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Abstract

Fluoride excess in drinking water is noticed in many countries around the
world and particularly in Senegal where, in addition to fluoride excess, high
levels of salinity are also encountered. In order to reduce fluoride excess in
drinking water in the groundnut basin of Senegal, two types of clays namely
montmorillonite KSF and montmorillonite K10 as well were used as adsor-
bent materials. The results show that the pH which was initially alkaline be-
comes acidic varying from 2.80 to 6.80. The pseudo first-order kinetic model
fit well with the adsorption experiments for KSF montmorillonite (# = 0.96),
while for K10 clay the same model describe the experiments with slight dif-
ferences (2 = 0.90). The KSF clay has a better fluoride adsorption capacity
compared to that obtained with K10 clay due to the presence of a great level
of calcium oxide in the montmorilonite KSF clay.
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1. Introduction

The contamination of groundwater by fluoride ions has been recognized as one
of the health problems affecting several countries around the world. Senegal is
not spared by excess of fluoride ions in groundwater, especially in the groundnut
basin area [1] [2].

Fluoride is an essential element in the human body as long as its concentra-
tion in drinking water does not exceed a certain limit [3]. As an example in rela-
tion to this limit, the World Health Organization (WHO) fixes the concentration
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of 1.5 mg-L™! as the admissible dose of fluoride in water intended for human
consumption [4]. When the concentration of fluoride ions in drinking water is
above this recommended limit, its consumption can cause dental and/or bone
fluorosis and even reach certain organs such as the liver, thyroid... [5].

The World Health Organization has thus made a classification on pollutants
in drinking water and fluorine is part of this classification along with arsenic, ni-
trate, etc. More than 200 million people around the world are affected by the ex-
cessive concentration of fluoride in their drinking water [6].

Based on this observation, several researchers have focused on the elimination
of all pollutants in drinking water that can cause real health problems for popu-
lations. With regard to the specific case of fluoride, subject of this study, it’s a
trace element considered as necessary and beneficial for the human body at
doses that comply with WHO recommendations. Thus, several technologies are
developed and used for the elimination of fluoride excess in drinking water [7]
[8]. Among these technologies, membrane systems are widely used and the ef-
fectiveness of membranes on the removal of fluoride excess from brackish water
no longer needs to be demonstrated. However, membrane technology remains
expensive, which limits its use especially in developing countries. Indeed, these
reasons make that the technique of separation by adsorption is more and more
expanding. The adsorption technique has the advantage over membrane tech-
nologies on investment costs. In fact, several agricultural residues can be used as
precursors to produce activated carbon. This adsorbent is one of the most widely
used and most effective adsorbents in water treatment [9] [10]. In addition, ad-
sorption on clay, on activated alumina has also been developed by several au-
thors since a very long time [6] [11].

The main objective of this study is to test the effectiveness of the removal of
fluoride excess in drinking water from the groundnut basin of Senegal by ad-
sorption on two types of clays called montmorillonite KSF and K10. Then, a
modeling will be carried out by using kinetics and isotherms of adsorption. For
the treatment with the montmorillonites KSF and K10, experiments of adsorp-
tion by stirring were carried out by varying both the adsorption dose as well as

the duration of stirring.

2. Hydrogeology of Fluorinated Water

From a geological point of view, water contaminated with fluoride ions can be
found in the three main types of terrain: sedimentary basins, crystalline base-
ment areas and volcanic regions. In the first case, the origin of fluoride comes
from the fact that, except for evaporites, fluoride is the most abundant halogen
of sedimentary rocks. In the second case, the best known and most documented
region is the East African Rift, where levels of up to 180 mg-L™' have been ob-
served in lakes in Kenya [12]. Fluoride then comes either from the leaching of
alkaline magmatic rocks with minerals such as apatite, topaz or fluorite or from

volcanic activity itself which generates fluorinated gas inputs such as HF [13].
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Finally, examples of groundwater largely exceeding the fluoride content recom-
mended by the WHO guidelines (<1.5 mg-L™!) and originating from granite
aquifers have been located in India, Thailand, China, South Africa and in the
eastern part of Senegal.

A mapping of the fluoride content in groundwater in Senegal (Figure 1) shows
that the areas exceeding the limits recommended by the WHO guidelines are
those located in the center-west (regions of Fatick, Diourbel, Kaolack, Thies)

Indeed, it is the water from wells capturing the Eocene that is the most highly
fluorinated. In the terminal continental and quaternary aquifers, the waters are
generally less mineralized in fluoride. The ionic composition of groundwater
tables is naturally variable depending on the geology of the aquifers. We also
observe an increase in mineralization with the depth of the aquifer, which justi-

fies the high fluoride contents noted in the Maastrichtian aquifer [14].

3. Fluoride and Health

The consumption of excessively fluorinated water can have negative effects on
the health of populations that are exposed to these waters. The fluoride content

in drinking water must therefore meet very specific standards.

3.1. Standards and Recommendations

Fluoride is a necessary trace element that is beneficial to the human body at low
concentrations, but toxic at higher doses. In fact, from the fluoride content of 0.5
mg-L™!, water plays a prophylactic role, but the risk of fluorosis begins and be-
comes strong above 1.5 mg-L! [14].

A relationship between the concentration of fluoride in water and the risk of
fluorosis has been made, thus between 0.5 and 1.5 mg-L™, good dental health is
promoted; between 1.5 and 4 mg-L™, there is a risk of dental fluorosis; between 4
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Figure 1. Mapping of fluorinated water in Senegal.
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and 10 mg-L7, fluorosis affects teeth and/or bones; and above 10 mg-L™' an ad-
vanced stage of fluorosis (crippling fluorosis) is reached [13] [14].

In Senegal, as in many other countries around the world, studies show that
from 2 mg-L™, all children are affected and that 60% of them have severe fluoro-
sis for levels around 4 mg-L™! [14]. Thus, an optimal fluoride content in drinking
water between 0.5 and 0.65 mg-L™ has been found in an endemic region of south-
ern India [15].

Fluoride absorption in the body occurs by diffusion throughout the digestive
tract, the speed being a function of the solubility of fluorides and gastric acidity.
About 99% of the total fluoride in the body is located in calcified tissues (ie,
bones and teeth) where it substitutes for the hydroxyl ions (OH") in hydroxya-
patite to form fluorapatite. In bones, which contain 96% of the body’s burden,
fluoride causes an increase of apatite crystals size and their solubility decrease
[16].

3.2. Dental Fluorosis

The immediate consequences of regular consumption of water with excessive
fluoride content are dental fluorosis and skeletal fluorosis [17] [18]. Dental flu-
orosis has been described in many countries around the world: in Morocco,
Kenya, Tanzania, Senegal, India, Europe, the United States particularly in coun-
tries where populations consume water whose fluoride content is relatively high
[15] [17]. Dental fluorosis is defined, according to Cutress and Suckling, as “hy-
per-mineralization of dental enamel induced by fluoride near the developing tooth
during the secretory and/or maturation phases of amelogenesis”.

The enamel can be speckled in brown or white with streaks [19], bands or
even have the characteristic appearance of “chalky” teeth. In the mildest forms,
only the surface layer of the enamel is affected and diffuse white lines appear on
the tooth. As the severity increases, the deeper layers are affected and the poros-
ity becomes significant, which gives the teeth a chalky white appearance [20]
[21]. One of the most recognizable symptoms is tooth stains (Figure 2) [22]. The

e

severe dental fluorosis

Figure 2. Cases of dental fluorosis.
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prevalence, metabolism and risks of developing dental fluorosis have been de-
veloped by some authors [23].
In general, mild forms of dental fluorosis do not affect dental function and are

considered esthetic rather than health problems.

3.3. Skeletal Fluorosis

Bone fluorosis is defined as skeletal damage associated with chronic fluoride
poisoning. Skeletal fluorosis manifests itself after a number of years (at least 10
years) at water concentrations above 4 mg-L™! of fluoride.Prolonged and intense
exposure of around 10 to 40 mg/day can be the cause of osteopathic manifesta-
tions which can be observed in the skeleton [16]. Bone pain, joint stiffness are
the signs of onset of fluoride poisoning. Bone fluorosis, precisely in its first
phase, is a difficult disease to diagnose and can be quickly confused with various
forms of arthritis including osteoarthritis and rheumatoid arthritis. At a more
advanced stage, the increase in bone mass and deformities can lead to joint and
spinal dysfunctions, muscle atrophy, compression-type neurological abnormali-
ties. In its advanced stages, skeletal fluorosis can resemble to bone and joint dis-
eases such as: osteosclerosis, renal osteodystrophy, osteoporosis and secondary
hyperthyroid, etc.

In the case of severe fluorosis, some sufferers may experience deformities in
the bones (Figure 3) [22]. A relationship between osteosclerosis and skeletal

fluorosis has been demonstrated in an endemic region in southern Turkey [24].

4. Materials and Methods

The experiments carried out in the laboratory consisted of studying the efficien-
cy of the removal of fluoride by varying the mass of adsorbent and the stirring

time in order to determine the optimum mass and stirring time.

skeletal deformities in adults

Figure 3. Cases of bone fluorosis.
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4.1. Clays Used

Montmorillonite KSF (KSF) and montmorillonite K10 (K10) clays were used as
adsorbents in this study. The characterization data provided by ALDRICH are
grouped together in Table 1.

4.2. Fluoride Adsorption on Clay

For the adsorption experiments, 1 g of montmorillonite KSF and a volume of
150 mL of the fluorinated water solution are introduced into a beaker with a ca-
pacity of 250 mL. In a first step, a synthetic solution of 4.50 mg-L™ was prepared
with NaF in order to obtain a fluoride concentration close to that of the water
encountered on site. The solution in the beaker is then stirred for 15, 30, 60, 120
and 240 minutes in order to study the maximum adsorption time. At the end of
the stirring time, the solution is left to stand for 5 minutes to settle and then fil-
tered using filters with a diameter of 0.45 um. In a second step, real water solu-
tions taken from urban and rural areas in the regions of Diourbel, Fatick and
Kaolack in Senegal were tested. Stirring is carried out for the time for which the
adsorption was maximum for synthetic solutions. The same experimental pro-
tocol was used with montmorillonite K-10 clay.

All fluorine concentration measurements were carried out with the “MULTI-
DIRECT” photometer. The equilibrium adsorption capacities ((, ) were deter-
mined with Equation (1) below.

(C,—C, )V
m

d(mg-g™)= (1)
where: C, (mg . L’l) and C, (mg . L’l) are the initial and equilibrium concen-
trations, respectively; m(g) and V(L) are the adsorbent amount and volume
in the reactor.

The kinetics are carried out with continuous stirring for 240 minutes using a
magnetic stirrer at 150 rpm. Measurements of the residual concentration until
the saturation of the adsorbent material is observed. The equilibrium time be-
tween the adsorbent and the solution is determined by plotting the curve of the
residual fluoride concentration versus time. Thus, the pseudo first and second
order models proposed by Mckay were used to describe this kinetics [25] [26].
The first order Equation (2) and the second order Equation (3) used are as fol-
lows:

Sk, (6,-a) @

Table 1. Chemical composition of KSF and K10 clays.

SiO2 ALO:; CaO MgO Na.O KO Fe;O;  H»S04 SBET

KSF 53.2 18.8 2.9 2.8 - - 5.1 6 -
K10 73 14 0.2 1.1 0.6 1.9 2.7 - 250
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a9

-k (q.-q)
™ ,(9.—9) 3)

where: , and ¢, the adsorption capacities at equilibrium and at time £ k;
and Kk, the first and second order constants.

Adsorption isotherm models will also be applied to the results obtained in or-
der to determine the maximum adsorption capacity of the two types of clays
used. The models of Langmuir (Equation (4)) [27] and Freundlich (Equation
(5)) [28] will be used to determine the maximum adsorption capacities.
_ 4nb, C,

4
1+b,C, )

d.(mg-g)

d.(mg-g™*)=K,Cl" (5)

where: q, (mg~g’1) is maximum adsorption capacity corresponding to com-
plete monolayer coverage; b, (L : mg'l) is the equilibrium constant related to the
energy of sorption.

K; [(mg g ) / ( mg- L™ )1/”:| and n are the Freundlich isotherm constants re-
lated to adsorption capacities and the degree of favorability of adsorption, re-
spectively.

Several studies carried out in the literature will be used for a comparative
study which will help us in the interpretation of our results in the third part of

this paper which will be devoted to the results and their discussions.

4.3. Adsorption Kinetics
4.3.1. Pseudo First Order Kinetic Model

The pseudo first order kinetic adsorption model is based on Equation (2) and on
the amount of adsorbate attached to the surface of the adsorbent. By integrating
Equation (2) for the boundary conditions from t=0 to t=t and from @, to

0, =0, the below equation is obtained (Equation (6)):

k
lo -g )=logg, ——2—t 6
9(9. —q ) =logq, 5203 (6)

The parameters ¢, and k will be determined by linear regression by plot-

ting log(q, —q,) versus

4.3.2. Pseudo Second Order Kinetic Model
The pseudo second order kinetic adsorption model corresponds to Equation (3).
By integrating Equation (3) for the boundary conditions used to obtain equation

6. With these conditions the below equation (Equation (7)) is obtained.

t 1 1
— = +—t 7
G k9 Q. @

The parameters ¢, and K, are obtained experimentally by plotting X
t

versus £

DOI: 10.4236/jwarp.2022.141002

27 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2022.141002

S. N. Diop et al.

5. Results and Discussion
5.1. pH Variation

The initial pH of an aqueous solution is a very important parameter, which can
influence the adsorption process by controlling the surface charge of the adsor-
bent [29]. The pH values measured in the water samples before the kinetic study
reveal that the variation ranges between 7.67 and 8.70; which is characteristic of
alkaline pH and these pH values are within the range recommended by WHO
[30]. At the end of the kinetic study, a systematic measurement of the final pH
was carried out. These measurements showed a variation in the values from al-
kaline pH to very acidic pH. The values obtained vary between 2.80 and 6.80.
Thus, the concentration of fluoride ions is reduced within the range of WHO
recommendation. In the literature, the best adsorption capacities where the effi-
ciency of adsorbent materials (activated carbon, clays, etc.) are obtained corres-
pond to somewhat acidic pH ranges, and rarely exceed pH 7. A decrease in the
percentage of fluoride ion removal can be observed towards pH values of 8 to 9
according to certain authors [31] [32]. Acidic pH also remains a problem to be
resolved, because with these acidic pH values, the water cannot be consumed di-
rectly without modification of the pH in order to have a pH range for water in-

tended for human consumption.

5.2. Fluoride Adsorption Kinetics with KSF and K10 Clays

As indicated in the material and methods section, adsorption kinetics are carried
out with KSF and K10 clays with different samples to find out after how long the
equilibrium will be reached with each of these two clays. The same amount of
adsorbent (KSF and K10 clay) is used for each study, and under the same work-
ing conditions. The shape of the curves obtained during the kinetic study is

shown in Figure 4.

5
4.51
4
\
35 "
3\ S

—e - KSF
- e K-10

Ce (mg-L")

- N
= a N O
L J

o
o o

0 50 100 150 200 250 300 350
Time (min)

Figure 4. Fluoride ions adsorption kinetics with KSF and K10 clays.
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From these two kinetics curves (Figure 4), a similarity in the equilibrium time
of the two clays is practically observed. However, the difference is especially
noted in the amount of fluoride adsorbed by each of these two clays. Adsorption
equilibrium is obtained after 4 hours of kinetics. The experimental adsorption
capacities obtained with the KSF and K10 adsorbents after 4 hours are 0.532
mg-g~ and 0.298 mg-g™* respectively. It is clear that KSF clay has a better adsorp-
tion capacity compared to that obtained with K10 clay.

In fact, the chemical composition of these clays (Table 1) reveals a significant
presence of calcium oxide in KSF clay with a concentration which is 2.9 mg-L™!
whereas it is 0.2 mg-L™" for K10 clay. A coordination reaction has been reported
in the literature when a solution containing fluoride ions is brought into contact
with an adsorbent surface having a certain concentration of calcium oxide. In an
adsorbent material, the higher its mass concentration of calcium, the better its
adsorption capacity for fluoride ions [33]. Therefore, the real difference in ad-
sorption capacity between KSF clay and K10 one is due to the greater presence of
calcium oxide in KSF. With an initial concentration of 4.5 mg-L™!, after 30 min
of adsorption, the KSF clay has adsorbed a significant amount of fluoride ions,
thus obtaining an equilibrium residual concentration below the limit recom-
mended by WHO for water intended for human consumption (1.5 mg-L™).

Table 2 groups the experimental adsorption capacities (d,.,, ) and those cal-
culated (g, , ) by linear regression using the linearized equations of the pseudo
first order (6) and pseudo second order (7).

Pseudo first order and pseudo second order adsorption kinetics were used to
describe the adsorption kinetics obtained with KSF clay and the adsorption ki-
netics obtained with K10 clay.

Regarding the pseudo first order kinetic adsorption model, it allows a better
description of the kinetics obtained with KSF clay with r* =0.96 compared to
the application of the same model on the kinetics of K10 clay (r® =0.90). In-
deed, this is why the experimental adsorption capacity obtained with KSF
(Gep =0.932 mg-g) is close to that calculated with the pseudo first order
model (0, =0.569 mg-g™). However, with K10 clay, the experimental ad-
sorption capacity obtained is significantly different from that which was calcu-
lated. This means that the pseudo first order kinetic model does not allow a bet-
ter description of the experiment with K10 clay. In the literature, it has been
shown that the first order kinetic adsorption model is often valid in the time in-

terval between 20 to 30 minutes, otherwise the model does not allow a better

Table 2. Parameters of pseudo first and second order kinetics models.

Pseudo first order Pseudo second order
Clays K K
Geerp (mg-g™") et (Mg-g™") (min-Y) 7 Geep (MZE")  Goca (Mg-g™) (min") z
KSF 0.532 0.569 0.024 0.96 0.532 0.533 4.334 0.99
K10 0.298 0.448 0.020 0.90 0.298 0.295 7.715 0.99
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description [34] [35].

By applying the pseudo second order kinetic model, a better description is
obtained with the experimental adsorption kinetics for the two clays. The expe-
rimental adsorption capacities obtained with KSF and K10 clay are almost iden-
tical to those obtained by calculation; Moreover, this is why the correlation coef-
ficients r, obtained are close to unity. We can notice that with this pseudo
second order model, the description of the adsorption kinetics is often correct

with a correlation coefficient r? which tends towards unity [3].

5.3. Adsorption Capacity Determination with Langmuir and
Freundlich Models

A modeling of the adsorption capacity of clays is applied using the Langmuir
model and that of Freundlich to the adsorption isotherm of KSF clay, since it has
a better adsorption capacity compared to K10 clay. Figure 5 shows the shape of
the adsorption capacities versus time.

After modeling, the Freundlich model did not allow a good description of the
experiment, it was rather the Langmuir model which gave a closer description
with respect to the experiment. Table 3 gathers the characteristic values ob-
tained with the kinetic model of Langmuir.

The results reported in Table 3 show that the maximum adsorption capacity
(0, ) obtained with the Langmuir isotherm model is 0.309 mg-g~* with a correla-

tion coefficient of r’ =0.86 . With this relatively low regression coefficient, the

0.5 =T

o©
w

Q, (mg-g")
\
|
i
i
!
|
|

0.2 ‘,‘
0.1 :;:/'

0d
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Time (min)

Figure 5. Adsorption capacity of clays versus time.

Table 3. Maximal adsorption capacity obtained with Langmuir model.

experience Langmuir model
Clay

ge (mg-g™) gm (mg-g™") bz (L-mg™") r
KSF 0.532 0.309 -2.371 0.86
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value of the maximum adsorption capacity cannot be close to that obtained ex-
perimentally (0.532 mg-g™'). Moreover, this is why the value of the coefficient bL,
relating to the affinity between the surface of the adsorbent and the adsorbate is
negative. Thus, the Freundlich and Langmuir models are not suitable for a better

description of the adsorption isotherm.

6. Conclusions

In this study, two clays were used for the removal of fluoride ions excess of
brackish drinking water from the groundnut basin of Senegal by adsorption. The
results of the adsorption tests show that the clay called K10 is less efficient with
an adsorption capacity of 0.298 mg-g™' and an equilibrium concentration still re-
maining above the WHO guidelines.

On the other hand, with KSF clay an adsorption capacity of 0.532 mg-g' is
obtained, with an equilibrium concentration of 1.5 mg-L™' obtained after 25 mi-
nutes of adsorption kinetics. Thus, the KSF clay can be used for the elimination
of fluoride ions excess from brackish drinking water, with an adjustment of the
pH, but also a change of adsorbent after 5 hours of contact time.

Pseudo first order and pseudo second order adsorption kinetics were used to
describe the adsorption kinetics obtained with KSF clay and the adsorption ki-
netics obtained with K10 clay. The pseudo first order kinetic adsorption model
allows a better description of the kinetics obtained with KSF clay with r? =0.96
than with K10 clay (r® =0.90 ); which proves an experimental adsorption capac-
ity obtained with KSF ((q,,, =0.532 mg -g™") closer to that calculated with the
pseudo first order model (g, ., =0.569 mg 9.

It would be important to dope these clays with cations such as iron capable to
fix fluoride ions in order to improve their retention. Mixing the clays in different
proportions can be studied to see their impact on the effectiveness of the treat-

ment.
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