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ABSTRACT 
Fluoride pollution in our soil and water is a serious environmental and health hazard and requires 
effective remediation techniques. Present study analyses the adsorption technique of fluoride ions (F⁻) 
and sodium fluoride (NaF) on SiO₂ surface using Density Functional Theory (DFT). Both super  cell and 
non-super cell slabs of hexagonal SiO₂, with Miller indices (10̄10), were explored to study adsorption 
behavior at the molecular level. Adsorption energies, electronic properties, and density of states were 
calculated for evaluating the strength of interaction between SiO₂ and fluoride adsorbates, which also 
reveals key features consistent with the Langmuir Isotherm model. A rightward shift in the Fermi level 
indicates strong electron interaction, especially by sodium fluoride, may be associated with chemical 
adsorption. Structural distortions and hybridization changes within the SiO₂ crystal during adsorption 
were further elaborated. This DFT-based study provides insights into optimizing material selection for 
cost-effective water treatment methods for fluoride-endemic regions. 

 
1.  Introduction 

 

Pollution of the environment due to various contaminants 

creates a threat to our ecosystems and health worldwide. 

Particularly, the inorganic cationic and anionic pollutants 

significantly affect the quality of our air, water, and soil [1].  

The present study focuses on the naturally occurring 

anionic pollutant fluoride. Fluoride is present in water as 

various salts like Sodium Fluoride, Sodium Fluorosilicate, 

Fluorosilicic acid etc. As the ionic form of fluorine, fluoride 

not only inhibits the initiation and progression of dental caries 
but also stimulates new bone formation [2]. The majority of the 

fluoride consumed by people comes from fluoridated water, 

fluoridated food and fluoridated toothpaste and other dental 

products [3]. Natural sources of fluorine include volcanic 

eruptions, forest fires, geothermal activity, and rock deposits. 

Minerals such as granite, basalt, limestone, sandstone, volcanic 

rock, and coal ash also contribute to the natural occurrence of 

fluorine. Additionally, industrial activities—such as those in 

the aluminium and zinc industries, magnesium smelting, coal 

burning, oil refining, ceramic, glass and enamel manufacturing, 

and clay burning—are responsible for fluoride emissions into 
the environment [4]. The semiconductor industry also 

generates fluoride-contaminated waste water [5].  

The maximum permissible limit of fluoride in drinking 

water is 1.5 ppm, as per specifications by WHO [6] and Indian 

standard [7]. However, fluoride concentrations above this limit 

can cause dental fluorosis, which is characterized by yellowish 

or brownish mottling of the tooth surface. In addition, higher 

fluoride levels can lead to skeletal fluorosis as well, which may 

lead to skeletal decay, osteoporosis, osteosarcoma, 

neurological defects, muscle wasting, paralysis [4]. Fluoride 

can also affect kidney function, liver-specific enzymes, cell 

morphology, and the immune system by damaging cellular 

genetic material [4]. Moreover, adverse effects on plants have 

been observed through soil and water exposure [8]. 
For many decades, alum was a popular choice for 

removing fluoride from water [9-11].  More recent studies have 

expanded on this approach. For example, polymeric 

aluminium-modified activated carbon has been used for 

fluoride removal from coal mining water [12]. Another study 

used one-step hydrothermal technique involving Mg/Fe/La 

hydrotalcite-like compound for fluoride adsorption in aqueous 

solutions [13]. Various adsorbents like diatomite, calcium 

bentonite, bamboo charcoal, and rice husk biochar have also 

been applied for the removal of fluoride from water [14]. Some 

studies also calculated the scope of fluoride remediation using 
3D porous rhombohedral Fe-modified MgO [15], calcite 

permeable reactive barrier [16], on intrinsic B-doped and Al-

doped grapheme [17]. In computational studies, researchers 

primarily utilize methods such as Ab Initio Molecular 

Dynamics (AIMD) simulations [17], Density Functional theory 

(DFT) [15], Monte Carlo Simulations [18, 19], Hartree-

Fockapproach [20, 21]. 

The present study adopts a theoretical approach to select 

suitable material for fluoride remediation via adsorption using 
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DFT [22] with silicon dioxide (SiO2.) as the chosen adsorbent. 

DFT has become an indispensable tool for studying pollutant 

removal at the molecular and atomic levels. By analyzing 

adsorption, electronic properties, charge transfer, and energy 

landscapes, DFT provides deep insights into how pollutants 

interact with various materials. The adsorption energy, a key 

parameter calculated using DFT, determines the strength of 

pollutant binding on a surface; a negative adsorption energy 

indicates an exothermic and stable process. Essentially, DFT 
approximates the exchange-correlation energy that governs 

electron–electron interactions.  

Material selection is crucial for the pollutant remediation 

techniques. SiO2 is selected in the present study, due to its high 

surface area, tunable pore size, and versatile surface chemistry. 

SiO2, the primary constituent of sand, is chosen as the 

adsorbent material because of its low cost, straightforward 

design, ease of use, and reduced production of hazardous 

byproducts. The term adsorption method here refers to a phase 

separation process used to filter water, whereby contaminants 

(or adsorbate) are transferred from the liquid phase to the 

surface or interface of the adsorbent [23]. Since experimental 
methods for adsorbent synthesis can be resource-intensive, 

DFT allows for the virtual screening of SiO2 (or any other 

suitable composite) to prioritize promising candidates, thereby 

reducing material waste and R&D expenses. This strategy 

aligns with global needs for affordable water treatment 

solutions, particularly in fluoride-endemic regions. 

     In the present study, the pollutant is considered both in 

the form of the fluoride ion and as sodium fluoride (NaF). The 

adsorption energy of the SiO2 slab was calculated before and 

after the adsorption of the fluoride ion and sodium fluoride; 

negative energy values indicate an exothermic and 
thermodynamically favourable process. This suggests a strong 

binding affinity of both fluoride and sodium fluoride to the 

SiO2 surface, reinforcing its potential as an effective adsorbent. 

It is important to note that the accuracy of these adsorption 

energy calculations is highly dependent on the choice of the 

exchange-correlation functional within DFT [24]. 

 

2.  Materials and methods 
 

As mentioned earlier, for the analysis of the adsorption 

process of fluoride/NaF on silica surface, DFT was employed 

in the current study. For the exchange-correlation functional, 

the local-density approximation (LDA) [25] with ultra-soft 

pseudopotentials (USPP) [26] was used to study the adsorption 
energy of the SiO2 hexagonal crystal [27].  

 

 
 

Figure 1:  SiO2 (silica) hexagonal (P6322) beta-tridymite 
structure. 

To analyse the surface properties, slab with miller indices 

(1010) was generated using the python package, pymatgen 

[28]. SiO2 crystallizes in the hexagonal P6-22 space group and 

exhibits a beta-tridymite structure [29]. In this structure, SiO2 

tetrahedra, which share corners, are formed when Si4+ is 

coordinated to four O² atoms. The tetrahedra structure features 

Si–O bonds with bond length 1.62 Å. Furthermore, the two O2- 

sites are inequivalent, at the first O2- site, two similar Si4+ 

atoms are arranged in a linear geometry, while at the second 
site, two analogous Si4+ atoms (as derived from the Materials 

Project database) are linked to oxygen in a bent geometry with 

an angle of approximately 150°. 

The surface convergence energy of SiO2 was determined 

by optimizing the atomic positions at different adsorption sites 

and through the adjustment of structural parameters. The cut 

off energy was set at 40 Ry for the wave function and 320 Ry 

for the charge density with k-point mesh of Γ−sampling points. 

For ion dynamics, the Broyden–Fletcher–Goldfarb–Shanno 

(BFGS) algorithm was employed for geometry relaxation, 

given its efficiency as a quasi-Newton optimization method. 
The adsorption energy (Eads) of SiO2 quantifies the 

energetic change that occurs when a pollutant adheres to an 

adsorbent surface [30]. 

 

Eads = Esys – [Esurface+ Epollutant] 

 

where, Esys is the total energy of the combined system, 

which includes the adsorbent surface with the pollutant already 

adsorbed, Esurface is the energy of the clean, unmodified 

adsorbent surface and Epollutant is the energy of the isolated 

pollutant before it interacts with the surface. 

All calculations were performed using the Quantum 
ESPRESSO computational package. The energy cutoff was 

chosen based on a convergence study, as shown in Figure 2. 

 

 
 

Figure 2: Total energy vs. the energy cut-off. 

 

3.  Results and discussion 
 

This section focuses on the structural and electronic 

properties under study through Density Functional Theory. 

In Figure 3(a), we present the slab structure of SiO2, as 

obtained from the Materials Project. A suitable plane 

corresponding to Miller indices (10̄10) was cut using a Python 

module. Although the hexagonal structure employs Bravais 

Miller indices, we have converted them into equivalent three-
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coordinate indices, as rotational effects will not be studied. 

Figure 3(b) shows the twelve adsorption sites for fluoride ions 
on the surface of SiO2. These adsorption sites were identified 

using a python package [31]. Figure 3(c) illustrates the 

formation of the supercell structure of SiO2, while Figure 3(d) 

depicts the presence of thirty fluoride adsorption sites on the 
supercell structure. 

 

 
Figure 3: (a) Hexagonal crystal structure of SiO2; (b) fluoride adsorption sites on SiO2; (c) supercell structure of above SiO2 crystal; (d) fluoride 

adsorption sites in the supercell. 

 

3.1  Adsorption energy calculation 
 

We calculated the adsorption energy for each adsorption 

site identified on both the SiO2 crystal plane (101̄0) and the 

same plane within the supercell structure. Separate calculations 

were conducted for sodium fluoride (NaF) and the fluoride ion 

(F-). The results, shown in the accompanying table, indicate 

that all calculated adsorption energy values are negative. These 

negative values confirm that the adsorption process is 

exothermic, signifying that the adsorption of both NaF and 

fluoride ions onto the SiO2 surface is thermodynamically 

favourable.

 
Table 1: Calculation of Adsorption energy for the adsorption sites of SiO2 crystal unit cell  

and supercell both for adsorbate NaF and Fluoride ion. 
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3.2  Electronic properties 

The study of electronic properties on the hexagonal crystal 

of SiO2 were done. For different adsorbates like the sodium 

fluoride and fluoride ion on both supercell and non-supercell 
slab of the SiO2 crystal shown in Figure 4.  

In Figure 4(a) and Figure 4(c), the shift of fermi level 

accounted from -1.453 eV to 1.056 eV. This heavy rightward 

shift of the fermi level indicates the high electron donation of 

sodium fluoride towards the SiO2 slab. Similarly in Figure 4(b) 

and Figure 4(d), the fermi level shifted from -1.453 eV to 

0.273 eV which indicates the similar trend like sodium 

fluoride, but the effect is notably weaker than sodium fluoride. 

It is noticed that the peak density of states was observed in 

the range of approximately around –7.5 eV to 5 eV near the 

fermi level. In Figure 4(a), (b), (c), (d), after the 10th 

adsorption, the number of states increases suddenly. 

This progressive shift of the fermi level indicates a strong 
atomic interaction between the SiO2 surface and the adsorbate 

which is a characteristics of chemisorptions [32]. In case of 

physisorption, the interaction between adsorbate and adsorbent 

is very weak, which can show a less progressive change in the 

fermi level. 

For individual adsorbate, the change of the electronic 

properties were also analyzed. 

 

 
Figure 4: Variation of density of states with energy with increasing number of adsorbate: (a) SiO2 with NaF adsorbate; (b) SiO2 with fluoride 

ion adsorbate; (c) SiO2 (supercell) with NaF adsorbate; (d) SiO2 (supercell) with fluoride ion adsorbate. 
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Figure 4: (e) SiO2 with single NaF adsorbate; (f) SiO2 with single fluoride ion adsorbate. 

 

The energy difference observed from Figure 4(e) and (f) is 

about -0.656 eV which indicates the strong electronic 
interaction of the sodium fluoride over fluoride ion. 

Adsorption also alters the hybridization of the crystal, as 

detected through the density of states (DOS). The SiO2 has a 

hybridization is sp3 [33] which forms a tetrahedral structure. 

After adsorption the tetrahedral shape get distorted in terms of 

Si-O bond lengths (before adsorption:1.61Å , after 

adsorption:1.66 Å) and angles (before adsorption:150o , after 

adsorption: 112o) on the surface because of the formation of 

new bond with silicone in SiO2 with the adsorbate which is 
clearly visible from the DOS. 

The localization of the negative charge is clearly visible 

from the DOS, as the fermi level shifts progressively along 

with accumulation of the negative charge on the surface. From 

the Fermi-Dirac distribution of the adsorption [34] is also give 

the proper accumulation of the electrons from adsorbate on the 

surface of SiO2 adsorbent. 

 

 
Figure 5: Fermi-Dirac Distribution of the adsorption process. 

 

Langmuir Isotherm 

One widely accepted model for explaining how molecules 

adsorb onto a solid surface is the Langmuir Isotherm (LI). 

Density Functional Theory (DFT) simulations, along with 

other computational and experimental adsorption 

investigations greatly benefit from its application. By 

providing molecular-level insights into adsorption processes, 

DFT can complement Langmuir parameters, even though the 

Langmuir Isotherm is typically derived from experimental 

data. 

Using xcrysden [35], Figure 6, is showing how the 

adsorbate is being attached in the surface of adsorbent with 

increasing concentration of adsorbate. 
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Figure 6: (a) SiO2with single Fluoride ion as adsorbate; (b) SiO2with single sodium fluoride (NaF) molecule as adsorbate; (c) SiO2 supercell 

with 10 number of Fluoride ions as adsorbate; (d) SiO2supercell with 10 sodium fluoride (NaF) molecules as adsorbate. 

 

 

Figure 7: Variation of adsorption energy with increasing concentration of adsorbate (Ad) in the adsorbent (Ads), curves are being calibrated 
with Boltzman polynomial curve fitting Equation: Y = A2 + (A1 - A2)/(1+exp((x-x0)/dx)). (a) adsorbent is SiO2, adsorbate NaF; (b) adsorbent is 

SiO2, adsorbate fluoride ion; (c) adsorbent is SiO2 supercell, adsorbate NaF; (d) adsorbent is SiO2 supercell, adsorbate fluoride ion. 
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LI predicts the isotherm behaviour for varying fluoride 
concentration. In this study, we gradually increased the 

concentrations of sodium fluoride (NaF) and fluoride ions (F-) 

at each site depicted in Figure 3(b) and Figure 3(d). The results 

show in Figure 7 that the adsorption energy initially increases 

with the higher fluoride concentrations. However, after some 

time, the energy saturates as the adsorption sites become fully 

occupied and can no longer accommodate additional adsorbate 

ion/molecule. This characteristic behaviour of the graph aligns 

with the predictions of the Langmuir Isotherm (LI) [36, 37]. 

 

4.  Conclusions 
The present study demonstrates the role of SiO2 as a 

promising adsorbent for fluoride remediation, using DFT-

based analysis. The chemical interactions between the SiO2 

surface and fluoride adsorbates (NaF and F-) are confirmed 

byhigh adsorption energy values, Fermi level shifts, and 

changes in electronic properties. Furthermore, the adsorption 

behavior was validated by the Langmuir Isotherm model which 

shows its efficiency and saturation characteristics. These 

findings provide a computational modelling for optimizing 

material design and cost-effective, sustainable water treatment 

solutions. 
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