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Abstract  
Conversion of waste materials into useful resource is emerging and development of a low-cost 

adsorbent from waste materials into useful adsorbent for defluoridation of water is no 

exception. The present research developed a new chemical-thermal activated adsorbent from 

calcium carbonate rich marine waste.  Cerastoderma Edule shell material for defluoridation of 

water. Taguchi’s L16 orthogonal array is applied to optimize the adsorption process for 

maximum (F-) removal from water. Analysis of mean using S/N ratios, provided optimum 

values of process parameters as temperature 30°C, initial (F-) concentration 20 ppm, dosage 4 

g/L, pH 3, and contact time of 60 minutes for maximum removal efficiency of 94% with 

adsorbent capacity as 4.8 mg/g. Analysis of variance revealed the percentage contribution of 

parameters as Temperature 5.24%; Initial F concentration 16.78%; pH 25.49%; Dose 18.81%; 

and contact time 11.45%, showing pH as the most contributing parameter. For better 

understating of adsorption process using waste Cerastoderma Edule shell adsorbent, 

equilibrium, kinetics and thermodynamic studies are also conducted on optimum conditions. 

Equilibrium studies revealed it better fit to Freundlich isotherm signifying that the process 

involved multilayer adsorption on a heterogeneous surface. Best fitting kinetic model pseudo-

second order and the thermodynamic analysis revealed that the process was spontaneous, 

endothermic, and entropy driven, favouring higher temperatures. For adsorbent material 

characterization, SEM and EDS tests indicate the adsorption (F-) on the adsorbent material, 

while FTIR test revealed that the other surface functional groups remained similar through 

adsorption process. The present adsorbent developed from marine waste Cerastoderma Edule 

shell is effective for defluoridation. 
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1. Introduction 

Finding suitable deflouridation method for fluoride (F-) contamination water especially from 

ground source is always a major concern [7, 24]. Excessive presence of (F-) in water poses a 

significant health risks like skeletal and dental fluorosis, and socio-economic disruptions [3, 7, 

20, 24, 40]. The WHO guidelines suggest (F-) in drinking water should not exceed more than 

1.5 mg/L of [13]. Several deflouridation techniques are investigated and employed but each 

have their own limitations like high cost, complexity, toxicity etc [18, 22, 27, 30, 36, 39]. 

Among them the adsorption method stands out as superior as it is simple cost effective, flexible, 

environmentally compatible and easy to operation [38]. In the recent years, developing new 

adsorbents through exploration of waste-to-resource pathways is highly emerging.  

 

Historically, a wide range of materials have been used to develop adsorbents including alumina 

and aluminium based adsorbents, biosorbents, ion-exchange resins, calcium based compounds, 

carbon based materials, and polymer based sorbents for removing (F-) ions from aqueous 

environment [41]. Recently, the research interest has shifted toward utilizing waste-derived 

materials that are available in abundance, low-cost, affordable and environmentally sustainable 

alternatives to conventional adsorbents [11, 31]. Waste materials rich in calcium like Chitosan 

are preferably used for developing adsorbents for fluoride removal as they have high affinity 

towards fluoride ions.  [8].  

 

Cerastoderma Edule shells is one of the marine wastes is hydroxyapatite-like materials with 

approximately 96-99% CaCO3 provide good potential to adsorb (F-) from aqueous solutions 

because calcium has high affinity toward (F-) ion [28]. Moreover, this marine waste is 

biocompatible, generated in abundance and is often dumped in landfill or the sea [19]. It 

provides an excellent opportunity to be get converted into useful adsorbent through simple, 

energy efficient and low-cost process for remote rural areas [42].  

As such, the present research envisages to use waste Cerastoderma Edule shells to convert it 

into new adsorbent suitable for (F-) removal. A chemical and thermal technique is used to 

activate this adsorbent to provide enhance (F-) removal.  An in-depth laboratory scale 

investigation is done to have proper insight of the adsorbent developed through material 

characterization. SEM, FTIR and EDS was utilized to know the composition and analyse for 



 

 

it’s elemental composition before and after adsorption. The process optimization is done using 

Taguchi’s L16 (4⁵) orthogonal array to provide accurate results with minimum runs of 

experimentation.  Moreover, batch experiments studies are also conducted to understand 

equilibrium, kinetics, and thermodynamic behaviour and the important constants are 

determined.   

 

2. Materials and Methodology 

2.1. Reagents and Adsorbent preparation 

The fluoride stock solution of 100 mg/L concentration was prepared by dissolving 221 mg of 

anhydrous sodium fluoride of Analytical Reagent (AR) grade and double distilled water 

(DDW). Further, dilutions yielded the required working concentrations. The reference solution 

and Acid Zirconyl-SPADNS reagent were prepared following the standard spectrophotometric 

method (SPADNS) [14]. 

 

Cerastoderma Edule shells, were crushed and sieved to particle size of 180-500 µm. The sieved 

material was washed with DDW, then oven-dried at 100°C for 3 hours. The dried powder was 

then mixed with 0.1 N H₃PO₄ in a 1:5 (w/v) ratio and stirred at 80 RPM for 10 minutes using a 

jar test apparatus. Subsequently, the pH was raised to 10 with 1 N NaOH, and the mixture was 

left standing for 24 hours. The solid particles were filtered, washed with DDW to neutral pH, 

and dried again at 100°C for 3 hours in oven (LABIX LBX-102 Make). Finally, the material 

was calcined at 800°C for 3 hours in muffle furnace (I-THERM Make) to produce the final 

adsorbent (Fig. 1).  

 

 



 

 

Fig. 1 (a) Cerastoderma Edule shell, (b) powered and washed shell, (c) chemical 
treatment, (d) post drying, (e) thermal treatment. 

 

2.2. Batch Adsorption Experiments 

Batch adsorption experiments were carried out in standard conical flasks of volume 250 mL 

containing 100 mL of (F-) solution and the adsorbent, placed in an orbital shaker (LABIX LBX-

107 Make). SPADNS method was used to determine (F-) concentration by using UV-VIS 

spectrophotometer (LABINDIA UV 3200TS Make).  

 

The percentage of (F-) removal was calculated using the Equation (1) :  

 𝑅% = (஼௢ − ஼௘)஼௢  ×  100%    …(1) 

 

Where,  Co and Ce represent the initial and equilibrium concentrations, respectively. 

 

Equation (2)  was used to determine the amount of  fluoride (F-) adsorbed per unit mass of 

adsorbent.  

= ݁ݍ   (௏௠) ݋ܥ) × −  (2)...     (݁ܥ 

 

Where, V is the volume of solution in Liters. m is the mass of adsorbent in grams. 

Further separate batch experimentation was done to determine equilibrium, kinetic, and 

thermodynamic parameters under optimum conditions.   

 

2.3. Taguchi Approach for Optimization of Process Parameters    
Adsorption experiments were conducted according to the L16 orthogonal array design. For 

each of the 16 runs, a 250 ml conical flask containing 100 ml of (F-) solution and the prepared 

adsorbent was agitated in an orbital shaker. The parameters/Factors and the levels are given in 

Table 1. 

 

 



 

 

Table 1 Process Parameters and their Levels. 

Factors Levels 

1 2 3 4 

A (Temperature) 10 °C 20 °C 30 °C 40 °C 

B (Initial concentration) 5 ppm 10 ppm 15 ppm 20 ppm 

C (pH) 3 4.5 6 7.5 

D (Dose) 1 g/L 2 g/L 3 g/L 4 g/L 

E (Contact time) 30 min 60 min 90 min 120 min 

 

 

3. Results & Discussion 

3.1. Adsorbent Characterization 

The Scanning Electron Microscope is  used to analyse the material’s surface, grin size, 

morphology and chemical composition. Fig. 2(a) and 2(b) show the SEM images of the 

adsorbent before/after adsorption, respectively. 5 microns at x5000 magnification. In Fig. 2(a) 

jagged, a cracked surface with voids can be can be observed. In Fig. 2(b) the surface has 

become uniform and filled.  

 

 

Fig. 2 Scanning Electron Microscope Images: (a) Before Adsorption, (b) After 

Adsorption 

 

  

In order to better understand the elemental composition of the adsorbent, the Energy Dispersive 

Spectroscopy was done. Figures 3(a) and 3(b) show EDS of adsorbent before/after adsorption, 

respectively. The appearance of (F-) after adsorption confirms the (F-) removal. Calcium, 



 

 

Oxygen, Sodium, Carbon and Silicon were detected in the sample with some changes in their 

percentage by weight contribution. The percentage by weight contribution after adsorption 

clearly increased from 0% to 1.76%, displaying (F-) adsorption. 

 

 

Fig. 3 Energy Dispersive Spectroscopy: (a) Before adsorption, (b) After adsorption 

 

The FTIR spectrum of the adsorbents were recorded before/after adsorption to obtain the 

information regarding the vibrations (stretching and bending) of the functional groups which 

are likely to be involved in the sorption of the adsorbate molecules. Fig. 4 shows the FTIR 

spectra before/after adsorption. 

 

The similarity of the FTIR spectra before and after adsorption confirms the structural integrity 

of the adsorbent. Hydroxyl groups may be from a sharp peak at 3643 cm⁻¹. Bands at 2984 cm⁻¹ 

and 2870 cm⁻¹ seem to suggest that C-H stretches that may be from organic impurities. 

Carbonate related bands appeared at 2511, 1795, and 712 cm⁻¹, though their intensity shifts 



 

 

following adsorption seem to point to (F-) induced changes. More displays of carbonate 

alteration may include a peak intensity change at 1487 cm⁻¹ and shifts in associated bands from 

1403 to 1053, then 1068 to 1051, and 875 to 874 cm⁻¹. A shift in the metal-oxygen (which is 

likely to be Ca-O) band from 583 to 568 cm⁻¹ further indicating the effect of adsorption on the 

lattice structure [1, 29]. 

 

 

 

 

Fig. 4 Fourier Transform Infrared Spectroscopy spectra: (a) Before adsorption (b), 

After adsorption 

 

 



 

 

3.2. Optimization of Process Parameters 

3.2.1. Mean S/N values estimation 

L16 orthogonal array was used to maximize the (F-) removal. 16 experimental runs, with 3 

replicates were done to obtain the experimental responses (% average removal and S/N), as 

shown in Table 2. There are 3 categories of formulas to calculate the S/N ratio. Among them, 

‘Larger the better’ was selected, since the goal of the study is (F-) removal.  

The Signal to Noise ܵ/ܰ ratio is calculated using Eq. 3. 

 ௌே =  − 10 ∗ log [(1௡) ∗  ∑ ( 1ோ௜2)]       ……..(3) 

 

Where, ݊ is the number of replicates and 𝑅݅ is the removal percentages for that given 

experimental run. 

 

 

Table 2 Flouride Removal & Corresponding S/N Ratios  

Run Combinations Trial runs avg 
Removal 

% 

S/N 
Values A B C D E R%1 R%2 R%3 

1 1 1 1 1 1 63.32 59.77 65.54 62.88 35.95 

2 1 2 2 2 2 70.79 72.35 71.68 71.61 37.09 

3 1 3 3 3 3 65.58 62.37 64.10 64.02 36.12 

4 1 4 4 4 4 84.53 86.56 87.49 86.19 38.70 

5 2 1 2 3 4 68.64 66.43 65.54 66.87 36.50 

6 2 2 1 4 3 92.08 88.09 90.31 90.16 39.09 

7 2 3 4 1 2 63.61 58.43 95.36 72.47 36.64 

8 2 4 3 2 1 66.98 73.07 69.19 69.75 36.85 

9 3 1 3 4 2 80.62 75.29 78.40 78.10 37.84 

10 3 2 4 3 1 65.92 61.04 70.79 65.92 36.33 

11 3 3 1 2 4 88.49 90.21 90.95 89.89 39.07 

12 3 4 2 1 3 76.03 73.26 71.78 73.69 37.34 

13 4 1 4 2 3 58.00 57.11 56.67 57.26 35.15 

14 4 2 3 1 4 58.38 60.82 60.59 59.93 35.54 



 

 

15 4 3 2 4 1 72.23 69.52 70.75 70.83 37.00 

16 4 4 1 3 2 90.07 89.33 89.52 89.64 39.05 

 

 

3.2.2. Analysis of Mean Method (ANOM) 

ANOM approach was used to optimize the process parameters of the adsorption process. The ܵ/ܰ values from Table 2 were used to calculate the mean ܵ/ܰ value for every factor at every 

level. Equation 3, was used for this purpose. 

௣௜ܯ   = 1௡௣௜  ∗  [ ∑ (ௌே)௣௜ ]     …..(3) 

 

Where, Mpi is the mean ܵ/ܰ ratio for parameter ݌ at the i-th level and ∑ (ܵ/ܰ)݅݌ is the sum 

of ܵ/ܰ value of parameter ݌ at i-th level for all appearances of that parameter-Level 

combination during the 16 runs in Table 1. 

 

From Fig. 5, the value with the highest mean for each parameter was identified as the optimal 

value. A validation test was performed to confirm validity of the predicted combination of 

ANOM. As per the results of ANOM analysis, temperature 30°C, initial (F-) concentration 20 

ppm, dosage 4 g/L, pH 3, and contact time of 60 minutes, was the optimized combination. This 

combination was experimentally verified, giving a removal percentage of 94%. Table 3shows 

the mean of the ܵ/ܰ values and mean of removal percentages, for every appearance of the 

parameter-Level combination. 

 

The mean at Level 1(Fig. 5(C)), pH 3 showed maximum removal efficiency. As the pH 

increased, the removal efficiency and S/N ratios reduced. This is attributed to H⁺ ions 

enhancing surface protonation and neutralizing OH⁻ groups on the adsorbent [21]. This is 

similar to many Hydroxyapatite-like materials like Hydroxyapatite synthesized from marine 

shell waste and Hydroxyapatite-Modified Zeolite [6, 37]. Adsorption capacity rose with 

increased adsorbent dose, owing to a greater number of available sites, until equilibrium was 

reached. Beyond this point, further dosage increases were ineffective due to site overlap and 

competition [32]. The Dose determines the trade-off between removal efficiency and 

adsorption capacity [32].  

 



 

 

 

Table 3 S/N ratio Response Table 

Combination                       Appearance 

1 2 3 4 

A1 35.95 37.09 36.12 38.70 

A2 36.50 39.09 36.64 36.85 

A3 37.84 36.33 39.07 37.34 

A4 35.15 35.54 37.00 39.05 

B1 35.95 36.50 37.84 35.15 

B2 37.09 39.09 36.33 35.54 

B3 36.12 39.07 36.64 37.00 

B4 38.70 36.85 37.34 39.05 

C1 35.95 39.09 39.07 39.05 

C2 37.09 36.50 37.34 37.00 

C3 36.12 36.85 37.84 35.54 

C4 38.70 36.64 36.33 35.15 

D1 35.95 36.64 37.34 35.54 

D2 37.09 36.85 39.07 35.15 

D3 36.12 36.50 36.33 39.05 

D4 38.70 39.09 37.84 37.00 

E1 35.95 36.85 36.33 37.00 

E2 37.09 36.64 37.84 39.05 

E3 36.12 39.09 37.34 35.15 

E4 38.70 36.50 39.07 35.54 

 



 

 

 

 

Fig. 5 Effect of Process Parameters on % removal and S/N ratio for fluoride adsorption 

onto the adsorbent. 

 

3.3. ANOVA Method for Parameter Contribution 

The ANOVA statistical method of analysis of variance was applied to determine the 

contributions of parameters on adsorption of (F-) on the present adsorbent. Equation 5 was 

used to determine the percentage of contribution of the five factors on the adsorbent. 

= ݊݋݅ݐݑܾ݅ݎݐ݊݋ܥ%  ௌௌி௣−((ே−1)∗௏ாோ)ௌௌ் ∗ 100      …..(5) 

 

Where, ܰ is the number of levels for each parameter, ܸܧ𝑅 is the variance of error. ܸܧ𝑅 is estimated by Equation 6 

= 𝑅ܧܸ  ௌௌ்− ∑ ௌௌி௣೛=ಶ೛=ಲ  ௠∗(௡−1)       …..(6) 

 

Where, SSFp is the sum of squares for parameter p, estimated by the Equation 7 

= ݌ܨܵܵ .  (݉ ∗ ௡௅) ∗ ( ∑ (𝑅௞−௣ −  𝑅2(ݐ௞=௅௞=1    )       …..(7) 

 



 

 

 𝑅ݐ = ∑ ((∑ ோ௜೔=೙೔=1  ))ೕ=೘ೕ=1 ௠∗௡        …..(8) 

 ܵܵܶ =  ∑ (∑ 𝑅݅2௜=௡௜=1  )௝=௠௝=1   −  (∑ (∑ 𝑅݅௜=௡௜=1  )௝=௠௝=1  )2
       …..(9) 

 

Where, Rt indicates the cumulative mean of (F-) removal of all 48 runs, m is the total number 

of trials in the for the L16 experiments, ݊ is the number of replicates of each trial (3) and 𝑅݅ is 

the removal percentage of each iteration ݅. 𝑅௞−௣ is the cumulative average percentage of (F-) 

removal for a particular parameter ݌, at a given level k, for all appearances of that parameter-

level combination. ܵܵܶ is the difference between total sum of squares and square of total sum 

for all removal percentages of (F-), at every trial and for every replicate. 

 

The ANOVA summary for the individual contribution of process parameters towards (F-) 

adsorption is given in Fig. 6. The percentage contribution of different process parameters 

obtained from the ANOVA analysis were calculated as; Temperature 5.24%; Initial F 

contribution 16.78%; pH 25.49%; Dose 18.81%; and contact time 11.45%. 

 

 

Fig. 6 Percentage Contribition of Each Process Parameter  

 

 

3.4. Adsorption Isotherms 

Temperature

7%

Initial Concentation

21%
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33%
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24%

Time

15%
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For the purpose of evaluation of the adsorption mechanism and to study the interactions 

between the adsorbate and adsorbent for the (F-) uptake, an equilibrium study was conducted. 

Under the conditions of 30°C with an initial (F-) concentration ranging from 5 to 15 mg/L, at a 

mixing speed of 150 rpm, with pH 3 and an adsorbent dose of 4 g/L and contact time of 60 

minutes. The (F-) removal capacity, and adsorption capacity (qe) are shown in Fig. 7. As 

observed, the removal efficiency decreases and adsorption capacity increases, as the initial (F-

) concentration increases. In Fig. 7, at 5  mg/L, the adsorption capacity was 1.24 mg/g, which 

later increased to 3.64 mg/g at 15 mg/L of (F-) concentration. This is a highlight that 

concentration gradient plays a role in driving (F-) adsorption [25]. This is linked by past studies 

to the greater availability of (F-) ions at higher concentrations, enhancing the interactions with 

active sites [12] Under the optimized conditions (levels temperature 30°C, initial (F-) 

concentration 20 ppm, dosage 4 g/L, pH 3, and contact time of 60 minutes), the adsorption 

capacity reached ~4.8 mg/L. This is better than many adsorbents like Modified Crushed Oyster 

Shells, and less than Bivalve shells (Table 4). 

 

Fitting was done for several isotherm models by linearizing the models and linear regression. 

The Freundlich isotherm model appeared to be the best fit with R2 value of 0.9874. This 

alignment with Freundlich isotherm suggests that the adsorption happens in multilayer, on a 

heterogeneous surface. This aligns with the drastic change observed in Fig. 2. Table 4 gives a 

comparison with various other adsorbents. The present adsorbent aligns with HMCTSP [43]. 

The Freundlich Isotherm constant Kf was estimated to be 0.0147 and n was estimated to be 

0.38. 

 

 

Table 4 Isotherm parameters for adsorption of (F-) onto various sorbents 

Adsorbent Isotherm Model Maximum Capacity 

(mg/g) 

Reference 

Bivalve shells derived Langmuir 27.31 [16] 

Ai-Modified Natural 

Pumice 

Langmuir 0.0399 [2] 

HSMSW Langmuir 19.19 [37] 

Hydroxyapatite-Modified 

Zeolite 

Langmuir 39.38 [6] 



 

 

Hydroxyapatite modified 

Corbula trigona shell 

powder 

Freundlich - [43] 

Carbon supported Ce-Al 

oxides 

Langmuir 31.65 [15] 

Activated carbon derived 

from fish scale 

Freundlich - [25] 

Cellulose/Hydroxyapatite 

Nanocomposite 

Langmuir 23.02 [26] 

Eggshell Powder Langmuir - [5] 

Bone char from cattle 

bones 

Langmuir - [35] 

Laterite soil Langmuir 0.8461 [33] 

Modified Crushed Oyster 

Shells 

Freundlich 1.5 [23] 

SIFHAA Freundlich 2.42 [9] 

Zirconium Impregnated 

Coconut Fiber Carbon 

Langmuir 1.95 [34] 

CMNSCES Langmuir 2.3 [17] 

Chemically and thermally 

treated Cerastoderma 

Edule shell 

Freundlich 4.8 Present adsorbent 

 



 

 

 

Fig. 7 Fluoride Uptake at Varying Initial F Concentration during Isotherm Study 

 

 

Fig. 9 Freundlich Isotherm Plot for Adsorption of Fluoride on The Adsorbent 

 

 

3.5. Adsorption Kinetics 

In order to study the mechanism of adsorption, a study was performed by varying contact times 

from 15 minutes to 90 minutes. The other parameters were set at temperature: 30°C, initial (F-

) concentration: 20mg/L, pH: 3, Dose: 4g/L and contact time: 60 minutes. From Fig. 12, it can 

be observed that upto 60 minutes, the (F-) removal percentage and adsorptive capacity increase, 

and then reach an equilibrium. The further increase in (F-) concentration does not increase 

removal due to less availability of sites [4]. With the occupation of adsorption sites, the sorption 
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rates gradually slow down due to occupation of the energy sites [6]. This is similar to Activated 

carbon derived from fish scale and Ai-Modified Natural Pumice [5, 25]. This equilibrium time 

is better than many adsorbents listed in Table 5. 

 

The (pfo) pseudo-first order and (pso) pseudo-second order kinetic models have been used to 

study the experimental data. The regression value of pso is higher than the pfo, with R2 being 

0.99. pso predicted the capacity at equilibrium to be 4.62 mg/g, which is close to the 

experimental 4.8 mg/g. The pso constant K2 was estimated to be 0.0282. 

 

The present adsorbent appears to align with many shell based adsorbents like Bivalve shells 

derived, Hydroxyapatite modified Corbula trigona shell powder, and Modified Crushed Oyster 

Shells, (Table 5). 

 

 

Table 5 Comparison of Kinetic Parameters with  other Adsorbents 

Adsorbent Equilibrium 

Time (min) 

Kinetic Model Reference 

Bivalve shells derived 85 pso [16] 

Ai-Modified Natural 

Pumice 

60 pso [2] 

HSMSW 540 pso [37] 

Hydroxyapatite-Modified 

Zeolite 

240 pfo [6] 

Hydroxyapatite modified 

Corbula trigona shell 

powder 

175 pso [43] 

Carbon supported Ce-Al 

oxides 

120 pso [15] 

Activated carbon derived 

from fish scale 

60 pso [25] 

Cellulose/Hydroxyapatite 

Nanocomposite 

77 pso [26] 

Eggshell Powder 120 pso [5] 



 

 

Bone char from cattle 

bones 

1440 pso [35] 

Laterite soil - - [33] 

Modified Crushed Oyster 

Shells 

1440 pso [23] 

SIFHAA 240 pso [9] 

Zirconium Impregnated 

Coconut Fiber Carbon 

360 pfo [34] 

CMNSCES - - [17] 

Chemically and thermally 

treated Cerastoderma 

Edule shell 

60 pso Present adsorbent 

 

 

Fig. 11 Pseudo second order plot of the adsorbent 
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Fig. 12 Fluoride Uptake at Varying Contact Time during Kinetic Study 

 

3.6. Adsorption Thermodynamics 

Adsorption Thermodynamics Study was conducted across a range of 10 to 50°C, with initial 

(F-) concentration of 20 mg/L, adsorbent dose of 4 g/L, pH 3, contact time of 60 minutes and 

agitation speed of 150 rpm. Thermodynamic parameters viz. Changes in Gibbs free energy (ܩ߂), enthalpy (ܪ߂) and entropy (ܵ߂) was obtained as follows: ܩ߂ = − ܪ߂  = ܩ߂ (10)..…       ܵ߂ܶ   −𝑅ܶ ݈݊ ܿܭ ݈݊ (11..…       ܿܭ = − 𝑅/ܵ߂   𝑅ܶ       …..(12)/ܪ߂ 

where (݁ܥ/ܽܥ) ܿܭ is the equilibrium sorption constant, ܶ is the temperature in Kelvin, ݁ݍ 

(mg/g) is the equilibrium adsorption capacity, ݁ܥ (mg/L) is the equilibrium concentration of 

the adsorbate and 𝑅 (8.314 J·K⁻¹·mol⁻¹) is universal gas constant. The values of ܪ߂ and ܵ߂ 

were derived from the Van’t Hoff plot, ln ܿܭ versus 1/ܶ (Fig. 13). 

 

As observed in Fig. 14, the values of ܩ߂, which became more negative with rising temperature, 

and hints that (F-) adsorption onto the treated shells is spontaneous and becomes more 

favourable at higher temperatures [10]. This makes the adsorbent perform better in higher 

ambient temperature. Both, ܪ߂ and ܵ߂ are positive, with values being 291.56 j.k-1.mol-1 and 

79.45 j.k-1.mol-1. This shows that the process is endothermic, and needs external energy for 

adsorption, and also causes an increase in randomness or disorder at the solid-solution interface 

during adsorption [10]. Thus, the thermodynamic parameters describe a process which is 
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spontaneous, endothermic and entropy-driven. This behaviour is similar to HSMSW and 

HMCTSP, listed in Table 6 [37, 43]. 

 

The mechanism of adsorption appears to be similar to HSMSW, where the positive entropy 

change and positive enthalpy change with the magnitude greater than 40 j.k-1.mol-1 indicates 

that the adsorption is related to chemisorption, and there is a release of water molecules during 

the substitution of OH on the adsorbent surface with (F-) in acidic conditions [37]. 

 

 

Table 6 Comparison of thermodynamic parameters of the adsorbent with various 

adsorbents 

Adsorbent Nature Reference 

Bivalve shells derived Spontaneous, Exothermic. 

Favoured at lower 

temperatures. 

[16] 

Ai-Modified Natural Pumice Spontaneous, Exothermic. 

Favoured at lower 

temperatures. 

[2] 

HSMSW Spontaneous, Endothermic, 

Entropy-driven. Favoured at 

higher temperatures; 

increased disorder at the 

solid-solution interface. 

[37] 

Hydroxyapatite-Modified 

Zeolite 

- [6] 

HMCTSP Spontaneous, Endothermic, 

Entropy-driven. Favoured at 

higher temperatures; 

increased disorder at the 

solid-solution interface. 

[43] 

Carbon supported Ce-Al 

oxides 

Spontaneous, Endothermic. 

Favoured at higher 

temperatures. 

[15] 



 

 

Activated carbon derived 

from fish scale 

Spontaneous, Exothermic. 

Favoured at lower 

temperatures. 

[25] 

Cellulose/Hydroxyapatite 

Nanocomposite 

Spontaneous, Endothermic, 

Entropy-driven. Favoured at 

higher temperatures. 

[26] 

Eggshell Powder Spontaneous, Exothermic. 

Enthalpy-driven. 

[5] 

Bone char from cattle bones - [35] 

Laterite soil - [33] 

Modified Crushed Oyster 

Shells 

- [23] 

SIFHAA - [9] 

Zirconium Impregnated 

Coconut Fiber Carbon 

Endothermic, spontaneous [34] 

CMNSCES - [17] 

Chemically and thermally 

treated Cerastoderma Edule 

shell 

Spontaneous, Endothermic, 

Entropy-driven. Favours 

higher temperatures. 

Present adsorbent 

 

 

Fig. 13 Van’t Hoff plot 
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Fig. 14 Temperature effect on Gibbs free energy 

 

 

4. Conclusion   
Overall, the study demonstrated that Cerastoderma Edule shell adsorbent is feasible and 

effective for adsorption of the (F-). Under the optimized conditions obtained by ANOM, (pH 

3, dose 4 g/L, contact time 60 minutes, 30°C, initial F concentration 20 mg/L, the adsorption 

capacity was ~94%, with the adsorption capacity of about 4.8 mg/g. The factor contributions 

of process parameters for (F-) adsorption are adsorbent dose (18.81%), initial concentration 

(16.78%), contact time (11.45%), temperature (5.24%) and finally pH (25.49%), suggesting 

that pH plays an important role in adsorption. Through the equilibrium studies, it is revealed 

that Freundlich isotherm is the best fit, which can be linked to multilayer adsorption on a 

heterogeneous surface, which is shown through SEM images. The adsorbent aligns better to 

pseudo-second order kinetic model. The thermodynamic parameters indicate that the sorption 

process is spontaneous, endothermic, and causes an increase in entropy, being favourable at 

higher temperature and releasing water molecules. SEM and EDS showed the structural 

changes, while FTIR indicated that the surface itself is similar after adsorption. 

 

Thus, the chemically and thermal treated Cerastoderma Edule shell proved to be an adsorbent 

with good potential for the purpose of (F-) removal, being environmentally friendly, low cost 

and granting a pathway for waste to resource conversion. 
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