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Abstract  
 Lab-scale experiments and Density Functional Theory (DFT) studies were carried out to investigate the efficiency 
of Napier grass-derived adsorbent (CNP_600) and alkaline modification (CNP_0.2NaOH_600) as low-cost adsorption 
materials for fluoride removal. CNP that had been treated with an alkaline solution cloud contained more fluoride than 
the CNP that had been used initially. The NaOH modification of prepared materials promoted a change in surface 
characteristics that could enhance fluoride removal efficiency. Those adsorbents fitted well with the pseudo-2nd-order 
kinetic model and declared that the adsorption process was chemisorption. The isotherm study exhibited the best fit with 
the Langmuir model, resulting in mono-layer adsorption. The experimental adsorption behavior of fluoride ions (F–) onto 
CNPs was investigated. The proposed adsorption process involved electrostatic attraction and hydrogen bonding, which 
were found to be consistent with the results of a Density Functional Theory (DFT) study. The results indicated that the -
OH and -COOH groups on the CNPs displayed electron acceptors from the F– ions. Additionally, the fluoride removal of 
actual groundwater from the prepared adsorbents was 17 %. The small percentage of adsorption efficiency in groundwater 
was because of pH and co-exiting ions. Finally, the use of biomass waste as a biochar adsorbent to control the fluoride 
excess in groundwater in the problematic area could promote the sustainability of water safety for the community, 
especially in the northern part of Thailand. 
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Introduction 

Fluoride (F–) has beneficial and detrimental 
effects, depending on its concentration in drinking 
water. At low concentrations (0.4 - 1.0 mg/L), fluoride 
is beneficial to the teeth of young children, as it can 
protect teeth against decay and promote the calcification 
of dental enamel [1]. On the other hand, the 
concentration of fluoride in groundwater can cause 
dental and skeletal fluorosis, bone diseases, mottling of  

 
teeth, and lesions of the thyroid, liver and other organs 
[2]. Fluoride is released into groundwater through the 
dissolution of fluoride in rocks. Furthermore, fluoride, 
biotite, topaz, granite, basalt, syenite, and shale are 
subsurface minerals that can release fluoride into the 
groundwater [3]. Fluoride contamination in 
groundwater has been recognized as a serious 
environmental problem worldwide. Many countries, 
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such as Tunisia, Morocco, Algeria, and Senegal, 
encounter excessive fluoride in their drinking water [3]. 
The World Health Organization (WHO) set the 
maximum level of fluoride in drinking water as 1.5 
mg/L [4]. In addition, the populations in the northern 
part of Thailand, such as Chiang Mai, Lamphun, and 
Mae Hong Son provinces, had been exposed to high 
levels of fluoride from drinking water. Therefore, the 
standard of fluoride in drinking water in Thailand 
established by the Ministry of Public Health is 0.7 mg/L. 
The prevalence of elevated fluoride levels in 
groundwater within the northern region of Thailand 
persists as a prominent issue attributed to the local 
topographical characteristics [5,6]. Extensive research 
has been undertaken to address the issue of reducing its 
concentration, both in controlled laboratory settings and 
on a larger pilot scale [7-9]. However, the general 
acceptance of such technologies is hindered in 
numerous regions due to the significant expenses 
associated with the required equipment and the intricate 
installation process. Various techniques, including 
adsorption, ion exchange, precipitation, electrodialysis, 
and nanofiltration, can be employed as effective 
strategies to mitigate the high fluoride levels found in 
groundwater [8-13]. Adsorption is a technique that 
offers enhanced convenience and potential cost-
effectiveness, contingent upon the specific 
characteristics of the adsorbents employed. Developing 
nations commonly employ cost-effective adsorbents 
that are readily accessible within their local regions, 
often opting for natural adsorbents. Many studies have 
been published with complex and expensive absorbents; 
however, in the local area, it is no longer that type of 
absorbent due to the need for more methodology and the 
use of many chemicals and procedures [11]. The 
utilization of agricultural waste or biomass products is 
also the best practice for applying them as absorbents, 
which are cheap and have no future complexity for 
application in the real world. Various types of literature 
have investigated to use of rice husk, mango (Mangifera 
indica), and biochar to remove fluoride in water and 
showed some interesting results in removal efficiency 
[14]. However, some materials, such as biomass waste 
found in both raw and modified biochar materials, 
showed low defluorination at the natural pH and 
exhibited high removal efficiency at high pH with high-
cost modification and a long contact time [15]. To 

enhance the removal efficiency with chemical and 
physical modification, the carbonization of biomass 
materials is the most appropriate option for further 
applications [16]. Moreover, the adsorption mechanisms 
were carried out by mean of density functional theory 
(DFT) to understand our prepared materials for 
removing the fluoride contaminated in water and 
groundwater. Density Functional Theory (DFT) is a 
computational quantum mechanical modeling method 
widely used to study the electronic structure of atoms, 
molecules, and condensed matter systems. It plays a 
crucial role in predicting the physical, chemical, and 
electronic properties of materials without requiring 
experimental input, making it an indispensable tool in 
material and catalyst design. Furthermore, DFT 
provides insights into reaction mechanisms, adsorption 
processes, and chemical bonding, allowing a deeper 
understanding of the adsorption behavior of fluoride 
ions on the prepared CNP material. In this study, DFT 
calculations were employed to investigate the 
adsorption mechanism and to identify which functional 
groups of the CNP material preferentially interact with 
fluoride ions. The adsorption behavior of fluoride or 
other guest molecules on adsorbents is largely 
influenced by their physical and chemical interactions. 
Previous studies have highlighted the complexity of 
pollutant removal processes in water treatment, 
particularly when using biochar. Various factors, 
including porous structure, π–π interactions, surface 
charge, functional groups, and hydrogen bonding, 
significantly impact adsorption efficiency. For instance, 
Jawad et al. [17] demonstrated that covalent forces 
arising from electron sharing between pollutants and 
adsorbents regulate the rate of chemical adsorption. 
Similarly, Shao et al. [18] reported that the primary 
mechanisms for the adsorption of cationic dyes involve 
complexation and electrostatic interactions between 
oxygen-containing functional groups on chemically 
modified adsorbents and dye molecules. 

Therefore, the current research work aims to 
investigate the carbonization of Napier grass modified 
with an alkaline condition for fluoride removal from 
water and to examine adsorption mechanisms, including 
adsorption kinetics and adsorption isotherms in batches 
and actual groundwater. Also, the material 
characterization of prepared materials, including XRD, 
SEM-EDS, surface charge, porosity, and surface charge 
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(BET), was examined. Additionally, density functional 
theory (DFT) was employed to investigate the potential 
fluoride removal mechanisms, detailing the interactions 
and primary functional groups between CNP and 
fluoride ions. 
 
Materials and methods 

Synthetic water and actual groundwater  
Synthetic water containing 10.0 mg/L of fluoride 

was prepared from sodium fluoride (NaF) in deionized 
water. In addition, actual groundwater was collected 
from Banbuakkhang School. It is located in San 
Kamphaeng District, Chiang Mai, Thailand. The 
fluoride concentration in this groundwater was 
approximately 10.0 mg/L. The colorimetric approach 
was used to quantify the fluoride concentration in water 
samples at a wavelength of 570 nm. (Jenway 6400 
Spectrophotometer, Jenway, UK). 

 
Material preparation 
Napier grass was collected from a cow farm at the 

Energy Research and Development Institute-
Nakornping (ERDI), Chiang Mai University. It was 
soaked with deionized water following sun drying. 
Then, it was chopped into a size of 1-3 cm. The prepared 
Napier grass was separated into 2 Types, including 
Napier grass cleaned and soaked with deionized water, 
known as CNP_600, and modified by soaked in 0.2 M 
of sodium hydroxide (NaOH) and stirred for 2 h at 80 
°C, known as CNP_0.2NaOH_600. After that, both 
types of Napier grass were pyrolyzed at 600 °C for 2 h. 
Subsequently, they were cooled down, grinded, and 
sieved in the size range of 60 - 100 mesh. CNP_600 and 
CNP_0.2NaOH_600 adsorbents were completely 
washed and soaked with deionized water. Finally, both 
adsorbents were dried in the oven and transferred to a 
desiccator. 

 
Materials characterization 
The physical and chemical properties of materials 

were analyzed. The surface morphologies and micro 
chemical compositions of CNP_600 and 
CNP_0.2NaOH_600 adsorbents were examined using 
an SEM/EDS (JSM-IT300). The crystalline structure of 
CNP_600 and CNP_0.2NaOH were confirmed via X-
ray diffraction (XRD) patterns using a 

Bruker/D8ADVANCE, Germany. The porosity and 
surface area (BET) were measured by nitrogen 
adsorption isotherm using Autosorb 1 MP, Quanta 
Chrome Instrument, USA. The surface function groups 
of materials were analyzed using a Fourier transform 
spectrophotometer over a range of 400 to 4,000 cm –1 
with a resolution of 4 cm–1 (PerkinElmer). The points of 
zero charge (pHpzc) of CNP_600 and 
CNP_0.2NaOH_600 adsorbents were adapted and 
determined. After weighing 0.1 g of the CNP_600 and 
CNP_0.2NaOH_600 adsorbents, they were added to 100 
mL of deionized water with a pH range of 3.0 to 12.0 
that had been adjusted with sodium hydroxide or nitric 
acid. The combined samples were then agitated for 24 h 
at 200 rpm using a shaker (GFL, Orbital Shaker 3017, 
Germany). The final pH of every sample was then 
determined. Plotting the initial and final pH values 
allowed for the identification of the pHpzc. The 
common peak of the plot of the relationship between the 
initial and final pH solutions was used to examine the 
adsorbent's point of zero charge (PZC). 

 
Adsorption experiment 
In the batch adsorption studies, synthetic water 

with a fluoride content of 10.0 mg/L was utilized. 0.5 g 
and 1.0 g of the adsorbents were mixed into 100 mL of 
synthetic water at pH 7.0, respectively, for the 
adsorption kinetics and isotherm studies (controlled by 
a phosphate buffer). A rotary shaker (GFL, shaker 3017) 
was used to combine these samples at room temperature 
at 200 rpm. The CNP_600 and CNP_0.2NaOH_600 
adsorbents were extracted from the solution using a 
nylon syringe filter (nominal pore size 0.22 µm, Chrom 
Tech) after the mixing was stopped at various adsorption 
durations ranging from 0 to 48 h. The filtrates were 
analyzed for residual fluoride concentrations. The 
adsorption isotherms were studied by varying the initial 
fluoride concentrations from 1 mg/L to 100 mg/L. The 
pH of the solution was controlled by phosphate buffer at 
7.0. The equilibrium time was based on the kinetics 
study results (6 h). After adsorption at equilibrium time, 
the solution was filtrated and measurement residue 
fluoride as described in the kinetic study. In addition, the 
adsorption of actual groundwater was obtained from the 
excess fluoride contamination with an initial 
concentration of 10 mg/L of fluoride, and the adsorption 



Trends Sci. 2025; 22(3): 9217     4 of 16  

mechanism was similar to that of synthetic fluoride 
water. 

 
Adsorption mechanism 
Adsorption kinetics 
The kinetics of fluoride adsorption were 

determined using 2 alternative kinetic models, which 
included pseudo-1st-order and pseudo-2nd -order 
equations. The equation of pseudo-1st-order and pseudo-
2nd-order models is given by Eqs. (1) - (3), respectively. 

The pseudo-1st-order equation is presented as 
follows: 

 

ln � 𝑞𝑞𝑒𝑒
𝑞𝑞𝑒𝑒−𝑞𝑞𝑡𝑡

� = 𝑘𝑘p1𝑡𝑡                                                                     (1) 

 
Which can be rearranged in linear form as follows: 
 

log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = log(𝑞𝑞𝑒𝑒) −  𝑘𝑘𝑝𝑝1𝑡𝑡
2.303

                     (2) 

 
where qt is the adsorption capacity at time t (mg/g), qe is 
the adsorption capacity at equilibrium (mg/g), t is time 
(min), and kp1 is the pseudo-1st-order rate constant (min–

1). 
 

The pseudo-2nd-order equation is applied as 
follows. 

 
𝑡𝑡

 𝑞𝑞𝑡𝑡
= 1

kp2𝑞𝑞𝑒𝑒2
+ 𝑡𝑡

𝑞𝑞𝑒𝑒
                                                       (3) 

 
where qt is the adsorption capacity at time t (mg/g), qe is 
the adsorption capacity at equilibrium (mg/g), t is time 
(min), and kp2 is the pseudo-2nd-order rate constant 
(g/mg∙min). 

 
Adsorption isotherms 
Three isotherm models (linear, Langmuir, and 

Freundlich) were used to investigate the adsorption 
behavior of fluoride on CNP_600 and 
CNP_0.2NaOH_600 adsorbents.  

The linear model equation is shown in Eq. (4) 
 

𝑞𝑞𝑒𝑒=𝐾𝐾𝑝𝑝𝐶𝐶𝑒𝑒                                                                 (4) 

 

where Kp is the linear partition and Ce is the 
concentration at the equilibrium of fluoride. 

The Langmuir isotherm is as follows: 
 

𝑞𝑞𝑒𝑒 = 𝑞𝑞0𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1+𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

                                                          (5) 

 
Which can be rearranged in the linear form as 

follows: 
 

1
𝑞𝑞𝑒𝑒

= 1
𝐾𝐾𝐹𝐹𝑞𝑞0

1
𝐶𝐶𝑒𝑒

+ 1
𝑞𝑞0

                                                    (6) 

 
where q0 is the amount of fluoride adsorbed per unit 
weight of adsorbent (mg/g), qe is the total amount of 
fluoride adsorbed at equilibrium (mg/g), Ce is the 
concentration of the fluoride in the solution at 
equilibrium (mg/L), and KF is the constant related to the 
energy of sorption (L/mg). 

The Freundlich isotherm is shown by the 
following equation: 

 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1 𝑛𝑛�                                                                           (7) 

 
Which can be rearranged in the linear form as 

follows: 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 = 1
𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝑒𝑒 + 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐹𝐹                            (8) 

 
where qe is the total amount of fluoride adsorbed per unit 
weight of adsorbent at equilibrium (mg/g), Ce is the 
concentration of the fluoride in the solution at 
equilibrium (mg/L), KF is the Freundlich constant (L/g), 
and n is the Freundlich constant (dimensionless). 

 
Computational method 
The optimizations were performed using the 

density functional theory (DFT) along with Becker’s 3-
parameter gradient-corrected exchange potential, 
combined with the Lee−Yang−Parr gradient-corrected 
correlation potential (B3LYP)1−3 and including 
Grimme’s D3 dispersion correction (B3LYP-D3)4 and 
the 6-31G++(d,p) People basis set to adequately 
describe the Van der Waals interactions and give proper 
geometries of molecular clusters. The simulation was 
carried out in a vacuum environment since the effects of 
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water revealed that the findings obtained using the 
conductor-like polarizable continuum solvent model (C-
PCM) differed only slightly qualitatively. All 
calculations were conducted using the Gaussian 16 
software package. The adsorption energy (Eads) 
quantifies the stability of the CNP and fluoride ion (F–) 
is calculated as the difference between the energy of the 
complex (EF-CNP) and the sum of the energies of the 
isolated CNP adsorbate (ECNP) and the fluoride ion 
molecule (EF) in their fully relaxed gas-phase 
geometries as the following Eq. (9) [19-22]. 

 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝐹𝐹−𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐸𝐸𝐹𝐹                                  (9) 
 
Results and discussion 

Physio-chemical properties of materials text  
The physical properties of CNP_600 and 

CNP_0.2NaOH_600 adsorbents were investigated and 

illustrated in Figure 1. CNP_600 and 
CNP_0.2NaOH_600 adsorbents exhibited a smooth 
surface. Although CNP_600 and CNP_0.2NaOH_600 
adsorbents showed a smooth surface, an irregular shape 
of CNP_0.2NaOH_600 was observed after NaOH 
modification. Based on SEM images, the 
CNP_0.2NaOH_600 exhibited surface smoothness after 
treatment with NaOH, resulting in an increase in internal 
spaces and enhancing an active site [23]. This could 
lead to the absorption of fluoride into the 
physicochemical characteristics and an improvement in 
the fluoride's adsorption capacity. In addition, NaOH 
treatment introduces hydroxyl (-OH) groups onto the 
surface of Napier grass biochar. These groups can 
increase the biochar’s hydrophilicity and enhance its 
interaction with water molecules and contaminants [24].

 

 
Figure 1 SEM-EDS analysis of (A) CNP_600 and (B) CNP_0.2NaOH_600. 
 

The quantitative chemical composition of 
CNP_600 and CNP_0.2NaOH_600 adsorbents was 
analyzed using an energy-dispersive X-ray 
microanalyzer (SEM-EDS). The chemical composition 
of CNP_600 and CNP_0.2NaOH_600 adsorbents 
exhibited different types of elements, as shown in Table 

1. The highest proportion of CNP_600 was C followed 
by O and K, respectively. In addition, the 
CNP_0.2NaOH_600 (wash with NaOH) showed a 
similar trend to CNP_600. The carbon content of both 
prepared materials increased when compared to the 
original Napier grass (45.10 % wt.) [30]. The increase 
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of carbon contents in CNP_600 and 
CNP_0.2NaOH_600 can be related to the carbonization 
process, which involves a restructuring of the 
carbonaceous structure by breaking less stable chemical 
bonds in Napier grass [31]. Furthermore, the contents of 
O, Na, and K were notably elevated in the NaOH-
modified materials, particularly the Na element, which 
was from 0%wt to 1.8%wt. This confirms the successful 
grafting of NaOH. 

To investigate the functional groups of CNP_600 
and CNP_0.2NaOH_600 surfaces, the FTIR spectra 
were performed using FTIR. The CNP_600 and 

CNP_0.2NaOH_600 were packaged as dispersions of a 
KBr pellet. The IR spectra are shown in Figure 2. The 
minor peaks at 871 and 873 cm–1 are exhibited in 
confirmed calcite biochar materials in both materials 
[25]. The IR results exhibited similar trends with other 
research, including peaks at 1,099 and 1,038 cm–1 
showed C-O and C-O-C stretching, and peaks at 1561 
and 1565 cm–1 which were assigned to C=C stretching 
of CNP_600 and CNP_0.2NaOH_600, respectively. 
The shift of C-O and C-O-C stretching is due to NaOH 
modification. The board peaks of -OH groups were 
observed at a range of 2,400 - 3,500 cm–1 [26].

  
Table 1 Elemental analysis of CNPs by EDS mapping. 

Materials 
Weight % Atomic % 

C O Na K C O Na K 

CNP_600 90.6 8.3 0.0 1.1 93.2 6.4 0.0 0.4 

CNP_0.2NaOH_600 79.4 14.4 1.8 2.0 85.6 11.6 1.0 0.6 

 

 
Figure 2 FTIR spectra of CNP_600 and CNP_0.2NaOH_600. 
 

The XRD patterns of the CNP_600 and 
CNP_0.2NaOH_600 are shown in Figure 3. The 
intensity of the diffraction patterns was expressed in 
terms of Bragg’s angle (2θ). The broad peaks were 
detected at a 2θ value at around 20 - 62 ° and 22 - 32 ° 
respectively, these regions indicate elements with an 
amorphous structure. The Napier grass-derived 
adsorbents were mostly amorphous in nature, but they 
possessed a few crystalline structures [27]. The 
amorphous structure of a biomass is determined by the 

hemicellulose and lignin [28]. Their adsorption 
applications benefit from this desired feature [29]. Sharp 
peaks were observed at 2θ values 22.33, 25.8, 29.4 and 
32.3 ° respectively, corresponded to crystalline 
cellulose, and the intensity of these peaks increased with 
increasing NaOH concentration. The results were 
consistent with the elemental analysis, which indicates 
that the elements are formed at the surface of the 
adsorbent.
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Figure 3 X-ray Diffraction pattern of CNP_600 and CNP_0.2NaOH_600. 
 

The porosity and surface area of CNPs were 
investigated by nitrogen adsorption isotherm using BET 
and BJH methods, respectively. (Figure 4 and Table 2). 
The calculated BET surface area of CNP_600 (washed 
with deionized water) and CNP_0.2NaOH_600 (washed 
with base) adsorbents were 182.5 and 115.1 m2/g, 
respectively. The pore volume of CNP_600 and 

CNP_0.2NaOH_600 adsorbents were 0.066 and 0.036 
cc/g, respectively. The reduction in the pore volumes of 
CNP_0.2NaOH_600 indicated control of NaOH on the 
CNP surface. Moreover, the hysteresis loop of both 
CNP_600 and CNP_0.2NaOH_600 adsorbents 
represented the mesopore adsorbents.

 

 
Figure 4 Nitrogen adsorption isotherm (BET) results (A) CNP_600 and (B) CNP_0.2NaOH_600.  

 
Table 2 BET characterization results of the CNP_600 and CNP_0.2NaOH_600. 

Materials CNP_600 CNP_0.2NaOH_600 

Specific surface area (m2/g) 182.5 0.066 

Micropore volume (cm3/g) 115.1 0.036 

 
The point of zero charges (PZC) of CNP_600 and 

CNP_0.2NaOH_600 adsorbents was investigated by 
considering the common plateau of the plot of the 

relationship between the initial pH solution and final pH 
solution after 24 h. The point of 0 charge (pHpzc) of 
CNP_600 and CNP_0.2NaOH_600 adsorbents were 
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approximately 8.0 and 10.0, respectively, as shown in 
NaOH treatment typically increases the pH of the PZC 
towards higher values. This shift occurs because the 
hydroxyl groups contribute to the surface becoming 
more negatively charged. As a result, the biochar may 
exhibit a higher PZC compared to untreated biochar 

Figure 5. CNP_0.2NaOH_600 displays a pHpzc value of 
10, indicating that its surfaces exhibit positive charges 
of prepared materials when the pH of the solution 
(approximately 7.0) is lower than the pHpzc and will 
promote the electrostatic attraction conducive to high 
adsorption of F– ions [32,33].

 
 

 
Figure 5 pHpzc results (A) CNP_600 and (B) CNP_0.2NaOH_600. 

 
 Consequently, the hydrated F– ions can be easily 
adsorbed onto the positively charged sites than 
CNP_600, whose pH is slightly equal to pHpzc. When the 
pH is equivalent to the point of zero charge (PZC), the 
surface charges of an adsorbent are either neutral or 
close to 0. This suggests that the surface charge of 
prepared materials is mostly influenced by the 
interaction between the material's surface and the ions 
present in the solution. Understanding the PZC is crucial 
for fluoride removal and other adsorption applications. 
Below the PZC, the biochar surface tends to be 
positively charged, favoring the adsorption of anions 
like fluoride through electrostatic attraction. Above the 
PZC, the surface becomes negatively charged, 

influencing the adsorption behavior towards cations or 
affecting interactions with different contaminants [32]. 

 
Adsorption kinetics, isotherms, and mechanism 
The adsorption kinetic of fluoride adsorption on 

CNP_600 and CNP_0.2NaOH_600 adsorbents are 
illustrated in Figure 6. CNP_600 and 
CNP_0.2NaOH_600 adsorbents rapidly adsorbed 
fluoride in the 1st hour. After 1 h, the fluoride adsorption 
regularly slowed until it reached equilibrium at 6 h. The 
highest adsorption fluoride capacity on CNP_600 
adsorbents at equilibrium was 0.0530 mg/g and 
CNP_0.2NaOH_600 was 0.1946 mg/g, respectively.
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Figure 6 Adsorption kinetics study of CNP_600 and CNP_0.2NaOH_600. 

 
The rate of defluorination was quantitatively 

ascertained using 2 distinct kinetic models, including 
pseudo-1st order and pseudo-2nd-order equations. Table 
3 provides a summary of all adsorption kinetic model 
computations. The kinetic data of CNP_600 and 
CNP_0.2NaOH_600 adsorbents represented a good 

correlation (R2) with the pseudo-2nd-order model (R2 = 
0.9964 and 0.9979, respectively). The results indicated 
a chemisorption process between absorbent and 
adsorbate, especially in the presence of surface 
modification with an alkaline solution [34].

 
Table 3 Kinetic parameter of fluoride adsorption. 

Materials 
Pseudo 1st order Pseudo 2nd order 

k1 
(min–1) 

qe1 
(mg/g) 

R2 
k2 

(g/mg*min) 
qe2 

(mg/g) 
h R2 

CNP_600 –0.0007 0.2306 0.7610 0.1455 0.0530 0.0004 0.9964 

CNP_0.2NaOH_600 –0.0001 0.2945 0.1977 0.0684 0.1946 0.0026 0.9979 

 
 When considering the k2 parameter from the 
pseudo-2nd-order model, the rate of CNP_600 was 
higher than that of CNP_0.2NaOH_600 because of the 
flat surface resulting in increased speed of fluoride 
adsorption [35]. According to the results of the kinetic 
model, chemisorption is responsible for the removal of 
fluoride by CNP_0.2NaOH_600 and is mostly attributed 
to the bonding interactions between fluoride ions and 
hydroxyl groups present in the adsorbent material 
[36,37]. Chemical interactions occur between the 
functional groups present on the surface of the carbon-
based material (CNP_0.2NaOH_600) and fluoride ions. 
Functional groups that contain oxygen, such as hydroxyl 

(OH), carboxyl (COOH), and carbonyl (C=O) groups, 
could engage in hydrogen bonding with fluoride ions. 
 The formation of these chemical bonds leads to 
enhanced and more selective adhesion between the 
adsorbent and fluoride. 

The process of comparing the adsorption isotherm 
of fluoride with CNP_600 and CNP_0.2NaOH_600, 
which is the carbonization of biomass waste, entails the 
investigation of the interaction between various forms of 
prepared adsorbents and fluoride ions present in a 
solution. The adsorption isotherm serves as a crucial 
instrument for investigating the behavior of adsorption, 
providing insights into the quantity of adsorbate that is 
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adsorbed onto an adsorbent at different concentrations 
under conditions of equilibrium. 

The isotherm models that are frequently employed 
in scientific research encompass the Langmuir and 

Freundlich isotherms. The adsorption isotherm results 
of linear, Langmuir, and Freundlich models are shown 
in Figure 7 and Table 4, respectively.

 

 
Figure 7 Adsorption isotherm study (A) CNP_600 and (B) CNP_0.2NaOH_600. 
 

Besides, the isotherm parameters of the fluoride 
absorption on the Napier grass-derived adsorbents 
(CNP_600 and CNP_0.2NaOH_600) affect fluoride 
removal. Adsorption studies of fluoride on CNP_600 
and CNP_0.2NaOH_600 plots of all obtained isotherm 
data R2 of Linear 0.9009 and 0.9176, R2 of Langmuir 

0.9393 and 0.9801 and R2 of Freundlich 0.8426 and 
0.9720 exhibited a linear function of fluoride 
adsorption. The best R2 values were represented by the 
Langmuir model of CNP_0.2NaOH_600. It was 
indicated that homogenous adsorption was exhibited on 
the adsorbent surface by monolayers of adsorption [7].

  
Table 4 Fluoride adsorption (biochar adsorbents) based on Langmuir model. 

Materials (biochar) Adsorption capacity (mg/g) Ref. 

CNP_600 0.17 (25 °C) This study 

CNP_0.2NaOH_600 0.20 (25 °C) This study 

Pinewood 7.66 (25 °C) 
[33] 

Pine bark 9.77 (25 °C) 

Coffee ground 0.22 (35 °C) [34] 

Rice husk ash 2.91 (25 °C) [35] 

 
 These results could be confirmed with SEM 
images of materials surface that exhibit the flat and 
smooth surface. It is indicated that the Langmuir 
isotherm offers valuable insights into the process of 
monolayer adsorption, operating on the assumption of a 
homogeneous adsorption surface that possesses a certain 
number of identical adsorption sites [41]. Compared 

with other biochar materials, the isotherm results 
showed a similar model to the Langmuir isotherm model 
as shown in Table 5. Even though the adsorption 
capacity is lower using agricultural waste as adsorption 
materials by easy production (pyrolysis) could be 
practically set to exceed the F–contamination area.
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Table 5 Isotherm parameters of fluoride adsorption. 

Model 

Parameters 

Linear Langmuir Freundlich 

R2 Kp, L/g R2 qm, mg/g KL, L/g R2 1/n KF, L/g 

CNP_600 0.9009 0.0022 0.9393 –0.2562 –0.0288 0.8426 0.6480 0.0150 

CNP_0.2NaOH_600 0.9176 0.0030 0.9801 0.1691 0.2045 0.9720 0.4442 0.0323 

 
 In summary, the adsorption mechanism depends 
on the characteristics of both the adsorbent material and 
the fluoride ions in the solution, as previously 
mentioned. The adsorption process is subject to the 
effects of multiple parameters, including the surface 
physio-chemical properties of the adsorbent, the 
concentration of fluoride ions, pH levels, temperature, 
and the duration of contact. Hence, the adsorption 
process of CNP_0.2NaOH_600 for the removal of 
fluoride adheres to the Langmuir isotherm model, 
exhibiting a pseudo-2nd-order fit. The generation of a 
monolayer shows that the fluoride adsorption process on 
CNP_0.2NaOH_600 is primarily due to chemisorption, 
as verified by the previously stated adsorption isotherm 
and kinetics studies. Based on CNPs functional groups, 
the sorption mechanism responsible for the removal of 
fluoride by CNP_0.2NaOH_600 is mostly attributed to 

the electrostatic and H-bonding processes involving 
fluoride ions and hydroxyl groups present within the 
adsorbent materials similar to those presented with 
previously studied [36]. Therefore, the primary 
mechanisms involved in fluoride removal by NaOH-
functionalized biochar include surface adsorption, H-
bonding, and possibly electrostatic attraction, and 
surface adsorption involves the physical binding of 
fluoride ions to active sites on the biochar surface 
[38,42]. 

 
DFT calculation 
To understand the adsorption behavior of fluoride 

ions on prepared CNP material, DFT calculations were 
used to investigate the adsorption mechanism. Initially, 
the optimized CNP surface is shown in Figure 8.

 

 
Figure 8 (a) Optimized structure of CNP with all possible F– adsorption (blue) and all stable F– adsorption (pink). (b.) 
ESP of CNP and interaction mechanism of CNP with F– based on (c.) HOMO-LUMO, and (d.) all stable configurations 
of interactions between CNP and F–. (e.) Adsorption energy of all stable configurations. (f.) the most stable configuration 
between CNP and F– and (g.) MEP. (gray, white, blue, and red balls denoted C, H, F, and O atoms, respectively). 
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 Based on the experimental results, we have 
modeled the CNP surface with the -COOH, -CO and -
O- functional groups, which correspond well with the IR 
spectrum. To further analyze molecular interaction sites, 
we examined electrostatic potential maps (EPS), which 
measure the strength of nearby charges, nuclei, and 
electrons at specific positions. ESP enables the visual 
identification of a molecule's charge distribution, 
revealing Lewis’s acid and Lew’s base sites. Our 
calculations indicated that the O atoms in the functional 
groups (-COOH, -OH, and -O-) are negatively charged 
(represented in red), suggesting these regions could 
donate electrons and be targets for nucleophilic attack. 
The H atoms on the CNP surface exhibited lower 
potential (represented in blue), making them targets for 
electrophilic attack with fluoride ions. ESP analyses 
showed that the O atoms in the functional groups and 
other regions of CNP interacted in electrophilic and 
nucleophilic manners, respectively. The interaction 
mechanisms were investigated by determining the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) of CNP 
using frontier molecular orbital theory (Figure 8(c)), 
which indicated the active sites' ability to accept or 
donate electrons, thus determining the chemical reaction 
tendency. Previous studies suggested that the π electron 
donor-acceptor interaction involves π electrons in both 
absorbent and adsorbate. (1-3) In contrast, the H atoms 
in CNP and functional groups like -OH and -COOH 
acted as electron acceptors from fluoride ions [43]. 

To offer a more detailed description of the contact 
strength between fluoride ions and CNP, DFT 
simulations were used to describe multiple interaction 
configurations and quantify the adsorption energy 
(Figure 8(e)). We explored all possible fluoride 
adsorptions (marked as blue sites). After fully 
optimizing all possible complexes, we identified 5 stable 
fluoride adsorption sites, including -COOH, -OH, and H 
atom sites. Interestingly, the -O- site was not found due 
to its nucleophilic region. The 5 stable structures are 
shown in Figure 8(d). The adsorption energy (Eads) for 
all structures was negative for the CNP models, 
indicating favorable spontaneous adsorption of fluoride 
ions. A lower adsorption energy suggests more 
conducive adsorption and the Eads trend showed that H 
atoms in -COOH and -OH functional groups were the 
main adsorption sites due to their high electrophilic 

regions. The most likely interaction between CNP and 
fluoride ions was found between the -OH in CNP 
(Configuration b), with a bond distance of 1.20 Å 
between H and F–. The shorter bond length 
demonstrated a stronger interaction force. The 
adsorption energy of fluoride ion adsorption is 
calculated to be –2.73 eV. Additionally, the O-H bond 
lengthened from 0.97 Å to 1.40 Å, confirming the strong 
interaction between CNP and fluoride ions [44,45]. 

 
Fluoride removal from actual groundwater 
The initial fluoride concentration in the 

groundwater was 10.2 mg/L. It was found that the 
concentration of fluoride was very high, exceeding the 
quality standard for groundwater used for consumption, 
with no more than 0.7 mg of fluoride per liter. This 
groundwater cannot be directly used for drinking and 
cooking. Fluoride removal of CNP_0.2NaOH_600 and 
CNP_600 absorbents was approximately lower than 20 
%. The pH of the sample of water used in the present 
study was determined to be 8.0 and when compared to 
CNP_0.2NaOH_600 and CNP_600 absorbents, the 
base-modified CNP_0.2NaOH_600 exhibited a higher 
removal efficiency due to its positive surface charge (pH 
< pHpzc), indicating its strong adsorption capacity [7]. 
However, the low adsorption capacity of both carbon 
materials may be due to the pH of the groundwater 
solution (pH = 8.0) used in this study. Previous studies 
indicated that the removal of fluoride by these materials 
is more effective in acidic groundwater (pH less than 3) 
[46,47]. In addition, actual groundwater contains other 
co-ions that can compete with fluoride ions during 
adsorption onto material surfaces as a consequence of 
the effect of adsorption capacity and There is a 
possibility that fluoride ions and co-existing anions in 
the aqueous solution will compete for adsorption sites 
during the defluorination process, which will have a 
detrimental impact on the capacity of the defluorination 
process [48]. Although the removal efficiency of 
prepared materials is low, Napier grass biochar is a 
sustainable and low-cost adsorbent, especially when 
compared to conventional methods like activated 
carbon. The NaOH functionalization process is 
relatively simple and can be conducted using 
inexpensive reagents, making it economically viable for 
large-scale applications and promoting sustainable 
resource management. 
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Conclusions 
Based on this study, the optimum conditions for 

original Napier grass-derived and activating it with 
sodium hydroxide (NaOH) were examined for fluoride 
removal in synthetic and actual groundwater. The results 
found that the Napier grass-derived adsorbent was 
activated with concentrated sodium hydroxide (NaOH) 
0.2 molar under the pyrolysis process at 600 °C 
(CNP_600 and CNP_0.2NaOH_600) for 120 min and 
the specific surface areas of those adsorbents were 182.5 
and 115.1 m2/g of CNP_600 and CNP_0.2NaOH_600, 
respectively. The pore volumes of those adsorbents were 
0.066 cm3/g and 0.036 cm3/g of CNP_600 and 
CNP_0.2NaOH_600, respectively. In addition, the point 
of zero charges of CNP_600 and CNP_0.2NaOH_600 
adsorbents were discovered at approximately 8.0 and 
10.0, respectively. In terms of adsorption study, the 
fluoride adsorptions on CNP_600 and 
CNP_0.2NaOH_600 adsorbents reached the 
equilibrium stage after 6 h of contact time. Those 
adsorbents fitted well with the pseudo-2nd-order kinetic 
model. It was declared that the adsorption process was a 
chemisorption process. In addition, the isotherm study 
exhibited the best fit with the Langmuir model and 
material characteristics properties on 
CNP_0.2NaOH_600 resulting in mono-layer adsorption 
combined with ion exchange and electrostatic 
interaction. Interestingly, the comparative experimental 
and DFT study on the adsorption mechanism of CNP 
and F– ions exhibited the same possible mechanisms 
which are H-bonding and electrostatic attraction. The 
absorption of fluoride by using carbonizing biomass 
waste (Napier grass-derived adsorbent) and modified 
with alkaline conditions represented a sustainable and 
innovative solution to mitigate fluoride contamination in 
groundwater. By converting biomass waste into a 
valuable adsorbent, communities can achieve safer 
water sources while simultaneously addressing waste 
management and environmental conservation goals. 
Utilizing carbonized biomass waste for fluoride removal 
offers several advantages: 1) sustainability: 
Carbonization repurposes biomass waste, contributing 
to sustainable waste management 2) cost-effectiveness: 
biomass waste is often abundant and low-cost, making 
the production of activated carbon economically viable 
3) environmental benefits: by utilizing biomass waste, 
the carbonization process aligns with environmental 

conservation goals and reduces the reliance on synthetic 
adsorbents and 4) increased health protection from the 
high excess F– concentration in groundwater by using 
low-cost and sustainable materials. 
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