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a b s t r a c t

The absorption performance of a nano-structured hydroxyapatite produced from a combined ultrasonic
and microwave technique was examined for the removal of fluoride from contaminated water. The effect
of physical and chemical parameters such as initial pH, contact time, initial fluoride concentration and
temperature were investigated. The results indicated that the equilibrium adsorption data followed both
the Langmuir and Freundlich isotherms, with a maximum monolayer adsorption capacity of 5.5 mg/g at
eywords:
dsorption
efluoridation
anohydroxyapatite

298 K. In addition, the kinetic studies have shown that the fluoride adsorption data followed a pseudo-
second order model and that the intra-particle diffusion process played a significant role in determining
the rate. The thermodynamic analysis also established that the adsorption process was endothermic and
spontaneous. The initial and final fluoride loaded nano-hydroxyapatite samples were characterized using

d XP
luoride
ltrasonic irradiation
icrowaves

FESEM, TEM, XRD, FTIR an
had taken place.

. Introduction

Fluoride is an essential micronutrient for human health and
s usually ingested through food and drinking water. The World
ealth Organisation (WHO), recommends that the maximum
ermissible fluoride level in drinking water should not exceed
.5 mg/L. Below this level, fluoride has a beneficial effect that results
rom its ability to delay dental decay [1]. Above this level, the
igher concentrations of negatively charged fluoride ions are highly
ttracted to the positively charged calcium ions found in bones and
eeth. These elevated concentrations produce serious health prob-
ems that result in skeletal fluorosis [2]. In addition, the formation
f lesions in various body organs such as the endocrine glands, liver,
nd thyroid can also take place. The groundwater in many parts of
he world exceeds the permissible fluoride level set by the WHO and
s a result the de-fluoridation of contaminated water has become a
ritical health issue. The de-fluoridation processes currently in use
an be broadly classified into either ion exchange/adsorption [3,4]

r coagulation and precipitation [5]. And recently, electrodialytic
embrane technologies have demonstrated their possible use for

he removal fluoride from contaminated water [6].

∗ Corresponding author. Tel.: +61 8 9360 2892; fax: +61 8 9360 6183.
E-mail address: g.poinern@murdoch.edu.au (G.E.J. Poinern).
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S methods. The analysis revealed that structural changes to the adsorbent
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The most extensively used de-fluoridation process used is the
adsorption process. This is due to its easy operational procedure and
cost-effectiveness. Many naturally occurring minerals have been
tested for possible use as an adsorbent [7]. Das et al. [8] and Kamble
et al. [9] have demonstrated that many naturally occurring minerals
can be activated, either thermally or chemically to increase their
fluoride adsorption capacity.

Hydroxyapatite (HAp) is a naturally occurring mineral found in
both bone and skeletal hard tissues. It has been chemically synthe-
sized and used for the removal of fluoride from contaminated water
by several researchers [10–12]. Sundaram et al. was able to produce
nano-HAp (200 nm, diameter), from a calcium hydroxide slurry by
adding orthophosphoric acid and then calcining the precipitate at
400 ◦C. Adsorption testing was then carried out using an initial flu-
oride solution of 10 mg/L. The resulting adsorption capacity of the
nano-HAp was found to be 1.845 mg F−/g when the experimental
testing was carried out at a pH of 3.0 [13]. Other researchers have
investigated alternative forms of apatites, for example Gao et al. has
examined the de-fluoridation behaviour of four different types of
apatites, namely synthesized nano-HAp, bone meal, treated bone
meal and rock phosphate [11]. Attempts have also been made to

synthesize composite materials composed of HAp and other mate-
rials for possible use in the removal of fluoride from drinking water
[14].

The manufacture of nano-HAp has been extensively investi-
gated and several techniques, such as hydrothermal [15], sol–gel

dx.doi.org/10.1016/j.jhazmat.2010.08.087
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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16], emulsion and micro-emulsion [17] have been used to produce
ano-HAp. However, the most attractive technique for the prepa-
ation of nano-HAp is the wet chemical method. This is because
f its simplicity and economically efficient manufacturing pro-
ess. Using this method allows the size and morphology of the
ano-HAp particles to be controlled by simply varying the exper-

mental conditions that regulate the particle nucleation, the aging
rocess and the growth kinetics of the particles. Ultrasonic irradia-
ion has also been used to synthesise several other nano-materials
18,19]. The ultrasonic technique works on the principle of gen-
rating acoustic cavitations that produce adiabatic bubbles that
row and then implosively collapse creating localized hot spots.
hese localised hot spots can reach temperatures of up to 5300 K
nd can attain pressures around 500 atmospheres, which are then
ollowed by rapid cooling rates often exceeding 1010 K/s [20].
hese extreme pressure and temperature variations promote both
hysical effects and chemical reactions that can directly influence
he particle size and morphology of synthesised products [21,22].
nother technique that has successfully been used to synthesise
aterials utilises microwave heating. Meejoo et al. have discussed

he use of microwave heating to dramatically reduce the reaction
imes and increase the product yields when compared to conven-
ional heating methods [23]. A combined ultrasonic and microwave
echnique is used in this study to produce a more efficient route
o manufacture nano-HAp powders. Initially, solutions containing
alcium, hydroxyl and phosphate ions are irradiated by ultrasound,
his results in the formation of calcium phosphate compounds.
hese compounds are then thermally treated using a microwave
ven to produce nano-HAp.

In this study, nano-HAp was manufactured using a com-
ined ultrasonic/microwave technique. The nano-HAP powders
ere characterized using X-ray diffraction (XRD), field emis-

ion scanning electron microscopy (FESEM), transmission electron
icroscopy (TEM), Fourier transform infrared spectroscopy (FTIR)

nd X-ray photoelectron spectroscopy (XPS). The adsorption capac-
ty of the nano-HAp was investigated for the de-fluoridation of
uoride contaminated water using a batch equilibrium procedure.
he various physical and chemical parameters such as pH, contact
ime, initial fluoride concentration and temperature were varied
s part of the study to investigate their effects on the fluoride
dsorption capability of the nano-HAp material. In addition, both
he kinetic and thermodynamic effects of the fluoride adsorption

echanism of the nano-HAp material has been investigated and
iscussed.

. Experimental

.1. Materials

All analytical grade reagents used in this work were supplied by
HEM-SUPPLY. The chemicals used in the synthesis process were
alcium nitrate tetrahydrate [Ca(NO3)2·4H2O], potassium dihydro-
en phosphate [KH2PO4] and a solution of 35% ammonia. Analytical
rade sodium fluoride (NaF) was used to prepare the 1000 mg/L flu-
ride stock solution, which was then used to prepare the diluted
olution for each of the batch adsorption studies. The fluoride anal-
sis used two standard solutions; the first was a 100 mg/L fluoride
tandard and the second was a Total Ionic Strength Adjustment
uffer III (TISAB III) concentrate supplied by Orion Ionplus®.
.2. Synthesis of nano-HAp

The manufacture of nano-HAp begins initially with a 40 mL solu-
ion of 0.32 M [Ca(NO3)2·4H2O], then adjusting its pH to 9.0 with
pproximately 2.5 mL of ammonium hydroxide. The solution was
us Materials 185 (2011) 29–37

then exposed to an ultrasonic irradiation source of 50 W (30 kHz)
at maximum amplitude for 1 h. The ultrasonic processor (Model
UP50H) was supplied by Hielscher Ultrasound Technology. Then
a 60 mL solution of 0.19 M [KH2PO4] was added drop-wise into
the initial solution while undergoing a second hour of ultrasonic
irradiation.

During the synthesis process the Ca:P ratio was maintained at
1.67. After the ultrasound irradiation stage, the resultant white
slurry was placed into a fused silica crucible supplied by Rojan
Advanced Ceramics Pty Ltd., Western Australia. The crucible was
then placed into a commercial household microwave (1100 W at
2450 MHz – LG® Australia) for heat treatment. The heat treatment
continued until a white agglomerated mass was produced. This
mass was then allowed to cool before being ground into a fine pow-
der. The powder was then characterized before being used in the
batch adsorption studies.

2.3. Characterization

The Brunauer–Emmett–Teller (BET) surface area measurement
of the nano-HAp powders were carried out by the Australian Com-
monwealth Scientific and Research Organisations (CSIRO) Particle
Analysis Service (PAS) in Perth, Western Australia.

The morphological features of the synthesised nano-HAp were
investigated using a high resolution FESEM (Zeiss 1555 VP-FESEM)
at 3 kV with a 30 �m aperture operating under a pressure of
1 × 10−10 Torr.

The powder XRD spectra of the nano-HAp powders were
recorded using a Siemens D500 series diffractometer [Cu
K� = 1.5406 Å radiation source] operating at 40 kV and 30 mA. The
diffraction patterns were collected at room temperature over a 2�
range from 20◦ to 70◦ with an incremental step size of 0.04◦. The
acquisition time was 2 s. The size of the synthesized nano-HAp
powders were calculated from the respective XRD patterns using
the Debye–Scherrer equation and also estimated from the FESEM
micrographs.

FTIR spectral investigations were carried out using a Thermo
Scientific Nicolet 6700 FTIR spectrometer. The KBr pellet technique
was used and the spectra data was recorded from 4000 cm−1 to
400 cm−1 with a resolution of 4 cm−1. The resulting spectra were
then analysed using the OMNIC® software package.

The TEM investigation of a typical nano-HAp powder started
with the powder being ground and then a small amount of the pow-
der was dispersed in ethyl alcohol using a low powered sonic bath.
Once thoroughly dispersed, the suspension was then deposited
onto a carbon coated copper TEM grid and allowed to dry for 24 h. A
bright field TEM study was then carried out at 80 kV using a Phillips
CM-100 Electron microscope.

The Kratos Axis-Ultra spectrometer was used to obtain high res-
olution XPS scans using an Mg K� X-ray source (1253.6 eV). The
operating voltage was set at 12 kV with a 12 mA emission cur-
rent. The pass energy of the initial survey scan was 80 eV, while
the pass energy of 20 eV was used for the subsequent high reso-
lution scans of the F 1s, O 1s, C 1s, Ca 2p and P 2p modes. The
lens mode was set to 0◦ hybrid mode, while the magnetic lens
utilities were set to 0.355 A. In addition, charge neutralization was
employed to compensate for the electron deficit in the test area of
the sample surface (filament current = 1.8 A, charge balance = 3.35 V
and filament bias = 1 V).

2.4. pHpzc determination
A set of 250 mL Schott reagent bottles were partially filled with
a 100 mL solution of 0.1 M sodium nitrate (NaNO3) solution. Then
the pH of each solution was adjusted so that the bottle set had a
pH range from 2 to 10. Once this was done a 0.1 g of synthesized
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presence of calcium phosphate hydrate [Ca3(PO4)2·xH2O] is also
indicated by the peaks at 27.09◦ and 29.31◦. This is common in
the synthesis of HAp using wet chemical methods as discussed by
Poinern et al. [22]. The XRD pattern of the fluoride loaded nano-
G.E.J. Poinern et al. / Journal of H

ano-HAp was added to each bottle. The bottles were then sealed,
laced into a thermostatically controlled orbital shaker, with the
gitation speed set to 75 rpm and operated for 24 h. After agitation,
he bottles were then allowed to equilibrate for 24 h before the final
H of each sample was taken. The measured values of the final pH
ere then plotted against the initial pH values and from the plot

he final pH value pHpzc was determined from the levelling of the
lotted pH curve.

.5. Batch adsorption studies

For the equilibrium studies a 100 mL fluoride solution was taken
rom the standard stock solution and placed into a clean 250 mL PVC
ottle. Then a 0.1 g sample of nano-HAp was added to the solution.
he bottle was then sealed and the mixture was placed into a ther-
ostatically controlled orbital shaker. The agitation speed was set

o 100 rpm and run for a predetermined period. Then the effect of
olution pH was studied by adjusting the pH from 3 to 9. This was
one by treating the solution with 0.1 M HCl and/or 0.1 M NaOH.
he temperature was normally set to 298 K, except where temper-
ture variation studies were carried out. After 4 h, the solid was
eparated from the mixture using a 0.22 �m Millipore® syringe
lter unit and the residual fluoride level was measured using an

on-selective electrode probe.
Isothermal studies were carried out to investigate the effect of

emperature on the adsorption process. The four isotherms used
ere 298, 303, 313, and 318 K. A set of seven 250 mL Schott reagent

ottles were partially filled with a 100 mL fluoride solution, each
ith a different concentration. The fluoride concentrations pre-
ared were 1, 5, 9, 18, 22, 30, and 35 mg/L with an initial pH of
. Then an adsorbent dose of 1.0 g/L of nano-HAp was added to
ach bottle. The bottles were then sealed, placed into the thermo-
tatically controlled orbital shaker, with the agitation speed set to
5 rpm and operated for 4 h. The kinetic studies were carried out
sing 10 mg/L fluoride solutions at an initial pH of 6. These solutions
ere then placed into a thermostatically controlled orbital shaker,
ith the agitation speed set to 75 rpm and agitated for several
ifferent time spans (15, 30, 45, 60, 120, 180, 300 and 420 min).

.6. Fluoride analysis

The fluoride concentration in the solution was measured
sing an Orion fluoride ion-selective electrode (ISE) probe which
as attached to an Orion APlusTM Benchtop pH/ISE Meter-720A

Thermo-Scientific). The initial fluoride calibration curve was pre-
ared from a set of different dilute standards prepared from a
00 mg/L standard fluoride solution from Orion. The fluoride anal-
sis technique consisted of placing a 20 mL aliquot of a standard or
ample solution into a 50 mL plastic beaker and then adding 2 mL
f the TISAB III solution. The beaker with an inserted fluoride probe
as then placed onto a magnetic stirrer plate where it was stirred

ontinuously using a teflon coated magnetic bar. The solution was
tirred until the meter showed a constant potential. Then, using the
alibration curve, the fluoride ion concentration in the respective
ample were measured after each adsorption test.

. Results and discussions

.1. Characterization of HAp

The FESEM images of the synthesized nano-HAp powders

evealed that the particles were predominantly agglomerated and
hat the individual particles appeared spherical. The particles were
ound to be uniform and ranged in size from 40 to 50 nm in diam-
ter. Images of the fluoride loaded nano-HAp material have shown
distinct change in the morphology of the particles. In addition
Fig. 1. FTIR spectra of n-HAp and fluoride loaded HAp.

to the original spherical shape, some rod shaped particles are also
seen in the fluoride loaded nano-HAp materials.

The FTIR spectra of the synthesized nano-HAp and fluoride
loaded nano-HAp powders are presented in Fig. 1. The bands
around 3570 cm−1 and 634 cm−1 correspond to the characteristic
stretching vibration and libration modes of the OH− group respec-
tively. The bands located at 1380, 825 and 725 cm−1 are attributed
to the incorporation of CO3

2− ions in the OH− sites [24]. This is
because under the highly alkaline conditions of synthesis, there
are enough OH− ions present in the aqueous system to react with
the atmospheric CO2. Typical apatite phosphate modes appear at
1090, 1040, 960, 600 and 565 cm−1 indicating the formation of pure
apatite [22]. The phosphate bond stretching occurring at 962 cm−1

indicates the crystalline structure of the apatite phase formation
[25]. The almost total disappearance of the CO3

2− bands in the
loaded sample indicates that the fluoride has been incorporated
into the nano-HAp powder.

The XRD pattern of the fluoride loaded nano-HAp powders is
presented in Fig. 2. It shows peaks with significant intensities at
2� = 25.87◦ (0 0 2), 31.73◦ (2 1 1), 32.16◦ (1 1 2), 34.02◦ (2 0 2), 39.79◦

(3 1 0), 49.43◦ (2 1 3) and 53.09◦ (0 0 4). The presence of these peaks
confirms the formation of HAp in the sample [22]. In addition, the
Fig. 2. XRD patterns of pure HAp (bottom) and fluoride-loaded HAp (top).
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investigation the adsorbent dose (1.0 g/L), contact time (4 h) and
temperature (298 K) were kept constant. The results of the study are
graphically presented in Fig. 6. It can be seen that fluoride adsorp-
tion decreases as the pH increases from 3 to 5, then remains fairly
constant up to 7. Beyond a pH of 7 the adsorption begins to decrease
Fig. 3. TEM images of (a) p

Ap reveals the formation of a mixture containing HAp, fluorapatite
Ca5(PO4)3F] and calcium fluoride (CaF2). Contrary to the findings

ade by Sundaram et al. [10], this work presents the XRD patterns
hat indicates the formation of distinctive calcium fluoride peaks
t 28.13◦ (1 1 1), 46.87◦ (2 2 0) and 55.59◦ (3 1 1). These peaks are in
greement with the ICDD database. The presence of fluorapatite is
ndicated by peaks that are similar to nano-HAp occurring at 28.92◦

2 1 0), 31.85◦ (2 1 1), 39.97◦ (3 1 0), 43.81◦ (1 1 3), 56.02◦ (3 2 2) and
0.11◦ (4 2 0). These peaks are the result of an ion-exchange mech-
nism [10]. It should also be noted that the calcium phosphate
ydrate peaks found in the original nano-HAp sample were not

ound in the fluoride loaded sample. The Debye–Scherrer equation
as used to determine the average crystalline size of the nano-HAp

rom the XRD data. The mean size of the nano-HAp powders were
alculated from the 25.87◦ peak [22] and found to be 43 nm, which
as in agreement with the FESEM findings.

The TEM image of the synthesized nano-HAp powder and fluo-
ide reacted nano-HAp material are presented in Fig. 3a and b. The
nloaded nano-HAp presented in Fig. 3a is predominantly spher-

cal in shape, with an average size of 40–50 nm and agrees with
he morphological observations made using the FESEM. The fluo-
ide loaded sample presented in Fig. 3b clearly indicates a change
n the particle shape. In addition to the spherical shaped parti-
les there are also some rod or plate like particles with diameters
round 8–10 nm with lengths between 80 and 100 nm long. The
EM analysis clearly indicated some structural changes in the nano-
Ap materials resulting from the fluoride adsorption mechanism
rocess.

The BET surface area measurement of nano-HAp produced a
alue of 3.33 m2/g. This value was lower than expected for a
esoporous hydoxyapatite. The reasons may be due to the high

rystallinity of the nano-HAp powders and the extensive agglom-
ration of individual particles resulting from the higher irradiation
ower of the microwave step. The surface area of the fluoride-

oaded sample was calculated to be 115.3 m2/g. This massive
ncrease in surface area supports the view that a major structural
hange has occurred during the adsorption of the fluoride ions.

The XPS wide scans for both pure nano-HAp and fluoride-nano-
Ap materials are presented in Fig. 4 and were carried out to
scertain the bonding nature of the F− adsorption process in the
ano-HAp powders. The main peaks for the nominal elements are
resented along with the fluoride 1s peaks that appear in the fluo-
ide loaded nano-HAp, thus confirming the presence of the fluoride
n the loaded sample. The peak energies of the peaks and possible
omponents are presented in Table 1. The F 1s and Ca 2p peaks have
een de-convoluted and presented in Fig. 5. The de-convolution
f the calcium 2p peak from the fluoride loaded nano-HAp sam-

le indicates that Ca 2p consists of two components. The first, at
46.94 eV indicates the bonding of Ca with oxygen. The second, at
47.62 eV indicates that some of the Ca has bonded with fluorine to
orm CaF2. A semi-quantitative analysis has also shown that around
% of the Ca forms CaF2 with the F− in the fluoride loaded nano-
p (b) fluoride loaded HAp.

HAp sample. The F 1s peak at 683.67 eV indicates that about 1% of
the F− forms additional configurations with other elements, such
as oxygen. It can also be seen that the 0.1 eV positive shift in the
phosphorus, P 2p, peak from the original nano-HAp sample to flu-
oride loaded nano-HAp sample indicates the incorporation of the
fluoride ions. This effect may also distort the matrix of the original
nano-HAP, as well as affecting the bonding state of the P atoms. It
should be noted that XPS is a surface sensitive technique, so if the
CaF2 is being bonded back to the surface of the fluoride loaded nano-
HAp sample the fluoride attached inside the nano-HAp matrix will
not be as prominent in the XPS spectra. The presence of CaF2 indi-
cates that the F− ions to some extent do breakdown the structure
of the nano-HAp during the adsorption process. This phenomenon
is consistent with the XRD results presented earlier. It should also
be noted that the formation of CaF2 during fluoride adsorption by
HAp has not been reported in the literature.

3.2. The effect of pH

Solution pH controls the adsorption phenomena at the
water–solid interface and hence the effect of solution pH on the
fluoride adsorption mechanism was studied. The study was con-
ducted using two different initial concentration levels (10 mg/L
and 50 mg/L) and by varying initial pH from 3 to 9. During the
Fig. 4. Wide scan XPS spectra of pure HAp (blue) and fluoride loaded HAp (green).
(For interpretation of the references to color in the figure caption, the reader is
referred to the web version of the article.)
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Table 1
XPS peak energies of HAp and F− loaded HAp.

Sample F 1s F KLL O 1s Ca 2p1/2 Ca 2p3/2 C 1s P 2p1/2 P 2p3/2

HAp 530.75M 347.0M 350.37 282.58M 132.72 133.52

HAp-F 684.65M 598.09 530.85M 346.82M
683.67Sh 624.0 347.57Sh

a
i
(
I
d

F
c

Fig. 5. XPS deconvulation of (a) Ca 2s peaks and (b) F 1s peaks.
gain, especially for the lower initial concentration of 10 mg/L. The
nserted graph in Fig. 6 presents the plot of the equilibrium pH
pHeq) of the solution after adsorption against the initial pH (pHi).
n a recent study by Jiménez-Reyes and Solache-Rios [26], the rapid
issolution of HAp material at low values of pH was reported. For

ig. 6. Effect of pH on fluoride adsorption [conditions: 298 K, HAp dose 1.0 g/L,
ontact time 4 h].
285.75

350.23M 282.42M 132.86 133.69
351.17Sh 285.16Sh

example, when the pH was 2.8 there was a rapid dissolution of HAp.
It was found that when the pH was less than 4 (pH < 4), HAp formed
the soluble species Ca2+ and CaH2PO4

+. In contrast, when the pH
was greater than 4 (pH > 4) only the insoluble species CaHPO4·2H2O
and Ca5(PO4)3OH were present. In our study, the pHin was set at 3.0.
This resulted in an equilibrium pHeq of 4 and above (Fig. 6, insert)
and as a result, no HAp dissolution was observed.

In the present study, pHpzc was found to be 7.2 while the lit-
erature has reported values in the range from 4.35 to 7.6 [27].
Below pHpzc the HAp surface is protonated and acquires a posi-
tive charge. When the pH is lower than 3.0, the higher fluoride
adsorption is presumably due to the electrostatic attraction of the
positively charged surface with negatively charged fluoride ions.
The decrease in adsorption between pH values of 3.0 and 5.0 is
due to the decrease in the positive surface charge density. Beyond
pH 7.2, the surface is deprotonated and acquires a negative charge,
which repels the negatively charged fluoride ions and consequently
adsorption decreases. In further studies, pHin 6.0 (corresponding
pHeq 6.6) was chosen as the optimized pH because of its close value
to natural water or drinking water.

3.3. The effect of contact time

The fluoride adsorption of HAp as a function of contact time
is presented in Fig. 7. During the kinetic studies the contact time
was varied from 15 min to 7 h, with an initial fluoride concentra-
tion of 10 mg/L, a temperature of 298 K, an absorbent dose of 1 g/L
and an equilibrium solution pH of 6.6. It is evident from inspecting
Fig. 7, that the adsorption process has two distinct phases: an ini-
tial fast phase, which lasted for about 60 min followed by a much
slower adsorption phase. The equilibrium time was established
after approximately 3 h. Hence, all subsequent experiments were
carried out over a 4 h period.
3.4. Adsorption kinetics

The solute adsorption rate determines the residence time
required for completing the adsorption reaction. Therefore the
kinetic analysis is essential for any absorption study. The adsorption

Fig. 7. Effect of contact time on fluoride adsorption by nano-HAp [conditions: equi-
librium pH 6.6, 298 K, [F−] 10 mg/L, HAp dose 1.0 g/L].
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the increasing equilibrium fluoride concentration in the solution,
which in turn produces larger numbers of fluoride ions available
at the surface interface. The presence of large numbers of fluoride
ions at the interface greatly enhances the adsorption process.
ig. 8. Pseudo-second order plot for fluoride adsorption on nano-HAp [conditions:
quilibrium pH 6.6, 298 K, [F−] 10 mg/L, HAp dose 1.0 g/L].

ata was analysed using three kinetic models: pseudo first order,
seudo second order and the intra-particle diffusion model.

The Lagergren pseudo-first order rate law [28] can be expressed
s

og(qe − qt) = log qe − k1

2.303
t (1)

here qe (mg/g) is the adsorption at equilibrium, qt (mg/g) is the
dsorption at time t and k1(/min) is the pseudo-first order adsorp-
ion rate constant.

The pseudo-second-order rate law [29] for analysis of sorption
inetics can be expressed as

t

qt
= 1

k2q2
e

+ 1
qe

t (2)

here k2 (g/min mg) is the pseudo-second-order rate constant for
dsorption. Fig. 8 presents a graph of the kinetic data that was plot-
ed using Eq. (2). Inspection of the graph reveals that the plot is
inear.

The rate constants and other parameters obtained from plotting
oth kinetic models are presented in Table 2. Both models ade-
uately fit the data obtained. However, the second order model
rovides a better fit as well as a higher correlation coefficient (R2).
lso, the calculated equilibrium capacity calculated from the sec-
nd order model is in close agreement with the experimentally
etermined value.

The adsorption mechanism is a multi-step process. The first step
nvolves the diffusion of the sorbate from the aqueous phase to
he adsorbent surface. In the next step diffusion takes place in the
nternal pores and voids within the matrix of the absorbent. The
iffusion process in this case is slow and occurs at a lower rate.
eber and Morris [30] have described an intra-particle diffusion
odel which is represented by the following equation:

t = kpt1/2 + C (3)

here kp is the intra-particle diffusion rate constant (mg/g min1/2 g)
nd C is the intercept which provides an idea of the boundary layer
hickness.

According to this model, if intra-particle diffusion is involved
n the adsorption process then the resulting plot of qt versus t1/2

hould be linear and if the line passes through the origin then
ntra-particle diffusion is the sole rate-controlling step. However,
f the data exhibits multi-linear plots then two or more steps may

nfluence the adsorption process. Generally the first line, which is
teeper, is credited to the external diffusion of adsorbate through
he boundary layer to the surface of adsorbent (instantaneous
dsorption stage). The second line, which has a smaller gradient
escribes the gradual adsorption stage. In this stage the intra-
Fig. 9. Intra-particle diffusion plot of fluoride on nano-HAp.

particle diffusion process is the dominant effect. The third linear
portion of the graph is the final equilibrium stage, where the diffu-
sion process begins to slow down due to low solute concentration.

Fig. 9 presents the adsorption data plotted using the intra-
particle diffusion model discussed above. The first step is the
external surface adsorption state which is attained rapidly (this line
is not shown for clarity). The second step (dotted line) is credited to
the intra-particle diffusion process which plays an important role in
the first 3 h. The diffusion model parameters such as rate constant,
intercept and correlation coefficient are presented in Table 2.

3.5. Adsorption isotherms

The adsorption isotherms describe the distribution of the adsor-
bate between the solution and the adsorbent when the adsorption
process reaches an equilibrium state. In order to investigate the
nature of the fluoride adsorption isotherm, the initial fluoride
concentration was varied from 1 mg/L to 35 mg/L under fixed
experimental parameters. These parameters included an equilib-
rium pH of 6.6, constant temperature of 298 K, 1 g/L absorbent dose
and a contact time of 4 h. Fig. 10 presents the relationship between
the equilibrium fluoride concentration and the de-fluoridation
capacity of the nano-HAp particles. It can be seen that the
adsorption capacity increases from 0.5 mg/g to 4.3 mg/g while
the equilibrium fluoride concentration increases from 0.75 mg/L
to 30.6 mg/L. The increase in adsorption capacity results from
Fig. 10. Adsorption isotherm of fluoride on nano-HAp [conditions: equilibrium pH
6.6, 298 K, contact time 4 h, HAp dose 1.0 g/L].
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Table 2
Rate constants and correlation coefficients of studied kinetic models.

qe,exp (mg/g) Pseudo-first order Pseudo-second order Intra-particle diffusion
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and graphically presented in Fig. 11. The estimated values of �H◦

(from the slope) and �S◦ (from the intercept) and the calculated
value of �G◦ are presented in Table 5. It can be seen from this table
that all the �G◦ values are negative for the set of four temperatures
studies. This indicates that the fluoride adsorption is spontaneous
qe,calc (mg/g) k1 (/min) R2 qe,calc (mg/g)

2.02 1.10 0.0092 0.961 2.14

There are several applicable isotherm models, but the most
idely used are the Langmuir and the Freundlich models. The Fre-
ndlich model is purely an empirical one, unlike the Langmuir
odel which assumes the maximum adsorption occurs when the

urface has been covered by a monolayer of adsorbate. The Lang-
uir isotherm model is expressed mathematically by the linear

quation below:

Ce
qe

= 1
Qmb + Ce

Qm
(4)

here Qm (mg/g) is the monolayer adsorption capacity, b (L/g) is
angmuir constant which is related to the free energy of adsorption,
e (mg/L) and qe (mg/g) are the equilibrium concentration of adsor-
ate in solution and on the surface of adsorbent respectively. The
reundlich isotherm model equation in the linear form is presented
elow:

og qe = log kF + 1
n log Ce (5)

here kF [(mg/g) (mg/L)−1/n] and n (dimensionless) are Freundlich
sotherm constants related to the extent of the adsorption and to
he adsorption intensity respectively.

The Langmuir isotherm equation (Eq. (4)) was applied to the
dsorption data to quantify the adsorption capacity of the nano-
Ap powders. The Langmuir plot of the data displayed a good linear
t and the derived parameters of slope and intercept, are presented

n Table 3. In addition, the adsorption data was also plotted using
he Freundlich model under the same experimental conditions. The
ata fitted well to the model and the equilibrium parameter values
re presented in Table 3. The value of n is in the range of 1–10 and
his indicates that the fluoride adsorption process is favourable on
he nano-HAp powder.

Similarly other investigators have also reported correlation
oefficients that are both high and close in value for the two mod-
ls [7,8,11,31]. However, based on the coefficient of correlation (R2)
alues in the present study, the Freundlich isotherm provided the
est fit to the experimental data.

In order to assess the de-fluoridation efficiency of the syn-
hesised nano-HAp powders in the present investigation, a
omparative evaluation was made between the nano-HAp and sev-
ral other materials reported in the literature, see Table 4. It can be
een from this table that the nano-HAP powder used in this study
ossesses a higher fluoride adsorption capacity than other similar
ano-HAp’s powders and many other adsorbents reported in the

iterature.

.6. The effect of temperature
Isothermal studies were carried out to investigate the effect of
emperature on the fluoride adsorption process. The four isotherms
sed were 298, 303, 313, and 318 K. Three different initial flu-
ride concentration levels (5, 10 and 20 mg/L) where used for

able 3
angmuir and Freundlich isotherm data.

Langmuir isotherm Freundlich isotherm

Qm (mg/g) 5.53 kF (mg/g) (mg/L)−1/n 0.61
B (L/mg) 0.10 n 1.69
R2 0.978 R2 0.988
k2 (g/min mg) R2 kP (mg/g min1/2) C (mg/g) R2

0.017 0.999 0.101 0.56 0.965

each isotherm while the contact time (4 h) and adsorbent dose
(1 g/L) were kept constant. During the experimental investigation
it became apparent that adsorption increased with increasing tem-
perature. This observation indicated that the fluoride adsorption
by the nano-HAp was endothermic in nature. This observation is
similar to those reported in the literature [11,12].

In order to test the feasibility and spontaneity of the adsorp-
tion process, the thermodynamic parameters of free energy change
(�G◦), enthalpy change (�H◦) and entropy change (�S◦) were cal-
culated using the following relationships:

�G◦ = −RT ln K (6)

�G◦ = �H◦ − T�S◦ (7)

Eq. (7) can be rearranged as,

ln K = �S◦

R
− �H◦

RT
(8)

where R is the universal gas constant (8.314 J/mol/K), T is the
temperature in Kelvin and K is the thermodynamic equilibrium
constant in units of L/g and is generally expressed as:

K = qe

Ce
(9)

Since both �G◦ and the term RT have the unit of J/mol, the
equilibrium constant K in (Eq. (9)) should be dimensionless. In
order to make K dimensionless we have adopted the method sug-
gested by Milonjic [32]. Thus the equilibrium constant K in (Eq. (9))
is replaced with the new dimensionless equilibrium constant K0
which is expressed by;

K0 = �qe

Ce
(10)

where � is the density of water (∼1000 g/L) and assumed to be
constant over the temperature range studied and containing a low
adsorbent dose.

The calculated K0 values for the three different initial fluoride
concentrations were plotted using the Van’t Hoff equation (Eq. (8))
Fig. 11. Van’t Hoff plot for fluoride adsorption on nano-HAp.
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Table 4
Monolayer adsorption capacities of some adsorbents reported in literature.

Adsorbent Adsorption capacity (mg/g) Experimental conditions Ref.

pH (initial) F− concentration range (mg/L)

n-HAp 5.5 6.0 1–35 This work
n-HAp 4.57 5.0 3–80 [11]
Bone meal 4.99
Treated bone meal 6.85
n-HAp 3.11 (probably) 3.0 – [10]
Anionic clays 3.6a 6.5 5–60a [35]
La-modified bentonite 4.24 7 0–25 [9]
Activated alumina 2.41 7 2.5–14 [36]
Precipitated waste mud 27.2 5.0 5.4–914 [31]
Acid treated waste mud 2.8
Original waste mud 4.2
Activated Ti-rich bauxite 3.97–4.13 6.0 5–40 [8]
Quick lime 16.67 6.6 10–100 [37]
Chromite overburden 15.17 5.0 10–50 [7]
Low iron Ni-laterite 12.3
High iron Ni-laterite 15.17

a Data converted from molar units for easy comparison.

Table 5
Thermodynamic parameters for defluoridation by nano-HAp.

Fluoride concentration (mg/L) �H◦ (kJ/mol) �S◦ (J/mol K) �G◦ (kJ/mol)

298 K 303 K 313 K 318 K
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5 24.2 132.3
10 27.6 140.3
20 30.5 146.7

n nature and the adsorption process improves with increasing
emperatures.

It is known that the absolute magnitude of the free energy
hange for physical adsorption is less than that for chemisorption.
n their studies, Jaycock and Parfitt have discussed that in the case
f physical adsorption �G◦ ranges from −20 to 0 kJ/mol and in the
ase of chemical adsorption it ranges from −80 to −400 kJ/mol [33].
n the present study, the thermodynamic values obtained are out-
ide the range of physical adsorption, but are closer to those of
hemical adsorption. Hence in this case, this physical adsorption
rocess has been enhanced by a chemical effect in a similar man-
er to that described by Yu et al. [34]. The positive value of �H

ndicates the endothermic nature of the adsorption process and
he high positive value of �S◦ indicates the affinity of nano-HAp for
he fluoride ions. This study suggests that there are some structural
hanges and points to the irreversible nature of the fluoride adsorp-
ion process with the nano-HAp material. In addition, the positive
alue of the enthalpy and the large positive entropy value, suggests
hat the entropy is responsible for making the reaction sponta-
eous (−�G◦) and its contribution is much larger than the enthalpy
hange.

. Conclusion

The results obtained in this work have demonstrated that using
combined ultrasonic and microwave irradiation technique dur-

ng the wet chemical synthesis of hydroxyapatite, it is possible to
roduce ultrafine and highly crystalline particles of uniform size.
he nano-HAp particles produced in this work were found to be
ery effective in the removal of fluoride ions from test solutions.
he monolayer adsorption capacity was also found to be higher

han other synthetic nano-HAp materials reported in the litera-
ure. The solution equilibrium pH of 6.6 after de-fluoridation is
ithin the normal pH range for potable water. This is advanta-

eous because there is no further need to adjust the pH for possible
uman consumption. The Freundlich model successfully described
−63.6 −64.3 −65.6 −66.3
−69.4 −70.1 −71.5 −72.2
−74.2 −74.9 −76.4 −77.1

the adsorption data and the kinetic data fitted well to a pseudo-
second order kinetic model. Thermo-chemical analysis indicates
that the adsorption process is spontaneous, endothermic and that
the synthesised nano-HAp possesses a high affinity towards fluo-
ride ions.
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