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a b s t r a c t

The effects of pH, contact time, fluoride-ion concentration, and the dose of sorbent on the sorption of
fluoride ions by hydroxyapatite were studied. Equilibrium was reached in 16 h of contact time and the
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eywords:

maximum sorption of fluoride ions was in the pHeq range between 5 and 7.3. The highest efficiency in the
sorption system was determined by using 0.01 g of hydroxyapatite and 25 mL of solution. The pseudo-
second order model described the kinetic sorption processes, and the Freundlich model, the sorption
isotherm process. These results indicated that the mechanism was chemisorption on a heterogeneous

ere pa

luoride
orption
ydroxyapatite

material. Fluoride ions w

. Introduction

Fluoride is an essential constituent for both human and animals;
owever, the total amount ingested or its concentration in drinking
ater must be within certain limits [1]. For example, according to

he World Health Organization (WHO) standards the permissible
imit of fluoride is 1.5 mg L−1. Fluoride-related health hazards are a

ajor environmental problem in many regions of the world. When
he fluoride concentration is higher than the permissible limit, it
auses dental and skeletal fluorosis, bone diseases, mottling of teeth
nd lesions of the thyroid, liver and other organs [2]. The contam-
nation of ground/surface water could come either from natural
eological sources or from industries that use fluoride-containing
ompounds as raw materials [3].

The conventional method used for the removal of fluoride ions
s by precipitation with calcium compounds. However, due to the
elatively high solubility product, they do not remove fluoride ions
o the level required by the WHO [4]. Several methods, such as
orption, ion exchange, electrolysis and precipitation, have been
dopted for defluoridation [3]. Materials such as calcium phos-
hate, bone charcoal, apatite, activated alumina, activated carbon
ave been experimented for the removal of fluoride. Recently,
ydrotalcite-like compounds and their calcined materials have
een used for the same purpose [3,5–7]. Hydroxyapatite was
tudied as a fluoride sorbent either at fixed conditions [8] or by

onsidering the effect of some important parameters such as con-
act time [9–12], sorbent dose [9–11], particle size [10], solution pH
9–11,13], the presence of other anions [9] and fluoride concentra-
ion [9–11,13,14]. Sundaram et al. [15] considered contact time, pH,
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rtially desorbed using an alkaline solution.
© 2010 Elsevier B.V. All rights reserved.

the effect of other anions, and the concentration of fluoride ions in
the fluoride sorption with a nano-hydroxyapatite/chitin compos-
ite. The purpose of the present paper was to carry out a systematic
study of parameters such as pH, contact time, fluoride-ion concen-
tration and sorbent dose in order to elucidate the sorption behavior
of fluoride ions by hydroxyapatite as well as the desorption of flu-
oride ions from this material by different solutions.

2. Materials and methods

2.1. Sorbent and solutions

Hydroxyapatite was prepared according to the technique
reported elsewhere [8]. This hydroxyapatite was milled and sieved;
the diameter of the grains between 20 and 30 mesh was selected
for the experiments.

For the present study, a batch system was used with 25 mL of
a sodium fluoride solution (5 mg F− L−1) and 0.075 g of hydroxya-
patite (HAP) except in the experiments where sorbent dose was
varied. Each experiment was carried out in duplicate.

2.2. X-ray diffraction (XRD)

Powder diffractogram of the hydroxyapatite was obtained with
a Siemens D500 diffractometer coupled to a copper-anode X-ray
tube. The conventional diffractograms were used to identify the
compound and to verify its crystalline structure.
2.3. Fluoride ion measurements

The concentration of fluoride ions in the solutions was deter-
mined with a selective electrode for fluoride ions (ISEC301F
Combined Fluoride Electrode). TISAB II (total ionic strength adjust-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:marcos.solache@inin.gob.mx
dx.doi.org/10.1016/j.jhazmat.2010.04.030
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Fig. 1. X-ray diffractogram of the hydroxy

ent buffer) and a 0.1 M NaCl solution were added to all fluoride
tandards and samples to control the pH and ionic strength, respec-
ively. The calibration line was obtained by using NaF solutions
ith a fluoride concentration range from 0.5 to 5 mg L−1. The

orresponding equation was: mV = −log[F−] × 55(±2) + 30(±8);
2 = 0.999.

Sorbed quantities of fluoride ions (q) were calculated as follow-
ng:

= m(F−)I − m(F−)F

mHAP
(1)

here m(F−)I and m(F−)F were the initial and the final masses (mg)
f fluoride ions measured in solution, respectively, and mHAP was
he mass (g) of HAP.

.4. Sorption kinetics

Centrifuge tubes with mixtures of HAP and the fluoride solution
ere shaken from 7 min to 23 h at room temperature. Subse-

uently, the suspensions were centrifuged, the liquid phases were
ecanted and the fluoride concentrations were determined as
escribed in Section 2.3.

.5. Effect of sorbent dosage

The experiments were performed by using different amounts
f HAP (from 0.01 to 0.1 g) and 25 mL of the fluoride solution. The
ixtures were shaken (24 h) until equilibrium was reached.

.6. Effect of pH

To examine the effect of pH on the fluoride ion uptake by HAP,
nitial pH values were adjusted to 2.6, 4.6, 7.1, 8.9 and 11.5 by adding
.1 M HCl or NaOH. These values were periodically measured and
eadjusted until they were constant (72 h). All pH measurements
ere performed with a pH STAT Controller MeterLab PHM 290.
.7. Effect of fluoride concentration

Equal masses of HAP were put into contact with solutions
f different concentrations of fluoride-ion solutions (from 2 to
e compared with the JCPDS 00-009-0432.

20 mg L−1). The mixtures were shaken for 24 h at room tempera-
ture.

2.8. Desorption experiments

A sample of HAP was shaken with a 20 mg F− L−1 solution
for 24 h, using the same solid/liquid ratio as in the sorption
experiments and the highest fluoride concentration investigated
in Section 2.7. The liquid was discarded and the solid dried at
60 ◦C. Portions of 0.075 g of this solid were put into contact for
48 h with 25 mL of (A) a hydrochloric acid solution of pH = 3
([Cl−] = 35 mg L−1); (B) a 0.1 M sodium chloride solution of pH
ca. 6 ([Cl−] = 3550 mg L−1) and (C) a sodium hydroxide solution
of pH = 10.4. After shaking, the samples were centrifuged and
decanted and the fluoride ions were analyzed in the liquid phases
as described in Section 2.3.

3. Results and discussion

3.1. Sorbent characterization

The X-ray powder diffraction pattern of the HAP is shown
in Fig. 1. This diffractogram was identical to the pattern JCPDS
00-009-0432 – hydroxyapatite – Ca5(PO4)3(OH). The synthesized
compound was crystalline and its structure did not change after
fluoride sorption.

3.2. Sorption kinetics

Fig. 2 shows the kinetic sorption behavior of fluoride ions by
HAP. The sorption rate was fast at the beginning of the process,
and then it decreased until equilibrium was reached in about 16 h.
Equilibrium times lower than 100 min have been reported for this
system [9–11], but it is clear in some cases that the equilibrium
was not completely reached. Fan et al. [12] found that equilibrium
was not reached in a shaking time of 150 min because the sorption

was still increasing. This different behavior could be attributed to
experimental conditions such as more vigorous mixing or lower
initial concentrations.

The fluoride sorption at equilibrium by HAP was
1.534 ± 0.001 mg F− g−1 HAP (pHeq = 7.25 ± 0.01), which was about
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ig. 2. Fluoride ions sorption from aqueous solution by hydroxyapatite as a function
f time (circles). Kinetic pseudo-second order model applied to the fluoride ions
orption from aqueous solutions by hydroxyapatite as a function of time (triangles).

times higher than the values reported for the hydrotalcite-like
ompounds of Al–Mg, Al–Co and Al–Ni [7].

The data were fitted to kinetic models (Largergren, Elovich and
seudo-second order models) by linear regression analysis.

.2.1. Lagergren first-order model [16]
This model is represented by the following equation:

t = qe(1 − e−Kt ) (2)

here qt (mg g−1) is the amount of fluoride ions sorbed by HAP at
ime t (h); qe (mg g−1) is the amount of fluoride ions sorbed by HAP
t equilibrium and Kt (h−1) is the Lagergren rate constant.

The linear form of Eq. (1) can be represented as:

n
(

1 − qt

qe

)
= −Kt (3)

he correlation coefficient (Table 1) showed that the experimental
ata were not well fitted to this model; the calculated Largergren
ate constant is given in Table 1.

.2.2. Elovich model
The Elovich rate equation has been used in the kinetics of

hemisorption of gases on solids. However, some researchers have
pplied this model to solid–liquid sorption systems [17]. This model
s represented in its linear form by the following equation:

t = 1
b

ln(ab) + 1
b

ln t (4)

here qt (mg g−1) is the amount of fluoride ions sorbed by HAP at
−1 −1
ime t (h); a (mg g h ) is the sorption constant of the fluoride

ons and b (g mg−1) is the desorption constant of the fluoride ions.
The equation and the values of the corresponding parameters

re included in Table 1. However, the correlation coefficient showed
hat the experimental data were not well fitted to the model.

able 1
inetics models applied to experimental data.

Models Equations

Lagergren first-ordera ln(1 − qt/qe) = −0.48(±0.03); R2

Elovich qt = 0.25(±0.03) × ln t + 0.90(±0.06);

Pseudo-second order t/qt = 0.631(±0.009) × t + 0.44(±0.08);

a qe (t ≥ 16 h) = 1.534 ± 0.001 mg g−1.
Fig. 3. Effect of the sorbent dosage on the fluoride ions sorption from aqueous solu-
tions by hydroxyapatite. Circles: percentage of adsorbed F− . Triangles: amount of
fluoride ions sorbed at equilibrium (mg F− g−1 HAP). The equation of the line is the
following: qe = −3.3(±0.2) × (ln X) − 2.2(±0.2); R2 = 0.996.

3.2.3. Pseudo-second order model [18]
The linear form of the model can be represented by the following

equation:

t

qt
= 1

Kqe2
+ t

qe
(5)

where K (g mg−1 h−1) is the constant of pseudo-second order; qt

(mg g−1) is the amount of fluoride ions sorbed by HAP at time t (h)
and qe (mg g−1) is the amount of fluoride ions sorbed by HAP at
equilibrium.

The experimental data were well fitted to this model; Fig. 2
shows the linear fitting of the experimental results whose equation
and corresponding parameters are included in Table 1. The calcu-
lated qe value, as a parameter of the pseudo-second order model,
was 1.56 mg F− g−1 HAP, which was quite similar to the experimen-
tal one (1.53 mg F− g−1 HAP).

The pseudo-second order model is based on the assumption
that the rate-limiting step may be the process of chemisorption
involving valence forces through sharing or exchange of electrons
between sorbent and sorbate. Although the experimental data
could be fitted to other equations, the best fit was obtained with the
pseudo-second order, which is generally applied to heterogeneous
materials involving chemical reactions.

3.3. Effect of the sorbent dosage

The sorption capacities of HAP for fluoride ions decreased with
the increase of the sorbent dosage from 0.01 to 0.1 g of HAP.
Fig. 3 shows the fluoride ions sorption capacities versus sorbent

dosage (massHAP/volumesolution) at pHeq = 7.5 ± 0.1. The maximum
sorption capacity was found by using 0.01 g of hydroxyapatite
(4.7 mg F− g−1 HAP). Similar behavior was reported elsewhere, but
a lower sorption capacity was found [11], which was probably due
to shaking times shorter than the time required to reach sorption

Parameters

=0.94 Kt = 0.48 h−1

R2 = 0.96 a = 7.14 mg g−1 h−1b = 3.54 mg g−1 h−1

R2 = 0.9996 K = 0.91 g mg−1 h−1 qe = 1.56 mg g−1
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Table 2
Sorption models applied to experimental data.

Models Equation Parameters
ig. 4. Effect of pH on the fluoride ions sorption from aqueous solutions by hydrox-
apatite.

quilibrium or due to other properties of the materials such as
ower specific surface areas, higher crystallinity or different com-
osition. The sorption was not proportional to the sorbent dosage.
he equation of the best fitting of experimental data of qe is given
n the caption of Fig. 3, in which the percentages of adsorbed fluo-
ide anions are also indicated. The efficiency of fluoride removal
ncreased with the increase of the sorbent dose because of the
resence of a greater number of active sites [9,10]. The maximum
uoride removal of 96 ± 1% was obtained using 0.1 g of HAP.

.4. Effect of pH

Solution pH is an important parameter that controls sorption
rocess, because of the ionization of surface functional groups
nd the alteration of the solution composition. Fig. 4 shows the
ariation of fluoride ion sorption by HAP at various pHeq values.
ccording to this figure, the pHeq interval for maximum sorption

1.65 ± 0.02 mg F− g−1 HAP) was between 5 (pHinitial = 4.7) and 7.3
pHinitial = 7.1) with a shaking time of 72 h. This value is quite simi-
ar to the value given above for shaking times between 16 and 23 h
1.534 ± 0.001 mg F− g−1 HAP; pHinitial ca. 6 and pHeq = 7.25 ± 0.01).

Gao et al. [10,11] and Sundaram et al. [9] reported that
he maximum fluoride removal by hydroxyapatite was reached
t pHinitial = 2 and showed a gradual decreasing trend with the
ncrease of pHinitial, but pHeq was not measured. They reported,

oreover, that the point of zero charge value of HAP samples var-
ed from 4.35 to 7.8, attributing the higher fluoride removal in the
cid medium to the attraction forces between positively charged
orbent surface and the negatively charged fluoride ions and to the
epulsion between the negatively charged surface and negatively
harged fluoride in the alkaline medium. However, in the present
tudy it was found that the maximum retention of fluoride ions
s at pHeq values higher than 5 and this is due to the variation
f pH during the sorption process, which could be attributed to
he fluoride sorption, as discussed below. It was observed that pH
ncreases during the contact time, most notably for acid pHinitial.
or the experiments at pHinitial = 4.6 it changed to 8.3 after 24 h,
nd after 48 h the pH was 5.2; later it was constant at 4.6. When
Hinitial was 2.6, it changed to 6.8 after 24 h and after being adjusted
gain, the sorbent was dissolved in a great proportion, pHfinal being
.8. For experiments with pHinitial = 7.1 the variation of pH was less
otable: it was 8.3 after 24 h and was kept at 7.1 between 48 and
2 h. For pHinitial 8.9 and 11.5, no changes were observed during

ontact time.

According to the species-distribution diagram [19], hydrox-
apatite forms soluble species (Ca2+ and CaH2PO4

+) in acid
queous solutions (pH < 4) whereas at pH > 4 only the insoluble
aHPO4·2H2O and Ca5(PO4)3OH are present. Sorbent dissolution
Langmuir qe = 3.5×1.6×Ce
1+1.6×Ce

; R2 = 0.94 q = 3.5 mg g−1b = 1.6 L mg−1

Freundlich qe = 1.9 × C1/3.5
e ; R2 = 0.994 Kf = 1.9 L g−1 n = 3.5

would be the reason for the high pH increase for pHinitial = 2.6
whereas for the 4.6 < pHinitial < 7.1, the increase could be attributed
to fluoride sorption. For pHinitial 8.9 and 11.5, sorption decreased
and this behavior could be attributed to the presence of OH− ions
that may compete with F− ions for the sorption sites in the sorbent
material.

Since the stability constant of the fluoroapatite (log K = 54.6) is
higher than that of the hydroxyapatite (log K = 40.4) [19], the chem-
ical sorption of fluoride may be explained by the following reaction:

Ca5(PO4)3OH + F− � Ca5(PO4)3F + OH− (a)

Moreover, according to the species-distribution diagram, fluoroa-
patite is formed between pH 5 and 10 whereas hydroxyapatite is
the predominant species at pH > 7.

3.5. Sorption isotherm models

Equilibrium studies were carried out in order to determine the
optimum conditions for the maximum fluoride removal by the HAP.
The data obtained were fitted to the Langmuir and Freundlich mod-
els [20,21] in order to describe the fluoride ions sorption behavior
by hydroxyapatite. The data were fitted to isotherm models by a
nonlinear regression analysis by using the software Statistica 6.0.

3.5.1. Langmuir model
The Langmuir model is probably the most widely applied sorp-

tion isotherm. This model considers that the sorption energy of each
molecule is the same, independently of the surface of the mate-
rial; the sorption takes place only on some sites and there are no
interactions between the molecules [20]. It may be represented as
follows:

qe = qbCe

1 + bCe
(6)

where q (mg g−1) is the amount of fluoride ions sorbed per unit
weight of HAP in forming a complete monolayer on the surface;
qe (mg g−1) is the total amount of fluoride ions sorbed per unit
weight of HAP at equilibrium; Ce (mg L−1) is the concentration of
the fluoride ions in the solution at equilibrium and b is a constant
related to the energy or net enthalpy of sorption.

The experimental data after the sorption of fluoride ions by
hydroxyapatite were fitted to this isotherm model, the results being
shown in Table 2.

Sorption capacity gives the amount of sorbate for complete
monolayer coverage, representing the maximum sorption capacity
of the sorbent. Many studies have been published on this sub-
ject and it is difficult to compare the present results with those
of the literature because the experimental conditions are differ-
ent. For example, the sorption capacities for fluoride ions have
been reported higher than those obtained in this study for hydrox-
yapatite [12] and for the nano-hydroxyapatite/chitin composite
[15] and lower for fluorspar, activated quartz, calcite and quartz

[12], magnesium, nickel, and cobalt calcined hydrotalcite-like com-
pounds [6], and nano-hydroxyapatite [9].

In order to determine the feasibility of the process, the essential
characteristics of the Langmuir isotherm can be expressed in terms
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ig. 5. Freundlich isotherm model applied to the fluoride ions sorption from aque-
us solutions by hydroxyapatite.

f a dimensionless constant or separation factor, RL [9]:

L = 1
1 + bC0

(7)

where b is the Langmuir isotherm constant (see Table 2) and
0 is the initial concentration of fluoride (mg L−1). The values of RL
alculated according to Eq. (7) were between 0.24 and 0.03 for C0
rom 2 to 20 mg L−1. These RL values lying between 0 and 1 indicated
avorable conditions for sorption.

.5.2. Freundlich model
This empirical model can be applied to a non-ideal sorption on

eterogeneous surfaces as well as to a multilayer sorption and can
e expressed by the following equation [5]:

e = Kf C1/n
e (8)

where qe (mg g−1) is the total amount of fluoride ions sorbed per
nit weight of HAP at equilibrium; Ce (mg L−1) is the concentration
f the fluoride ions in the solution at equilibrium; Kf is the equilib-
ium constant indicative of sorption capacity and n is an empirical
onstant.

The Freundlich model has been derived by assuming an expo-
entially decaying sorption site energy distribution. Fig. 5 shows
he experimental data fitted to this model, the equation and cor-
esponding parameters being shown in Table 2. The value of 1/n
0.28) lying between 0.1 and 1.0 and that of n (3.5) lying in the range
–10 both confirmed the favorable conditions of sorption [9]; they

mplied, as well, a heterogeneous surface structure with a mini-
um interaction between the sorbed atoms [22]. The experimental

ata were very well fitted to this model (R2 = 0.994), indicating that
he sorbent surface is heterogeneous. This is in good agreement
ith the results given above referring to the pseudo-second order

inetics.

.6. Desorption

The percentages of fluoride desorption from HAP were the fol-
owing: 2% for both hydrochloric acid solution of pH 3 and 0.1 M
odium chloride of pH ca. 6 and 25% for the sodium hydroxide of
H 10.4. The pHeq were: 6, 7.7 and 10, respectively. For the first
wo cases initial pH increased and independently of the chloride
on concentrations no desorption was virtually observed. These
esults agreed with the results [15] on the effects of other anions

n the sorption capacity of hydroxyapatite/chitin for fluoride ions
ince it was found that sulfate, nitrate and chloride ions did not
nterfere with the fluoride sorption. Desorption was evident even
f not complete with the alkaline solution, and in this case the
H decreased. This behavior suggested that fluoride ions may be

[

[
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replaced by hydroxyl anions; this is supported by the results found
on the effect of pH as discussed above. However, the details on
desorption process need to be further investigated.

4. Conclusions

The pseudo-second order model described the fluoride kinetic
sorption processes by hydroxyapatite. Therefore, the rate-limiting
step may be chemisorption involving valence forces through shar-
ing or exchange of electrons between sorbent and sorbate.

The effect on the sorbent dosage (massHAP/volumesolution) in the
sorption system was significant. The higher efficiency was found
by using 0.01 g of HAP and 25 mL of solution (4.7 mg F− g−1 HAP);
whereas with 0.1 g of HAP and 25 mL of solution 96 ± 1% of fluo-
ride was removed. The maximum sorption of fluoride ions was in
the pH range between 5 and 7.3, when the insoluble Ca5(PO4)3OH
exchanged OH− for F−.

The Freundlich model described the sorption isotherm process.
This fact indicated that the sorbent is heterogeneous and that the
sorption reaction followed the pseudo-second order kinetics.

An alkaline solution of pH = 10 could partially remove fluoride
ions from hydroxyapatite.

According to these results hydroxyapatite is a potential material
that could be used for the treatment of water contaminated with
fluoride ions.
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