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A B S T R A C T   

The present study describes the synthesis and characterization of a hydroxyapatite (HAp)-based adsorbent 
derived from biogenic cockle (Anadara granosa) shells for the defluoridation of drinking water. The raw cockle 
shells and synthesized HAp were characterized by X-ray fluorescence spectroscopy (XRF), attenuated total 
reflection-Fourier transform infrared (ATR-FTIR), X-ray diffraction (XRD), Field emission scanning electron 
microscopes-energy dispersive X-ray (FESEM-EDX) and Brunauer-Emmett-Teller (BET) surface area analysis. As 
demonstrated by FTIR, cockle shells were found to be composed of calcium carbonate (97.4%), an aragonite 
polymorphous type of carbonate mineral. XRD and SEM analysis supported the formation of a nanocrystalline 
HAp with an average crystal size of 19.08 nm and 57.1 nm, respectively, with a surface area of 105.8 m2/g and a 
pore size of 5.6 nm, as depicted by BET. Batch adsorption experiments were conducted using the Box-Behnken 
design (BBD) with five input parameters: adsorbent dose (2–10 g/L), initial fluoride concentration (10–80 mg/L), 
contact time (0.5–24 h), reaction temperature (303–333 K), and pH. (3–11). BBD revealed the following opti
mum conditions: adsorbent dose (6 g/L), initial fluoride concentration (45 mg/L), contact period 12.25 h, re
action temperature (303 K), and pH 3. Experimentally, the adsorption of fluoride on HAp fitted well with the 
non-linear Langmuir isotherm and linear pseudo-second order kinetics, signifying the chemisorption process. A 
maximum adsorption capacity (qm) of 15.374 mg/g, which is closer to the experimental value of 14.053 mg/g, 
was presented by the Langmuir isotherm. Thermodynamically, the adsorption process was spontaneous, endo
thermic, and stable in nature. The defluoridation mechanism was through electrostatic attraction, ion exchange, 
hydrogen bonding, and precipitation. Furthermore, the synthesized HAp and bone char were used to examine 
their efficacy in defluoridating field water: HAp performed better at natural pH, where the treated water met 
WHO and TBS standards, whereas bone char had insufficient fluoride removal, especially at high fluoride levels. 
As a result, this study suggests that HAp derived from Anadara granosa shells could be a viable adsorbent for the 
defluoridation of drinking water.   

1. Introduction 

Fluoride contamination in groundwater affects the quality of drink
ing water in different parts of the world [1]. High fluoride concentra
tions in groundwater are ascribed to geochemical processes and ion 
exchange within the world’s fluoride belts [2–5]. Fluoride is found in 
fluoride bearing rocks such as cryolite (Na3AlF6), fluorite (CaF2) and 
fluoroapatite (Ca5(PO4)3F) and leaches out to water under favorable 

conditions. In addition, wastewater discharge from industrial activities 
that utilize fluorine-containing compounds as raw materials contributes 
to fluoride recharge to surface water [6]. Fluoride concentrations of 
1.5–4.0 mg/L, 4.0–10.0 mg/L, and >10.0 mg/L, respectively, cause 
dental, skeletal, and crippling fluorosis [7]. As a result, the permissible 
fluoride levels for bone and dental enamel strengthening should not 
exceed 1.5 mg/L [8]. However, a concentration below 0.5 mg/L results 
to dental caries particularly to young children. 
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About 260 million people in 28 countries rely on groundwater sup
plies with high fluoride concentrations above the WHO recommenda
tion [9,10], with fourteen in Africa, including Tanzania, eight in Asia, 
and six in America, primarily tropical [8]. As a result, people in these 
places are more vulnerable to endemic fluorosis. It is projected that 
about 80 million people living in East African Rift Valley (EARV) regions 
unveil a wide range of fluorosis signs due to persistent exposure to 
fluoride above the allowable limit through drinking water [8,9]. 
Furthermore, studies have shown that within the EARV, countries like 
Ethiopia, Kenya, Eritrea and Tanzania are mostly affected by endemic 
fluorosis [5,6,11,12]. Endemic fluorosis has been recorded in various 
parts of Tanzania’s northern regions, including Arusha, Kilimanjaro, and 
Manyara, where over 2 million people are at danger of dental, skeletal, 
and crippling fluorosis [5,13]. Around 80% of the water in these areas 
comes from groundwater sources; however, the presence of fluoride has 
rendered many of these sources unsafe for consumption. As a result, 
community intervention actions are unavoidable. 

Several water treatment technologies have been deployed to combat 
health effects caused by fluoride ingestion. These include ion exchange 
[14], precipitation [15] electrodialysis [16] nanofiltration [17] and 
adsorption [6,18]. However, several limitations hinder their applica
tion. For instance, chemical dosage by alum may result in the formation 
of sludge, and Alzheimer disease is possibly related to leached 
aluminum. Membrane based technologies (dialysis, electrodialysis, 
reverse osmosis and nanofiltration) are not cost effective in remote areas 
as they require a constant supply of power and skilled personnel. These 
limitations have credited adsorption as the viable and feasible technol
ogy for defluoridation because of its simplicity and availability of a wide 
range of adsorbent materials [19]. 

In Tanzania defluoridation by bone char as adsorbent has been a 
viable technology for decades, because of its availability and ease in 
preparation. Bone char emanates from animal bones charred at a tem
perature range of 500–600 ◦C; its effectiveness has been concluded in 
various studies [13,20,21]. It is mainly composed of hydroxyapatite 
(HAp), a calcium phosphate with exchangeable hydroxide ion. The low 
stability of hydroxyapatite (Ca5(PO4)3OH), with solubility constant Ksp 
= 2.34 × 1059 allows the exchange of hydroxide ions with fluoride ions 
from water to form the more stable fluoroapatite (Ca5(PO4)3F), Ksp =
3.16 × 1060 [6]. Despite its reported defluoridation effect, the low 
adsorption capacity, harboring of microbes, cultural and religious in
hibitions limit the application of bone char. 

Alternatively, synthetic hydroxyapatite (Ca10(PO4)6(OH)2) has been 
prepared by mimicking the HAp structure present in bone chars 
[22–24]. HAp is a non-toxic calcium phosphate system with high 
defluoridation capacity [6,24–26]. Many HAp adsorbents have been 
synthesized and studied, and their effectiveness has been suggested [23, 
27]. However, the potential application of these materials in the field is 
not easily achievable, due to the cost associated with their production 
and therefore, the use of alternative precursors becomes inevitable. 
Biogenic materials have been reported for their potential sources of 
cation for HAp synthesis [24,26,28–35]. These can be alternative cal
cium sources due to their richness in calcium carbonate. Therefore, their 
availability and abundancy prompted many researchers to study their 
potential. 

Cockle shells (Anadara granosa) belonging to the Arcidae family are 
bio-waste of Mollusca phylum that is among the sea shells waste that can 
be found along the shores of oceans and some oceanic food industries 
[36–38]. In Tanzania tonnes of these shells are found along the shores of 
the Indian ocean, with no other valuable use apart from being used as 
home ornaments. Furthermore, their potential for synthesizing HAp for 
biomedical purposes has been reported by various researchers [36–38]. 
This is due to richness in calcium carbonate ranging from 89 to 99% 
[39], that can be used as calcium precursor for HAp synthesis. Studies 
have reported the defluoridation capacity of HAp derived from different 
biogenic sources such as crab and prawn shells to be 13.6 and 8.5 mg/g, 
respectively [24], where else Limacine artica shells derived HAp was 

observed to have a defluoridation capacity of 28.57 mg/g [26]. To the 
best of our knowledge, no study has considered the synthesis of HAp 
derived from Anadara granosa shells for defluoridation of drinking 
water. Furthermore, the defluoridation performance of the novel HAp is 
compared with that of bone char (BC); a current defluoridation tech
nology in northern regions of Tanzania. 

Conventional studies of adsorption involve varying one factor while 
keeping others constant. This does not portray the interactive effect of 
factors at once and therefore, more time will be used to determine the 
optimal levels of factors. These limitations can be eliminated by opti
mizing the effects of variables by a statistical experimental design such 
as response surface methodology (RSM) that mimics the actual experi
mental conditions. RSM is a statistical and mathematical tool used for 
designing experiments, improving, optimizing experimental conditions 
to reduce trial and error methods and evaluating the significance of 
process variables even under complex interactions [40,41]. In this study 
RSM by Box Behnken design (BBD) has been applied to investigate the 
interactions effects between adsorbent dose, temperature, initial fluo
ride concentration, pH, and reaction time on defluoridation by 
hydroxyapatite. 

2. Materials and methods 

Materials: Cockle (Anadara granosa) shells were collected along the 
shores of the Indian Ocean in Bagamoyo - Coastal region, Kunduchi and 
Dar es Salaam fish market (popular as “Feri”) in Dar es Salaam 
(Tanzania), where there is an abundance of these shells. 

Chemicals: Hydrochloric acid (HCl), sodium hydroxide (NaOH), 
phosphoric acid (H3PO4), ammonium hydroxide (NH4OH), sodium 
chloride (NaCl), glacial acetic acid (CH2COOH), sodium fluoride (NaF) 
were purchased from Sigma Aldrich, Germany. All the chemicals and 
reagents used in the experiments were of analytical grade. All the 
aqueous solutions were prepared by using double distilled water and the 
pH was adjusted by using 0.1 M of NaOH or HCl. 

2.1. Preparation of the cockle shells 

The cockle shells were washed thoroughly with tap water using a 
brush, then rinsed with double distilled water to remove any debris or 
other impurities. Shells were allowed to dry under sunlight for 12 h, 
followed by oven drying at 105 ◦C for 24 h. Then, they were ground into 
powder by a ball milling machine and were ready for use. 

2.2. Synthesis of adsorbent 

Hydroxyapatite (HAp) was successfully synthesized from Anadara 
granosa shell powder by a chemical precipitation method adopted from 
the literature [24]; however, ageing was allowed without stirring. About 
100 g of powdered cockle shells were oven dried at 105 ◦C for 2 h then 
cooled in a desiccator, followed by digestion (deproteination) with 0.25 
M NaOH at room temperature for 2 h, to remove any binding materials. 
Then the powder (residue) was rinsed with double distilled water to 
neutral pH and dried in an oven at 105 ◦C for 1 h. Digested powder shells 
were demineralized by using 2 M HCl and left for 24 h at room tem
perature for a total conversion of calcium compounds to calcium chlo
ride as per equation (1) to obtain the filtrate. 

CaCO3(s) + ​ 2HCl(aq) ​ →CaCl2(aq) + ​ CO2(g) + ​ H2O(l) (1) 

The filtrate obtained after demineralization was used to determine 
the concentration of calcium ion (Ca2+) by titration using 0.1 M EDTA 
and calcon indicator (C21H14N2O7S.2H2O), which depicts a color change 
from pink to blue at the end of the reaction. In a typical procedure, HAp 
was synthesized by mixing 300 ml of 0.225 M CaCl2 liquor from cockle 
shells powder acid extract (cation source) and 300 ml of 0.135 M H3PO4 
(anion source) in a 1000 ml beaker while stirring vigorously to maintain 
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the Ca/P ratio in the HAp lattice structure at 1.67. During synthesis, 28% 
of ammonia solution was added to CaCl2 liquor dropwise while stirring 
strongly in order to adjust the pH to 10.25–10.5, then H3PO4 was added 
drop-wise to the mixture while continuously stirring at room tempera
ture to form a white sticky precipitate at a pH of 10.25–10.5, as per 
equation (2). 

10Ca2+
(aq) + ​ 6PO43�

(aq) + 2OH�
(aq)→Ca10(PO4)6(OH)2(S) (2) 

The mixture was allowed to age at room temperature for 24 h 
(without stirring) to allow atoms to occupy their equilibrium lattice 
positions in the crystal structure. The formed precipitates were filtered 
and rinsed several times with double distilled water to neutral pH. The 
obtained white sticky precipitates (HAp) were oven dried at 80 ◦C for 24 
h, then ground into powder and stored in an airtight container ready for 
characterization and use. Similar procedures were followed in synthe
sizing HAp by using analytical CaCl2 as a cation source. 

2.3. Adsorbent characterization 

Synthesized HAp samples and raw cockle shell powder were char
acterized for functional groups, chemical composition, crystallinity 
phases, morphology, elemental composition, surface area, pore size, and 
pore volume. The functional groups were ascertained by attenuated total 
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy (Bruker 
Optic GmbH 2011 (alpha model, Laser class 1) in transmittance mode 
and spectral range of 4000–400 cm� 1 with a spectral resolution of 2 
cm� 1, chemical composition by X-ray fluorescence spectroscopy (XRF) 
(Bruker XRF Spectrometer (Model S8 Tiger). The structural character
ization and phase purity of HAp samples were analyzed by a Bruker BV 
2D PHASER Best Benchtop (PANalytical BV, Amsterdam, the 
Netherlands) X-ray diffraction (XRD) analyzer with reflection geometry 
at 2θ values (10–70◦) with a step size of 0.005◦, working with a Cu Kα 
radiation source (λ = 0.15406 nm) at 50 kV and 30 Ma. The morphology 
and elemental composition were analyzed by Zeiss Ultra Plus 55 field 
emission scanning electron microscopes (FE-SEM) equipped with energy 
dispersive X-ray (EDX). Specific surface area and pore volume were 
determined with a nitrogen absorption apparatus (TriStar II 3020 de
vice) by the Brunauer-Emmett-Teller (BET) method at 77 K from N2 
absorption-adsorption isotherms in the relative pressure range (P/Po) of 
0.01–1.0, whereas the pore size distribution was calculated by using the 
Barrett-Joyner-Halenda (BJH) method. The pH reflecting the point of 
zero charge (pHpzc) was determined by solid addition [42]. 

2.4. Batch adsorption experiments 

Batch experiments were carried out by using both simulated and 
field water, collected from different areas in northern regions of 
Tanzania, (Tables 15 and 16). Physicochemical characteristics such as 
pH, dissolved oxygen (DO), electric conductivity (EC), total dissolved 
solids (TDS), and temperature, were determined in situ by using a 
HANNA 9829 multiparameter device. Other parameters were deter
mined as prescribed by standard methods for examination of water and 
wastewater [43]. Simulated water was prepared by dissolving 2.21 g of 
NaF in 1 L of double distilled water to make 1000 mg/L fluoride stock 
solution which was used to make different concentrations of fluoride 
solutions through dilution. During the experiment, 100 ml of fluoride 
solution with different pH, initial fluoride concentration, temperature, 
contact time, and adsorbent dose was placed in a 250 ml Erlenmeyer 
flask. Mixtures were stirred at 150 rpm during the experimental runs. 
The obtained solution was then centrifuged and the concentrations of 
residual fluoride ions were analyzed potentiometrically with an Ion 
Selective Electrode (ISE) connected to a Mettler Toledo compact pH/ion 
S220 m and Orion Star A211 m for pH determination. Fluorinated water 
was mixed with total ionic strength buffer (TISAB II) at a ratio of 1:1 
before fluoride measurement. Batch experiments for fluorinated field 

water samples were run by using the optimized dose from BBD experi
ments. The amount of fluoride adsorbed at equilibrium (qe) and removal 
efficiency were calculated by using equations (3) and (4). 

qe =
(Co � ​ Ce)V

m
(3)  

R.Efficiency ​ (%) ​ =
Co � ​ Ce

Co
X ​ 100 (4)  

where qe is the amount of fluoride adsorbed at equilibrium (g), Co - 
initial fluoride concentration (mg/L), Ce-equilibrium fluoride concen
tration (mg/L), V - volume of fluoride solution (L), and m - mass of 
adsorbent (HAp) (g). 

2.5. Box-Behnken experimental design 

A Box–Behnken experimental design was used in this study to 
determine the effects of major operating variables on fluoride adsorp
tion, but also to find the best variables interactions that yield maximum 
fluoride removal. Five independent variables in an experimental design 
model with three levels codes as shown in Table 1, were used. A total of 
46 experiments were executed to examine the effects of five independent 
variables on the fluoride removal efficiency. Non-linear regression was 
used to fit the second order polynomial equation (5) to experimental 
data in order to identify the relevant model terms as described by the 
following quadratic model; 

Y = β0 +
∑

βixi +
∑

βiix2
ii +

∑
βijxixj (5)  

where Y is the predicted response function (removal efficiency), βo is the 
intercept/model constant, βi is slope/the linear effect of input factor Xi , 
βii is the quadratic effect of input factor Xi and βij is the linear-by-linear 
interactive effect between the input factor Xi and Xj. 

3. Results and discussion 

3.1. Chemical composition analysis of cockle (Anadara granosa) shells 

Table 2 and Fig. 1a, show the chemical composition and functional 
groups of raw cockle shell powder as determined by XRF and ATR-FTIR. 
Table 2, shows that calcium oxide is the main component of cockle 
shells, with trace levels of NiO, ZrO2, and Fe2O3. This provides insights 
that cockle shells are a good source of calcium that can be used as a 
precursor during the synthesis of hydroxyapatite. Furthermore, Fig. 1a, 
shows that cockle shells exhibit peaks at 707, 855, 1079, 1449, 1794 
cm� 1. These are aragonite peaks, which are the main CaCO3 reservoir in 
cockle shells [37]. Overall, the cockle shells used in this study consist of 
about 97.4% CaCO3.This is comparable to the amount reported in the 
literature [37]. 

Table 1 
Experimental range and levels of process variables.  

Factors and levels used in design of experiments (BBD) 

Factors Unit Code Low 
level 

Medium 
level 

High 
level 

(-1) 0 (+1) 

Dose ratio g/L A 2 6 10 
Initial fluoride 

Concentration 
mg/L B 10 45 80 

Contact time h C 0.5 12.25 24 
Temperature of reaction Kelvin D 303 318 333 
pH  E 3 7 11  
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3.2. Characterization of synthesized adsorbent (HAp) 

The ATR-FTIR spectra of pure and fluoride loaded HAp are presented 
in Fig. 1b. The presence of PO4

3� was attested by the bands that 
occurred at 1024 and 1094 cm� 1 (asymmetric ѵ3 stretching bands), 960 
cm� 1 (the symmetric stretching band ѵ1) and the degenerate bending 
vibration bands at 601 and 562 cm� 1 [26]. The bands appearing at 3571 
cm� 1 and 630 cm� 1 correspond to the symmetric stretching and lib
erational modes of OH� groups in HAp, respectively. The presence of 
both PO4

3� and structural OH� bands confirm the formation of HAp. On 
the other hand, fluoride loaded HAp shows narrower and sharper peaks, 
hence relatively more distinct, which indicates increased structural 
order. The shift of P–O stretching peaks at 960–1030 cm� 1 where, a 
band shift observed at 1024 to 1030 cm� 1 might be attributed to 
adsorption of fluoride ions onto the HAp surface through electrostatic 
interaction [26]. The band at 3452 cm� 1 is assignable to the bending 
modes of adsorbed water. Peaks observed at 1422 cm� 1and 872 cm� 1 

confirm presence of CO3
2� ions. The locations of the peaks suggest that 

the ions reside in the HAp lattice structure replacing PO4
� 3, B-type 

substitution domination [26,44,45]. The slight deviation from the 
traditionally accepted values for B-type substitution (1465, 1413, and 
873 cm� 1) may be attributed to the presence of both labile and structural 
CO3

2� ions, and some A-type substitution. The formation of carbonate 
ions was ascribed to the absorption of atmospheric carbon dioxide by 
OH� ions during the synthesis of HAp in highly alkaline conditions [26]. 

Fig. 2 shows the XRD patterns of pure and fluoride loaded HAp with 
diffraction peaks at 2θ values = 25.97◦, 29.07◦, 32.01◦, 32.87, 34.05, 
35.48, 39.90◦, 46.76◦, 49.56◦, 53.19◦, 64.20◦ with their crystal plane 
orientations at (002), (210), (211), (300), (202), (301), (130), (222), 
(213), (004), (323) respectively. The presence of these peaks confirms 
the formation of the hexagonal phase of HAp with lattice parameters a 

= b = 9.4240 and c = 6.8790 as per JCPDS card 01-074-0565. This 
corresponds to other findings [23,24,26]. There is an observed shift and 
concurrent decrease in peaks intensity in fluoride loaded HAp from 
25.97◦ to 26.16◦, 32.01◦–32.28◦, 32.87 to 33.05, 39.90◦–40.08◦, 
53.19◦–53.32◦ and 64.20◦–64.38◦. This suggests the anchoring of fluo
ride ions on HAp, which was also depicted by FTIR results. The average 
crystalline size of pure and fluoride loaded HAp were 19.08 and 19.4 
nm, respectively, as determined by the Debye Scherrer equation (eq. 
(6)). The observed increase in particles size may be attributed to fluoride 
anchoring in the HAp crystal lattice, which induces strong H-bonding 
with bulk water molecules; this resulted to more agglomeration of HAp 
particles, and thus an increase in size. 

D =
Kλ

β2θCosθ
(6)  

where D is the average crystallite size in nm, K = Scherrer constant; 
equal to 0.9, λ is the specific wavelength of X-ray used (0.154 nm), θ is 
the diffraction angle and β2θ is the angular width in radians at intensity 
equal to full width and half maximum (FWHM). 

The FESEM images of the pure and fluoride loaded HAp (Fig. 3a) 
show that most particles are agglomerated and appeared spherical with 
an average size of 57.2 nm. However, the images of the fluoride loaded 
HAp showed change in the morphology by increasing in agglomeration 
as depicted in the particle size analysis from FESEM micrographs where 

Table 2 
Raw cockle shells powder chemical composition 
by XRF.  

Components Wt (%) 

CaO 55.95 
MgO 0.39 
Na2O 0.83 
SiO2 0.65 
SO3 0.22 
SrO 0.1 
Fe2O3 0.04 
ZrO2 0.02 
Al2O3 0.35 
NiO 0.01 
LOI 41.45  

Fig. 1. FTIR spectrum of cockle (Anadara granosa) shells powder (a), FTIR spectra of pure and fluoride loaded HAp derived from cockle (Anadara granosa) shells (b).  

Fig. 2. XRD patterns of pure and fluoride loaded HAp.  
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the average size was observed to increase from 57.2 to 81.1 nm. This 
might be attributed to H-bonding between adsorbed fluoride ions and 
water molecules, which leads to more agglomeration of HAp particles. 

Fig. 3b presents the EDX spectrum of pure HAp with Ca, P and O as 
the major elements confirming the successful synthesis of HAp. The inset 
to Fig. 3b shows a description of the percentage weight composition of 
elements in the HAp. The presence of Si in a trace amount of about 0.19 
wt % might be ascribed to the SiO2 residual observed in Anadara granosa 
shells powder (Table 2) that might have been incorporated in the crystal 
lattice of HAp during synthesis. The Ca/P molar ratio is an important 
parameter that ensures chemical homogeneity, solubility and phase 
purity of HAp [45]. According to EDX analysis, the synthesized HAp has 
an average Ca/P molar ratio of 2.23. This value shows a positive devi
ation from the stoichiometric value of 1.67 for stoichiometric HAp, 
which depict a probable non-stoichiometric HAp of the synthesized 
sample. 

Fig. 4 shows a typical N2 adsorption–desorption isotherms for HAp 
and BJH plot (inset) of pore size distribution for unloaded (a) and loaded 
fluoride (b) HAp. The BET surface area and BJH pore size were 105.8 
m2/g and 5.6 nm for unloaded HAp and 86.9 m2/g and 5.3 nm for 
fluoride loaded HAp (Table 3). The observed decrease in surface area of 
HAp provided insight on the evidence of fluoride anchoring on HAp. 
This phenomenon may be attributed to the increase in crystalline size as 
was also depicted by FESEM and XRD analysis. Furthermore, bone char 
collected from the defluoridation Centre in Arusha Tanzania (for com
parison), presented a surface area and pore size of 40.1 m2/g and 4.1 
nm, respectively. This is lower that the surface area presented by syn
thesized HAp. As a consequence, cockle shells derived HAp could be an 
effective adsorbent for fluoride removal. According to the porosity 
classification of the International Union of Pure and Applied Chemistry 
(IUPAC), material pores are categorized as microporous <2 nm, meso
porous 2–50 nm and macroporous >50 nm. Therefore, synthesized HAp 
adsorbent is mesoporous in nature [46] with type III isotherm. 

3.3. Box –Behnken statistical analysis 

The suitability of a model to represent fluoride removal by HAp was 
tested by sequential model sum of squares and model summary statis
tics, and results are presented by fit summary in Table 6. The quadratic 
model was found to have maximum adjusted R-squared and predicted R- 
squared values with a p value of <0.01 and was chosen for further 
analysis. Practical relationship conveyed by a second-order polynomial 
equation with interaction terms was fitted between the experimental 
results obtained on the basis of BBD and the input variables. The final 
equation obtained in terms of actual variables is: 

R.Efficiency (%) 71.1998 + 18.7445 x A � 20.5014 x B + 10.77 x C

+ 6.80056 x D � 18.4166 x E + 4.97875 x AB � 0.872425 x AE

+ 5.86625 x BC + 15.6167 x DE � 6.8237 x A2 � 2.66312 x E2 (7) 

ANOVA was used to check the significance and fitness of the model 
by various assigned criteria. Table 4, shows that the model has an F- 

value of 92.2, p value < 0.05, indicating that it is significant. Further
more, a model is valid if the lack of fit is not significant (p value > 0.05). 
Results show a p value of 0.1854, this implies a favorite model. Pre
dicted R2 is used to measure how well the model predicts a response 
value, and for the desired model, the difference between adjusted R2 and 
predicted R2 should be approximately 0.20. The results from this study 
show the predicted R2 of 0.9323 is in reasonable agreement with the 
adjusted R2 of 0.9581(Table 5). Moreover, adequate precision measures 
the range between the predicted response and its associated error. It 
provides insight in the signal-to-noise ratio; therefore, its desired value 
should be 4 or above. Our results show a ratio of 38.7354, implying an 
adequate signal. The p value was used to determine the significance of 
the regression coefficient value as shown in equation (5), to indicates the 
interaction between variables. Table 4 shows that the interactions of AB, 
BC, DE, A2, and E2 were significant with p values < 0.05, but the AE 
interaction was not (p > 0.05). Results were also checked for normality 
of residuals. A normality plot shown in Fig. 7i, shows that the data points 
on these plots lie reasonably close to a straight line. Furthermore, the 
relationship between the actual and predicted values of removal effi
ciency is shown in Fig. 7j. It is obvious that the developed model is 
adequate since the data points lie close to the diagonal line. 

3.4. Effects of variable interaction on the fluoride removal efficiency 

On the basis of the quadratic model, three-dimensional response 
surface plots and their corresponding contours were plotted for studying 
the effects variables interactions on fluoride removal efficiency. 

3.4.1. Interaction effects of adsorbent dose and initial fluoride 
concentration 

The interaction effects of adsorbent dose and initial fluoride con
centration on fluoride removal efficiency are shown in Fig. 5a, b at 
12.25 h, 318 K, pH 7. There is an observed increase in fluoride removal 
efficiency from 71.19 to 98.64% as the adsorbent dose increased from 3 
to 10 g/L with concurrent increase in initial fluoride concentration up to 
about 45 mg/L. This is attributed to large surface areas and the avail
ability of more adsorptive sites for fluoride attachment at higher 
adsorbent dosages. However, at a fluoride initial concentration of above 
45 mg/L, the removal efficiency is observed to decrease from 71.19 to 
20.15%. This is attributed to the occupancy of available active sites on 
the adsorbent at a high initial fluoride concentration. A similar trend 
was also reported elsewhere [47]. 

3.4.2. Interaction effects of pH of solution and adsorbent dose 
Fig. 5 (c, d) show how the combined effects of pH and adsorbent dose 

impact on fluoride removal at an initial fluoride concentration of 45 mg/ 
L, time of 12.25 h, temperature of 318 K. It was observed that fluoride 
removal efficiency increased from 71.19 to 99.75% at a pH below 7.2 
(pHpzc). Further pH increases above 7.2 resulted in a decrease in 
removal efficiency from 71.19 to 25.42% at a pH of 11. This is attributed 
to a change in the surface charge of the adsorbent that can be described 
by the point of zero charge (pHpzc) of HAp, which was found to be 7.2 

Fig. 3. FESEM image of pure and fluoride loaded HAp (a) EDX spectrum of synthesized HAp (b).  
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(Fig. 8). When the pH of the solution is below the pHpzc, the surface of 
HAp becomes more positively charged due to protonation effect of the 
hydroxyl (OH� ) group. This phenomenon favors the electrostatic 
attraction of adsorbate (fluoride ions) on the adsorbent surface. There is 
a decrease in removal efficiency at pH above the pHpzc, which can be 
attributed to the negatively charged surface of HAp due to the depro
tonation effect of hydroxyl groups. This results in repulsion between the 
fluoride ions and the HAp surface, thus decreasing the removal effi
ciency. Similar results were also reported in the literature [26,42]. The 
observed increase in fluoride removal was also combined by the 
adsorbent dose, where a higher removal was observed at 10 g/L. This is 
attributed to the presence of a large number of adsorptive sites on the 
HAp surface at higher dosages. 

3.4.3. Interaction effects of initial fluoride concentration and contact time 
Fig. 6 (e, f) presents the interaction effects between initial fluoride 

concentration and contact time on the defluoridation efficiency at a dose 
of 6 g/L, temperature 318 K, pH 7. Fluoride adsorption onto HAp was 

investigated at different initial fluoride concentrations that ranged from 
10 to 80 mg/L. At low initial fluoride concentrations, the results show an 
increase in fluoride removal efficiency with increasing time. Removal 
efficiencies from 79.9% to 96.60% were observed when the initial 
fluoride concentration was decreasing from 45 to 10 mg/L, while the 
contact time was increasing from 0.5 to 24 h as portrayed by a contour 
plot (Fig. 6 f). The reason for this trend can be attributed to the 

Fig. 4. N2 adsorption–desorption isotherms for HAp and (inset) BJH plot of pore size distribution of unloaded fluoride (a) and loaded (b) HAp.  

Table 3 
Surface area, pores size, pore volume of adsorbents.  

Adsorbent Surface area SBET 

(m2/g) 
Pore size 
(nm) 

Pore volume VBJH 

(cm3/g) 

HAp before fluoride 
loading 

105.8 5.6 0.43 

HAp after fluoride 
loading 

86.9 5.3 0.45 

Bone char 40.1 4.1 0.15  

Table 4 
ANOVA for response surface reduced quadratic model.  

ANOVA for reduced quadratic model 

Source Sum of Squares df Mean Square F-value p-value  

Model 22087.54 11 2007.96 92.2 <0.0001 significant 
A-Dose ratio 5621.67 1 5621.67 258.14 <0.0001  
B-Initial fluoride concentration 6724.9 1 6724.9 308.8 <0.0001  
C-Contact time 1855.89 1 1855.89 85.22 <0.0001  
D-Temperature of reaction 739.96 1 739.96 33.98 <0.0001  
E-pH 5426.74 1 5426.74 249.19 <0.0001  
AB 99.15 1 99.15 4.55 0.0402  
AE 3.04 1 3.04 0.1398 0.7108  
BC 137.65 1 137.65 6.32 0.0168  
DE 975.53 1 975.53 44.79 <0.0001  
A2 474.94 1 474.94 21.81 <0.0001  
E2 72.34 1 72.34 3.32 0.0772  
Residual 740.45 34 21.78    
Lack of Fit 687.89 29 23.72 2.26 0.1854 not significant 
Pure Error 52.55 5 10.51    
Cor Total 22827.99 45      

Table 5 
Model statistics for model validation.  

Statistical parameters Values of developed Model 

R2 0.9674 
Adjusted R2 0.9581 
Predicted R2 0.9323 
Adeq. Precision 38.7354 
Std. Dev. 4.61 
Mean 67.9 
C.V. % 6.79  

Table 6 
Fit summary of the model.  

Source Sequential 
p-value 

Lack of 
Fit p- 
value 

Adjusted 
R2 

Predicted 
R2  

Linear <0.0001 0.0222 0.8788 0.8533  
2FI 0.0034 0.0614 0.926 0.8708  
Quadratic 0.0029 0.1618 0.9551 0.9062 Suggested 
Cubic 0.5427 0.1008 0.954 0.4904 Aliased  
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Fig. 5. Response surface -3D and contour plots showing the interactions effect of (a, b) adsorbent dose and initial fluoride concentration, at time 12.25 h, tem
perature 318 K, pH 7, (c, d) pH and adsorbent dose at initial fluoride concentration of 45 mg/L, time 12.25 h, temperature 318 K on fluoride removal efficiency. 

Fig. 6. Response surface -3D and contour plots showing the interactions effect of (e, f) initial fluoride concentration and contact time at adsorbent dose of 6 g/L, 
temperature 318 K, pH 7, (g, h) temperature and adsorbent dose at initial fluoride concentration of 45 mg/L, time 12.25 h and pH 7, on fluoride removal efficiency. 
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availability of adsorptive sites at an adsorbent dose of 6 g/L and increase 
in adsorbate-adsorbent interaction time. However, the occupancy of 
adsorptive sites was limited to an initial fluoride concentration of 
greater than 45 mg/L due to adsorbent saturation, which resulted in a 
decrease in fluoride removal efficiency, which was also reported else
where [26,48]. 

3.4.4. Interaction effects of temperature of reaction and adsorbent dose 
The interaction effects of temperature and adsorbent dose on fluoride 

removal efficiency at an initial fluoride concentration of 45 mg/L, time 
12.25 h and pH 7, was executed at a temperature range of 303–333 K 
and a dose of 2–10 g/L, Fig. 6g, h. It was observed that fluoride removal 
efficiency increased simultaneously with increase in adsorbent dose and 
reaction temperature. An increase in the fluoride removal with the 
adsorbent dosage can be attributed to a larger surface area of adsorbent 
and the availability of more adsorption sites. Furthermore, fluoride 
removal was observed to increase with temperature, which provides an 
insight that the defluoridation by HAp is favorably adsorbed at higher 
temperatures, which implies that the adsorption process may be an 
endothermic [26]. A maximum fluoride removal of 88.0% was observed 
at a dose of 10 g/L and a temperature of 333 K. Similar findings were 

also reported by Ref. [42]. 

3.5. Optimization by using desirability functions 

The optimized conditions for maximum removal of fluoride by HAp 
depicted by the model are adsorbent dose of 6 g/L, an initial fluoride 
concentration of 45 mg/L, contact time of 12.25 h, temperature 303 K, 
pH 3 with a desirability of one. Triplicate confirmatory experiments 
were run and results are presented in Table 7, where the efficiency of 
fluoride removal was found to be 94.5, 94.7, 94.9% and a defluoridation 
capacity of 7.08, 7.10, 7.12 mg/g for experiments 1, 2 and 3, respec
tively, while the model prediction was 95.8% and 7.68 mg/g for removal 
efficiency and defluoridation capacity, respectively. This shows a good 
agreement between the experimental and predicted values. 

3.6. Adsorption isotherms 

Langmuir and Freundlich isotherms are the most used models in 
articulating the relationship between the adsorbate and adsorbent at the 
solid-solution interface due to their good description of experimental 
data in a large range of operating conditions. Linearized and non- 
linearized models of both Langmuir and Freundlich have been studied; 
results show that non-linear models present better fit to experimental 
data with minimal statistical error [49,50]. The Langmuir isotherm 
describes the adsorption process on a monolayer and a homogeneous 
surface of an adsorbent with equal adsorptive sites that do not allow an 
alliance of adsorbate molecules in adjacent monolayer sites. It is a 
chemical adsorption process (chemisorption). The non-linearized and 
linearized forms of the Langmuir isotherm are represented by equations 
(8) and (9) respectively. 

qe =
qmbCe

1 + bCe
(8)  

Ce

qe
=

1
qmb

+
Ce

qm
(9)  

where qe - amount of adsorbate per unit mass of adsorbent (mg/g), Ce - 
equilibrium concentration of the adsorbate (mg/L), qm - amount of 
adsorbate at complete monolayer coverage (mg/g), b - Langmuir 
isotherm constant (L/mg) indicating the rate of sorption. Its linear and 
non-linear plots can be expressed as Ce/qe vs Ce and qe vs Ce respec
tively. The affinity between fluoride ions and HAp can be predicted 
using the Langmuir parameter b from the dimensionless separation 

Fig. 7. Normal probability plot and residual error for fluoride removal efficiency by HAp (i) predicted vs experimental values of fluoride removal efficiency (j).  

Fig. 8. pHpzc of HAp derived from cockle (Anadara granosa) shells.  
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factor RL as per equation (10). 

RL =
1

1 + bCo
(10)  

where Co - initial fluoride concentration and b - Langmuir isotherm 
constant. The value of RL indicating if the adsorption is favorable (0< RL 
< 1), unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 0). 

The Freundlich isotherm model describes the physical adsorption 
processes on a heterogeneous system and multilayer surfaces. It, there
fore, presumes a heterogeneous surface of the adsorbent with unequal 
adsorption sites having different adsorption energies [51,52]. The 
Freundlich isotherm model is represented by non-linear equation (11) 
and linear equation (12). The linear and non-linear Freundlich isotherm 
plots can be expressed as Log qe vs Log Ce and qe vs Ce, respectively. 

qe = ​ KFCe
1/n (11)  

Logqe= LogKF +
1
n
LogCe (12)  

where, qe - amount of adsorbate adsorbed at equilibrium per unit weight 
of adsorbent (mg/g), Ce - equilibrium concentration of the adsorbate 
(mg/L), KF - adsorption capacity, and n - adsorption intensity, where if n 
> 1 imply favorable adsorption, n = 1 linear adsorption, n < 1 unfa
vorable adsorption. 

Table 8 shows the adsorption parameters of the linear Langmuir and 
linear Freundlich isotherm models, where the R2 value for the linear 
Freundlich isotherm model is higher than that of the linear Langmuir 
isotherm model, confirming the better fitting of experimental data by 
the linear Freundlich isotherm model. The feasibility of adsorption by 
both models was tested by calculating the RL and n values at different 
temperatures. Results from Table 8 show that the RL values were found 
to fall between 0 and 1 and n > 0; which indicates that the conditions 
were favorable for adsorption in both linear Langmuir and linear 
Freundlich isotherms. Similar results were also reported by Refs. [52, 
53]. 

Fig. 9 (a, b, c) shows the experimental data plots of non-linear 
Langmuir and non-linear Freundlich isotherm models at 303, 318, and 
333 K. Their isotherm parameters are listed in Table 9 where the non- 
linear Langmuir isotherm model presented higher correlation coeffi
cient (R2) values and lower chi-square (X2) values compared to the non- 
linear Freundlich isotherm model. This provides insights that the non- 
linear Langmuir isotherm model shows a better fit to the adsorption 
experimental data. Furthermore, the non-linear Freundlich isotherm 
model had n values less than zero (n < 0) at all temperatures. This 

confirms that the non-linear Freundlich model had a poor fit to the 
experimental data. A statistical error analysis was executed to compare 
the linear and non-linear isotherm models’ fitness to experimental data 
by observing the X2 and R2 values. The non-linear Langmuir isotherm 
model presented the highest R2 values [54] compared to other linear and 
non-linear isotherm models studied in this work. This fact was further 
supported by low chi-square (X2) values of the non-Langmuir isotherm 
as shown in Table 9. Therefore, by using R2 values, the order of model 
fitness to the experimental data is non-linear Langmuir isotherm >
linear Freundlich isotherm > non-linear Freundlich isotherm > linear 
Langmuir isotherm. Therefore, this signifies that the adsorption of 
fluoride ions on HAp was well presented by the non-linear Langmuir 
isotherm model, which confirms the chemisorption process that nor
mally occurs at wide temperature range [49]. On the other hand, the 
non-Langmuir adsorption capacity (qm) values were observed to in
crease with a rise in temperature (Table 9). This is attributed to the high 
demand for energy that facilitates the breaking of bonds of the reactants 
to allow more kinetic and collision of reacting molecules that influence 
adsorption. This implies that the bond formation between adsorbent and 
adsorbate is chemical and, thus, the chemisorption process was favored 
endothermically [53]. Furthermore, the high qm values reported at all 
temperatures can also be geared by the nature of the adsorbent (HAp) 
with monolayer coverage and a structured homogenous surface with a 
finite number of identical sites as was supported by XRD studies (Fig. 2) 
where only hydroxyapatite phases (a defluoridation agent) are present 
in the adsorbent [24]. The non-linear Langmuir isotherm presented a 
maximum adsorption capacity (qm) of 15.374 mg/g, which is close to the 
experimental value of 14.053 mg/g. This confirms the suitability of the 
model to the experimental data. Similar results are also reported in the 
literature [55]. A comparison of the maximum adsorption capacities for 
fluoride removal over various adsorbents is given in Table 10. 

3.7. Adsorption kinetic modeling 

The kinetics of fluoride adsorption on synthesized HAp was exam
ined by applying pseudo-first order and second order kinetic model 
represented by non-linear form equations (13) and (14) respectively. In 
pseudo first order, the rate of reaction is proportional to the concen
tration of the reactants. Nonetheless, pseudo second order is based on 
the assumption that the rate of occupation of adsorption sites is limited 
to the number of unoccupied sites and considers chemisorption as the 
rate limiting step. Furthermore, due to limitations of the aforementioned 
models to describe the diffusion mechanism of solute into the interior of 
adsorbent intraparticle diffusion model was included in this study. Plots 
for non-linear pseudo first order and non-linear pseudo second order can 
be derived from qt as y-axis and t as x-axis. 

qt= qe(1 � e� (K1t)) (13)  

qt =
qe

2K2t
1 + qeK2t

(14)  

where, qt represents the amount of fluoride ions adsorbed by HAp at 
time t (mg/g), qe represents the amount of fluoride ions adsorbed at 
equilibrium (mg/g), K1 represents the pseudo-first-order rate constant 
(min� 1), and K2 represents the pseudo-second-order rate constant (g/mg 
min). The suitability of the two models was established by constructing a 
linear plot of ln (qe - qt) vs. t, for the pseudo first order and t/qt vs. t for 

Table 7 
Numerical optimization confirmatory experimental results.   

Dose Initial fluoride conc Final fluoride conc pH Time Experimental RE Predicted RE Experimental DC Predicted DC 

Run g/L mg/L mg/L  h % % mg/g mg/g 
1 6 45 2.47 3 12.25 94.51 95.77 7.08 7.68 
2 6 45 2.38 3 12.25 94.72 95.77 7.10 7.68 
3 6 45 2.28 3 12.25 94.94 95.77 7.12 7.68  

Table 8 
Linear isotherm model parameters for adsorption of fluoride onto HAp.  

Adsorption isotherm models Parameters Temperature (K) 

303 318 333 

Langmuir qmax (mg/g) 12.204 13.554 15.198  
b (L/mg) 0.016 0.017 0.018  
RL 0.866 0.857 0.848  
R2 0.856 0.859 0.861 

Freundlich KF (mg1-1/nL1/ng� 1) 0.325 0.389 0.469  
n 1.397 1.413 1.428  
R2 0.975 0.974 0.972  
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the pseudo second order model represented by their linear expression 
equations (15) and (16), respectively. 

In(qe � ​ qt) ​ = ​ Inqe � ​ K1t (15)  

t
qt

=
1

K2
qe

2 +
t

qe
(16) 

Fig. 10 (a, b) shows the linear pseudo-first order and linear pseudo- 
second order kinetic plots of the fluoride adsorption on the HAp at 
different temperatures. The estimation of parameters from both kinetic 
orders of adsorption and their correlation coefficient R2 are presented in 
Table 11. According to error analysis, linear pseudo-second order ki
netics has higher R2 values than linear pseudo-first order kinetics 
(Table 11). This shows a better fit of the experimental data by a linear 
pseudo-second-order kinetic model. It can be seen that the fluoride 
adsorption capacity at equilibrium (qe) by HAp increases with an in
crease in temperature [60]. This might be attributed to an increase in the 
kinetic and collision of adsorbate and adsorbent ions as temperature 
increases. 

Fig. 10 (c, d) shows the non-linear pseudo first order and non-linear 
pseudo second order kinetic plots of the fluoride adsorption on the HAp 
at different temperatures of 303, 318, and 333 K. Results from Table 12 
show that all the R2 values in the non-linear pseudo second order model 

Fig. 9. Non-linear plots for Langmuir and Freundlich isotherms at (a) 303 K, (b)318 K and (c) 333 K.  

Table 9 
Non-linear isotherm model parameters for adsorption of fluoride onto HAp.  

Adsorption isotherm models Parameters Temperature (K) 

303 318 333 

Langmuir qmax (mg/g) 12.228 13.645 15.374  
b (L/mg) 0.016 0.017 0.018  
RL 0.865 0.857 0.849  
R2 0.9801 0.9795 0.9789  
X2 0.0933 0.1246 0.1686 

Freundlich KF (mg1-1/nL1/ng� 1) 0.406 0.487 0.585  
n 0.656 0.648 0.641  
R2 0.9462 0.9443 0.9425  
X2 0.1717 0.2302 0.3122  

Table 10 
Summary of adsorption capacity of various adsorbents used for defluoridation process.  

Adsorbent Fluoride concentration range (mg/L) Dose (g/L) pH Maximum adsorption capacity (qmax) (mg/g) Reference 

Nano-hydroxyapatite/stilbite 2–200 10 – 9.15 [6] 
Hydroxyapatite nanowire 1–200 0.5 7 40.65 [56] 
Octacalcium phosphate 40–140 4 8 26.8 [57] 
Hydroxyapatite-crabs derived 5–70 5 3 13.6 [24] 
Hydroxyapatite-prawns derived 5–70 5 3 8.5 [24] 
Nano-sized HAp 9.5–133 2 6.5 11 [58] 
Bone char 5–80 2 7 5.92 [59] 
Brushite 20–50 8 6 6.59 [19] 
Phospogysum HAp 10–50 10 7 40.818 [27] 
HAp Anadara granosa derived 10–80 6 3 15.374 This study  
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have higher values than the non-linear pseudo first order at all tem
peratures. On the other hand, the fitness of experimental data to the 
kinetic model is accepted when the X2 value is small. From Table 12, the 
X2 values presented by the non-linear pseudo second order kinetic model 
are smaller than those of the non-linear pseudo first order model at all 
temperatures. This reveals that the non-linear pseudo-second order ki
netic model better fits the experimental data. The suitability of linear 

and non-linear kinetic models in fitting the experimental data can be 
compared by observing the values obtained from the error analysis 
method. However, the accuracy of the linear and non-linear models 
depends on the type of adsorbate, adsorbent, and conditions of the 
experimental. Tables 11 and 12 show the values for correlation coeffi
cient (R2) and chi-square (X2) that were used to evaluate the fitness of 
the linear and non-linear kinetic models. Based on the R2 and X2 error 
functions the non-linear pseudo-second order kinetic model fit the 
experimental data better [50,61]. However, by observing the R2 values, 
the established model fitness trend is linear PSO > non-linear PSO >
no-linear PFO > linear PFO. This provides insight that a linear 
pseudo-second order kinetic model presents a better fit of experimental 
data [50]. Furthermore, a pseudo-second order model is used to describe 
chemical processes such as electron exchange and ion exchange between 
adsorbates and adsorbents [50]. This suggests that the chemisorption 
process was dominated during the adsorption of fluoride onto HAp. 

3.7.1. Intraparticle diffusion model (IPD) 
Apart from the rate laws, the intraparticle diffusion model was used 

to investigate the rate limiting step of the adsorption of fluoride onto 
HAp by using equation (17), which is plotted by qt vs t1/2 where qt is the 
amount of solute on the surface of the sorbent at time t (mg/g), Kp is the 
intra-particle rate constant (mg/g min1/2), t is the time (min), and C 
(mg/g) is a constant showing the thickness of the boundary layer. Fig. 11 
shows a plot of qt vs t1/2 at different temperatures, in which three 
adsorption steps are presented. The first step is represented by a steeper 
region. This is regarded as adsorption by bulk diffusion of fluoride that 
occurred on the external surface of the adsorbent. It is attained rapidly 
and depends on the surface area of the adsorbent (HAp). The second step 
is represented by a gradual region; this reflects the gradual adsorption 
stage, which shows that intraparticle diffusion is the rate-limiting step. 
Step 3 is the equilibrium stage, during which intraparticle diffusion 

Fig. 10. Kinetic adsorption isotherms for (a) linear pseudo first order (PFO), (b) linear pseudo second order (PSO), (c) non-linear pseudo first order (PFO) and (d) 
non-linear pseudo second order (PSO). 

Table 11 
Linear kinetic model parameters for adsorption of fluoride onto HAp.  

Adsorption kinetic models Parameters Temperature (K) 

303 318 333 

Pseudo first order (PFO) qe (mg/g) 0.666 0.816 0.999  
K1 (min� 1) 0.002 0.001 0.002  
R2 0.9938 0.9938 0.9938 

Pseudo second order (PSO) qe (mg/g) 4.067 4.628 5.267  
K2 (g/mg min) 0.07 0.061 0.054  
R2 0.9995 0.9995 0.9995  

Table 12 
Non-linear kinetic model parameters for adsorption of fluoride onto HAp.  

Adsorption kinetic models Parameters Temperature (K) 

303 318 333 

Pseudo first order (PFO) qe (mg/g) 3.9476 4.4923 5.1121  
K1 (min� 1) 0.1072 0.1072 0.1072  
R2 0.9959 0.9959 0.9959  
X2 0.0058 0.0075 0.0097 

Pseudo second order (PSO) qe (mg/g) 4.0122 4.5658 5.1958  
K2 (g/mg min) 0.1161 0.1020 0.0896  
R2 0.9981 0.9981 0.9981  
X2 0.0028 0.0036 0.0046  
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slows due to the extremely low adsorbate concentration in the solution 
[62]. This indicates that the transport of adsorbate ions from solution to 
the active surface of the adsorbent and pores may be responsible for ions 
uptake. Furthermore, results from Table 13 show that the Kp value 
increased with a rise in temperature, which signifies an increase in the 
rate of adsorption. The C value indicates the boundary layer thickness, in 
which an increase in C value results in an increase in the boundary layer 
effect. Results from Table 13 show an increase in C values with tem
perature. This reflects the high rate of diffusion of ions in the boundary 
layer, which was also depicted by the Kp values. Therefore, since the C 
value is not zero for all temperatures, this shows that intra-particle 
diffusion may not be the controlling factor in determining the kinetics 
of the process [27,61]. Conclusively, the pseudo-second-order kinetic 
model suggested a better fit for the adsorption of fluoride on the HAp 
than the pseudo-first-order model and intra-particle diffusion model. 

qt= Kpt1/2 + C (17)  

3.8. Thermodynamic properties of adsorbent 

Thermodynamic parameters of the adsorption process, such as 
standard free energy change (ΔGo), standard enthalpy change (ΔHo) and 
standard entropy change (ΔSo) were calculated using the following 
change in Gibbs free energy: 

ΔG◦ = � RT ln kd (18) 

According to the Gibbs free energy 

ΔG◦ =ΔH ◦ � TΔS◦ (19) 

where ΔGo is the standard free energy change (kJ mol� 1), ΔHo is the 
standard enthalpy change (kJ mol� 1) and ΔSo is the standard entropy 
change (kJ mol� 1 K� 1). T is the temperature (K), R is the universal gas 
constant (8.314 Jmol� 1 K� 1) and Kd is the adsorption equilibrium 

constant. The equations (18) and (19) can be merged to form equation 
(20). 

InKd =
ΔSo

R
�
ΔH
RT

(20) 

The value of sorption equilibrium constant Kd was determined ac
cording to method suggested by Ref. [63]. Furthermore, the standard 
enthalpy change (ΔHo) and the standard entropy change (ΔSo) were 
calculated from the slope and intercept of a Van’t Hoff plot (lnKd versus 
1/T) (eq. (20)) as shown in Fig. 12. The positive values of ΔGo, ΔHo and 
ΔSo indicate that the sorption process is spontaneous, endothermic, and 
stable, respectively. However, if the reaction is non-spontaneous, 
exothermic, and unstable, these thermodynamic properties show nega
tive values. Results from Table 14 show the negative value of ΔGo and 
the positive value of ΔHo, confirming that the fluoride removal by HAp 
was governed by spontaneous and endothermic reactions [22,26], 
whereas the positive value of ΔSo provides insight on the stability and 
affinity of HAp for fluoride ions [64]. This implies that the adsorption of 
fluoride onto HAp under this study was governed by chemisorption 
process which can work over a wide range of temperature than phys
isorption [49]. 

3.9. Effect of competing anions on fluoride removal efficiency by HAp 

The fluoride removal efficiency of HAp was evaluated in the presence 
of co-ions commonly available in water that include nitrate (NO3

� ), 
sulphate (SO4

2� ), chloride (Cl� ), carbonate (CO3
2� ) and bicarbonate 

(HCO3
� ). The experimental conditions were fixed at an initial fluoride 

concentration of 10 mg/L, adsorbent dose of 6 g/L, reaction temperature 
of 303 K, pH 7 and a fixed concentration of 100 mg/L for each co-ion. 
The results from Fig. 13 show a significant decrease in fluoride 
removal efficiency in the presence of carbonate, followed by bicarbonate 
and sulphate. When compared to other anions, NO3

� and Cl� have the 
least negative effects on fluoride removal efficiency. Presence of car
bonate and bicarbonate decreased the removal efficiency significantly 
due to an increase in solution pH attributed by OH� ions from CO3

2� and 
HCO3

� hydrolysis, as shown in equations (21) and (22), respectively 
[65]. Due to the comparable ionic radius of the fluoride ion (1.36 Å) and 
the hydroxyl ion (1.40 Å), the increased OH� ions concentration 
compete with fluoride on the active site, which lowers fluoride removal 
[66]. However, CO3

2� caused a very low removal efficiency compared to 
HCO3

� due to its high dissociation constant (Kb) value, which enabled 
the high release of OH� ions [67]. A similar trend was also reported 

Fig. 11. Weber-Morris intraparticle diffusion model for adsorption of fluoride 
onto HAp at different temperatures. 

Table 13 
Parameters of the intraparticle diffusion (IPD) model.  

Kinetic diffusion model Parameter Temperature (K) 

303 318 333 

Intraparticle diffusion model Kp (mg/g min1/2) 0.023 0.026 0.03  
C (mg/g) 3.649 4.153 4.726  
R2 0.9727 0.9727 0.9727  Fig. 12. Van’t Hoff plot for fluoride adsorption onto HAp.  
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elsewhere [68]. 

CO32�
(aq)

+H2O(1)⇌HCO3� (aq) + OH�
(aq),Kb = 2.0 × 10� 4 (21)  

HCO3� (aq) +H2O(1)⇌H2CO3(aq) + OH �
(aq) Kb = 2.5 × 10� 8 (22)  

3.10. Defluoridation of field water samples 

Synthesized HAp was used to investigate its effectiveness in fluoride 
removal from field water with the physicochemical characteristics 
shown in Table 15. Aside from cockle shell-derived HAp (BV), synthetic 
HAp derived from analytical reagents (STD) and bone char (BC) 
compared under similar adsorption conditions (adsorbent dose of 6 g/L, 
temperature 303 K, time 12 h). Results from Table 16 show that (BV) 
had high removal efficiencies compared to (STD) and (BC). The reason 
for its outstanding performance may be credited to the presence of other 
cations [24] as per XRF results (Table 2), in which on their dissolution in 
water, their metal ions might have contributed to complexing the fluo
ride ions. Poor performance of bone char could be attributed to its small 
surface area, which could have been attributed to a few adsorptive sites 
(Table 3). Similar results were also reported in the literature [6,24]. 

3.11. Defluoridation mechanism 

Various studies have elucidated the mechanisms of fluoride adsorp
tion, which include electrostatic attraction, ion/ligand exchange, H- 
bonding, and precipitation [27,69,70]. Under this study, fluoride 
adsorption mechanisms by HAp were investigated through FTIR, XRD, 
FESEM, and BET studies, Figs. 1b, 2 and 3a, and 4 respectively. In Fig. 1b 
the shift or disappearance of bands related to OH� and PO4

3� groups 
after adsorption was attributed to fluoride-exchange with OH-groups in 
the HAp lattice due to their ionic size [61] (ligand exchange) and the 
formation of fluorapatite, as shown by equation (23). A similar scenario 
was presented from FTIR studies [70]. Furthermore, the increase in 
crystal size after adsorption depicted from XRD and FESEM studies, was 
assumed to be caused by fluoride anchoring on HAp by electrostatic 
attraction, particularly at low pH. This might have attributed to induced 
H-bonding, which lead to agglomeration of HAp particles (eq. (24)). 
This phenomenon was more evinced by BET analysis (Fig. 4) where a 
decrease in surface areas of HAp after adsorption was observed due to 
the increase in crystal size caused by the aforementioned reason. 

Ca10(PO4)6(OH)2 ​ + ​ nF� ​ →Ca10(PO4)6(F)2+2OH� (23)  

Ca10(PO4)6(OH)2 ​ + ​ nF� ​ →Acidic

Medium
Ca10(PO4)6(OH+)2� � � nF� (24) 

Moreover, the precipitation mechanism can be ascribed to fluoride 
removal in this study. Researchers have observed the formation of sol
uble Ca(OH)2 and insoluble dicalcium phosphate (eq. (25)) at pH levels 
lower than 4.8 [26,71]. As a result, the presence of soluble Ca(OH)2 
could have attributed to fluoride removal via precipitation reaction (eq. 
(26)) [26].This was also verified in this study, in which, through a hy
droxyapatite leaching test, a concentration of calcium ions of 24.08, 
2.28 and 0.01 mg/L was determined titrimetrically in fluoride solution 
of 10 mg/L and a dose of 6 g/L at a pH of 3, 7, 11 respectively. High 
concentration of calcium ions at low pH compared to high pH, might 
have attributed to more precipitation of fluoride ions, hence high 
removal efficiency, which was observed to be 98.76, 87.98, and 26.45% 
at pH of 3, 7, and 11, respectively. Concurrently, spectrophotometrically 
the amount of leached phosphate (PO4

� 3) from HAp at pH of 3, 7, and 11 
was determine and found to be 8.9, 2.5, and 17.4 mg/L respectively. 

Ca10(PO4)6(OH)2 → ​ 6CaHPO4.2H2O ​ + ​ 4Ca(OH)2 (25)  

Ca(OH)2(aq) + F�
(aq)→CaF2(s) + OH�

(aq) (26) 

Therefore, driving forces for adsorption of fluoride ions on HAp in 
this study could be depicted by electrostatic forces, H-bonding, ligand 
exchange and precipitation reaction (Fig. 14). 

3.12. Regeneration and reusability of adsorbent (HAp) 

The recovery of the adsorbents is an important part of the practical 
applications of the adsorbents. In order to verify the feasibility of reuse 
of the HAp, a 0.1 M NaOH solution was used as an eluent. The adsorbent 

Table 14 
Thermodynamic parameters for the adsorption of fluoride ions by HAp.  

Temperature (K) ΔGo KJ/mol ΔHo (KJmol� 1) ΔSo (KJk� 1mol� 1) 

303 � 14.322 4.103 0.061 
318 � 15.226   
333 � 16.147    

Fig. 13. Influence of co-ions on fluoride removal efficiency by HAp.  

Table 15 
Physico-chemical characteristics of field water.  

Sample ID DO Temp EC TDS NO3
� PO4

3- Total Hardness Cl�

mg/L oC μS/cm mg/L mg/L mg/L mg/L mg/L 
S1 5.39 23.65 992 496 13 0.74 8 52.5 
S2 6.15 22.88 415 208 16.8 0.66 5.15 24.6 
S3 6.29 21.25 329 164 16.4 0.48 7.55 17.5 
S4 6.77 20.1 488 243 22.2 0.44 6.8 22.14 
S5 6.71 22.5 1918 960 7 0.73 8.1 93.6 
S6 7.91 26.2 806 395 20 1.41 10 56 
S7 8.31 26.1 1219 605 6 1.03 12.8 68.6 
S8 6.2 27.1 460 222 26.7 0.54 10 11.67 
S9 5.3 26.4 1924 962 46 1.3 18 70 
S10 6.4 27.3 1461 730 30 1.6 24 61  
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dose of 6 g/L was soaked in a 10 mg/L fluoride solution for about 12 h. 
The fluoride-loaded adsorbent was centrifuged, and the supernatant was 
taken for fluoride analysis. The remaining adsorbent was washed three 
times with distilled water before being soaked in 0.1 M NaOH for 3 h and 
then dried in an oven at 80 ◦C for 6 h. After each cycle, the adsorbent was 
separated, washed with distilled water, soaked in 0.1 M NaOH, and 
dried in an oven, ready for the next run. After four run cycles, a slight 
decrease in the fluoride removal efficiency by HAp was observed, from 
98.2 to 77.6% (Fig. 15). This might be attributed to a decrease in HAp 
purity due to the replacement of hydroxyl groups by fluoride ions. 

4. Conclusion 

The synthesis of HAp derived from cockle (Anadara granosa) shells 
as a novel adsorbent for defluoridation was successful in this study. HAp 
characterization by FTIR, XRD, FESEM, and BET revealed the anchoring 
of fluoride ions on the adsorbent surface. Fluoride adsorption on the 
HAp was depicted by narrower, sharper, and distinct peaks, which in
dicates increased structural order. XRD peak shift confirmed more 
fluoride loading on HAp. BET studies revealed a decrease in surface area 
for HAp from 105.8 to 86.9 m2/g due to an increase in crystal size caused 
by fluoride anchoring on the adsorbent, which promoted agglomeration. 
The increase in crystal size was further confirmed by XRD and FESEM 
studies. Fluoride adsorption mechanisms were observed to be attributed 
to electrostatic attraction, ion exchange, H-bonding, and precipitation, 

which were confirmed by FTIR, XRD, FESEM, and BET analysis. 
Isotherm and kinetic modelling were best described by the non-linear 
Langmuir model and linear pseudo-second order kinetic model. A 
theoretical maximum adsorption capacity of 15.374 mg/g for HAp, 
closer to the experimental value of 14.053 mg/g, was depicted. Ac
cording to thermodynamic studies, fluoride adsorption on HAp is 
spontaneous, stable, and performs well at high temperatures. Moreover, 
unlike bone char, HAp was able to treat a wide range of fluoride con
centrations at natural pH levels above the pzc to fluoride levels 
acceptable by WHO and TBS regulations for drinking water (1.5 mg/L). 
As a result, the new HAp produced from Anadara granosa shells is a 
promising adsorbent for drinking water defluoridation. 
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Table 16 
Batch defluoridation experiments for field water by different adsorbents.  

Sample ID Parameters 
Initial fluoride Initial pH Final fluoride and (final pH) by different adsorbents Removal efficiency – Y (%) 
(mg/L)  STD BV BC STD BV BC 

S1 29.05 8.44 2.64 (8.77) 1.15 (8.84) 19.05 (9.00) 90.91 96.04 34.42 
S2 9.3 8.46 0.57 (8.44) 0.32 (8.50) 5.40 (8.71) 93.8 96.51 41.91 
S3 4.83 7.79 0.08 (8.29) 0.07 (8.22) 1.99 (8.59) 98.36 98.55 58.8 
S4 5.03 8.31 0.23 (8.55) 0.19 (8.38) 3.55 (8.76) 95.36 96.19 29.37 
S5 31.79 8.73 4.79 (8.89) 1.12 (8.96) 19.97 (9.06) 84.91 96.47 37.17 
S6 9.12 7.45 0.46 (8.62) 0.36 (8.72) 4.64 (8.85) 94.91 95.95 49.04 
S7 21.35 8.48 1.68 (8.85) 0.93 (8.87) 10.25 (9.04) 92.13 95.63 51.99 
S8 6.26 7.42 0.19 (8.49) 0.16 (8.54) 2.86 (8.78) 96.9 97.4 54.31 
S9 24.8 7.76 3.80 (8.95) 1.08 (8.97) 15.17 (9.04) 84.66 95.65 38.81 
S10 18.9 7.6 1.81 (8.88) 1.07 (8.84) 11.85 (9.01) 90.4 94.33 37.3 

STD -synthetic hydroxyapatite, BV- biogenic Anadara granosa shells derived hydroxyapatite, BC- bone char. 

Fig. 14. Defluoridation mechanism of HAp derived from cockle (Anadara 
granosa) shells. 

Fig. 15. Regeneration and reusability of HAp using a fluoride solution of 10 
mg/L, a dose of 6 g/L, a pH of 7, and a temperature of 303 K. 
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