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This article focuses on the application of clay, kaolinite, for the removal of fluoride ion from
Saharan groundwater located in the Tindouf region (Algeria) because high concentrations
are detected in potable water. Adsorption tests show that fluoride ion removal was efficient
when the pH varies from 4.5 to 6. Under these conditions, the adsorption capacities were
0.442 and 0.448 mg/g, respectively. Kinetic and isotherm adsorption correlations were
applied to describe the adsorption process. The results showed that the pseudo-second-
order kinetic model and Freundlich isotherm fit well the experimental data. Thermody-
namic calculation indicated that fluoride sorption into clay increased with increasing
temperature from 30 to 55 °C, indicating the endothermic nature of sorption process. The
investigation of the removal of fluoride from simulated potable water shows that the
presence of nitrate and chloride ions did not influence the fluoride uptake. However, sulfate
and carbonate ions decrease the adsorption capacity. Such results show that these ions may
enter in competition with each other that may result in electrostatic repulsive forces be-
tween fluoride and clay surface. From this study, it can be concluded that the kaolinite is an
effective and low-cost material for the removal of fluoride ions from groundwater.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

In recent years, efforts have been made to conserve
water because of the growing demand for a limited
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resource. Water resource in general (surface, groundwater,
etc.) is considered one of the most critical indicators for
sustainable development in Mediterranean countries and
especially those who have already felt the climate change
effects. It is an important component for conservation and
human health beside agriculture, industry and economic
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development. The world total population [1] is estimated to
be up to 9.3 billion (33% more than was in 2011) and this
will happen before 2050 while at the same time the needs
for food are estimated to increase by 65% as indicated by
Alexandratos and Bruinsma [2], at the same period. Also,
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the projection given by UN DESA [1] indicated that 6.3
billion citizens (50% higher) would have moved in urban
areas affecting the metabolism of the cities [3]. These ac-
tivities are related to the water consumption, raw material
and other needs. In addition, water is a crucial component
of local as well as national economies and is considered to
be very important for developing and controlling jobs
worldwide in all of the economy sectors. However, popu-
lation growth, agricultural and industrial activities, as well
as climate change effects put pressure on the global
freshwater resource, as water stress today affects more
than two billion citizens globally. Freshwater extraction has
increased dramatically worldwide (about 1% per year since
the 1980s), mainly because of the growing demand in
developing countries. Also water scarcity either in devel-
oping or especially in not developing countries reduced the
possibilities for further economic development or job po-
sition [4].

According to the United Nations Environment Program,
2.4 billion people nowadays (almost one in three) still have
limited or no access to safe drinkable water. Water quality
is crucial for domestic, agricultural and industrial purposes,
and in developing countries with arid climates, ground-
water is the main and only source like in South of Algeria.

It is well known that the quality of groundwater is
strongly related to the different chemical substances and
their concentration in the water, and for these reasons,
assessment and monitoring of the physicochemical pa-
rameters such as pH, electrical conductivity, metals, fluo-
rides, hardness and so forth are crucial. On the other hand,
industrial and municipal waste has caused pollution in
surface and ground waters. In many parts of the world,
available water is nonpotable because of the high concen-
tration of pollutants (such as metals, fluorides, etc.) [5,6].

Fluoride is considered to be a common element of
groundwater. Natural sources are connected mainly to
minerals rocks and volcanic activities. The use of phos-
phatic fertilizers in agricultural and other industrial activ-
ities such as clays in ceramics also contributes to the
presence of fluorides in groundwater [7]. High fluoride
concentrations (which are mainly associated with sodium
bicarbonate water with relatively low concentrations of Mg
and Ca) in groundwater may be responsible for bone dis-
eases, mottling of teeth, thyroid, liver, and other organs,
affecting the kids intelligence, male sterility, depression
effects, neurologic manifestation, painful skin rashes and so
forth [8—11]. World Health Organization suggests that the
maximum limit of fluoride in potable waters must not
exceed 1.5 mg/L [12]. In case fluorides are higher than
1.5 mg/L mottling of teeth may occur, whereas skeletal
fluorosis may appear if fluoride concentration varies from 3
to 6 mg/L [12]. However, in several arid areas [7] govern-
ments have been forced to set strictly limits The concen-
tration of fluoride in aquifers in northern Algerian Sahara
often exceeds World Health Organization standards
(>3 mg/L) and may related to teeth lesion [10].

Physicochemical processes have been widely studied for
the removal of fluoride from water. Among these processes,
electrocoagulation, coagulation, flocculation, filtration,
chemical precipitation, adsorption, ion exchange and
membrane technology were applied [11,13—15]. Also,

among the best available techniques, sorption-based pro-
cess includes fluoride adsorption on activated alumina and
charcoal bone [11]. Moreover, the adsorption technique has
already shown its potential in the treatment of inorganic
pollutants (fluorine), toxic organic compounds, natural
organic matter and volatile organic compounds [13—15].
Generally, adsorption phenomenon depends on the
adsorbate and adsorbent nature. Physicochemical struc-
tures of the adsorbent material are crucial for determining
the maximum adsorption capacity of the sorbent.

In this context, this article focuses on the application of
clay, kalonite, for removal of fluoride ions from Saharan
groundwater, located in Tindouf region (Algeria).

2. Materials and methods
2.1. Area description

Tindouf is the 37th of 48 Algerian districts. It is a
Saharan city located in the southwest of Algeria (in the far
west of the desert region Saoura, south of Hamada). It is
located between 5° and 9° West of Greenwich line and
between circle 26°—28° North of Equator, bordered to the
north by Morocco border, northeast by the Bechar province,
east by the Adrar province, south by Mauritania, and west
by the nonautonomous territory of Western Sahara (Fig. 1).
This province covers an area of 159,000 km? with a total
population of more than 60,000 inhabitants [16,17]. Tin-
douf climate is continental desert type, with the average
lower temperature in January up to 5 °C and the highest in
July up to 45 °C. Annual rainfall is very low and hardly
exceeds 50 mm per year in the entire region. Evolution of
evaporation, water infiltration and region flat topography
can be defined as a water drainage system. Morphologi-
cally, Tindouf forms a flat and monotonous region (Ham-
ada), except for some residual relief (—50 m elevation). It
belongs to Western basin unit of the Northern Sahara. The
river system is poorly developed with large dry wadis
throughout the year [18,19]. The fluoride concentration in
56 water boreholes of Tindouf area varies between 0.16 and
3.31 mg/L. Water boreholes selected from the study area
have been classified into four groups as low (0.1—0.5 mg/L)
6%, medium (0.5—1.5 mg/L) 20%, high (1.5—2 mg/L) 38% and
very high (2—4 mg/L) 36% (Fig. 1).

2.2. Characterization of natural clay

In this study, natural clay in the form of white rocks was
acquired from Tabelbala located in Bechar province of
Algeria. This natural clay was used without any thermal or
chemical treatment. The clay was crushed and sieved to
articles with a diameter less than 2 pm. Then, the raw
material was purified by sedimentation using distilled
water and dried at 105 °C for 24 h after separation from
water and impurities.

The physicochemical characteristics of the clay were
performed by Fourier transform infrared (FTIR) spectros-
copy using NICOLET 6700 IR spectrometer, X-ray fluores-
cence and X-ray diffraction (XRD) analyses using Philips
(Magi XPRO) and PANalytical XPERT-PRO instruments,
respectively. The point of zero charge (pHp,c) of adsorbent
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Fig. 1. Fluoride ion distribution at Tindouf region.

was determined with pH titration procedure. For this pur-
pose, 50 cm® of NaCl 0.01 M solution was put into flasks.
The pH solution ranging from 2 to 9 in each flask was
adjusted by addition of 0.1 M of HCl or 0.1 M of NaOH so-
lution. Then, 0.15 g of clay was introduced in each flask and
the final pH was determined after 48 h. The pHy, is defined
as the point where the curve of pHgpa) versus pHipitial passes
on the line pHfnar = PHinitar [20]. Cationic exchange ca-
pacity (CEC) was determined according to the method
proposed by Kahr and Madsen [21].

2.3. Adsorption experiments

The adsorption isotherms at 28 + 02 °C were obtained
by introducing 100 mL of solution of different fluoride
concentrations (5—100 mg/L) and with different doses
(1-10 g/L) of local clay into well-closed flasks. Then, all of
the solutions were shaken for 3 h, which was enough to
reach equilibrium adsorption conditions. After shaking, the
suspension was centrifuged, and the final fluoride con-
centration was measured using ionic chromatography
apparatus (881 Compact IC pro) without any adjustment in
pH values. The effect of pH on the adsorption process of
fluoride was tested by varying the pH solution from 2 to 12
(using either NaOH or HCl). The amount of the adsorbed
fluoride on natural clay was calculated according to Eq. (1):

e = (CO - Ce)v/m (1)

where Cp and Ce (both in mg/g) are the initial and equi-
librium fluoride concentrations, respectively, V (L) is the
volume of the aqueous solution and m (g) is the mass of the
adsorbent.

Two kinetic models, pseudo-first-order and pseudo-
second-order models were investigated to study the kinetic
data of fluoride ion removal.

The pseudo-first-order linear equation is given by Eq.

(2):

kot
0g(qe — q:) = 10g e ~ 5555 2)

where ki (1/min) is rate constant for the first-order model.

The pseudo-second-order kinetic model is considered to
be the most suitable to describe the kinetic adsorption
experiment. The linear form equation of this model is given
by Eq. (3):

t_ 11
G kg qe

where k; (g/mg/min) is the rate constant for second-order
model.

The experimental data of equilibrium adsorption iso-
therms for fluoride ions into local clay adsorbent were
modelled using the most frequently used isotherms,
Freundlich and Langmuir. The Freundlich isotherm equa-
tion has the following form:

3)
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e = k- C;/n (4)

where k is the Freundlich constant related to the adsorption
capacity (mg/g) (mg/L)" and parameter n characterizes the
heterogeneity of the system.

The Langmuir model is the most widely used isotherm
equation, which has the following form:

qObCe
% =11 bC, (3)
where qp and b are Langmuir isotherm parameters repre-
senting the maximum uptake capacity per unit of clay mass
(mg/g) and the Langmuir constant (L/mg), respectively. To
predict the adsorption efficiency of the process, the
dimensionless equilibrium parameter (r) is expressed by

r=1/(1+ Coxb) (6)

The adsorption process is unfavourable when r > 1,
favourable when 0 < r < 1, linear when r = 1 and irre-
versible when r = 0.

The thermodynamic data are given by

Log(age/Ce) = (4S°/2.303R) + (—4H® /2.303RT) (7)

where a is the adsorbent dose (g/L), AS® is the entropy
change, R is the gas constant (8.314 J/mol/K), AHC is the
enthalpy change, T is the absolute temperature and AG? is
the Gibbs free energy change. AS® and AH® values were
determined by plotting log (aqe/Ce) versus 1/T, and then
value of AG? can be quantified from following equation:

AG® = AH® — T4S° (8)

3. Results and discussion
3.1. Characteristics of natural clay

FTIR technique was used for the determination of
functional groups present in the natural clay of Tabelbala
(Fig. 2). Each link has a definite vibration frequency char-
acteristic [22]. The valence vibration of the OH groups re-
sults in the presence of three absorption bands centred on
the 3649 cm~' frequency (external OH) and 3619 and
3690 cm~! (internal OH). The hydroxyl groups may be
distinguished by a doublet in 3619, 3649 and 3690 cm™!
(which is the pick of the kaolinite clay). The band corre-
sponding to stretching vibrations of the Si—O is between
1000 and 500 cm ™! and centred about 1034 cm™". The band
centred at 1648 cm! is attributed to deformation vibra-
tions of H—O—H molecules of water [23]. The bands centred
at 985, 836, 797, 674 and 508 cm ! are assigned to the vi-
bration deformation of the Al-OH—AI bonds, Si—O—Al/
Al—Mg—OH, cristobalite, Si—O—Mg and Mg—OH, respec-
tively [23]. The band centred at 915 cm™! is not attributed
solely to the connections of the deformation vibrations
Al—OH—Al but is also attributed to the presence of kaolinite
[24].

The XRD is considered to be one of the most useful and
common techniques that has been used in the mineralog-
ical characterization (Table 1) of clay materials [25,26].
Fig. 3 shows the XRD pattern of the purified clay sample,
consisting of kaolinite, quartz and a small amount of illite.
For the kaolinite whose structure is type 1/1, the layer of
kaolinite is formed of two layers (tetrahedral and octahe-
dral). The peaks of this kaolinite were observed at 26 =
12.39, 20.36, 23.11, 24.94 and 39.37, which correspond to
the ratio of the peak intensities from basal diffraction to (0
01)(d=0.714nm),(110)(4.35nm), (10 —1)(3.84 nm), (0
02)(3.566 nm) and (0 0 2) (d = 3.570 nm) [27,28].
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Fig. 2. FTIR spectra of the clay.
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Table 1

Chemical composition of clay used in the experiment (wt %, from X-ray fluorescence data).

Chemical compound Si0, Al,05

Fe,03 Ca0 MgO

MnO NaO K0 P,0s5 TiO, SO3 TOT

(%) 53.83 39.81 1.150 0.15 0.46

0.01 0.67 239 0.18 1.27 <0.01 99.92
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Fig. 3. XRD spectra of the clay.

The pHp,c of Tabelbala natural clay is 6.4. The variation
in the pH of solution (addition of H" or OH™ ions) affects
the surface charges of sorbent materials. At pH < pHp, the
surface of adsorbent is positively charged and negatively
charged at pH > pHp,c. According to Smolik and Harman
[29] the pHp,c of mullite is 8, whereas that of the alumi-
nosilicates of composition (Al;03, SiO;) is 6—7.

The CEC of clay may be specified as the quantity of
cations available for exchange (Ca%*, Mg?*, K*, Na™, H" and
APP*) at a given pH. CEC of Tabelbala natural clay is
8 mequiv/100 g. According to Vasconcelos et al. [30], the
CEC of kaolinite, illite and smectites varies from 3 to 15,10
to 40 and 80 to150, respectively, which are close to our
findings because of the use of kaolinite.

3.2. Optimization of operating conditions for adsorption

Fig. 4 shows the fluoride removal as a function of
adsorbent dose at a fixed initial concentration of 5 mg/L of
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Fig. 4. Variation in fluoride removal with clay dose (fluoride initial con-
centration, 5 mg/L; pH, 5.8; temperature, 28 + 02 °C; contact time, 3 h).

fluoride, V = 100 mL, pH 5.8 and temperature 28 + 02 °C. It
was observed that the removal of fluoride increased from
46% to 90% and the residual amount decreased from 2.83 to
0.45 mg/g with increasing adsorbent dose to be 0.1-1 g,
respectively. The comparison of the fluoride removal per-
centage of different adsorbents (with the same dose 10 g/L
and the same initial concentration 5 mg/L) for fluoride
adsorption is reported in Table 2. It clearly shows that
Tabelbala kaolinite is the best adsorbent. The removal
percentage is the same as the 20% La-chitosan [1] but
higher than the bleaching powder (CaOCl,) [2], metal oxide
(10% lanthanum) incorporated bentonite clay [3], activated
charcoal [4] and tea leaves [5].

The effect of solution pH on fluoride removal in clay
(initial concentration 5 mg/L, adsorbent dose 10 g/L and
temperature 28 + 2 °C) is presented in Fig. 5. During these
experiments, pH was adjusted between 2 and 12 using
0.1 N HCl and 0.1 N NaOH. The pHp, of the natural clay is
6.4. At pH lower than pHp,, the surface of the clay is
positively charged that may improve the adsorption of
fluoride ions. It was noticed that the adsorption capacity
was relatively constant when pH increased from 4.5 to 6,
leading to values of 0.442 and 0.448 mg/g, respectively.
Between pH 4.5 and 6, the specific adsorption of fluoride on
natural clay occurred because of the electrostatic interac-
tion between the positively charged clay surface and
negatively charged fluoride ions. At pH = 2, the adsorption
capacity decreased considerably to 0.225 mg/g. In highly
acidic pH, fluoride could exist preferably as the form of HF,
and the adsorption of fluoride in natural clay could be
reduced significantly. However, the adsorption capacity
decreased sharply to 0.05 mg/g at pH 12. In highly alkaline
solution (pH = 12), fluoride could exist preferably as NaF
form due to the addition of NaOH into solution. At higher
pH, more than 6.4 (pHp,c), the adsorption decreases as a
result of the electrostatic repulsion between the negative
surface charge of the clay and negative charge of fluoride
ions. The competition between fluoride and hydroxide ions
may be another phenomenon that reduced the removal of
fluoride ions from water as indicated from Ali [36] and Nan
et al. [37].

Table 2
Comparison of the fluoride removal percentage of different adsorbents for
fluoride adsorption.

Adsorbent R (%) Reference
20% La-chitosan 90 [31]
Bleaching powder (CaOCl,) 28 [32]
10% La-bentonite 65 [33]
Modified immobilized activated alumina 95 [34]
Activated charcoal 84 [34]
Tea leaves 85 [35]
Kaolinite of Tabelbala 920 This study




110 N. Nabbou et al. / C. R. Chimie 22 (2019) 105112

L
041 [\
°
o /
£ .
o 024
.:
\ .\
]
OO T T T Al
0 5 10 15
pH

Fig. 5. Effect of pH of fluoride adsorption on local clay (fluoride concen-
tration, 5 mg/L; temperature, 28 + 02 °C; contact time, 3 h).

3.3. Kinetic adsorption

The kinetic adsorption of fluoride ions in clay was per-
formed at initial pH = 5.8 and initial concentration of 5 mg/
L, with 10 g/L of natural clay. The adsorption study clearly
implies the determination of the equilibrium time. The
results in Fig. 6 indicated that the equilibrium time was 2 h.
The fluoride adsorption capacity increases with increasing
initial fluoride concentration. Such behaviour is due to the
availability of fluoride ions in a solution at higher
concentration.

The pseudo-first-order kinetic parameters kjand ¢. are
0.042 min~! and 0.100 mg/g, respectively. The values of
pseudo-second-order kinetic model of fluoride adsorption
on the clay adsorbent k; and ge are 0.496 g/mg/min and
0.463 mg/g, respectively. The pseudo-second-order kinetic
model has been considered to be the most appropriate and
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—_
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4+ 0,2

0,14

00 +—v—F——1—r—F—
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Time (min)

Fig. 6. Effect of contact time of fluoride adsorption on local clay (fluoride
concentration, 5 mg/L; pH, 5.8; temperature, 28 + 02 °C).

is widely used to describe the adsorption kinetics. The re-
sults show that the pseudo-second-order kinetic model
fitted better than pseudo-first-order kinetic model because
the correlation coefficient found in the linearization of
pseudo-second-order kinetic model equation is higher
(0.999) and the adsorption capacity is 0.463 mg/g nearly
close to the experimental value (0.450 mg/g).

3.4. Adsorption isotherms

The extracted parameters using Freundlich and Lang-
muir isotherms are presented in Table 3. The 1/n value of
the Freundlich equation is below one indicating a normal
adsorption with a correlation coefficient of R* = 0.984 ac-
cording to the nonlinear regression. The values of the
Langmuir parameters, qo and b, are 3.74 mg/g and 0.064 L/
mg, respectively, with relatively high regression coefficient
(R? = 0.938) obtained from nonlinear regression. The value
of r for an initial fluoride concentration of 5 mg/L was found
to be 0.096, which shows that the adsorption of fluoride
onto clay is favourable.

The modelling of adsorption isotherms by Freundlich
and Langmuir equations showed that Freundlich isotherm
fitted better than Langmuir isotherm because the correla-
tion coefficient found for Freundlich equation is higher
(0.984). According to the Langmuir theory, the uptake ca-
pacity of fluoride on natural clay of Bechar region is
3.74 mg/g.

It is clear from Fig. 7 that when temperature increases
from 30 to 55 °C, the removal of fluoride increases slightly
from 0.45 to 0.48 mg/g. The thermodynamic parameters for
the uptake of fluoride on clay were determined at different
temperatures using Log (aqe/Ce) = f (1/T) (Fig. 8). The
thermodynamic data indicated that fluoride adsorption

Table 3
Parameters of the Freundlich and Langmuir equations for fluoride
adsorption isotherms on natural clay.

Freundlich model Langmuir model
K (mg/g (mg/L)") 1/n  R? qo (mgjg) b (Ljmg) R?
0.548 0419 0984 3.74 0.064 0.938

3 I -
2 ooa - ——T=30°C
$038 [ —W=T=45°C

036 L T=55°C

034 |

032

03
0 60 120 180 240 300 360 420
t(s)

Fig. 7. Isotherm adsorption of fluoride by natural clay (pH, 5.8; contact time,
3 h).
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Fig. 8. Determination of thermodynamic parameters of fluoride adsorption
onto the clay.

increased with increasing temperature and the positive
value of AHgp indicated the endothermic nature of the
adsorption of fluoride onto natural clay. The value of ASy
(+91.4) indicated that the randomness was favourite at the
interface between solid and solution. The negative values of
AGo indicate that the adsorption process was spontaneous
and according to the results, the adsorption process is
characterized as endothermic nature (Table 4). This result is
similar to several other studies on fluoride adsorption to
clay particles such as Mg/Al/Fe layer double hydroxides
[38], magnesium incorporated bentonite [39], attapulgite
[40], micronized kaolinite [41] and pyrophyllite clay [42].

3.5. Co-ions effect

The fluoride in groundwater of Tindouf area is related to
other co-ions such as NO3, CI~, Na™, 5042;*, and HCO3, which
can enter in competition with fluoride ions during
adsorption into natural clay sites. The competition of ions
present in natural water and fluoride ions on the clay sur-
face was also considered. To prepare synthetic water close
to the natural water characteristics used in this study,
different solutions were prepared by dissolving an appro-
priate amount of sodium salts of nitrate, chloride, sulfate
and bicarbonate. Adsorption experiments were carried out
by adding 50—300 mg/L of nitrate, chloride, sulfate and
bicarbonate ions in individual solution of 5 mg/L fluoride.
Then 10 g/L of natural clay of Tabelbala was added to each
flask. The adsorption study was performed under these
experimental conditions: initial pH 5.8, temperature 28 +
02 °C, contact time of 3 h and agitation speed up to
200 rpm.

The presence of chloride and nitrate do not affect the
adsorption of fluoride and a slight improvement in the
removal of fluoride is observed (Fig. 9). Similar observa-
tions have been reported by Eskandarpour et al. [43]. In

Table 4

Thermodynamic parameters for fluoride adsorption onto natural clay.
T(°C) AH® (k]/mol) ASO(KJ/K mol) AG? (kJ/mol)
30 27.466 914 -0.227
45 -1.60
55 -2.97

0,5

0,45
04 1
0,35 +
0,3 4 M50 mg
0,25 1 ®100mg

qe (mg/g)

0,2 B " 200mg
0,15 W 300mg
01 1
0,05 -

NOs cl SO4 cos

Fig. 9. Effect of different concentrations of competing anions on fluoride
adsorption by the clay adsorbent.

contrast, fluoride adsorption decreases in the presence of
sulfate and carbonate ions. Fluoride removal decreases by
sulfate ion may be assigned to the electrostatic repulsive
forces, which decrease the possibility of fluoride in-
teractions with the active sites present on the clay surface
[44]. Carbonate ions show the harmful effect on fluoride
uptake. This behaviour can be explained by the competition
between fluoride and carbonate ions and may also be due
to the high affinity of carbonate ions on the clay surface.
Similar results were reported from Nan et al. [37], Kagne
etal.[45] and Abhijit et al. [46], where the effective removal
of fluoride is not considerably influenced by chloride, ni-
trate and sulfate but is notably influenced by carbonates.

4. Conclusions

In this study, the removal of fluoride ion from aqueous
solution using kaolinite clay was examined. Kaolinite clay
was characterized using different analytical techniques.
The major chemical compounds of natural clay are SiO»
(53.83) and Al,03 (39.81), whereas its pHp,c and CEC are 6.4
and 8 mequiv/100 g, respectively. During adsorption tests,
the optimum pH for maximum fluoride removal varies
between 4 and 6 while the equilibrium time is 120 min.
Adsorption kinetics systems are described by pseudo-
second-order model. Furthermore, the Freundlich isotherm
is suitable to describe the equilibrium tests. The adsorption
capacity is 0.556 mg/g according to the Langmuir method.
The results of thermodynamic data show that fluoride
adsorption increased from 0.45 mg/g (90%) to 0.48 mg/g
(96%) with increasing temperature from 30 to 55 °C. The
positive value of AHg indicates the endothermic nature of
fluoride adsorption. The negative value of AGq indicates
that the adsorption process was spontaneous. The nitrate
and chloride ions existing with fluoride ion in water do not
affect the fluoride uptake into kaolinite clay. However,
sulfate and carbonate decrease the fluoride elimination.
According to the obtained results, the kaolinite clay could
be used as an efficient and low-cost material for excess
fluoride removal from groundwater.
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