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Fluoride has become a notable toxicological environmental hazard worldwide because it is often found in groundwater. In the
present study, hydroxyapatite adsorbent was synthesized from eggshell waste to remove fluoride from aqueous solution. XRD,
FT-IR, and TGA techniques were used to characterize the prepared adsorbent. Batch adsorption studies were performed to
examine the adsorption capacity of hydroxyapatite such as the effect of the initial pH of the solution, contact time, adsorbent
dose, and initial fluoride concentration. The fluoride ion-selective electrode was used to determine the fluoride removal
efficiency. 98.8% of fluoride was removed at pH 3.0, but at pH ~7.0, 85% of fluoride was removed; it shows that the fluoride
adsorption is pH dependent. The adsorption isotherm studies (Langmuir and Freundlich models) and the experimental results
for the removal of fluoride showed that the Langmuir model was more favorable and the reaction followed pseudo-second-order
kinetics. In real water samples, the prepared hydroxyapatite derived from eggshell exhibited 81% removal efficiency. Our results
indicate that eggshell waste-derived hydroxyapatite may be an alternative source for defluoridation in developing countries.

1. Introduction

Water is an essential element in human life which may be
adulterated by industrial wastes and natural causes. It is esti-
mated that poor quality of drinking water causes 80% of dis-
eases worldwide. It has been reported that 65% of endemic
fluorosis is caused by fluoride-contaminated drinking water
[1, 2]. Fluoride is vital for mineralization of hard tissues in
humans; however, it is harmful when the concentration is
higher than 1.5mg/L. Excess fluoride ions (>1.5mg/L) are
strongly attracted to cationic calcium present in bones and
teeth that results in skeletal and dental fluorosis [3, 4]. World
Health Organization (WHO) standards suggest that the con-
centration range of fluoride should be within 1.0 to1.5 ppm in
drinking water. However, it has been reported that 11 million
individuals living in the Rift Valley region of Ethiopia are
highly vulnerable to fluoride-related problems as they rely
on drinking water sources having high fluoride concentra-

tions (33mg/L) [5]. Therefore, developing a cost-effective
fluoride removal technique is paramount in developing
countries like Ethiopia. Currently, a range of techniques has
been used for fluoride removal that includes precipitation,
membrane filtration, ion exchange/adsorption, and distilla-
tion. However, these fluoride removal techniques have their
own drawbacks such as poor removal capacities, lack of selec-
tivity, adverse effects on water quality, production of high
volumes of sludge, and complex procedures. Hence, it is crit-
ical to develop a cost-effective strategy to remove the surfeit
fluoride from the drinking water.

Recently, the adsorption method is shown to be effective
in the removal of fluoride even at low concentrations, and
additionally, it has lowmaintenance cost [6–9].Consequently,
a range of low-cost materials has been investigated for their
excess fluoride removal efficiency from drinking water. How-
ever, all these materials showed poor fluoride adsorption
capability and are not enough for wide application. Because
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of economic reasons, bone char has been commonly used as
adsorbent for defluoridation of drinking water in develop-
ing countries [5, 6, 10]. However, challenges on obtaining
high-quality bone char materials and hygiene-related issues
limited their usage on a large scale worldwide. Recently,
several researchers have investigated a range of calcium-
based adsorbent materials, of which synthetic hydroxyapa-
tite has been the promising candidate due to its identical
chemical composition with bone, nontoxicity, and specifi-
cally high fluoride removal capability [11–17]. Recently,
researches indicate that HA has better defluoridation capabil-
ity and the defluoridation efficiency is greatly size dependent
on synthetic hydroxyapatite [13, 18, 19]. Traditionally, the
preparation of synthetic HA uses any of the following
methods such aswet precipitationmethods, sol-gel technique,
hydrothermal technique, or low-temperature synthesis.

Among them, the wet chemical precipitation method has
shown to be advantageous over other methods due to its cost-
effective simple procedure [12]. In addition, the main advan-
tage of this method is that it is eco-friendly and water is the
only by-product. In general, HA can be synthesized either
from biowastes like coral and seashell or from calcium and
phosphate source precursors [12, 20, 21]. Eggshells are a nat-
urally occurring calcium source. Daily, a large number of
eggshells are left without use and produce waste. More
importantly, eggshell supports microbial production that
leads to environmental pollution. As per our understanding,
only a limited number of researchers have used eggshells for
preparing synthetic HA [22–25]. Therefore, in this study, we
aimed to synthesize hydroxyapatite from eggshell through
wet chemical precipitation and tested for its defluoridation
capacity. The removal efficiency of the HA obtained from
eggshell was compared with that of commercial HA to assure
that eggshell-derived HA powder is a low-cost adsorbent that
has the potential to remove excess fluoride from drinking
water. In addition, various operating parameters that may
influence the adsorption process such as pH, initial concen-
tration of adsorbate, and the amount of adsorbent (HA) used
were studied.

2. Materials and Methods

Chicken eggshells were collected from local restaurants in
Adama city. Analytical-grade chemicals and reagents were
purchased from Addis Ababa (NEWAY PLC, Chemicals).
All test solutions were prepared with deionized water.

2.1. Synthesis of Hydroxyapatite. Hydroxyapatite powder
was synthesized from eggshell waste and phosphoric acid
through wet chemical precipitation in two phases. In phase I,
the surface of the eggshells was washed three times with dis-
tilled water and the internal thin layer of the shell was
removed to decrease the collagens. The cleaned raw shells
were boiled in distilled water for 1 hr at 100°C to remove
impurities and organic matter. The eggshell was dried in
an oven at 80°C for 3 hours in order to crush and grind using
a pestle and mortar to obtain a powder. The eggshell residue
was sieved with a 150 μm size sieve and calcined in a furnace
at 850°C for 2 hr on the ceramic crucible to obtain a fine

powder. The prepared powder was analyzed by TGA and
XRD to confirm the presence of calcium oxide.

In phase II, a stoichiometric amount of calcined eggshell
powder (calcium oxide) and 0.3M H3PO4 (to obtain the
Ca/P mole ratio equal to 1.67) was added and dispersed in
distilled water in a 500mL beaker. Analytical-grade phos-
phoric acid was diluted to 0.3M and added dropwise into
the suspension at room temperature by monitoring the pH
with a pH meter until the pH reaches 8.5. The solution was
subjected to aging treatment for 12 hr at room temperature
followed by stirring on a magnetic stirrer for 30 minutes
without heating and left for an extra 10 hr for precipitate for-
mation. The precipitate was washed and filtered using a filter
(Whitman # 1) paper. Finally, the precipitate obtained was
dried in an oven at 80°C for 3 hr and calcined (900°C) in a
furnace on a ceramic crucible for 2 hr to obtain the hydroxy-
apatite (HA) powder. The synthesized HA powder was
stored in a dry place and taken for further characterization.

2.2. Thermogravimetric Analysis (TGA). TGA analysis was
used (Shimadzu DTG-60 Plus instrument) for the determi-
nation of the calcination temperatures. The prepared eggshell
and synthesized HA powders were sieved with a 50 μm size
sieve, and 10mg of each sample was weighed on an electronic
mass balance and placed in the alumina crucible for
TGA/DTA analysis under an air atmosphere at a heating rate
of 10°C/minute.

2.3. XRD Analysis. The HA samples were grounded using a
marble mortar and pestle before distributing 100mg of the
ground sample powder over a 10mm diameter. The prepared
HA samples were analyzed by XRD using a CuKα mono-
chromatic beam (wavelength = 0 154056 nm) produced at
40 kV and 30mA. The XRD spectrum was recorded from
10° to 80° with 2θ angles.

2.4. Phase Identification. For the phase identification step, the
X-ray diffraction patterns were directly compared to the
files to HA from the Joint Committee Powder Diffraction
Standards (JCPDS, card no. 09-432) as was supplied by the
International Centre for Diffraction Data (ICDD).

2.5. Crystal Size. Scherrer’s formula was used to determine
the crystal size from the XRD pattern. As per this equation,
a single crystal dimension (nm) can be calculated from the
peak broadening.

D =
Kα

FWHM
θ 1

In the above equation, D is the crystal size (nm), K is the
Scherrer constant (0.9 for hexagonal HA), α is the wave-
length of the monochromatic X-ray beam (0.15418nm),
and FWHM is the experimental full width at half maximum
intensity of the diffraction peak under the consideration
peak; θ is the diffraction angle (°).

2.6. Fourier Transform Infrared (FT-IR) Spectroscopy. Fourier
transform infrared spectroscopy (FT-IR) was handled by a
Spectrum 65 FT-IR (PerkinElmer). Sample preparation was
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done by mixing 2mg of each sample with 300mg of
potassium bromide (KBr), compressed to form a pellet and
then placed on a specimen holder; the spectrum was recorded
from 400 to 4000 cm-1.

2.7. Sample Preparation of Synthesized HA for the
Defluoridation Test. After characterization of the synthesized
HA, four samples of the powder were accurately weighed on
an electronic mass balance for the defluoridation test. The
samples have constant intervals of 1 g, 3 g, 5 g, and 7 g.

2.8. Preparation of Stock Solution for the Defluoridation Test.
Fluoride stock solution was prepared by dissolving 2.21 g of
sodium fluoride in 1000mL of distilled water in a plastic
standard flask. Equal intervals of fluoride solutions of 5, 10,
15, and 20mg/L fluoride were prepared by serial dilution
from the stock solution for the defluoridation test.

2.9. Preparation of the Raw Water Sample for the
Defluoridation Test. Six samples (30mL) of groundwater
(raw water) were donated from Bofo and Serenity sites under
the supervision of OSHO Lab Technical for the practical
defluoridation test. Three samples from Bofo located at East
Shewa, Lome district, and three samples from Serenity
located at East Shew around Meki town were carefully mea-
sured with the graduated cylinder and kept in a 50mL plastic
beaker until their fluoride concentration was determined.
The fluoride concentrations of water samples were 8.3 and
10.5mg/L, respectively, and both are above the WHO guide-
line. The defluoridation test was done with 1, 3, and 5 g doses
of synthesized HA powder by using the same procedure for
optimizations.

2.10. Preparation of TISAB (Total Ionic Strength Adjustment
Buffer). TISAB is essential in ion-selective electrode measure-
ments because it masks minor changes made in the ionic
strength of the solution and hence increases the accuracy of
the reading. 7 g trisodium citrate (Na2C6H2O7), 56 g sodium
chloride (NaCl), and 2 g EDTA are dissolved into 500mL of
double-distilled water. After the solution was dissolved, 57 g
of glacial acetic acid is added into it, and finally, 5M sodium
hydroxide was added until the pH reached 5.3, then trans-
ferred to a 1000mL volumetric flask, and brought up to the
mark using double-distilled water.

2.11. Calibration of the Electrode. 20mL of fluoride solution
with different fluoride ion concentrations was prepared in
constant intervals, and 2mL of TISAB was added to each
solution. The potential (E in mV) versus the logarithm of
concentration (log c) in mg/L was plotted. The slope of the
graph and R2 were calculated to check the accuracy of the
measurement. The prepared concentrations of 2.5, 5, 7.5,
and 10mg/L of fluoride were used for calibration.

2.12. Fluoride Determination Technique. A fluoride ion-
selective electrode was used to determine the fluoride ion
concentration. For this test, the HA powders were separately
added on to 30mL of the known concentration of fluoride
water (5, 10, 15, and 20mg/L) in a 50mL plastic beaker. To
eliminate the interference effect of complex ions in the

solution and to maintain ionic strength and the pH, 2mL
of total ionic strength adjustment buffer (TISAB) solution
(10 : 1 volumetric ratio) was added. In this way, the effect of
various parameters like contact time, pH, adsorbent dose,
and initial fluoride concentration was obtained by changing
a parameter and keeping the other parameters constant.
Finally, the equilibrium fluoride concentration (residual)
for each test was determined using a pH meter in combina-
tion with a fluoride-selective electrode, and the pH was mea-
sured with a pH meter. The electrode was calibrated prior to
each experiment.

2.13. Defluoridation Test. All experiments were conducted
using 30mL of fluoride solution (10mg/L) taken in four dif-
ferent 50mL plastic beakers. 1 g, 3 g, 5 g, and 7 g HA samples
were added in this solution for different contact times. Then,
the solution was stirred for 1 minute at 25°C to reach equilib-
rium on a homogenous solution. Each sample was taken at a
specified time interval for their contact times 1 hr, 3 hr, 5 hr,
7 hr, 11 hr, and 24hr and filtered with a Whitman filter paper
(no. 1) before analysis. The fluoride-selective electrode reads
the electrovolt in terms of a millivolt. The millivolt was con-
verted into mg/L of residual fluoride concentration using
predetermined calibration slop by Microsoft Excel. The per-
centage of adsorption efficiency and the fluoride removal
capacity (mg of fluoride ion adsorbed per gram of adsorbent)
at a given contact time for the HA adsorbent was calculated
using the following:

Percentage removal =
Co – Ct

Co

× 100,

Adsorption capacity =
Co – Ct

m
×V

2

In the above equation, Co and Ct are the initial and final
fluoride concentrations, respectively, m is the mass of the
adsorbent HA, and V is the volume of the solution.

2.14. Optimization of Different Parameters. In this study, the
effect of major parameters like adsorbent dose, initial fluoride
concentration, contact time, and pH was optimized to inves-
tigate the maximum defluoridation efficiency of the synthe-
sized natural hydroxyapatite (HA) from the eggshell.

2.14.1. Effect of Adsorbent Dosage. Experimental examina-
tions were carried at different concentrations of 1, 3, 5, and
7 g of adsorbent in 10mg/L of fluoride initial concentration
at pH3.

2.14.2. Effect of Contact Time. Residual anionic fluoride con-
centration was measured at different contact times of adsorp-
tion, 1, 3, 5, 7, 11, and 24 hours, with 5 g of adsorbent (HA) to
study the effect of contact time. Other parameters like pH,
the concentration of the solution, and HA dosage remain
constant.

2.14.3. Effect of Initial Fluoride Concentration. To study the
effect of initial fluoride concentration, experiments were
conducted at various fluoride concentrations (5, 10, 15, and
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20mg/L) at a constant temperature, pH (pH 3), adsorbent
dose (5 g), and contact time (5 hr).

2.14.4. Effect of pH. To investigate the effect of pH on defluor-
idation, the test solutions containing the optimized concen-
tration of fluoride were changed to pH values of 3, 5, 7, and
9 using HCl (1N) and NaOH (1N) and the adsorbent mass
remained constant through acidic, neutral, and basic media.
Then, the determined 5 g HA was added in into each test
solution separately and stirred for 1 minute to reach equilib-
rium. Residual F− ion concentrations were evaluated in each
experiment after 5 hr contact time. Finally, pH versus per-
centage removal graph was plotted to explain the adsorption
performance of the adsorbent HA at each pH.

2.15. Adsorption Isotherm Models. The relationship between
the amounts of substances sorbed at a constant tempera-
ture and its concentration equilibrium solution is called
adsorption isotherm. The frequently used adsorption iso-
therm models for surface average analysis are Langmuir and
Freundlich isotherms.

2.15.1. Langmuir Adsorption Isotherm. The Langmuir iso-
therm model is widely used to quantify the amount adsorbed
on the adsorbent as a function of concentration at a given
temperature. Theoretically, the adsorbent has a limited num-
ber of available sites for the adsorbate. Therefore, beyond sat-
uration value, no further adsorption can occur. The linear
form of the Langmuir is as follows:

Ce

qe
=
Ce

qe
+
1

b
3

The Langmuir isotherm can be expressed by a dimen-
sionless separation factor or equilibrium parameter, RL,
which is defined by

RL =
1

1 + Cob

4

The value of RL indicates the type of isotherm which is
either favorable (0 < RL < 1), unfavorable (RL > 1), or
irreversible (RL = 0) (Tables 1 and 2).

2.15.2. Freundlich Adsorption Isotherm. The Freundlich iso-
therm equation takes into account repulsive interactions
between adsorbed solute particles and also accounts for sur-
face heterogeneities. The logarithm form of the Freundlich
isotherm is given as follows:

Logqe =
1

n
log Ce + log kf 5

Finally, the applicability of two adsorption isotherms
(Langmuir and Freundlich) can be compared by evaluating
the multiple regression correlation coefficients, R2 (Table 2).

2.16. pH at the Potential of Point of Zero Charges (pHpzc)
Determination. The isoelectric point or point of zero charges
(pHpzc) were determined by using the reported method [26].

Ten NaCl (0.1M) solutions with an initial pH range of 2–11
were prepared in duplicate. Each duplicate was added with
2 g of HA and mixed for 0.5 hr. Then, the adsorbent was sep-
arated from the solutions by filtration. The final pH values of
the 10 solutions were measured by a pH meter and therefore
calculation of ∆pH (∆pH = final pH − initial pH). A graph of
final pH values plotted against ∆pH is shown in Figure 1. The
pHpzc (point of zero charges) of the adsorbent was deter-

mined from the plotted graph (Table 3).

2.17. Kinetics of Adsorption. It is very important to know the
rate at which the adsorption process takes place and the fac-
tors that control the rate of the process; for this purpose, the
kinetics of the process were evaluated. The adsorption kinetic
studies describe the rate of uptake of the adsorbate molecule;
in this case, fluoride ion onto adsorbent, the rate depends
on the physicochemical characteristics of the adsorbate
and adsorbent, pH, temperature, and concentration. To
describe the adsorption kinetic behavior, the following
models are used.

Table 1: Dimensionless separation factors (RL).

Concentration (mg/L) 5 10 15 20

RL 0.235 0.136 0.095 0.073

Table 2: Kinetic data obtained by varying the contact time using a
constant adsorbent dose of 5 g HA, pH = 3, and 10mg/g of
fluoride concentration.

Time (hr)
Residual
fluoride

qt
(mg/g)

t/qt ln qe − qt ln qt

1 0.15 0.0591 16.92047 -8.1117 -2.82855

3 0.12 0.0592 58.67567 -8.5171 -2.8265

5 0.10 0.0594 84.17508 ∞ -2.8234

7 0.11 0.0593 118.04384 -9.2103 -2.8251

9 0.11 0.0592 151.77065 -9.2103 -1.8251

11 0.13 0.0592 185.81081 -8.5171 -2.8268

24 0.13 0.0592 405.40545 -8.5171 -2.8268

5 10 15

−1.5

−1.0

−0.5

0.0

0.5

1.0

pH
�훥

p
H

Figure 1: Plot of ∆pH vs. final pH of the adsorbent to determine the
point of zero charges.
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2.17.1. Pseudo-First-Order Equation. The pseudo-first-order
differential equation is generally expressed as follows [27]:

dq

dt
= K1 qe − qt 6

In the above equation, qe and qt refer to the amount of
fluoride ion adsorbed per unit mass of the adsorbate at
equilibrium time and any time (mg/g), respectively. K1 is
the rate constant of pseudo-first-order adsorption. Inte-
grating equation (6) by applying the boundary conditions
qe = 0 at t = 0 and qt = q to obtain the following linear
equation t at t = t gives

Logqe
qe − qt

=
K1t

2 303
7

Equation (7) can be rearranged and described by ln.

ln qe − qt = ln qe − K1t 8

The rate constant K1 and equilibrium adsorption
capacity qe can be predicted from the slope and intercept,
respectively, of the linear plots of log qe − qt versus t
(Table 4).

2.17.2. Pseudo-Second-Order Equation. The rate of a pseudo-
second-order differential equation is given as follows [28, 29]:

dqt
dt

K2 qe − qt
2, 9

where K2 is the rate constant of the pseudo-second-order
equation (g/mg·min.) and qe is the equilibrium adsorp-
tion capacity (mg/g). By applying the boundary conditions
qt = 0 at t = 0 and qt = qt at t = t on equation (9) and rearran-
ging, the following linearized equation is obtained:

t

qt
=

t

qt
+

1

K2qe
2

10

The values of qt and K2 can be determined experimen-
tally from the slope and intercept, respectively, of the plots
of t/qt versus t (Table 5).

3. Results and Discussion

3.1. Characterization of the Calcium Precursor Material
(Eggshell Powder). The calcium precursor used for the HA
synthesis was derived from the decomposition of eggshell.
The complete calcium precursor decomposition temperature
was obtained from the TGA/DTA result. The thermogravi-
metric analysis (TGA) of the eggshell powder was carried
out between room temperature and 1000°C in order to deter-
mine the thermal stability and the decomposition tempera-
ture of eggshell powder. The TGA result revealed that a
significant mass loss was observed between the temperatures
600 and 800°C, probably due to the removal of impurities,
and the eggshell residue was stable above 800°C as indicated
in Figure 2. XRD diffraction graph of calcined eggshell resi-
due at 850°C is shown in Figure 3. The diffraction peaks at
34.078°, 37.123°, 54.351°, and 63.613° corresponding to
(111), (200), (220), and (311) planes, respectively, shown
on the graph are in good agreement with the reported stan-
dard values of CaO [30].

3.2. Characterization of HA Powder. TGA/DTA experiments
were done to determine the calcination temperature for the
formation of pure-phase hydroxyapatite synthesized from
calcined eggshell residue and phosphoric acid. As illustrated
in Figure 4, the result revealed that the material is stable or
has no significant mass loss above 900°C. The XRD pattern
of HA powder obtained after calcination at 900°C is shown
in Figure 5. According to the figure, there is no peak attribut-
able to possible impurities, which indicates that the final
product is highly pure HA according to the ICDD powder
diffraction file (pdf number 009-0432). All possible peaks
can be indexed to the pure hexagonal phase of HA (P63mc)
without secondary phases such as α-TCP (alpha-tricalcium
phosphate) and β-TCP (beta-tricalcium phosphate). This
confirmed the successful synthesis of pure-phase HA via
the chemical precipitation from calcined eggshell residue.
The crystallite size was calculated using Scherer’s formula
from the XRD pattern. The calculated single crystallite sizes
were D1 = 50 5, D2 = 45 2, and D3 = 48 7 nm, and the aver-
age crystal size obtained was 48.13 nm. The FT-IR spectrum
shows band 3444 cm-1 of the OH− bond stretching
(Figure 6). The intensified peak in the region between 1414
and 1040 cm−1 is attributed to the phosphate group. The

Table 3: ∆pH vs. final pH of the adsorbent perfumed on 2 g HA, 10mg/L of fluoride concentration, and 5 hr contact time.

Initial pH 2 3 4 5 6 7 8 9 10 11

Final pH 2.90 3.60 4.50 5.40 6.30 7.21 7.90 8.30 8.90 9.86

Change in pH 0.90 0.60 0.50 0.40 0.30 0.21 0 -0.7 -1.1 -1.14

Table 4: Adsorption kinetic parameter for pseudo-first-order
kinetics.

Pseudo-first-order kinetics
Intercept K1 R2 qe

-8.634 0.005 0.0089 -0.1602

Table 5: Adsorption kinetic parameter for pseudo-second-order
kinetics.

Pseudo-second-order kinetics
Intercept K2 R2 qe

2.1152 134.048 0.999 0.0596
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band at 595 cm−1 belongs to the phosphate group. These
peaks confirm that the phosphate group occupies two sites
in the crystal lattice [11, 31].

3.3. Defluoridation Efficacy of HA on Prepared
Fluoride Solution

3.3.1. Determination of the Adsorbent Dose (HA). The con-
centration range was selected based on the preliminary test
results at room temperature. The experiment was conducted
on different masses of adsorbent at 1 g 3 g, 5 g, and 7 g in
10mg/L of the initial fluoride concentration with 5 hr contact
time at pH3. As described in Figure 7, the fluoride removal

efficiency is directly proportional to the adsorbent dose up
to 5 g because of a large number of fluoride-binding site
availability. As identified, the equilibrium was fully estab-
lished at a 5 g dose with high fluoride removal of about 99%.
When the initial fluoride concentration is 10mg, the equilib-
rium fluoride concentration falls within the WHO limit and
there is no significant change on the efficiency beyond this
5 g adsorbent dose. Therefore, for further adsorption experi-
mentation, 5 g of HA was considered as an ideal dose. The
adsorption versus percentage removal of fluoride is given in
Figure 7. The experimental result of differentHA doses exhib-
ited increases with adsorbent dosage, until it is equal to 5 g,
then decreases, when the dosage is increased to 7 g. The results
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show that an increase in adsorbent dosage results in increas-
ing of fluoride removal efficiency because of the increased
availability of fluoride-binding sites. The decrease in removal
at a 7 g dose is due to the depletion of fluoride in the solution
with an increasing dose of the adsorbent.

3.3.2. Determination of Contact Time. To determine the effect
of contact time on adsorption of fluoride on hydroxyapatite,
batch experiments were carried with different contact times
(1 hr, 3 hr, 5 hr, 7 hr, 9 hr, and 11hr) under constant dosage
(5 g, 10 g/L fluoride concentration) and pH (pH3) at room
temperature. As shown in Figure 8, rapid fluoride removal
was observed at the initial stage until reaching equilibrium
time (5 hours) with a high removal efficiency of about 99%.
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This is because a high number of active sites at the initial
stage lead to high diffusion of fluoride towards the adsorbent
surface, as shown in the figure after the equilibrium time
slowly desorbed from the surface of the adsorbent to the solu-
tion. Therefore, this parameter determines the rate of mass
transfer from the solution to the surface of the adsorbent,
and the data were used to study the kinetic study of batch
adsorption. This trend was also reported by other studies
on defluoridation processes [11, 18]. This is due to the faster
saturation of the active sites with time. This implies that
the adsorbent has a specific number of active sites, which
eventually are saturated after prolonged exposure to fluoride
solution. After saturation of the active sites, no further
adsorption is carried out on the residual fluoride concentra-
tion (Figure 8).

3.3.3. Determination of Initial Fluoride Concentration. For
this test, the initial concentration of fluoride is selected ran-
domly with 5 increments from 5 to 20mg/L. The effects of
other parameters remain constant, and the adsorbent dose
was 5 g with 30mL solution. The results indicate that the ini-
tial fluoride concentration has an influence on the removal
capacity of the adsorbent (Figure 9). For a given mass of
HA, the fluoride removal capacity decreases with increasing
initial concentration because of the increased diffusion of
fluoride to adsorption sites and utilization of less active sites
of the adsorbent. The optimized result is selected as 10mg/L
which encountered 95% removal efficiency, and the residual
fluoride concentration was 0.5 which satisfied the optimum
WHO guideline for drinking water.

3.3.4. The Effect of pH on Percentage Removal of Fluoride. The
adsorption process is controlled by the pH of the adsorbate
solution. To make inclusive all the 3 media, the pH range
was deliberately selected from 3 to 9. The effect of pH was
investigated by varying the pH from 3 to 9 with 2 increments.
As illustrated in Figure 10(a), the maximum defluoridation
was achieved at pH 3 which is 98.8%. A decrease in the fluo-
ride removal extent of the adsorbent was observed at increas-
ing pH. Themain reason behind themaximumdefluoridation

at low pH values may be because of the presence of a large
number of H+ ions at these pH values. This leads to neutrali-
zation of the OH− ions on the adsorbed surface and hence
reduction of the hindrance to the diffusion of fluoride ions.
Therefore, pH is determinant to drinking water, and hence,
the optimum removal efficiency for this adsorbent HA was
85% observed on pH = 7.

3.4. Synthesized HA on Raw Water Defluoridation. Samples
of water were collected from two different locations of the
Oromia region, East Showa district, near Adama city. Sample
1 is from Bofo around the Bati Lome District and sample 2
from around Maki Town; the secured groundwater had fluo-
ride ion concentration of 8.3mg/L and 10.5mg/L, respec-
tively, which is still more than the permissible limit of
WHO. After adsorption, the fluoride ion concentration of
the two samples was measured and it was found that the fluo-
ride ion concentration was decreased significantly in adsor-
bent doses of 1 g, 3 g, and 5 g, at a temperature of 25°C,
rotation speed of 400 rpm for 1 minute steering time, 5 h con-
tact time, and optimum pH = 7 adjusted by a drop of 1M
NaOH. The HA adsorbent almost had good removal effi-
ciency for field samples on the comparable condition to the
result obtained on the fluoride solution test. In this paper, it
was observed that on the two sites, the synthesized HA mate-
rial shows fluoride removal efficiencies of 81.92 and 82. 85%
for Bofo and Maki, respectively, upon addition of a 5 g dose
and at pH 7. The synthesized HA from eggshell waste shows
comparable fluoride removal efficiency values to the com-
mercial HA (Figure 10(b)). The final pH of the treated water
was found in the range of 7.5 to 8.

3.5. Experimental Result on Adsorption Isotherm. In this
investigation, the data based on the optimized fluoride con-
centration were interpreted in Table 6. As can be observed
from the table, R2 = 0 97 is less than one, and hence, the
adsorption favors the Langmuir adsorption isotherm model.
To determine whether the adsorption favors the Langmuir or
the Freundlich model, we can apply the comparison ofR2 or
RL favoring Langmuir’s (0 < RL < 1), unfavorable (RL > 1),
or irreversible (RL = 0) [32, 33]. Therefore, as we can observe
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Figure 8: Fluoride removal efficiency as a function of contact time
at 5 g of the HA dose, pH = 3, and initial concentration of 10mg/L.
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Figure 9: The effect of initial fluoride concentration on percentage
removal of fluoride using 5 g adsorbent, 5 hr contact time, and
pH = 3.
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from the R2 value, which is 0.96 which is less than one, the
adsorption isothermal obeys Langmuir’s model (Figure 11).
The value of correlation coefficients (R2 = 0 9657) for the
Langmuir isotherm is higher in comparison to that obtained
for the Freundlich isotherm. For the Freundlich model, the
value of correlation coefficient (R2) was 0.763 (Figure 12).
The maximum adsorption capacity of the adsorbent for the
Langmuir isotherm is greater than that for the Freundlich
model (Tables 1 and 7). Hence, it can be concluded that the
Langmuir isotherm model is more suitable for adsorption
of fluoride ions than the Freundlich isotherm on the basis
of the experimental study.

3.6. Adsorption Kinetic Models. In the present study, the
kinetics of defluoridation was carried out to study the behav-
ior of the synthesized hydroxyapatite Table 2.

3.6.1. Pseudo First-Order Kinetic Model. The different param-
eters of pseudo-first- and pseudo-second-order kinetics are
given in Tables 4 and 5, respectively.

log qe − qt = log qe −
K1

2 303
t 11

For kinetic studies, 5 g of HA would be contacted with
30mL of fluoride solution having a fluoride concentration
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Figure 10: (a) The effect of pH on the percentage removal of fluoride at 5 g adsorbent and 5 hr. (b) Fluoride removal efficiency of synthesized
HA (sHA) and commercial HA on raw water samples from Bofo and Maki (5 g dose, 5 hr contact time, and pH 7).

Table 6: Langmuir’s adsorption isotherm data for concentration
versus adsorption capacity.

Co (mg/L) Ce qe log Ce log qe Ce/qe

5 0.25 0.0285 -0.6020 -1.5451 8.7719

10 0.50 0.0570 -0.3010 -1.2441 8.7719

15 0.96 0.0842 -0.0177 -1.0746 11.4014

20 1.6 0.1104 -0.2041 -0.9570 14.4927

0.0 0.5 1.0 1.5 2.0
0

5

10

15

Ce

C
e/
q
e

Figure 11: Linearized Langmuir adsorption isotherm for fluoride
adsorption.
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Figure 12: Freundlich isotherm graph of adsorption fluoride byHA.

Table 7: Langmuir and Freundlich isotherm model parameters
describing the HA fluoride adsorption at a constant adsorbent
dose of 5 g, contact time of 5 hr, and pH = 3.

Parameter Langmuir model Parameter Freundlich model

q (mg/g) 0.2212 kf 0.3879

b (L/mg) 0.6349 1/n 0.914

R2 0.9657 R2 0.763
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of 10 g, at a pH of 3, and shaken at 200 rpm and room tem-
perature (Table 4). In the true first order, log qe should be
equal to the intercept as it can be observed from the graphs
(Figure 13). Lower correlation coefficients are obtained indi-
cating that the adsorption of fluoride ion on the adsorbent
hydroxyapatite does not follow the pseudo-first-order
kinetics.

3.6.2. Pseudo-Second-Order Kinetic Model. From the result of
adsorption kinetic first-order and second-order data, it is
possible to summarize the adsorption behavior of the adsor-
bents prepared (Table 5). The correlation coefficient (R2) was
found to be 0.0089 and 0.999 for pseudo-first-order kinetics
and pseudo-second-order kinetics, respectively. The value
of R2 for pseudo-second-order kinetics approaches to one
(Figure 14). The experimental equilibrium adsorption capac-
ity and the calculated capacity are close to the R2 value of
0.999 [34]. This indicated that it is unity and the adequate
linear fitting of the plots confirmed that the adsorption of
fluoride ions using the synthesized hydroxyapatite followed
pseudo-second-order kinetics [15, 18].

3.7. pH at the Potential of Point of Zero Charge (pHpzc)
Determinations. pHpzc is the pH value at the point where

the net surface charge of the adsorbent is 0. pHpzc values

for the synthesized HA powder at an optimized operational

parameter are around 7.90 (Table 3). In general, the pH
values of the adsorbents fall in the acidic to the slightly neu-
tral region. The net surface charge of the adsorbents under
pHpzc is positive, while it is negative when above pHpzc

(Figure 1). Therefore, determination of the pHpzc value helps

to identify the working pH value for adsorption studies.
Hence, the adsorbent percent removal capacity increases
below the pHpzc value [29, 35].

4. Conclusion

In the present investigation, pure-phase hydroxyapatite was
successfully synthesized from chicken eggshell through the
wet precipitation method for defluoridation of water by
adsorption. The main advantage of this eco-friendly method
is that water is the only by-product. The XRD result revealed
that the synthesized HA powder was pure phase with a hex-
agonal structure. The prepared HA (adsorbent) was applied
to the real water samples under ideal conditions and found
to be effective with 81% fluoride removal efficiency. Our
results show that eggshell waste-derived hydroxyapatite
may be an alternative source for defluoridation in developing
countries. Additionally, natural raw water contains ions that
compact with fluoride for adsorption such as HCO3

−, SO42−,
and Cl−. The effect of these coions should be investigated so
that it helps to selectively use the adsorbent in preference to
other ions.
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