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ABSTRACT

The present study was conducted to evaluate the feasibility of apatitic tricalcium phosphate
(ATCP) for fluoride adsorption from aqueous solutions. The adsorbent was characterized
using X-ray diffraction and scanning electron microscope with energy dispersive X-ray analy-
sis. Batch adsorption studies were performed as function of contact time, initial fluoride con-
centration, temperature, adsorbent dose, pH, and influence of competing anions. Fluoride
adsorption kinetics was well fitted by pseudo-second-order model. The maximum sorption
capacity of ATCP for fluoride removal was found to be 15.42mgg " at 313 K. Thermodynamic
parameters viz. AG°, AH’, and AS° were calculated indicating that the adsorption process was
spontaneous and endothermic. The fluoride adsorption was well explained using Langmuir
Freundlich, Temkin and Dubinin-Radushkevick models. Fluoride adsorption was influenced
by the presence of HCO;  ions. It was observed that at pH=12.75 around 88% desorption
efficiency was found. Results from this study demonstrated potential utility of ATCP that
could be developed into a viable technology for fluoride removal from aqueous solution.
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1. Introduction

Fluoride contamination of drinking water is a
worldwide problem, and excess intake of fluoride can
cause harmful effects such as dental/skeletal fluorosis,
fetal cerebral function, neurotransmitters, etc. Taking
health effects into consideration, the World Health
Organization has set a guideline value of 1.5mgL™"
[1] as the maximum permissible level of fluoride in
drinking water. Many countries have regions where
water contains fluoride concentration more than the
prescribed limit. The fluoride occurs in nature mainly
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as sellaite (MgF>), fluorspar (CaF,), cryolite (NazAlFy),
and fluorapatite (Cas(POg4)3F). These fluoride minerals
are nearly insoluble in water. Hence, fluoride will be
present in groundwater only when conditions favor
their dissolution or high fluoride containing effluents
are discharged to the water bodies from the indus-
tries. High fluoride concentrations in groundwater, up
to more than 30 mg L}, have been observed widely in
many parts of the world [2].

Considering the serious health effects of fluoride,
several  technologies, including  precipitation,
adsorption, ion exchange, membrane separation, and
electrodialysis were developed and evaluated for
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fluoride removal. Among these methods, adsorption
seems to be the most attractive method because of its
high efficiency and easy handling nature. About 100
adsorbents have been successfully exploited for the
removal of fluoride [3], including activated carbon [4],
low cost materials [5], activated alumina [6], waste
mud [7], montmorillonite [8], some geomaterials [9],
and other materials.

Several studies have shown interest in the use of
calcium phosphate and various apatite materials [10]
in fluoride removal: synthetic hydroxyapatite at nano-
scale [11], glass-derived hydroxyapatite [12], hydroxy-
apatite [13], and brushite [14]. Calcium phosphates,
especially apatites, present remarkable interest; their
availability structure, ionic exchange property, and
adsorption affinity have conferred to this material to
attract more attention. In addition, this material can
be efficient matrices of water purification.

In the present study, the sorption feasibility of
apatitic tricalcium phosphate (ATCP), which is a solid
with atomic ratio of Ca/P equal to 1.5, was assessed
for fluoride removal from aqueous solution. The phys-
ical and chemical characterization of ATCP by X-ray
diffraction (XRD), scanning electron microscope
(SEM), and energy dispersive X-ray (EDX) were con-
ducted and further the potential of the ATCP was
evaluated for fluoride removal. Defluoridation studies
were conducted under various experimental condi-
tions, such as pH, contact time, initial fluoride concen-
trations, temperature, and the presence of competing
anions. The data from the experiments were fitted
with different models to identify the adsorption mech-
anism. The results have been thoroughly discussed
which would help in the better understanding of
defluoridation mechanism by ATCP.

2. Materials and methods
2.1. Adsorbent

The ATCP (Cag (HPO,) (PO4)s(OH)) powders were
prepared by an aqueous double decomposition of the
salts of calcium and of phosphate [15].

SEM and EDX analysis were performed using an
FEI Tecanai G2 (Philips). An XRD pattern was ana-
lyzed using X'Pert PRO (Germany) X-ray diffractome-
ter with Cu Ko radiation.

2.2. Adsorption studies

Adsorption studies of fluoride were investigated
by batch experiments. All batch experiments were
carried out in 150mL glass bottle. For preparing the
samples, 0.2g of ATCP was added in 50mL of

M. Mourabet et al. | Desalination and Water Treatment 51 (2013) 6743-6754

fluoride solutions. The mixture was agitated at
400 rpm. The solution was then filtered and the resid-
ual fluoride ion concentration was analyzed
electrochemically with a fluoride ion-selective elec-
trode (Orion, USA) by the use of total ionic strength
adjustment buffer (TISAB) solution.

The specific amount g. (mgg ") of fluoride
adsorbed was calculated by following expression:

o = (1)

where g, is the fluoride adsorbed (mgg™"); C,, initial
concentration of fluoride (mg L™ Y; C., concentration of
fluoride in solution at equilibrium time; V, solution
volume (L); m, adsorbent dosage (g).

Adsorption isotherm was studied at three different
temperatures, 298, 303, and 313K on fluoride solutions
with varying concentrations from 30 to 60 mgL " and
at initial solution pH (6.8-6.9)

Kinetic studies were carried at three different ini-
tial fluoride concentrations (30, 50, and 40mg LY,
three different temperatures (293, 303, and 313K), and
at contact time (1, 2, 3,4, 5, 6,7, 8, 9, 10, 20, 30, 40, 60,
90, 120, and 180 min).

2.3. Determination of model parameters

The parameters of models were determined using
a nonlinear regression. Nonlinear analysis method
gives a possibility to avoid errors because isotherm
and kinetic models are described by nonlinear expres-
sions and there is no necessity to alter function, thus
error distribution would not change. This procedure
gives true and unfailing model parameters because
the nonlinear analysis is conducted on the same
abscissa and ordinate. Thus, it is more suitable to
determine the model parameters by this method. The
coefficient of determination R?, was used to test the
best-fitting model to the experimental data:

B SS resid

R?=1 2
SStotaI ( )

where 5S,qiq is the sum of the squared residuals from
the regression and SSioa is the sum of the squared
differences from the mean of the dependent variable.

3. Results and discussion
3.1. Characterization of apatitic tricalcium phosphate

Fig. 1 shows the XRD patterns of the ATCP before
and after adsorption of fluoride ions. The main peaks
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Fig. 1. XRD of apatitic tricalcium phosphate before and
after adsorption of fluoride.

are characteristic peaks of ATCP. The ATCP can be
identified as a poorly crystalline material. There is no
marked change in the XRD pattern of ATCP after
treatment with fluoride; this can be explained by ion
exchange.

The surface condition and the existence of fluoride
onto ATCP were confirmed by the SEM with EDX
analysis. Fig. 2(a) and (b) shows the SEM images
before and after fluoride adsorption with ATCP. The
changes in the surface morphology of ATCP before
and after fluoride treatment indicate fluoride adsorp-
tion on ATCP. The EDX spectrum of ATCP confirms
the elements present in it and is shown in Fig. 2(c).
The presence of a fluoride peak in the EDX spectra of
fluoride-adsorbed ATCP confirms the fluoride adsorp-
tion onto ATCP which is shown in Fig. 2(d).

3.2. Effect of adsorbent dosage

The percent removal varies with different dosages
of sorbent, viz. 0.05, 0.1, 0.15, 0.2, 0.30, and 0.4g and
have been studied to ascertain the effect of dosage with
initial concentration 30 mg Ll, contact time 90 min, nat-
ural solution pH, and temperature 298 K. The sorption
capacities of ATCP for fluoride ions decreased with the
increase of the sorbent dosage from 0.05 to 0.4g of
ATCP. Fig. 3 shows the fluoride ions sorption capacities
and percentage removal vs. sorbent dosage. The maxi-
mum sorption capacity was found by using 0.05g of
ATCP. The percentage removal of fluoride significantly
increases with increase in sorbent dosage, which is
obvious because of the increase in the number of active
sites as the dosage increases. Furthermore, the adsorp-
tion capacity (., mgg~ ') value was decreased for a
fixed fluoride concentration with the increase of dose.
The maximum fluoride removal of 96.37% was
obtained using 0.4 g of ATCP.
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3.3. Effect of initial pH

Influence of pH on fluoride adsorption by ATCP
was investigated and the data are shown in Fig. 4. Fluo-
ride adsorption by ATCP is sensitive to pH variations.
It can be seen that the increase in the pH value
decreases the adsorption capacity of ATCP (at pH 4
and 11, g.=6.61, and 4.303 mgg ', respectively). It is in
relation with the surface charge of ATCP. The surface
of ATCP is negatively charged when pH value is above
the pHpzc=6(zero point charge) [16] and positive
charged when pH value is below the pHpzc. According
to several authors, the exchange OH™ with fluoride
may play an important role in fluoride removal.

Maliyekkal et al. [17] reported that the possible
reaction mechanism for adsorption of fluoride onto
magnesia-amended activated alumina (MAAA) can be
hypothesized as below:

MgO + H,0 — Mg(OH), (3)

Mg(OH), + F~ « Mg(OH), |F, (4)

Zhang et al. [18] found at pH=7.0, fluoride ions
are predominantly adsorbed by the following surface-
exchange reactions:

Graphene OHj (surf) + F~
= Graphene F(surf) + H,O (5)

Graphene OH (surf) + F~
= Graphene F (surf) + OH™ (6)
Reyes and Rios [19] indicated that the chemical

sorption of fluoride may be explained by the follow-
ing reaction:

Cas(PO4);O0H + F~ = Cas(PO,),F + OH" (7)

Chen et al. [20] proposed that the mechanism
involved in the fluoride adsorption process using Al/
Fe dispersed in porous granular ceramics can be
described by the following equations, where M is AI**
and Fe** bound to porous granular ceramics:

MCL, + H,0 — MOH, + H' + CI” (8)
MOH,, + H;0" +F~ — MOH; ---F, + H,0 (9)

MOH + H;0" — M* ---F, + 2H,0 (10)
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Fig. 2. SEM images of (a) ATCP and (b) fluoride-adsorbed ATCP and EDX spectra of (c) ATCP and (d) fluoride-adsorbed

ATCP.

Sujana et al. [21] investigated the adsorption of
fluoride on Bauxite and confirmed that the mechanism
of fluoride adsorption can be represented as

= MOH; +F <= MF + H,0 (11)
=MOH +H" +F <= MF+ H,0 (12)
=MOH + F <= MF+ OH" (13)

where M = Al, Fe, Si or Ti.

Finally, Ma et al. [22] explained that the specific
adsorption of anions on HO-CaBen (hydroxyl Ca-ben-
tonite) occurs via ligand exchange reactions, in which
hydroxyl surface groups are replaced by the ions to
be adsorbed and the adsorption process can be
described by the following reactions:

= MOH + H* «<»= MOH; (14)
= MOH; +F <= MOH, — F (15)
= MOH; +F <= MF + H,0 (16)
2(= MOH] + 2F~ <= MOF = MF + H,0 (17)

where M represents Ca and F represents the anion.

Hence, in the adsorption process, fluoride ions
could replace hydroxyl ions (OH™) on the surfaces of
ATCP (P-OH P-F). Additionally, below point of zero
charge where ATCP is positively charged, electrostatic
attraction could occur between negatively charged
fluoride ions and positively charged surfaces of ATCP
(P—OHj F).
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Fig. 3. Effect of adsorbent dose (initial concentration
30mng, contact time 90min, temperature 298K, and
initial solution pH (6.8-6.9)).

5.5f 1

q.(mg/g)

PH initial

Fig. 4. Effect of initial pH (adsorbent dose 0.2g, initial
concentration 30 mng, contact time 90min, and
temperature 298 K).

3.4. Adsorption isotherm

Many adsorption isotherm models have been suc-
cessfully applied to describe the adsorption process.
In this study, four different isotherm models were
tested: the Langmuir [23], the Freundlich [24], the
Temkin [25], and the Dubinin—-Radushkevick (D-R)
[26] models.

The Langmuir isotherm was developed on the
assumption that the adsorption process will only take
place at specific homogenous sites within the
adsorbent surface with uniform distribution of energy
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level. Once the adsorbate is attached on the site, no
further adsorption can take place at that site, which
concluded that the adsorption process is monolayer in
nature.

The nonlinear form of the Langmuir equation can
be described by

_ OmbCe
1= 150C,

(18)

where C. (mgL') is the equilibrium concentration of
the adsorbate, g, (mgg') is the amount of adsorbate per
unit mass of adsorbent, Q,, (mgg") and b (Lmg') are
Langmuir constants related to sorption capacity and
rate of sorption, respectively. The maximum adsorption
capacities of F, Q.,, and constant related to the binding
energy of the sorption system, b are calculated (Fig. 5)
and listed in Table 3. The sorption capacity, O, which
is a measure of the maximum adsorption capacity cor-
responding to complete monolayer coverage found to
be 15.42mgg " for the experiments carried out at 40°C.

Table 1 lists a comparison of adsorption capacity
of ATCP with those obtained in the literature for the
adsorption of fluoride. The adsorption capacity of
ATCP for fluoride was 13.54mgg ' at 298K. The
calculated adsorption capacities exhibit a good
capacity for fluoride sorption from aqueous solutions.
The feasibility of the isotherm was tested by calculat-
ing the dimensionless constant separation factor or
equilibrium parameter Ry, [32].

Ru=1/14+bC, (19)
11
10.5F i
10f B
9.5r B
9 - -
G
g 85k m] T=298K. i
= Langmuir
8 - -
Freundlich
7.5F B
Temkin
7 - -
6.51 i
6 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20

C, (mg/L)

Fig. 5. Isotherms obtained using the nonlinear method for
the adsorption of fluoride onto ATCP at a temperature of
298 K. (adsorbent dose 0.2g, initial concentration 30—
60mg L, contact time 90 min, and pH (6.8-6.9)).
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Table 1

Comparison of adsorption capacity of apatitic tricalcium phosphate with those adsorbents

Adsorbent pHpzc Qum(mgg™) Concentration Contact pH Ref.

range(mg L") time

Brushite 6.2 6.59 20-50 60 min 6.8-6.9 [14]

Zirconium—iron oxide - 9.8 10 10h 7 [27]

Titanium/chitosan - 7.20 - 24h 7 [28]

Magnesia-amended activated alumina 8.6 10.12 5-150 3h 6.5-7 [17]

KMnO, modified carbon 7.8 15.9 20 3h 2 [29]

Calcined Zn/Al hydrotalcite 8.78 13.43 10 4h 6 [30]

like compound

Chitosan-based mesoporous alumina - 222 - 24h 3-9 [31]

Nano-hydroxyapatite Biogenic apatite - 4.57 3-80 100 min 5-6 [10]
4.99

Treated biogenic apatite 6.84

Geogenic apatite 0.014

ATCP 6 13.54 30-60 90 min 6.6-6.9 This study

where C, is the initial F concentration and b is Lang-
muir isotherm constant. The adsorption process as a
function of R;, may be described as

Ry >1 unfavorable
Ry =1 linear

0<Ry <1 favorable
Rp = 0 irreversible

Ry values calculated from the present system are
presented in Table 2. The Rp values lying between 0
and 1 indicate the favorable conditions for adsorption
at all the temperatures studied.

Contrarily to Langmuir, Freundlich isotherm was
based on the assumption that the adsorption occurs

Table 2
Dimensionless separation factor (Ry) values for fluoride
sorption by ATCP at different temperatures

Fluoride concentration Temperature
L71

(gL 25°C 30°C 40°C
30 0.16 0.15 0.13
35 0.14 0.13 0.11
40 0.12 0.12 0.10
45 0.11 0.10 0.09
50 0.10 0.10 0.08
60 0.08 0.08 0.07

on heterogeneous sites with nonuniform distribution
of energy level. The Freundlich describes reversible
adsorption and is not restricted to the formation of
monolayer.

The nonlinear form of Freundlich isotherm is:
ge = KeCs (20)
where C, is the equilibrium fluoride concentration
(mgL™"), g. is the amount adsorbed per unit mass of
the adsorbent at equilibrium (mgg '), Ky is the empir-
ical constant of Freundlich isotherm (Lmg '), and n is
the empirical parameter related to the intensity of
adsorption. Values of 1/n are lying between 0.1 and
1.0, and the n values lying in the range of 1-10
confirm the favorable conditions for adsorption [33].
The Freundlich model contents K; and n are calcu-
lated (Fig. 6) and listed in Table 3.

The Temkin isotherm model assumes that the
adsorption energy decreases linearly with the surface
coverage due to adsorbent-adsorbate interactions. The
nonlinear form of Temkin isotherm is:
ge = RT/BrIn ArCe (21)
where By is the Temkin constant related to the heat of
sorption (Jmol'), At is the Temkin isotherm constant
(Lmg"), R is the gas constant (8.314]J mol' K'), and T is
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Fig. 6. Isotherms obtained using the nonlinear method for
the adsorption of fluoride onto ATCP at a temperature
of 303K. (adsorbent dose 0.2g, initial concentration
30-60mg L', contact time 90 min, and pH (6.8-6.9)).

the absolute temperature (K). The parameters of
Temkin model are determined (Fig. 7) and are listed
in Table 3.

The Dubinin—-Radushkevick (D-R) isotherm was
used to determine the nature of the adsorption
process viz. physisorption or chemisorption. The
nonlinear form of this model is expressed by:
g = Qo rexp (~as) (22)
where g, is the amount of fluoride ions adsorbed per
unit dosage of the adsorbent (mol/g), QOp.r the mono-
layer capacity, and o is the activity coefficient related
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Fig. 7. Isotherms obtained using the nonlinear method for
the adsorption of fluoride onto ATCP at a temperature
of 313K. (adsorbent dose 0.2g, initial concentration
30-60 mg L}, contact time 90 min, and pH (6.8-6.9)).

to mean sorption energy and ¢ is the Polanyi potential
described as
¢ =RTIn(1 + 1/Ce) (23)

The mean sorption energy, E (kJmol '), can be
calculated by using the following equation:
E=(2x)" (24)

A representative plot of D-R isotherm is depicted
at Fig. 8. The statistical results along with the isotherm

Table 3
The value of parameters for each isotherm model used in the studies
Models T (K)
298 303 310
Langmuir b(L mg ) 0.183 0.186 0.194
Om(mg g™ 13.54 14.90 15.42
R? 0.960 0.978 0.988
Freundlich K¢ (ng_l) 3.68 3.872 4.04
n 2.72 2.552 2.50
R? 0.973 0.976 0.973
Temkin b, J mol?) 811.25 729.403 720.33
a (Lg™h) 1.72 1.63 1.65
R? 0.969 0.9806 0.986
D-R E(kJmol ™) 11.265 11.18 16.32
o (mol?] ) 3.94x107° 4.00x107° 3.75%x107°
R? 0.974 0.980 0.980
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Fig. 8. Plot of D-R isotherm for fluoride adsorption on
ATCP (adsorbent dose 0.2g, initial concentration
30-60mg L', contact time 90min, and initial solution pH
(6.8-6.8)).

constants are also given in Table 3. It can be seen that
the mean sorption energy (E) was evaluated as
11.18-16.32kJ mol ' for the adsorption of fluoride at
temperature ranging from 298 to 313 K. According to
the literature [34], the E value ranges from 1.0
to 8.0kJ mol ! for physical adsorption and from 9.0 to
16.0kJmol™" for chemical ion-exchange adsorption.
Therefore, these results indicate that the adsorption of
fluoride onto ATCP may be attributed to chemical
ion-exchange mechanism.

The calculated results of the Langmuir, Freundlich,
Temkin, and Dubinin—Radushkevick isotherm con-
stants are given in Table 3. It is found that the adsorp-
tion of fluoride on the ATCP correlated well with the
Langmuir, Freundlich, Temkin, and Dubinin-Radush-
kevick equations under the concentration range stud-
ied indicating possibility simultaneous validity of
multiple isotherms.

3.5. Thermodynamic investigations

The thermodynamic parameters for the adsorption
process in solution have been calculated using the
following standard thermodynamic relations [35,36]:

AG = —RT Lnb (25)

AG = AH —TAS (26)
where AG" is the standard free energy change (kJ/mol),
AH® is the standard enthalpy change (kJ/mol), AS” is
standard entropy change (k] mol™' K™), b(L/mol) is the
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adsorption equilibrium constant obtained from
Langmuir isotherm, T is the temperature in Kelvin, and
R is the universal gas constant (8.314] mol' K").

The values of AH® and AS° can be obtained from
the slope and intercept of a plot of AG’ against T
(Fig. 9). The calculated thermodynamic parameters are
presented in Table 4.

The negative values of AG* confirm the spontane-
ous nature of sorption of fluoride by ATCP. The value
of AG® becomes more negative with increasing tem-
perature. This shows that the removal process is
favored by an increase in temperature. The positive
value of AH® showed that the adsorption process is
endothermic in nature. Positive values of AH® were
also reported for the sorption of fluoride by
nanohydroxyapatite/chitosan [11], Brushite [14], and
calcined magnesia/pullulan composite [37].

The positive value of AS® shows increased random-
ness at the solid-solution interface during adsorption.

3.6. Adsorption kinetics studies

To investigate the mechanism of adsorption, the
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion were studied. The adsorption kinet-
ics was studied with initial fluoride concentrations
(30, 40, and 50mg LY and temperatures (293,303, and
313 K). The uptake of fluoride on adsorbents occurred
rapidly and reached equilibrium with in 90 min.

The kinetics of fluoride adsorption on the ATCP
was determined by using three different kinetic mod-
els, which are pseudo-first-order [38], pseudo-second-
order [39], and intra-particle diffusion [40] models.

The nonlinearized form of pseudo-first-order rate
equation is given as
qe = qe(1 — exp(—kit)) (27)
where g, is the amount of solute on the surface of the
sorbent at equilibrium, (mgg™"); g, is the amount of
solute on the surface of the sorbent at time ¢, (mg gfl);
ki is the equilibrium rate constant of pseudo-first
sorption, (Lmin ).

The pseudo-first-order rate constant (k;) and theo-
retical equilibrium adsorption capacities g.(cal) are

Table 4
Thermodynamic parameters for fluoride adsorption by
ATCP

TK) AG°(Jmol™") AH°(kJ mol™") AS° (kfmol 'K
298  —20.20

303  —20.58 2.88 0.774

313 —21.36
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given in Tables 5 and 6. The value of coefficient of
determination is 0.742-0.903. Therefore, we can say
that the adsorption of fluoride on the ATCP does not
follow the pseudo-first-order kinetic model.

The pseudo-second-order rate equation is
expressed as

kzclgt

=Tt (28)

qt

The graph of g, vs. t (Figs. 10 and 11) for the non-
linear pseudo-second-order model has been plotted,
and the second-order rate constant k, and maximum
adsorption capacity g. have been calculated, respec-
tively (Tables 5 and 6). The correlation coefficient
value is high, and the equilibrium adsorption capacity
ge (cal) determined by using the second-order model
is nearly the experimentally determined equilibrium
adsorption capacity g. (exp) (Tables 5 and 6).
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According to the intra-particle diffusion model
proposed by Weber and Morris, the initial rate of
intra-particle diffusion can be calculated by plotting g,
against ¢

e = kot +C (29)
where g; is amount of solute on the surface of the sor-
bent at time ¢, (mgg"), k;, is the intra-particle rate con-
stant (mgg' min*®), t is the time (min), and C (mgg")
is a constant that gives an idea about the thickness of
the boundary layer.

The intra-particle rate constant k, and C parame-
ters obtained from the plots of g, vs. t for the intra-
particle diffusion model are given in Tables 5 and 6.
The value of C obtained from intra-particle diffusion
model is not zero and the coefficient of determination
(R*=0.585-0.777) is not satisfactory, indicating that the
intra-particle diffusion may not be the controlling
factor in determining the kinetics of the process.

Table 5
The kinetic parameters obtained for fluoride adsorption on ATCP at different concentrations
Kinetic equations Parameters 30mgL™" 40mgL™! 50mgL "
Pseudo-second-order k, (g mg™'min~") 0.048 0.073 0.087
ge(cal) (mgg™) 6.44 7.82 9.52
gelex) (mgg ™) 6.39 7.81 9.50
rR? 0.966 0.922 0.967
Pseudo-first-order k; (min™Y) 0.205 0.327 0.467
gelca)l (mgg ™) 6.00 7.36 8.97
Jelex) (mgg ") 6.39 7.81 9.50
rR? 0.887 0.742 0.782
Intra-particle diffusion ko (g mg ' min"?) 0.319 0.295 0.284
C (mgg ") 3.21 4.97 6.80
R? 0.729 0.665 0.585
Table 6
The kinetic parameters obtained for fluoride adsorption on ATCP at different temperatures
Kinetic equations Parameters 293K 303K 313K
Pseudo-second-order k, (gmg 'min ") 0.044 0.0487 0.0570
ge(cal) (mgg™") 5.1036 6.444 7.1076
gelex) (mgg ) 4.96 6.39 7.20
R? 0.9701 0.9662 0.9711
Pseudo-first-order k; (min™Y) 0.161 0.205 0.248
ge(cal) (mgg™") 4.684 6.005 6.668
gelex) (mgg ™) 4.96 6.39 7.2
R? 0.903 0.887 0.880
Intra-particle diffusion kp (gmg " min®®) 0.2951 0.0.3191 0.3135
C(mgg™h 2.068 3.2137 3.9843
R? 0.777 0.7299 0.6887
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Fig. 10. Pseudo-second-order plots of ATCP (adsorbent
dose 0.2g, T=303K and initial solution pH).

As a result, we can say that the pseudo-second-
order kinetic model suggested a good correlation for
the adsorption of fluoride on the ATCP contrast to the
pseudo-first-order model and intra-particle diffusion
model, so pseudo-second-order model is suitable for
modeling the adsorption of fluoride on the ATCP.
This finding suggests that the rate-limiting step of the
adsorption system may be chemisorption.

Similar results were also reported for the removal of
fluoride onto hydroxyapatite [13], nanosized hydroxy-
apatite by low-molecular-weight organic acids [41], and
various apatite materials [10].

3.7. Desorption experiments

The recycling of an adsorbent is most important
aspect for an economical technology. For this purpose,
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first, the fluoride-adsorbed ATCP is generated by
adsorbing 30mgL " fluoride solution on 0.2g ATCP
at pH 6.8 and at temperature 30°C. After the equilibra-
tion, the residue was filtered and the filtrate was mea-
sured for fluoride content. Then the adsorbent was
transferred to 50mL of distilled water with varying
pH (4, 11.75, and12.75). The solutions were then sha-
ken for about 60 min after which the fluoride amount
desorbed into the solution was determined to calcu-
late removal extent (percent). It was observed that at
pH 4, 11.75, and 12.75 around 2, 23, and 88% desorp-
tion efficiencies were found, respectively.

3.8. Treatment of underground water

The defluoridation efficiency of ATCP was experi-
enced with the sample water collected from Youssou-
fia (Morroco) containing 44mgL~' fluoride. The
chemical analysis of the water before and after treat-
ment was presented in Table 7. About 0.2g of adsor-
bent was added to 100mL of fluoride water sample
and the contents were shaken (300 rpm) with constant
time (90min) at room temperature. The percentage of
fluoride elimination is 100%.

3.9. Effect of the presence of co-existing ions

The drinking water contains several common other
anions, viz. nitrate, sulfate, and chloride, which can
compete with fluoride ions during the adsorption pro-
cess for the active sites on the ATCP. Hence, the effect
of these competitive ions on the uptake of fluoride
ions should be studied. The initial concentration of
fluoride was fixed at 30mgL ™" while the initial con-
centration of other anions varied from 100 to
500mgL "

Fig. 12 shows the effect of various coexisting ions
of different concentrations on fluoride sorption by
ATCP. Except HCO3, all other coexisting ions (CL~,
NOj, and SO3") have shown negligible effect on fluo-
ride sorption. The reduction in fluoride removal

Table 7

Water quality parameters before and after treatment
Water quality Before After
parameters treatment treatment
pH 7.75 7.18

F~ 4.4 0

Cl- 200 196
SO,*~ 180 174.8
NO;™ 30 28
HCO;5™ 300 289.6
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Fig. 11. Pseudo-second-order plots of ATCP (adsorbent
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adsorption.

of presence of co-ions on fluoride

observed by the presence of HCO; may be due to
competition from this ion for active sorption site or
due to the change in pH or combination of these two.

4. Conclusions

This study was demonstrated that the ATCP can
be used as an adsorbent for batch adsorption of F~
ions from aqueous solution under different conditions.
Experimental data were shown a good fit with the
Langmuir, Freundlich, Temkin, and Dubinin—Radush-
kevick. Thermodynamic analysis was shown that the
adsorption process was endothermic and spontaneous
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in nature. The kinetic study was indicated that the
adsorption of fluoride is very rapid, and the equilib-
rium reached within 90 min. The adsorption data was
modeled using the pseudo-first, pseudo-second-order
kinetic, and intra-particle diffusion equations. It was
shown that the pseudo-second-order kinetic best
describes the sorption kinetic. The presence of CL~,

SO, and NOj lead to negligible change in defluori-
dation capacity, however, the presence of HCOj3
decreased the defluoridation capacity. It was observed
that at pH 4, 11.75, and 12.75 around 2, 23, and 88%
desorption efficiencies were found, respectively.
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