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Abstract: Fluoride contamination in water has emerged as a significant global concern due to its adverse health effects

when consumed in excess. This study is focused on developing an eco-friendly, cost-effective adsorbent for fluoride

removal using eggshells and kaolin. Adsorbent blends were prepared by mixing kaolin and eggshell powder in six different

ratios, namely; 100:0, 80:20, 65:35, 50:50, 35:65, and 20:80. Cylindrical-shaped pellets were produced from each of the

blends and subjected to the thermal treatment at 950 ◦C. Fluoride adsorption capacities of the pellets were investigated

at different pH conditions (from pH 2 to pH 10) for a 5 mg/L fluoride solution with 1 g of adsorbent dosage and 60

min of contact time. Pellets with a 50:50 ratio (CKE3) were found to be the most effective adsorbent considering the

adsorption capacity and stability at all the studied pH conditions. At pH 6, CKE3 showed an adsorption capacity of 0.06

mg/g compared to 0.02 mg/g of kaolin-only pellets. XRD, TGA-DSC, EDX and SEM analysis were used to characterize

the adsorbent. XRD analysis showed that the raw adsorbent contained phases of CaCO3 and kaolinite, whereas the calcined

material comprised Ca(OH)2 and metakaolinite. Batch experiments were carried out with CKE3 for adsorbent dosage, pH,

contact time, and initial fluoride concentration. An adsorbent dosage of 4 g was capable of resulting in a 53% removal of

fluoride for a 5 mg/L solution after 60 min of contact time. Pseudo-first-order and pseudo-second-order kinetic models

were applied in the study, and pseudo-second-order exhibited the best fit. The isotherm data were studied for Langmuir

and Freundlich models, and the results were satisfactorily fitted with Langmuir isotherm.
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1. Introduction

Fluoride is one of the most significant chemicals in water because of its impact on human health. Just like a double-

edged sword, fluoride has beneficial effects on teeth at low concentrations and, in turn, causes detrimental health effects

such as fluorosis when consumed at excessive levels. Human exposure to fluorides can occur through drinking water,

dental products, food, beverages and fluoride-contaminated air due to cases such as coal burning, production of phosphate

fertilizers, and volcanic activity. However, drinking water is the largest and most prominent route of fluoride exposure, and

it is responsible for about 75% of daily fluoride intake1.

Natural sources are the primary cause of fluoride contamination in drinking water, and some anthropogenic activities

may also contribute a considerable proportion2. Geogenic processes including weathering, dissolution, and pedogenic
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processes associated with fluoride-bearing minerals and fluoride-rich soils are the major natural causes of the leaching

of fluorides into groundwater3,4. Volcanic eruptions and marine aerosols are the other two potential natural sources of

fluoride contamination5. Industrial activities such as the steel industry, ceramics industry, phosphate fertilizer processing,

aluminium industry, combustion of coal, non-ferrous metal foundries and agricultural activities such as phosphate fertilizer

application (superphosphate, potash, and NPK fertilizer) and pesticides application are possible anthropogenic sources of

fluoride contamination in drinking water6,7.

The spatial distribution of fluoride in groundwater is mainly encountered by the underlying geology around the world

other than hydrological and anthropogenic factors. Elevated fluoride concentrations are reported globally in more than 25

countries, including those mainly in Asia, Africa, North America, Latin America, and Europe2. More than 200 million

people worldwide depend on consuming water contaminated with high fluoride levels, and the majority are reported from

Asia and Africa4.

Consumption of low fluoride concentrations between 0.5 mg/L to 1.0 mg/L is beneficial for preventing dental caries8.

World Health Organization (WHO) has set a guideline value of 1.5 mg/L for fluorides in drinking water. However, excessive

exposure may lead to fluorosis, which is a condition caused by irreversible demineralization of tooth tissues and bones.

Depending on the dose and duration of exposure, this can range from mild dental fluorosis to crippling skeletal fluorosis9.

Various techniques are used for de-fluoridation such as coagulation/precipitation methods, membrane processes,

ion-exchange processes and adsorption processes. Adsorption is the widely used process amongst all the other methods for

defluoridation of water because of its cost-effectiveness, ease of operation, high removal capacities and sustainable usage.

A variety of adsorbents has been studied in previous studies including alumina and aluminium-based adsorbents, clays

and clay minerals, carbon-based adsorbents, calcium-based adsorbents, layered double hydroxides, natural materials (i.e.,

chitosan, zeolite, chitin, algae, collagen), building material/industrial waste adsorbents, agricultural and biomass-based

adsorbents, and nano-sorbents10–13. The latest studies have been focused on developing adsorbents by integrating two

or more adsorbent materials to enhance the adsorption efficiencies14–16. Activation of materials by acid treatment17,18,

thermal treatment19 and mechanochemical treatment20 are applied in the process of adsorbent material development. In

addition, some materials such as clays and biomass-based materials have been chemically modified in order to enhance

adsorption capacities16,21–25. The use of natural materials as adsorbents has been a novel practice for fluoride removal in

water because of their salient features such as sustainability, lack of interferences and cost-effectiveness. In this study, a

kaolin and eggshell powder blend was developed as the adsorbent material for fluoride removal in water.

Kaolin is a clay material which contains kaolinite [Al2Si2O5(OH)4] mineral as the major constitute and some other

minerals such as illite and quartz in minor percentages26,27. The chemical composition of kaolin is mainly composed of SiO2

and Al2O3
28. Moreover, components such as Fe2O3, CaO, MgO, TiO2, and K2O could be found in minor percentages26,27.

Clays are considered to be effective adsorbents due to the properties they possess such as higher surface area, molecular

sieve structure, ion exchange potential, chemical and mechanical stability and various structural properties. Also positively

charged surface of clay minerals makes themmore affinitive to negatively charged ions12. Kaolin consists of aluminium and

silica which are major constituents in many adsorbents used in previous studies which have shown significant adsorption

capacities14,15,17,22,29,30. Moreover, kaolin contains hydroxide ions which are capable of ion exchange with fluoride ions27.

In literature, several studies on kaolin are available which have shown the potential of using kaolin as an adsorbent for

defluoridation of water18,20,27.

The eggshell is the solid protective cover of the egg which consists of three layers namely; Cuticle (outermost

layer), Testa (Calcium carbonate middle layer) and Mammillary layer (innermost layer). These layers are formed with

numerous pores in a manner to facilitates water transpiration and air exchange in the shell31. An eggshell consists of about

94% of calcium carbonate, 1% calcium phosphate, 1% of magnesium carbonate, and 4% of organic components32. The

presence of many pores and calcium as the main constituents makes eggshells promising for fluoride removal in potable

water19,32. Eggshell powder has been studied for fluoride removal in some studies and has shown effective adsorption

capacities33–35. Furthermore, eggshell powder has been incorporated with other potential adsorbents and studied for

fluoride removal15,36,37.
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However, the capability of a kaolin and eggshell powder blend adsorbent for fluoride removal in water has not been

studied so far. Hence, this study is focused on developing an adsorbent incorporating these two materials into calcined

pellets. Calcination may enhance the adsorption capacity of eggshell powder19 and optimize the usability of kaolin28.

In most of the studies, adsorption studies are carried out with the powdered form of the adsorbent. However, the use

of powdered adsorbent may cause plenty of inconveniences such as filtration issues when it comes to practical scenarios.

Also in column studies, powders may cause high pressure drop, column blockage and low flow rate28. Therefore, in this

study, the adsorbent was formulated in pellet form, and investigations were conducted on fluoride removal efficiency,

kinetics, and isotherms.

2. Materials and methods

2.1 Materials and chemicals

White chicken eggshells were obtained from local cafeterias. Kaolin powder was obtained from the Meetiyagoda

kaolin refinery in Sri Lanka. Sodium Fluoride (Fisher Scientific, assay—99%), SPANDS-Sodium2-(parasulfophenylazo)-

1,8-dihydroxy-3,6-naphthalene disulfonate (HACH, assay—99.9%) and Zirconyl Chloride Octahydrate (Sigma-Aldrich,

assay—98%) were obtained in reagent grade.

2.2 Eggshell powder and kaolin powder blend preparation

White chicken eggshells were cleaned thoroughly several times with water to remove any contaminants. The inner

membranes of the shells were peeled off and washed with distilled water. Cleaned shells were air-dried and then oven-dried

at 105 ◦C for 24 h. The dried shells were cooled down in a desiccator. They were ground to a fine powder and then sieved

through a 250 µm sieve.

The kaolin powder was oven-dried at 105 ◦C until a constant weight was achieved. After cooling, the dried kaolin

was sieved through a 250 µm sieve. Eggshell powder and kaolin powder were weighed separately to create mixtures in six

different ratios: 100:0, 80:20, 65:35, 50:50, 35:65, and 20:80. Pellets were then prepared from each set of blends. These

prepared pellets were oven-dried at 105 ◦C for 2 h to remove moisture, followed by calcination at 950 ◦C for 4 h (Table 1).

Table 1. Adsorbent blends and the kaolin eggshell percentages

Adsorbent
Kaolin and Eggshell Powder Percentage
Kaolin % Eggshell Powder %

Blank 100 -
CKE1 80 20
CKE2 65 35
CKE3 50 50
CKE4 35 65
CKE5 20 80

2.3 Adsorbent characterization

The mineralogical characterizations of raw sample (RKE3), calicined sample (CKE3) and kaolin-only blank were done

using X-ray diffraction (XRD; Rigaku Ultima IV), in the 2 theta angle range of 5◦ to 80◦. Thermo gravimetric analysis

(TGA) with differential scanning calorimetry (DSC) was performed for raw sample (RKE3) using thermogravimetric

analyzer (TA-SDT 65). Surface morphology of CKE3, RKE3 and fluoride adsorbed material (ACKE3) was investigated

using Scanning ElectronMicroscope (SEM, CARLZEISS EVO 18), while composition was examined by Energy Dispersive

X-ray Spectroscopy (EDX).
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2.4 Optimization of kaolin-eggshell composite

A stock fluoride solution of 100 mg/L was prepared using anhydrous sodium fluoride (NaF). A solution of 5 mg/L

NaF was prepared by diluting the 100 mg/L stock solution.

Each of the blends was analyzed for fluoride adsorption capacity keeping the adsorbent dose (1 g), contact time (1 h),

initial fluoride concentration (5 mg/L) and pH constant (5.7). Experiments were done in 250 mL glass conical flasks using

50 mL portions of 5 mg/L fluoride solution. Fluoride concentrations of the initial and final solutions were analyzed by

APHA SPADNS Method38. Dilutions were made whenever needed.

Adsorption capacity was calculated using Equation (1).

Adsorption Capacity (q) =
(Co −Ct)

W
×V (1)

where q is the amount of F− adsorbed per unit gram of the adsorbent t (mg/g), Co is the initial fluoride concentration

(mg/L), Ct is the fluoride concentration at time t (mg/L), V is the volume of fluoride solution (L) and W is the mass of

adsorbent.

Then; CKE1, CKE2, CKE3 and CKE4 pellets were studied for adsorption capacity and stability at different pH

conditions (2, 4, 6, 8, 10) keeping the adsorbent dose (1 g), contact time (1 h) and initial fluoride concentration (5 mg/L)

constant. HCl and NaOH (0.1 N) solutions were used to adjust the pH and were measured using a calibrated pH meter

(Apera PH 9500). Pellets having the 50:50 kaolin and eggshell ratio (CKE3) were found to be the best material concerning

the adsorption capacity and stability of the pellets at all pH conditions tested.

2.5 Adsorption studies

Adsorption studies were carried out with CKE3 for contact time, adsorbent dose, pH, and initial concentration. All

experiments were done in 250 mL glass conical flasks and using 50 mL portions of 5 mg/L fluoride solution. The percent

removal and adsorption capacity were calculated.

Percent removal of fluoride was calculated using the Equation (2)

% Fluoride removal =
(Co −C f )

Co
×100 (2)

where Co and Cf are the initial fluoride concentration (mg/L) and final fluoride concentration (mg/L).

2.6 Kinetic studies

Kinetic study was carried out in 20 min time intervals of up to 2 h keeping dose (1 g), fluoride concentration (5 mg/L)

and pH (5.7) constant at room temperature. The experiments were done in 250 mL conical flasks with 50 mL of F− solution

and conducted in triplicate. Pseudo-first-order and pseudo-second-order kinetic models were applied.

2.7 Isotherm studies

For isotherm studies, 50 mL portions of fluoride solutions with varying concentrations (1 mg/L, 2 mg/L, 3 mg/L, 4

mg/L and 5 mg/L) were analyzed keeping the adsorbent dosage (1 g), contact time (60 min) and pH (5.7) constant at room

temperature. Experiments were triplicated. Langmuir model and Freundlich models were applied.

2.8 Quality analysis of the CKE3-treated water sample

A 5 mg/L fluoride solution which was treated with 1 g of adsorbent for 1 h was analyzed for total hardness and

Calcium content. APHA 2340 C method 100 was used for total hardness determination and a flame atomic photometer

Universal Journal of Green Chemistry 278 | Gayan Senarathna, et al.



(Jenway PFP7) was used for Calcium concentration analysis. Mitigation actions were taken to lower the residual calcium

ion concentration by using pre-washed pellets for adsorption studies.

3. Results and discussion

3.1 Adsorbent characterization

Cylindrical-shaped adsorbent pellets were developed in this study. The calcined pellets were white in colour and a

single pellet had an average weight, length and diameter of about 0.01 g, 3 mm and 1.5 mm respectively (Figure 1).

Figure 1. Images of (a) Raw pellets and (b) Calcined pellets

The XRD spectra of RKE3 and CKE3 are illustrated in Figures 2 and 3 respectively. The peaks in the RKE3 spectrum

at 2-θ values of 23.076, 29.467, 36.00, 39.462, 43.243, 47.202, 47.572, 48.561, 56.65, 57.466, 60.99, 64.46, 65.701,

and 72.99 corresponded to calcite (S1, Supplementary Information). Since CaCO3 (Calcite) is the major component

of eggshells, these results confirm that the adsorbent contained eggshell powder39. The peaks at 2-θ values of 18.01,

29.15, 34.15, 47.20, 50.84, and 54.28 in CKE3 were aligned with portlandite (Ca(OH)2) (S2, Supplementary Information).

Therefore, it indicates that calcium carbonate present in RKE3 has been decomposed into calcium oxide (CaO) evolving

CO2 in the process of calcination at 950
◦C. However, calcium oxide has been converted to calcium hydroxide due to

exposure to moisture in the atmosphere40. The removal of amorphous organic components during calcination and phase

transformation of calcite to portlandite enhance the overall crystallinity of the remaining material. Similar XRD results

have been observed for eggshell powder in previous studies19,39,40.

Furthermore, XRD peaks of RKE3 observed at 2θ = 12.409, 20.42, 24.888, 26.64, 35.25, 38.46 corresponded to

crystalline mineral phases of kaolin clay41–43. This confirms that adsorbent was also composed of kaolin in addition to

eggshells. Peaks of kaolinite were observed at 2θ = 12.409, 20.42 and 24.888, while a quartz peak was observed at 2θ =

26.6441,42. Therefore, it is clear that kaolinite is the major mineral phase of raw kaolin, while quartz has a minor presence.

Peaks observed in CKE3 at 2θ = 28.030 and 37.02 were attributed to calcined kaolin
44. However, in CKE3, kaolinite

characteristic peaks were found to be decreased when compared to that of raw kaolin. This shows that, due to thermal

treatment, crystalline kaolinite has been transformed into an amorphous phase known as metakaolinite26.
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The XRD patterns of the blank sample which consisted only of calcined kaolin, showed more of an amorphous

structure as shown in Figure 4. Only two distinct peaks were observed at 2θ = 26.729 and 45.9. This reflects that, kaolinite

in kaolin has been converted into amorphous metakaolinite after calcination45. However, when comparing the XRD

patterns of blank and CKE3, it is very evident that the inclusion of eggshell powder has significantly raised the degree of

crystallinity in the adsorbent.

Figure 2. X-ray diffraction patterns of raw eggshell and kaolin-RKE3

Figure 3. X-ray diffraction patterns of calcined eggshell and kaolin-CKE3
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Figure 4. X-ray diffraction patterns of calcined kaolin-only blank

The TGAand DSC curves of the RKE3 sample in the range of 26
◦C to 900 ◦C are shown in Figure 5. The TGApattern

of RKE3 showed three distinct stages of weight loss. The first region was a decreasing plateau from room temperature

to 450 ◦C which gave an overall weight loss of about 5%. This was attributed to moisture and organic matter weight

loss. From room temperature to 250 ◦C, the weight loss was due to the removal of moisture and surface-adsorbed water

molecules33. The next weight loss was about 5%, which took place between 450 ◦C to 650 ◦C. This mass loss could be due

to the dehydroxylation of kaolinite in kaolin to form metakaolinite46. The dehydroxylation process could have continued

up to 750 ◦C26. Between 500 ◦C and 750 ◦C, kaolinite loses its crystallographic order, as evidenced by the absence of

Bragg scattering when heated above these temperatures46. This transformation of kaolinite to amorphous metakaolinite by

calcination was also confirmed by the XRD results.

2Al2Si2O5(OH)4 2Al2Si2O7 +4H2O
∆−−−−→

Kaolinite Metakaolinte
(3)

In the third stage of the thermogram, a rapid weight loss of about 20% was observed from 650 ◦C to 750 ◦C. This is

due to the emission of CO2, resulting from the decomposition of CaCO3 into CaO in eggshell powder19. This was also

indicated by the structural changes in the XRD results. At 750 ◦C, a total weight loss of 31.41% was observed in the

sample, where most of the weight loss had taken place after 650 ◦C. After 800 ◦C, the weight loss was almost constant,

which depicts that the thermal decomposition of CaCO3 was completed
32.

CaCO3(s)
∆−−−−→CaO(s)+CO2(g) (4)

Moreover, DSC analysis indicated an endothermic peak with a minimum at 740 ◦C which attributed to thermal

decomposition CaCO3
32.
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Figure 5. TGA-DSC analysis patterns of RKE3 as a function of temperature

The EDX spectra of the raw adsorbent (RKE3) is given S3 (Supplementary Material). The spectra illustrate the

presence of elements: Carbon, Oxygen, Calcium, Aluminum and Silicon with weight percentages of 5.10%, 62.31%,

2.16%, 16.48, and 13.96% respectively. This confirms that adsorbent material consisted of kaolin, which is composed of

SiO2 and Al2O3 as main constituents and eggshell which is mainly composed of CaCO3.

The surface morphologies of the raw adsorbent (RKE3), calcined adsorbent (CKE3) and fluoride adsorbed adsorbent

(ACKE3) obtained from SEM are given in S4 (Supplementary Material). The raw kaolin-eggshell (RKE3) surface has a

porous, irregular structure with evident micropores. Pores with diameters of less than 1 µm are observed in RKE3. In order

to facilitate the passage of gases from the inner to the outer side of the eggshell, eggshells naturally contain hollow pores

that are created between the crystalline calcite crystals47. After the thermal treatment at 950 ◦C, larger heterogeneous

pores and cavities are observed in CKE3. This might be due to the release of CO2 gas with the conversion of CaCO3

to CaO during calcination. In CKE3 more pores are visible with larger diameters between 1–5 µm. Also, the surface

texture has changed comparatively to a regular appearance. Kaolin has a layered structure and layer stripping occurs at

higher temperatures46. It is clearly observed that micro-cracks are present in CKE3 because of calcination. The large

heterogeneous pores and cavities provide a higher surface area for fluoride adsorption.

The fluoride-adsorbed kaolin-eggshell (ACKE3) surface illustrates a regular, adhesive appearance as shown in S3

(Supplementary Material). The number of pores has decreased compared to that of CKE3. This shows that fluoride

adsorption has affected the orientation of the adsorbent particles. Bhaumik et al. and Jae-In Lee et al. have reported similar

observations in studies done with eggshell powder19,34.

3.2 Optimization of kaolin-eggshell composite

All six types of adsorbent pellets were studied for their fluoride adsorption capacity and material stability. It was

observed that the adsorption capacity of the materials was increasing with the increasing percentage of eggshell powder in

their composition. Several research studies have been conducted on the removal of fluoride from water, utilizing either

eggshell powder or kaolin18,20,34,35. However, the use of an integrated material of these two is not available in the literature.

The results are clearly expressing that the eggshell powder is the key contributor to adsorption capacity. It also complies

with the previous studies of water de-fluoridation, as studies on eggshell powder studies have reported higher adsorption

capacities when compared to studies on kaolin.

CKE5 was omitted for further selection studies since they were unstable and dissolved in water. So, in order to

select the best out of CKE1, CKE2, CKE3 and CKE4, stability and adsorption capacity were evaluated at different pH

conditions. The variation of adsorption capacities at different pH conditions are shown in Figure 6. CKE4 demonstrated
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higher adsorption capacities across all pH conditions, likely due to its higher percentage of eggshell powder. But, at pH 8

and pH 10, CKE4 was observed to be unstable. Also, there was a considerable variation in the adsorption capacity of the

CKE4 pellets with varying pH when compared to other three. The percentage variation between the highest and lowest

adsorption capacities was 38% for CKE4, compared to 30% for CKE3. Both CKE2 and CKE1 have shown lower adsorption

capacities. Therefore, considering the stability and adsorption capacity of the pellets at different pH conditions, CKE3 was

chosen as the best adsorbent. Further studies were carried out with CKE3.

Figure 6. Comparison of the adsorption capacities of CKE1, CKE2, CKE3 and CKE4 at different pH conditions

3.3 Adsorption studies

3.3.1Effect of contact time

The effect of contact time on fluoride adsorption for CKE3 was evaluated with a concentration of 5 mg/L and an

adsorbent dose of 1 g for a time period of 2 h. The graph of percent removal versus contact time is shown in Figure 7.

The percent removal of fluoride was increased up to 22.2% in the first 60 min at a rapid rate and then slowed down to

achieve an equilibrium in 100 min with a percent removal of 25.6%. The residual fluoride concentration after 60 min was

3.9 mg/L, and the minimum was reported to be 3.7 mg/L after 100 min. The rapid rate of adsorption in the initial phase is

because of the higher availability of active binding sites on the surface of the adsorbent34. The adsorption rate gradually

slowed down due to the less availability of the active sites, lower fluoride concentration and repulsion of adsorbed fluoride

ions onto the adsorbent surface36,48. This reduction of adsorption sites might also indicate the formation of a monolayer of

fluoride ions on the external surface of the adsorbent27,35.

3.3.2Effect of adsorbent dose

The effect of CKE3 dose on fluoride adsorption was studied varying the mass from 0.5 g to 4.0 g. Figure 8 illustrates

how the percent removal of fluorides varied with the increasing CKE3 adsorbent dose. The removal percentage of fluoride

increased with the increasing CKE3 dose starting at a low percent removal of 13% at an adsorbent dose of 0.5 g. Maximum

percent removal in the studied conditions was indicated as 53% at an adsorbent dose of 4.0 g. The percent removal of

fluoride increases with the increasing adsorbent dose due to the increase of adsorbent surface area and availability of more

active sites30. Similar trends are observed in the previous studies on fluoride removal by kaolinite49 and eggshells33.
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Figure 7. Effect of contact time on % removal of fluorides

Figure 8. Effect of CKE3 dose on % removal of fluorides

3.3.3Effect of pH

The chemical and electrostatic interactions between the adsorbent surface and the fluoride ion and the availability of

active sites on the adsorbent might be affected by the pH of the solution in fluoride adsorption50. As shown in Figure 6,

there was no significant variation in adsorption capacity across the different pH levels, indicating that CKE3 is an effective

adsorbent under all the pH conditions tested. This may be due to the composite nature of the material, which consists of

several phases containing calcium, alumina and silica. Slight higher adsorption capacities at lower pH show that higher

H+ concentration causes the adsorbent surface to be positively charged and hence favours the adsorption of negatively

charged fluoride ions30. Similar results were observed in separate studies which have used calcined eggshell powder19

and calcined kaolin28. From pH 8 onwards adsorption capacity showed a gradual decrease with the increasing pH. This

may happen due to the increased OH− ion concentration as they compete with fluoride ions for adsorption sites on the

adsorbent surface28. Another aspect is that; at higher pH, the adsorbent surface becomes negatively charged due to higher

OH− ions resulting in the increased repulsive forces between fluoride and hydroxide ions19. Similar results are observed

in many studies which have used kaolin and eggshell powder in the literature15,19,20,27,44.
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3.3.4Effect of initial concentration

The adsorption capacity increased with the increasing initial concentration as shown in Figure 9. The adsorption

capacity of 0.06 mg/g shown at 5 mg/L was increased up to 0.71 mg/g at an initial concentration of 100 mg/L. This is

because of the fact that the number of collisions between fluoride ions and the adsorbent functional groups also increases

with the increase of initial fluoride concentration12. Also, the increasing concentration gradient may create the necessary

driving force to overcome the resistance of the mass transfer of fluoride between aqueous and solid phases which leads to

an increased adsorption34. Similar results have been reported in studies of fluoride removal by eggshells34,36, kaolin27,

and also carbon nanotubes51.

Figure 9. Effect of initial concentration on adsorption capacity for fluoride

3.4 Kinetic studies

The kinetic studies were carried out in order to investigate the kinetic mechanism that controls the adsorption process

of CKE3 using pseudo-first-order and pseudo-second-order models.

The pseudo-first-order kinetic model equation30;

log(qe −qt) = logqe − k1

2.303
t (5)

where qe and qt are the amounts of fluoride adsorbed at equilibrium and at time t, in mg/g and k1 is the first-order rate

constant (min−1).

The plot of “log (qe − qt )” versus “t” was constructed using the experimental data as shown in Figure 10. The
pseudo-first-order rate constant (k1) and the equilibrium adsorption capacity (qe) were determined respectively from the

slope and the intercept of the plot.

The pseudo-second-order kinetic model equation30;

t
qt

=
1

k2q2
e
+

1
qe

t (6)

where qe is the equilibrium adsorption capacity for pseudo-second-order adsorption in mg/g and k2 is the pseudo-second-

order constant (g/mg/min).

The plot of “t/qt” versus “t” was constructed using the experimental data, as shown in Figure 11. The pseudo-second-
order rate constant (k2) and the equilibrium adsorption capacity (qe) were determined respectively from the intercept and
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the slope of the plot. The calculated parameters of the pseudo-first order and pseudo-second order models are presented in

Table 2.

Figure 10. Pseudo-first-order kinetics

Figure 11. Pseudo-second-order kinetics

Table 2. Kinetic parameters for adsorption of fluoride onto CKE3

First-Order Kinetic Model Second-Order Kinetic Model

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg/min) R2

0.084 0.0405 0.928 0.078 0.524 0.997

Pseudo-second-order showed a higher linearity with a correlation coefficient (R2) of 0.997 when compared to that of

pseudo-first-order’s 0.928. Also, the equilibrium adsorption capacity (qe) calculated from the pseudo-second-order model

is more close to the experimental qe than the calculated qe from the pseudo-first-order. Therefore pseudo-second-order

model is considered to be more fitted for the fluoride adsorption of CKE3. This suggests that the adsorption process of
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fluoride onto CKE3 could be chemisorption
34. This is in agreement with many previous fluoride removal studies done

using eggshell powder19,33,34 and kaolin44,49.

3.5 Isotherm studies

The isotherm studies were conducted in order to understand and interpret the adsorption mechanism of fluorides onto

CKE3 adsorbent. Langmuir and Freundlich isotherms were used in this study to evaluate the mechanism. The Langmuir

isotherm explains the surface coverage by maintaining a balance between the relative rates of adsorption and desorption

(dynamic equilibrium) while the Freundlich isotherm expresses the surface heterogeneity and the exponential distribution

of active sites and their energies41.

The linearized Langmuir isotherm30;

1
qe

=
1

qmKLCe
+

1
qm

(7)

where qe (mg/g) is the equilibrium adsorption capacity, qm (mg/g) is the maximum adsorption capacity to form a complete

monolayer on the surface, KL (L/mg) is an adsorption equilibrium constant related to the affinity of the binding sites and

energy of adsorption, and Ce (mg/L) is the equilibrium fluoride concentration of the solution.

The plot of “1/qe” versus “1/Ce” was constructed using the experimental data as shown in Figure 12. Maximum

adsorption capacity (qm) and Langmuir constant KL were determined from the intercept and the slope of the plot.

Figure 12. Langmuir isotherm for fluoride adsorption onto CKE3

The linearized Freundlich isotherm30;

logqe = logKF +

(
1
n

)
logCe (8)

where qe (mg/g) is the equilibrium adsorption capacity, Ce (mg/L) is the equilibrium fluoride concentration of the solution,

KF (mg/g)(mg/L)
n or (mg/g (L/mg)1/n) is a constant (Freundlich coefficient) indicative of adsorption capacity, and the

dimensionless constant 1/n indicates the intensity of the adsorption or surface heterogeneity.

The plot of “log qe” versus “log Ce” was constructed using the experimental data as shown in Figure 13. Freundlich

constants KF and n were determined from the intercept and the slope of the plot.

Table 3 shows the calculated parameters for Langmuir and Freundlich isotherms.
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Figure 13. Freundlich isotherm for fluoride adsorption onto CKE3

Table 3. Isotherm parameters for adsorption of fluoride onto CKE3

Langmuir Model Freundlich Model

qmax (mg/g) KL (L/mg) R2 KF 1/n n R2

0.083 0.1500 0.904 0.0103 0.9065 1.10 0.785

The correlation coefficient (R2) of Langmuir isotherm was 0.904, which is larger than R2 of Freundlich isotherm (R2

= 0.785). Therefore, Langmuir isotherm comparatively shows the best fitness for the adsorption mechanism of fluoride

onto CKE3. This suggests that the adsorption process is characterized by monolayer adsorption
12. Similar results were

shown in fluoride removal studies which were done using Eggshell powder34, Thermally treated eggshells19, alumina-

supported eggshell composite15, Eggshell powder/chitosan nanofibers36 and calcined kaolin/hydroxyapatite powders28.

The maximum monolayer adsorption capacity was found to be 0.083 mg/g and the adsorption equilibrium constant (KL)

was 0.15 L/mg.

In the Freundlich isotherm model, 1/n is a function of the strength of adsorption during the adsorption process19. In

particular, sorption data correlation has made extensive use of the linear least-squares method and linearly transformed

equations, where 1/n is a heterogeneity parameter and the smaller 1/n, the higher the expected heterogeneity. When 1/n = 1,

this expression reduces to a linear adsorption isotherm. A favourable sorption process is indicated if n is between one and

ten40. In this study, the value of n was between 1 and 10 and 1/n was less than 1. Therefore, the adsorption process can be

classified as favourable and the value of 1/n being close to 1 depicts a lower heterogeneity which suggests the better fitness

for monolayer adsorption.

Therefore, considering the results of kinetics and isotherm studies, the mechanism of fluoride adsorption likely

involves chemisorption, forming a monolayer on the adsorbent’s surface through either surface complexation or ion

exchange, with the adsorption being limited to the availability of active sites. At low concentrations fluoride is mainly

removed by surface adsorption via electrostatic interactions, while at higher concentrations surface precipitation as CaF2 is

prominent52. Electrostatic interactions may have formed with active sites in both kaolinite and eggshell powder (see Table

4).
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Table 4. Comparison of fluoride adsorption capacity with other reported low-cost-adsorbents

Material qmax (mg/g) Reference

Kaolin clay 0.070 53

Eggshell powder 0.052 33

Kaolin-bentonite composites adsorbents 0.047 48

Kaolin-bentonite composite 0.035 48

Calcined kaolin and eggshell powder composite 0.083 Present Study

In this study, a maximum adsorption capacity of 0.083 mg/L was observed, which demonstrates a promising potential

compared to individual studies using eggshell powder and kaolin. Therefore, composite of eggshell and kaolin exhibits

significant efficacy in fluoride removal from water. Furthermore, the formation of pellets enhances the practicality of its

application.

3.6 Quality analysis of the CKE3 treated water sample and mitigation actions for lowering the

calcium ion interference

Water samples treated with 1 g of CKE3 for one hour were analyzed for residual Calcium content and total hardness.

The total hardness of the CKE3-treated water sample was 264 mg/L, while Calcium ion content was 196 mg/L. Pellets

were washed with distilled water, dried and tested for fluoride removal. Likewise, one-time-washed pellets (OCKE3) and

two-time-washed pellets (TCKE3) were analyzed for adsorption capacity under the same conditions used for CKE3. The

adsorption capacities were 0.051 mg/g and 0.049 mg/g respectively for OCKE3 and TCKE3 (see Table 5).

Table 5. Calcium and total hardness levels of treated water

Adsorbent Calcium Content as Ca (mg/L) Total Hardness as CaCO3 (mg/L)

CKE3 196 264
OCKE3 48 72
TCKE3 24 60

*OCKE3—One-time-washed pellets, TCKE3—Two-time-washed pellets

From the results of this study, it is observed that the use of distilled water-washed pellets has significantly reduced the

residual calcium content in the treated water and they are also under the stipulated levels. Also, the adsorbent capacity has

not changed drastically. Therefore, OCKE3 can be used for adsorption instead of CKE3 to get the treated samples with

lower calcium levels.

4. Conclusions

The results of this study showed that kaolin and eggshell blend is a potential adsorbent material for fluoride removal.

The thermal treatment at 950 ◦C transformed kaolinite into metakaolinite, enhancing the stability of kaolin and rendering

it suitable for pellet formation. The calcined kaolin pellets showed improved stability in water and the impregnation

of eggshell powder enhanced the adsorption capacity of the adsorbent. Pseudo-second-order kinetic model and the

Langmuir isotherm demonstrated greater suitability in explaining fluoride adsorption onto CKE3 with a qmax of 0.083

mg/L. In conclusion, CKE3 is a promising eco-friendly, low-cost adsorbent for the removal of fluoride from groundwater.

Furthermore, this approach of development of the adsorbent as pellets is showcased by its simplicity and ease of application,

rendering it highly suitable for practical utilization.
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