCl phase. These 

diffraction features suggest differences in the structural ord-

ering and phase composition of the prepared adsorbents. 

 Fluoride removal analysis: Adsorbent dosage influenced 

fluoride removal by RH-AC and PP-AC. As shown in the 

graph the removal efficiency of RH-AC increased from 39.0% 

at 2 g to 88.19% at 10 g per 100 mL. PP-AC achieved a maxi-

mum removal of 54.17% at 8 g per 100 mL with no further 

improvement at a higher dosage. The improved removal at 

higher dosages can be attributed to the availability of more 

adsorption sites. The decrease in PP-AC performance at 10 g 

may be related to particle aggregation and reduced access to 

active sites. These results show that the optimum dosage 

depends on the adsorbent and that increasing the material 

quantity does not always improve fluoride removal. 

 Although RH-AC achieved greater fluoride removal its 

high dosage requirement needs consideration when evaluating 

practical use. Removal efficiency represents the proportion 

of fluoride removed from water whereas adsorption capacity 

indicates the amount of fluoride retained per unit mass of 

adsorbent. Both parameters are important when comparing 

performance and estimating material requirements.  

 Effect of contact time: As the contact period increased 

from 30 to 120 min, the removal efficiency of RH-AC increases 

from 61.83% to 87.98% while PP-AC increased from 39.57% 

to 53.64% (Fig. 6a). Longer contact allows fluoride ions more 

time to interact with the adsorbent surface and move into ace-

ssible pores. Similar trends have been reported for fluoride 

adsorption by activated carbon-based materials [28,29]. 

 Effect of pH: Solution pH affected the adsorption perfor-

mance of both materials. The highest removal was observed 

at pH 8 (Fig. 6b), which may reflect favourable interactions 

between fluoride ions and the adsorbent surfaces under these 

conditions. At strongly acidic or alkaline pH values the surface 

charge and competition from other ions may reduce fluoride 

uptake. These findings are consistent with earlier studies repor-

ting effective fluoride adsorption near neutral to slightly 

alkaline pH [30]. 

 Effect of initial concentration: The initial fluoride con-

centration influenced the percentage removal and adsorption 

capacity. As the initial concentration increased from 1 to 5 

mg L–1, the removal efficiency decreased (Fig. 6c). At lower 

concentrations more adsorption sites were available relative 

 

Fig. 5. XRD patterns of agriculture derived- AC before and after fluoride adsorption 
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to the number of fluoride ions in solution. At higher concen-

trations these sites became increasingly occupied. The higher 

concentration gradient can still promote mass transfer and 

increase the amount of fluoride adsorbed per unit mass even 

when the percentage removed decreases [28,31]. 

 Effect of dosage: RH-AC performed better than PP-AC 

under the tested conditions. At an initial fluoride concentra-

tion of 5 mg L–1 RH-AC reduced the concentration to 0.68 

mg L–1 at a dosage of 10 g per 100 mL (Fig. 6d). This corres-

ponded to 88.19% removal and an equilibrium adsorption 

capacity of 0.0508 mg g–1. PP-AC reduced the concentration 

from 5.76 to 2.64 mg L–1 at 8 g per 100 mL and achieved 

54.17% removal with an adsorption capacity of 0.0390 mg g–1. 

These results support the greater removal efficiency of RH-

AC under the conditions tested. The relatively low adsorption 

capacities and high adsorbent dosages must be considered 

when assessing its practical potential. 

 Adsorption isotherm: Adsorption isotherms were 

analyzed to examine fluoride uptake by rice husk activated 

carbon (RH-AC) and potato peel activated carbon (PP-AC). 

Both isotherms showed a steep rise at low fluoride concen-

trations followed by a steady plateau as the concentration 

increased. The Langmuir model showed a moderate fit to the 

experimental data with R2 values of 0.86 for RH-AC and 0.91 

for PP-AC. The Freundlich model provided a better fit with 

R2 values of 0.94 and 0.97 for RH-AC and PP-AC, res-

pectively (Fig. 7). This better fit suggests that fluoride adsor-

ption was more consistent with heterogeneous surface beha-

viour than with the assumptions of the Langmuir model. The 

Freundlich constants (1/n < 1) further indicate favourable 

adsorption. Similar trends have been reported for fluoride 

removal using activated carbon-based adsorbents [32,33]. 

 Kinetic isotherms: Fluoride adsorption kinetics were 

examined using pseudo-first-order (PFO) and pseudo-second-

order (PSO) models along with the intraparticle diffusion 

(IPD) model. The PSO model provided the best fit for both 

adsorbents with R2 values of 0.92 for RH-AC and 0.89 for 

PP-AC compared with 0.69 and 0.85, respectively for the 

PFO model (Fig. 8). This suggests that the PSO model better 

describes the adsorption rate under the tested conditions 

although the model fit alone does not confirm chemisorption 

as the dominant mechanism. The IPD model indicated a con-

tribution from diffusion during fluoride uptake. Its R2 values 

of 0.89 for RH-AC and 0.56 for PP-AC suggest that intra-

particle diffusion alone may not control the adsorption rate. 

Other processes such as surface adsorption and boundary-

layer diffusion may contribute to fluoride removal [34,35]. 

 Comparative studies: Table-3 compares the fluoride 

removal performance of rice husk activated carbon (RH-AC) 

and potato peel activated carbon (PP-AC) activated using 

orthophosphoric acid (H3PO4) and sodium bicarbonate 

(NaHCO3) with that of other adsorbents reported in previous 

studies. 

 Applications: Fluoride removal from drinking water 

was evaluated using RH-AC and PP-AC at the optimum 

dosages identified in the batch experiments. RH-AC was app-

lied at 10 g per 100 mL while PP-AC was used at 8 g per 100 

mL with a contact time of 120 min. The initial and residual 

fluoride concentrations were measured using a fluoride ion- 

selective electrode. The water samples had a pH of 8.02. RH-

AC showed better fluoride removal than PP-AC and perfor-

med more effectively in fulfilling the CPCB permissible limit 

for drinking water as shown in Fig. 9. These findings suggest 

that RH-AC and PP-AC have potential for fluoride removal 

 

Fig. 6. Effect of (a) contact time, (b) solution pH, (c) initial fluoride concentration and (d) adsorbent dosage on fluoride (F⁻) removal 

efficiency using rice husk-derived activated carbon (RH-AC) and potato peel-derived activated carbon (PP-AC) under batch 

adsorption conditions 
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Fig. 7. Plots of different adsorption isotherm model for F– removal using agriculture waste-derived AC 
 

 

Fig. 8. Plots of different kinetic isotherm model for fluoride adsorption using agriculture waste-derived AC 
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from drinking water. Using agricultural residues as precur-

sors for activated carbon can help reduce waste and support 

resource recovery. This approach is relevant to Sustainable 

Development Goals (SDGs) 3, 6 and 12, which address health 

and well-being, clean water and sanitation and responsible 

consumption and production. Rice husk and potato peel offer 

potential value as waste-derived adsorbent materials. Their 

practical affordability and reliability still require assessment 

of treatment performance, regeneration, processing costs and 

long-term use. Agricultural-waste-derived activated carbon 

has been investigated for removing water contaminants and 

may offer a useful approach to more sustainable water treat-

ment.  

Conclusion 

 This study investigated fluoride contamination in ground-

water across 16 villages of Niwai Tehsil in Rajasthan and 

evaluated the fluoride removal performance of H3PO4- and 

NaHCO3-modified activated carbons prepared from rice husk 

(RH-AC) and potato peel (PP-AC). Fluoride concentrations 

ranged from 0.14 to 5.71 mg L–1 in tube-well samples and 

from 0.10 to 4.86 mg L–1 in hand-pump samples. Several 

locations exceeded the CPCB guideline of 1.0 mg L–1 for 

drinking water, which highlights the urgent need for effective 

treatment in affected areas. RH-AC performed better than 

PP-AC under the tested conditions and achieved maximum 

fluoride removal efficiencies of 88.19% at 10 g per 100 mL 

and 54.17% at 8 g per 100 mL, respectively. A contact time 

of 120 min and a solution pH of 8 favoured fluoride removal. 

The Freundlich isotherm provided a better fit to the equilib-

rium data than the Langmuir model, while the pseudo-second 

order model best described the adsorption kinetics. The intra-

particle diffusion contributed to fluoride uptake but was not 

the sole rate-controlling process. The study supports SDG 3, 

6 and 12 through the use of rice husk and potato peel waste. 

Further studies on regeneration, real-water performance, scal-

ability cost and environmental impact are required to establish 

their practical sustainability. 
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TABLE-3 

COMPARATIVE DATA OF FLUORIDE REMOVAL EFFICIENCY OF DIFFERENT 

ADSORBENTS UNDER VARIOUS EXPERIMENTAL CONDITIONS 

Adsorbent Initial conc. of F– (mg L–1) Removal (%) of F– Ref. 

Sugarcane bagasse 4 45 [36] 

Activated KOH-treated jamun seed 10 50 [37] 

Bael (Aegle marmelos) shell-activated 8 46 [38] 

Ficus benghalensis leaf 5 79 [39] 

Coconut root 5 93 [40] 

Tamarindus indica activated carbon 6 94 [41] 

Rice husk-based nanocellulose 2 74 [42] 

Rice husk 5 79 Present study 

Potato peel 5 54 Present study 

 

 

Fig. 9. Comparison of defluoridation efficiencies of rural groundwater samples using activated carbons derived from rice husk and potato 

peel under TW and HP conditions 
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