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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Porous nano hydroxyappatite were 
synthesized. 

• Polyvinylpyrrolidone and sodium 
dodecyl sulfonate template system were 
used. 

• Fluoride adsorption onto porous hy-
droxyapatite is an activated process. 

• Fluoride adsorption was significantly 
accelerated by microwave irradiation.  
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A B S T R A C T   

Fluoride pollution of water is a matter of concern in many countries due to its association with chronic kidney 
failure. Therefore, it is important to develop fast and efficient methods for fluoride removal from drinking water 
using environmentally friendly materials. In this article, the synthesis, characterization and microwave assisted 
accelerated fluoride removal by porous nanohydroxyapatite (PHAP) are reported. The PHAP samples were 
synthesized using polyvinyl pyrrolidone and sodium dodecyl sulphate micellar system as the template. The 
prepared nanohydroxyapatite was characterized using TEM, SEM, FT-IR, TGA, XRD and BET. Investigation of the 
morphology of microcrystals using TEM showed the presence of spherical particles of 20–35 nm size and highly 
porous rod-shaped crystals with the aspect ratio of 2:13. The adsorption of F− ions using PHAP was carried out 
under the influence of microwave radiations using concentrations comparable to existing F− levels in natural 
water. The equilibrium is reached within 80 s and this is the fastest saturation time recorded for any existing 
material. The kinetic experiments showed that the fluoride adsorption is an activated second order process. The 
equilibrium fluoride adsorption capacity of PHAP was found to be 9.19 mg g− 1 at pH 6.5 for 80 s and this was 
proven to be a potential material to remove F− ions rapidly from drinking water.   
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1. Introduction 

Fluoride is considered as an essential mineral with a narrow margin 
of safety for human wellbeing [1]. According to the WHO guidelines, the 
recommended fluoride concentration in drinking water is in the range of 
0.5–1.5 mgL− 1 [2]. The prolonged use of drinking water containing even 
a relatively low dose of fluoride have adverse effects on human health 
and shows dental caries even with very low concentrations such as 0.5 
mg L− 1 and greater than 10 mg L− 1 can lead even to crippling fluorosis 
[3]. For example, over 90% of children in dry zone of Sri Lanka show 
dental fluorosis where the fluoride content in water is even less than 1 
mg L− 1 [10]. In addition, there are many reports indicating various 
other diseases caused by high fluoride intake such as osteoporosis [4,5], 
arthritis [4,6], brittle bones [4–6], infertility [4], brain damage [4], 
alzheimer syndrome [7] thyroid disorder, and chronic kidney disease of 
unknown aetiology (CKDu) [4,8]. It has also been reported that the 
fluoride levels over 2.0 mg L− 1 cause increased activities of serum lactic 
dehydrogenase (LDH), urine N-acetyl-β-glucosaminidase (NAG), and 
urine γ-glutamyl transpeptidase (γ-GT) in children and damage liver and 
kidney functions [9]. 

Thus, the ingestion of elevated fluoride concentrations via drinking 
water is a matter of concern. Both natural and anthropogenic activities 
contribute to increase the fluoride content in drinking water. Many 
fluoride containing minerals and rocks such as fluorite, topaz, biotite, 
cryolite, granite, shale, basalt and syenite are widely distributed in the 
earth’s crust [11]. Although these rocks and minerals are hardly soluble 
in water at neutral pH, when the conditions are changed, fluorides can 
be leached to the ground water [10,11]. In addition, various industrial 
effluents containing high fluoride concentrations and also contribute to 
increased levels of fluoride in water [12]. 

Therefore, the removal of excess fluoride from drinking water sys-
tems has received much attention and various treatment techniques such 
as chemical precipitation [13], adsorption [14,15], reverse osmosis 
[16–18], nanofiltration [19], and electrodialysis [20,21] have been 
employed for water defluorination. Among these methods, adsorption is 
a promising technology due to its simplicity of design, operation and 
cost effectiveness. Activated alumina [22,23], calcium based materials 
[24–26], iron-based sorbent materials [27,28], metal 
oxides/hydroxides/oxyhydroxides/metal-impregnated oxides [29,30], 
carbon based materials [29,31], layered double hydroxides [32–34], 
and hydroxyapatite [35,36], have been considered as attractive sorbents 
in defluorination. Among the variety of materials used for defluorina-
tion, hydroxyapatite (HAP) has been identified as one of the promising 
materials for the removal of fluoride from water mainly due to 
cost-effectiveness and biocompatibility. Moreover, the application of 
variety of morphologically different HAP in water defluorination, such 
as nano HAP [37–39], porous HAP [40,41], nanowires [42], nanorods of 
HAP [38,43] and also hollow nano HAP [44,45] has been reported. The 
facile synthesis of hydroxyapatite with complex and fascinating mor-
phologies requires mimicking of the natural biomineralization process 
[46]. Therefore, the organic templates with complex functional patterns 
were used to control the nucleation, growth and alignment of inorganic 
crystals [47,48]. 

The objective of our study was to investigate the effect of microwave 
energy on fluoride adsorption onto porous nano HAP as it has never been 
considered for HAP systems. In addition, the possibility of removing F−

ions at concentrations existing in natural water at natural pH conditions 
were investigated as almost all the existing literature work has dealt 
with very high concentrations of F− using low pH conditions. For this 
purpose, the hollow microspheres/nanospheres of hydroxyapatite and 
highly porous nanorod assembled crystals of hydroxyapatite were syn-
thesized using polyvinyl pyrrolidone and sodium dodecyl sulphate 
(PVP/SDS) template assisted system. The synthesized material was 
tested for fluoride removal from aqueous solutions and was found that 
the adsorption process can be significantly enhanced by increasing the 
kinetic energy using microwave. 

2. Experimental 

2.1. Materials 

All the chemicals used in this study were of analytical grade and they 
were used without any further purification. Polyvinylpyrrolidone (PVP) 
average molecular weight 10,000 and sodium dodecyl sulfonate (SDS, 
98%) were purchased from Sigma-Aldrich Ltd. Calcium nitrate tetra-
hydrate (98%) from Techno Pharmchem, India was used in the synthesis 
along with ammonium monohydrogen phosphate (99%, Sigma Aldrich). 
Sodium fluoride (99.5% Merck) was used to prepare fluoride stock 
solution. 

2.2. Synthesis of porous nanohydroxyapatite (PHAP) 

Porous nanohydroxyapatite was synthesized by the wet chemical 
precipitation method. Briefly, the template for the synthesis was pre-
pared by adding 25 ml of 20 g/L PVP and 25 ml of 60 mM SDS into a 
three neck flask. The mixture was heated up to 60 ◦C and stirred for 1 h. 
To this solution, 0.4 M Ca(NO3)2.4H2O and 0.15 M (NH4)2HPO4 in 1.67 
Ca/P molar ratio were added dropwise while stirring. During the pro-
cess, pH of the medium was maintained at 10 using 3.5 M NH4OH so-
lution. The reaction mixture was maintained at 80 ◦C for 3 h under 
vigorous stirring. The mixture was aged for 24 h, then it was centrifuged 
and washed several times using distilled water and dried. 

2.3. Characterization of the samples 

The morphological and structural studies of synthesized PHAP 
samples were conducted using Scanning Electron Microscopy (HITACHI 
SU6600, at 15.0 kV). The transmission electron microscopic analysis 
(TEM) was carried out using JEOL JEM 2100 electron microscope. The 
presence of functional groups of nanohydroxyapatite was confirmed by 
studying the sample using a FT-IR spectrometer (Varian 660-IR) in the 
wavenumber range of 500–4000 cm− 1. The X-ray powder diffraction 
patterns of the samples were obtained using a Bruker D8 Focus X-Ray- 
Diffractometer using Cu Kα radiation (0.154 nm) over the 2ϴ range of 
2◦–80◦, with a step size of 0.02◦. The thermal gravimetric analysis for 
the respective samples was carried out using a thermogravimetric 
analyzer (TGA SDT Q 400) in the temperature range from room tem-
perature to 600 ◦C. The surface area of synthesized PHAP was measured 
by BECKMAN COULTER SA3100 BET analyzer. 

2.4. Adsorption study 

The stock solution of fluoride was prepared by dissolving 5.0 g of 
sodium fluoride in 1 L distilled water in a PVC container. The experi-
mental solutions for adsorption and analysis were freshly prepared by 
diluting F− stock solution with distilled water. All the experiments were 
conducted using vessels made of polypropylene or PVC. The total ionic 
strength adjusting buffer (TISAB-III) solution was added to all the 
samples (1:1) before measuring the fluoride concentrations using a 
fluoride selective electrode (Orion ion selective electrode). 

2.4.1. Influence of pH on the fluoride uptake capacity 
The influence of the pH on fluoride uptake capacity was investigated 

by controlling the pH level of the system from 1 to 13 using 0.1 M HCl 
and 0.1 M NaOH. The solution pH and concentration of fluoride were 
determined using a pH electrode and a fluoride ion selective electrode, 
respectively. 

2.4.2. Adsorption kinetic study 
The adsorption kinetic studies were carried out using two different 

methods (Method 1 and Method 2). 
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2.4.2.1. Method 1. Adsorption of fluoride by porous nano-
hydroxyapatite was continuously monitored using fluoride ion selective 
electrode at three different temperatures. Adsorption of fluoride by 0.04 
g of porous nanohydroxyapatite from a 5 ppm solution (20 ml) was 
studied at 30, 50 and 80 ◦C for 2 h with continuous stirring at 180 rpm. 

2.4.2.2Method 2. 
Polypropylene vials containing 20 ml of 5 ppm fluoride solution and 

0.04 g of porous nanohydroxyapatite was exposed to microwave radi-
ation (180 W of SAMSUNG TDS microwave, 230 V) for a predetermined 
time (from 5 to 120 s). The residual fluoride levels were measured using 
the fluoride ion selective electrode. 

2.4.3. Adsorption isotherms 
In the adsorption isothermal studies, 0.02 g of porous nano-

hydroxyapatite was added to 10 ml of fluoride solution at the concen-
trations ranging from 1 to 20 ppm (1, 3, 5, 10, 15 and 20 ppm) and the 
solution pH was adjusted to 6.8. After exposing it to microwave energy 
for 80 s, the residual fluoride concentration was measured using the 
fluoride ion selective electrode. In addition, the adsorption studies were 
carried out with higher concentrations of F− (150 and 200 ppm) 
(Fig. S2) in order to compare adsorption capacities obtained at higher 
concentrations in reported works. 

3. Results and discussion 

3.1. Characterization of PHAP 

In the aqueous system, SDS molecules start to form micelles at crit-
ical micelle concentration (CMC) by arranging their head groups toward 
the surrounding medium while directing the hydrophobic tail regions in 
the micelle center. CMC of SDS surfactant is 8.3 mM at 25 ◦C and it 
increases with increasing temperature [49,50]. In this study, 60 mM 
concentration of SDS was used and the reaction medium was heated up 
to 60 ◦C. It is reported that the CMC value of SDS at 60 ◦C is 9.2 mM [49, 
51]. The used concentration of SDS is 60 mM and it is about 6 times 
greater than the CMC value of SDS at 60 ◦C. It is very important to 
maintain the system with high SDS concentration in order to obtain 
higher amounts of micelles [52]to increase the porous nature of HAP. As 
described earlier, during the nucleation process, these micelles act as 
templates as well as nucleation sites for HAP crystallization. Higher the 
number of micelles trapped inside HAP, higher would be the porosity of 
HAP. 

The driving force for the micelle formation is the minimization of 
contact between water and hydrophobic tail region. The thermodynamic 
feasibility of the micelle formation can be expressed as follows [49], 

ΔG◦ = − RTln(CMC) (1) 

The free energy change for the micelle formation at 60 ◦C is 
approximately − 13 kJ mol− 1. 

PVP molecules can strongly interact with anionic SDS head group to 
form PVP-SDS spherical shaped complex micelles [53,54] (Fig. 1). 
Furthermore, the calcium ions in the medium also have very high af-
finity towards these anionic head groups and, therefore, these SDS 
molecules in the PVP-SDS complex micelles provide nucleation sites for 
the crystallization of hydroxyapatite. 

The scanning electron micrograph (SEM) of nanohydroxyapatite 
synthesized in the presence of the polymer-surfactant template (PVP/ 
SDS) is shown in Fig. 2. According to the image, there are rod shaped and 
spherical shaped particles and they are combined or agglomerated in 
such a way to provide many pores/groves to give a complex hollow 
nature. In addition, the sample surface is uneven providing a high sur-
face area with nanogrooves of the size ranging over 80–200 nm. This is 
in contrast with the morphology of rod shaped hydroxyapatite nano-
particles synthesized using the same conditions in the absence of the 
PVP/SDS template [38]. Therefore, it is very clear about the template 
effect of PVP/SDS to provide hollow morphology of 
nanohydroxyapatite. 

The porous nature of synthesized HAP was further confirmed using 
transmission electron microscopy (TEM), as shown in Fig. 3. The for-
mation of both spherical and rod shape nanoparticles can be observed in 
these micrographs (Fig. 3 (a) and (b)). A careful observation of Fig. 3(c) 
shows the existence of a spongy nature having tiny holes connected and 
spread along each particle giving a porous structure. Moreover, the size 
range of the spherical shaped hydroxyapatite is approximately 20–35 
nm in diameter and the aspect ratio of rod shaped nanoparticles is 2:13. 

The FTIR spectra of unwashed and washed PHAP samples are shown 
in Fig. 4. The IR adsorption bands at 3464 cm− 1 and 1652 cm− 1 can be 
attributed to the bending vibration mode of H bonded OH groups pre-
sent in hydroxyapatite. The peak at 1020 cm− 1 corresponds to the 
stretching mode of PO4

3− groups and the peaks at 601 and 850 cm− 1 are 
the bending modes of PO4

3− groups [38,55,56]. The assignment of 
vibrational frequencies observed in the IR spectra is given in Table S1. 
The IR band appeared in the region of 1350-900 cm− 1 is a combination 
of several overlapping peaks such as CH2 wagging, SO2 asymmetric 
stretching and the vibrational modes associated with phosphate groups 
and CN bond vibrations of PVP. The FT-IR spectrum of the washed PHAP 
does not show the IR absorptions related to PVP/SDS. The absence of IR 
bands correspondent to both PVP and SDS in washed PHAP (Fig. 4) 
confirmed their absence on the surface. However, the template of 
PVP/SDS present deep inside the PHAP particle may have not being 
removed during the washing process as indicted in the TGA analysis 

Fig. 1. Self - assembly of hydroxyapatite.  Fig. 2. SEM image of porous hydroxyapatite (PHAP).  
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given in Fig. 5. 
In this study, TGA was accomplished under nitrogen and oxygen 

environments separately. Weight loss corresponding to PVP and SDS 
[57–59] were identified as 2.54% at the temperature range of 
220–400 ◦C and 3% at the temperature range of 215–540 ◦C for nitrogen 
and oxygen environments respectively. 

Further, the specific surface area of PHAP was measured by Beckman 
Coulter Sorption Analysis and it was found that surface area of PHAP is 
41.3 m2/g. The X ray powder diffraction pattern of porous nano-
hydroxyapatite is given in Fig. 6 and it contains peaks at 2ϴ positions of 
26, 31, 32, 34, 39 and 50◦ and the results are in good agreement with 
hydroxyapatite [56,60]. 

3.2. The influence of microwave energy and temperature on the 
adsorption process of fluoride onto PHAP 

Adsorption of fluoride by nanohydroxyapatite at neutral pH is shown 
in Fig. 7. It can be observed that the rate of F− adsorption increases with 
increasing temperature and levels off around 1.2 mg g− 1 at 5 ppm initial 
fluoride concentration. It can also be observed that the system takes a 
long time to reach equilibrium at room temperature. The strong 
dependence of fluoride adsorption on temperature indicates that it is an 
activated process. Therefore, an attempt was made to accelerate the 
process by providing microwave irradiation. The system was exposed to 
microwave radiation (180 W) for 80 s and the adsorption of fluoride was 
monitored. 

The effect of different methods used to accelerate the fluoride 
adsorption is shown in Fig. 8. It can be observed that the exposure to 
microwave energy dramatically increases the rate of fluoride adsorp-
tion. It was also worth noticing that, with normal stirring mode at 5 ppm 
initial fluoride level, the system required more than 5 min at 80 ◦C to 
reach its equilibrium capacity of 1.2 mg g− 1 (Fig. 8), whereas, with 
microwave energy, it took only 1 min to reach the capacity of 1.35 mg 
g− 1. We can suggest two reasons for the increased adsorption of F−

under the microwave treatment. When the fluoride-nanohydroxyapatite 

Fig. 3. TEM images of porous microspheres/rods of hydroxyapatite. (a) Spherical shaped hydroxyapatite, (b) and (c) Porous rod-shaped hydroxyapatite at different 
magnifications. 

Fig. 4. FT-IR spectra of (a) washed PHAP and (b) unwashed PHAP.  
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aqueous system is subjected to microwave irradiation, the molecular 
dipole rotations occur. These rotating water molecules can push, pull or 
collide with other molecules and thereby distribute the dielectric heat-
ing energy to adjacent fluoride ions to overcome the activation energy 
barrier. In addition, the increased oscillations and collisions of water 
molecules in the hydration sphere of fluoride may temporarily expose F−

ions to HAP surface to promote the adsorption. 

3.3. Influence of pH on the fluoride uptake capacity 

The influence of pH on the fluoride removal by nanohydroxyapatite 
was investigated in the pH range of 1–13. As shown in Fig. 9, the 
equilibrium sorption capacity increased with increasing pH and reached 
a maximum at pH = 6.5 which is equal to pH of drinking water. Less 
fluoride adsorption at low pH can be attributed to the dissolution of 

apatite as shown in equation (2), resulting unstable sorbent surface as 
well as having increased competition for F− ions due to the releasing of 
HPO4

2− . 

Ca1010(PO4)6(OH)2 + 8H+ ⇌ 10Ca2+ + 6HPO2+
4 + 2H2O (2) 

At extremely high pH, competition of hydroxide ions causes a slight 
decrease in fluoride adsorption. 

Fig. 5. Thermogravimetric curves for the decomposition of washed PHAP (a) Percentage weight loss as a function of temperature, (b), (c) Derivatives of the weight 
loss temperature curves. 

Fig. 6. XRD spectrum of PHAP.  

Fig. 7. The amount of fluoride adsorbed vs. time at 5 ppm initial fluoride 
concentration at (a) 80 ◦C, (b) 50 ◦C and (c) 30 ◦C. 
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3.4. Adsorption dynamics and mechanism 

As shown in Figs. 2 and 3, the surface of porous nanohydroxyapatite 
synthesized in the presence of PVP/SDS template system is coarse. The 
adsorption of solute from solution by porous adsorbents is a multi-step 
process which involves a bulk transport of solute, film transport of so-
lute and diffusion through a hypothetical film boundary layer and finally 
the diffusion of solute within pores and along pore wall surfaces to an 
active adsorption sites [61]. 

Therefore, when fluoride-hydroxyapatite system is subjected to mi-
crowave irradiation, the energy transfer via collisions could accelerate 
the diffusion/adsorption processes. To our knowledge, the enhancement 
of fluoride adsorption by microwave radiation has not been reported 
previously. Efficacy of sorption depends on sorption capacity and 
sorption rate. These are useful parameters and can be determined from a 
kinetic analysis of the system. These kinetic data are useful in designing 
fast and effective sorption systems for fluoride removal. The fluoride- 
porous nanohydroxyapatite system was studied using four kinetic 

models namely, Lagergren-first-order model, Ho’s pseudo-second-order 
model, Weber’s and Morris’s intra-particle diffusion model and Boyd’s 
model [62,63]. 

The integrated form of Lagergren-first-order rate expression can be 
presented as follows: 

ln(qe − qt)= ln qe − k1t (3)  

Where qe and qt are the amounts of fluoride adsorbed (mg/g) at equi-
librium and at time t, respectively and k1 is the rate constant of the 
adsorption process. 

The integrated form of the pseudo second order kinetic model is as 
follows: 

t
qt
=

1
k2 q2

e
+

t
qe

(4)  

Where qe and qt are the amounts of fluoride adsorbed (mg/g) at equi-
librium and at time t, respectively and k2 is the rate constant of pseudo 
second order adsorption process [53–55]. The kinetics of fluoride 
adsorption was tested by fitting data to the models described above and 
the results are reported in Tables 1 and 2. It can be seen that the 
adsorption of fluoride onto PHAP agrees well with pseudo second order 
kinetic model [64–66]. 

The kinetic data were also fitted to the Boyd’s film diffusion model 
and intra particle diffusion model of Morris and Weber in order to obtain 
an insight into the mechanism and rate determining steps of fluoride 
adsorption. 

The Boyd film diffusion model can be used to investigate whether the 
main resistance to mass transfer is the diffusion through the boundary 
layer surrounding the adsorbent particle, or the resistance to diffusion 
inside the pores [67–69]. This model is given by the equation: 

F = 1 −
6
π2

∑∞

n=1

1
n2 exp

(
− n2Bt

)
(5) 

Fig. 8. The effect of different methods on the equilibrium time and adsorption 
capacity of PHAP. 

Fig. 9. Effect of solution pH on fluoride adsorption at 5 ppm initial fluo-
ride level. 

Table 1 
Parameters of Lagergren-first-order and Pseudo second order for fluoride 
adsorption from 5 ppm initial fluoride solution.  

Kinetic models Parameters Temperature 

80 ◦C 50 ◦C 30 ◦C 

Lagergren-first-order qe (mg g− 1) 0.05 0.31 0.67 
k1 (min− 1) 0.12 0.09 0.06 
R2 0.9176 0.9433 0.9657 

Pseudo second order (t/qt vs. t) qe (mg g− 1) 1.19 1.13 0.79 
k2 (min− 1) 8.86 1.62 0.27 
R2 0.9999 0.9992 0.9796 

Experimental adsorption capacity 
(qe) for 5 ppm fluoride solution 

qe (mg g− 1) 1.26  

Table 2 
Parameters of Intra particle diffusion and Boyd’s model for fluoride adsorption 
by PHAP from 5 ppm initial fluoride solution.  

Boyd’s model 

Temperature 
(◦C) 

B (min− 1) Deff. (cm2 

min− 1)* 10− 13 
R2 Intercept/thickness of 

boundary layer 

30 0.02 1.2 0.99 − 0.03 
50 0.091 2.3 0.92 0.91 
80 0.15 3.7 0.96 2.52 

Intra particle diffusion model 

Temperature 
(◦C) 

kin (mg/ 
gmin− 1/2) 

D (cm2 min− 1) 
*10− 14 

R2 Intercept/thickness of 
boundary layer 

30 0.15 2.45 0.97 0.02 
50 0.07 0.35 0.90 0.84 
80 0.02 0.022 0.74 1.10  
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Where, Bt is the rate coefficient and F is fractional attainment of equi-
librium at time t. In this model, Bt is taken to be a function of F. 

F =
qt

qe
(6)  

Where qe and qt are the amounts of fluoride adsorbed (mg/g) at equi-
librium and at time t, respectively. The Fourier transformation of Boyd 
equation generates the following two relations: 

Bt =

(
̅̅̅
π

√
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π −

(
π2F

3

√ ))2

For F < 0.85 (7)  

Bt = − 0.4977 − ln(1 − F) or F > 0.85 (8)  

Where the rate coefficient Bt is related to the effective diffusion coeffi-
cient (De) and the particle radius (r) as given in the following equation: 

Bt =
π2De

r2 (9)  

Where, the shape of the particle has been assumed as spherical. 
A plot between time and Bt is used to explain the adsorption mech-

anism. If the plot is linear and passes through the origin, the rate of mass 
transfer is assumed to be controlled by the pore diffusion. If the plot is 
nonlinear or linear but does not pass through the origin, the adsorption 
process is assumed to be controlled by a chemical reaction or film 
diffusion process. 

Intraparticle diffusion model investigates whether the intraparticle 
diffusion of solute is the rate determining step. In this case, the rate is 
partially a function of the pore size distribution of the adsorbent and the 
structure of the solute. The intraparticle diffusion model is described by 
the equation below: 

qt = kint0.5 (10)  

Where qt (mg/g) is the adsorption capacity at time t, kin (mg/g min− 0.5) 
is the intraparticle diffusion rate constant and t0.5 is the square root of 

time [70]. 
The intra particle diffusion coefficient (D) can be calculated from the 

following equation [71], 

kin =
6qe

R

̅̅̅̅
D
π

√

(11)  

Where R (cm) is the particle radius, qe (mg/g) is the adsorption capacity 
at equilibrium. D was calculated by assuming all the particles are 
spherical in shape. In this case, the slope of qt versus t0.5 graph gives kin 
and the average particle radius was determined by analyzing TEM 
images. 

In order to predict the mechanism of fluoride adsorption onto PHAP, 
the kinetic data were analysed by the kinetic models described above. 
The values of kinetic parameters and correlation coefficients obtained 
with the models are listed in Tables 1 and 2 The best correlation was 
obtained with the pseudo second order model for the adsorption of 
fluoride onto nanohydroxyapatite. The graphs in Fig. 10 show the 
agreement of experimental data with the second order kinetic model at 
three different temperatures. 

It has been reported that there are three possible mechanisms to 
explain the uptake of free fluorides by nanohydroxyapatite. They are the 
substitution into the crystal lattice, adsorption on the surface, and pre-
cipitation. The mechanism of fluoride uptake and efficiency of fluoride 
removal are strongly dependent on the morphology of PHAP and 
chemical composition of water (pH, concentration of ions in solution) 
[72,73]. As the ionic radii of fluoride (1.36 Å) and hydroxyl (1.40 Å) are 
comparable, the substitution of hydroxyl by fluoride in the hydroxyap-
atite lattice is not sterically hindered. The centre of the calcium triangles 
in the hydroxyapatite lattice can comfortably accommodate the fluoride 
ion due to its small size. Furthermore, the substitution of fluoride at the 
centre of calcium triangle eliminates the electric dipole present in the 
lattice due to off centred position occupied by hydroxyl ion yielding a 
thermodynamically more stable lattice structure. Although, the surface 
charge plays an important role on the adsorption of fluoride, it has been 
reported that the fluoride adsorption by nanohydroxyapatite is mainly 
controlled by the diffusion of fluoride into the hydroxyapatite crystal 

Fig. 10. Pseudo second order kinetic model at three different temperatures, (a) at 80 ◦C (b) at 50 ◦C (c) at 30 ◦C.  
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[72,73]. 

3.5. Temperature dependence and activation energy 

The fluoride adsorption rate increases with increasing temperature, 
indicating that this process is an activated process. Therefore, the 
Arrhenius equation was used to estimate the apparent activation energy 
of adsorption process [74]. 

k =Ae
− Ea
RT (12)  

Where k is the rate constant, A is the Frequency factor, Ea is the acti-
vation energy, T is the temperature in kelvin and R is the universal gas 
constant. 

The apparent activation energy calculated using Arrhenius equation 
for the fluoride adsorption by nanohydroxyapatite (Fig. 11) is equal to 
63.1 kJmol-1. 

3.6. Adsorption isotherms 

The adsorption isotherm models such as Langmuir and Freundlich 
can be used to describe the adsorption process at equilibrium [62]. The 
Langmuir isotherm equation describes the formation of a saturated 
monolayer of adsorbate on the surface of the adsorbent at the equilib-
rium. In order to apply this model, the surface of the adsorbate should 

have energetically equivalent and identical binding sites. 
The simplified form of the Langmuir isotherm equation can be 

expressed as, 

Ce

qe
=

Ce

qm
+

1
Kqm

(13)  

Where Ce (mg/L) is equilibrium fluoride concentration, qe is the equi-
librium amount of fluoride adsorbed, qm is the maximum adsorption 
capacity of the adsorbent and K (L mg− 1) is the equilibrium constant of 
the adsorption process. 

The Freundlich adsorption isotherm explains the adsorption process 
at equilibrium on a heterogeneous surface. The Freundlich isotherm 
equation in linear form can be expressed as, 

lnqe = ln Kf +
1
n

ln Ce (14) 

Where Ce (mg/L) is equilibrium fluoride concentration, qe is amount 
of fluoride adsorbed at the equilibrium Kf (L/mg) is the empirical con-
stant of Freundlich isotherm which depends on temperature and n is the 
empirical parameter related to the intensity of adsorption. Values of "n" 
between 1 and 10 can be considered as a favourable conditions for 
adsorption [75]. 

The experimental data fitted to Langmuir and Freundlich isotherm 
models are shown in Fig. 12 and a better agreement of experimental data 
to Freundlich model is revealed. The parameters of isotherms are given 
in Table 3. These results show that the adsorption occurs on a hetero-
geneous surface and the binding sites of PHAP for fluoride ions are not 
energetically equivalent. Accordingly, the adsorption capacity was 
found to be 9.19 mg g− 1. In addition, the reported material was engi-
neered in such a way that it could efficiently adsorb fluoride at the pH of 
drinking water. It is also worth mentioning that this material showed 
high adsorption capacities (54 mg g− 1) at high fluoride concentrations 
(200 ppm) and also it can reached the equilibrium within 80 s at 
drinking water pH (Supporting document S2). In contrast to our inves-
tigation, many of the synthesized adsorbents to remove F− in reported 
data, to date show their highest capacities at very low pH diminishing 

Fig. 11. Arrhenius plot for fluoride adsorption onto PHAP.  

Fig. 12. Sorption isotherms for Fluoride adsorption onto PHAP (a) Freundlich isothermal model (b) Langmuir model.  

Table 3 
Isotherm parameters of PHAP.  

Experimental data at 20 ppm initial fluoride 
concentration 

qe (mg/g) 12.29 

Langmuir model qe (mg/g) 16.69 
K1 (min− 1) 0.17 
R2 0.41 

Freundlich model qe (mg/g) 9.19 
Kf (g mg− 1 

min− 1) 
2.33 

R2 0.96 
n 1.54  

A.K.D.V.K. Wimalasiri et al.                                                                                                                                                                                                                 



Materials Chemistry and Physics 257 (2021) 123712

9

their applicability in real drinking water applications 
The adsorption capacities, initial concentrations, pH and time taken 

to reach the equilibrium for reported materials are summarized in 
Table 4. According to these data, our material reached equilibrium 
within 80 s under the influence of microwave and this value is the fastest 
ever recorded for fluoride adsorption. 

4. Conclusion 

The porous hydroxyapatite (PHAP) was successfully synthesized 
using PVP-SDS template system. The fluoride adsorption on porous 
nanohydroxyapatite was an activated process which followed second 
order kinetics and could be accelerated using microwave energy. The 
time taken to reach the equilibrium (more than 15 min at 30 ◦C) could be 
reduced to 80 s by exposing to microwave irradiation providing the 
fastest F− adsorption system for ever recorded. As PHAP shows its 
highest capacity at pH 6–7, this system has a very high potential in 
defluorination of drinking water. 
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