Adsorbing Materials for Fluoride Removal

Subjects: Materials Science, Composites

Contributor: Natalia Manousi, loannis Katsoyiannis, Athanasia Tolkou

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.
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| 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 &, the exposure
to excessive fluoride concentrations can cause severe damages to human health . 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 Ll Table 1 summarizes the acceptable concentration values of fluoride in
drinking water and the health effects associated with those concentration levels.

Table 1. Fluoride health effect associated with concentration levels and permissible limits of fluoride in drinking water
according to the International Standards organization 23],

Fluoride Concentration Effects International Standards Permissible Limit (mg
(mgL™?) Organization LY
<0.5 Prevention of teeth cavities World Health Organization 0.6-1.5
(WHO)
0.5-1.5 Helps in bones and teeth Bureau of Indian Standards 0.6-1.5
development (BIS)
1.5-4 Dental problems in children US Public Health Standards 0.8

. Indian Council of Medical
> .
4 Dental and skeleton fluorosis Research (ICMR) 1.0

Crippling skeletal fluorosis,

>10 .
possibly cancer

Directive 98/83/EC 1.5

Although groundwater comprises a safe drinking water source for billions of people €, there are some cases where
groundwater presents unacceptable contamination levels and cannot be used without treatment for potable purposes. The
fluoride contamination 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 @& 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 difficulties 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. [,
However, China 29 and India L 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 [2213I14I115] |on 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.
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Figure 1. Commonly applied techniques for fluoride removal from drinking water [L6II171181[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 being 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 29, 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 4. Precipitation methods relying on the use of calcium,
aluminum, and iron salts have been widely published 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 L1L8] 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 8l activated carbon 211,
ion exchange resins 22, silica gel 28, natural materials such as clay 24 and mud [22128] and low-cost alternative

adsorbents such as fly ash [24[28] hone charcoal 22, metallic iron B, nanomaterials B132], etc., have been employed 12
[13][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 fluoride in aquatic solutions. Until recently, several methods have
been developed to determine fluoride in drinking water. These methods were classified into six main categories 23],
namely chromatographic, electrochemical and spectroscopic methods, microfluidic analysis, 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) B8I34 yp 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 [23133],

There is a number of review articles in the literature regarding the removal BIB8I37 and the analytical determination [B21126]
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 (CNTSs)); nanostructured
materials combining 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.

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 B4. 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 !,

Currently, one of the most widely applied carbon-based materials for fluoride removal is bone char (BC), which is
considered as a conventional treatment 28 with very good reported removal efficiencies B2 and, in some cases, is
considered as a green sorbent 29, Bone char is a material comprised of carbonated and inorganic materials (70-76% of
hydroxyapatite (HAP,Ca;o(PO4)s(OH),)) that has been successfully utilized to decrease the content of fluoride in water 21
(421 several recent studies [221[431[441(45](46] haye reported very high adsorption capacities (i.e., 11.2 mg F~ g™ for Chicken
Bone Char (CBC)) 48, 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) 22, 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 chemistry 4. 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 491,

Activated Carbon Fibers Modified with Zirconium (Zr-ACF)

In the study conducted by Pang et al. BY, 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 (AG®) BUB2 and the positive value of enthalpy (AH®) B3],
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. B4 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™ 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™*.

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

Fluoride adsorption by AC-CMCSL B2, at its best conditions (i.e., an influent fluoride concentration of 6.5 mg L™, pH
value of 4.5, adsorbent dose of 15 g L™, and reaction time of 70 min) showed a maximum adsorption capacity of 2.01 mg
g~L. The results 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: PO,®~ > SO,2~ > CI” > 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 AH® (+22.6 kJ mol™) and the fact that the adsorption of fluoride on AC-CMCSL was spontaneous, as all
AG° values were negative for all the studied temperatures (i.e., =0.20576 kJ mol™* at 303 K).



La/MgiSi-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 B8l |t 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 (AH° =
+7.5 x 102 kJ mol™1) and spontaneous (AG® = -1.41 x 10* kJ mol™ at 308 K) reaction and was more favored at acidic pH
values than the point of zero charge of La/Mg/Si-AC (pHp,¢ 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.
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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.

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™%) among
them.
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Figure 3. Schematic graph of depicting maximum adsorption capacities (mg g™) of presented activated carbon-based
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2.1.2. Graphene Oxide

Recently, GO has been widely effectively applied in water treatment 2258 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 B9, 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 [8961 among others.

Graphene Oxide/Alumina Nano-Composite

GOJ/AI,O3 was produced with GO and y-Al,O3 by using a hydrothermal reaction. This arrangement was accomplished by
creating hydrogen bonds between hydroxyl and carboxyl functional groups on the surface of y-Al,O3 and GO nanosheets
(621 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™*) of GO/Al,O5 is greater than that of y-Al,O3
(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/Al,O3 is
spontaneous with a negative AG° value (-2.32 kJ mol™* at 303 K). Additionally, the positive value of AH® (+24.6 kJ mol™)
exhibited that fluoride adsorption by GO/Al,O3 is endothermic in nature. Furthermore, PO,3~ and HCO5_ 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/AI,O3 is effective within a broad range of pH values.

Graphene Oxide-Aluminum Oxyhydroxide Interaction (GO-AI-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 AI** ions interact with various functional groups of GO €3, The maximum adsorption
capacity of GO—AI-O(OH) adsorbent was 51.42 mg g™ 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 AG® (-5.84 kJ mol™, at 303 K), correspond to a spontaneous process of F ion adsorption onto the
GO-Al-O(OH), while the positive value of AH° (+21.4 kJ mol™) indicated that the adsorption phenomenon is
endothermic.

Graphene Oxide/Eggshell (GO/ES) Adsorbent

The GO/ES adsorbent has been studied for fluoride removal 4. 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™ of F~ initial concentration 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 AG® values was recorded
(from 0.1865 kJ mol™ at 298 K to 2.4085 kJ mol™! at 348 K), suggesting that higher temperatures render the adsorption of
F~ by using GO/ES unfavorable, while the negative value of AH® (-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 83, 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™* is an above average value,
compared to the other carbon-based adsorbents studied for de-fluoridation. In this study, the increase in negative AG®
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 AH® 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 capacities, 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~%, 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.

2.1.3. Carbon Nanotubes (CNTs)

Carbon nanotubes, an allotrope of carbon, have uncommon features which are important 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 681 |n the last three years, however, there
has been no extensive research into their use to remove fluoride.

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

The production of MWCNTs was made using a simple in situ sol-gel method, and was used for the removal of fluoride
from water [¢4. Based on the results achieved in the study of Ruan et al. 84, HA-MWCNTs exhibited a high fluoride
adsorption capacity of 39.22 mg g~! at 323 K and an adsorbent dose of 2.0 g L™! at pH 7.0. The adsorption reaction was
spontaneous (AG® = -1.964 kJ mol™! at 303 K) and endothermic (AH° = +6.4 kJ mol™) 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%", and C,042". These anions exhibited the following order: K, (CO32) > Ky,
(HCO3") > K}, (C204%7). Figure 6 presents the major characteristics of carbon nanotube-based material applied for
fluoride removal and reviewed in the present study.
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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. 88 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 g1, obtained with a
dose of 4 g L™ 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 9. The improved DC of Fe@BDC and Fe@ABDC MOF composites
offered an adsorption capacity of 4.90 and 4.92 mg g%, which were fitted to Langmuir isotherm model. Thermodynamic
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 AG® (-7.31 and -8.15 kJ mol™ at 303 K, respectively). Additionally,
the positive AH° values (+0.6 and +1.2 kJ mol™ for Fe@BDC and Fe@ABDC MOF composites) exhibited 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 adsorbents for fluoride adsorption from
drinking water was studied by Annan et al. /9. 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 demonstrated 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 [/l 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 AI\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™*. 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. 22, 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 m? 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™! at 303 K) and follow the Langmuir model. The utmost Langmuir adsorption capacity of 29,131 mg g™ 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 (AG°® = -21.1 kJ mol™ at 303 K) for this adsorbent, suggests a thermodynamically favorable interaction
between fluoride and the adsorbent, while the negative value of AH° (-47.6 kJ mol™?) 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. (2], 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~ 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
AG® (i.e., -3.761 kJ mol™ at 298 K) indicated that the adsorption 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 CI~
and NO®~, whereas S04~ and CO3%™ 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 lonic Liquid (IL-lron Oxide)

A new material, IL-iron oxide NPs was manufactured by the co-precipitation method using ionic liquids (IL) as a solvent
and trihexyl(tetradecyl)phosphonium chloride [THTDP]CI as a coating material 4. 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™t with ceiling fluoride removal of 96%. Thermodynamic results showed that AG° decreased with a
rise in temperature (from —15.6 kJ mol™ at 283 K to —60 kJ mol™* at 303 K) with positive AH values (AH® = +6.6 kJ mol™)
indicating the spontaneous and endothermic nature of the fluoride adsorption.

2.2.8. y-Al,03ly-Fe,0; Composite

A recyclable mesoporous magnetic adsorbent of y-Al,Os/y-Fe,O3 nanocomposite was produced by Roy & by a
microwave irradiation method. Fluoride adsorption equilibrium was accomplished within 15 min and the maximum
adsorption capacity of y-Al,O3/y-Fe,O3 nanocomposite was 105.04 mg g™* at pH 7.0, which is better than several other
reported adsorbents, by using 1.0 g L™! of adsorbent dosage. Thermodynamics showed that the negative value of AG®
(-27.326 kJ mol™ at 303 K) and the positive value of AH® (+14.4 kJ mol™) 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 y-Al,Os/y-Fe,O3 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 adsorption effectiveness for removal of F-
from water, was studied by Tan et al. 78, The produced MOF-801 had a surface area of 522 m? g~! 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™! at a dosage of 1 g L™L.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. 4 through microbially induced calcium carbonate precipitation
(MICP) for fluoride removal from groundwaters. The findings revealed that the maximum fluoride adsorption capability and
defluorination efficiency reached 5.10 mg g~ and 98.24%, at pH 7.0 and a BC dose of 1.0 g L™, 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 of Ca2*, PO,43~ and F~.
As the fluoride adsorbs onto the surface of BC, induced calcium ions (from calcium carbonate) precipitate into the CaF,.
As exhibited from the thermodynamics study, AG® decreased with the rise in temperature and the negative value of AG®
(-4.60 kJ mol™® at 303 K) indicate that the adsorption process was spontaneous and thermodynamically favorable in
nature. AH° (+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. 28 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 adsorption
on LaFeO3 NPs followed the Freundlich adsorption and Koble—Corrigan isotherm models. The negative AH° 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 AG° were negative (i.e., —4.06 kJ mol™* at 308 K).



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

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™%) of all of the
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Figure 8. Schematic graph depicting maximum adsorption capacities (mg g™') 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 hybrid materials (i.e., La/Mg/Si-AC, La/MA, LaFeO3 NPs) 5873l has been
successfully increased. However, by using MgO nanostructures 2, a maximum Langmuir adsorption capacity of 29,131
mg g~! 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 reviewed, 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 processes. The thermodynamic parameter which reflects whether the
process is spontaneous is the AG®, which is related to the equilibrium constant of the reaction. A spontaneous reaction
releases free energy, and so the sign of AG® is negative. If the Gibbs energy of the process is favourable (negative), the
process is enhanced at higher temperatures BUB2 AH° contributes to the Gibbs energy. Exothermic adsorption
processes have AH° < 0, and are considered endothermic when AH° > 0 22, Therefore, a rise in the adsorption 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 98, Comparing the studies referred in this review article
(Table 2) reveals that the only absorbents that provided negative AG° and AH° values were the MgO & 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 AG°, namely the GO/ES adsorbent 4, 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 Time Adsorption Regeneration AG? » AH°
Adsorbent pH Dosage . Capacity (kd mol™) (at 303  (kJ Ref.
@y ™ mgg Cyeles) g mol-?)
Activated Carbon Based Adsorbents
Zr-ACF 7.0 2.0 30 28.50 - <0 >0 50
ACAS 6.0 19.0 60 1.20 - - - =4
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 '1'4;0’; |1(‘;4 (at *1-6”3" [s6]
Graphene Oxide Based Adsorbents
GOJAILLO; 6.0 8.0 90 6.30 4 -2.32 +24.6 2]
GO-AI-O(OH) 7.0 2.0 60 51.42 - -5.84 +21.4 e
GOIES - 0.05 120 56.0 - 0.1865 (at 298 K) -12.7 &4
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 8l
Fe'(:@e,Q@BBDDCCNf‘OF 6.6 0.1 60 4.90 & 4.92 6 +0.6 & +1.2 +2f2& 9]
KBNPs 6.5 6.0 120 1.72 - - - [za
CelMn ceramic oxide 7.0 - 15 257.8 - - - L&
MgO 6.7 0.2 60 29,131 5 -47.6 -47.6 2
La/MA 6.0 2.0 60 26.45 5 + 3.9 +3.9 IE]
IL-iron oxide 8.0 0.06 30 67.9 3 +6.6 +6.6 [z4
y-Al,Osly-Fe,04 7.0 1.0 15 105.04 5 +14.4 +14.4 [z
MOF-801 - 1.0 120 17.33 4 - - el
BC-ICP 7.0 1.0 - 5.10 - +2.3 +2.3 [ﬂl




Adsorbent . Adsorption AG° AH°

Adsorbent pH Dosage T|n_1e Capacity I-'gegineratlon (kJ mol™) (at 303  (kJ Ref.
@y M g gy (Cycles) K) mol-?)
LaFeO3; NPs 5.0 0.9 60 2.58 - -0.51 -0.51 (8l
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