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ABSTRACT

According to the environmental protection regulations, fluoride concentration is considered
as a substance of priority for assessment of drinking water quality to determine their
impacts on the environment and public health. Saharan groundwater (Algeria) contains an
excess of fluoride ions. Regular consumption of this water by the population of the region
may cause endemic fluorosis. To solve this problem, we propose to treat this water by
adsorption on different materials, such as activated alumina (AA), sodium clay (SC), and
hydroxyapatite (HAP) in order to enhance its quality by reducing its fluoride concentration.
The maximum adsorption is achieved with an adsorption capacity of the order of 0.9, 0.667,
and 0.370mg/g and with a percentage of 90, 83.4, and 73.95% for AA, HAP, and SC,
respectively. Indeed, the acidity and alkalinity of the medium significantly affect the adsorp-
tion of fluoride ions. Results deduced from the curves of adsorption isotherms of fluoride
ions showed that the retention is predictable from these isotherms in agreement with the
Langmuir model. The low removal of fluoride ions was observed in presence of SO,
CO?%~, and HCOj ions. Finally, AA material proved to be the best adsorbent for fluoride
ions removal.

Keywords:  Fluoride removal; Activated alumina; Sodium clay; Hydroxyapatite;
Defluoridation

1. Introduction

Groundwater of the southeast region of Algeria
(Sahara region) contains high levels of fluoride con-
centrations that often exceed the limits recommended
by the World Health Organization (1.5mg/L) [1].
Excess ingestion of fluoride can cause dental/skeletal
fluorosis [2] affecting the health of people living in the
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Sahara region, including El-Oued Souf where the per-
centage of this disease exceeds 80% [3]. Fluoride, as a
contaminant in ground/surface water, could be from
either natural geological sources or industrial wastes
that use fluoride-containing compounds as raw mate-
rials [4-7]. Several studies have been conducted to
estimate the concentration of fluoride ions present in
drinking water, fruits, and vegetables [8].
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The current methods used to remove fluoride from
water can be divided into several categories: chemical
processes: precipitation [9], conventional physicochem-
ical processes such as adsorption [10-18], electrocoag-
ulation [19], ion exchange [20], and membrane
processes: reverse osmosis [21-23], nanofiltration
[21,24,25], and electrodialysis [26,27]. However, it is
widely recognized that adsorption is an ideal and a
suitable technique compared to other conventional
techniques for water defluoridation for small commu-
nities [28]. Activated carbon has been for a long time
the most effective adsorbent. Nevertheless, its major
disadvantage is the high cost [10], which has led many
researchers to develop their activities in investigating
different low-cost and most effective materials [29],
such as volcanic ash, natural or synthetic hydroxyapa-
tit, activated alumina (AA), and especially clays which
are known for their abundance in nature, in order to
enhance the fluoride-removal performance. Moreover,
the multiple physicochemical properties of these mate-
rials make them suitable for various applications.

Ku and Chiou [30] also studied the effect of some
operational parameters on fluoride removal from
aqueous solution by alumina. The removal efficiency
was influenced significantly by the solution pH. The
maximum fluoride removal (16.3mg/g) was found at
operating pH in the range of 5-7. Ghorai and Pant.
[31] conducted the sorption of fluoride by granulated
AA. The removal of fluoride was maximized (69.5%)
at pH 7 and was independent of the sorbent dose and
initial fluoride concentration. The Langmuir maximum
sorption capacity was found to be 2.41 mg/g.

In another investigation focused on chemical modi-
fication of bentonite clay using magnesium chloride in
order to enhance its fluoride removal capacity [32],
the magnesium-incorporated bentonite (MB) showed
significantly high fluoride removal efficiency over a
wide range of pH (3-10). Bicarbonate affected the fluo-
ride removal significantly whereas other co-existing
anions had no major effect on fluoride removal effi-
ciency of MB. The prepared adsorbent showed a maxi-
mum fluoride removal capacity of 226 mg/g at an
initial fluoride concentration of 5mg/L, which was
reported better than the unmodified bentonite.

Fluoride removal by montmorillonite clay has also
been evaluated by Karthikeyan et al. [33]. Fluoride
uptake was found maximum at pH 2, and decreased
with an increase in pH solution. The material with
particle size of 75 pum exhibited maximum percentage
of fluoride adsorption compared to the other particle
sizes. The Langmuir maximum sorption capacity
for fluoride was found to be in the range of
1.485-1.910mg/g at different temperatures. Fluoride
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removal was found to be poorly affected only in the
presence of HCO;.

Sujana et al. [34] conducted defluoridation studies
using amorphous iron and aluminum hydroxides with
different molar ratios. The optimum pH for fluoride
adsorption was found in the range of 4-5 for the oxide
sorbents having molar ratios of 1:0, 3:1, and 2:1,
whereas it was in the range of 4-7.5 for ratios of 1:1
and 0:1, and was attributed to both specific and non-
specific adsorption on the sorbent surfaces. All sam-
ples exhibited high Langmuir adsorption capacities
and the oxide adsorbent with molar ratio of 1 showed
a maximum adsorption capacity of 91.7mg/g.
Adsorption and desorption studies have also been
conducted to gain an insight into the adsorption
mechanism on Fe/Al hydroxides surface by Sujana
and Anand [35].

Extensive research has also been carried out for the
removal of fluoride using various calcium salts as cal-
cium has a good affinity for fluoride anion. Turner et al.
[36] conducted fluoride removal studies using crushed
limestone (99% pure calcite) by batch studies and sur-
face-sensitive techniques from solutions with high fluo-
ride concentrations ranging from 3 to 2.100 mg/L.

In the present study, we propose to use and com-
pare the performance of different adsorbent materials
such as AA, sodium clay (SC), and hydroxyapatite
(HAP) in removing the excess fluoride from the Alge-
rian Sahara groundwater (ElI-Oued Souf region). The
objective of this research is to study and estimate their
potential use as an adsorbent of fluoride ions, as well
as the effect of the contact time, initial concentration,
adsorbent dose, and pH of the solution.

2. Materials and methods
2.1. Materials

The raw clay (RC) used in this study is a natural
montmorillonite collected from ENOF (National Com-
pany of the Non-ferrous Mining Products), Hammam
Boughrara, Maghnia, located in the West of Algeria.
AA and HAP are commercially available products.
For the purification and the chemical activation of the
clay used, we started by a RC sedimentation proce-
dure to eliminate the quartz and cristobalite. With this
process, the fraction montmorillonite (<2pm) is
obtained. The second step was the chemical activation
which is based on the treatment of clay with hydro-
chloric acid (1 N) to remove carbonates, and by hydro-
gen peroxide to remove the organic components. The
recovered solid phase was then saturated with sodium
ions by stirring in sodium chloride solution (1 M). The
obtained product (solid) is noted (SC).
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2.2. Fluoride analysis

Fluoride was analyzed using a combination of
the fluoride-specific electrode ELIT 8221 and the
reference electrode 001 ELIT N (calomel), which
was connected to a potentiometer (CyberScan pH/
Ion 510). The meter was calibrated using 10 sodium
fluoride solutions with concentrations ranging 0.1-
10mg/L, a range in which the electrode exhibits a
true Nernstian behavior. Before any measurements
were carried out, aliquots of 10mL experimental
solutions were mixed with 10mL of total ionic
strength adjusting buffer. The buffer was made to
have concentrations of 58 g/L sodium chloride, 57
mL/L glacial acetic acid, 0.3g/L trisodium citrate,
and the pH was adjusted between 5 and 5.5 using
sodium hydroxide [37-39]. The concentration of
fluoride was measured after 5min. Standard sam-
ples collected from water supply network of
El-Oued Souf (Elrobbah) are set as a reference. The
physicochemical analysis of water samples are
presented in Table 1.

2.3. Characterization methods

AA, SC, and HAP materials were characterized by
an Analytical Philips X'Pert Pro diffractometer operat-
ing at a wavelength Ka of copper (A=1.5418) under a
voltage of 45kV and a current of 40 mA. The X-ray
diffraction (XRD) was used to determine the crystal-
line phases present in these adsorbents. Surface area
of the samples was measured by nitrogen adsorption—
desorption method at 77 K and evaluated by the single
point BET (Brunauer, Emmett, and Teller) method on
a Micromeritics apparatus, Model 2100E. Analyzed
samples were pretreated under vacuum (10™*torr) at
150°C for 1h. Diffractograms of the different samples
are presented in Figs. 1-3.
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2.4. Batch adsorption studies

Adsorption experiments were performed by agitat-
ing a specific quantity of adsorbent (AA, SC, and
HAP) with 100 mL of synthetic solutions with desired
concentrations of fluoride in different flasks in a shak-
ing thermostat bath at selected temperatures. After
stabilization (equilibrium), the sorbate is filtered and
analyzed.

Adsorption equilibrium studies were conducted by
varying: the initial fluoride concentration, 2-8 mg/L;
contact time solid-liquid, 5-120 min; adsorbent dose,
1-10g/L; pH, 2-10; and Cl~, SO; ", CO3 ", and HCO;
ions. The amount of fluoride adsorbed g, (mg/g) was
calculated using the following equation:

= M

e = -

X (Ci—Ce)V
m
where C; is the initial concentration (mol/L), Ceq is the
equilibrium concentration (mol/L), V is the volume of
the solution (L), m is the mass of adsorbent used (g),
and X is the number of grams of fluorides adsorbed
(mg).

The percentage adsorption (%) is calculated using
the equation:

(Ci — céq) 100 o

% Adsorption =
Ci

3. Results and discussion
3.1. Characterization

XRD spectra presented in Fig. 1 show that the
impurities are widely removed during the purification
process. However, the disappearance of certain lines
related to the crystalline impurities 20=9°, 26.5°, and
29° correspond to illite (10 A), quartz (3.34 A), and

Table 1

Characteristics of water samples before and after treatment

Physicochemical parameters Raw water AA HAP SC
Conductivity, pS/cm 3,690 3,522 3,540 3,608
pH 7.43 7.54 7.52 7.48
Ca*, ppm 252 236 238.8 224
Mg**, ppm 123.93 118 120.1 109.6
Na®, ppm 338 306 310 292
K*, ppm 18 15 16.8 10.6
CI', ppm 905.25 871.9 878.6 905.65
F, ppm 25 0.54 0.692 1.115
SO;~, ppm 594.61 576 572.8 594.4
HCOj, ppm 244 2335 234 239.6
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Fig. 1. Diffractograms of RC and SC samples.

Felds paths and calcite (3.03 A), respectively. The inten-
sified crystalline of the montmorillonite peak (14 A) at
26 =6.75" confirms the good purification of SC.

On the basis of spectral data presented in Fig. 2,
examination of the X-ray diffractogram of the AA
indicates that the peaks of the diffraction patterns
show the presence of crystalline phases mainly as
bayerite, gibbsite, and nordstrandite [40]. Bayerite is
the main component here, and gibbsite and nordstran-
dite are probably present too. The crystallographic
peaks at 20=18.25°, 19.4°, 32.2°, 37.49°, 39.5°, 42.6°,
45.8°, and 67.12°, correspond to the distances 4.85,
4.92, 2.78, 2.37, 2.28, 2.12, 1.98, and 1.39 A, respec-
tively. Furthermore, we observe that the peak found at
26 =45.8" corresponds to the AA, y-Al,Os; these results
are consistent with previous studies [41]. The XRD of
the HAP is presented in Fig. 3. The crystallographic
peaks at 26=25.9°, 32°, 32.6°, 33°, 35.5°, and 40° corre-
sponding to the lattice planes (200), (211), (112), (300),
(202), and (310), respectively, confirm the formation of
the HAP structure [42,43].
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Fig. 2. Diffractograms of AA samples.
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Fig. 3. Diffractograms of HAP samples.

The specific surface area of the purified clay and
RC is 96 and 42 m?/g, respectively. Moreover, results
obtained for AA and HAP showed that the specific
surface area is quite large compared to SC (250 m*/g).

3.2. Effect of contact time and initial concentration

Figs. 4-6 show the kinetics of adsorption of fluo-
ride at various initial concentrations carried out using
AA, SC, and HAP as adsorbents. It is obvious that the
adsorption of fluoride onto AA is much faster than
that of HAP and SC at the initial period of time,
which suggests that the time required for a complete
adsorption, 45min of stirring, is sufficient to reach
equilibrium, and then it stabilizes after 60 min.

It was observed that the adsorption capacity of
the adsorbent increases from 0.9 to 2.675mg/g, from
0.694 to 1.5 and from 0.37 to 0.656 for AA, HAP, and
SC, respectively, when the initial concentration
increases from 2 to 8 mg/L. Indeed, at low initial con-
centrations, the adsorption equilibrium is quickly
reached and saturation is achieved; while with high
initial concentrations, the adsorption is slow and
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Fig. 4. Adsorption kinetics of fluoride ions on AA.
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Fig. 6. Adsorption kinetics of fluoride ions on HAP.

saturation is not reached. Furthermore, the maximum
adsorption is achieved with an adsorption capacity of
the order of 0.9, 0.667, and 0.370 mg/g and with a per-
centage of 90, 83.4, and 73.95% for AA, HAP, and SC,
respectively, for an initial concentration of 2mg/L.

3.3. Effect of adsorbent dose

Effect of the variation of the adsorbent dose on the
residual fluoride concentration from aqueous solution
with AA, HAP, and SC used in this study is presented
in Fig. 7. The figure clearly shows that a significant
fluoride removal was achieved at a minimum dose of
2g/L for AA, 25g/L for HAP and 4g/L for SC.
Obviously, the residual fluoride concentration
decreases rapidly with the increase of adsorbent con-
tent for all adsorbents. An addition of adsorbent dose
beyond this value did not cause any significant change
in the adsorption capacity.

A. Ramdani et al. | Desalination and Water Treatment 54 (2015) 3444-3453

~ 25

=

EJ’.:

T 2m

=

g 3

= *5C

E 1,5 'Y

= M AA

]

u 1 HAP
&

z 8 + ¢ . *

[=]

£ o5 g B B § B |

e

=

5 0-

= 0 2 4 6 8 10

Adsorbent dose (2/L)

Fig. 7. Effect of adsorbent dose on residual fluoride con-
centration.

3.4. Effect of pH

The removal of fluoride ions from aqueous solu-
tion by adsorption is dependent on pH of the solution.
A series of experiments with varying initial pH of the
solution (from 2 to 10), by adding HCl (0.1M) or
NaOH (0.1 M) to adjust to the desired pH value, have
also been conducted to determine the optimum pH
range for maximum fluoride adsorption by the differ-
ent adsorbents (AA, HAP, and SC). The graphical rep-
resentation of the adsorption data of fluoride ions for
the different adsorbents over the studied pH range is
shown in Fig. 7. The maximum adsorption is reached
at pH 4 for the AA and SC. Moreover, the adsorption
of HAP increases with pH up to pH 3. Hence, the
defluoridation capacity of the adsorbent is effective in
acidic range. This can be explained due to the change
in surface charge of the adsorbent. This is attributed
to a greater increase in the attractive force between
positively charged surface and negatively charged
fluoride ions [44]. On the other hand, at high pH there
is a sharp drop in adsorption, which is due to the neg-
ative charge of the materials surface. It can be con-
cluded that the fluoride adsorption is explained by
anion exchange. In addition, ion exchange mechanism
is also involved in fluoride removal by AA, SC, and
HAP. The OH group present in these adsorbents is
considered as the charge carrier and can get
exchanged with F~ ions [28,45,46].

3.5. Establishment of adsorption isotherms

We compared the measured adsorption of fluoride
to adsorbents, with values evaluated from Langmuir
and Freundlich isotherms (Figs. 8 and 9). The most
important model of a monolayer adsorption comes
from of Langmuir’'s work [47]. However, the Freund-
lich model assumes a heterogeneous adsorption
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surface and active sites with different energy. The lin-
earized form of the Langmuir and Freundlich iso-
therms is given below.

%:L_f_%

3)
e KL‘]m qm

Langmuir model:

Freundlich model: log g, = log K¢ +% Ceq 4)

where g, is the maximum amount adsorbed of the
adsorbent (mg/g) and K;, K, and n are constants for
Langmuir and Freundlich models, which are pre-
sented in Table 2. The Langmuir model usually fitted
better with the obtained experimental data rather than
the Freundlich model since the R® correlation values
of Langmuir were higher and exceed 0.975 for all
adsorbents. This indicates the probable formation of a
monolayer of fluoride without mutual interactions of
localized sites whose energy is identical. Also, some
other studies showed that Langmuir isotherms corre-
spond well with the experimental results of de-fluori-
dation [45,46].

3.6. Adsorption kinetics

In order to investigate the sorption mechanism of
fluoride removal onto AA, HAP, and SC adsorbents,
pseudo-first-order, pseudo-second-order kinetic mod-
els [17,48], and the intra-particle diffusion model [48]
have been used in this study. The application of the
pseudo-second-order equation and the intra-particle
diffusion model for the adsorption of different adsor-
bents on fluoride is shown in Figs. 11 and 12, respec-
tively.
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Fig. 8. Influence of pH on the adsorption of fluoride.
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where g; and g, are the amount of adsorption at time ¢
and at equilibrium (mg/g), respectively, k; is the con-
stant rate of pseudo-first-order (1/min), k, is the
constant rate of pseudo-second-order (g/(mgmin)),
and kg is the intra-particle diffusion coefficient
(mg/ (g min)).

The constant rates ki, ky, kgir, and the amount of
adsorption at equilibrium g, were calculated from the
slope and intercept of the corresponding linear lines,
respectively. Results obtained by calculation using
Egs. ((5)—(7)) show that fluoride adsorption kinetics
are well fitted by the pseudo-second-order model with
an intra-particle diffusion since the obtained correla-
tion coefficients were high (0.9-1.00) for all adsor-
bents.

3.7. Effect of interfering ions on the absorption of fluoride

Groundwater contains more anions that could
influence the adsorption process to understand the
effect of interfering ions. The adsorption studies were
performed in the presence of sodium chloride, sodium
sulfate, sodium carbonate, and sodium bicarbonate on
the adsorption of fluoride ions with 2mg/L as initial
fluoride concentration, and a contact time of 45 min.
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Table 2

Constants of Langmuir and Freundlich models

Langmuir Freundlich

Sorbate Sorbent qm (mg/g) Ky, (L/mg) R? Kg (L/mg) 1/n R?

Fluorures AA 3.213 1.908 0.98 1.981 2313 0.93
HAP 1.714 1.272 0.975 1.137 2.288 0.96
sC 1.513 0.478 0.98 0.627 4.146 0.92

Concentrations of salts were varied from 100, 200, 300, 140,000

400, and 500 mg/L. 120,000

Results plotted in Figs. 10-12 show the effect of '

different concentrations of anions on the adsorption of %) 100,000

fluoride ions from the aqueous solution. It was é’ 80000 % *SC

observed that there is no significant influence on AA, ' * wih

HAP, and SC materials in the presence of CI". How- < 60000

. _ . g ® HAP

ever, in the presence of HCOj, the fluoride removal 40000

efficiency ranges between 54.8 and 81.6%, while in the i

presence of SO~ and CO?", the percentage of fluoride ot i

removal decreases with the increasing concentration of 0,000

sulfates and carbonates. This indicates the reduced 0 10 20 30 40 50

removal of fluoride ions observed in the presence of
SO:‘[, CO?, and HCOj; hence from the above discus-
sion it can be concluded that these anions will com-
pete with fluoride ions during sorption of the active
surfaces on the adsorbent. Similar results were
obtained for the adsorption of fluoride in aqueous
solution using AA, HAP, and montmorillonite clay
[28,33,46,49].

3.8. Application of adsorption to natural water

(Figs. 13-15) After the experiments with synthetic
solutions, the removal of fluoride ions by means of
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Fig. 10. Transformed linear Freundlich isotherms for
adsorption of fluorides on different materials.
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Fig. 11. Pseudo-second order for the adsorption of fluoride
on different adsorbents.
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Fig. 12. Intra-particle diffusion for the adsorption of
fluoride on different adsorbents.

adsorption by AA, HAP, and SC materials is subjected
to Saharan groundwater collected from wells and con-
sumer tap. It appears from the results that the optimal
retention of fluoride ions which determine the stan-
dards for drinking water is obtained at a time longer
than that obtained in the case of synthetic water. This
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explains the coexistence of HCO; and SOj anions,
which reduce the retention of fluoride ions.

4. Conclusions

Three different adsorbent materials (AA, SC, and
HAP) have been investigated in this study aiming to
enhance Saharan groundwater quality by reducing its
high fluoride concentration. The adsorption rate of AA
was found to be faster compared to that of HAP and
SC, and the equilibrium time for fluoride removal is
60 min. The acidity of the medium significantly affects
the adsorption of fluoride ions. At low initial concen-
trations, the adsorption equilibrium is quickly reached
and saturation is achieved; while at high initial con-
centrations, the adsorption was slow and saturation
was not reached. Fluoride removal has been achieved
at a minimum dose of 2g/L for AA, 2.5g/L for HAP,
and 4 g/L for SC. The best-fitting adsorption isotherm
was the Langmuir isotherm, while the pseudo-second-
order model was the best choice to describe the fluo-
ride adsorption behavior with intra-particle diffusion.
Among the competing ions, sulfate, bicarbonate and
carbonate have shown significant effect on fluoride
removal by AA, HAP, and SC except chloride ions.
Fluoride adsorption can be explained by anion
exchange. On the other hand, AA proved to be a good
adsorbent for fluoride ions; it can also be proposed to
reduce the salinity of groundwater. Future work will
be focused on investigating the possible regeneration
of these adsorbent materials. Several studies have
shown that these kinds of adsorbents are widely avail-
able at low cost. They, however, have remarkable
adsorption capacity requiring frequent regeneration
[11,49-51].

Nomenclature

AA — activated alumina

Ceq equilibrium concentration (mol/L)

C; — initial concentration (mol/L)

HAP — hydroxyapatite

e — amount of fluoride adsorbed at equilibrium
(mg/g)

qr — amount of fluoride adsorbed at time t (mg/g)

Tm — maximum adsorption capacity (mg/g)

kq — constant rate of pseudo-first-order (1/min)

k> — constant rate of pseudo-second-order (g/(mg
min))

kagg — intra-particle diffusion coefficient (mg/(g min))

m — mass of the adsorbent (g)

RC — raw clay

SC  — sodium clay

|4 — volume of the solution (L)

X — number of grams of fluoride adsorbed (mg)
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