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Abstract: As excess of fluoride (> 1.5 mg/L) in drinking water is harmful to the 

human health, various treatment technologies for removing fluoride from 

groundwater and aqueous medium have been investigated in the past. Present 

investigation aims to develop chitosan coated silica (CCS) and to investigate the 

removal of fluoride by CCS through adsorption. Fourier transform infrared 

spectroscopy (FTIR), Scanning electron microscopy (SEM), Thermo gravimetric 

analysis (TGA), X-ray diffraction (XRD) were used for the characterization of 

the sorbent. The surface morphology of the CCS was observed using SEM. 

Series of batch adsorption experiments were carried out to assess parameters that 

influence the adsorption process. The factors investigated include the influence 

of pH, contact time, adsorbent dose and initial fluoride concentration. The 

studies revealed there is an enhanced fluoride sorption on CCS. The sorption 

data obtained at optimized conditions were subjected to Langmuir and 

Freundlich isotherms. The monolayer sorption capacity, Qo (44.4 mg/g) and 

binding energy b (0.010 L/mg) have been estimated using Langmuir isotherm. 

The kinetic studies indicate that the sorption of fluoride on CCS follows Pseudo 

second-order kinetics. 
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Introduction 

Fluoride enters into water due to both natural processes and human activity. Since fluoride is 

present in several minerals, it can be leached out by rainwater thereby allowing it to 

contaminate ground and surface water. On the other hand several fluoride compounds have 

industrial applications and these also contribute to fluoride pollution. Fluoride is frequently 

encountered in minerals and in geochemical deposits. Because of the erosion and weathering  
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of fluoride-bearing minerals it becomes a surface species. On the other hand, fluorine 

compounds are industrially important and are extensively used in semiconductors, 

fertilizers, aluminium industries, and nuclear applications. Toxic wastes containing 

fluorine/fluoride are generated in all industries using fluorine or its compounds as raw 

materials. Prominent among these is the aluminium smelter where fluoride gas is released 

into the atmosphere. Fluoride is an essential constituent for both humans and animals. 

Within permissible limits of 0.5-1.0 mg/L, is beneficial for the production and 

maintenance of healthy bones and teeth, while excessive intake of fluoride causes dental 

or skeletal fluorosis which is a chronic disease manifested by mottling of teeth in mild 

cases, softening of bones and neurological damage in severe cases
1-4

. Many countries have 

regions where the water contains more than 1.5 mg/L of fluoride due to its natural 

presence in the earth’s crust, or discharge by agricultural and industrial activities, such as 

steel, aluminium, glass, electroplating
5-7

. 

 The World Health Organization has set a guidance value of 1.5 mg/L for fluoride in 

drinking water
8
. Adsorption has been considered as the most efficient and applicable 

technology for fluoride removal from drinking water compared to other technologies like 

reverse osmosis, nanofiltration, electro dialysis and Donnan dialysis
9-12

. Activated 

alumina
13

, bone char
14

, activated carbon
15

 and some other low-cost materials
16,17

 have 

been used as fluoride adsorbents. Among these adsorbents, activated alumina is the most 

widely used because it is readily available and inexpensive. However, frequent 

regeneration with aluminum sulfate is needed because of its low adsorption capacity at 

neutral pH
18

, which results in increased difficulty for operation and increased dissolved 

aluminium in treated water.  

 The primary objective of this research was to study the biosorption of fluoride from 

aqueous environment by chitosan coated silica under equilibrium and column flow 

conditions. The secondary objective was to investigate the effect of pH, contact time, 

concentration of fluoride and amount of biomass on the extent of adsorption. The tertiary 

objective included the fitting of the experimental data to Freundlich and Langmuir 

adsorption isotherms and Lagergren first order, pseudo second order and Weber-Morris 

intraparticle diffusion kinetic models. 

Experimental 

Chitosan and silica, used for preparation of chitosan coated silica, were obtained from 

Loba Chemie, Mumbai, India. Analytical reagent grade sodium fluoride, hydrochloric 

acid and sodium hydroxide from S.D. Fine Chemicals were used as source of fluoride 

and for the pH adjustment. Total ionic strength adjustment buffer (TISAB), used to 

eliminate the interference effect of complexing ions from fluoride solution, was 

obtained from Thermo Electron Corporation, USA. Doubly distilled water was used in 

all experimental work. 

 The stock solution of fluoride was prepared by dissolving 2.21 g of sodium fluoride 

in 1000 mL of double distilled water such that each mL of the solution contains 1 mg of 

fluoride. The exact concentration of fluoride solution was calculated on mass basis and 

expressed in terms of mg/L. The required lower concentrations were prepared by 

dilution of the stock solution. All precautions were taken to minimize the loss due to 

evaporation during the preparation of solutions and subsequent measurements. The 

solutions were prepared fresh for each experiment as the concentration of the solution 

may change on long standing. 
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Preparation of chitosan coated silica 

Chitosan gel was prepared by adding 4 g of chitosan to 100 mL of 2% acetic acid and stirring 

for about 4 h. Ten grams of silica, washed with 2% acetic acid solution, were added to 100 mL 

of 4% chitosan gel while stirring with a magnetic stirrer for 4 h. This process leads to the 

formation of silica / chitosan suspension. This suspension was dropped into 500 mL of 0.1 M 

NaOH solution while stirring to neutralize excess acid. The suspension was converted into 

beads. The beads were washed with double distilled water until the washings were neutral.  

Batch sorption experiments 

In order to explore the effect of influencing factors, such as pH, contact time, quantity of 

adsorbent and the initial concentration of fluoride solution, a series of batch experiments 

were conducted. The stock solutions were diluted to required concentrations (10, 15 and 20 

mg/L). Batch adsorption experiments were performed by agitating specified amount of 

adsorbent in 100 mL of fluoride solution of desired concentrations at varying pH in 125 mL 

stopper bottles. The pH of the suspension was adjusted with 0.01 M HCl and 0.01 M NaOH. 

The reaction mixture was agitated at 200 rpm for a known period of time at room 

temperature in a mechanical shaker. After equilibrium, the aqueous-phase concentration of 

fluoride was analyzed with fluoride ion selective electrode (I.S.E). Adsorption of fluoride on 

the glassware was found to be negligible and was determined by running blank experiments. 

The percentage removal of fluoride was obtained using the equation. 
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 The amount adsorbed per unit mass of adsorbent at equilibrium qe (mg/g) was obtained 

using the equation. 
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 Where, Ci and Ce denoted the initial and equilibrium fluoride ion concentrations (mg/L) 

respectively. ‘v’ was the volume of the solution in liters, and ‘m’ was the mass of the 

adsorbent used (g).  

Column adsorption experiments 

Column studies were carried out in a column made of Pyrex glass of 1.5 cm internal diameter 

and 15 cm length. The column was filled with of dried CCS by tapping so that maximum 

amount of adsorbent was packed without gaps. The influent aqueous fluoride solution 

containing known concentration was filled in the reservoir of large cross sectional area so that 

the change in the height of the liquid level was negligible during the experiment. Due to the 

negligible change in the height of the liquid level the flow rate remains constant. The influent 

solution was allowed to pass through the bed at constant flow rate of 2 mL/min, in down flow 

manner with the help of a fine metering valve. All the experiments were carried out at room 

temperature. The effluent solution was collected at different time intervals and the 

concentration of the fluoride in the effluent solution was monitored by ion selective electrode 

using Orion Ion 4 Star Series Meter (Thermo Electron Corporation, USA). 

 The adsorption capacity of fluoride was obtained in column at different cycles using the 

equation. 
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 where, Ci and Ce denote the initial and equilibrium (at breakthrough) fluoride ion 

concentration (mg/L) respectively. bv was the breakthrough volume of the NaOH solution in 

liters, and m was the mass of the adsorbent used (g).  

Column desorption studies 

Desorption (regeneration) studies are very important since the success of adsorption process 

depends on the regeneration of adsorbent. There are several methods for the desorption of 

the adsorbate from the loaded adsorbents. In the present study the elution method with 

solvent is used to remove the adsorbed fluoride from CCS.  

 After the column was exhausted, the column was drained off the remaining aqueous 

solution by pumping air. Desorption of solute from loaded adsorbent CCS was carried out by 

solvent elution method using 0.1 M NaOH as eluent. The NaOH solution was pumped into the 

column maintained at constant temperature at a fixed flow rate (1 mL/min). From the start of 

the experiment effluent samples at different intervals were collected at the bottom of the 

column for analysis. After the regeneration, the adsorbent column was washed with distilled 

water to remove NaOH from the column before the influent fluoride solution was reintroduced 

for the subsequent adsorption-desorption cycles. Adsorption-desorption cycles were performed 

thrice using the same bed to check the sustainability of the bed for repeated use. 

Determination of fluoride concentration 

The concentration of fluoride in the solutions was determined using a fluoride ion selective 

electrode
19

, which measures concentrations from 10
-6

 M to saturated solutions. TISAB-III 

(Total Ionic Strength Adjustment Buffer) was added to the solutions to reduce the variation 

in the ionic strength in the samples. This buffer contains a chelate, which forms complexes 

with other ions, such as iron, aluminium that could interfere in the determinations. A 

calibration curve was obtained using NaF standard solutions with different fluoride 

concentrations from 1 to 10 mg/L. The results were plotted as fluoride concentration (mg/L) 

versus potential (mV). 

Results and Discussion 

Characterization 

In order to understand the nature of fluoride sorption on CCS biosorbent FTIR (Fourier 

Transform Infrared Spectroscopy), SEM (Scanning Electron Microscopy), TGA (Thermo 

Gravimetric Analysis) and XRD (X-Ray Diffraction) studies were performed. FTIR spectra 

of CCS before and after fluoride sorption are presented in Figure 1a and b, respectively. 

CCS shows a peak (Figure 1(a)) at the wave number 797 cm
-1

 (C-H group out of plane). A 

broad peak at around 1092 cm
-1

 may be due to the merging of peaks relating to Si-O-Si, Si-

O-H, C-O groups. Another broad peak around 3439 cm
-1

 is attributed to -NH and O-H 

stretching vibrations. Significant changes in the FTIR spectra after the fluoride sorption 

(Figure 1(b)) were found to be at the wave numbers of 3412, 1677, 1649, 1541, 1454 and 

1089 cm
-1

. Display of strong broad O-H stretch carboxylic bands in the regions 3412 cm
-1 

and carboxylic/phenolic stretching bands in the regions of 2923 cm
-1

 were observed. The 

bands appeared in the region 1649 cm
-1

 might be attributed to >C=N, >C=C and C=O 

stretch. The bands appeared in the region of 1540 and 1400 cm
-1

 might be attributed to the 

presence of O-H bonds. The band appearing in the region 1010 cm
-1

 indicated the presence 

of -C-F stretch. FTIR results indicated that the hydroxyl and amine groups are responsible 

for fluoride sorption.  
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Figure 1. FTIR spectra of (a) CCS (b) CCS with fluoride. 

 The SEM images of the surface of CCS before and after adsorption, shown in Figure 2(a) 

and (b) display a rough structure on surface with a large surface area of CCS. An 

examination of the SEM micrographs indicated the presence of many pores and also some 

cracks on the surface of the CCS biosorbent. CCS was somewhat swollen during the contact 

with fluoride solution. The thermogram (Figure 3) of CCS showed a broad transition with a 

relatively less weight loss. The weight loss was about 3% around 150 
0
C and about 6% at 

360 
0
C. Thermogram of CCS indicates that about 8% of chitos an is coated on silica. From 

the TGA analysis of the biosorbent, it may be concluded that the biosorbent could be used 

even at higher temperatures in water treatment. The respective XRD patterns of CCS 

samples before and after fluoride sorption are presented in Figure 4(a) and (b). The results 

revealed that there is no major change in the crystal structure after fluoride adsorption at this 

low concentration level. Similar results on XRD patterns on fluoride adsorption were 

reported by Diaz-Nava et al
20

 while studying the defluoridation capacity of zeolite. 

Figure 2. SEM images of (a) CCS (b) CCS with fluoride. 
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Figure 3. TGA image of CCS. 

 
Figure 4.  XRD images of (a) CCS (b) CCS with fluoride. 

Influence of PH 

The pH of the aqueous solution plays an important role which controls the adsorption at the 

water adsorbent interface
21

. Therefore the adsorption of fluoride on the CCS was examined 

at various pH values ranging from 1-8 with an initial fluoride concentration of 10 mg/L at 

room temperature. The results were presented in Figure 5. The pH of the working solution is 

controlled by adding sufficient HCl/NaOH solution. Removal of fluoride increases with 

increase in pH up to 4.0 and decreases there on. The maximum defluoridation capacity is 

82% at pH 4.0. Similar trend was observed by Karthikeyan et al
22

 with adsorption of 

fluoride ion on activated alumina.  
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Figure 5. Influence of P

H
 on percent removal of fluoride on CCS. 

Influence of initial concentration 

The effect of initial fluoride concentration on the percentage removal of fluoride was studied 

at different initial fluoride concentrations by keeping all other parameters such as adsorbent 

dose 0.5 g/100 mL, pH, shaking speed 200 rpm and contact time 180 min constant. It was 

noticed that with increase in initial fluoride concentration, the percentage removal of 

fluoride decreases. At higher adsorbate concentration, the binding capacity of the adsorbent 

approaches saturation resulting in decrease in overall percent removal. 

Equilibrium modeling 

Analysis of the equilibrium data is important to develop an equation which accurately 
represent the adsorption process and which could be used for design purposes. Langmuir

23
 and 

Freundlich
24

 adsorption isotherms were used to fit the experimental data. To obtain the 
isotherms, initial concentrations of fluoride were varied from 10 to 20 mg/L while keeping the 
weight of CCS, pH and contact time constant. The Langmuir isotherm assumes monolayer 
adsorption where as the Freundlich isotherm is an empirical model that is based on sorption on 
heterogeneous surface. The parameters of Langmuir and Freundlich adsorption isotherms, 
evaluated from the linear plots, are presented in Table 1 along with the correlation coefficient. 
Both the models are capable of representing the data adequately. The magnitude of the 
Freundlich constants, kF and n indicate that the uptake of fluoride from aqueous solutions by 
the CCS is feasible. Langmuir constant, Q

o
, represents the maximum monolayer adsorption 

capacity (44.4 mg/g) of the biosorbent. Adsorption capacities of chitosan and modified 
chitosan sorbents, collected from the literature, are included in Table 3 along with the values 
corresponding to CCS for comparison. The sorbent developed in the present study exhibits 
higher adsorption capacity compared to chitosan in its natural and modified forms

25-27
. 

Table 1. Langmuir and Freundlich constants for adsorption of fluoride on CCS. 

Langmuir constants Freundlich constants 

Q
o
, 

 
mg/g b, L/mg R

2
 kF 1/n n R

2 

44.4 0.010 0.994 0.420 0.972 1.029 0.997 

Table 2. Maximum adsorption capacity (mg/g) of different chitosan based adsorbents for 

fluoride. 

Adsorbent 
Maximum adsorption 

capacity, mg/g 
pH References 

Magnetic chitosan particle 22.49 7 25 

Chitin 8.85 7 26 

Chitosan I5.08 7 26 

Lanthanum modified chitosan 84.2 6.7 26 

Chitosan 1.39 6 27 

Chitosan coated silica 44.4 4 Present work 

pH 
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Table 3. Rate constants of kinetic models for the adsorption of fluoride on CCS. 

Concentration of 

fluoride solution, mg/g 

First-order model Second-order model 

k1 R
2
 

Qe exp,  

mg/g 

Qe cal,  

mg/g 
k2 R

2
 

10 0.029 0.993 1.7 1.9 0.039 0.998 

15 0.025 0.995 2.5 2.6 0.032 0.998 

20 0.022 0.981 3.4 3.7 0.032 0.998 

Influence of contact time  

The effect of contact time on the extent of adsorption of fluoride at different concentrations 

is shown in Figure 6. The extent of adsorption increases with time and attained equilibrium 

for all the concentrations of fluoride studied (10, 15 and 20 mg/L) at 90 min. After this 

equilibrium period, the amount of fluoride adsorbed did not change significantly with time. 

The amount of fluoride adsorbed versus time curves are smooth and continuous. The 

changes in the rate of removal might be due to the fact that initially all adsorbent sites were 

vacant and the solute concentration gradient was high. Later, the fluoride uptake rate by 

adsorbent had decreased significantly, due to the decrease in number of adsorption sites. 

Decreased removal rate, particularly, towards the end of experiment, indicates the possible 

monolayer of fluoride ions on the outer surface, pores of both the adsorbents and pore 

diffusion onto inner surface of adsorbent particles through the film due to continuous 

shaking maintained during the experiment. 
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Figure  6. Influence of time on biosorption of fluoride on CCS. 

Kinetic studies 

In order to investigate the mechanism of sorption, the rate constants of sorption process were 

determined by using Lagergren first order
28,29

 and a pseudo-second order
30

 kinetic models. 

The values of the first and second order rate constants are included in Table 3. In many cases 

the first order equation of Legergren does not fit well to the whole range of contact time and 

is generally applicable over the initial stage of the adsorption process
31

. The second order 

kinetic model assumes that the rate limiting step may be chemical adsorption
32

. In many 

cases, the adsorption data could be well correlated by second order rate equation over the 

entire period of contact time
33

. The Legergren first-order and pseudo second-order kinetic 

plots for fluoride adsorption are given in Figures 7 and 8. The results of the present study 

indicate that the adsorption of fluoride on CCS follows second-order kinetics. It was found 

that the correlation coefficient R
2
 values for this model was near to unity as compared to the 

R
2
 values as obtained in the first order kinetics. 
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Figure  7. Legergren first-order kinetic plots for CCS. 
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Figure  8. Pseudo second-order kinetic plots for CCS. 

 The results were also analyzed in terms intraparticle diffusion model to investigate 

whether the intraparticle diffusion was the rate controlling step in adsorption of fluoride on 

CCS. The model proposed by Weber and Morris
34

 can be written as, 1/ 2

t id
q K t= , where Kid 

(mg/g  min
 -1/2

) is the rate constant of intraparticle diffusion. The Weber-Morris plot for 

adsorption of fluoride is given in Figure 9. If the intraparticle diffusion is the sole rate 

determining step, the plots of qt versus t
1/2

 should be linear and pass through the origin
35

. The 

plots in the Figure are multi linear with three distinct regions indicating three different 

kinetic mechanisms. The initial curved region corresponds to the external surface uptake, the 

second stage relates the gradual uptake reflecting intraparticle diffusion as the rate limiting 

step and final plateau region indicates equilibrium uptake. Based on the results it may be 

concluded that the intraparticle diffusion is not only the rate determining step
36

. 

Influence of adsorbent dose 

The effect of adsorbent dose on fluoride removal at fixed initial fluoride concentration of 10 

mg/L, pH 4, shaking speed 200 rpm and contact time 150 min is shown in Figure 10. It was 

observed that percentage removal of fluoride increased from 30% to 82% with increase in 

adsorbent dose from 0.1 to 0.6 g/100 mL of CCS. This increase in loading capacity is due to  

the availability of larger number of active adsorption sites. It can also be seen that the 

fluoride removal markedly increased up to adsorbent dose of 0.6 g due to increase in 

adsorbent/fluoride ratio, however, further increase in adsorbent dose does not show any 

appreciable improvement in fluoride removal. 
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Figure  9. Weber-Morris plots for CCS. 
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Figure 10. Influence of adsorbent dose on percent removal of fluoride on CCS. 

Column studies 

The column adsorption of fluoride from aqueous solution on CCS was investigated and 

graphically represented in Figure 11. The results of the column experiment were used to  

obtain breakthrough curves by plotting volume of aqueous solution (mL) versus Ce/Ci. 

Breakthrough is attained when the concentration of solute in the effluent is almost equal to 

influent concentration and remains unchanged. As it can be seen from the Figure 11, the 

outflow concentration profile shows that fluoride removal is fast and highly effective during 

the initial phase. Subsequently fluoride removal decreases, as a consequence of the 

progressive saturation of the binding sites. After passing 540 mL of fluoride solution for 

cycle 1 and 500 mL of fluoride solution for cycles 2 and 3 through the column, the column 

gets saturated. The breakthrough adsorption capacity (qe), 1.104, 0.896, 0.704 mg/g have 

been estimated for cycles 1, 2 and 3 respectively. From the Figure 11 it can be concluded 

that CCS is a good biosorbent of fluoride removal from aqueous medium. 

Desorption studies 

Attempts were made to regenerate CCS loaded with fluoride using various solvents like 

mineral acids, bases and some salt solutions. Among them, 0.1 M NaOH is chosen as it is 

found to be effective, non-damaging, non-polluting, and cheap. The CCS exposed to NaOH 

remained the same and is suitable for subsequent cycles. After two cycles the original color of 

the CCS is lost. However, it continued to desorb fluoride to some extent. Figure 12 shows that 

the elution curves are sharp at the initial stages of cycle 1, 2, and 3 and decrease with higher 

eluant volumes. NaOH is capable of removing about 91% of the fluoride adsorbed on the 

biosorbent. Maximum desorption occurs in 60 minutes with 60 mL volume of 0.1 N NaOH.  
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Figure 11. Column breakthrough curves for adsorption of fluoride on CCS. 
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Figure 12. Desorption curves of fluoride adsorbed on CCS. 

Conclusions 

CCS is suitable adsorbent for the removal of fluoride from aqueous solution. The removal of 

fluoride from aqueous solution strongly depends on the contact time, pH of the solution and 

amount of adsorbent. The equilibrium data fitted the Langmuir and Freundlich isotherms. 

Data revealed that fluoride removal on CCS is complex and both the surface adsorption as 

well as intraparticle diffusion contribute to the rate determining step. The breakthrough 

curves for adsorption of fluoride from dilute solutions using CCS show the mutual effects of 

the adsorption capacities and adsorption rate and can explain the dependence of the shape of 

the breakthrough curves on experimental parameters. The FTIR studies indicate the 

participation of surface OH and NH2 groups in the fluoride exchange. The kinetics of 

adsorption of fluoride on CCS follows Pseudo-second order model. The material is cheap 

and indigenous. The adsorption method is also very simple, does not cause any pollution, 

hence eco-friendly. Hence, CCS could be employed as a low cost defluoridating agent.  
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