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Abstract: In this investigation, we discussed the mechanistic analysis of the adsorption process employing chemically 
modified chitosan, conjugated with zirconium (Ch@Zr), for the removal of fluoride from aqueous solutions. The chitosan 
was chemically modified through microwave-assisted heating, while zirconium binding was accomplished using 
conventional chemical techniques to improve its fluoride adsorption efficacy. The adsorption mechanism was elucidated 
through a series of experimental procedures and analytical techniques, including surface characterization. Various 
parameters such as adsorbent dosage, pH, temperature, initial fluoride concentration, and contact time were systematically 
studied to optimize the adsorption process. The findings demonstrate that the modified Chitosan@zirconium exhibits a 
superior fluoride adsorption capacity, achieving maximum removal efficiency under optimized conditions. The adsorption 
process was evaluated using isotherm and kinetic models, including Freundlich and Langmuir isotherms, pseudo-second-
order kinetics, Elovich model, and Weber's intraparticle diffusion model. This mechanistic insight contributes to the 
remediation of fluoride-contaminated wastewater by providing valuable information for developing effective fluoride 
removal strategies utilizing modified chitosan. 

Keywords: Adsorption, Chitosan, zirconium, pseudo-second-order, Langmuir isotherms, Freundlich isotherms.   

1 Introduction  

Drinking water may contain fluoride; at nearly 0.7 mg L−1, 
it is considered beneficial and micronutrient however, if it 
exceeds 1.5 mg L−1, the World Health Organization 
(WHO) suggests that it be dangerous [1, 2]. One of the 
main sources of drinkable water, drinking groundwater, 
exposes people to excessive fluoride concentrations, which 
can lead to brain damage in severe cases of fluorosis, which 
causes abnormalities in the human teeth and bones. The 
condition fluorosis is irreversibly caused by the excess 
fluoride present in drinking water [3,4]. 

To remove excess fluoride from water, some conventional 
methods include the ion-exchange method, membrane 
separation, chemical precipitation, electrocoagulation, and 
adsorption [5-9]. Of them, adsorption is considered a 
promising and versatile method due to its ease of use, 
speed, affordability, and ease of handling. Most promising 
thing is the cost effectiveness of this method using 
biomaterial, waste, and other low-cost materials. 
Currently, numerous adsorbent materials have been 
applied for removal of fluoride from aqueous media, such 
as activated alumina, activated carbon, clay materials, 
polymer-doped adsorbents, and metal oxides [10-12]. 

Most of them are used as industrial adsorbents and they 
are not cost effective and selective. Each class of 
adsorbent have some limitations. Nevertheless, a few of 
these classes of materials are limited in many ways, 
including poor surface area, pore size, and low selectivity. 
Biopolymeric adsorbents are an attractive class of fluoride 
removal and other potential environmental pollution 
prevention applications [13-16]. Chitosan is one of the 
most widespread biopolymers on the globe, making it an 
attractive choice for water treatment in general [17]. 
Chitosan (CS) is an N-deacetylated derivative of the 
natural polysaccharide chitin and is rich in free amino 
acids. The-NH2 group in chitosan is more reactive, easy 
to be chemically modified, and exhibits high adsorption 
potential [18-20]. 

Chitosan biopolymer is a nontoxic, biocompatible, 
biodegradable, and antibacterial amino polysaccharide. 
Traditional chemical techniques and microwave synthesis 
can easily achieve physical and chemical alterations that 
eliminate the practical application limitations of chitosan. 
Chitosan based biopolymers are typical class of adsorbent 
are used to reduction fluoride concentration in water body 
and industrial waste water. To enhance these chitosan 
qualities, many fresh cross-linkers have been developed 
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today, coupled with new crosslinked chitosan derivatives 
[21, 22].  

On the other hand, Fluoride ions in water have a strong 
affinity with positively charged elements with great affinity 
towards electropositive and positive charge ions like ca+2 
and Zr+4. However, due to their significant affinity for 
fluoride ions especially, materials containing rare earth 
elements have been promising adsorbents [23, 25]. 
Regarding this, the fluoride removal properties of 
multivalent metals such Al (III), Y(III), La (III), Ce (IV), 
and Zr (IV) in the form of oxides, hydrous oxides, and 
basic carbonates are being examined. Zirconium is an 
exciting element that belongs to rare earths with a strong 
affinity for fluoride [26-29].  

In general, zirconium is less toxic when used alone or in 
combination, and there is not much proof of it being 
harmful when swallowed. Previous study has evaluated the 
capacity of cashew nutshell carbon coated with zirconium 
to eliminate fluoride from aqueous solutions [30-33]. Gao 
et al. developed a zirconia/zeolite composite to capture 
fluoride from water [34]. Rahman et al. synthesized a novel 
composite by doping polypyrrole with zirconium (IV) and 
zirconium (IV) iodate, optimizing it for enhanced fluoride 
adsorption properties [35]. Zhang et al. fabricated a 
zirconium-chitosan membrane integrated with graphene 
oxide (GO) for effective fluoride removal [36]. Prathibha et 
al. developed a Zr (IV)-functionalized sand composite, 
incorporating graphene oxide (GO), to enhance the efficacy 
of fluoride removal [37]. 

This work delves into a higher regeneration capacity of up 
to 96.2% with sodium hydroxide in a time period of 3 
hours. Lewis acid Zr (IV) has a higher oxidation/valance 
state and is a member of the d-block elements, which can 
be preferentially attached to electronegative atoms like 
fluorine. To overcome the limitation of chitosan's relatively 
poor strength in acidic pH and the fact that zirconium 
compounds have a tendency to leach in solution, both 
difficulties can be resolved with the chemical binding of 
zirconium with the free -NH2 in the side chain of chitosan. 
The synthesis, characterization, and fluoride adsorption 
properties of a novel zirconium–ethylenediamine-Chitosan 
(Zr@Ch-EDA) hybrid sorbent is reported in this article. 
Fluoride removal experiments were performed in bath 
mode. 

2. Materials and methods: 

2.1 Materials 

Deacetylated chitosan (CS), Zirconium tetrachloride and 
ethylene diamine were procured fromTCI chemicals. The 
details of the chemicals used are shown in Table S1 
(Supporting Information) 

2.2 Preparation of adsorbent. 

 
Fig. 1: Synthesis of EDA-Ch  

2.3 Synthesis of EDA-Ch@Zr sorbent 

As per Scheme 1, chemical modifications have been 
achieved, followed by the addition of zirconium 
tetrachloride in a small quantity in 30 minutes.in next step 
20 minutes of sonication given to reaction mixture to 
improve homogeneous nature. A ratio of 1:1 is maintained 
with chemically modified chitosan and zirconium 
tetrachloride. 30 minutes of sonication provide the reaction 
mixture, followed by 2 hours (at room temperature) of 
continuous stirring at 700 rpm. Solid adsorbent recovered 
from reaction mixture solution, adjusting neutral to slightly 
basic (pH = 7 to 8). 

2.4 Batch Studies for Fluoride Adsorption. 

A fluoride ion stock solution (100 mg L−1) of NaF was 
prepared in deionized water, and the test solutions were 
made by subsequent dilution of the fluoride solution. 

Samples of 0.1 to 0.5g of EDA-Ch@Zr were added to 100 
mL of fluoride solution (5 to 50 mgL−1) to conical-bottom 
polypropylene tubes. The solution’s pH was adjusted daily 
to 7.0 ± 0.25 using 0.1 N HCl or NaOH, and all the 
experiments were monitored until equilibrium was 
achieved. 

The fluoride concentration was measured by 4500-F D. 
SPADNS Method (Ref. Std. Methods-23rd Edition). All 
measurements were carried out at 25 °C, and the adsorption 
capacity (qe, mg g−1) was calculated as follows 

 
where V is the total solution volume, W is the mass of 
adsorbent, and C0 and Ce are the initial and final (or 
equilibrium) fluoride concentrations, respectively. 

The experimental adsorption data was fitted by the 
Langmuir and Freundlich isotherm models expressed as 
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where qmax is the maximum adsorption capacity (mg g−1), 
and b (L mg−1) the Langmuir constant related to the 
adsorption energy or affinity. On the other hand, K 
(mg1−1/nL1/n g−1) and n are Freundlich constants related 
to the adsorption capacity and the adsorption intensity, 
respectively. 

3. Results and discussion: 

3.1 FTIR Analysis 

(a)
 

 
(b) 

Fig. 2: (a) Chitosan   (b) Ch-EDA FTIR spectrum 

With FTIR data, differentiate EDA (Ethylene Diamine) 
modified chitosan from unmodified chitosan by identifying 
the following different peaks: The appearance of new peaks 
in the 1550–1650 cm–1 range, which are ascribed to the 
amide bond between EDA and chitosan's C=O stretching 
vibration. Greater peak intensity at 1647 cm-1 (amide I bond 
C=O stretching) in contrast to unmodified chitosan. A peak 
that could arise between 2800 and 2900 cm-1 and 
correspond to the EDA molecule's C-H stretching vibration. 

 
Fig. 3: EDA-Ch@Zr 

FTIR spectrum data changed when EDA-Ch reacted with 
zirconium chloride. In the fingerprint region, a number of 
peaks were observed in unmodified chitosan, while in 
EDA-modified chitosan, a less intense peak is shown in this 
region. On the next modification with zirconium, the FTIR 
spectra, as per Figure 2, become more intense with 
additional peaks. It shows zirconium may react with an 
amine group due to this at the 580–620 cm-1, Zr–N 
stretching vibration, indicating the formation of a 
zirconium-nitrogen bond with the modified side chain of 
the chitosan molecule. Also, the peaks become more 
intense in the range of 514 to 580 cm-1. 

3.2 Fluoride Analysis 

The Fluoride Concentration determined by SPADNS 
method as per 4500-F D std. methods -23rd Edition and for 
higher concentration dilution method adopted calibration 
curve prepared with standard fluoride solution with 0 to 1.4 
PPM as per Figure-3 Calibration curve plotted using 
statistical tool Origin pro-2024. 

 
Fig. 4: Calibration curve 

3.3 Adsorption kinetics and isotherm studies of fluoride 
removal  

3.3.1 Linear and nonlinear PFO and PSO model     

The effects of contact time, adsorbent dosage, pH, and 
starting concentration range were thoroughly investigated 
in the current publication. In order to improve 
understanding of the adsorption behaviour and fluoride 
removal of synthesised material (EDA-Ch@zr), the 
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isotherm model, pseudo-first-order (PFO), and pseudo-
second-order (PSO) kinetic models were tested.   

Using existing adsorption data, pseudo-first order and 
pseudo-second order models were used to determine the 
corresponding adsorption kinetics parameter. The pseudo-
first-order and pseudo-second-order linear equations are 
shown in equation 1 and 2. 

ln (qe - qt) = ln qe ‒ (k1t)/2.303                     (1)                 

t/qt = 1/(k2qe) + t/qe                          (2) 

where qe is he amount of fluoride adsorbed per unit weight 
of sorbent at equilibrium (mg / g), qt is the amount of 
fluoride adsorbed per unit weight of    sorbent at time t 
(min) and k1and k2 is the first and second order rate 
constant for the adsorption(min-1) respectively. 

In the batch kinetic investigation, varying dosages of EDA-
CSA@Zr, ranging from 0.1 to 0.4 grams, were added to in 
a 4–30 PPM fluoride solution with 100 ml of volume, Ten 
millilitre samples were taken at various intervals (0–120 
min) for fluoride measurement. The relationship between 
the fluoride adsorbed at the surface of EDA-Ch@Zr and its 
equilibrium concentration in the solution at constant 
temperature and pressure was described using adsorption 
isotherms. 

The adsorption isotherm experiments were evaluated with 
an initial fluoride concentration range of 4 to 30 ppm. The 
adsorption of fluoride by EDA-Ch@Zr has been studied as 
a function of contact time with the aim to establish the 
adsorption kinetics and the adsorption equilibrium time. 
The relevant adsorption kinetics parameter was determined 
by employing the frequently employed pseudo-first-order 
and pseudo-second-order adsorption kinetic models. 
Pseudo-first-order model is followed by adsorption reaction 
preceded by diffusion through a boundary whereas pseudo-
second-order model is commonly followed by adsorption 
process with chemisorption being the rate-control [29]. 

Khayyun et.al suggested that the adsorption model which 
best fits the experimental data has the ability to explain the 
adsorption better [38]. 

Y = -0.0479x + 0.472, R² = 0.9936 

 
Linear pseudo-first-order kinetic model 

Y = 0.86x+3.01, R² = 0.9636 

 
Linear Pseudo-second -order kinetic model 

Fig. 5: Linear PFO & PSO model 

Table 1: Linear PSO data 
Linear PSO Data 
qe Slope Inrercept h value K 
1.16 0.86 3.01 0.33 0.24 

For PSO and PFO, both linear and nonlinear methods were 
applied in this study for calculating the adsorption kinetics 
parameter, which includes the correlation factor, qe, k, and 
h values. 

The nonlinear pseudo-second-order model has a greater 
correlation coefficient (R2=0.99) than the pseudo-first-
order model (R2=0.96), suggesting that it fits the fluoride 
adsorption better. 

The PFO model has a negative slope value, which is not 
acceptable. Furthermore, the calculated adsorption amounts 
of the linear pseudo-second-order model (qe, cal = 1.16 
mg/g) agree well with the experimental values (qe, expt = 
1.15 mg/g) compared to the calculated adsorption amounts 
of the nonlinear pseudo-second-order model (qe, cal = 1.79 
mg/g), which were moderately higher than the value of the 
experimental adsorption capacity. 
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Fig. 6: Non-Linear PFO and PSO model 

                  qe = 1.79199            a = qe = 1.33 

K2 = 0.01754           b= K1 = 0.03542 

The Nonlinear pseudo-second-order model predicts a 
higher equilibrium adsorption capacity and a slower 
approach to equilibrium compared to the pseudo-first-order 
model. This suggests that the adsorption process is likely 
dominated by chemisorption, which is more accurately 
described by the pseudo-second-order kinetics. 

3.3.2 Weber–Morris- intraparticle diffusion kinetics 
model 

 
Slope intercept R2 
k=0.69 -0.74 0.9645 

 
K diif. C R2 
k=0.13 0.14 0.96 

Fig. 7: Weber–Morris- intraparticle diffusion kinetics model 

Weber-Morris established the intra-particle diffusion 
kinetic model, which explains the diffusion mechanism by 
which molecules of the adsorbate diffusion after adsorption 
on the surface, then diffuse into the adsorbent's pores.                

qt =kdiff .t0.5+ C 

where C(mg/ g) is a constant that indicates the boundary 
layer thickness and may be found by plotting q versus t. 
where q(mg /g) is the amount of fluoride adsorbed at a 
time, and k(mg g hour) is the intraparticle diffusion rate 
constant. In accordance with this concept, the intra-particle 
diffusion process is not the rate-limiting step when a graph 
exhibits multi-linearity, indicating the involvement of 
different adsorption processes. The present studies revealed 
a multi-linear plot, indicating that the diffusion process 
happens over three steps. A distinct section that represents 
external mass transfer through instantaneous adsorption is 
shown in the first stage. The following step illustrates a 
slow adsorption process that serves as a rate-controlling 
step for intra-particle or pore diffusion. In the final stage, 
there is a plateau, or equilibrium stage, when diffusion 
slows down as the adsorbate content falls. 

The fact that the linear IPD model graph wasn't passing 
through the origin indicates a complex process rather than 
intraparticle diffusion, which is the rate-limiting step.  

3.4 Adsorption isotherm studies 

The Three isotherm equations—Langmuir, Freundlich, and 
Temkin, were tested in the present research to evaluate 
different adsorption parameters through both linear and 
non-linear regression analysis.        

 Table 2: Adsorption isotherm parameters 
  Freundlich 

Isotherm 
Langmuir 
Isotherm 

Temkin 
Isotherm 

R2 0.98335 0.84 0.9835 
Slope 1.32293 4.4547 1.562 
Intercept 0.7088 0.0589 -1.478 
Constant n = 0.76 

kf = 5.11 
KL= 3.81 
RL1= 0.14 
RL2= 0.062 
RL3= 0.003 
RL4= 0.49 

BT(KJ/mol) 
= 1.562   
      
KTL (mg/L) 
 = 0.4795 

 
Fig. 8: Freundlich isotherm 
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                 Fig. 9: Langmuir isotherm model Langmuir isotherm mode 

3.4.1 Langmuir isotherm model  

One of the most commonly used models that postulates that 
adsorption results in the formation of a monolayer without 
interaction between the molecules of the adsorbate and all 
of the adsorption sites of the solid surface is the Langmuir 
model. This model relies on the concept that no strong bond 
may form on the adsorbate surface where all of the specific 
sites onto the adsorbent surface retain constant binding 
energy.      

Table 2 contains a summary of the parameters that were 
determined based on the Adsorption fitting curves. 
Maximum adsorption capacity (qmax) and Langmuir 
constant (KL) were calculated from intercept and slope 
values. The values of Langmuir constants qm and 
(KL)relates to the capacity and energy of adsorption 
process. The isotherm criterion can be described by another 
dimensionless constant, which is 

RL = (1 + KL/Co) 

The RL (dimensionless separation factor) values you 
provided for different initial concentrations under the 
Langmuir adsorption isotherm model indicate the 
favourability of adsorption at those concentrations RL 
values less than 1 indicate favourable adsorption. RL values 
slightly higher but still relatively low (0.49, 0.63) suggest 
moderate to favourable adsorption for initial concentrations 
of 7 ppm and 5 ppm, respectively. RL values less than 1 
(0.14, 0.06) indicate favourable adsorption for initial 
concentrations of 25 ppm, 60 ppm, respectively. The KL 
value of 3.81 represents the adsorption capacity of the 
adsorbent. Higher KL values suggest higher adsorption 
capacity. The Qmax value of 16.97 mg/g represents the 
maximum amount of fluoride adsorbed per unit mass of 
adsorbent. 

3.4.2 Freundlich isotherm. 

The Freundlich isotherm model assumes that the adsorbate 
reaches to the non-uniform surface of the adsorbent with 
distinct adsorption sites having different adsorption 

energies. It assumes multilayer adsorption.                        

The linear equation for Freundlich isotherm model obtained 
to be y = 1.3293x + 0.7088. The gradient and y-intercept 
obtained from the graph were used to calculate relative 
adsorption capacity (KF) and intensity of adsorption (n). 

Table 1 compares the Langmuir and Freundlich isotherm 
constants for the adsorption of fluoride onto Zr-EDA 
modified Chitosan (EDA-Ch@Zr). 

The n value represents the heterogeneity of the surface sites 
and the degree of non-linearity in the adsorption process. 
𝑛=1.36, value of 𝑛 greater than 1 indicates favourable 
adsorption. 

R2=0.9835, indicates that the linear fit explains 98% of the 
variability in Adsorption experiment data. The adsorption 
capacity (K) is relatively high, suggesting that your 
adsorbent has a good capacity for removing fluoride. The 
high 𝑅2 value indicates that the Freundlich model fits your 
data well, implying that the model adequately describes the 
adsorption behaviour of fluoride on to Zr-CSA adsorbent. 
Experimental data and calculated values suggest that the 
adsorption process for fluoride removal using this 
adsorbent follows Freundlich isotherm behaviour quite 
closely and has promising adsorption capacity. 

3.4.3 Temkin isotherm 

The Temkin isotherm assumptions are that the adsorption 
process is uniform, reversible. and continuous and 
adsorption energy decreases linearly with increasing 
surface coverage. The important parameters of the Temkin 
isotherm are:  

B (Temkin constant): related to the adsorption energy and 
surface coverage 

A (Temkin constant): related to the adsorption capacity. 

The Temkin isotherm equation is: 

qe = (RT/B) ln (A Ce) 

where: 

 qe = adsorption capacity at equilibrium (mg/g) 

 Ce = equilibrium concentration of adsorbate (mg/L) 

 A = Temkin constant (L/mg) 

 B = Temkin constant (J/mol) 

 R = gas constant (8.314 J/mol·K) 

 T = temperature (K) 

The Temkin isotherm graph plot is typically a curved line 
that represents the relationship between the adsorption 
capacity (qe) and the equilibrium concentration (Ce). The 
plot can be linearized by transforming the data into a linear 
form using the Temkin isotherm equation. 

The linearized Temkin isotherm equation is: 
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ln(qe) = ln(A) + (RT/B) ln (Ce) 

Table 3: Temkin isotherm parameters 
intercept slope BT  (KJ/mol) KTL( mg/L) R2 

-1.1478 1.562 1.562 0.479588 0.9835 

The BT value of 1.562 is obtained from the Temkin 
isotherm model. It represents the heat of adsorption (in 
kJ/mol) and provides insight into the energetics of the 
adsorption process. Higher BT values indicate stronger 
interactions between the adsorbate (fluoride) and the 
adsorbent zirconium-modified chitosan derivative. 

 

 
Fig. 10: Temkin isotherm model 

The value of Coefficient of determination (R2) = 0.98, 
Indicates the goodness of fit of the Temkin model to the 
experimental data. A high R2 value close to 1 suggests that 
the Temkin model provides an excellent fit to the 
experimental adsorption data, indicating that the 
assumptions of the model are consistent with the observed 
behavior. The Temkin model fits the experimental data 
very well, indicating that the assumptions of the model 
(such as uniform adsorption energy distribution and indirect 
interaction between adsorbate molecules) are appropriate 
for describing the adsorption behaviour of fluoride onto 
zirconium-modified chitosan derivatives. 

In summary, the adsorption process is characterized by a 
decrease in the heat of adsorption with increasing coverage 
and a uniform distribution of binding energies, as described 
by the Temkin isotherm model. Both nonlinear and linear 
models are suitable for describing this process, with the 
nonlinear model providing a slightly better fit as indicated 
by the reduced chi-square value. Because of the interactions 
between the adsorbent and the adsorbate, the Temkin model 
predicts a linear decrease in the heat of adsorption with 
increasing coverage. Physisorption, where the energy 
distribution is more uniform, is more compatible with this 
assumption than chemisorption, which may entail more 
complex and diverse binding sites. The low BT value 
(1.562 kJ/mol) indicates that physisorption, as instead of 
chemisorption, is most likely the mode of adsorption. This 
finding is further strengthened by the consistent model fits 
(both nonlinear and linear Temkin models), because the 
Temkin model's assumptions are in good alignment with 
physisorption's characteristics. As a result, the logical 
interpretation of the data at hand suggests that 
physisorption occurs during the adsorption process. 

4. Conclusion: 

In this study, a hybrid adsorbent was successfully 
developed by modifying chitosan with ethylenediamine 
(EDA) and zirconium using established chemical methods. 
The adsorbent demonstrated effective fluoride removal at 
initial concentrations ranging from 4 to 30 ppm. The 
adsorption kinetics were analyzed using pseudo-first-order 
(PFO), pseudo-second-order (PSO), and intraparticle 
diffusion (IPD) models. Nonlinear fitting of these models 
showed a superior correlation with the experimental data 
compared to linear approaches. Specifically, the adsorption 
process adhered to the pseudo-second-order kinetic model, 
the intraparticle diffusion model, and the Freundlich 
isotherm. The experimental data were well-described by 
both the Freundlich and Temkin isotherms, and moderately 
by the Langmuir isotherm. The kinetic and isotherm 
parameters were consistent with adsorption theory across 
the range of fluoride concentrations. The overall assessment 
suggests that fluoride removal is primarily driven by 
physisorption. This is supported by the binding energy (BT 
value) of 1.562 kJ/mol obtained from the IPD model, which 
indicates that the process is dominated by physical 
adsorption rather than chemical adsorption. 
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