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A B S T R A C T

In the present work three different natural materials and their modifications were studied for fluoride removal
from aqueous solutions. The materials employed were: clinoptilolite (C), montmorillonite (M) and pumice (P),
the minerals were modified with Fe3+ and Al3+ and heated at temperatures of 200, 500 and 800 °C. They were
characterized by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray powder
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), specific
surface area by Branauer Emmett and Teller method (BET) and points of zero charge (pzc). Adsorption ex-
periments were carried out in batch system to obtain the adsorption capacity of each material and evaluate the
leaching of iron and aluminum after adsorption processes, throughout the quantification of Fe3+ and Al3+ in the
supernatants. The results obtained indicated the following adsorption capacity order: M (1.008mg/g)>
aluminum-modified materials > iron-modified materials > C > P.

1. Introduction

Nowadays the main sources of drinking water are aquifers as a re-
sult of the high levels of pollutants in surface waters like rivers and
lakes, mainly in developing countries, the use of groundwater for
human consumption has generated several health problems, due to the
presence of a significant number of inorganic chemical species, which
are transported from soil to aquifers by rainwater, filtration and geo-
chemical processes [1,2]. One of the most abundant constituents of
groundwater is fluoride; this element is present in minerals such as:
fluorite, apatite and cryolite [3], also in some beverages [4].

The public health problems associated with the presence of fluoride
in drinking water occur in many regions of the world and the most
affected countries are: India, Sri Lanka, Ethiopia, USA, Mexico, Kenya,
Poland and Pakistan [5,6]. Fluoride is considered an essential micro-
nutrient for the maintenance of bones and teeth, especially for children
bellow 8 years old, concentrations that exceeds acceptable level of
1.5 mg/L [7], can lead to several diseases and disorders including:
dental and skeletal fluorosis, lesions of endocrine glands, thyroid, liver
and some other organs, osteoporosis, arthritis and infertility [5,8]. In
order to obtain water with the quality and quantity necessary to supply
the population demands, several methods have been developed to re-
move this kind of constituents from water, such as: reverse osmosis, ion

exchange, adsorption, coagulation, precipitation and membrane pro-
cesses [1,9], among them, adsorption is the most extensively used due
to its efficiency and economic feasibility [1]. In the last decades a great
variety of materials that allow fluoride removal from water have been
tested like activated carbon [10], activated alumina, bauxite [11,12],
chitin, chitosan [13], metal oxides [14], pumice [2,15], zeolites [16]
and modified clays, however, the use of these adsorbents may be lim-
ited by sociocultural factors, complex synthetic methods and physico-
chemical properties [9]. Special attention has been focused on geo-
materials due to their low cost, abundance in nature, potential ion
exchangers, high surface area, molecular sieve structure, chemical and
mechanical stability, surface and structural properties that allow them
to be considered as effective adsorbents [17], especially when they are
used in their modified form.

In this work, a zeolite of the type clinoptilolite, a clay of the type
montmorillonite and pumice were used as adsorbents. These materials
have a similar chemical composition but differ in their structure.
Clinoptilolite is a hydrated aluminosilicate widely distributed in nature;
its structure consists of tetrahedra of Si4+ surrounded by oxygen atoms
that share their vertices to form three-dimensional networks with
channels and well-defined cavities. This material is characterized by a
partially negative charge due to the isomorphic substitution of Si4+ by
Al3+, which is compensated by the presence of exchange cations such
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as Na+, K+ and Ca2+ [18], this property makes it highly functional in
processes of ion exchange, catalysis and adsorption [19,20]. Mon-
tmorillonite is naturally abundant clay used in the environmental field
due to its cation exchange properties [21], it belongs to the smectite
family. The members of the smectite family consist of a layered struc-
ture composed of a layer of octahedrons attached at the ends of the
layer of tetrahedrons that share the oxygen atoms located at the ver-
tices. The octahedral sites are mainly occupied with Al3+ and are
partially replaced by atoms with lower valence like Mg2+ or Fe2+,
whereas the tetrahedra are occupied by Si4+ and Al3+, causing a de-
ficiency of charge in the structure, which is compensated by the pre-
sence of ions such as Na+ and Ca2+ located in the interlaminar space
[22]. Pumice is an igneous volcanic rock with low density, considered
as an accessible material, due to its availability in nature; it has a pale
color in shades ranging from white, cream, gray, blue, green-brown to
black, it is mainly formed by silicon oxides, which makes it an abrasive
material [5,23]. This rock is formed by the decompression and release
of gases from the magma prior to the formation of the glass, which
generates a high porosity that can represent up to 90% of its volume
[5]. It is widely used in the environmental field as a support material,
filter media and adsorbent, due to the silanol groups present on the
surface that act as active sites [24]. The properties of these materials
make them ideal for the incorporation of new species into their struc-
ture, in such a way that they can increase their removal capacities and
in turn their affinities for anionic species.

Many methods and chemicals have been applied in the modification
of geomaterials. Sun et al., [25] modified a zeolite of the stilbite type
with Fe3+ using 0.1M FeCl3 solution in order to improve its surface
properties obtaining a maximum fluoride adsorption capacity of
2.31mg/g. Bia et al., [3] modified a montmorillonite with Fe3+ by a
precipitation method using a 0.01M Fe(NO3)3 solution to obtain a solid
with a specific surface area of 567m2/g. Asgari et al., [5] used a ca-
tionic surfactant to modify pumice; the surfactant used was hex-
adecyltrimethyl ammonium (HDTMA) and a removal capacity of
41mg/g was determined. Noori Sepehr et al., [2] compared the de-
fluoridation capacities of a natural pumice (NP), modified with Mg2+

(MGMP) and H2O2 (HMP), obtaining the following efficiencies order:
HMP(11.77 mg/g)>MGMP(5.56 mg/g)>NP(4.53mg/g) attributed
to specific surface areas of 53.11, 41.63 and 2.34 m2/g, respectively.
Malakootian et al., [26] studied the chemical activation of pumice using
three different reactants: FeCl3, Al2(SO4)3 and hexadecyl trimethyl
ammonium bromide (HDTMA-Br) to compare their adsorption effi-
ciencies and the maximum adsorption capacity was 0.29mg/g with the
material modify with HDTMA-Br. Salifu et al. [9] modified a pumice
with aluminum oxides by chemical precipitation and the adsorption
capacity found was 7.87mg/g. The development of modified geoma-
terials offers a viable alternative for the treatment of water containing
fluoride. In this way, many works have reported that geomaterials
impregnated with divalent and trivalent metal ions helps to increase
their defluoridation capacities according with the concept of hard and
soft acids and bases [9,27]. The defluoridation efficiencies of metal-
modified materials are shown in the following order:
La3+≥Ce3+>Y3+>Fe3+ ∼ Al3+>Ca2+>Mg2+>Zn2+ [28] also
the works by Salifu et al., [9] and Gomoro et al., [29] suggested that
thermal treatments offer stability to the geomaterial structure through
the metal oxidation process. In the present work Fe3+ and Al3+ were
used as hard acids for the chemical treatment of clinoptilolite, mon-
tmorillonite and pumice, furthermore, the natural and metal modified-
materials were heated at three different temperatures to evaluate their
ability to remove fluoride from water solutions, also iron and aluminum
leaching were study to determine their stability in the materials and
avoid their release into the remaining solutions after the adsorption
processes.

2. Experimental

2.1. Materials

Clinoptilolite (C) was obtained from Etla, Oaxaca, Mexico, pumice
stone (P) was supplied from a mine located in Hidalgo, México and
montmorillonite (powder) (M) was obtained from Fluka (Sigma-
Aldrich). The chemicals NaCl, FeCl3·6H2O, AlCl3·6H2O, NaOH, HCl and
NaF were from J.T. Baker.

2.2. Chemical treatment

Clinoptilolite and pumice rocks were crushed and sieved between
20 and 40 mesh to obtain homogeneous particle sizes between 0.84 and
0.42mm, the solids were washed with distilled water and dried at room
temperature. Subsequently, the three materials were conditioned with
1M NaCl solution under reflux for 6 h in order to guarantee the ex-
change of the natural cations by Na+. The phases were separated by
decantation; the solids were washed with distilled water until the ma-
terials were free of chloride ions (Cl−) that was observed by AgCl test.
Finally, they (C-Na, M-Na and P-Na) were dried at 50 °C for 24 h.

The chemical treatments with Fe3+ were performed based on the
work reported by Guaya et al. [30] using a 0.2M FeCl3 solution, which
was contacted with C-Na, M-Na and P-Na under the same conditions as
the NaCl solution treatment. The materials were identified as C-Fe, M-
Fe and P-Fe.

The Al3+ modifications were carried out by chemical precipitation,
using the method reported by Vázquez Mejía et al. [31] putting in
contact sodium-modified materials (C-Na, M-Na and P-Na) with a 0.2M
AlCl3·6H2O solution. The suspensions obtained were stirred at 100 rpm
and a 5M NaOH solution was added until a pH of 8 was reached. The
suspension was kept under stirring for 5 h, then the phases were sepa-
rated by decantation and the solids were washed with distilled water
and dried at 50 °C for 24 h. The materials obtained were labeled as C-Al,
M-Al and P-Al.

2.3. Thermal treatment

Natural and modified materials with Fe3+ and Al3+ were heated at
200, 500 and 800 °C in a Lindberg muffle for 1 h. The materials ob-
tained were identified as: C-200, C-500, C-800, M-200, M-500, M-800,
P-200, P-500, P-800, C-Fe 200, C-Fe 500, C-Fe 800, M-Fe 200, M-Fe
200, M-Fe 500, M-Fe 800, P-Fe 200, P-Fe 500, P-Fe 800, C-Al 200, C-Al
500, C-Al 800, M-Al 200, M-Al 500, M-Al 800, P-Al 200, P-Al 500 and P-
Al 800. The materials were stored in a moisture-free place.

2.4. Characterization

The analytical techniques used for characterization of the materials
are fundamental to determine the types of interactions between ad-
sorbate and adsorbent in adsorption processes.

2.4.1. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermal analysis of the samples: C-Fe, M-Fe, P-Fe, C-Al, M-Al y P-Al
were carried out using a TA-instrument Q600. The samples were heated
up to 650 °C in an alumina crucible with the following operating con-
ditions: 10 °C/min in nitrogen atmosphere.

2.4.2. X-ray powder diffracción (XRD)
XRD patterns were obtained through a diffractometer D8

ADVANCE, BRUKER, under the following conditions: range of 5–75 2Ɵ,
step of 0.03, voltage and current of the tube 35 kV and 35mA, re-
spectively.
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2.4.3. Infrared spectroscopy (FTIR)
Analysis by FTIR of the samples: C, C-Na, C-Fe, C-Fe 200, M, M-Na,

M-Fe, M-Fe 200, P, P-Na, P-Fe y P-Fe were carried out in the interval of
4000 to 400 cm−1 by using a spectrometer Bruker Tensor 27 with at-
tenuated total reflection (ATR) accessory model platinum.

2.4.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS)

The study of the morphology of natural and modified materials was
performed using a scanning electron microscope JEOL JSM-6610LV at
low vacuum. Elemental semi-quantitative analyzes of the materials
were performed by energy dispersive X-ray spectroscopy (EDS).

2.4.5. Specific surface area by branauer emmett and teller method (BET)
Determination of the specific surface area was performed by the

Branauer-Emmett-Teller method (BET), through nitrogen adsorption
isotherm using a Belsorp-max equipment, BEL JAPAN INSTRUMENTS,
prior to the analysis the samples were degassed in a Belprep II equip-
ment at 200 °C for 2 h.

2.4.6. Point of zero charge (pzc)
Determination of the pzc was carried out for the samples C-Fe, C-Fe

200, M-Fe 200, M, C-Al 200 and P-Al 200. Different pH values were
tested from 1 to 12, the pH adjustment was performed with 0.1 M NaOH
or HCl solutions using a pH meter PHM290, pH-stat controller
Copenhagen. The experiments were done in duplicate by contacting
0.1 g of each material with 10mL of 0.1M NaCl solution with different
pH (from 1 to 12) for 48 h with constant shaking at 120 rpm and
temperature of 30 °C. The final pH of the solutions was measured and
plotted against the ΔpH (difference of the equilibrium pH and the initial
pH (ΔpH=pHe - pHi)).

2.5. Adsorption

After chemical and thermal treatments, 39 materials were obtained
and their ability to remove fluoride from water was evaluated. The
removal processes consisted of contacting 0.1 g of each material with
10mL of 10mg/L F− solution at 30 °C and 120 rpm for 72 h. After the
adsorption processes, iron and aluminum concentrations were de-
termined in the remaining solutions by atomic absorption spectroscopy
(AA) and inductively coupled plasma mass spectrometry (ICP-MS), re-
spectively.

2.6. Fluoride measurements

The quantification of fluoride in aqueous solution was carried out
with a selective ion electrode according to the procedure reported by
Velázquez-Peña et al., [32], using a pH meter PHM290, pH-stat con-
troller Copenhagen. Prior to the analysis, a total ionic strength ad-
justing buffer (TISAB) and 0.1M KNO3 solution were added to the
samples and standards to control the pH and eliminate the interferences
of complexing ions.

3. Results and discussion

3.1. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermal analyzes indicated that the decomposition of the materials
C-Fe, C-Al, M-Fe and M-Al was carried out in three stages. According to
the thermograms in Fig. 1, the first stage is associated with a loss of
weight due to dehydration processes or by desorption of water mole-
cules located on the surfaces of the materials, which are weakly bound.
The second stage is attributed to the loss of water of crystallization;
molecules that are coordinated to the exchangeable cations within the
structure of the clinoptilolite and in the interlayer spaces of the

montmorillonite. Finally, the third stage is associated with the dehy-
droxylation process, a phenomenon that causes the release of hydroxyl
groups from the structures of the minerals [23,33,34].

In the cases of P-Fe and P-Al (Fig. 1c and f), thermal decompositions
take place in two stages, the first one is associated with the dehydration
process and the second one was attributed to the dehydroxylation
phenomenon (Table 1). According to the results obtained by DSC, these
processes are chemical and endothermic in nature [35]. According with
these results, the temperatures for thermal treatments were established
at: 200, 500 and 800 °C, where the main losses of weights take place
(Table 1).

3.2. X-ray powder diffracción (XRD)

XRD patterns were used for the structural analysis of the samples C,
M y P. Fig. 2a (C) shows that zeolitic rock is mainly composed by the
crystalline phases clinoptilolite, mordenite and quartz. Clinoptilolite
was identify by the presence of diffraction peaks at 9.87°, 11.17°, 22.35°
and 30.8° on the 2-Theta axis (JCPDS 47-1870), while mordenite was
characterized by the diffraction peaks at 6.47°, 8.93°, 13.45°, 15.2°,
19.58°, 25.61°, 27.67°, 30.9° and 35.63° (JCPDS 60-0847). Finally,
quartz was identified by the peak at 26.6° (JCPDS 01-0649).

Fig. 2b shows the XRD pattern of the clay (M), the sample is mainly
composed by the crystalline phases: muscovite, montmorillonite and
quartz. Muscovite is characterized by the diffraction peaks at 8.84°,
17.73°, 22.90°, 23.84°, 26.59°, 27.76°, 31.14°, 34.88°, 37.77°, 42.4° and
61.8° on the 2-Theta axis (JCPDS 46-1045), while montmorillonite was
identified by peaks at 6.29° and 19.82° (JCPDS 03-0014). The quartz
content was identified with the diffraction peaks at 20.86°, 26.64° and
50.13° on 2-Theta (JCPDS 000-0 46-1045). The diffractogram of pu-
mice, Fig. 2c, shows that the material is composed mainly by amor-
phous phases, this is due to the process of rock formation, where the
atoms that constitute this material are distributed randomly as a result
of the rapid decrease in temperature and decompression of the magma
that emerges from the volcanic crater, however, the diffractogram ob-
tained is characteristic of this type of rock that is mostly constituted of
SiO2 [23]. Nevertheless, it is possible to observe the presence of peaks
with high intensity at 27.95, 29.6 and 47.72° that correspond to albite
phase.

Fig. 2a and b, shows that the diffractograms of materials condi-
tioned with Na+ and Fe3+ do not suffer significant variations in the
positions and intensities of the main peaks compared to the diffraction
patterns of natural materials (C and M), therefore, the treatments do not
generate structural changes, however, the intensity of the peak asso-
ciated with quartz in 26.6° on the 2-Theta axis shows a decrease in its
intensity for the materials C-Na and C-Fe.

After thermal treatment of the modified clinoptilolite samples a
decrease in the intensity of the peaks associated with the mordenite was
observed, which may indicate that this crystalline phase is less stable as
a function of temperature compared with clinoptilolite, where no sig-
nificant changes were observed in their diffraction peaks. In the case of
the materials M-Fe 200, M-Fe 500 and M-Fe 800 a slight decrease in the
intensity of the peak at 6.29° was observed and it was progressively
from 200 to 800 °C, as a result of the loss of water molecules, this dif-
fraction peak refers to the interlaminar space of the clay, and the lit-
erature suggests that an increase in the temperature causes a widening
of the interlaminar space, and therefore, the intensity of the peak de-
creases.

3.3. Infrared spectroscopy (FTIR)

Fig. 3a shows the infrared spectra for the samples C, C-Na, C-Fe and
C-Fe 200, a wide band with a high intensity is observed at 1043 cm−1

associated to asymmetric stretching vibrations of Si-O bond of the tet-
rahedra SiO4, in addition the bands at 797 and 460 cm−1, were as-
signed to stretching and bending vibrations of O-Si-O groups [36], and
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Fig. 1. TGA and DSC curves: a) C-Fe, b) M-Fe, c) P-Fe, d) C-Al, e) M-Al and f) P-Al.

Table 1
Results by TG/DCS analysis.

Material Stage 1 Stage 2 Stage 3

% TG T (°C) DSC %TG T (°C) DSC %TG T (°C) DCS

C-Fe 9.61 92.59 Dehydration
Endothermic

1.09 470.41 Loss of water of crystallization
Endothermic

0.19 560.8 Dehydroxilation
Endothermic

C-Al 9.82 82.00 Dehydration
Endothermic

0.91 460.52 Loss of water of crystallization
Endothermic

0.15 578.7 Dehydroxilation
Endothermic

M-Fe 8.02 41.75 Dehydration
Endothermic

2.26 411.09 Loss of water of crystallization
Endothermic

1.09 580.57 Dehydroxilation
Endothermic

M-Al 6.47 48.10 Dehydration
Endothermic

2.75 404.17 Loss of water of crystallization
Endothermic

1.54 576.02 Dehydroxilation
Endothermic

P-Fe 0.08 46.69 Dehydration
Endothermic

3.25 358.12 Dehydroxilation
Endothermic

– – –

P-Al 0.90 64.34 Dehydration
Endothermic

5.78 325.64 Dehydroxilation
Endothermic

– – –

Fig. 2. XRD patterns: a) natural clinoptilolite and modifications, b) natural montmorillonite and modifications and c) natural pumice and modifications.
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the 460 cm−1 signal to the vibration of Si-O-Fe bond. The band at
608 cm−1 is attributed to the bending vibrations of the Al-O-Si bonds
[37]. After chemical treatments, the signal at 460 cm−1 shows varia-
tions in its intensity, a phenomenon that is attributed to the presence of
Fe3+ species. In addition, after the heating treatment, this signal pre-
sents a remarkable decrease in its intensity associated with the loss of
water of hydration linked to Fe3+, causing the formation of oxides and
giving greater stability to the sample [36].

Fig. 3b shows the IR spectra of M, M-Na, M-Fe and M-Fe 200 sam-
ples. The signals at 1060 cm−1 correspond to the asymmetric stretching
vibration of the Si-O bond of the SiO4 tetrahedron layers, the peak at
916 cm−1 represents the bending vibration of the Al−OH bond [38],
the stretching and bending bands of the O-Si-O bonds are observed at
797 and 460 cm−1, respectively [36] and the absorption band at
520 cm−1 is associated to the bending vibration of the Si-O-Mg group
[38]. In addition, the absorption bands at 3600 and 1643 cm−1 re-
present the stretching and bending vibrations of the OH group [39].
The absorption bands at 460 and 520 cm−1 increase in intensity after
each modification, this behavior can be attributed to the presence of
new chemical species.

Pumice infrared spectra (Fig. 3c) shows an adsorption band at
1029 cm−1 corresponding to the asymmetric stretching vibration of the
Si-O bond characteristic of aluminosilicates. At 783 and 457 cm−1

stretching and bending bands of the O-Si-O bonds are observed.

3.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDS)

Fig. 4 shows SEM images of the sample C, that describes the typical
morphology of a sedimentary zeolite which occurred as euhedral plates
and laths and is characterized by a monoclinic structure, this sample
presents a rough surface with cavities and crystals with shape of a cube
or coffin [32]. M is composed by agglomerates of particles of variable
size lacking a defined morphology. P shows a rough texture due to the
presence of a system of pores and cavities of heterogeneous size, it has
the characteristics of a highly abrasive material. Moreover, SEM images
of the iron and aluminum-modified materials show that they conserve
their morphological features after chemical treatments. However, for
the case of the aluminum-modified materials the presence of small
particles on their surfaces was observed, which are not appreciable in
natural materials and iron-modified ones. Therefore, the presence of Al
(OH)3 can be attributed to the modification with Al3+ by chemical
precipitation. Fig. 4 shows that iron and aluminum are distributed
homogeneously on the surface of the minerals.

EDS analysis of the natural, sodium, iron and aluminum-modified
materials are reported in Tables 2–4. Natural materials are constituted
mainly by O, Si and Al, each mineral presents variations in its com-
position; C shows the presence of Na, K and Ca, while P shows Na and
K, these elements are considered as exchangeable ions that naturally
occurs in the mineral structures. M shows variable composition

containing elements like S and Ti that are considered impurities; Ca and
K were also identified as exchangeable cations. After each chemical
treatment, the amounts of sodium, iron and aluminum increase which
indicates that every treatment allow the incorporation of these species
to the mineral structures. Finally, the presence of Cl has been identified
in C-Fe and C-Al, which is associated to the chemical nature of the
precursors used for the modifications and were not totally removed
during the washing stages.

3.5. Specific surface area by Branauer Emmett and Teller method (BET)

The specific surface area, total pore volume and mean pore diameter
of the samples are shown in the Table 5. The results indicate that the
mean pore diameter of the samples is within the range of 2–50 nm,
according to IUPAC classification these values correspond to meso-
porous materials. This size range favors the diffusion of fluoride in the
internal structure of the materials taking in consideration that its ionic
radius is 1.33 Å. Regarding surface areas, clinoptilolite and montmor-
illonite modified materials increase this parameter after each chemical
treatment, as a result of the removal of particles or impurities that are
obstructing the pores and cavities of the materials. In addition, iron-
modified materials have the largest surface areas (about 300 m2/g),
which can be attributed to the presence of iron hydroxides and oxides
like ferrihydrite, these values agree with the results reported by Borgino
et al. [40], who explain that the creation of large quantities of new
functional groups and adsorption sites could increase the adsorption
capacity.

BET analysis were performed on C-Fe 200, C-Fe 500 and C-Fe 800
samples with the purpose of determining the effect of thermal treatment
on their textural properties, the results reveal that specific surface areas
decrease with increasing the temperature of thermal treatment, this
behavior obeys a reduction in the amount of hydroxyl groups as a result
of the loss of hydration, crystallization and structural waters, as ob-
served by TG and DSC analysis, this phenomenon can also be associated
to the internal changes in the structures and for the samples heated at
800 °C a collapse could occur, as well by agglomeration of oxide par-
ticles of Fe3+ or Al3+ [41]. In addition, the total pore volume is pro-
portional to the specific area, decreasing with the increase of tem-
perature, which can be attributed to a reticular movement of the
molecules due to the replacement of the compensation ions with va-
lence of +1 and +2, by Fe3+ and Al3+. Finally, it can be highlighted
that the sample P-Al 200 showed the lowest surface specific area and
pore volume, which could have a negative impact on its removal ca-
pacity.

3.6. Point of zero charge (pzc)

Among the main properties of materials is the pzc because it in-
dicates the protonation and deprotonation reactions on the surfaces of
the solids in aqueous solution and the interaction between adsorbate

Fig. 3. Infrared Spectra: a) C, C-Na, C-Fe and C-Fe 200, b) M, M-Na, M-Fe and M-Fe200.
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and adsorbent in adsorption processes. The results obtained from the
experimental tests are presented in Table 6. pH values equal to the pzc
materials indicates neutral surface charge, at lower pH values than pzc,
the surface of the material acquires a positive charge as a result of the
protonation reactions of the hydroxyl groups present in the structures of
the materials [30] and at higher pH values than the pzc, solid surface
acquires a negative charge as a result of the deprotonation reactions
[8]. The values of pzc of the materials C-Fe, C-Fe 200, M-Fe 200 and M

are acidic, the solution of Fe(Cl)3 during the chemical modification had
pH values lower than one. In the case of aluminum modified-materials,
the values of pzc increase considerably, due to the formation of Al(OH)3
during the chemical treatments. Therefore, adsorption processes onto
materials like C-Al 200 and P-Al 200, might be attributed to electro-
static interactions, and the removal of fluoride ions could be favored.

Fig. 4. SEM analysis.

Table 2
Chemical composition (wt %) of the samples: C, C-Na, C-Fe and C-Al.

Element Material

C C-Na C-Fe C-Al

O 49.53 ± 1.41 48.15 ± 1.94 46.18 ± 2.86 50.35 ± 1.45
Na 3.27 ± 0.18 3.80 ± 0.35 1.44 ± 0.36 2.44 ± 0.44
Al 6.67 ± 0.17 7.37 ± 0.44 5.95 ± 1.29 17.96 ± 2.62
Si 37.54 ± 1.34 37.77 ± 1.22 29.92 ± 3.55 25.76 ± 2.72
Cl – – 1.12 ± 0.47 2.08 ± 0.61
K 1.61 ± 0.13 1.48 ± 0.25 0.99 ± 0.63 0.72 ± 0.21
Ca 0.57 ± 0.10 0.28 ± 0.08 0.19 ± 0.14 0.17 ± 0.06
Fe 0.81 ± 0.34 1.15 ± 0.71 14.21 ± 4.82 0.52 ± 0.17

Table 3
Chemical composition (wt %) of the samples: M, M-Na, M-Fe and M-Al.

Element Material

M M-Na M-Fe M-Al

O 46.31 ± 3.23 42.41 ± 0.83 39.49 ± 2.95 46.81 ± 2.06
Na 0.14 ± 0.06 0.30 ± 0.05 0.23 ± 0.05 1.01 ± 0.51
Mg 1.46 ± 0.62 1.31 ± 0.24 1.41 ± 0.73 0.77 ± 0.37
Al 9.12 ± 2.13 10.86 ± 0.38 10.03 ± 3.15 13.84 ± 1.47
Si 27.66 ± 6.20 36.56 ± 1.14 37.92 ± 5.61 33.47 ± 5.54
S 4.73 ± 2.49
K 2.74 ± 1.66 2.09 ± 0.11 1.38 ± 0.64 3.36 ± 2.57
Ca 1.04 ± 0.54
Ti 0.26 ± 0.10 0.55 ± 0.21 0.34 ± 0.22
Fe 3.89 ± 2.35 6.04 ± 0.73 7.89 ± 2.39 2.55 ± 1.62
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3.7. Adsorption

The 39 samples modified with Na+, Fe3+ and Al3+ and thermally
treated were used to remove fluoride from aqueous solution and to
evaluate their efficiencies. The results obtained are shown in Table 7,
for the clinoptilolite-based materials, adsorption capacities increase
with chemical modifications, iron and aluminum modified materials
showed the highest efficiencies, this fact can be attributed to the high
affinity of the metals (hard acids) with fluoride (hard base) for the
formation of complexes [27], the amount of fluoride ions removed
tends to decrease with increasing the heating temperature of samples
due to the decrease of surface areas (Table 5), this phenomenon has
been described by Biswas et al., [42] who associated it to the

compaction or elimination of pores during heating and Gomoro et al.,
[29] explain that loss of OH groups favors the formation of metal
oxides. When the surface is hydrated, surface hydroxyl groups are
present. The hydroxyl ions may coordinate with Fe3+ and Al3+ ions
and constitute the functional groups that participate in fluoride re-
moval; C-Fe and C-Al have a higher adsorption capacity in comparison
with the samples heated. Also, Salifu et al. [9] reported that interac-
tions between adsorbate and adsorbent highly depends on the point of
zero charge, they proposed the following possible interactions:

Protonation and deprotonation reactions as a function of the point
of zero charge:

+ ↔ <
+ +MOH H MOH protonated species pH pzc2

↔ + >
− +MOH MO H deprotonated species pH pzc

Possible interactions between functional groups of iron or alu-
minum-modified materials with fluoride ions.

+ ↔
+ − +MOH F MOH -F electrostatic interaction2 2

+ ↔ +
+ −MOH F MF H O exchange reaction2 2

The above reactions describe the possible interactions between
metal ions with fluoride. The first one suggests the electrostatic at-
traction of the anion to the protonated species and is called specific
adsorption, while the second describes the ion exchange between the
hydroxyl group and fluoride, so-called non-specific adsorption [9].

The materials that showed the highest efficiencies were C-Fe, C-Fe
200, C-Al 200, M, M-Fe 200 and P-Al 200 from the 39 prepared ad-
sorbents. According with the results shown in Table 6, pzc values of the
iron modified materials and M are acid, this feature indicates that the
removal of fluoride occurs by electrostatic attraction, while adsorption
onto C-Al 200 and P-Al 200 can take place by exchange reactions or by
a synergistic contribution of both electrostatic attraction and ion ex-
change processes, this behavior can be responsible for the higher ad-
sorption capacity of aluminum-modified materials than iron-modified
ones. Aluminum-modified materials showed a lixiviation of Al3+, after
adsorption processes, the quantity of aluminum measurement in the
remaining solutions was higher than 0.2 mg/L in all cases; this value is
similar to the maximum level of aluminum in drinking water re-
commended by World Health Organization (WHO) [7]. The high alu-
minum content in the remaining solutions could be due to the forma-
tion of Al(OH)3 which do not have chemical interactions with the
matrices, contrary to the iron-modifies materials, where Fe3+ is in-
corporated in the structure of the minerals and the concentration of
Fe3+ in the remaining solutions was lower than the maximum level of
0.3 mg/L in drinking water established by WHO.

The behavior of the montmorillonite-base materials was different
from that observed with the clinoptilolite, in this case the natural

Table 4
Chemical composition (wt %) of the samples: P, P-Na, P-Fe and P-Al.

Element Material

P P-Na P-Fe P-Al

O 54.34 ± 5.85 45.27 ± 3.26 39.51 ± 3.37 43.66 ± 1.13
Na 1.29 ± 0.05 1.68 ± 0.28 1.13 ± 0.36 1.09 ± 0.11
Al 5.74 ± 0.29 7.18 ± 0.27 10.56 ± 5.36 13.47 ± 1.85
Si 32.05 ± 4.20 37.08 ± 2.57 37.84 ± 2.06 32.88 ± 2.99
K 6.35 ± 2.11 6.60 ± 1.32 6.67 ± 1.72 1.18 ± 0.58
Fe 1.07 ± 0.58 0.76 ± 0.44 3.20 ± 3.50 6.56 ± 0.58

Table 5
Surface area, total pore volume and mean pore diameter.

Materials Sample aS,BET
(m2/g)

Vporo

(cm3/g)
Mean pore diameter
(nm)

Clinoptilolite C 20.09 6.58×10−2 13.11
C-Na 37.45 0.0079 8.47
C-Fe 224.14 0.1531 2.73
C-Fe 200 221.33 0.1561 2.82
C-Fe 500 181.76 0.1426 3.14
C-Fe 800 89.41 0.1009 4.52
C-Al 200 20.75 0.0065 12.53

Montmorillonite M 117 0.0023 11.05
M-Na 121.28 0.1399 4.27
M-Fe 130.98 0.1322 4.14

Pumice P-Al 200 3.99 0.0004 3.52

Table 6
Point of zero charge.

Materials C-Fe C-Fe 200 M-Fe 200 M C-Al 200 P-Al 200

Pcc 2.08 1.96 2.39 2.18 5.12 6.57

Table 7
Adsorption capacities of fluoride ions by natural and modified materials. Concentration of iron and aluminum in the remaining solutions after adsorption processes.

Clinoptilolite Montmorillonite Pumice

Material q (mg/g) Fe3+ (mg/L) Al3+ (mg/L) Material q (mg/g) Fe3+ (mg/L) Al3+ (mg/L) Material q (mg/g) Fe3+ (mg/L) Al3+ (mg/L)

C 0.050 – – M 1.008 – – P 0.012 – –
C-200 0.032 – – M-200 1.010 – – P-200 0.000 – –
C-500 0.000 – – M-500 1.007 – – P-500 0.000 – –
C-800 0.000 – – M-800 0.177 – – P-800 0.259 – –
C-Na 0.183 – – M-Na 0.556 – – P-Na 0.018 – –
C-Fe 0.773 0 – M-Fe 0.599 0 – P-Fe 0.034 0.03 –
C-Fe 200 0.733 0 – M-Fe 200 0.685 0 – P-Fe 200 0.000 0 –
C-Fe 500 0.542 0 – M-Fe 500 0.508 0 – P-Fe 500 0.000 0 –
C-Fe 800 0.003 0 – M-Fe 800 0.187 0 – P-Fe 800 0.000 0 –
C-Al 0.959 – 0.81 M-Al 0.312 – 2.41 P-Al 0.848 – 0.87
C-Al 200 0.888 – 0.51 M-Al 200 0.325 – 3.71 P-Al 200 0.802 – 0.47
C-Al 500 0.574 – 0.62 M-Al 500 0.192 – 3.30 P-Al 500 0.445 – 1.03
C-Al 800 0.019 – 0.56 M-Al 800 0.112 – 2.96 P-Al 800 0.392 – 5.67
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material (M) presents a higher efficiency compared to the modified
ones, a phenomenon that can be associated with the loss of crystalline
phases of the original material during the treatments, the presence of
calcium oxides was reduced (Table 4), Ca could participate forming
complexes with the fluoride ion, because within the Pearson classifi-
cation it is also considered a hard acid. In general, the modified ma-
terials behaved similarly to those of clinoptilolite, the higher the tem-
perature, the lower its adsorption capacities.

In the case of the pumice matrix, it was founded that the materials
modified with Al3+ present the highest removal capacities. Pumice is
mainly formed by SiO2 and its surface is integrated by silanol groups
that are not very reactive and the Al(OH)3 integrated to the structure is
the responsible for fluoride removal, however, as describe before,
modified pumice materials release a significant quantity of Al3+ to the
aqueous medium, these materials could not be used to treat water.

According with the results, iron-modified materials are the best
options for fluoride removal from aqueous solutions due to iron stabi-
lity onto the mineral matrices and they have the lowest cost for their
synthesis.

4. Conclusions

Fe3+ and Al3+ modified minerals were prepared by ion exchange
and precipitation, the adsorbents have suitable textural properties and
stability to guarantee fluoride removal from aqueous solutions. Metallic
species interact with minerals in two different ways, in the case of Fe3+

it was possible to associate it with the structure by coordination with
hydroxyl groups, while Al3+ is present as precipitate (Al(OH)3) that is
supported on minerals surfaces. In this last case aluminum was released
into the aqueous solutions during the adsorption processes. Therefore
aluminum-modified materials could not be used for water treatments.
The incorporation of this chemical species favored the fluoride removal
from water, by increasing both the surface specific area and affinity for
fluoride ions. The adsorption of fluoride ions may take place by elec-
trostatic attraction and ion exchange. Thermal treatments negatively
influence the removal capacities due to the formation of metal oxides.
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