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ABSTRACT

The severe impact of consumption of excess fluoride on human health has raised concerns
for development of reliable materials for defluoridation of drinking water. This study deals
with the synthesis of magnesium-incorporated hydroxyapatite (M-i-HAP) and evaluation of
its defluoridation potential. Characterization studies revealed the bonding patterns, phase
characteristics, and other microstructural details of the adsorbent synthesized, and the sur-
face area was found to be 46.62 m2/g. Response surface methodology was used for opti-
mization of fluoride adsorption on the adsorbent and development of the predictive model.
The optimum conditions evaluated using central composite statistical design for fluoride
removal were found to be 303 K, pH 7, 180 min contact time, and 10 g/L of M-i-HAP for
treating fluoride solution of 10 mg/L. At these conditions, the actual removal experimen-
tally achieved was 94.5% which was very close to the maximum removal predicted by the
model (94.60%). The process followed pseudo-second-order kinetic model and the adsorp-
tion mechanism can be described by Langmuir isotherm with an adsorption capacity of
1.16 mg/g. The adsorbent was regenerated 91% using 0.1 M NaOH solution. Drinking water
quality was assessed for various parameters and the treated water was found to be fit for
consumption with all parameters such as pH, total dissolved solids, total hardness, alkalin-
ity, and turbidity within permissible limit as per World Health Organization and Bureau of
Indian Standards (BIS) guidelines.

Keywords: Adsorption; Drinking water; Fluoride; Optimization; Response surface
methodology

1. Introduction

The subtle balance of fluoride needed for human
body is very crucial defining the thin boundary
between a beneficial element to a contaminant. Fluo-
ride when present up to 1.0 mg/L in drinking water is

beneficial for strengthening tooth enamel and avoids
dental caries, while concentrations above 1.5 mg/L
may lead to dental and skeletal fluorosis [1,2]. At
molecular level also presence of fluoride causes vari-
ous toxicological affects such as hindering cellular res-
piration, affecting the glucose metabolism, and
initiating inflammation response [3]. Regions suffering
from high fluoride concentrations are mainly located
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in rural and secluded areas in China, India, Kenya,
Tanzania, Mexico, Turkey, and Ethiopia [4]. In these
areas, efficient defluoridation processes such as
reverse osmosis, nanofiltration and electrocoagulation
are not feasible both technologically and economically.
Adsorption serves best in these cases owing to the
high efficiency, selectivity, and relatively low cost of
the process for unraveling the problem of high fluo-
ride content in potable water [3,5]. The diverse list of
adsorbents that have been applied for reducing excess
fluoride from drinking water includes activated alu-
mina [6], calcite [5,7], montmorillonite [8], chitin, and
composite [9].

In the past decade, biomaterials were being exten-
sively used as defluoridating agents. Among them, the
most promising biomaterial is Hydroxyapatite
(Ca10(PO4)6(OH)2), which is a naturally occurring min-
eral form of calcium apatite. Adsorption of fluoride
using hydroxyapatite has been reported by many
researchers [5,10–14]. Some studies have shown modi-
fication of hydroxyapatite for enhanced defluoridation
behavior. Nie et al. [15] incorporated aluminum into
hydroxyapatite, Tomar et al. [16] dispersed nanoparti-
cles of hydroxyapatite inside activated alumina gran-
ules to prepare a hybrid adsorbent. Hydroxyapatite
has widely been used in the medical field as bone and
teeth implants [17], while magnesium substituted
hydroxyapatite has recently been used in bone tissue
engineering as artificial bone substitutes [18,19] in
view of the fact that magnesium stimulates osteoblast
proliferation [20]. However, hydroxyapatite incorpo-
rated with magnesium has never been used as an
adsorbent to solve water contamination issues such as
defluoridation. This study is a novel approach to syn-
thesize and utilize the biomaterial, magnesium-incor-
porated hydroxyapatite, for fluoride mitigation in
drinking water.

Most of the adsorbents found in literature with
high capacities are metal based due to which presence
of residual metal ions in treated water is a major area
of concern. While working with lanthanum-modified
chitosan, Kamble et al. [21] stated the release of lan-
thanum ions (1.05 mg/L) into treated solution at alka-
line pH and in the presence of other anions. Iron
(1.48 mg/L) and zirconium ions (1.88 μg/L) leached
into treated water from granular zirconium-ferric
oxide adsorbent [22]. Aluminum ions also reportedly
leached from aluminum-modified hydroxyapatite [15].
Presence of residual aluminum in treated water has
been reported by many researchers [23–25], causing
neurotoxicity which demands development of alterna-
tive materials for defluoridation. All these metal ele-
ments have extremely low permissible limit in
drinking water as per WHO above which they are

toxic to human beings, whereas calcium and magne-
sium possess much higher permissible limits of 75
and 30 ppm, respectively. Hence, use of magnesium-
incorporated hydroxyapatite for fluoride removal will
provide an added advantage of the absence of any
toxic metal leaching.

Limitations of a classical experimental method can
be eliminated by optimizing all the factors affecting
together by statistical experimental design such as
response surface methodology (RSM) [26]. RSM is
mainly used for modeling of process parameters and
to evaluate the relative importance of factors influenc-
ing the process even in the presence of complex inter-
action [27]. This methodology is widely used in
chemical and environmental engineering, particularly
to optimize adsorption process [28]. By utilizing RSM,
response over an entire space may be examined along
with locating the region where the response value
reaches optimum. The intent of this study was appli-
cation of RSM coupled with central composite design
(CCD) as a statistic tool for optimization of fluoride
adsorption using magnesium-incorporated hydroxyap-
atite. The equilibrium data were described with differ-
ent isotherm models. The kinetic and thermodynamic
parameters have also been evaluated for the adsorp-
tion process.

2. Materials and methods

2.1. Synthesis of magnesium-incorporated hydroxyapatite
(M-i-HAP)

M-i-HAP was synthesized using the chemical pre-
cipitation method [18,19]. Potassium phosphate dibasic
(K2HPO4), calcium nitrate tetrahydrate (Ca
(NO3)2·4H2O), and magnesium nitrate hexahydrate
(Mg(NO)3·6H2O) were used as source of phosphorous,
calcium, and magnesium, respectively. All the
reagents used for this research work were of AR grade
from E. Merck Pvt. Ltd, India.

For synthesizing M-i-HAP, 0.19 M potassium phos-
phate was added dropwise into an alkaline solution
consisting of magnesium nitrate and calcium nitrate
with varying Mg/Ca molar ratios. The solution was
constantly stirred at 700–1,000 rpm at 70–80˚C. The
total concentration of magnesium and calcium in ini-
tial solution was 0.32 M. Ammonia solution (NH4OH)
was used to maintain the alkalinity of solution during
the reaction time. The suspension subsequently
obtained was kept for aging (24 h) at room tempera-
ture. Thereafter, it was centrifuged at 2,500 rpm for
15 min and the pellet was dried in an oven at 110˚C
for 5 h. The dried material was ground and the
powder obtained was used as an adsorbent for batch

P. Mondal et al. / Desalination and Water Treatment 57 (2016) 27294–27313 27295



studies. The targeted chemical composition corre-
spond to “n” values of 0, 1.5, 2, and 4 in the chemical
formula of M-i-HAP [i.e. Ca(10-n)Mgn (PO4)6(OH)2] and
denoted as pHAP (pure hydroxyapatite), M-i-HAPa,
M-i-HAPb, and M-i-HAPc, respectively. Since this for-
mula does not consider increase in phosphate ion
incorporation or the lattice defects due to increase in
magnesium concentration in hydroxyapatite; therefore,
it may only be used as an approximation [29]. Reac-
tion for synthesis of M-i-HAP is presented as follows
in Eq. (1):

ð10� nÞfCaðNO3Þ2g þ nfMgðNO3Þ2Þg þ 6K2HPO4

þ 8NH4OH
! Cað10�nÞMgnðPO4Þ6ðOHÞ2 þ 12KNO3 þ 8NH4NO3

þ 6H2O

(1)

2.2. Characterization of synthesized adsorbent

FTIR studies were done for evaluating the bonding
patterns in M-i-HAP in the wavenumber range of
400–4,000 cm−1 with a resolution of 4 cm−1 and the
spectra were recorded on a Perkin Elmer UTR two
spectrophotometer under ambient conditions. X-ray
powder diffraction analysis was conducted for compo-
sitional analysis of sample in a X’pert Powder Panalyt-
ical diffractometer using Cu Kα radiation
(λ = 1.5418 Å) at a scanning range of 2θ = 10˚–70˚ with
a speed of 0.5 s and a scan step of 0.02˚. The crystallo-
graphic structure of M-i-HAP was determined with
transmission electron microscope (Technai G2T20).
Energy dispersive X-ray spectroscopy (Xflash 6TI30
Bruker) was used to measure the elemental composi-
tion on the adsorbent surface. Further, the surface area
and pore size distribution of the adsorbent were calcu-
lated from the corresponding nitrogen adsorption–des-
orption isotherm at 77.57 K using a Micrometrics
ASAP analyzer 2010. The specific surface area was cal-
culated using the BET isotherms, and the pore size
distribution was determined using the density func-
tional theory.

2.3. Batch adsorption experiments

Batch fluoride adsorption studies were carried out
by varying adsorbent dose, pH, fluoride concentration,
contact time, and temperature in the presence of inter-
fering ions. The experiments were performed in 250-
ml PVC containers with 100 ml working volume and
the sample solutions with desired adsorbent concen-
trations were shaken at 200 ± 10 rpm at 303 ± 1 K.
Equilibrium studies were carried out with M-i-HAP
dose of 2–18 g/L and kinetic studies at fixed dose of

10 g/L for initial fluoride concentration of 10 mg/L.
Thereafter, the aqueous solutions were filtered using a
Whatman 42 filter paper and then residual fluoride
concentrations were analyzed with an Ion meter
(Orion Versa Star). TISAB II buffer was used for anal-
ysis and used in 1:1 ratio with fluoride samples. All
the experiments were performed using double dis-
tilled water. The fluoride removal (%) and adsorption
capacity (mg/g) were calculated using Eqs. (2) and
(3):

qe ¼ ðCi � CeÞ � v

w
(2)

Fluoride removal ð%Þ ¼ ðCi � CeÞ=Ci � 100 (3)

Each experiment was conducted in duplicates and
average values are reported. pH of the solution was
measured with Orion Versa star pH meter and main-
tained using 0.01 M NaOH and HCl. The point of zero
charge (pHPZC) of the M-i-HAP was determined by
the solid addition method, using 0.15 g of adsorbent
with 0.01 M NaCl as a background electrolyte, whose
initial pH values (2–12) were adjusted by small addi-
tions of diluted (0.01 M) HCl or NaOH. TDS, electrical
conductivity (EC), and calcium leached in treated
water were analyzed using respective ion meter elec-
trodes, while turbidity present in the aqueous solution
was measured with a turbidity meter (NT4000, Spectra
Lab). For evaluating the total hardness, total alkalinity,
and magnesium and phosphorus concentration of
solution APHA standard procedures were used [30].

2.4. Design of experiments

The optimization of fluoride removal was carried
out by four chosen independent process variables viz.
adsorbent dose (2–18 g/L), pH (3–11), contact time
(15–345 min), and temperature (303–323 K) and the
response was observed in terms of fluoride removal
(%) and adsorption capacity (mg/g). The response
was studied with a standard RSM design called CCD.
This method was selected since it is appropriate for
fitting a quadratic surface and it helps optimize the
effective parameters with a minimum number of
experiments, and also to analyze the interaction
between the parameters [31]. CCD consists of a 2n fac-
torial runs with 2n axial runs, and nc center runs (six
replicates) which indicated that 30 experiments were
required. These 30 experiments were performed as per
the design mentioned in Table 1. Design Expert Ver-
sion 9.0.4.1 (Stat Ease, USA) was used for regression
and graphical analysis of the data obtained. The opti-
mum values of the chosen parameters were acquired
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by solving the regression equation and by examining
the response surface plots [32]. An empirical model
was developed for correlating the response to the
adsorption process and is based on a second-order
quadratic model for fluoride removal using M-i-HAP
as given by Eq. (4):

Y ¼ b0 þ
Xn

i¼1

biXi þ
Xn

i¼1

biiX
2
i þ

Xn

i¼1

Xn

j[ 1

bij XiXj (4)

3. Results and discussion

3.1. Selection and characterization of synthesized adsorbent

The effect of magnesium incorporation on fluo-
ride removal was evaluated as shown in Fig. 1, and

M-i-HAPa showed highest removal. Therefore, it was
used for all the experiments. M-i-HAPa exhibited a
surface area of 46.62 m2/g which is more than twice
of pHAP (21.25 m2/g). The pore volume and pore size
of M-i-HAPa was 0.177 cm3/g and 152.51 Å, respec-
tively, while that of pHAP was 0.090 cm3/g and
169.83 Å, respectively. Fig. 2 represents the nitrogen
adsorption–desorption isotherm and the correspond-
ing pore size and pore volume distributions of pHAP
and M-i-HAPa, respectively.

FTIR studies were conducted for assessing the
functional groups and bonding patterns in the sample,
as well as to evaluate the effect of magnesium incor-
poration on phosphate and hydroxyl groups. As pre-
sented in Fig. 3(a), bands at 3,560 and 633 cm−1

corresponds to the stretching and vibrational mode of
OH− groups, respectively. The characteristic PO3�

4

Table 1
Experimental design matrix and responses for fluoride sorption using M-i-HAPa

Factor 1 Factor 2 Factor 3 Factor 4

Response 1 fluoride
removal

Response 2
adsorption capacity

Run A: Adsorbent
dose (g/L)

B: Temperature
(K) C: Time (min) D: pH

Observed
value (%)

Predicted
value (%)

Observed
value (mg/g)

Predicted
value (mg/g)

1 2 323 345 11 25 27.4 1.25 1.33
2 10 313 180 9 90 90.1 0.9 0.93
3 2 303 345 3 45 45.02 2.25 2.17
4 2 323 15 3 28 27.95 1.4 1.3
5 18 323 345 3 82 84.16 0.45 0.44
6 18 323 15 11 50 51.26 0.27 0.28
7 10 313 180 7 91.5 90.12 0.91 0.96
8 2 323 15 11 22 21.19 1.1 1.00
9 10 313 100 7 83 83.09 0.83 0.88
10 18 323 345 11 85 82.09 0.472 0.32
11 10 313 180 5 90 91.47 0.9 0.99
12 18 303 15 11 55 55.67 0.3 0.26
13 10 313 180 7 91 90.12 0.91 0.96
14 10 318 180 7 87 88.15 0.87 0.90
15 18 323 15 3 55 54.55 0.33 0.36
16 2 303 345 11 43.8 42.85 2.19 2.03
17 10 313 260 7 92 93.59 0.92 1.04
18 18 303 345 11 92.7 94.03 0.52 0.55
19 2 303 15 11 30 29.12 1.5 1.4
20 10 313 180 7 91 90.12 0.91 0.96
21 2 303 15 3 31 32.51 1.55 1.57
22 10 313 180 7 91 90.12 0.91 0.96
23 2 323 345 3 35 32.94 1.75 1.66
24 6 313 180 7 70 71.97 1.16 1.26
25 10 303 180 7 94.5 94.60 0.95 1.09
26 10 313 180 7 91 90.12 0.91 0.96
27 18 303 345 3 93.3 92.72 0.52 0.49
28 14 313 180 7 91.8 91.41 0.918 0.66
29 18 303 15 3 56.7 55.58 0.32 0.17
30 10 313 180 7 91 90.1 0.9 0.96
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bands related with hydroxyapatite were seen at 566,
633, 980, and 1,041 cm−1. Precipitated powders gener-
ally have high specific surface area, due to which
adsorbed water bands were spotted at 3,000–
3,300 cm−1. The bands observed in the range 1,470–
1,410 cm−1 demonstrate that the CO2�

3 (carbonate)
groups substitute phosphate in the hydroxyapatite lat-
tice since the experiments are performed in air. Similar
observations were noted by Suchanek et al. [29] and
Farzadi et al. [19]. Spectra of M-i-HAP showed broad-
ening and splitting of the characteristic PO3�

4 absorp-
tion bands due to the presence of magnesium.

The XRD pattern of M-i-HAPs is presented in
Fig. 3(b). Hydroxyapatite peaks were distinctly
observed and crystallographic identification of sam-
ples was achieved using the standards of JCPDS (Joint
committee on Powder diffraction) followed by match-
ing them with the experimental patterns obtained. All
the peaks matched with card no. 09–0,432 for hydrox-
yapatite and a peak for MgO was observed at 2θ of
37.5˚ (045–0,946), demonstrating incorporation of Mg2+

in HAP structure. Due to the large size difference
between Mg and Ca radius (~0.28 Å according to the
Pauling scale) strong distortions of the hydroxyapatite
lattice is observed which in turn reduces its crys-
tallinity. TEM images as shown in Fig. 3(c) displayed
elongated needle-like nanorod structure for pHAP and
aggregated structures arranged in random orientations
were observed for M-i-HAPs. Higher concentration of
magnesium induces greater agglomeration and did
not favor HAP formation. Clear reduction of grain size
on incorporation of magnesium into hydroxyapatite
structure is observed. Particle size estimated from
TEM for pHAP is 100–150 nm in length and 15–18 nm

in width. The particle size was observed to be smaller
after magnesium incorporation i.e. 6–10 nm for
M-i-HAPa and M-i-HAPb. Owing to cluster formation
particle size for M-i-HAPc could not be estimated
accurately. Due to higher agglomeration, spherical
structures were noticed in TEM mage of M-i-HAPa
which attributed to its higher surface area and higher
fluoride removal capacity as compared to pHAP as
shown in Fig. 1. The elemental composition of the
adsorbents synthesized is studied through EDX and
displayed in Fig. 3(d).

3.2. Effect of pH

Performance of most of the adsorbents is pH
dependent which makes it an important parameter to
study. The effect of pH on fluoride removal efficiency
of M-i-HAPa was evaluated at pH ranging between 3
and 11. The pHZPC was depicted to be 7.5 for both
pHAP and M-i-HAPa (Fig. 4). As it is evident from
Fig. 5(a), there is only a slight variation in the removal
efficiency with changing pH. A minor decrease in per-
centile adsorption of fluoride was noted at pH higher
than 8 which may be due to competition by hydroxyl
ions present at alkaline conditions. On the other hand,
pHAP removal decreased drastically at higher pH.
However, it is noteworthy that the residual fluoride
concentrations using M-i-HAPa at all the pH values
were below 1.0 mg/L. Thus, satisfying the permissible
limits prescribed by regulatory authorities [1,2]. Since,
for pH < pHPZC (7.5) the adsorbent surface is positive,
higher fluoride adsorption is observed due to electro-
static attraction [33]. Defluoridation studies using M-i-
HAPa were not affected by pH, which is an advantage
over other adsorbents.

3.3. Effect of adsorbent dose

The effect of the dose of adsorbent on fluoride
removal capacity was studied at fixed conditions of
pH 7 for 10 mg/L initial fluoride solution and contact
time of 180 min. The dose of adsorbent was varied
from 2 to 18 g/L (Fig. 5(b)). At higher doses, availabil-
ity of active sites for fluoride adsorption is higher and
after certain limit the capacity becomes constant. It
was found that 10 mg/L of M-i-HAPa was required
for obtaining residual fluoride below permissible limit
(<1.0) [2].

3.4. Effect of contact time

On conducting studies varying contact time of
adsorbent in fluoride solution of fixed concentration

Fig. 1. Fluoride removal with different M-i-HAPs synthe-
sized (Dose: 10 g/L, contact time: 3 h, F–: 10 mg/L, pH 7).
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(10 mg/L) it was observed that more than 70%
removal was achieved in the first 30 min itself.
After 135 min, the removal rate started to stabilize
with negligible removal after 180 min indicating
attainment of equilibrium (Fig. 5(c)). The driving
force for mass transfer between solid and liquid
phases reduces with time and after exhaustion of
the mesopores, fluoride ions have to encounter
higher resistances which tend to slow adsorption at
later stages.

3.5. Effect of initial fluoride concentration

The effect of fluoride concentrations (2–20 mg/L)
on the fluoride removal was studied using a dosage of
10 g/L and is illustrated in Fig. 5(d). The results show
that removal of fluoride decreased with increasing ini-
tial fluoride concentration and reached equilibrium at
10 mg/L. This may be due to the fact that for a fixed
adsorbent dose, the total available adsorption sites
are restricted, which became saturated at elevated
concentration.

Fig. 2. (a) N2 adsorption/desorption isotherm and (b) pore size distribution of pHAP and M-i-HAPa.
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3.6. Effect of coexisting ions

Groundwater contaminated with fluoride contains
many other ions which compete with fluoride during
the adsorption process [3]. To examine the effect of
these coexisting ions studies were conducted with vary-
ing concentrations (100–300 mg/L) of chloride, sulfate,
nitrate, phosphate, and bicarbonate anions. It is clear
from Fig. 5(e) that bicarbonate ions hinder the fluoride
adsorption most prominently even at lower anion con-
centration. Chloride, sulfate, nitrate, and phosphate
ions reduce the adsorbent capacity only at higher anion
concentration (300 mg/L). This decrease in fluoride
uptake capacity of M-i-HAP is attributed to the compe-
tition among the coexisting ions for the sites on the
adsorbent surfaces which is governed by the charge,
concentration, and size of the ion. The order of
interference in terms of reduction in adsorption
capacity posed by the coexisting ions is as follows:
Chloride < Sulfate < Nitrate < Phosphate < Bicarbon-
ate. Chloride, nitrate, and sulfate ions form outer sphere
complexes, whereas phosphate and bicarbonate ions
form inner sphere complexes with binding surfaces

[34]. The adsorption mechanism for chloride, nitrate,
and sulfate is through the formation of weak bonds
with the sorption sites at the outer Helmholtz plane.
Therefore, their presence in solution have less effect on
adsorption of fluoride since fluoride ions interact via
forming strong bonds with sorption sites at the inner
Helmholtz plane. Phosphate and bicarbonate ions may
also compete for active sorption site thus, reducing the
fluoride uptake capacity of the adsorbent. The adverse
effect on removal capacity due to presence of bicarbon-
ate ions in solution was also recounted by Kamble et al.
[35], Veeraputhiran and Alagumuthu [36], and Sakhare
et al. [37].

3.7. Effect of temperature

The effect of temperature on fluoride removal
was studied in the solution temperature range from
303 to 323 K. It showed that fluoride removal capac-
ity of the M-i-HAPa decreased with the increase in
temperature (Fig. 6). The lower removal capacity at
high temperatures may attribute to the fact that at

Fig. 3. Characterization of M-i-HAP: (a) FTIR spectra, (b) XRD, (c) TEM images, and (d) EDX pattern.
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higher temperatures the thickness of the boundary
layer decreases due to increased tendency of the
molecules to escape from the adsorbent surface to
the solution phase, which results in a decrease in the
adsorption capacity as temperature is increased
[33,38]. In order to test the feasibility and spontane-
ity of the process, free energy change (ΔG˚), enthalpy
change (ΔH˚), and entropy change (ΔS˚) were calcu-
lated using Eqs. (5) and (6):

DG� ¼ �RT ln Ke (5)

ln Ke ¼ DS�

R
� DH�

RT
(6)

where Ke is the thermodynamic equilibrium and is
expressed in Eq. (7):

Ke ¼ Cae

Ce
(7)

where Cae and Ce equilibrium solute concentration
(mg/L) on M-i-HAPa and solution, respectively.

The values of Gibbs free energy at 303, 313, and
323 K were found to be –7.15, –6.16, and –5.10 kJ/mol,
respectively. The negative values of ΔG˚ confirm the
spontaneous nature of adsorption of the fluoride ion
by M-i-HAP, while the negative value of ΔH˚
(–38.13 kJ/mol) shows that the process is exothermic.
The negative values of ΔS˚ (–0.102 kJ mol−1 K−1) imply
increased randomness at the solid-solution interface
during the adsorption process [33].

3.8. Response surface methodological approach

3.8.1. Experimental design and quadratic model fitting

RSM was employed for fluoride removal using
M-i-HAPa adsorbent and its process parameters were
optimized. The relevance of this approach is based on
an empirical relationship between input parameters
and response generated which is stated by a quadratic
model. The result obtained through each experimental
run is presented in Table 1. After conducting different
runs for design and statistical analysis, the final
equation in terms of coded factors are shown in
Eqs. (8) and (9):

Fig. 3. (Continued).
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Fluoride removal ð%Þ ¼ 90:12þ 19:44A� 4:12B
þ 10:83C� 1:36Dþ 0:88AB
þ 6:15625ACþ 0:86AD
� 1:88BC� 0:84BDþ 0:30CD

� 33:73A2 þ 0:35B2 � 7:58C2

þ 2:66D2

(8)

Adsorption capacity ðmg=gÞ
¼ 0:96� 0:60A� 0:12Bþ 0:16C� 0:058Dþ 0:11AB

� 0:071ACþ 0:05AD� 0:06BC� 0:04B� 0:006CD

(9)

where A, B, C, and D are four independent variables.
A positive sign for terms signify synergistic effect
whereas a negative sign signifies antagonistic effects
[32]. The outcome of the quadratic model for fluoride
removal (%) and adsorption capacity (mg/g) in the
form of analysis of variance (ANOVA) is presented in

Fig. 3. (Continued).

Fig. 4. pHPZC determination for M-i-HAPa and pHAP.
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Tables 2 and 3, respectively. It is observed that the
value of correlation coefficient was 0.99 and 0.97,
respectively for fluoride removal percentage and
adsorption capacity with the respective standard
deviation being 1.81 and 0.12. Additionally, the model
F-value is also significant, while the model depicts
extremely low value of pure error of 0.21–8.333 E-005

for fluoride removal percentage and adsorption capac-
ity, respectively. This implies that the regression
model provides a very good elucidation of the rela-
tionship between the independent variables (chosen
factors) and the response. The plot of predicted values
vs. experimental values for fluoride removal (%) and
adsorption capacity (mg/g) is illustrated in Fig. 7(a)

Fig. 5. Effect of various parameters: (a) pH, (b) adsorbent dose, (c) fluoride concentration, (d) contact time, and (e)
coexisting ions.
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and (b), respectively, indicating that the models devel-
oped were successful in estimating the correlation.

3.8.2. Effects of experimental factors on adsorption

For the graphical interpretation of the interactions,
the use of three-dimensional plots of the regression
model is vastly suggested [39]. The F-value in Tables 2
and 3 confirmed that all the four chosen factors have

significant effect on the removal efficiency of fluoride.
In order to assess the relationship between the experi-
mental factors and responses, 3D response surface
plots were generated and presented in Fig. 8 as graph-
ical representations of the regression equation. The
adsorption capacity of M-i-HAPa increased with ele-
vated F– concentration and contact time, and reduced
slightly with increase in pH. However, the adsorbent
worked considerably well over a wide range of pH.
With increase in temperature, the fluoride removal
efficiency was noticed to decrease, indicating an
exothermic reaction.

3.8.3. Verification of the model and confirmatory
experiments

The desired goal for each factor and response was
selected in numerical optimization. Fig. 9 shows desir-
ability ramp for numerical optimization. The variables
were set within the studied range and goals were tar-
geted to achieve maximum possible adsorption capac-
ity and removal percentage by the software. The
obtained value of desirability (1.000) showed that the
estimated function may represent the experimental
model and desired condition. For confirming the data
as given by numerical modeling under optimized con-
dition, the confirmatory experiments were conducted
with the parameters as suggested by the model (pH 7,
adsorbent dose 10 g/L, temperature 303 K, and con-
tact time 180 min). The efficiency of fluoride removal

Fig. 6. Effect of temperature on fluoride removal capacity
(Dose 10 g/L; pH 7; time 180 min).

Table 2
Analysis of variance for percentage fluoride removal using M-i-HAPa

Source Sum of squares df Mean square F-value p-value (Prob. > F)

Model 20,649.65 14 1,474.98 174.26 <0.0001
A-Adsorbent dose 6,175.07 1 6,175.07 729.55 <0.0001
B-Temperature 2,223.58 1 2,223.58 262.70 <0.0001
C-Time 2,133.71 1 2,133.71 252.09 <0.0001
D-pH 14.09 1 14.09 1.67 0.2164
AB 7.70 1 7.70 0.91 0.3553
AC 839.55 1 839.55 99.19 <0.0001
AD 1.05 1 1.05 0.12 0.7295
BC 32.21 1 32.21 3.80 0.0700
BD 2.98 1 2.98 0.35 0.5621
CD 4.31 1 4.31 0.51 0.4867
A2 451.52 1 451.52 53.34 <0.0001
B2 44.74 1 44.74 5.29 0.0363
C2 2.62 1 2.62 0.31 0.5862
D2 30.18 1 30.18 3.57 0.0785
Residual 126.96 15 8.46
Lack of fit 126.91 10 12.69 1189.78 <0.0001
Pure error 0.053 5 0.011
Cor total 20776.61 29
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was found to be 94.5% and adsorption capacity was
estimated to be 0.95 mg/g experimentally, while the
model predicted it to be 94.6% and 1.09 mg/g, respec-
tively. A good agreement was observed evidently
between experimental and predicted values.

3.9. Adsorption isotherms

The data acquired during equilibrium study has
been fitted to various adsorption isotherm equations
such as Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich (D–R) isotherms to gain insight of the
equilibrium characteristics of the adsorption process.

To identify the suitable isotherm for sorption of
fluoride onto M-i-HAP the χ2 analysis was carried out.
It is assumed that smaller the χ2 values, better the
model fit with experimental data and vice versa. The
mathematical expression in Eq. (10):

v2 ¼
X ðqe;exp � qe;calcÞ2

qe;calc
(10)

where qe,calc is the equilibrium capacity obtained by
calculating from the model (mg/g) and qe,exp is the
experimental data on the equilibrium capacity (mg/g).

Table 3
Analysis of variance for fluoride adsorption capacity using M-i-HAPa

Source Sum of squares df Mean square F-value p-value (Prob. > F)

Model 7.17 10 0.72 52.54 <0.0001
A-Adsorbent dose 5.97 1 5.97 437.68 <0.0001
B-Temperature 0.27 1 0.27 19.79 0.0003
C-Time 0.43 1 0.43 31.84 <0.0001
D-pH 0.057 1 0.057 4.16 0.0555
AB 0.21 1 0.21 15.70 0.0008
AC 0.082 1 0.082 6.03 0.0238
AD 0.045 1 0.045 3.32 0.0841
BC 0.061 1 0.061 4.47 0.0480
BD 0.031 1 0.031 2.29 0.1463
CD 7.290E−004 1 7.290E−004 0.053 0.8197
Residual 0.26 19 0.014
Lack of fit 0.26 14 0.019 1,111.24 <0.0001
Pure error 8.333E−005 5 1.667E−005
Cor total 7.43 29

Fig. 7. Actual and predictive: (a) F– removal % and (b) F– removal capacity.
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The values of various parameters of the isotherms
along with the mathematical equations are given in
Table 4. The adsorption mechanism can be best
described using Langmuir isotherm attributing to
highest R2 value of 0.99 and extremely low χ2 value of
2.1E-3 (Table 4). This indicates uniform distribution of
active sites on M-i-HAPa surface and a monolayer
adsorption mechanism.

3.10. Kinetic study

Kinetic models recurrently used to determine vari-
ous kinetic parameters of the adsorption system are
reaction-based and diffusion-based models. For analyz-
ing the reaction kinetics pseudo-first-order and
pseudo-second-order models have been used. Diffu-
sion models are employed for the adsorption of a

Fig. 8. Response surface plots for M-i-HAPa: (a) varying parameters for fluoride removal efficiency and (b) varying
parameters for adsorption capacity.
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liquid adsorbate on porous solid, which can be particle
or pore diffusion model. For assessing best-fit among
the kinetic models squared sum of errors squared
(SSE) were evaluated and are expressed in Eq. (11):

SSE ¼
X ðqt;exp � qt;calcÞ2

q2t;exp
(11)

where qt,exp and qt,calc are the experimental sorption
capacities of fluoride (mg/g) at time t and the
corresponding values acquired from the kinetic mod-
els. The values of different kinetic model parameters
with their mathematical expression are presented in
Table 5 and it is apparent that pseudo-second-order
kinetic model fits the best. Higher value of R2

and lower SSE values point to the possibility of

Fig. 8. (Continued).
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contribution of intraparticle diffusion over pore diffu-
sion in the process.

Table 6 shows a comparison between M-i-HAPa
and adsorbents previously studied by various
researchers and reported with their respective fluoride
removal capacities. It was observed that M-i-HAPa
was better than many adsorbents reported in
literature.

3.11. Mechanism of fluoride adsorption

The adsorption mechanism of M-i-HAPa in aqueous
fluoride solution was examined through XRD pattern
obtained (Fig. 10) which illustrated the formation of
hydroxyfluoropatite (034-0010) and fluorapatite (00-034-
0011) as expected. The mechanism is further described
through the following reactions in Eqs. (12) and (13):

Fig. 9. Desirability ramp for numerical optimization.

Table 4
Adsorption isotherm parameters for fluoride adsorption onto M-i-HAPa

Isotherms Parameters 303 K 313 K 323 K

qe,exp (mg/g) 0.95 0.8 0.72
Langmuir Ce

qe
¼ 1

bQ0
þ Ce

Q0
Qo 1.16 1.17 0.79
b (L/g) 5.9 1.16 2.21
R2 0.99 0.93 0.98
Kap 6.89 1.75 1.36
χ2 2.1E−3 0.024 0.153

Freundlich log qe ¼ log Kf þ 1
n log Ce n 4.14 2.65 2.25

R2 0.988 0.974 0.948
Kf (mg/g) 0.857 0.572 0.519
χ2 0.074 0.320 0.279

Dubinin–Radushkevich ln qe ¼ ln qd � Be2 where, e ¼ RT ln ½1þ 1
Ce
� E (kJ/mol) 235.7 235.7 158.11

R2 0.806 0.748 0.741
qd (mg/g) 0.98 0.72 0.76
χ2 0.017 0.10 0.025

Temkin qe ¼ BT ln AT þ BT ln Ce AT (L/g) 81.45 6.56 24.9
BT 0.21 0.306 0.170
R2 0.918 0.964 0.946
χ2 0.10 0.25 0.31
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Cað10�nÞ Mgn ðPO4Þ6ðOHÞ2 þ F�

! Cað10�nÞ Mgn ðPO4Þ6ðOHÞ ðFÞ þOH� (12)

Magnesium-incorporated
Hydroxyfluoroapatite

Cað10�nÞ Mgn ðPO4Þ6ðOHÞ ðFÞ þ F�

! Cað10�nÞ Mgn ðPO4Þ6 F2 (13)

Magnesium-incorporated
Fluoroapatite

Fluoride adsorption onto M-i-HAPa was acceler-
ated at first then reached a stationary phase with
increased contact time. Thus, the mechanism of
fluoride adsorption involves diffusion of F– ions on

Table 5
Kinetic model parameters for fluoride adsorption onto M-i-HAPa

Kinetic models Parameters 303 K 313 K 323 K

Pseudo-first-order log qe � qtð Þ ¼ log qe � b1t
2:303 k1 (min−1) 0.23 0.032 0.2

R2 0.705 0.803 0.70
qe,calc 0.406 0.595 0.40
SSE 0.32 0.072 0.136

Pseudo-second-order t
qt
¼ 1

b2q2e
þ 1

qet
k2 (g/mg min) 0.113 0.1 0.03
R2 0.997 0.966 0.986
qe,calc (mg/g) 0.981 0.853 0.766
SSE 1.38E−3 2.76E−3 2.70E−3

Intraparticle diffusion qt = ki t
1/2 ki (mg/g min0.5) 0.114 0.62 0.046

R2 0.933 0.988 0.812
SSE 0.4 0.13 0.53

Particle diffusion ln Ct

Ce
¼ �kpt kp (min−1) 0.11 0.009 0.007

R2 0.82 0.966 0.951
SSE 0.72 0.31 0.76

Table 6
Fluoride removal capacity of some adsorbents in comparison with M-i-HAPa

Adsorbent Refs. Removal capacity (mg/g)

Modified immobilized activated alumina [40] 0.76
Nano-Synthetic hydroxyapatite [11] 0.48
Protonated chitosan beads [41] 1.66
Calcite [5] 0.39
Lignite [42] 0.71
Kaolinite clay [43] 0.045
Montmorillonite [8] 0.263
Laterite [44] 0.85
Chitin composite [9] 0.29
Magnesium-incorporated hydroxyapatite Present study 1.16

Fig. 10. XRD pattern of M-i-HAPa after fluoride adsorption
(M-i-HAPF).
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adsorbent surface then adsorption at active sites fol-
lowed by exchange of OH– and F– ions.

3.12. Regeneration studies of M-i-HAPa

It is immensely essential to regenerate the satu-
rated adsorbent to make the process cost-effective as
well as to prevail over the disposal problem. The
adsorbent was first saturated with fluoride solution of
10 g/L for 3 h and this cycle was repeated till M-i-
HAPa got saturated (Fig. 11(a)). Approximately 20%
decrease in removal efficiency was observed in the
first two cycles followed by higher reduction in the
efficiency in further cycles. The regeneration of
adsorbent was studied using different solutions of
sodium hydroxide, sulfuric acid, hydrochloric acid,

and potassium hydroxide. The saturated adsorbent
(10 g/L) was shaken with different regeneration solu-
tions for 1.5 h after which it was filtered, washed, and
dried at 95˚C for 1 h. The results obtained are illus-
trated in Fig. 11(b). About 91% regeneration was
achieved with 0.1 M NaOH confirming to the ion
exchange mechanism of adsorption.

3.13. Treated water quality analysis

The quality of water treated with M-i-HAPa adsor-
bent (dose: 10 g/L, contact time: 3 h) was studied for
various parameters. Table 7 presents the value of con-
cerned parameters before and after adsorption along
with the permissible limit determined by WHO and
BIS [1,2]. It is apparent from Table 7 that the water

Fig. 11. (a) Reuse of adsorbent (F– concentration: 10 mg/L) and (b) Regeneration studies.

Table 7
Treated water parameter analysis

Before adsorption After adsorption Permissible limit

pH 7.54 7.32 6.5–8.5
EC (μS/cm) 67 502 Not mentioned
TDS (ppm) 33 248 500
Alkalinity (CaCO3 eqv., mg/L) 0 15 600
Total Hardness (CaCO3 eqv., mg/L) 0 135 500
Ca (mg/L) 0 20 75
Mg (mg/L) 0 27 30
Phosphate 0 Below detection limit Not mentioned
F (mg/L) 10 0.552 1–1.5
Turbidity (NTU) 0 0 10
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treated with magnesium-incorporated hydroxyapatite
is fit for consumption and all the parameters are
within acceptable limit.

4. Conclusion

In this work, the adsorbent magnesium-incorpo-
rated hydroxyapatite was synthesized and investi-
gated for fluoride removal. Characterization with
XRD, FTIR, and TEM confirmed the incorporation of
magnesium into the apatite lattice. BET surface area of
the synthesized adsorbent was 46.62 m2/g which is
more than twice as compared to hydroxyapatite
(21.25 m2/g), due to this higher adsorption rate was
attained. The influence of experimental factors (initial
fluoride concentration, contact time, pH of the aque-
ous solution, dose of M-i-HAP, and temperature) on
fluoride removal percentage was explored. RSM by
CCD was used to investigate the chosen factors on flu-
oride removal and adsorption capacity. A second-
order polynomial regression model interpreted the
experimental data with coefficient of determination
value of 0.99 and 0.97, respectively for fluoride
removal percentage and adsorption capacity. The
numerical optimization achieved with the desirability
function specified the probable fluoride removal to be
94.60% and adsorption capacity to be 1.09 mg/g. The
optimum values for experimental parameters were
found to be pH 7, 303 K temperature, 10 mg/L fluo-
ride concentration, and 180 min contact period with a
dose of 10 mg/L. The mechanism of adsorption was
governed by Langmuir model with maximum fluoride
uptake of 1.16 mg/g. Pseudo-second-order kinetic
model was followed by the process along with some
contribution of intraparticle diffusion. Thermodynamic
studies clearly show the spontaneity of the process
and a better removal at lower temperatures. The
adsorbent could be regenerated to 91% making the
reusability of the adsorbent possible. Further, the M-i-
HAPa treated water quality after defluoridation was
tested as per drinking water standards and all the
parameters such as TDS, pH, alkalinity, hardness, tur-
bidity, EC, and residual ions (fluoride, phosphorus,
calcium, and magnesium) were under permissible lim-
its. Thus, the adsorbent M-i-HAPa is found to be
surely a promising defluoridation agent.
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[42] M. Pekař, Fluoride anion binding by natural lignite
(South Moravian deposit of Vienna Basin), Water Air
Soil Pollut. 197 (2008) 303–312.

[43] P.K. Gogoi, R. Baruah, Fluoride removal from water
by adsorption on acid activated kaolinite clay, Indian
J. Chem. Technol. 15 (2008) 500–503.

[44] M. Sarkar, A. Banerjee, P.P. Pramanick, A.R. Sarkar,
Use of laterite for the removal of fluoride from con-
taminated drinking water, J. Colloid Interface Sci. 302
(2006) 432–441.

P. Mondal et al. / Desalination and Water Treatment 57 (2016) 27294–27313 27313


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Synthesis of magnesium-incorporated hydroxyapatite (M-i-HAP)
	2.2. Characterization of synthesized adsorbent
	2.3. Batch adsorption experiments
	2.4. Design of experiments

	3. Results and discussion
	3.1. Selection and characterization of synthesized adsorbent
	3.2. Effect of pH
	3.3. Effect of adsorbent dose
	3.4. Effect of contact time
	3.5. Effect of initial fluoride concentration
	3.6. Effect of coexisting ions
	3.7. Effect of temperature
	3.8. Response surface methodological approach
	3.8.1. Experimental design and quadratic model fitting
	3.8.2. Effects of experimental factors on adsorption
	3.8.3. Verification of the model and confirmatory experiments

	3.9. Adsorption isotherms
	3.10. Kinetic study
	3.11. Mechanism of fluoride adsorption
	3.12. Regeneration studies of M-i-HAPa
	3.13. Treated water quality analysis

	4. Conclusion
	Acknowledgements
	References



