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Abstract—The present study was carried out with Kolmé clay in Liptako. X-rays diffraction results sug-
gest that kaolinite was the predominant phase in this clay. The zero charge point of the pHpzc clay is
about 7.1. The adsorption value and the percentage of fluoride ion removal by the clay increase up to
a contact time of 1 h. Beyond this value, however, the fluctuation varies very little. This adsorption
value increases with the fluoride ion concentration of the solution. However, it decreases considerably
as the pH increases. The process of elimination of fluoride ions is done in three steps, including the
diffusion of fluoride ions on the surface of the clay, the migration of fluoride ions from the surface of
the clay to the active intra-particle sites and finally the chemisorption of fluoride ions on the active
sites. The study of the sorption equilibrium of fluoride ions for the different concentrations indicates
that the adsorption process appears to be both monolayer and multilayer and corresponds well to the
Langmuir and Freundlich models. The fluoride ion adsorption kinetics can be fitted to the first and
pseudo second order Lagergren models. The different velocity constants reflect a slow diffusion of flu-
oride ions, so this clay can be used in water defluorination.
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INTRODUCTION

Fluoride ions in drinking water can have advantages and disadvantages for health depending on their
concentration. Drinking water with high fluoride ion content can lead to conditions ranging from simple
stains on the teeth to dental or bone fluorosis in severe cases [1]. However, these different diseases can be
avoided by keeping the fluoride ion concentration in the water at a certain threshold [2]. Techniques to
reduce the concentration of fluoride ions in water exist. Among these, techniques that rely on the contri-
bution of calcium salts to precipitate fluoride ions into fluorine can be distinguished [2], the phenomenon
of adsorption with activated alumina, activated carbon, bauxite, red soil, lanthanum-bentonite, silty clay
and kaolinite as adsorbents [3] and finally the ion exchange mechanism with resins such as Ceralite IRA
400, Indion FR 10 and Amberlite IRA 400 [4]. Recent studies using membrane systems have been used to
reduce the fluoride concentration in water. These include reverse osmosis, nanofiltration, electrodialysis
and Donnan’s dialysis [5]. There has also been much scientific interest in water treatment using adsor-
bents such as white earth, red mud, montmorillonites, zeolites [6], etc. Very few studies have used kaolin-
ite as an adsorbent in the removal of fluoride ions from water; as the adsorption capacity of this clay is
lower than that of most clay minerals [2]. However, a modification of its surface by physical or chemical
activation could increase its number of active sites and thus improve its adsorption capacity. The present
work is centered on defluorination of water by a kaolinitic Kolmé clay. Specifically, the study will address
the determination of the adsorption capacity and its mechanism.
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EXPERIMENTAL
Materials

The clay sample studied comes from Kolmé, a locality located in the region of the Niger River basin
called Liptako located in the Tillabery region in Niger. In Kolmé, the selected sampling point is at the fol-
lowing coordinates: 13°52'27.1” N, 01°09°7.6” E [7]. The clay fraction (<2 pum) of the sample is then
extracted, dried and then finely ground, before being subjected to physicochemical analyzes.

All other reagents used in the present study were of analytical grade. A stock solution of a fluoride
1000 mg/L was prepared by dissolving appropriate quantity of sodium fluoride (Sigma Aldrich, United
States) in distilled water.

Characterization of Kolmé Clay

XRD pattern were collected on a Siemens D5000 diffractometer, Serial A10-067, equipped with a cop-
per anticathode (monochromatic Cuk,, radiation (A = 1.54056 A), operating at a voltage of 40 kV and an
emission current of 30 mA. The scanning range of 5°—50° with the rotational speed of 0.05° s~! with a time
of 5 s per phase to compensate for the loss in quality that would result from choosing a higher speed.

The Fourier transform infrared spectroscopy (FTIR) was performed before adsorption process on
Bruker-IR spectrometer, IRTF 66. Spectra were recorded under 4 cm™! resolution within the range of a
400—4000 cm~! wavenumber.

The surface morphology of clay before adsorption was characterized by using Hitachi S-350 type
microscope at 20 kV, coupled with an EDAX probe to perform a microanalysis of the samples (Link ISIS),
allowing the chemical composition of the particles studied to be linked in situ.

Batch Adsorption Experiments

In order to study the effect of different controlling parameters like pH, initial fluoride concentration
and contact time, several adsorption experiments were carried out by adding an accurate amount of
Kolmé clay in 50 mL of fluoride solution to reach equilibrium with known initial concentrations ranging
between 1.5 and 6 mg/L at pH 2. Hydrochloric acid and 1 M sodium hydroxide solutions were prepared
to adjust the pH of the different solutions to 2 and 7 respectively. After equilibrium in reaction and cen-
trifugation, the supernatants were filtered and analysed with the DR 5000 spectrophotometer by the col-
orimetric method described above.

The amount of the adsorbent (mg/g) was calculated using the Eq. (1):
q. :(Ci_ce)V/ms (1)

where C; and C, are the initial and final concentrations (mg/L) of F~ respectively, m is the mass of the
adsorbent (g) and V'is the solution volume.

RESULTS AND DISCUSSIONS
Characteristics of Adsorbent

FTIR analysis. The FTIR measurements (Fig. 1) showed two absorption bands in Kolmé clay,
3500 cm~! band due to inner hydroxyl groups lying between the tetrahedral and octahedral sheets, and
3610 cm~! band assigned to in-phase symmetric OH stretching vibration [8]. OH bending vibration was
observed at 1630 cm~! and Al-Al—OH bending frequency was represented by the band at 912 cm~!. The
bands at 1006, 1020 and 1100 cm~! could be assigned to O—Si—O stretching and deformation modes and
Si—O—Al vibrations at 795 and 695 cm~' are also observed. Si—O bending vibrations were shown by the
bands at 470 and 530 cm~!. Bands close to 470 and 530 cm~! have been recently assigned to Si—O—Si
(429 cm™"), Si—O—Mg (456 cm™!) and Si—O—Al (524 cm™!) respectively by Hassanien et al. [9]. These
results indicate the presence of kaolinite [10].

XRD analysis. The XRD pattern of Kolmé clay (Fig. 2) exhibits two prominent reflections at 12.5° and
25° 20, and other reflections at 21°, 31° and 35° 20. These reflections were matched with the kaolinite
(AL,SiO,(OH),), ICDD-PDF card no. 1-527 (unit-cell parameter @ = 5.14 A, »=8.93 A and ¢ = 7.37 A)

and buttressed by reports elsewhere [11]. The results indicated that kaolinite was the predominant phase
in the powdery bulk. In addition quartz (SiO,), ICDD-PDF card no. 85-865 (unit-cell parameters: a =
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Fig. 1. FTIR spectrum of Kolmé clay.
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Fig. 2. XRD pattern of Kolmé clay before adsorption.

4.90 A and ¢ = 5.40 A) was identified as minor mineral phase present in the sample. The composition of
this clay is comparable to that of African clays which is dominated by kaolinite [12].

SEM analysis. SEM image of Kolmé clay before adsorption is presented in Fig. 3. The morphology of
this clay possessed a well-defined sheet structure often observed in kaolinite [13].

Elemental analysis. The Kolmé clay was mainly composed of silica, alumina and iron consisting of
52.26, 25.02 and 13.99 wt % respectively, making its silica-alumina ratio to be 2.08. The clay contained
little impurities with mass percent below 6.0 wt % (K,O and CaO).

Determination of the Zero Load Point

The determination of the zero charge point of any material will allow determining the pH at which its
electronic charge is neutral. This pH is called pHpzc. It has been determined by the pH drift method [14].

Fig. 3. SEM image of Kolmé clay before adsorption.
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Table 1. Chemical constituents of Kolmé clay

Chemical composition Percentage
SiO, 52.26
Al,O4 25.02
Fe, 05 13.99
TiO, 5.23
CaO 2.14
K,O 1.36
LOI? 18.773

4 Loss on ignition.

Thus when the pH of the solution is lower than pHpzc then the material becomes positively charged. And
as the pH decreases, the number of positive sites increases. But the closer it approaches pHpzc the fewer
positive sites there are. It should be noted, however, that when the pH is higher than pHpzc then the mate-
rial becomes negatively charged. It can thus be seen that in order to achieve a reduction in the concentra-
tion of fluoride ions in the water, the water in question must have a pH strictly below pHpzc and as low as
possible.

Figure 4 gives us a pHpzc around 7.1. This result is similar to that found by Maiti et al. [15]. They used
chemically treated laterite to achieve a pHpzc 7.5. In the continuation of our work, we will work at a pH 2
in order to be in the optimal conditions to obtain the best results in reducing the fluoride ion content of
water. Meenakshi et al. [4] achieved a maximum adsorption value of 0.134 mg/g at pH 3 for the modified
kaolinite. The fluoride ion extraction test will also be performed at pH 7 in order to evaluate the adsorp-
tion value of fluoride ions with a change in pH.

Batch Adsorption Studies

Effect of contact time on fluoride adsorption. The amount of adsorptions, ¢g., versus related times at
pH 2 was depicted for different fluoride concentrations and present in Fig. 5. Figure 5 shows the variation
of adsorption value with contact time and the percentage of fluoride ion removal by the clay increase up
to a contact time of 60 min. But beyond this fluctuation varies very little for Kolmé clay. It was observed
that maximum concentration of fluoride removal was attained within 60 min and there after it almost

pH
12

0 5000 10000 15000 20000 25000
V(HNO;), uL

Fig. 4. Zero load point of Kolmé clay.
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Fig. 5. Effect of contact time at pH 2 on adsorption value (left) and on fluoride removal (right).

remained static for all samples. So 60 min was fixed as the period of contact for further studies. The results
in Fig. 5 show that the adsorption value of the clay increases from 0.011 mg of F~/g of clay to 0.05 mg of
F~/g of clay when the fluoride ion concentration of the solution varies from 1.5 to 6 mg/L. This increase
in sorption capacity can be related to the specific surface area of the clay on the one hand and its Al,O,
content on the other hand. This increase in the adsorption value of the clay as a function of the variation
in the initial concentration of fluoride ions in the solution can be explained by the fact that when the con-
centration of the solution increases, there is not only an increase in the number of collisions between the
molecules of the solution but also in the functional groups of the adsorbent [16].

Influence of pH on fluoride adsorption. The removal of fluoride ions from aqueous solution was highly
dependent on the solution pH in many cases as it altered the surface charge on the sorbents [4, 16]. Any
solid surface can develop charge by adsorption of ions, where the solid acts as an electrode (e.g., H" and
OH~™ on the surface of clays). In clay aqueous systems the potential of surface is determined by the activity
ofions (H* or pH) which react with the mineral surface. So pH plays an important role and it controls the
adsorption of the fluoride at the clay-solution interface. Such interface on acid-base dissociation develops
positive and negative charges of the surface [17]. Defluoridation studies were carried out with Kolmé clay
at pH 2 and pH 7 for 60 min.

The results show us that the adsorption value of fluoride ions by the clay decreases considerably when
the pH varies from 2 to 7. This drop can go from half (1/2) to 9/10 of the capacity obtained at pH 2 depend-
ing on the initial concentration of fluoride ions in the solution. The results of Kim et al. [18] agree with
the observations outlined above as they observe a decrease in adsorption value as pH increases. They link
this phenomenon to a competition between F~ and OH™ ions for active sites. However, it should be noted
that when the pH is low, in adsorption it is the chemisorption process that dominates, whereas it is the
physisorption process that intervenes when the pH is higher.

Influence of diffusion. In order to better understand the process involved in the removal of fluoride ions
by clay, the interparticle diffusion mass transfer model developed by Weber and Morris [19] was used. This
model describes the sorption rate from the following relationship given by Eq. (2):

q, = Kpt"’, )

with g, (mg/g) the amount of fluoride ions adsorbed per g of adsorbent at contact time 7.

The results from the above representation allowed to determine the different processes involved in the
adsorption of fluoride ions by the clay.

In general, the removal of fluoride ions is essentially done by their insertion in the intercalary regions
of the clay in order to balance the positive charges developed during the grinding of the adsorbent and its
contact with the acid solution rich in fluoride ions [20]. According to Weber and Morris [19] during the
process of adsorption of fluoride ions by the clay if particle diffusion is involved, then the relationship that
binds the amount of fluoride ions adsorbed per unit of adsorbent (clay) to the square root of time would
be linear. From Fig. 7, three linear segments can be distinguished during the adsorption of fluoride ions
by the clay.
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Fig. 7. Validation of Weber—M orris equation for fluoride sorption onto Kolmé clay.

Thus the interpretation of these results from the intraparticle diffusion model allows concluding that
the first segment corresponds to the diffusion of the fluoride ions on the surface of the clay. The second
segment corresponds to the migration of fluoride ions from the clay surface to the active intraparticle sites.
And the third segment corresponds to the chemisorption of fluoride ions at the active sites [21]. Thus the
F- ions manage to balance the positive charge of the layers of the clay structure and sometimes they even
compete with the OH™ ions. We note that the interpretation of the first linear segment confirms that par-
ticle diffusion was involved in the sorption process. However, other limiting mechanisms were also
involved.

Influence of adsorption isotherms. In order to study the reaction mechanisms governing the adsorption
of fluoride ions by clay, the adsorption isotherms were determined from Langmuir and Freundlich mod-
els. The technique of these two models made it possible to adjust the data at equilibrium to determine the
adsorption value of fluoride ions.

Freundlich’s equation is frequently used to explain the empirical way of adsorption of pollutants in
aqueous media [8]. This empirical model is synonymous with heterogeneous sorption on the surface.
Langmuir’s model corresponds to a monolayer sorption.

In this work, the sorption equilibrium of fluoride ions for concentrations ranging from 1.5 to 6 mg/L
was adjusted from the linear equations of Langmuir and Freundlich.

Freundlich model. Freundlich’s equation is given by Eq. (3):
1/n
q = KeC,' (3)
The linearization of this equation is done by passing to the Neperian logarithm, which leads us to Eq. (4):

JOURNAL OF WATER CHEMISTRY AND TECHNOLOGY Vol.45 No.5 2023



REMOVAL OF FLUORIDE IONS FROM WATER BY KOLME CLAY 461

In(g) = —0.30198In(C,) — 2.99781
—3.00 |- R?>=0.98764
—3.05}
S
= 3101
—3.15}
—3.20F , , , ,
0 0.2 0.4 0.6
In(C,)

Fig. 8. Freundlich isotherm of the sorption of fluoride ions by clay.

Ing = InK; +11nC,, (4)
n

where K is the Freundlich constant characterizing the adsorbent power (or adsorption capacity) of the
support, 1/n the affinity of the solute for the adsorbent with » the intensity of adsorption.

To determine the adsorption isotherms, the mixture consisting of the solution with an initial fluoride
ion concentration of 6 mg/L and clay was chosen. The latter provided the highest correlation coefficient.
The plot of In(g) versus In(C,) is given in Fig. 8.

The equation thus obtained is that of a straight line of slope and whose ordinate at the origin is what
allows to deduce the two characteristic parameters, namely and. Table 2 presents the different parameters
obtained from the straight line shown in Fig. 8 at a temperature of 323 K.

To determine the adsorption isotherms, the mixture consisting of the solution with an initial fluoride
ion concentration of 6 mg/L and the clay was chosen.

The applicability of Langmuir isotherm was also tested on fluoride adsorption on Kolmé clay. The
Langmuir equation [22] was applied in the form given by Eq. (5):
G G, 1
g qdn duKL

where ¢g,, and K; (in L/mg) are Langmuir constants indicating the adsorption capacity and energy of
adsorption, respectively. C, is the residual concentration of fluoride ions (in mg/L), g is the amount of flu-
orides adsorbed per unit mass of clay (in mg/g),

(6))

The linear plot of G vs. C, (Fig. 9) with high R? value indicates the monolayer adsorption on Kolmé clay.
q

The values of ¢,, and K; were calculated from the slopes and intercepts of the plots, respectively, and
are presented in Table 3.

The K; value is in the same order as that reported by Dovonon with calcined beef bones. The value is
closer to that obtained by Meenakshi et al. [4] with clay composed of 95% kaolinite.

In order to evaluate the applicability of the Langmuir model, most of the characteristics of the Lang-
muir isotherm can be expressed by the separation factor or by the equilibrium constant R; [19]. This factor
is defined by Eq. (6):

Table 2. Parameters of the Freundlich isotherms at 323 K

0.0499 0.302 3.31 0.98764
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Fig. 9. Langmuir isotherm of the sorption of fluoride ions by clay.

1
1+ K,C,
To predict whether an adsorption process is thermodynamically favorable or not, one can use a nearly
constant parameter called the separation parameter. This depends on Langmuir’s adsorption constant and
is calculated from Eq. (6) above.
With R| the separation factor, K| is the Langmuir adsorption constant in L/mg and C, the initial con-
centration of the solution containing fluoride ions in mg/L.
When 0 < R; < 1 then the adsorption isotherm is considered favorable. If R, is >1 then this isotherm is

considered unfavorable. For R, = 1 the isotherm is linear and finally if R; = 0 then the isotherm is irre-
versible [23].

The separation factor R; being equal to 0.0474 then the process of adsorption of fluoride ions by the
clay is thermodynamically favorable.

From Figs. 8 and 9, it can be seen that the clay sorption adjustment data from the Langmuir and Fre-
undlich models, provide correlation coefficients of 0.9986 and 0.9897 respectively, indicating that both
models appear to be suitable for the experimental data. The sorption process appears to be both monolayer
and multilayer. The values of the separation factor R; and the affinity of the solute for the adsorbent 1/n
prove respectively that the process of adsorption of fluoride ions by the clay is favorable in both cases.
Meenakshi et al. [4] reached the same conclusion when adsorbing fluoride ions by a clay composed of
95% kaolinite in its raw and modified forms.

(6)

L

Thermodynamic Parameter
In order to evaluate the standard variation of free energy AG° during the process of adsorption of flu-
oride ions by clay Eq. (7) dependent on the sorption equilibrium constant is used:
AG®° = —RTInK,. @)

With the free energy of sorption in kJ/mol, T is the temperature in Kelvin and R is the universal gas
constant which is 8.314 J/mol K. The sorption equilibrium constant of the fluoride ion adsorption reac-
tion by clay is derived from the equation of the straight line curve versus by extrapolation to zero according
to the method proposed by Khan and Singh [24] given by Fig. 10.

By deduction we obtain a value of K, = 2.2, i.e. AG° = —2.081 KJ/mol. The results obtained by Gou-
rouza [16] with clay having a kaolinite component confirm these observations.

Table 3. Parameters of the Langmuir isotherms at 323 K
KL dm R2
3.2 0.034 0.9983
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Fig. 10. Determination of sorption equilibrium constant.

Adsorption Kinetics

In order to determine the adsorption kinetics, an experiment was carried out with the clay for 3 h.
During this experiment, fluoride ion solutions of known initial concentration were mixed with two (2)
grams of clay. The mixture was placed under agitation and the concentrations of the supernatant were
monitored every thirty (30) min for the duration of the experiment. Adsorption kinetics was analyzed
using two kinetic models: first order and Lagergren’s pseudo second order [25].

The Lagergren first-order model [21] was developed for irreversible sorption in solid/liquid systems,
and is described as a function of velocity using Eq. (8):

g = g.(1—e"). ®)
Moving to the Naperian logarithm, we obtain Eq. (9):
In(g, —¢,) = In(g.) - Kit. )

With ¢, the amount of fluoride ions adsorbed per g of adsorbent at equilibrium in mg/g and the sorp-
tion constant of the clay. The curve given by the relation as a function of't is plotted in the hope of obtain-
ing a linear relation. Figure 11 gives us this curve:

With a linear relationship having a correlation coefficient of 0.76296, the data on the reaction speed of
the clay sorption can be fitted to the Lagergren first-order model. According to the model, the clay sorp-
tion constant was estimated to be 0.0089. The pseudo second order model [25] is based on the assumption
that chemical sorption or chemisorption is one of the factors controlling sorption kinetics. This model is
expressed through Eq. (10):

t 1 2 ¢
—=—q. +—. (10)
g9 K 78
By linearizing, we have Eq. (11):
3
e~ gy, (11)
de — 4;

With the pseudo second order velocity constant the plot of the curve of as a function of 7 leads to Fig. 12.

With a correlation coefficient greater than 0.92826 and a sorption constant K, of 1.5017 x 1077
(Fig. 12), the pseudo second order kinetic equation better matches the sorption data [25]. Thus, the
chemisorption process can be considered. However, the different velocity constants reflect a slow diffu-
sion of fluoride ions.

CONCLUSIONS

Experimental results reveal that Kolmé clay has a zero load point of 7.1. However, the various tests for
the extraction of fluoride ions were carried out at a pH 2 to be in the optimal conditions for the adsorption
of ions from these solutions. In general, the adsorption value and the percentage of elimination of fluoride
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Fig. 12. Lagergren’s pseudo second-order model.

ions by the clay increase up to a contact time of 1 h. This adsorption value of the clay increases from 0.011
to 0.05 when the fluoride ion concentration of the solution varies from 1.5 to 6 mg/L. However, this
adsorption value of fluoride ions by the clay decreases considerably when the pH of the solution varies
from 2 to 7. The process involved in the removal of fluoride ions by the clay consists of the diffusion of
fluoride ions on the surface of the clay, the migration of fluoride ions from the surface of the clay to the
intraparticle active sites and the chemisorption of fluoride ions at the active sites. The determination of
the affinity of the solute for the adsorbent and the separation factor respectively for the Freundlich and
Langmuir models confirms that the conditions are favorable for adsorption. Thus the sorption process is
both monolayer and multilayer. The value of the free energy of sorption indicates that the sorption reac-
tion of fluoride ions on clay is spontaneous. The speed of the sorption reaction of the clay fits the first-
and pseudo-second order models of Lagergren and the different rate constants reflect a slow diffusion of
the fluoride ions. Thus, this clay can be used in the defluorination of water at low cost. For this aspect, we

suggest to evaluate the behavior of old matter clay after saturation with F~ as future work.
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