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Abstract: Defluoridation in the presence of high calcium levels in potable groundwater is paramount,
as the consumption of groundwater enriched with fluoride, and calcium has been implicated in
causing chronic kidney disease of unknown etiology (CKDu) in Sri Lanka. CaO loaded mesoporous
alumina (COMA) offers a great potential for defluoridation of potable water, but the effectiveness of
COMA in the presence of calcium has not been investigated. This study, therefore, focuses on the
investigation of the suitability of COMA for the defluoridation of potable water with high calcium
levels. Mesoporous alumina was successfully functionalized with CaO to synthesize nano-level
COMA with an optimum dosage for defluoridation being 2 g L−1. The amount of fluoride adsorbed
increased (2.4–19.5 mg g−1) with the increase of the initial fluoride concentration (5–40 mg L−1),
and the residual fluoride levels (0.8–1.47 mg L−1) were within the range specified by the WHO for
drinking water. The amount of fluoride adsorbed by COMA varied between 6.50 and 7.97 mg g−1

with initial calcium levels between 0 and 1500 mg L−1, indicating that defluoridation was effective in
the presence of high calcium levels. The fluoride adsorption was best fitted with the Langmuir model
with a maximum monolayer capacity of COMA being 17.83 mg g−1, and adsorption kinetics fitted
with the pseudo-2nd order model indicating strong covalent bonding by way of chemisorption. Thus,
COMA can be effectively utilized as an adsorbent material in defluoridation efforts in areas prevalent
with CKDu in the presence of high fluoride (15 mg L−1) and calcium (1500 mg L−1) levels.
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1. Introduction

Fluoride in groundwater often occurs naturally by the dissolution of minerals in the soil. Elevated
fluoride levels in groundwater have been reported in many countries (in India, 48 mg L−1 [1]; in
Mexico >6 mg L−1 [2]; in China >6 mg L−1 [3]; in Sri Lanka >13 mg L−1 [4]). Prolonged consumption of
water with fluoride levels exceeding 1.5 mg L−1 has been reported to have increased the risk of skeletal
fluorosis, leading to permanent deformation of bones and joints, and dental fluorosis [5]. Moreover,
high levels of fluoride in potable water have been implicated to be a causal factor for nephrotoxic
health hazards [4,6,7].

Dissociation and dissolution of fluoride and calcium-rich minerals from soils may cause elevated
levels of fluoride and calcium in groundwater [8]. Fluoride in groundwater combined with hardness
has been implicated in causing a synergistic effect on chronic kidney disease of unknown etiology
(CKDu). In general, hardness is attributed to a calcium and magnesium ratio of 4:1. Fluoride levels of
groundwater in areas prevalent with CKDu in Sri Lanka are in the range of 0.7 to 13.7 mg L−1 [4] along
with average and maximum hardness levels of 293.4 to 1733.3 mg L−1 as CaCO3, respectively [9].
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Defluoridation using adsorbents has been popular as an effective technique worldwide to treat
drinking water [2,10]. Adsorptive materials of non-selective removal are often used in defluoridation
efforts. With high concentrations of calcium, the defluoridation efficiency sharply drops, perhaps
because of a higher affinity for adsorption of calcium over fluoride; hence, new materials that have a
selective adsorption potential preferably for fluoride need to be investigated. The development of
such materials would, therefore, be of utmost importance to lessen the incidences of CKDu.

Activated alumina with moderate affinity and selectivity for fluoride has been used as an adsorbent
for defluoridation of groundwater [11]. Further, nano γ-alumina [12], copper oxide coated alumina [13],
iron and aluminum binary oxides [14], sulfate-doped iron/aluminum oxides [15], aluminum modified
iron oxide [16], mesoporous alumina, and calcium oxide loaded mesoporous alumina [17,18] have
been investigated for effective defluoridation. Even though alumina-based adsorbents have been
investigated for defluoridation, to our knowledge, defluoridation in the presence of calcium by
such materials has not been reported. Therefore, the effect of co-existing calcium ion levels on the
defluoridation potential by alumina-based adsorbents needs to be examined. Thus, in this study, we
investigated the defluoridation potential of calcium oxide loaded mesoporous alumina (COMA) in the
presence of calcium ions in potable water. Mesoporous alumina was selected to synthesize COMA
because of its excellent inherent properties, such as large surface area, narrow pore size distribution,
and highly uniform channels [19–21]. These attributes increase the calcium loading potential, hence
increasing the fluoride adsorption capacity. COMA was chosen as it gives an enhanced defluoridation
efficiency compared to other alumina-based adsorbents because of the retention of positively charged
calcium ions on the surface of the mesoporous alumina, resulting in an enhanced adsorption of
negatively charged fluoride. Therefore, the objectives of this work were to: (i) Study the potential
efficiency of COMA as an adsorbent to remove fluoride alone and fluoride in the presence of calcium in
aqueous solution; (ii) investigate the fluoride adsorption efficiency of COMA with varying adsorbent
dosage, initial fluoride, and calcium levels, solution pH, and contact time using batch experiments;
and (iii) understand the fluoride adsorption behavior of COMA using the kinetic and equilibrium
isotherms of adsorption.

2. Materials and Methods

2.1. Synthesis of COMA

Mesoporous alumina was synthesized using aluminum nitrate, stearic acid, and triethanolamine
based on a method developed by Dayananda and co-workers (2014) [17]. COMA was then synthesized
using calcium nitrate and a wet impregnation technique with the CaO loading percentage being
20 wt.% [17].

2.2. Characterization of COMA

Morphology and elemental composition of COMA were analyzed before and after the adsorption
experiments using environmental scanning electron microscopy (ESEM-Carl Zeiss, EVO 18, Secondary
Electron Microscope, Jena, Germany) coupled with energy-dispersive x-ray spectroscopy (EDX Z1
analyzer, New York, USA). The phase identification of COMA was performed by x-ray powder
diffraction (XRD-D8, ECO, Advance Bruker Diffractometer with filtered Cu Kα radiation, Karlsruhe,
Germany). Fourier transform-infrared spectroscopy (FT–IR, ALPHA Bruker, Karlsruhe, Germany) was
performed in the adsorption mode at ambient temperature in the spectral range of 500 to 4000 cm−1 to
identify the functional groups of COMA.
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2.3. Adsorption Studies on Defluoridation

2.3.1. Determination of Optimum COMA Dosage

The optimum COMA dosage for defluoridation was determined by varying the COMA dosage
from 0.04 to 8.0 g L−1. A synthetic solution of fluoride was prepared by adding sodium fluoride to
deionized water in a 1-L polyethylene bottle. The initial fluoride level of the solution was 15 mg L−1,
and the volume was 250 mL (solution pH: 6.5 and temperature: 28 ◦C). The initial fluoride and calcium
levels were decided based on seasonal variations encountered in the dry season of CKDu prevalent
areas of Sri Lanka. Twenty groundwater samples were collected during the dry season (June to August),
and minimum and maximum fluoride (1.1–14.2 mg L−1) levels were determined. The maximum
fluoride level of drinking water in CKDu prevalent areas has been reported as 13.7 mg L−1 in past
studies [4,7,9]. The ranges of pH and temperature were decided based on the preliminary studies
conducted in CKDu prevalent areas. The contact time for defluoridation was two hours shaking at a
speed of 150 rpm. After two hours, the solution was filtered (WhatmanTM 1003–110 Grade 3, 6 µm,
Pittsburgh, USA) and the filtrate was analyzed for the remaining fluoride level.

2.3.2. Determination of the Effect of the Initial Fluoride Level

Batch studies were conducted using 2.0 g L−1 while varying the initial level of fluoride in the
range of 5 to 40 mg L−1. The volume of the solution was 250 mL (temperature: 28 ◦C, solution pH: 6.5)
The contact time for defluoridation was two hours shaking at a speed of 150 rpm. After two hours,
the solution was filtered (WhatmanTM 1003–110 Grade 3, 6 µm) and the filtrate was analyzed for the
remaining fluoride level.

2.3.3. Determination of the Effect of Contact Time

The effect of contact time (0–120 minutes) on defluoridation by COMA was examined with the
initial fluoride level in the range of 5 to 40 mg L−1. The volume of the solution was 250 mL with
a COMA dosage of 2.0 g L−1 (temperature: 28 ◦C, solution pH: 6.5, and shaking speed: 150 rpm).
For different contact times, the solution was filtered (WhatmanTM 1003–110 Grade 3, 6 µm) and the
filtrate was analyzed for the remaining fluoride level.

2.3.4. Determination of Optimum pH

The effect of solution pH for defluoridation was determined by adjusting the pH (3–12) using
0.1 M HCl or 0.1 M NaOH. The initial fluoride level was 15 mg L−1, and the volume of the solution was
250 mL (COMA dosage: 2.0 g L−1, temperature: 28 ◦C, contact time: Two hours, and the shaking speed:
150 rpm). After two hours, for different solution pH values, the solution was filtered (WhatmanTM

1003–110 Grade 3, 6 µm) and the filtrate was analyzed for the remaining fluoride level.

2.3.5. Determination of the Effect of the Initial Calcium Level

The effectiveness of COMA for defluoridation in the presence of fluoride (15 mg L−1) was studied
by varying the calcium levels in the solution (100–1500 mg L−1). Calcium levels were decided based
on the reported values (120.0–1921.0 mg L−1 of hardness as CaCO3) [4,6,7,9] and experimental values
(140.0–900.0 mg L−1 as CaCO3) during the wet (October to November) and dry (June to August)
seasons in the CKDu prevalent areas of Sri Lanka. The volume of the solution was 250 mL (COMA
dosage: 2.0 g L−1, temperature: 28 ◦C, contact time: Two hours, solution pH: 6.5, and the shaking
speed: 150 rpm). After two hours, for different calcium levels, the solution was filtered (WhatmanTM

1003–110 Grade 3, 6 µm) and the filtrate was analyzed for the remaining fluoride level.
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2.4. Fluoride Analysis

Fluoride levels in the samples were analyzed using ion chromatography (Metrohm, 930 Compact
IC Flex, Herisau, Switzerland) with a mobile phase of 3.2 mmol L−1 Na2CO3 + 1 mmol L−1 NaHCO3

and a flow rate of 0.7 mL−1 min −1. The amount of fluoride removed per unit mass of COMA (Qe in
mg g−1) was calculated using Equation (1):

Qe = (Co−Ce) ×
V
W

(1)

where Co and Ce are the initial and equilibrium concentrations of fluoride in the solution (mg L−1),
respectively, V is the volume of solution (L), and W is the mass of COMA (g).

2.5. Adsorption Isotherm and Kinetic Models

The data were fitted to Langmuir [22], Freundlich [23], Brunauer–Emmett–Teller (BET) [24],
Dubinin–Radushkevich [25], and Temkin [26] isotherm models to study the adsorption behavior
of COMA in defluoridation. The kinetics of fluoride adsorption were analyzed using Lagergren’s
pseudo-first-order kinetic model [27] and pseudo-second-order kinetic model [28]. These two models
identify the kinetics of fluoride adsorption processes to be fitted either to chemisorption or physisorption.
All equations and theories related to adsorption isotherm and kinetics models are provided in the
Supplementary Materials.

The average particle size was determined using the Scherrer formula (Equation (2)):

D =
nλ
β cosθ

(2)

where D is the particle size (Å), n is a constant (if particles are assumed to be spherical, n = 0.9), λ is the
wavelength of the X-ray radiation (Å), β is the line width (rad), and θ is the angle diffraction (degrees).

3. Results and Discussion

3.1. Characterization of the Adsorbent

The XRD pattern shows the diffraction peaks, which characterize the crystalline structure of
COMA (Figure 1). The XRD peaks of mesoporous alumina exhibit typical 2θ reflections at 19.4◦ (111),
33.7◦ (311), 45.7◦ (400), 60.6◦ (511), and 66.7◦ (440), which are similar to the work done by others [17,29].
Mesoporous alumina showed three broad peaks at 311, 400, and 440 reflections attributed to crystalline
γ–Al2O3 [30]. The peak intensities corresponding to the mesoporous alumina phase were found to
decrease in the XRD pattern developed for COMA probably because of CaO loading. The broad
peaks at 32.2◦ (111) and 53.8◦ (220) were ascribed to the amorphous structure of CaO in COMA [31,32].
The particle size of COMA was found to vary between 15.3 and 68.4 nm, confirming the nano-scale
particle formation. The crystal phase of mesoporous alumina was found, as aluminum oxide (γ–Al2O3)
depicts the highest purity of alumina, and it is amorphous in nature. Calcium aluminum oxide (5CaO.
3Al2O3), aluminum oxide (γ-Al2O3), and calcium aluminum oxide (Ca(AlO2)2) were the other crystal
phases found in COMA. The peaks of calcium aluminum complexes and other prominent aluminum
oxides justified the incorporation of calcium more effectively on the surface of mesoporous alumina.
The formation of calcium and aluminum oxides on the surface of mesoporous alumina was, therefore,
confirmed by the XRD.

The ESEM was used to observe the morphology of mesoporous alumina (Figure 2a), COMA
before the adsorption of fluoride (Figure 2b), and COMA after the adsorption of fluoride (Figure 2c).
Before CaO was loaded, the surface morphology of the mesoporous alumina showed a high void
ratio with a multitude of pores and a rough texture with a honeycomb-like structure (Figure 2a).
The porous surface, therefore, endows COMA with large surface areas, and thus, mesoporous alumina
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could be loaded with a high amount of calcium. The EDX analysis of the adsorbent surface provides
the elemental composition of the adsorbent. The spectrum of the EDX confirmed the presence of
aluminum (55.4%) and oxygen (44.6%) on the surface of mesoporous alumina showing 100% purity
(Figure 2a). The ESEM image of COMA before the adsorption of fluoride depicts the presence of an
agglomerated mushroom-like structure and surface homogeneity as observed in Figure 2b. The EDX
analysis (Figure 2b) showed that the surface was composed of aluminum (36.5%), calcium (11.7%),
and oxygen (51.8%) with no other impurities. The narrow-band diffraction peaks suggest a crystalline
structure without any impurities [33]. The EDX spectrum of COMA before the adsorption indicates
the fact that the loading of calcium on the surface of mesoporous alumina was successful. ESEM
analysis of COMA after adsorption of fluoride showed a flake-like structure (Figure 2c), which could be
attributed to the formation of aluminum and calcium salts with fluoride [34]. EDX analysis confirmed
the presence of aluminum (39.4%), oxygen (45,2%), calcium (6.4%), and the adsorbed fluoride (4.1%)
on the surface of the COMA (Figure 2c). A peak of carbon was observed, which might be due to the
adsorption of atmospheric CO2 onto the surface of COMA.

The FT-IR analysis showed the vibrational state of surface complexes on COMA (Figure 3).
The results showed wavenumbers corresponding to the bond patterns of CaO, Al2O3, and calcined
COMA. The adsorption peaks at ~668 cm−1 were attributed to vibrations of Al–O bonds and ~865 cm–1

symmetric bending of Al–O–H [32,33]. Such peaks were not changed drastically with the adsorption
experiments. The peaks appeared at ~874 cm−1, and at ~1425 cm−1 (Figure 3b–d) can be assigned to the
vibration of Ca–O species [32]. The bands due to O–H stretching vibration at ~1629 cm–1 [34] and O-H
bending vibration at ~3459 cm−1 [29] were observed in all spectra. The O–H stretching and bending
vibrations depicted surface adsorbed water, which was ascribed to the formation of aluminum oxide
hydroxide (AlOOH) and calcium hydroxide (CaOH2) on the surface of COMA [35]. With the synthesis
of COMA, peaks for O–H stretching vibration at ~1629 cm–1, and O–H bending vibration at ~3459
cm−1 reduced when compared to mesoporous alumina. After the adsorption of fluoride, the functional
groups on the surface of COMA were changed with observations of the original peaks being increased,
decreased, shifted, and disappeared, and new peaks appearing. The peak intensities were observed to
be decreased at 874 cm−1, 1629 cm−1, and 3459 cm−1 after the adsorption of fluoride alone and in the
presence of calcium.
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3.2. Adsorption Studies for Defluoridation

3.2.1. Effect of the COMA Dosage

The percentage of fluoride adsorbed for different COMA dosages is depicted in Figure 4.
The experimental data showed that the adsorption of fluoride increased gradually with the increase of
the dosage. The increased fluoride removal was attributed to the increase in several adsorption sites
at a higher dosage and the increased adsorption site/fluoride ratio [32]. The percentage of fluoride
adsorbed sharply increased until the COMA dosage was increased up to about 2 g L−1 and remained
almost constant, as COMA particles consequently increased particle–particle interactions, particle
agglomeration, and the unsaturated partial filling of adsorption sites [29,32,36]. When the COMA
dosage was increased further, no discernible adsorption was observed. Such an observation is attributed
to a limited number of fluorides ions in comparison to the adsorption sites of COMA available for the
reaction, and a finite number of active adsorption sites per unit weight of adsorbent [37]. The optimum
COMA dosage was, therefore, selected as 2.0 g L−1. The optimum dosage of COMA was sufficient to
bring the residual fluoride levels of the treated water to levels less than that of the permissible level
(1.5 mg L−1) stipulated by the WHO drinking water guideline.
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3.2.2. Effect of Initial Fluoride Concentration

The effect of the initial fluoride concentration on the adsorption of fluoride by COMA was studied
with a dosage of 2.0 g L−1. The COMA showed different fluoride adsorption capacities for a range of 5
to 40 mg L−1 of fluoride concentrations (Figure 5). The initial fluoride levels in the solution played a
prominent role as a driving force to effect the mass transfer between the COMA surface and the aqueous
solution [36,37], and the increased fluoride adsorption by COMA was attributed to the presence of high
levels of fluoride in the aqueous solution [32]. Therefore, the amount of fluoride adsorbed increased
(2.4–19.5 mg g−1) with the increase of the initial fluoride concentration (5–40 mg L−1) (Figure 5).
The amount of fluoride adsorbed remained unchanged with any further increase of the fluoride level
beyond 40 mg L−1 because the dosage of 2.0 g L−1 reached its saturation point. The total removal
of fluoride was ascribed to the formation of aluminum fluoride (AlF3) complexes [38] and calcium
fluorite precipitate [39] other than fluoride ion adsorption. All the combinations manifested that the
residual levels of fluoride (0.8–1.47 mg L−1) were within the permissible level stipulated by the WHO
for drinking water (0.6–1.5 mg L−1).
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3.2.3. Effect of the Contact Time

The effect of the contact time on the adsorption of fluoride by COMA was determined by varying
the contact time between 0 and 120 min and initial fluoride concentration was kept at 15 mg L−1.
The solution pH was 6.5 and the COMA dosage was 2.0 g L−1 (Figure 6). The percentage of fluoride
adsorbed was observed as 79% (6.16 mg g−1) at the beginning, and after 90 minutes of contact time,
the percentage of removal increased to 100% (7.79 mg g−1). The rate of adsorption of fluoride onto
COMA was high initially for a period of approximately one minute, and after that the same became
slower because a large number of sites available for fluoride adsorption were mostly occupied [36,40].
Initially, the rapid adsorption occurred because of van der Waal forces or electro-statistic interactions
at the surface [41], the high concentration gradient between the fluoride and COMA in the solution,
and high numbers of the vacant sites being available [39,42]. These facts favor a process of rapid mass
transfer onto the surface of COMA [39]. Further adsorption of fluoride ceased or was marginal, as
the remaining adsorption sites of COMA were not occupied because of the repulsive forces activated
among the equally charged fluoride ions adsorbed on COMA [43]. The adsorption of fluoride by
COMA completely ceased due to the low concentration gradient between the surface of COMA and the
bulk solution and the exhaustion of available adsorption sites [39]. After that, the system approached
equilibrium within 15 minutes of contact time. The total percentage removal of fluoride was determined
as 97% (7.6 mg g−1) at the point of equilibrium, and the adsorption process was an equilibrium-driven
process for which the time taken became a crucial factor for effective defluoridation [40].
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3.2.4. Effect of the pH of the Solution

The amount of fluoride adsorbed showed no marked difference (5.28–5.48 mg g−1) with the
pH varying between 3 and 12 (Figure 7). For pH values in the range of 4 to 5, COMA showed a
remarkable affinity for fluoride adsorption (92%). At pH 9, the adsorption propensity of COMA
gradually decreased (88%). Hence, the best working range of pH was found between 3 and 6 because
the adsorption capacity remained unchanged at a high level. When the solution pH was changed,
the surface functional groups (surface charge) can be positive, negative, or neutral, leading to the
formation of H3O+ or OH- functional groups by the processes of protonation and deprotonation,
respectively [18]. At low pH levels in the solution, the surface charges of COMA become positive
due to protonation forming ≡ Al-OH + H3O+ -> ≡ AlOH+2 [44]. At low pH values, fluoride in the
solution interacts with high levels of H3O+, forming HF, and such a formation hinders the adsorption
of fluoride by COMA [40]. In contrast, at high pH values, the charges on the surface of COMA become
negative due to the occurrence of deprotonation as ≡Al-OH -> ≡Al-O- + H3O+ and CaO on the surface
of mesoporous alumina produces calcium hydroxide as follows: CaO + H2O -> Ca(OH)2 [17,18].
Fluoride ions in the solution have a higher affinity to replace surface hydroxyl groups because fluoride
is attributed the properties of high reactivity and electronegativity. The amount of fluoride adsorbed
was slightly decreased (figure not shown) at high pH values because the negative surface charges bring
about repulsive forces among negatively charged oxygen and fluoride ions and the competition of
hydroxide ions (OH-) for the same adsorption sites on the surface of COMA [41,44,45].
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3.2.5. Effect of the Initial Calcium Concentration

The amount of fluoride adsorbed by COMA varied between 6.50 and 7.97 mg g−1 with initial
calcium levels between 0 and 1500 mg L−1 and higher percentages of removal (greater than 90%)
were observed with the addition of calcium (Figure 8). The calcium levels were decided based on
the reported and experimental levels of calcium during the wet (October to November) and dry
(June to August) seasons in the CKDu prevalent areas. High calcium levels in the solution often
increase the calcium reactivity in the solution and produce calcium hydroxide (Ca(OH)2 complexes.
Fluoride ions replace hydroxyl groups (–OH) in such complexes because of their high reactivity and
electronegativity [11]. The replacement of –OH leads to the formation of the calcium fluorite precipitate
(CaF2) [46]. The process of CaF2 formation is represented by the following equation; Ca(OH)2(aq) +

2F−(aq) -> CaF2(s) + 2OH−(aq). This phenomenon helps remove fluoride from the solution in addition
to the fraction removed by adsorption. The percentage of fluoride adsorption on the surface of COMA
increased when the calcium levels in the solution were increased. Because free calcium ions in the
solution are attached to pores in the surface of COMA, there is an increase in the number of adsorption
sites on the surface. Thus, the amount of fluoride removal increased. The residual fluoride levels in
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the treated water (0.20–0.77 mg L−1 and 0.42–0.64 mg L−1) complied with the WHO drinking water
guideline, with the levels of calcium in the solution being 250 mg L−1 and 500 mg L−1, respectively.
Thus, the removal of fluoride was effective in the presence of high calcium levels in the range of
250 mg L−1 and 500 mg L−1. Consequently, previous studies [47,48] suggest possible synergic effects on
CKDu by fluoride in the presence of calcium at levels less than the WHO maximum level of 1.5 mg L−1.
Thus, COMA helps negate the synergic effect that could otherwise instigate CKDu by the presence of
fluoride and calcium in water.
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3.3. Adsorption Isotherms and Kinetics Models for Fluoride

The Langmuir, Freundlich, BET, Temkin, and Dubinin–Radushkevich (D–R) isotherm models
were used to investigate the fluoride adsorption behavior of COMA. The isotherm parameters obtained
from the Langmuir model for the adsorption of fluoride are depicted in Table S1 in Section 2 of the
Supplementary Materials. The Langmuir model had a higher R2 value (0.99) in comparison to other
isotherm models, and the Langmuir isotherm constant (KL) was 0.85 L mg−1. The maximum monolayer
adsorption capacity for fluoride was 17.82 mg/g of COMA. Thus, the adsorption of fluoride by COMA
was preferably represented by the Langmuir model, which describes that the adsorption mechanism
follows the monolayer adsorption, the COMA surface contains a finite number of homogeneous
adsorption sites, and no transmigration of fluoride occurs in the monolayer. The equilibrium factor
(RL) of the Langmuir isotherm was 0.40, which indicates that the monolayer adsorption mechanism of
COMA was favorable.

The Freundlich model describes the availability of heterogeneous active sites on the surfaces
of COMA. The Freundlich isotherm was applied to multilayer adsorption, which describes the
non-uniform distribution of adsorption heat and affinities over the heterogeneous surface [49]. The
Freundlich model showed an R2 value of 0.86, the Freundlich isotherm constant (Kf) was 0.13 mg g−1,
and the adsorption intensity was 1/n 0.93, which indicated that COMA did not convincingly fit the
Freundlich model. The isotherm parameters obtained from the Freundlich model for the adsorption of
fluoride are presented in Table S1 in Section 2 of the Supplementary Materials.

The BET adsorption isotherm related to the energy of surface interaction implies multilayer
formation due to physisorption of fluoride in the surface of the COMA. The BET model showed an
R2 value of 0.89, the maximum adsorption capacity of fluoride for forming single layers per gram of
COMA (Qo) was 0.44 mg g−1, and energy of surface interaction (KB) was 864.90 L/mg, which indicated
that COMA followed a poor interaction with the BET model. The values of parameters obtained from
the BET model are presented in Table S1 in Section 2 of the Supplementary Materials.

The Temkin isotherm model takes into account the interactions between COMA and fluoride.
The model was based on the assumption that (i) the free energy of adsorption is merely a function of
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surface coverage, which describes that the heat of adsorption (function of temperature) of all molecules
in the layer deceases linearly, and (ii) a uniform distribution of binding energies up to the maximum
energy level. The positive value of the variation of adsorption energy indicated that the reaction is
exothermic. The R2 value was observed as 0.80, which demonstrates that COMA did not follow the
Temkin model. The parameters obtained from the Temkin model are presented in Table S1 in Section 2
of the Supplementary Materials.

The Dubinin–Radushkevich isotherm describes whether the nature of adsorption by COMA is
physical or chemical. The value of E calculated according to the Dubinin–Radushkevich model was
found to be 1.45 KJ mol−1, indicating that the adsorption process was controlled by the physisorption
rather than chemisorption and ions exchange. When the value of E is < 8 kJ mol−1, the adsorption
process is physical in nature; for a value between 8 and 16 kJ mol−1, the ion exchange mechanism occurs;
and for a value greater than 16 kJmol−1, the adsorption process is controlled by the chemisorption [50].
The isotherm parameters obtained from the Dubinin–Radushkevich model for the adsorption of
fluoride are presented in Table S1 in Section 2 of the Supplementary Materials.

The equilibrium constants and thermodynamic parameters for the kinetics models of fluoride
adsorption are shown in Table S2 in Section 3 of the Supplementary Materials. Higher R2 values were
observed for the pseudo 2nd order model than for those of the pseudo 1st order. The calculated and
experimental Qe values of the pseudo 2nd order model were approximately the same in magnitude;
hence, the adsorption kinetics of fluoride using COMA were described by the pseudo 2nd order model
and characterized by chemisorption with covalent bonding.

4. Conclusions

Mesoporous alumina was successfully functionalized with CaO to synthesize COMA, which was
confirmed by the XRD analysis, and the average particle size was on the nano-scale. The optimum
COMA dosage for defluoridation was found to be 2 g L−1. The fluoride adsorption was best fitted with
the Langmuir model, with the maximum monolayer adsorption capacity of COMA being 17.83 mg g−1,
and the adsorption kinetics fitted with the pseudo-2nd order model, indicating strong covalent
bonding by way of chemisorption. Thus, COMA can be effectively utilized as an adsorbent material
in defluoridation of potable water in areas prevalent with CKDu in the presence of high fluoride
(15 mg L−1) and calcium (1500 mg L−1) levels. COMA is, therefore, reckoned to be a potent and reliable
material for the selective removal of fluoride in the presence of high calcium levels.
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