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Abstract: Adsorption technology has been considered to be an effective technology for the removal of 

F- from the aqueous solution. In adsorption technology, varieties of materials can be taken as adsorbents. 

But, using natural, low-cost materials is being prioritized more. The efficiency of these natural, low-

cost materials can be increased further by modifying their surfaces. So, in the present investigation, F- 

has been removed from the synthetic aqueous solution using four modified/unmodified low-cost 

adsorbents. These are heat-treated bauxite (HTB), hydrochloric acid-treated water filter carbon waste 

(HFCW), hydrochloric acid-treated Lagenaria siceraria peel (HLSP), and sand without any 

modifications. F- adsorption was carried out on all these adsorbents separately at identical conditions. 

The effect of different adsorption parameters on all the adsorption studies was evaluated. The data were 

fitted to different isotherm/kinetic equations. HTB was found to be the best out of all, and further studies 

were carried out using HTB. The Langmuir adsorption capacity for HTB was found to be 3.1 mg/g. F- 

loaded HTB could be regenerated using NaOH and could be reused for up to 3 cycles. The studied 

adsorbents can be used to treat real F- polluted water. 

Keywords: adsorption; fluoride; low-cost adsorbent; Langmuir isotherm; regeneration; reuse. 
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1. Introduction 

Fluorine is the 13th most abundant element in the earth's crust, and its level in the earth's 

crust is 0.3 g/kg. It also exists as F- in different minerals, out of which fluorspar, fluorapatite, 

and cryolite are the most common. The major source of F- in different water sources is due to 

the dissolution of these F- containing geo-chemical rocks [1]. Therefore, F- is present in almost 

all water sources, including groundwater ranging from negligible amounts to more than 10 

mg/L. F- also enter into the aqueous system through various anthropogenic causes like oil 

refining, coal burning, brick-making industries, steel factories, and phosphate fertilizer plants 

[2]. F- is an essential constituent for human beings and animals as it helps in the mineralization 

of teeth and bones and prevents dental caries/cavities. The effect of F- is considered to be 

protective when its concentration in the aqueous solution is up to 1 mg/L [3]. 

But, when F- concentration in the aqueous solution is high, it causes critical health 

hazards like skeletal and dental fluorosis. More than 260 million people are fluorosis affected 

worldwide [4]. Therefore, removal of F- from aqueous solution is required when its 

concentration exceeds the maximum contamination level in the aqueous medium prescribed by 

World Health Organization (W.H.O.), i.e., 1.5 mg/L [5]. For the treatment of highly 

concentrated F- different advanced treatment processes such as reverse osmosis, membrane-
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based methods, coagulation/precipitation, and ion exchange are applied. Most of these 

available defluoridation techniques are costly, complex, and technically difficult to be accepted 

in rural areas [6]. Therefore, it is necessary to go for a cheap, easy, and safe method. 

Adsorption is one such method that is cheap, highly efficient, easily accessible, eco-

friendly, and does not need costly equipment and skilled manpower. One of the added 

advantages of the adsorption process is the vast choice of different low-cost materials as 

adsorbents increasing the cost-effectiveness of the process [7]. Sometimes, the uptake or 

removal capacities of low-cost materials are very less. In that case, modification of the 

adsorbent materials makes the system more efficient [8]. Therefore, in the present investigation 

F- has been removed from the synthetic aqueous solution using various low-cost materials after 

their modifications. Different low-cost materials, either modified or unmodified, have also 

been tried by different researchers for the defluoridation of aqueous solutions [9,10]. 

Considering the above, the present research aims (a) to choose four low-cost materials 

from four different sources (b) to modify their surfaces simply by acid/heat treatments for 

improvement of their uptake capacities so that their cost will not be affected much (c) to choose 

the better one for each adsorbent concerning their uptake capacities out of modified or 

unmodified forms (d) to characterize the selected adsorbents (e) to find out the optimum 

condition for F- adsorption on the selected adsorbents (f) to study different adsorption 

isotherm/kinetic for the said adsorption processes (g) selection of the best adsorbent out of four 

and to utilize the same for reuse, regeneration. 

2. Materials and Methods 

2.1. Adsorbate and adsorbents.  

Analytical grade NaF was used to prepare 1 g/L F- stock solution. Four low-cost 

adsorbents were selected from four different sources. These are domestic water filter carbon 

waste, Lagenaria siceraria (bottle gourd) peel, bauxite, and sand. All the adsorbents were 

washed thoroughly after collection and air-dried, followed by oven dried for excess moisture 

removal. The adsorbents were modified simply by heat and acid treatments without increasing 

the cost much. For heat treatment, samples were kept at different temperatures (200 – 700oC) 

in a muffle furnace, and for acid treatment, the adsorbents were treated by 0.1M HCl/0.1M 

H2SO4 for 1 d at the solid:liquid ratio of 2:5 g/mL. The adsorbents were properly stored in air-

tight sample bottles for subsequent use. 

2.2. Methods of characterization of the adsorbents.  

The Fourier Transform Infrared (FTIR) spectra of the four selected adsorbents were 

carried out using JASCO FTIR instrument – 4100. The point of zero charge (pzc) of the said 

adsorbents was determined using the solid addition method. The specific surface areas of the 

adsorbents were determined by Brunauer–Emmett-Teller (BET) method using Micromeritics 

ASAP 2020 BET analyzer at 77K. The % moisture content and mass loss due to ignition were 

found by keeping the samples at 105oC and 600oC, respectively, for 2 h. The pH of the 

adsorbents was determined by stabilizing the adsorbents in distilled water for 1 h at solid:liquid 

ratio of 10 g/L. The displacement method was used for density measurement [11]. 
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2.3. Batch adsorption studies.  

The pH of the solution was adjusted either with 0.1M HCl or 0.1M NaOH. The 

solutions along with the required amount of adsorbents were agitated using a magnetic stirrer 

(temperature controlled). After adsorption studies, from time to time, samples were collected, 

filtered by Whatman (no 1) filter paper, and analyzed for F-. Most of the studies were carried 

out at stirring speed – 200 rpm, pH - 5, F- concentration - 10 mg/L, room temperature, and 

adsorbent concentration – 5 g/L. For the confirmation of results, the experiments were 

conducted in triplicates, and the averages were used for calculations. 

2.4. Desorption studies.  

F- loaded adsorbent (2.84 mg/g) was prepared after repeated contact of 20 mg/L F- 

solution with the adsorbent at a solid:liquid ratio of 10 g/L in batch mode at optimum condition. 

Different desorbing agents (0.1M), like HCl, H2SO4, HNO3, NaOH, and Na2CO3, were used in 

regeneration experiments. The desorption experiments were carried out at solid:liquid ratio of 

5 g/L at room temperature. 

2.5. Analysis.  

F- analyses from the aqueous solution were carried out by SPADNS method with the 

help of SL-244 (ELICO) double-beam UV-Visible Spectrophotometer. The molar absorption 

coefficients of the colorless F--SPADNS complexes were determined at 570 nm wavelength 

[12]. 

3. Theory/Calculation 

3.1. Calculation of % moisture content, % mass loss on ignition, % adsorption and mg/g F- 

uptakes. 

% moisture content / % mass loss on ignition = 
𝑊2−𝑊3

𝑊2−𝑊1
 x100 (1) 

Adsorption (%) = [(𝐶𝑜 − 𝐶𝑒)/𝐶𝑜] × 100 (2) 

F- uptake (mg/g) = [(𝐶𝑜 − 𝐶𝑒)𝑉]/𝑀 
(3) 

where W1 - Mass of the empty crucible, g 

W2 - Mass of the sample with crucible prior to heating, g 

W3 - Mass of the sample with crucible after heating, g. 

Co - Initial F- concentration in the solution, mg/L 

Ce - F
- concentration at equilibrium, mg/L 

V - Volume of the solution, L and 

M - Mass of the adsorbent, g. 

3.2. Calculation of standard deviation and data accuracy.  

Standard deviation was calculated using the following formula, as shown in equation 4 

[13]. 
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(4) 

where S - Standard deviation 

X - Each value 

x̅ - Mean value 

n - No. of values 

A low standard deviation indicates the closeness of the values with their mean values. 

For a good fit, the standard deviation should be < 1.  

3.3. Determination of different thermodynamic, kinetic, and isotherm parameters.  

Determining thermodynamic, kinetic and isotherm parameters is essential as these are 

the key points to know about the adsorbents' physicochemical properties and the adsorption 

processes' mechanism [14]. Therefore, the description of the equations used to determine all 

such parameters is highlighted in Table 1. 

 

Table 1. Description of the thermodynamic, kinetic, and isotherm parameters.  

Sl 

no. 

Name of the 

models 
Linear equations 

Graph 

plotted 
Conclusions Significance 

Eqn. 

No. 

1 
Arrhenius 

equation 
lnk = lnA − Ea

RT⁄  
X axis: 1/T 

Y axis: lnk 

Slope gives Ea 

Intercept gives A 

Determination of 

activation energy 
(5) 

2 
van't Hoff 

equation 
lnKD = ∆S

R⁄ − ∆H
RT⁄  

X axis: 1/T 

Y axis: lnKD 

Slope gives ∆H 

Intercept gives ∆S 

Determination of 

enthalpy and 

entropy changes 

(6) 

3 
Gibbs Free 

energy equation 
∆G = ∆H − T∆S -- -- 

Determination of 

Gibbs free energy 

change 

(7) 

4 

Langmuir 

adsorption 

isotherm  

(linear) 

Ce
qe

⁄ = 1
qmb⁄ +

Ce
qm

⁄  
X axis: Ce 

Y axis: 
Ce

qe
⁄  

Slope gives qm 

Intercept gives b 

Determination of 

maximum 

monolayer 

adsorption 

capacity 

(8) 

5 
Freundlich 

equation (linear) 
logqe = logK + 1

n⁄ logCe 
X axis: logCe 

Y axis: logqe 

Slope gives n 

Intercept gives K 

Determination of 

Freundlich 

constants 

(9) 

6 

Lagergren's 

pseudo first 

order equation 

log(qe − qt)

= log(qe) − (
k1

2.303⁄ ) t 

X axis: t 

Y axis: log(qe 

- qt) 

Slope gives k1 

Intercept gives qe 

Determination of 

pseudo 1st order 

rate constant 

(10) 

7 

Ho & McKay 

pseudo second 

order equation 

t
qt

⁄ = 1
k2qe

2⁄ + 1
qe

⁄ t 
X axis: t 

Y axis: t qt
⁄  

Slope gives qe 

Intercept gives k2 

Determination of 

pseudo 2nd order 

rate constant 

(11) 

8 
Morris-Weber 

equation 
qt = Ridt

1
2⁄ +  C 

X axis: t
1

2⁄  

Y axis: qt 

Slope gives Rid 

Intercept gives C 

Determination of 

intra particle 

transport rate 

constant 

(12) 

9 

Dubinin-

Radushkevich 

(D.R.) isotherm 

lnqe = lnX′m − K′ ∈2 
X axis: Є2 

Y axis: lnqe 

Slope gives K' 

Intercept gives X'm 

Determination of 

adsorption 

energies 

(13) 

10 
Temkin 

isotherm 
qe = BlnAT + BlnCe 

X axis: lnCe 

Y axis: qe 

Slope gives B 

Intercept gives AT 

Determination of 

heat of sorption 
(14) 

where k - Rate constant of the reaction, g/mg/min;  

A – Arrhenius frequency factor 

E - Energy of activation, kJ/mol 

T – Absolute temperature, K 
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R - Universal gas constant, J/K/mol 

KD - Distribution coefficient = 
𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡(

𝑚𝑔

𝑔
)𝑎𝑡𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚

𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑖𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(
𝑚𝑔

𝐿
)𝑎𝑡𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚

 

S - Entropy change, kJ/K.mol 

H - Enthalpy change, kJ/mol 

G – Gibbs free energy change, kJ/mol 

b (constant) - Adsorption energy, L/mg 

qm - Adsorption capacity, mg/g 

Ce – Equilibrium F- concentration, mg/L 

qe – F- adsorbed at equilibrium per unit weight of adsorbent, mg/g  

K - Adsorption capacity, mg/g, 

n  - Adsorption intensity (constant) 

qt – F- adsorbed at time t, mg/g  

k1 - Rate constant (pseudo 1st order), 1/min. 

k2 - Rate constant (pseudo 2nd order), g/mg/min 

Rid - Intra particle diffusion rate constant of adsorption, mg/g/min0.5 

C – Boundary layer thickness, mg/g 

Є - Polanyi potential = RT ln (1+1/Ce) 

X̕m - D.R. isotherm uptake capacity of adsorbent, mg/g 

K' –Adsorption energy related constant, mol2/kJ2 

B - Heat of adsorption related constant, J/mol 

AT - Temkin equilibrium binding constant, L/g 

𝑅𝐿 = 1
(1 + 𝑏𝐶𝑜 )

⁄  (15) 

where RL- Separation parameter 

Co - Initial F- concentration in the solution, mg/L 

b - Langmuir isotherm parameter 

According to McKay et al., for favorable adsorption processes, RL values should lie 

between 0 and 1. 

4. Results and Discussion 

4.1.Modification of low-cost adsorbents.  

Heat treatment did not affect domestic water filter carbon waste (FCW) and Lagenaria 

siceraria peel (LSP). 0.1M HCl treated FCW gave better F- adsorption (22.74 %) compared to 

0.1M H2SO4 treated FCW (9.64%). Treatment of LSP with 0.1M HCl was better (57.8%) 

compared to 0.1M H2SO4 (42.44%). The genus Lagenaria is mainly composed of cellulose and 

lignin. Cellulose is rich in hydroxyl groups, and lignin is mainly alcohol. During acid 

modification, the H+ ions of acids may react with these hydroxyl groups and produce –OH2+ 

as per the reaction in equation 16 [15]. 

-OH + H+
→ -OH2

+ (16) 

So the adsorption of negatively charged F- ion is facilitated due to the electrostatic force 

of attraction. Heat treatment to bauxite gave better results compared to either of the acid 

treatments. Modification at 400oC gave the best result for F- adsorption (95%), whereas F- 

uptake by unmodified bauxite was only 16.5 %. The increased F- adsorption on bauxite after 

heat treatment may be due to dehydration and removal of volatile substances present on the 

bauxite surface so that its surface area and porosity increase. At temperatures higher than 

400oC, the % of adsorption decreases may be due to the formation of compact mineral phase 

corundum (Al2O3) [16]. Sand is a granular material that occurs naturally and is composed of 

https://doi.org/10.33263/BRIAC135.428
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.428  

https://biointerfaceresearch.com/ 6 of 16 

 

minerals and finely divided rock particles. Heat/acid treatments did not work on sand. So, it is 

considered harder and chemically inert [17]. 

So, finally, 0.1M HCl treated water filter carbon waste (HFCW), 0.1M HCl treated 

Lagenaria siceraria peel (HLSP), heat-treated bauxite (HTB), and sand without any 

modifications were taken for further studies. The F- uptakes on different adsorbents before and 

after modifications are shown in Figure 1. From the figure, it is obvious that HTB is the best 

adsorbent for F- removal. 

 
Figure 1. Effect of modifications of the selected adsorbents on % of F- adsorptions (BM – Before modification 

and AM – After modification).  

4.2. Characterization of the adsorbents under study.  

4.1.1. Fourier Transform Infrared (FTIR) Spectroscopy.  

The FTIR spectra of all the selected adsorbents are shown in Figure 2.  

 

Figure 2. FTIR spectra of the four adsorbents under study.  

FTIR spectra of HLSP and HTB are quite similar, whereas that of HFCW and sand are 

similar. In the case of HFCW and sand, no strong and broad peaks are observed at around 3400 
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cm-1 wave no., which indicates the absence of the –OH group. Only medium peaks are observed 

at 2347.91 cm-1 and 2348.87 cm-1 wave no. for HFCW and sand respectively. But in the case 

of HLSP and HTB, strong and wide peaks are observed at 3414.35 and 3436.53 cm-1, 

respectively. It indicates OH stretch bond and H bonded structures like alcohols and phenols. 

In HTB it may be due to –OH group of Gibbsite, the main mineral of bauxite. So, from the 

above observation, it is clear that OH functional groups are present in both HLSP and HTB 

whereas it is absent in the other two [18]. It has also been observed that the F- removal capacity 

of HLSP and HTB is more compared to HFCW and sand. So F- removal from the aqueous 

solution may be mainly due to the surface complexation method. F- exists as fluoride (F-) or 

bifluoride (HF2
-) in natural water, depending on the pH of the solution [19]. The surface 

complexes formed in between -OH groups of the adsorbents and F- can be interpreted as 

equations 17 and 18. 

S − OH + H+ + F− ↔ [S − OH2
+ − F−] (17) 

S − OH + H+ + HF2
− ↔ [S − OH2

+ − HF2
−] (18) 

where S-OH is the adsorbent surface with –OH group and [S - OH2
+ - F-] and [S - OH2

+ - HF2
-

] are the surface complexes [20]. F- adsorption may also occur due to the substitution of –OH 

group on the adsorbent surface by F- ions. 

4.1.2. Other physicochemical parameters.  

The physicochemical properties such as pH, % loss of mass on ignition, % moisture 

content, density, and surface area for the studied adsorbents are shown in Table 2 and are 

comparable to the other reported data [21]. The pzc of HTB is a maximum (7.8) out of all. That 

means the surface of HTB remains positive up to a wide pH range compared to other 

adsorbents. This may be one important reason for the maximum adsorption of negatively 

charged F- ion on HTB surface. The B.E.T. surface area of HTB is also the highest, as shown 

in Table 2. 

Table 2. Different physicochemical parameters.  

Properties HLSP HTB HFCW Sand 

pzc 3.4 7.8 5.6 3.1 

pH 6.3 6.0 7.02 7.95 

% Moisture content 2.22 3.3 5.0 3.4 

% Loss of mass due to ignition 90 10.6 68.4 70.0 

Surface area (m2/g) 44.6 71 39 32.6 

Density (g/cm3) 0.386 1.66 1.25 1.46 

4.2. Effect of different adsorption parameters.  

4.2.1. Effect of contact time.  

The effect of contact time was studied within the range of 0 to 250 minutes keeping 

other parameters constant. The % of F- adsorption increases up to their optimum contact times 

and thereafter remains constant, as shown in Figure 3. It is because, initially, all the functional 

groups present on the adsorbent surfaces remain free. With the passage of time, when adsorbent 

surfaces get saturated, no more adsorptions take place [22]. The contact time at which the 

adsorption surface becomes saturated is known as the optimum contact time. The optimum 

contact times for F- adsorption on HFCW and sand are 60 minutes, whereas those for HLSP 

and HTB are 120 and 180 minutes, respectively. 
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Figure 3. Effect of contact time on F- adsorption.  

4.2.2. Effect of pH.  

The effect of pH on F- adsorption was studied by varying the pH of the solution from 2 

to 10. The % F- adsorptions with respect to pH for all the adsorbents are shown in Figure 4. As 

shown in the figure, the  F- removal percentage decreases with the increase in pH. It may be due 

to the change of surface charge on the adsorbent surface [23]. Equations (16-18) are 

predominant at lower pH. So, the adsorption percentage is more in acidic pH due to the 

electrostatic force of attraction. 

Adsorption of anions on the oxide/hydroxide surface takes place through the formation 

of surface complexes. Surface complexes are classified into two types depending on the 

connection between the adsorbate and the active site on the adsorbent surface. These are inner 

and outer sphere complexes [24]. These surface complexes are formed based on surface 

protonation/dissociation. For the formation of outer sphere complexes, the reaction is 

SOH2
+ (s) + F- (aq) ↔ SOH2

+-F- ((19) 

And for the formation of inner-sphere complexes, the reaction is  

SOH2
+ (s) + F- (aq) ↔ SF + H2O 

 

(20) 

 
Figure 4. Effect of pH on F- adsorption.  

4.2.3. Effect of adsorbent dose.  

The effect of adsorbent dose on F- adsorption was studied by varying the doses from 5 

to 40 g/L. As observed by other researchers here also, % F- removals increase with adsorbent 

dosages, whereas uptakes in terms of mg/g decrease. This is due to the availability of more 

surface area on the adsorbent surfaces at higher adsorbent doses. Maximum F- removals (%) 

follow the order HTB (97.66) > HLSP (58.1) > Sand (51.23) > HFCW (42.13). Maximum F- 

uptakes (mg/g) also follow the same trend, i.e., HTB (2.88) > HLSP (1.75) > Sand (1.37) > 
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HFCW (0.84). The variation of F- adsorption (%) and uptake (mg/g) with respect to adsorbent 

concentrations are shown in Figure 5. 

 
(a) 

 
(b) 

Figure 5. Effect of adsorbent dose on (a) % F- adsorption;(b) F- uptake, mg/g.  

4.2.4. Effect of initial F- concentration.  

The F- concentration of the solution was varied from 5 to 25 mg/L. Figure 6 shows the 

effect of variation of F- concentration on adsorption. The % of F- adsorption decreases whereas 

F- uptakes, mg/g, increase with the increase of F- concentration for all the adsorbents. At higher 

F- concentrations, adsorbent:adsorbate ratio is less. So, the adsorption % is also less. But with 

the increase of F- concentration, the probability of contact between adsorbate and a particular 

amount of adsorbent increases, increasing the F- uptake capacities. With increased F- 

concentration, the repulsive forces arise due to negative charges of F- also decrease the sorption 

quantity [25]. Here also, the selectivity order of adsorbents towards F- is HTB > HLSP > Sand 

> HFCW. 

 
(a) 
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(b) 

Figure 6. Effect of adsorbate dose on (a) % F- adsorption (b) F- uptake, mg/g.  

4.2.5. Adsorption isotherms.  

The Freundlich and Langmuir isotherm constants, along with the standard deviation (S) 

and separation parameter (RL) values for F- adsorption on all the adsorbents, are shown in Table 

3. The R2 values for the Langmuir isotherms are more than that of Freundlich, whereas the 

standard deviation values of Langmuir isotherms are less than that of Freundlich. So, Langmuir 

isotherm is obeyed well by all the adsorbents, and Langmuir uptake capacities are considered 

for comparing the studied adsorbents towards F- adsorption. Langmuir maximum monolayer 

uptake capacities (mg/g) of the adsorbents decrease in the order HTB (3.1) > HLSP (1.56) > 

HFCW (1.55) > Sand (0.63). HTB has the highest uptake capacity, i.e., 3.1 mg/g, compared to 

other adsorbents. So, HTB is considered the best adsorbent for F- uptake in the present study. 

The separation parameter (RL) values mentioned in Table 3 lie within the range 0 to 1 in all 

cases except sand, indicating that F- adsorption on all the adsorbents except the sand is 

favorable. For sand, it is unfavorable. The Langmuir monolayer adsorption capacities of the 

studied adsorbents are comparable to that of other low-cost adsorbents and are mentioned in 

Table 4. 

Table 3. Freundlich and Langmuir isotherm constants, along with the correlation coefficients (R2), standard 

deviation (S), and separation parameter (RL) values.  

Adsorbents Freundlich constants Langmuir constants 

 K, 

mg/g 

n R2 S qm, 

mg/g 

b R2 S RL 

HTB 1.64 4.4 0.79 0.23 3.1 1.05 0.95 0.01 0.037 to 0.16 

(Favorable) 

HLSP 0.55 3.02 0.77  1.56 0.35 0.97  0.1 to 0.36 

(Favorable) 

HFCW 0.10 1.43 0.95  1.55 0.054 0.97  0.42 to 0.79 

(Favorable) 

Sand 0.53 10.5 0.41  0.63 -2.14 0.98  -0.1 to -0.02 

(Unfavorable) 

 

Table 4. Comparison of Langmuir monolayer F- uptake capacities of the studied adsorbents with that of other 

reported results.  

Low-cost adsorbents qm, mg/g References 

HTB 3.1 Present study 

HLSP 1.56 Present study 

HFCW 1.55 Present study 

Sand 0.63 Present study 

Natural clay 3.74 [26] 
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Low-cost adsorbents qm, mg/g References 

Microwave-assisted carbonized Azadirachta indica bark (MACAIB) 0.92 [27] 

Coconut root 2.04 [28] 

Low-cost ceramic nodules prepared from some locally available raw materials in 

Assam, India 
6.32 [29] 

Activated carbon derived from iron-infused Pisum sativum peel 4.71 [19] 

4.2.6. Effect of temperature and thermodynamics of adsorption.  

F- adsorption percentages decrease with a rise in temperature (from 30oC to 60oC), as 

shown in Figure 7. It indicates the reaction to be exothermic. The exothermic nature indicates 

that the adsorption reactions are physical [30]. At higher temperatures, the solubility of F- ion 

increases, and deterioration of adsorbent surfaces may also occur, for which adsorption 

efficiency decreases [31]. Activation energies were calculated using the Arrhenius equation, 

whereas other thermodynamic parameters (enthalpy, entropy, and free energy changes) were 

calculated using the van't Hoff formula. The parameters are shown in Table 5. Out of all the 

adsorbents, the activation energy for HTB is only negative and lowest. Similarly, the free 

energy changes on the HTB surface at various temperatures are only negative, which leads to 

conclude that F- adsorption on HTB is only spontaneous. The negative values of enthalpy 

change in all the cases suggested that F- adsorptions are exothermic, whereas the negative 

values of entropy changes suggested the achievement of more stability of the adsorption 

products after adsorption [32]. 

Table 5. Parameters derived from temperature experiments.  

Thermodynamic 

Parameters 
HTB HLSP HFCW Sand 

Activation Energy, kJ/mol -22.8 39.9 27.9 55.05 

ΔH, kJ/mol -48.0 -33.8 -26.0 -41.9 

ΔS, kJ/K.mol -0.15 -0. 12 -0.11 -0.15 

ΔG, kJ/mol 

303K -3.2 3.2 7.1 4.7 

313K -1.7 4.4 8.2 6.2 

323K -0.2 5.7 9.3 7.7 

333K 1.3 6.9 10.4 9.3 

 
Figure 7. Effect of temperature on F- adsorption.  

4.3.Adsorption kinetics.  

The data was interpreted using different kinetic models such as Ho & McKay, 

Lagergren's, Morris-Weber, Temkin, and Dubinin Radushkevich's (D.R.) isotherms. All the 
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kinetic parameters are shown in Table 6. The R2 values of Ho & McKay equations are higher 

in comparison to  Lagergren's equation. 

Table 6. Different kinetic equations parameters.  

Sl. 

N

o. 

Adsorbate 

F-, mg/L 

Adsor

bent, 

g/L 

Lagergren’s 

eqn, 

R2 

Ho & Mc-Kay 

eqn. 

Morris- 

Weber eqn. 

Dubinin-Radushkevich(D.R.) 

isotherm 

Temkin 

isother

m 

    k2
a R2 Rid

b R2 X'm
c K'd R2 Ee=(2K’)-1/2 Bf R2 

 HTB             

1 5 5 0.94 0.134 0.99 0.036 0.93 2.52 5×10−8 0.91 3.16 0.40 0.83 

2 10 5 0.93 0.058 0.99 0.079 0.93       

3 15 5 0.91 0.021 0.95 0.105 0.91       

4 20 5 0.43 0.013 0.92 0.139 0.87       

5 25 5 0.90 0.007 0.90 0.170 0.78       

 HLSP             

1 5 5 0.92 0.026 0.94 0.067 0.97 1.32 8×10−7 0.94 0.79 0.31 0.8 

2 10 5 0.90 0.005 0.92 0.140 0.95       

3 15 5 0.90 0.002 0.94 0.133 0.99       

4 20 5 0.89 0.0009 0.90 0.145 0.97       

5 25 5 0.88 0.0006 0.92 0.174 0.90       

 HFCW             

1 5 5 0.97 0.63 0.99 0.026 0.99 0.75 3×10−6 0.94 0.41 0.33 0.99 

2 10 5 0.98 0.17 0.99 0.053 0.97       

3 15 5 0.88 0.25 0.99 0.067 0.98       

4 20 5 0.89 0.08 0.99 0.095 0.95       

5 25 5 0.98 0.034 0.99 0.122 0.99       

 Sand             

1 5 5 0.87 0.21 0.99 0.049 0.97 0.73 6×10−7 0.44 0.92 0.17 0.81 

2 10 5 0.82 0.069 0.99 0.107 0.91       

3 15 5 0.84 0.092 0.99 0.07 0.97       

4 20 5 0.80 0.015 0.89 0.091 0.94       

5 25 5 0.80 0.014 0.89 0.102 0.99       

(Units: a - g/mg/min; b- mg/g/min0.5; c - mg/g; d - mol2/J2; e - kJ /mol; f - J/mol) 

So, F- adsorptions on all the said adsorbents better follow pseudo-second-order kinetics, 

and the pseudo-second-order rate constant (k2) is considered for different calculations. The 

rate constants were found to be in the range of 0.6 x 10-3 to 0.63 g/mg/min. The data were fitted 

to the Morris-Weber equation to know the rate-controlling step of adsorption. It has been 

concluded that the present adsorption processes are controlled by film and intra-particle 

diffusion [33]. The intraparticle diffusion rate constants (Rid) for all the adsorbents have been 

shown in Table 6. R2 values of D.R. and Temkin isotherms show a good fit for these isotherms. 

The adsorption energies calculated from D.R. isotherms fall from 0.41 to 3.16 kJ/mole. It 

indicates that F- adsorptions are physisorption type. The heat of sorption values (B) derived 

from Temkin isotherm falls in the range of 0.17 to 0.40 J/mol, which concludes that the nature 

of adsorption is physical [34]. 

The standard deviations (S) were calculated for the uptake capacities of three different 

isotherms: Langmuir, Freundlich, and D.R. isotherms. S values less than 1 in all the cases, as 

shown in Table 7, indicate that the observed adsorption data are reliable. 

Table 7. Determination of standard deviation (S) for the uptake capacities calculated from different adsorption 

isotherms.  

Isotherm 

uptake capacities, mg/g 
HTB HLSP HFCW Sand 

Langmuir 3.1 1.56 1.55 0.63 
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Isotherm 

uptake capacities, mg/g 
HTB HLSP HFCW Sand 

Freundlich 1.64 0.55 0.10 0.53 

Dubinin-Radushkevich (D.R.) 2.52 1.32 0.75 0.73 

S 0.74 0.53 0.73 0.1 

4.4. Best adsorbent selection followed by its regeneration and reuse.  

As observed from the present study, F- uptake on HTB is much higher compared to 

other adsorbents. It is also very important to note that HTB obeys all the adsorption 

kinetics/isotherms with good accuracy compared to other adsorbents. And also, HTB is best in 

terms of its easy availability, low cost, and strength. So, further studies were carried out with 

HTB. An efficient adsorbent should have good desorption ability to regenerate and be reused 

several times before its disposal. Therefore, the choice of a good desorbing agent is very much 

essential. That desorbing agent should also be cheap, highly selective, efficient, and should not 

deteriorate the adsorbent surface [35]. For the desorption of anionic contaminants like As(V), 

Cr(VI), F-, etc., several desorbing agents have been used by different researchers. The 

desorbing agents are NaNO3, Na2CO3, NaOH, etc. [36,37]. In the present investigation, loaded 

HTB (2.84 mg/g) was used for the desorption experiments. It was observed that desorption 

with distilled water was very negligible. Desorption experiments were carried out using various 

eluants (0.1M) such as HCl, H2SO4, HNO3, NaOH, NaHCO3, and Na2CO3. It was observed 

that elution with NaOH (38.7%) was quite successful and best compared to other reagents. This 

is in agreement with the other reported results [38]. 

The F- desorption with NaOH may happen due to the displacement of F- ions from the 

adsorbent surface by OH- of NaOH. After desorption, the adsorbent was washed properly, air-

dried at room temperature, and stored for further regeneration and reuse studies. The 

experimental conditions of the subsequent cycles are the same as that of the 1st cycle. The 

reusability of HTB was investigated up to 3 more adsorption-desorption cycles. From the result, 

it is obvious that HTB could be recycled up to 3 times. The % reduction of adsorption capacities 

in the 2nd and 3rd cycles were 14 and 36%, respectively with respect to the 1st cycle, whereas 

the % weight losses in the 3 cycles were 10, 19, and 42%, respectively. So, HTB has the 

potential to be used as an effective adsorbent for wastewater treatment in multi-stages of 

operation. 

4. Conclusions and Future Prospects 

The F- from the synthetic aqueous solution can be removed by all four adsorbents 

studied here, such as bauxite, LSP, FCW, and sand. Simple heat/acid treatment modifications 

improved their efficiency, except for sand. Heat treatment at 400oC worked well for bauxite, 

whereas HCl treatment was best for LSP and FCW. Low pH favors F- adsorption, and the 

optimum contact times for heat-treated bauxite (HTB), hydrochloric acid-treated Lagenaria 

siceraria peel (HLSP), hydrochloric acid-treated water filter carbon waste (HFCW), and sand 

were found to be 180, 120, 60 and 60 minutes respectively. All the adsorption reactions were 

exothermic, and the negative entropy changes suggested achieving more stability after 

adsorption. F- adsorption on HTB only was found to be spontaneous. Langmuir adsorption 

capacities were found to be 3.1, 1.56, 1.55, and 0.63 mg/g for HTB, HLSP, HFCW, and sand, 

respectively. These uptake values are comparable with that of other low-cost adsorbents. Heat-
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treated bauxite (HTB) was found to be the best adsorbent out of all. The F- loaded HTB can be 

regenerated using 0.1M NaOH and can be reused for up to 3 cycles. 

The present method of removal of F- using low-cost materials is a method of options 

and combinations, and the option is vast. Based on the present investigations, cheaper and 

cheaper novel materials can be tested and compared with already reported materials. Even if 

great research is going on in this field, the treatment of real contaminated water using various 

adsorbents is not yet well reported. Most of the research is carried out using synthetic solutions. 

It cannot evaluate the adsorption efficiency of a particular adsorbent truly. Using low-cost 

adsorbents for the treatment of real contaminated water would be an effective and fruitful 

method if continuous research was carried out in the same field. The present small-scale batch 

adsorption studies can be further extended to continuous column studies for treating real F- 

polluted industrial wastewater. 
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