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Abstract: In recent years, there has been an increase in public perception of the detrimental side-
effects of fluoride to human health due to its effects on teeth and bones. Today, there is a plethora
of techniques available for the removal of fluoride from drinking water. Among them, adsorption
is a very prospective method because of its handy operation, cost efficiency, and high selectivity.
Along with efforts to assist fluoride removal from drinking waters, extensive attention has been
also paid to the accurate measurement of fluoride in water. Currently, the analytical methods that
are used for fluoride determination can be classified into chromatographic methods (e.g., ionic
chromatography), electrochemical methods (e.g., voltammetry, potentiometry, and polarography),
spectroscopic methods (e.g., molecular absorption spectrometry), microfluidic analysis (e.g., flow
injection analysis and sequential injection analysis), titration, and sensors. In this review article, we
discuss the available techniques and the ongoing effort for achieving enhanced fluoride removal by
applying novel adsorbents such as carbon-based materials (i.e., activated carbon, graphene oxide, and
carbon nanotubes) and nanostructured materials, combining metals and their oxides or hydroxides as
well as natural materials. Emphasis has been given to the use of lanthanum (La) in the modification
of materials, both activated carbon and hybrid materials (i.e., La/Mg/Si-AC, La/MA, LaFeO3 NPs),
and in the use of MgO nanostructures, which are found to exhibit an adsorption capacity of up to
29,131 mg g−1. The existing analytical methodologies and the current trends in analytical chemistry
for fluoride determination in drinking water are also discussed.

Keywords: activated carbon; adsorbents; fluoride; graphene oxide; colorimetric sensors;
fluorescence sensors

1. Introduction

Fluoride ions are the negatively charged species of fluorine that occur in a plethora
of minerals which can be present both in water and soil. Although there have been
some reports of the possible beneficial effects of low concentrations of fluoride on dental
health, especially when considered as an effective means of preventing dental caries [1],
the exposure to excessive fluoride concentrations can cause severe damages to human
health [1]. The negative effects of extensive fluoride exposure include dental and skeletal
fluorosis, endocrine effects, attention deficit hyperactivity disorder, and neurotoxicity [2].
The margin between the desired and the undesired fluoride dose is narrow and there
is therefore a great need to supervise and evaluate the quality of drinking water and,
when necessary, to remove the excess of fluoride from water in order to protect human
health [1,3]. Table 1 summarizes the acceptable concentration values of fluoride in drinking
water and the health effects associated with those concentration levels.
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Table 1. Fluoride health effect associated with concentration levels and permissible limits of fluoride in drinking water
according to the International Standards organization [4,5].

Fluoride Concentration
(mg L−1) Effects International Standards

Organization
Permissible Limit

(mg L−1)

<0.5 Prevention of teeth cavities World Health Organization (WHO) 0.6–1.5

0.5–1.5 Helps in bones and teeth
development Bureau of Indian Standards (BIS) 0.6–1.5

1.5–4 Dental problems in children US Public Health Standards 0.8

>4 Dental and skeleton
fluorosis

Indian Council of Medical
Research (ICMR) 1.0

>10 Crippling skeletal fluorosis,
possibly cancer Directive 98/83/EC 1.5

Although groundwater comprises a safe drinking water source for billions of peo-
ple [6], there are some cases where groundwater presents unacceptable contamination
levels and cannot be used without treatment for potable purposes. The fluoride contam-
ination of drinking water is an environmental issue concerning a big part of the global
population. In particular, in countries such as India, Bangladesh, China, Pakistan, Ghana,
and Tanzania [7,8], the concentrations of fluoride in the waters are so high that several
thousands of people suffer from fluoride associated illnesses. Effective fluoride removal in
these regions is thought to be a difficult and stimulating matter, mainly due to the difficul-
ties arising from fluoride chemistry which prevent fluoride from being efficiently sorbed
by most conventional adsorbents used in the drinking water industry. A lack of essential
infrastructure and technological know-how also play a significant part. [7,9]. However,
China [10] and India [11] are making efforts to defeat this problem and the situation is
constantly improving.

Consequently, fluoride removal from drinking water has received great attention
in the last years and several technologies have been tested in laboratories or applied in
the field [12–15]. Ion exchange, chemical precipitation, membrane processes, coagulation,
adsorption and both phyto and bio-remediation are the main technologies which have
already applied for the removal of fluoride in potable water treatment. Figure 1 summarizes
the commonly applied techniques and their main advantages and disadvantages.

Figure 1. Commonly applied techniques for fluoride removal from drinking water [16–19].

Nevertheless, most of the aforementioned methods display particular disadvantages.
In the case of ion-exchange, the price of resin, its regeneration and resultant waste disposal
requirements, and the fact that it is not selective enough preclude this method from be-
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ing efficient and cost-effective [18]. The use of membranes belongs to the same category
of disadvantages, as the elevated cost of membrane acquisition and operation and the
disposal of concentrates, which necessitates posttreatment of water, makes the process
rather uneconomical [20]. Coagulation, on the other hand, is an economical technology for
defluoridation but requires high doses, leading in high residual concentrations, (e.g., of
harmful aluminum) and hence produces significant amounts of sludge [17]. Precipitation
methods relying on the use of calcium, aluminum, and iron salts have been widely pub-
lished in the literature as well. Nevertheless, the problems related to lime-based processes
include the low solubility of the resulting calciumhydroxide, which hinders adequate
removal of fluoride from the waters [17,18]. Among these processes, adsorption is a very
promising technique due to its handy operation, low-cost operation, increased selectivity,
and the readiness of adsorbents. Materials such as alumina [16], activated carbon [21], ion
exchange resins [22], silica gel [23], natural materials such as clay [24] and mud [25,26],
and low-cost alternative adsorbents such as fly ash [27,28], bone charcoal [29], metallic
iron [30], nanomaterials [31,32], etc., have been employed [12–14].

In parallel, due to its profound effect on human teeth and bones, there is a demand for
the development of precise and sensitive analytical methods for the measurement of fluo-
ride in aquatic solutions. Until recently, several methods have been developed to determine
fluoride in drinking water. These methods were classified into six main categories [33],
namely chromatographic, electrochemical and spectroscopic methods, microfluidic analy-
sis, titration, and sensors. Among the chromatographic methods, high-performance liquid
chromatography (HPLC), ion chromatography (IC), and gas chromatography (GC) are the
most widely used techniques for fluoride determination. Electrochemical methods include
potentiometry, ion selective potentiometry, polarography, and voltammetry. Spectroscopic
methods include atomic and molecular spectroscopy, while microfluidic analysis includes
flow injection analysis (FIA) and sequential injection analysis (SIA) [33,34]. Up to date,
the development of novel cost-efficient fluoride monitoring systems for the assessment of
drinking water quality has been undoubtedly at the forefront of research [33,35].

There is a number of review articles in the literature regarding the removal [3,36,37]
and the analytical determination [33,36] of fluoride from various matrices. Herein, the
methodology that we followed to prepare this review study was based on the presentation
and the discussion of recently developed materials (mainly adsorptive materials) in order
to highlight the specific properties which enhance fluoride removal. Novel adsorbents have
been classified in the following categories: carbon-based materials (i.e., activated carbon
(AC), graphene oxide (GO) and carbon nanotubes (CNTs)); nanostructured materials com-
bining metals and their oxides or hydroxides; and natural materials. These adsorbents have
been reviewed and critically assessed. Regarding analytical techniques, the most common
techniques for fluoride determination are presented, and an emphasis has been given to
methodologies developed between 2015 and 2021. The novelty of this review is based on
the fact that the most recent reviews for fluoride removal have only reported, in general,
on the technologies used for removal and have not focused on newly produced adsorbing
materials. To the best of our knowledge, this is the first review which also combines the
relevant analytical techniques required for fast and accurate fluoride determination. The
further objective of the present study is to compare and identify possible new materials
with high advantages for fluoride removal with the aim of producing an adsorbent with
high efficiency for fluoride removal which will also be able to be placed in the market.

2. Fluoride Removal from Drinking Water by Adsorption

In this section, the recently developed adsorbing materials for fluoride removal from
water are categorized as follows: carbon-based materials (i.e., AC, GO and CNTs) and
other nanostructured materials. The following is a description of the basic characteristics
of several recently developed materials. In Table 2, these are summarized and their
characteristics are compared.
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2.1. Carbon-Based Adsorbents

Carbon-based materials have been proved to be very beneficial in the potabilization
of water since they demonstrate outstanding adsorption characteristics. Research findings
have shown that activated carbon, graphene oxide, and carbon nanotube have plentiful
surface functional groups and substantial specific surface areas [37]. The aim of this section
is to summarize and assess carbon-based materials for de-fluoridation of water on the basis
of their effectiveness, cost-effectiveness, and readiness for application [5].

Currently, one of the most widely applied carbon-based materials for fluoride removal
is bone char (BC), which is considered as a conventional treatment [38] with very good
reported removal efficiencies [39] and, in some cases, is considered as a green sorbent [40].
Bone char is a material comprised of carbonated and inorganic materials (70–76% of
hydroxyapatite (HAP,Ca10(PO4)6(OH)2)) that has been successfully utilized to decrease
the content of fluoride in water [41,42]. Several recent studies [29,43–46], have reported
very high adsorption capacities (i.e., 11.2 mg F− g−1 for Chicken Bone Char (CBC)) [45].
However, the use of bone char and its application for de-fluoridation can be hindered by
the traditions and religious attitudes of people (i.e., char derived from cow bones is not
tolerable by Hindus and, likewise, pig’s bone char is not acceptable by Muslims) [40]. In
addition, the use of low-grade bone char adds bad taste and odor to the treated water.
Moreover, owing to the numerous reviews that already exist specifically for bone char
application for the de-fluoridation of waters, bone char is not further examined in detail in
this review.

2.1.1. Activated Carbon

AC is a common adsorptive material, used for removing pollutants from water sources
due to its enhanced porosity, significant surface area, and also its adaptable surface chem-
istry [47]. Modified activated carbon materials with the oxides and hydroxides of metals
have been used to expand its available surface area [48] and to strengthen its interactions
with fluoride [49].

Activated Carbon Fibers Modified with Zirconium (Zr-ACF)

In the study conducted by Pang et al. [50], a new drop-coating method was created to
prepare Zr-ACF adsorbents for fluoride removal. Adsorption trials at pH values between 3
and 11 showed that ion exchange and electrostatic attraction were the main mechanisms of
fluoride retention. The pseudo-second-order model (PSO) describes properly the kinetics
of fluoride adsorption, and the Langmuir model f fitted well to the isotherms data. The
highest adsorption capability was 28.50 mg L−1.The thermodynamic study indicated
that the adsorption process of fluoride onto Zr-ACF is endothermic and spontaneous, as
indicated by the negative value of Gibbs energy (∆G◦) [51,52] and the positive value of
enthalpy (∆H◦) [53], respectively. The results indicated that Zr-ACF made by drop-coating
is a cost-effective and high-capacity adsorbent for fluoride removal due to its simplicity of
synthesis and enhanced adsorption capacity.

Activated Carbon of Avocado Seeds (ACAS)

The study conducted by Tefera et al. [54] investigated the performance of ACAS for
fluoride removal from aqueous solutions and groundwaters. Adsorption of fluoride onto
ACAS reached its equilibrium condition at the contact time of 60 min at pH 6 and an ACAS
dose of 19 g L−1 with a fluoride starting concentration of 5.2 mg L−1. The experimental
data were well fitted to the Langmuir isotherm model with a highest adsorption capability
of 1.2 mg g−1.

Activated Carbon Derived from CaCl2-Modified Crocus Sativus Leaves (AC-CMCSL)

Fluoride adsorption by AC-CMCSL [55], at its best conditions (i.e., an influent fluoride
concentration of 6.5 mg L−1, pH value of 4.5, adsorbent dose of 15 g L−1, and reaction
time of 70 min) showed a maximum adsorption capacity of 2.01 mg g−1. The results
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fit well with the Langmuir model. In addition, the impact of the co-occurring anions
on fluoride sorption was examined, and their effect is reflected in the following order:
PO4

3− > SO4
2− > Cl− > NO3

−. The findings of the presented study showed that AC-
CMCSL has a moderate ability for fluoride removal from waters. The thermodynamic
parameters calculated in this study confirmed the endothermic nature of the adsorption
on AC-CMCS, indicated by a positive value of ∆H◦ (+22.6 kJ mol−1) and the fact that the
adsorption of fluoride on AC-CMCSL was spontaneous, as all ∆G◦ values were negative
for all the studied temperatures (i.e., −0.20576 kJ mol−1 at 303 K).

La/Mg/Si-Activated Carbon

La/Mg/Si-AC, originating from palm shells, was recently studied and was found to
be an appropriate material for eliminating fluoride from natural waters [56]. It is worth
noting that La/Mg/Si-AC has a rough and porous structure, homogeneously modified
by impregnation with La, Mg, and Si. This material was found to be applied to the
concurrent removal of aluminum and fluoride from solutions. The adsorption process
of fluoride is driven by an endothermic (∆H◦ = +7.5 × 103 kJ mol−1) and spontaneous
(∆G◦ = −1.41 × 104 kJ mol−1 at 308 K) reaction and was more favored at acidic pH values
than the point of zero charge of La/Mg/Si-AC (pHpzc 9.6) with a high temperature.

A schematic presentation of the relative presented activated carbon materials used for
fluoride removal is illustrated in Figure 2 showing the modification type, the optimum pH
value for adsorption, the maximum adsorption capacity, and the contact time of adsorption.

Figure 2. Schematic presentation of modified activated carbon-based materials used for fluoride removal, showing (a) the
pH optimum activity, (b) the maximum adsorption capacity, and (c) the contact time of adsorption.
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In more detail, Figure 3 shows, in descending order, the maximum adsorption capacity
(mg g−1) of the modified activated carbon materials presented in this study. As depicted,
La/Mg/Si-AC exhibited the highest capacity (220.5 mg g−1) among them.

Figure 3. Schematic graph of depicting maximum adsorption capacities (mg g−1) of presented
activated carbon-based materials.

2.1.2. Graphene Oxide

Recently, GO has been widely effectively applied in water treatment [57,58]. However,
pure GO materials show inadequate adsorption ability. Besides, they are very slight and
stable in water, making them very challenging to recover after adsorption. One efficient
way to overcome this challenge is to amend its surface [59]. Considerable research studies
in this direction have been dedicated to changing the local reactivity via doping or grafting
elements such as Al, Mn, Fe, Mg, Au, Ti, B, and Si [60,61] among others.

Graphene Oxide/Alumina Nano-Composite

GO/Al2O3 was produced with GO and γ-Al2O3 by using a hydrothermal reaction.
This arrangement was accomplished by creating hydrogen bonds between hydroxyl and
carboxyl functional groups on the surface of γ-Al2O3 and GO nanosheets [62]. The presence
of GO enlarged the specific surface area of the newly created material. As a result, the
fluoride adsorption rate was fast during the first 60 min, and the adsorption equilibrium
state was achieved at about 90 min of reaction. The findings demonstrated that the
sorption capacity (4.68 mg g−1) of GO/Al2O3 is greater than that of γ-Al2O3 (3.04 mg g−1).
Adsorption kinetics was found to follow the pseudo-second-order model, which suggests
fluoride removal via chemisorption mechanism and thermodynamics showed that the
fluoride adsorption behavior by GO/Al2O3 is spontaneous with a negative ∆G◦ value
(−2.32 kJ mol−1 at 303 K). Additionally, the positive value of ∆H◦ (+24.6 kJ mol−1) exhibited
that fluoride adsorption by GO/Al2O3 is endothermic in nature. Furthermore, PO4

3− and
HCO3− had a great influence on fluoride removal in an aqueous solution. The impact of
the pH value on fluoride removal was relatively minor, which indicated that GO/Al2O3 is
effective within a broad range of pH values.

Graphene Oxide–Aluminum Oxyhydroxide Interaction (GO–Al–O(OH))

The present material refers to modification of aluminum oxyhydroxide [Al–O(OH)]
by graphene oxide. It was produced by a chemical precipitation wherein Al3+ ions interact
with various functional groups of GO [63]. The maximum adsorption capacity of GO–Al–
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O(OH) adsorbent was 51.42 mg g−1 with only 2.0 g of the adsorbent placed in a laboratory
scale column. Experiments were accomplished at pH 7.0, and the adsorption could be
satisfactorily described by the Langmuir and Dubinin–Radushkevich isotherm models. The
adsorptive rate of fluoride increased with time, providing substantial removal efficiency
after 60 min. Under these conditions, fluoride residual concentration was below the
legislative limit. The negative values of ∆G◦ (−5.84 kJ mol−1, at 303 K), correspond to a
spontaneous process of F ion adsorption onto the GO–Al–O(OH), while the positive value
of ∆H◦ (+21.4 kJ mol−1) indicated that the adsorption phenomenon is endothermic.

Graphene Oxide/Eggshell (GO/ES) Adsorbent

The GO/ES adsorbent has been studied for fluoride removal [64]. Eggshells are
calcium-containing materials that have been used by researchers as adsorbents for F−

removal due to their solid affinity towards the pollutants of interest. GO/ES is a material
that benefits from the properties of each component for better efficiency. The maximum
adsorption capacity of F− (56 mg g−1) was obtained with 25 mg L−1 of F− initial concentra-
tion after 120 min of contact time with an adsorbent dosage of 0.05 g of GO/ES. Adsorption
isotherms showed that the experimental data were best fitted by the Langmuir model,
indicating that F− adsorption is characterized by monolayer adsorption on a homogenous
surface of GO/ES. The conducted thermodynamic study showed that, as the temperature
increases, an increment in ∆G◦ values was recorded (from 0.1865 kJ mol−1 at 298 K to
2.4085 kJ mol−1 at 348 K), suggesting that higher temperatures render the adsorption of F−

by using GO/ES unfavorable, while the negative value of ∆H◦ (−12.7 kJ mol−1) indicates
that the adsorption process is exothermic. The disadvantage of this research is that it does
not refer to the effect of pH and the presence of other ions that may affected the results.

Graphene Oxide Anchored Sand (ZIGCS) Functionalized by Zr(IV)

GO was manufactured from low-cost materials, sugar, and river sand, which were
impregnated with zironium (Zr) (ZIGCS) and used for the de-fluoridation of water [65].
Unmodified GO cannot be considered as an efficient adsorbent due to the considerable
aggregation of graphene oxide nano-sheets in water, which causes a significant loss of its
high adsorption potential. This aggregation was effortlessly conquered via covering of
sand particles by coating, which provided a cheap context for graphene oxide preparation.
The reaction of F− on ZIGCS depended on its pH values, with maximum adsorption to
take place at pH 4 close to its ZPC of 4.5. However, the material was efficient enough in the
whole pH range between 2 and 9. The reported Langmuir maximum adsorption capacity
of 175 mg g−1 is an above average value, compared to the other carbon-based adsorbents
studied for de-fluoridation. In this study, the increase in negative ∆G◦ values with a rise in
temperature demonstrated that the F− adsorption by ZIGCS is thermodynamically possible
and spontaneous, suggesting a favorable adsorption at high temperatures. Moreover, a
positive ∆H◦ value indicates that the adsorption process was endothermic.

In addition, Figure 4 illustrates a schematic presentation of the presented modified
graphene oxide-based materials, their optimum pH values, their relative adsorption capac-
ities, and the contact time for optimized adsorption.
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Figure 4. Schematic presentation of modified graphene oxide-based materials used for fluoride removal showing (a) the
optimu pH optimum, (b) the maximum adsorption capacities, and (c) the contact time of adsorption.

In more detail, Figure 5 presents the maximum adsorption capacities (mg g−1) of
modified graphene oxide materials. As shown, ZIGCS is the graphene-based material
that presents a maximum adsorption capacity of 175 mg g−1, among the other materials
reviewed in this study.

Figure 5. Schematic graph of depicting maximum adsorption capacities (mg g−1) of presented
graphene oxide-based materials.
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2.1.3. Carbon Nanotubes (CNTs)

Carbon nanotubes, an allotrope of carbon, have uncommon features which are im-
portant in nano-technology. Furthermore, due to their potential for being functionalized
by appropriate reactive groups and their one dimensional structure, the characteristics of
CNTs can easily be controlled and improved [66]. In the last three years, however, there
has been no extensive research into their use to remove fluoride.

Hydroxyapatite/Multi-Walled Carbon Nanotubes (HA-MWCNTs)

The production of MWCNTs was made using a simple in situ sol–gel method, and
was used for the removal of fluoride from water [67]. Based on the results achieved in the
study of Ruan et al. [67], HA-MWCNTs exhibited a high fluoride adsorption capacity of
39.22 mg g−1 at 323 K and an adsorbent dose of 2.0 g L−1 at pH 7.0. The adsorption reaction
was spontaneous (∆G◦ =−1.964 kJ mol−1 at 303 K) and endothermic (∆H◦ = +6.4 kJ mol−1)
and appeared to occur as a result of both anion exchange and electrostatic interactions. The
removal of fluoride by the composite was observed to be firmly reliant on the experimental
conditions, which included temperature, contact time, solution pH, and interfering of
other co-occurring anions such as HCO3

−, CO3
2−, and C2O4

2−. These anions exhibited
the following order: Kh (CO3

2−) > Kh (HCO3
−) > Kh (C2O4

2−). Figure 6 presents the
major characteristics of carbon nanotube-based material applied for fluoride removal and
reviewed in the present study.

Figure 6. Schematic presentation of modified carbon nanotube-based material used for fluoride removal showing the
optimum pH optimum, the maximum adsorption capacity, and the required contact time.

2.2. Other Adsorbents

Beside the use of adsorbents based on carbon, there is a broad range of new materials
(mainly nanostructured) that are well applied to remove fluoride, combining metals and
their oxides or hydroxides as well as natural materials.

2.2.1. SRH Adsorbent

Recently, Pillai et al. [68] synthesized a silica nano adsorbent altered by rice husk for
fluoride removal, which is economic and gives a decent result with respect to fluoride
removal. Various parameters affect its de-fluoridation efficiency. The results revealed a
superb efficiency for fluoride removal with a reported adsorption capacity of 12 mg g−1,
obtained with a dose of 4 g L−1 corresponding to 72% fluoride removal efficiency. The
result of the equilibrium data follows the Langmuir isotherm.

2.2.2. Fe@BDC and Fe@ABDC Fe-Based MOF Composites

Synthesis of Fe3+ fabricated BDC and ABDC provides Fe@BDC and Fe@ABDC MOF
composites, which can be applied for effective de-fluoridation from aqueous solutions [69].
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The improved DC of Fe@BDC and Fe@ABDC MOF composites offered an adsorption
capacity of 4.90 and 4.92 mg g−1, which were fitted to Langmuir isotherm model. Ther-
modynamic parameters exhibited that the de-fluoridation process onto Fe@BDC and
Fe@ABDC MOF composites was spontaneous and feasible in nature because of negative
values of ∆G◦ (−7.31 and −8.15 kJ mol−1 at 303 K, respectively). Additionally, the positive
∆H◦ values (+0.6 and +1.2 kJ mol−1 for Fe@BDC and Fe@ABDC MOF composites) exhib-
ited the nature of fluoride adsorption process, which was considered to be an endothermic
chemical adsorption. The recycle of the Fe@BDC and Fe@ABDC MOF composites were
executed for six cycles.

2.2.3. Modified Kaolin–Bentonite Composites (KBNPs)

The incorporation of nanoparticles of iron oxides in kaolin–bentonite composite ad-
sorbents for fluoride adsorption from drinking water was studied by Annan et al. [70]. The
adsorption of F− was noticed to be better described by the Freundlich isotherm model, and
a pseudo-second-order kinetic model was fitted well to describe the kinetics of adsorption.
The results evidently show that the saturation of clays with magnetite nanoparticles has a
considerable effect on F− removal. The newly synthesized material showed a maximum
percentage removal of 91% after a 120 min contact time. This study undoubtedly demon-
strated that a sustainable approach for the design of filtration systems for the removal
of fluoride from groundwater can be applied by using cheap components which are also
locally accessible.

2.2.4. Ce\Zn Ceramic Oxides

Corresponding published results show that [71] the metal oxides of cerium (Ce) and
manganese (Mn) produced by a precipitation method have exceptionally high fluoride
sorption abilities. The synthesis of bimetallic oxides such as Al\Ce or Ce\Zn has exhibited
an even higher effectiveness, mainly attributed to the elevated density of hydroxyl groups.
Particularly, Ce\Mn ceramic oxide manufactured for 4 h showed a fluoride adsorption
capacity of up to 257.8 mg g−1. In comparison, this value is 1.6 times superior to the
adsorption capacity of Ce\Mn synthesized for 1 h. Likewise, this material presented rapid
kinetics with 68% of fluoride initial concentration to be retained by the adsorbent in the
first 5 min, reaching equilibrium after 15 min.

2.2.5. Porous MgO Nanostructures

According to Borgohain et al. [72], the MgO nanostructures of diverse morphologies
have been formulated by the sol–gel and hydrothermal method in an aqueous medium in
the absence of additional templates. The MgO nanostructures are exceedingly crystalline
and porous, having an elevated surface area within the range from 10.5 to 171.2 m2 g−1.
Their morphology depends on the synthesis approach as well as the metal ion precursor.
The kinetic studies indicated that adsorption is very fast and that the MgO nanostructures
present high retention capability (varied from 5716 to 15,691 mg g−1 at 303 K) and follow
the Langmuir model. The utmost Langmuir adsorption capacity of 29,131 mg g−1 has
been achieved at 313 K, which is the best result between all adsorbents described until in
this review. Negative value of Gibbs free energy (∆G◦ = −21.1 kJ mol−1 at 303 K) for this
adsorbent, suggests a thermodynamically favorable interaction between fluoride and the
adsorbent, while the negative value of ∆H◦ (−47.6 kJ mol−1) indicates that the adsorption
is an exothermic process.

2.2.6. Lanthanum Modified Mesoporous Alumina (La/MA)

The elimination of F− from aqueous solutions utilizing La/M was examined by He
et al. [73]. The Elovich kinetic model was proven to offer the best correlation for the
adsorption. The highest monolayer adsorption capacity of F− was about 26.45 mg g−1 in
the Sips model (at a dosage of 2.0 g L−1) and had slightly acidic conditions (pH = 6.0 ± 0.1).
Negative values of ∆G◦ (i.e., −3.761 kJ mol−1 at 298 K) indicated that the adsorption
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process was feasible and spontaneous. The positive value of enthalpy (+3.9 kJ mol−1)
showed that the adsorption was endothermic. Still, the influence of co-existed anions on
F− removal was investigated, and it was indicated that the removal efficiency was vaguely
affected by the presence of Cl− and NO3−, whereas SO4

2− and CO3
2− caused a sharp

decrease in the removal efficiency. In the same study, while cerium modified mesoporous
alumina (Ce/MA) was also analyzed for its efficiency, the La/MA was a better adsorbent
than the employed Ce/MA.

2.2.7. Iron Oxide Nanoparticles Modified with Ionic Liquid (IL-Iron Oxide)

A new material, IL-iron oxide NPs was manufactured by the co-precipitation method us-
ing ionic liquids (IL) as a solvent and trihexyl(tetradecyl)phosphonium chloride [THTDP]Cl
as a coating material [74]. The main part between IL-iron oxide and fluoride ion was
an electrostatic attraction which concurrently enhanced the elimination of fluoride. An
investigation of kinetics confirmed that fluoride elimination was enhanced rapidly during
the starting period, and the highest fluoride retention efficiency was achieved in 30 min.
The best isotherm model was the Langmuir model which revealed a sorption capability of
67.9 mg g−1 with ceiling fluoride removal of 96%. Thermodynamic results showed that
∆G◦ decreased with a rise in temperature (from −15.6 kJ mol−1 at 283 K to −60 kJ mol−1

at 303 K) with positive ∆H values (∆H◦ = +6.6 kJ mol−1) indicating the spontaneous and
endothermic nature of the fluoride adsorption.

2.2.8. γ-Al2O3/γ-Fe2O3 Composite

A recyclable mesoporous magnetic adsorbent of γ-Al2O3/γ-Fe2O3 nanocomposite
was produced by Roy [75] by a microwave irradiation method. Fluoride adsorption
equilibrium was accomplished within 15 min and the maximum adsorption capacity of
γ-Al2O3/γ-Fe2O3 nanocomposite was 105.04 mg g−1 at pH 7.0, which is better than several
other reported adsorbents, by using 1.0 g L−1 of adsorbent dosage. Thermodynamics
showed that the negative value of ∆G◦ (−27.326 kJ mol−1 at 303 K) and the positive value
of ∆H◦ (+14.4 kJ mol−1) suggest the adsorption process is favorable, spontaneous, and
endothermic, accordingly. The adsorption process followed the Langmuir model. The
nanocomposite has a superior affinity for fluoride ions in the presence of other interfering
co-existing anions. Therefore, the conclusion of this study demonstrated the prospective
ability of γ-Al2O3/γ-Fe2O3 nanocomposite to develop an efficient adsorbent for fluoride

2.2.9. Zirconium-Based Metal Organic Framework (MOF-801) Adsorbent

A MOF-801 adsorbent, applying a solvothermal method and investigating its ad-
sorption effectiveness for removal of F- from water, was studied by Tan et al. [76]. The
produced MOF-801 had a surface area of 522 m2 g−1 and exhibited superb performance in
the adsorption of fluoride from water, with an optimum adsorption amount for fluoride of
up to 17.33 mg g−1 at a dosage of 1 g L−1.The kinetic studies showed that the adsorption
of fluoride is described by the Langmuir isotherm model and could be well fitted with
pseudo-second-order model, hence presuming that fluoride adsorption on MOF-801 relies
on chemisorption. The summarized findings implied that the synthesized MOF-801 has
the ability to be an outstanding technology.

2.2.10. Biosynthetic Crystals by Microbially Induced Calcium Carbonate Precipitation
(BC-ICP)

BC were made according to the process of Wang et al. [77] through microbially in-
duced calcium carbonate precipitation (MICP) for fluoride removal from groundwaters.
The findings revealed that the maximum fluoride adsorption capability and defluorina-
tion efficiency reached 5.10 mg g−1 and 98.24%, at pH 7.0 and a BC dose of 1.0 g L−1,
respectively. The fluoride adsorption on BC was observed to be a heterogeneous and multi-
layered adsorption process, principally dominated by chemisorption, and the Freundlich
isotherm model better described the reaction. The mechanism that occurs in the adsorption
and precipitation of fluoride by BC takes place simultaneously with the co-precipitation
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of Ca2+, PO4
3− and F−. As the fluoride adsorbs onto the surface of BC, induced calcium

ions (from calcium carbonate) precipitate into the CaF2. As exhibited from the thermo-
dynamics study, ∆G◦ decreased with the rise in temperature and the negative value of
∆G◦ (−4.60 kJ mol−1 at 303 K) indicate that the adsorption process was spontaneous and
thermodynamically favorable in nature. ∆H◦ (+2.3 kJ mol−1) had positive values, which
suggested an endothermic adsorption process. The method is efficient for longer periods
of operation and can be applied in full scale fluidized bed reactors.

2.2.11. Lanthanum Ferrite Nanoparticles (LaFeO3 NPs)

Mesbah et al. [78] aimed to produce LaFeO3 NPs and examine its efficiency on the
elimination of fluoride from waters. The largest percentage removal of 94.75% fluoride on
LaFeO3 NPs was achieved under optimum conditions of pH of 5, LaFeO3 NPs dosage of
0.9 g L, a temperature of 308 K, and a contact time of 60 min. The process of fluoride ad-
sorption on LaFeO3 NPs followed the Freundlich adsorption and Koble–Corrigan isotherm
models. The negative ∆H◦ value of the sorption suggests that the process was exothermic.
The increase in temperature resulted in an increase in spontaneity and feasibility, while the
values of ∆G◦ were negative (i.e., −4.06 kJ mol−1 at 308 K).

A schematic presentation of the four most efficient presented materials is showed
in Figure 7.

Figure 7. Schematic presentation of the four most efficient presented materials used for fluoride removal, showing the
modification type, (a) the pH optimum activity, (b) the maximum adsorption capacities and the contact time (c) of adsorption.
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In more detail, Figure 8 shows in descending order the maximum adsorption capacities
(mg g−1) of the four most efficient materials. Among them, the MgO nanostructures
exhibited the highest adsorption capacity (29,131 mg g−1) of all of the presented materials.

Figure 8. Schematic graph depicting maximum adsorption capacities (mg g−1) of the four most efficient presented materials.

Table 2 shows the reviewed materials when employed for removal of fluoride from
waters and offers evidences about their applications in water treatment. As shown in this
Table, most of the recommended materials are efficient at pH values around 7. Interest
was given to the application of novel materials based on GO, providing high adsorption
capacity. Observing the recent literature, in the last two to three years, it is worth noting
that the use of La in the modification of materials, both activated carbon as well as hy-
brid materials (i.e., La/Mg/Si-AC, La/MA, LaFeO3 NPs) [58,75], has been successfully
increased. However, by using MgO nanostructures [72], a maximum Langmuir adsorp-
tion capacity of 29,131 mg g−1 has been achieved, which is the greatest for any adsorbing
material described until to date.

Results from the regeneration experiments performed on most of the materials re-
viewed, in order to test the usability of the adsorbents, showed that all of the materials can
be recycled from three to six cycles. This is considered as not very efficient, since nowadays
in the production of materials almost 20 cycles of regeneration are feasible. Therefore, in
this area there is more work to be done.

Many of the reviewed articles presented results on the adsorption thermodynamic
behavior of the materials studied in order to indicate the feasibility of the adsorption pro-
cesses. The thermodynamic parameter which reflects whether the process is spontaneous
is the ∆G◦, which is related to the equilibrium constant of the reaction. A spontaneous
reaction releases free energy, and so the sign of ∆G◦ is negative. If the Gibbs energy of the
process is favourable (negative), the process is enhanced at higher temperatures [51,52].
∆H◦ contributes to the Gibbs energy. Exothermic adsorption processes have ∆H◦ < 0,
and are considered endothermic when ∆H◦ > 0 [79]. Therefore, a rise in the adsorption
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capability with a temperature increase implies an endothermic adsorption procedure, while
a decrease in the adsorption capacity with a temperature increase suggests an exothermic
process [79,80]. Comparing the studies referred in this review article (Table 2) reveals that
the only absorbents that provided negative ∆G◦ and ∆H◦ values were the MgO [72] and
LaFeO3 NPs [78]. The majority of the compared adsorbents indicate that the adsorption
process was spontaneous (based on the negative values of Gibbs free energy, and the 75%
provided adsorption of an endothermic nature). There is only one study in this review that
presented a positive value of ∆G◦, namely the GO/ES adsorbent [64], indicating that it
undergoes a physio-sorption process.

Table 2. Novel carbon-based and nanostructured materials utilized for the removal of fluoride from waters. Comparison of
their basic characteristics.

Adsorbent pH
Adsorbent

Dosage
(g L−1)

Time
(min)

Adsorption
Capacity
(mg g−1)

Regeneration
(Cycles)

∆G◦

(kJ mol−1) (at 303 K)
∆H◦

(kJ mol−1) Ref.

Activated Carbon Based Adsorbents

Zr-ACF 7.0 2.0 30 28.50 - <0 >0 [50]

ACAS 6.0 19.0 60 1.20 - - - [54]

AC-CMCSL 4.5 15.0 70 2.01 - −0.20576 +22.6 [55]

La/Mg/Si-AC 8.0 0.2 150 220.5 5 −1.41 × 104 (at 308 K) +7.5 × 103 [56]

Graphene Oxide Based Adsorbents

GO/Al2O3 6.0 8.0 90 6.30 4 −2.32 +24.6 [62]

GO–Al–O(OH) 7.0 2.0 60 51.42 - −5.84 +21.4 [63]

GO/ES - 0.05 120 56.0 - 0.1865 (at 298 K) −12.7 [64]

ZIGCS 4.0 2.0 60 175.0 5 −0.045 (at 308 K) +30.6 [65]

Carbon Nanotubes Based Adsorbents

HA-MWCNTs 7.0 2.0 120 39.22 - −1.964 +6.4 [67]

Other Adsorbents

SRH 8.0 4.0 60 6.0 4 +2.6 +2.6 [68]

Fe@BDC &
Fe@ABDC MOF 6.6 0.1 60 4.90 & 4.92 6 +0.6 & +1.2 +0.6 & +1.2 [69]

KBNPs 6.5 6.0 120 1.72 - - - [70]

Ce\Mn ceramic
oxide 7.0 - 15 257.8 - - - [71]

MgO 6.7 0.2 60 29,131 5 −47.6 −47.6 [72]

La/MA 6.0 2.0 60 26.45 5 + 3.9 +3.9 [73]

IL-iron oxide 8.0 0.06 30 67.9 3 +6.6 +6.6 [74]

γ-Al2O3/γ-
Fe2O3

7.0 1.0 15 105.04 5 +14.4 +14.4 [75]

MOF-801 - 1.0 120 17.33 4 - - [76]

BC-ICP 7.0 1.0 - 5.10 - +2.3 +2.3 [77]

LaFeO3 NPs 5.0 0.9 60 2.58 - −0.51 −0.51 [78]

3. Analytical Methods for Fluoride Determination in Drinking Water

In this section the typical analytical techniques that are employed for the determination
of fluoride in drinking water are discussed. Figure 9 presents the percentage distribution
of the different methods for the determination of fluoride in drinking water.
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Figure 9. Analytical techniques for the determination of fluoride in drinking water.

3.1. Electrochemical Methods

There is a great variety of different analytical techniques regarding the determination
of fluoride in water samples. Electroanalytical methods (i.e., potentiometry [81–86], voltam-
metry [87], and polarography [88]) are the oldest analytical techniques that have been
employed to assess the concentration of fluoride in drinking water since the introduction
of the first fluoride ion-selective electrode in 1966 by Frant and Ross [89]. At the same
time, and in order to provide preconcentration of the fluoride, various materials have been
proposed including zirconia (which is an inorganic ion exchanger that can rapidly and
selective adsorb fluoride ions from acidic solutions [84]) and a complex of Zr(IV) with a
hydrophilic resin having an iminodiacetic acid [83]. Mao et al. [87] prepared two-different
apatite solid-phase microextraction (SPME) coatings (i.e., dicalcium phosphate dihydrate
and hydroxyapatite by one-step electrodepositition on glassy carbon electrodes). Both
coatings showed good adsorbability towards fluoride ions. Typically, the utilization of
electrochemical methods and ion-selective electrodes has many benefits including handling
simplicity and reduced cost (compared to chromatographic methods and spectroscopic
methods). Moreover, they are rapid and non-destructive. On the other hand, ion-selective
electrodes are affected by various changes (e.g., in temperature and in shift potential), as
well as by the presence of interfering ions [36].

3.2. Chromatographic Methods

A plethora of chromatographic methods, utilizing IC, HPLC and GC regarding fluo-
ride determination have been published. IC is a powerful technique for the determination
of fluorides in water samples at trace levels [90]. IC is normally employed for the separation
and the quantitative determination of ionic species. The separation of the target analyte is
typically performed based on ionic interactions among the compounds of interest, as well as
the ions and the ionic groups of the mobile and the stationary phase, respectively [33,91]. IC
has been successfully employed for the determination of fluoride in drinking waters [92,93].
Stability, reproducibility, and simplicity are among the advantages of IC. However, since
the fluoride ions are weakly retained by anion-exchange resins, its ion peak is too close to
its injection peak. Moreover, there is a significant interference from mono carboxylic acids
that co-elute with fluorides [33,94]. Finally, the cost of chromatographic systems, such as
IC, is higher than the cost of other techniques (e.g., ion-selective electrodes). Therefore,
there are limitations on the use of IC in developing countries [36].
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Jones et al. [92] developed an IC method for the determination of fluoride in water sam-
ples based on the formation of chromatographically stable AlF2+ species III in the presence
of excess aluminum. The authors mentioned that while the magnesium in relatively large
amounts interferes with fluoride ions, a modification of the eluent and/or post-column
reaction pH can reduce this unwanted phenomenon. Bayón et al. [93] developed an IC
method for the indirect determination of trace amounts of fluoride in natural waters that
was also based on the formation of the aluminum monofluoride complex. In this approach,
two detection techniques were employed (i.e., on-line post-column fluorimetry and ICP-
MS). For the former approach, the detection was achieved by a post-column reaction of the
species with 8-hydroxyquinoline-5-sulfonic acid in a micellar medium of cetyltrimethylam-
monium bromide, while EDTA was added to the sample solution to overcome interferences
from iron. For the latter approach, the indirect determination of fluoride was achieved by
monitoring aluminum at mass 27. However, regarding the ICP-MS instruments it must
be stated that its operation cost, time, and complexity limits its applications for fluoride
detection in developing countries [36].

HPLC has also been employed for the determination of fluoride in water samples.
HPLC is a standard piece of equipment that can be found in many laboratories and, thus,
it is a convenient tool for fluoride’s determination. The utilization of HPLC can help
overcome the limitations of IC (e.g., the frequently overlapping peak of fluoride and void
volume peaks) [95]. Musijowksi et al. [95] proposed the determination of fluoride as a
fluorosilane derivative using reversed-phase HPLC with ultraviolet (UV) detection for the
determination of total organic fluorine. For this purpose, triphenylhydroxysilane was em-
ployed as derivatizing agent, while the derivatization reaction took place in highly acidic
conditions, followed by extraction of the obtained product by n-heptane. Xu et al. [96]
proposed the determination of fluoride in water samples by reversed-phase HPLC coupled
with a photodiode array detector (PDA) using F−-La3+-alizarin complexone ternary com-
plexes. The developed method exhibited good sensitivity and was successfully employed
for the analysis of river and tap water samples.

Gas chromatography-mass spectrometry (GC-MS) has been also proposed for the
determination of fluoride in drinking water samples. For this purpose, Pagliano et al. [97]
developed a one-step ethyl-derivatization approach to generate volatile fluorethane deriva-
tives using triethyloxonium tetrachloroferrate(III) as a derivatizing agent. After its forma-
tion, gaseous fluoroethane was separated from the matrix, sampled from the headspace,
and determined by GC-MS. In this approach, no organic solvents were required, and the
derivatizing agent was nonvolatile and, thus, safe to use.

3.3. Spectroscopic Methods

While fluorine is the most electronegative element which exhibits a very high ion-
ization potential, its resonance lines are located in the vacuum-UV range below 100 nm.
As a result, the determination of fluorine by atomic spectroscopic techniques such as
atomic absorption spectrometry (AAS) and inductively coupled plasma optical emission
spectrometry (ICP-OES) is not feasible. Moreover, since the ionization potential of argon,
which is typically used in ICP systems, is not enough to cause fluorine ionization when it is
introduced in aqueous solution, inductively coupled plasma mass spectrometry (ICP-MS)
cannot be used either for fluorine determination [98]. An alternative technique for fluorine
determination is molecular absorption spectrometry (MAS) in flames and furnaces that was
proposed in the 1970s. The spectrometers that are typically used in conventional AAS are
not applied for MAS due to background correction errors and spectral interferences [98].
In order to overcome this limitation, high-resolution continuum source AAS (HR-CS AAS),
which offers high resolution by the utilization of a double monochromator and an echelle
grating, can be employed. The determination of fluoride by high-resolution continuum
molecular absorption spectrometry (HR-CS MAS) [99], and high-resolution continuum
atomic absorption spectrometry graphite furnace atomic absorption spectrometry (HR-CS
GFAAS) [100] have been proposed. Gleisner et al. [98] optimized a procedure for the
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determination of fluorine in drinking water samples via the MAS of gallium mono-fluoride,
previously proposed by Heitmann et al. [100], utilizing a commercially available HR-CS
AAS with a transversely heated graphite tube furnace. Kovacs et al. [101] proposed the
indirect determination of fluoride in aqueous samples by ICP-OES following precipitation
of CeF3. Four cations (i.e., yttrium(III), strontium(II), cerium(III) and lanthanum(III)) were
evaluated, and cerium(III) was found to be the optimum precipitate. Moreover, the authors
reported that the presence of sulphate ions is crucial for the enhancement of precipitation.

Apart from the atomic spectroscopic techniques that are available for fluorine determi-
nation, a wide variety of molecular spectrometric techniques have been also proposed. The
benefits of those methods include their simplicity, their low cost, and their reliability [102].
In 1998, Khalifa and Hafez [103] proposed a spectrophotometric method for the determina-
tion of fluoride ions which was based on the decrease in color intensity of a ternary purple
colored complex formed between thorium ions and bromocresol orange in the presence of
fluoride ions.

A few years later, Arancibia et al. [104] proposed a flow system for the spectrophoto-
metric fluoride determination in water samples, after its reaction with zirconium ions and
2-(parasulfophenylazo)-1,8-dihydroxy-3,6-naphthalene-disulfonate (SPADNS). Marques
et al. [105] also used zirconium ions and SPADNS, aiming to reduce the consumption of
reagents and to simplify data processing. The proposed method was rapid, amenable to
automation, inexpensive, and environmentally friendly. The spectrophotometric determi-
nation of fluoride in trace amounts was based on the decolorization of a complex of Al(III)
with xylenol orange as a color reagent characterized by high sensitivity, which was been
proposed by Zolgharnein et al. [106]. In this approach, ascorbic acid was employed to
overcome the interference of iron(III) ions.

Faraj-Zadeh and Kalhor [107] proposed an extraction-spectrophotometric method for
the determination of fluoride ions in natural waters. For this purpose, octyl chemically
bonded solid phase extraction (SPE) cartridge were employed and aluminum-oxinate
chelates were initially adsorbed on the cartridges. Subsequently, the water samples that
contained the fluoride ions passed through the SPE device. The oxine’s excess was washed,
the residual of aluminum–oxinate chelate was eluted, and its absorbance was measured at
375 nm. The decrease of adsorbed aluminum–oxinate chelate was directly proportional
to the concentration of the fuoride ions. The proposed method performed equally well
with the Eriochrome cyanine R-zirconium standard method and better than the Alizarin
complexon standard method. Moreover, less interferences were observed compared to the
SPADNS standard method. Magnetic iron oxide nanoparticles have also been utilized for
the SPE–spectrophotometric determination of fluoride in water. The proposed method was
based on the discoloration of Fe(III)–SCN complex by the extracted fluoride ions, which
was further monitored spectrophotometrically at 458 nm. The proposed method was rapid,
since the adsorption and desorption of fluoride could be completed within 5 min [102].

Barghouthi and Amereih [108] developed a spectrophotometric method for the deter-
mination of fluoride in drinking water using aluminum complexes of triphenylmethane
dyes (chrome azurol B and malachite green) as spectrophotometric reagents. Fluoride
reacts with the dark pink aluminum chrome azurol B complex and forms a colorless alu-
minum fluoride complex. As a result, there is a color change from dark pink to dark orange.
Moreover, the absorbance of the aluminum complex at 425 nm increases when fluoride is
present, while the absorbance at 581 nm decreases. Regarding the aluminum malachite
green complex, fluoride can decrease its absorbance at 622 nm. It was concluded that
the aluminum chrome azurol B complex can be used as a sensitive reagent, albeit with
low selectivity, while the aluminum malachite green complex can be used as a fluoride
reagent at concentrations above 1.5 × 10−5 M. The same authors [109] developed a simple
test kit for the determination of fluoride in drinking water using a polymeric aluminum
complex of 5-(2-carboxyphenylazo)-8-hydroxyquinoline impregnated paper, utilizing a
small hand-held Arsenator instrument. The reaction of fluoride with the complex on an
impregnated paper caused a color change due to the release of the free ligand with red
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color, which is related to fluoride’s concentration. Subsequently, the Arsenator instrument
was used for the photometric measurement of the reagent paper.

Although most of the atomic and molecular absorption spectrometry can exhibit
high selectivity and sensitivity, the cost of these techniques is high (e.g., compared to
electrochemical methods) [36].

3.4. Microfluidic Methods

FIA is a well-established automated analytical technique introduced by Ruzicka and
Hansen [110]. It involves the injection of a sample into a moving stream of a solution
(carrier) and propels the sample zone to a flowthrough detector. After the injection, and
prior to its detection, the target analyte becomes detectable. FIA is considered as a simple
and economic technique with good precision and versatility [111]. FIA coupled with
various detection systems including ion-selective electrodes [112], spectrophotometry [113],
spectrofluorometry [114–116], and ICP-OES [117] among others has been proposed for the
determination of fluoride in water samples.

SIA analysis is a sample handling and manipulation technique that was invented
by Ruzicka and Marshall in 1990 [118] in order to overcome some limitations of on-line
approaches such as FIA. In SIA, a multi-position selection valve is employed, the common
port of which is typically connected to holding coil. Its selection ports can be connected to
various flow-through modules. Sample aspiration is performed, followed by storing in the
coil, where it can be further processed [119]. Alpizar et al. used SIA for the simultaneous
determination of chloride and fluoride ions in water samples. In this approach, ion-selective
electrodes in in two serial flow-through cells were employed for the detection of target
analytes. (see Table 3.)

Table 3. Sensors for the determination of fluoride in drinking water.

Reagent Method Application Linear Range LOD Ref.

7-O-tert-butyldiphenylsilyl-4-
methylcoumarin Fluorescence Surface and

ground water 0.2–10 mg L−1 0.2 mg L−1 [2]

Hydroxyl-decorated coumarin
connected with the bulky

tert-butyldiphenyloxysilyl group
Fluorescence Drinking water 0–9.15 mg L−1 0.043 mg L−1 [120]

2-hydroxy-1-naphthalene
formaldehyde Fluorescence Drinking water 0–50 equiv 1.4 × 10−8 M [121]

Silyl capped
hydroxylpyrenealdehyde

Colorimetric and
Fluorescence

Drinking water
and toothpaste

0–50 µM and
50–250 µM 2.7 µg L−1 [50]

Iron (III) thiocyanate Colorimetric Drinking water - - [122]

Naphthalene−benzothiazole as
the fluorophore and

tert-butyldimethylsilyl as the
reactive groups (Sensor 1)

Naphthalene−benzothiazole as
the fluorophore and

tert-butyldiphenylsilyl as the
reactive groups (Sensor 2)

Fluorescence Drinking water 0–6 µM (Sensor 1)
0–40 µM (Sensor 2)

73 nM
(Sensor 1)
138 nM

(Sensor 2)

[123]

Nitrogen-doped GO Fluorescence Water - 1 × 10−12 M [124]

Zirconium-SPADNS Colorimetric Ground water 0.2–2 mg L−1 0.2 mg L−1 [35]

Near-cubic ceria@ zirconia
nanocages) and a xylenol Colorimetric Field water 0.1–5 mg L−1 0.06 mg L−1 [125]
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3.5. Sensors

Although some of the aforementioned analytical techniques (e.g., spectroscopy, ionic
chromatography etc.) are currently well-established and widely used for the determination
of fluoride in drinking water, a considerable effort has been made recently to design
chemosensors for anions. Chemical sensors typically comprise of a receptor unit and a
signaling unit. Chromogenic (or colorimetric) sensing and fluorogenic sensing have been
widely used for the determination of fluoride. Chromogenic sensing employs a signaling
unit of a sensor that contains chromophores, while fluorogenic sensing employs a signaling
unit of a sensor that contains fluorophores [126]. Table 3 presents the applications of
sensing systems for the determination of fluoride in drinking water that were published
after 2015 [124].

Over the past years, there has been a large number of colorimetric and fluorescence
sensors that have been developed and applied to monitor the water quality and to deter-
mine the concentration of fluoride ions. Most of these systems are based on the interactions
of the anions with Lewis acids [2]. Typical examples of systems for the determination of flu-
oride in drinking water include sensors with fluorene and triazolium units [127], 2-hydroxy
-1-naphthalene formaldehyde [121], silyl capped hydroxylpyrenealdehyde [128], imida-
zole moieties [129], boron-containing π-electron systems [130], silyl ether groups [131],
coumarin groups [120], etc. Sensors that have been developed based on the supramolecular
chemistry approach are also important tools for the fluoride’s detection. These materials
can show good affinity and selectivity for ion sensing [132]. An example of these materials
was presented by Aydogan et al. [133]. The authors presented a functionalized calix [4] pyr-
role compound as an effective electrochemical sensing system for the detection of fluoride
in water.

Systems taking advantage of silyl–ether–fluoride interactions have shown great po-
tential for fluoride sensing because of the high affinity of silyl groups towards fluoride [2].

Chavali et al. [2] reported the development of a rapid method for the detection of
fluoride in potable water using a novel fluorogenic compound 7-O-tert-butyldiphenylsilyl-
4-methylcoumarin. This compound is colorless. However, it releases fluorescent molecules
imparting blue fluorescence to the solution when interacting with fluoride ions in water.
Hand-held UV lamps were employed for visualization of the blue fluorescence. The
proposed sensor can be easily field deployable, it is rapid (sensing in 5–10 s), and it can
be considered useful for monitoring water quality in communities with limited resources.
A coumarin-based sensor has been also proposed for the selective detection of fluoride
in drinking water [120]. In this case, the detection mechanism was based on a fluoride-
mediated desilylation triggering fluorogenic reaction and a strong interaction between
fluoride and the silicon center of a hydroxyl-decorated coumarin connected with the bulky
tert-butyldiphenyloxysilyl group. The proposed sensor exhibited both satisfactory accuracy
and limit of detection (LOD) for fluoride. Lin et al. [121] developed a colorimetric and turn-
on fluorescent sensor for fluoride ions, based on a 2-hydroxy -1-naphthalene formaldehyde
bis-Schiff base. In the presence of fluoride ions, a color change from pale yellow to deep
yellow and a prominent fluorescence enhancement occurred due to hydrogen bonding and
deprotonation in the sensor. Rapid detection was allowed, since less than 1 s was required
for the response of the sensor. Finally, test strips were developed, showing low LOD for
fluoride ions. A colorimetric and ratiometric fluorescence sensor based on silyl capped
hydroxylpyrenealdehyde that detects fluoride through desilylation and spectral change of
pyrene derivative has been also proposed [50]. A 255-fold enrichment was achieved that
enabled the detection of fluoride at low concentrations in water and toothpaste samples.

Mandal et al. [122] developed paper sensors for the point-of-care monitoring of drink-
ing water quality. In this case, the determination of fluoride was based on a specific reaction
between fluoride ions and iron(III) thiocyanate. The utilization of paper as substrate en-
abled the fabrication of a sensing system with simplicity, low cost, and disposability. In
order to determine the color variation on the paper, the sensors were illuminated with a
light emitting diode (LED) on one side and with a light dependent resistor (LDR) on the



Sustainability 2021, 13, 7061 20 of 26

other side. Monotonically variation of the LDR resistance was observed with the change of
fluoride’s concentration. Due to the presence of microchannels on the paper’s surface, the
immediate mixing of the reagents and the analyte was assisted through capillary actions,
resulting in both a rapid chemical reaction and response.

Wu et al. [123] developed two sensitive and ratiometric fluorescence test paper sensors
for the determination of fluoride ions in water samples. The first probe was prepared using
naphthalene−benzothiazole as the fluorophore, tert-butyldimethylsilyl as the reactive
groups, and the Si−O bond as the reaction site. The second probe was prepared using
naphthalene−benzothiazole as the fluorophore, tert-butyldiphenylsilyl as the reactive
groups, and the Si−O bond as the reaction site. The linear range of the first probe ranged
between 0 and 6 µM, and its LOD was found to be 73 nM, while the linear range of the
second probe ranged between 0 and 40 µM and its LOD was found to be 138 nM. As a
result, the first sensor was proposed for the monitoring of the water safety level regarding
fluoride’s concentration, while the second sensor can be employed if its concentration
surpasses dangerously high levels. The test paper sensors were simple and convenient
for determining whether or not the quality of the water samples meets the appropriate
standards for drinking water.

Novel materials, including metal-organic frameworks (MOFs) [134] and GO [124] have
also been employed to develop sensors for the determination of fluoride. The metal-organic
framework NH2-MIL-101(Al), prepared from 2-amino terephthalic acid and aluminum (III)
chloride hexahydrate, was employed to prepare a sensor for the determination of fluoride
in water through fluorophore release. In this approach, the detection of fluoride anions
was achieved through complexation induced decomposition of the MOF that resulted in
the release of the fluorescent dye molecule. As a result, high sensitivity and selectivity was
reported [134]. A few years later, nitrogen-doped GO was also employed for the fabrication
of a sensing system for fluoride anions. In this case, the nitrogen-doped GO served both as
a substrate and as a fluorogenic probe after its fluorescence was completely quenched by
iron (III) ions. The quenched fluorescence of the sensor was turned in presence of fluoride
ions, enabling its sensitive visual detection through testing-paper.

Smartphone-based sensors have also been developed for the determination of fluoride
in water samples. Hussain et al. [35] developed a low cost, field portable smartphone
platform fluoride sensor by utilizing the ambient light sensor of the smartphone as a light
intensity detector and its LED flash light as an optical source. Fluoride’s detection was
based on the standard SPADNS colorimetric method, in which fluoride ions can react
with zirconium dyes to form colorless complex anions. The researchers also developed an
android application for the determination of fluoride concentration in water samples. The
proposed application could share the data from in-field sensing in remote locations to the
monitoring station that is responsible for water quality.

In 2020, Mukherjee et al. [125] developed a smartphone-based fluoride-specific sen-
sor. For this purpose, a simple smartphone attachment was developed for colorimetric
readout using a combination of a light-emitting diode (LED) and a photodiode that facili-
tates precise measurement of fluoride ions. The novel hand-held mobile device is cheap,
and allows for the fast and sensitive colorimetric detection of fluoride ions by utilizing
core−shell nanoparticles (near-cubic ceria@ zirconia nanocages) and xylenol orange as a
chemoresponsive dye.

Sensors are typically simple and cost-effective devices which are powerful tools for
the direct determination of fluoride, overcoming the need for sample transporting. Thus,
they are an important option for fluoride detection in developing countries.

4. Conclusions

This review article presents the recently developed adsorbents for fluoride removal
and advances in analytical determination in drinking water. The major findings are listed
in the following points:
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• The modification of activated carbon with metal oxides and hydroxides was found
to effectively remove fluoride from water, providing adsorption capacities of up to
25 mg g−1 for the case of Zr-ACF and 220.5 mg g−1 for La/Mg/Si-AC.

• Similarly, graphene oxide modification enhanced significantly the adsorbing effi-
ciency, exhibiting ever higher adsorption capacities than those achieved with modified
activated carbon which, in the case of ZIGCS, reached 175 mg g−1.

• The use of MgO nanostructures exhibited a maximum Langmuir adsorption capacity
of 29,131 mg g−1, which is the highest for any adsorbent reported till now for the
development of fluoride adsorbents.

• Regeneration experiments can be performed, provided that all the materials can be
recycled from three to six cycles.

• Al materials reported are effective in the pH range relevant to drinking water treatment
(i.e., 6–8).

Regarding the analytical determination techniques for fluoride, the major findings are
as follows:

• Ion-selective electrodes, spectrometry, ionic chromatography, etc., are considered as
well-established and are widely used.

• The development of new methodologies that can selectively, accurately, and rapidly
detect fluoride is of paramount importance and, thus, is still in the forefront of research.

• Currently, a plethora of promising sensing systems that take advantage of the techno-
logical progress of our times (e.g., the development of smartphone-based sensors) are
gaining more and more popularity.
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