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a b s t r a c t

In the present study, chitosan in its more usable bead form has been chemically modified by simple
protonation and employed as a most promising defluoridating medium. Protonated chitosan beads (PCB)
showed a maximum defluoridation capacity (DC) of 1664 mg F−/kg whereas raw chitosan beads (CB)
possess only 52 mg F−/kg. Sorption process was found to be independent of pH and altered in the presence
vailable online 1 April 2008

eywords:
rotonated chitosan bead
efluoridation
dsorption

of other co-existing anions. The sorbents were characterized using FTIR and SEM with EDAX analysis. The
fluoride sorption on PCB follows both Freundlich and Langmuir isotherms. Thermodynamic parameters,
viz., �G◦, �H◦ �S◦ and Ea indicate that the nature of fluoride sorption is spontaneous and endothermic.
The sorption process follows pseudo-second-order and intraparticle diffusion kinetic models. 0.1 M HCl
was identified as the best eluent. The suitability of PCB has been tested with field samples collected from
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. Introduction

In recent times much public attention has been drawn to the
uoride content in drinking water and tooth paste. On the one
and, fluoride is added to drinking waters in small quantities to
revent dental caries. On the other hand, fluoride is a bone seeker
nd is linked to hip fractures and brittle bones [1]. Fluoride nor-
ally enters the environment and human body through water,

ood, industrial exposure, drugs, cosmetics, etc. However, drink-
ng water is the single major source of daily intake [2]. The World
ealth Organization has specified the tolerance limit of fluoride
ontent of drinking water as 1.5 mg/L [3]. The presence of a large
mount of fluoride induces dental and skeletal fluorosis and non-
keletal fluorosis. The only option to prevent and control fluorosis
s defluoridation of drinking water. Various methods have been
uggested to reduce the fluoride concentration in drinking water,
iz., adsorption [4,5], precipitation [6], ion-exchange [7], reverse
smosis [8], nano-filtration [9], electrodialysis [10] and Donnan
ialysis [11]. Among the methods reported, adsorption is the most

ffective and widely used method for fluoride removal because
f its ease of operation and cost effectiveness. The efficiency of
dsorption technique depends upon the nature of adsorbents used.
any adsorbents were tried for fluoride removal namely activated

∗ Corresponding author. Tel.: +91 451 2452371; fax: +91 451 2454466.
E-mail addresses: natrayasamy viswanathan@rediffmail.com (N. Viswanathan),
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lumina [4], hydrated cement [12], hydroxyapatite [13], activated
arbon [14,15], quick lime [16], hydrotalcite [17], clay [18,19], ion
xchanger [20], cotton cellulose [21], waste residue [22], geomate-
ials [23], plaster of Paris [24], brick powder [25], schwertmannite
26], composite [27], etc.

Since environmental protection is becoming an important
lobal problem, biosorption has become a promising technique for
emoving toxic ions [28]. Chitosan is a linear polysaccharide of �-1,
-O-glycosyl-linked glucosamine residue, derived from deacety-

ation of chitin which is a major component of crustacean shells
nd fungal biomass. Chitosan has increasingly been studied for the
dsorption of different metal ions from dilute solution or wastew-
ter [29,30]. Only a few reports are available about its capacity
o remove anions [31–36]. In sorption process, chitosan is often
sed in the form of flakes or powder which is less stable and
auses a significant pressure drop which would affect filtration
uring field applications. The defluoridation capacity (DC) of the
nmodified chitosan was found to be minimum. These disadvan-
ages outweigh its advantages of biodegradability, biocompatibility
nd indigenous. If chitosan has been modified into a form which
ould overcome the above mentioned challenges, then definitely
t would throw more light on the field of defluoridation. Hence, in
he present study, chitosan has been employed for the removal of
uoride from drinking water.
The present article, therefore, focuses on the development of
ross-linked chitosan beads (CB) which is stable and can be regen-
rated and reused in subsequent operations and also avoid pressure
rop during field applications. However, the enhanced DC could be
chieved by protonation of cross-linked chitosan beads. The amino

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:natrayasamy_viswanathan@rediffmail.com
mailto:sairam_adithya@yahoo.com
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dx.doi.org/10.1016/j.jhazmat.2008.03.115
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metric bending vibrations in –CHOH–), 1067 and 1028 cm−1(–CO
stretching vibration in –COH) [39–41]. The FTIR spectrum of pro-
tonated cross-linked chitosan bead is presented in Fig. 1b. After
cross-linking the chitosan beads, the –OH and –NH2 stretching
vibration around the wavenumber of 3440 cm−1 and the –NH2
24 N. Viswanathan et al. / Journal of H

roup on each glucosamine residue within the chitosan chain can
erve as a reactive site for chemical modifications. Hence, in order to
ffectively utilize the amine groups of chitosan for fluoride removal
hey have been modified into H+ form (PCB), so that the DC of the
hitosan could be significantly increased. This paper pertains to the
ystematic evaluation of the performance of the novel, chemically
odified PCB for the uptake of fluoride. A comparative evaluation

f the DC of chitosan beads with PCB was made. Suitability of PCB
as tested under field conditions by collecting fluoride water in a
earby fluoride endemic area.

. Experimental

.1. Materials

Chitosan was supplied by Pelican Biotech and Chemicals Labs,
erala (India). Its deacetylation degree is 85%. The viscosity of the
hitosan solution was determined to be 700 (mPa s) by Brookfield
ial Reading Viscometer using electronic drive-RVT model (USA
ake). The chitosan solution was maintained at a constant viscosity

or the beads preparation in order to maintain uniform molecu-
ar weight. NaF, NaOH, HCl, glacial acetic acid, glutaraldehyde and
ll other chemicals and reagents were of analytical grade. For the
eld study, water containing fluoride was collected from a nearby
uoride endemic village.

.2. Preparation of cross-linked chitosan beads

Chitosan (20 g) was dissolved in 2.0% glacial acetic acid solu-
ion (1000 ml). The chitosan solution was dropped into a 0.5 M
queous NaOH solution to form uniform chitosan beads. After
elling for a minimum 16 h in 0.5 M NaOH solution, the beads were
ashed with distilled water to a neutral pH. The wet beads were

ross-linked with 2.5 wt% glutaraldehyde solution and the ratio
f glutaraldehyde to chitosan beads was approximately 15 ml/g of
et beads. Cross-linking reaction occurred for 48 h and then cross-

inked beads were washed with distilled water to remove any free
lutaraldehyde.

.3. Preparation of protonated cross-linked chitosan beads (PCB)

The PCB was prepared in order to effectively utilize the amino
roups of cross-linked chitosan beads for fluoride sorption. The
ross-linked chitosan beads were treated with concentrated HCl
or 30 min for protonation of beads [32]. The PCB was washed with
istilled water to neutral pH, dried at room temperature and used
or sorption studies.

.4. Sorption experiments

Sorption experiments were carried out by the batch equilibra-
ion method in duplicate. The sorbent used for this study was sieved
o obtain uniform particle size of 0.6–1.2 mm. About 0.25 g of dry
orbent was added into 50 mL of 10 mg/L sodium fluoride solution
ith a desired pH value. The pH of the medium was adjusted with

.1 M HCl or 0.1 M NaOH. The mixture was shaken in a shaker at
speed of 200 rpm at room temperature. Samples were taken at
redetermined time intervals for the analysis of fluoride concentra-
ions in the solutions until sorption equilibrium was reached. The

C of the sorbent was studied at different conditions including var-

ous dosages of sorbent, contact time of the sorbent for maximum
efluoridation, pH of the medium, initial fluoride concentrations
nd the effect of competitor anions on defluoridation for optimiza-
ion. The fluoride sorption on the sorbent was studied at different
us Materials 161 (2009) 423–430

nitial concentrations, viz., 11, 13, 15 and 17 mg/L of 50 ml solu-
ion and in the temperature range of 303, 313 and 323 K at neutral
H. The fluoride concentration was measured using an expand-
ble ion analyzer EA 940 and the fluoride ion selective electrode
N 9609 (Orion, USA). The pH measurements were done with the
ame instrument with pH electrode. All other water quality param-
ters were analyzed using standard methods [37]. pH at zero point
harge (pHzpc) of beads was determined by pH drift method [38].

.5. Characterization of sorbents

FTIR spectra of the chitosan samples were obtained using JASCO-
60 plus model to confirm the presence of functional groups.
xamination of beads with scanning electron microscope (SEM)
ith HITACHI-S-3000H model fitted with an energy dispersive X-

ay analyzer (EDAX) allows a qualitative detection and localization
f elements in the beads. The bead samples were coated with a thin
ayer of carbon in a vacuum coating unit. The SEM enables a direct
bservation of the surface microstructures of the chitosan beads
nd fluoride-sorbed beads. The specific surface area of the beads
as analyzed using BET isotherm method with NOVA 1000 model.

Computations were made using Microcal Origin (Version 6.0)
oftware. The goodness of fit and best model was discussed using
egression correlation coefficient (r), coefficient of determination
r2), chi-square and squared sum of errors (SSE) analysis.

. Results and discussion

.1. Instrumental analysis

The specific surface area of PCB was found to be 2.05 m2/g.
TIR spectra are a useful tool to identify functional groups in a
olecule, as each specific chemical bond often has a unique energy

bsorption band, and can obtain structural and bond information
n a complex to study the strength and fraction of hydrogen bond-
ng and miscibility [39]. FTIR spectrum of chitosan bead is shown
n Fig. 1a. Although there is a possibility of overlapping between
NH2 and –OH stretching vibrations, the strong broad band at
he wavenumber region of 3300–3500 cm−1 is the characteristic
f –NH2 stretching vibration. The major bands for the chitosan
ead can be assigned as follows: 3440 cm−1(–OH and –NH2 stretch-

ng vibrations), 2921 cm−1 (–CH stretching vibration in –CH and
CH2), 1652 cm−1 (–NH2 bending vibration), 1379 cm−1(–CH sym-
Fig. 1. FTIR spectra of (a) chitosan (b) PCB and (c) fluoride treated PCB.
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3.4. Effect of initial fluoride concentration
Fig. 2. SEM micrographs of (a) PCB and (b) fluoride-sorb

ending vibration at the wavenumber 1652 cm−1 were shifted to
ower frequencies. The hydrogen bonding in amines is weaker than
hat of hydroxyl groups, so –NH2 stretching bands are not as broad
r intense as –OH stretching bands [42]. A slight broadening of
NH2 stretching band in the fluoride sorbed PCB (Fig. 1c) may be
aken as an indicative of hydrogen bonding between the protonated
mine (–NH3

+) and fluoride [42]. Similar results were reported by
he authors while studying fluoride sorption onto chelating ion-
xchange resins [5].

SEM was used to examine the structure of the sorbent. Fig. 2a
nd b show the SEM micrographs of PCB before and after fluoride
orption. There were apparent differences between the beads with
any cavities before sorption and no such cavities are observed

fter sorption, it indicated fluoride sorption on PCB. The EDAX spec-
rum of PCB is given in Fig. 2c shows the presence of elements in
t. An emergence of fluoride peak in the EDAX spectra of fluoride-
reated PCB confirmed the fluoride sorption onto PCB which is
hown in Fig. 2d.

The surface morphological changes of the chitosan beads were
lso confirmed by the shifting of pHzpc values [43]. The pHzpc of
B is 7.88 whereas for PCB this value shifted to 3.75. This clearly

ndicated the occurrence of structural changes in PCB.

.2. Effect of contact time

Fig. 3a shows the variation of DC of the sorbents with respect to
ime and also the comparative difference between the unmodified

nd modified chitosan beads. Evidently, PCB has higher sorption
bility for the uptake of fluoride than the raw CB. With respect to
ontact time, both the materials reached saturation after 30 min
nd for further experiments, 30 min was fixed as the period of con-
act for sorption studies. The PCB possesses the DC of 1664 mg F−/kg

v
a
t
o

B, EDAX spectra of (c) PCB and (d) fluoride-sorbed PCB.

hereas CB has only 52 mg F−/kg. This clearly indicates that the
rotonated amine groups of PCB are responsible for higher DC than
he original –NH2 groups of chitosan bead. Since PCB has higher DC
han chitosan bead, further discussions were limited only to PCB
n order to explore the possibility of utilizing PCB as an effective
efluoridating agent.

.3. Optimization of sorbent dosage

The percent removal varies with different dosages of sorbent,
iz., 0.1, 0.2, 0.25, 0.50, 0.75 and 1.0 g were studied to ascertain the
ffect of dosage and to optimize the minimum dosage required
or bringing down the fluoride level to the tolerance limit. The
ffect of percentage removal of fluoride with different sorbent
osages is shown in Fig. 3b. The percentage removal of fluoride
ignificantly increased with increase in sorbent dosage, which is
bvious because of the increase in the number of active sites as the
osage increases [44]. The percentage of fluoride removal gradu-
lly reached a maximum and remained almost constant with the
ncrease in dosage of sorbent. Hence, in all the subsequent exper-
ments 0.25 g of sorbent was fixed as the optimum dosage which
ould give reasonably good defluoridation efficiency.
The effect of DC with different initial fluoride concentrations,
iz., 11, 13, 15, 17 and 19 mg/L with neutral pH at 303 K were studied
nd are shown in Fig. 3c. The DC of PCB was found to increase with
he increase in the initial concentrations of fluoride. Similar types
f results were reported for fluoride removal [35,36,45].



426 N. Viswanathan et al. / Journal of Hazardous Materials 161 (2009) 423–430

e, (c) i

3

l
a
t
p
s
n

3

c
c
d
w
4
c
s
6
i
t
o
a

anions, there may be a competition among them for the sites on
the sorbent surfaces, which is decided by the concentration, charge
and size of the anions. Even though there was a decrease in DC of
sorbent with an increase in the concentration of other anions, it had
Fig. 3. Effect of (a) contact time, (b) dosag

.5. Influence of pH of the medium

The pH effect of the sorbent was studied at five different pH
evels, viz., 3, 5, 7, 9 and 11 by keeping all other parameters constant
s shown in Fig. 3d. The PCB recorded a maximum DC at pH 7 hence
hroughout the study pH of the medium was maintained at neutral
H. Even though there appeared to be a slight decline in DC of the
orbent in acidic as well as in alkaline medium, the differences were
ot significant.

.6. Effect of competitor anions

The fluoride-contaminated drinking water contains several
ommon other anions, viz., Cl−, SO4

2−, HCO3
− and NO3

− which can
ompete with the fluoride during sorption and hence the depen-
ence of DC on PCB was investigated in the presence of co-anions
ith varying initial concentrations of these ions viz., 100, 200, 300,

00 and 500 mg/L by keeping 10 mg/L as the initial fluoride con-
entration with neutral pH at 303 K. The pH value of the mixed
olutions of fluoride with Cl−, SO4

2−, NO3
− and HCO3

− were 6.78,

.70, 6.83 and 8.23 respectively. There was a considerable increase

n pH of the solution with the increase in bicarbonate concentra-
ion. Fig. 4 shows the dependence of DC on PCB in the presence of
ther co-anions. With the increase in the concentration of anions,
reduction in DC of PCB was observed. In the presence of other
nitial fluoride concentrations and (d) pH.
Fig. 4. Effect of coexisting anions on the DC of PCB.
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Table 1
Isotherms and their linear forms

Isotherms Linear form Plot
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Table 3
Equations of thermodynamic parameters

Thermodynamic parameters Equations Plot

Standard free energy change �G◦ = −RT ln Ko ln qe
Ce

vs. Ce

Standard enthalpy change ln Ko =
�H◦
RT +

�S◦
R

ln Ko vs. 1
T

Standard entropy change

Sticking probability S∗ = (1 − �) exp
(

− Ea
RT

)
ln(1 − �) vs. 1

T

Table 4
Thermodynamic parameters for fluoride sorption onto PCB at different temperatures

Thermodynamic parameters PCB

�G◦ (kJ mol−1)
303 K −5.06
313 K −4.97
323 K −4.95

�H◦ (kJ mol−1) 6.85
�
E
S

T
t
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T
F

T

3

3

reundlich qe = kFC
1/n
e log qe = log kF + 1

n log Ce log qe vs. log Ce

angmuir qe = QobCe
1+bCe

Ce
qe

= 1
Qob

+ Ce
Qo

Ce
qe

vs. Ce

onsiderable DC and hence it could be effectively used as a defluori-
ating agent. This was further supported by the field trial studies of
CB.

.7. Sorption isotherms

Freundlich and Langmuir are the two commonly used isotherms
o describe the adsorption characteristics of sorbent and the linear
orms of isotherms with their plots are given in Table 1.

.7.1. Freundlich isotherm
The values of Freundlich isotherm constants, namely 1/n and

F for the sorbent are listed in Table 2. The values of kF almost
emained constant in all the temperatures studied. The magnitude
f the exponent 1/n lying between 0 and 1, and the values of n
reater than 1 indicated favorable conditions for adsorption [5]. The
igher correlation coefficient (r) values showed that the Freundlich

sotherm fitted well with the experimental data of PCB.

.7.2. Langmuir isotherm
The calculated values of Langmuir constants Qo and b are listed

n Table 2. The slight decrease in the values of Qo with increas-
ng temperature confirmed the preference of low temperature for
dsorption. The correlation coefficient (r) >0.9 indicated the appli-
ability of Langmuir isotherm for the sorption data. In order to find
ut the feasibility of the isotherm, the essential characteristics of
he Langmuir isotherm can be expressed in terms of the dimen-
ionless constant separation factor or equilibrium parameter [46],

L = 1
1 + bCo

(1)

here b is the Langmuir isotherm constant and Co is the initial
oncentration of fluoride (mg/L). The RL values at different tem-
eratures studied were calculated and are given in Table 2. The RL
alues lying between 0 and 1 indicate the favorable conditions for
dsorption at all the temperatures studied [5].

.7.3. Chi-square analysis
To identify the suitable isotherm for sorption of fluoride onto

CB, the chi-square analysis was carried out. The mathematical
tatement for chi-square analysis is

2 =
∑ (qe − qe,m)2

qe,m
(2)
here qe,m is equilibrium capacity obtained by calculating from the
odel (mg/g) and qe is experimental data on the equilibrium capac-

ty (mg/g). If data from the model are similar to the experimental
ata, �2 will be a small number, while if they differ, �2 will be a
igger number [5]. The �2 values for PCB was tabulated in Table 2.

b
fi
l
b
c

able 2
reundlich and Langmuir isotherm parameters of PCB

emperature (K) Freundlich isotherm

1/n n kF (mg/g) (L/mg)1/n r

03 0.685 1.460 1.280 0.999
313 0.596 1.677 1.223 0.998
23 0.537 1.862 1.234 0.986
S◦ (kJ mol−1 K−1) 5.94
a (kJ mol−1) 6.36
* 0.97

he �2 values of both isotherms did not differ much which implied
hat the system followed both Freundlich and Langmuir isotherms.

.8. Thermodynamic treatment of fluoride sorption process

The feasibility of the sorption process was assessed by the ther-
odynamic parameters, viz., standard free energy change (�G◦),

tandard enthalpy change (�H◦), standard entropy change (�S◦),
ctivation energy (Ea) and sticking probability (S*) [5,47,48] were
alculated using the equations given in Table 3. The calculated
alues of thermodynamic parameters are shown in Table 4. The
egative values of �G◦ confirmed the spontaneous nature of the
orption of fluoride onto PCB. The positive values of �S◦ which
uggested F− ions were not too restricted in the beads. The posi-
ive values of �H◦ and Ea confirmed the endothermic nature of the
orption process. The values of S* ∼ 1 indicated the linear sticking
elationship between sorbate and sorbent due to possible mixture
f physisorption and chemisorption mechanism [48].

.9. Sorption dynamics

The two main types of sorption kinetic models, namely
eaction-based and diffusion-based models, were adopted to fit the
xperimental data [49]. In this study, the initial sorbate concentra-
ion and the reaction temperature were considered for examining
he influence of sorption capacity on the rate of the reaction.

.9.1. Reaction-based models
To investigate the rate of the sorption of fluoride onto PCB,

seudo-first-order and pseudo-second-order kinetic models had

een used at different experimental conditions. A simple pseudo-
rst-order kinetic model [50] is given in Table 5. Linear plots of

og(qe − qt) against t gives a straight line that indicated the applica-
ility of Lagergren equation. The values of kad and the correlation
oefficient (r) computed from these plots for the sorbent are given

Langmuir isotherm

�2 Qo (mg/g) b (L/g) RL r �2

0.0001 7.32 0.196 0.317 0.991 0.0002
0.0002 5.35 0.248 0.268 0.991 0.0003
0.0013 4.72 0.301 0.232 0.981 0.0015
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Table 5
Kinetic models and their linear forms

Kinetic models Linear form Plot

Reaction-based

Pseudo-first-order log(qe − qt) = log qe − kad
2.303 t log(qe − qt) vs. t

Pseudo-second-order t
qt

= 1
h

+ t
qe

t
qt

vs. t

Diffusion-based

Particle diffusion ln
(

1 − Ct
Ce

)
= −kpt ln

(
1 − Ct

Ce

)
vs. t

Intraparticle diffusion qt = kit
1/2 qt vs. t1/2

Table 6
Pseudo-first-order rate constants of PCB at different temperatures with different
initial concentrations

Co (mg/L) Mass (g) Temperature (K) kad (min−1) r

11 0.25
303 0.204 0.997
313 0.141 0.985
323 0.127 0.958

13 0.25
303 0.223 0.970
313 0.197 0.995
323 0.126 0.991

15 0.25
303 0.238 0.972
313 0.148 0.978
323 0.123 0.997
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7 0.25
303 0.198 0.975
313 0.197 0.970
323 0.140 0.949

n Table 6. The pseudo-first-order model seemed to be applicable
ecause of the higher correlation coefficient (r).

In addition, the pseudo-second-order model was also employed
o test the reaction kinetics. Although there were four types
f linear pseudo-second-order kinetic models [51], the most
opular linear form was used and is given in Table 5. The
lot of t/qt vs. t gives a straight line with higher correla-

ion coefficient r values which was higher than that observed
ith pseudo-first-order model. This indicated the applicabil-

ty of pseudo-second-order than pseudo-first-order model and
he values obtained for PCB are shown in Table 7. The qe val-
es of the sorbent decreased with the increase in temperature,

3

c
d
a

able 7
omparison of the linear and non-linear methods of pseudo-second-order kinetic parame

ethods Parameters 303 K 313 K

11 mg/L 13 mg/L 15 mg/L 17 mg/L 11 mg/L

inear

qe (mg/g) 2.183 2.520 2.913 3.369 1.996
k (g/mg min) 0.101 0.094 0.071 0.054 0.169
h (mg/g min) 0.482 0.594 0.604 0.618 0.672
r 0.997 0.997 0.998 0.994 0.999
r2 0.635 0.640 0.635 0.620 0.697

on-linear

qe (mg/g) 1.871 2.151 2.457 2.758 1.837
k (g/mg min) 0.090 0.084 0.063 0.038 0.163
h (mg/g min) 0.315 0.389 0.380 0.289 0.550
r2 0.998 0.996 0.999 0.998 0.993

able 8
article and intraparticle diffusion model parameters for fluoride sorption on PCB at diffe

o (mg/L) Mass (g) 303 K 313 K

Particle DMa Intraparticle DMa Particle DMa

kp (min−1) r ki (mg/g min 0.5) r kp (min−1) r

11 0.25 0.063 0.923 0.351 0.960 0.045 0
13 0.25 0.077 0.932 0.407 0.956 0.046 0
15 0.25 0.104 0.982 0.463 0.966 0.050 0
17 0.25 0.151 0.956 0.533 0.965 0.058 0

a DM: diffusion model.
us Materials 161 (2009) 423–430

hich indicated the preference of lower temperature for sorp-
ion.

The non-linear method which is applicable for the minimization
f errors was also used for calculating the pseudo-second-order
inetic parameters in addition to linear method, as discussed above.
s the sorbent (PCB) followed pseudo-second-order model, non-

inear method was applied only to calculate pseudo-second-order
inetic parameters. In a linear analysis, different linear forms of the
ame model would significantly affect calculations of the parame-
ers [52]. According to Ho [51], the non-linear method could be a
etter way to obtain the kinetic parameters and would make it pos-
ible to avoid such errors. For non-linear method, a trial and error
rocedure, which is applicable to computer operation, was devel-
ped to determine the pseudo-second-order rate parameters. An
ptimization routine to maximize the coefficient of determination
r2) between experimental data and pseudo-second-order model
sed the solver add-in with Microsoft’s spreadsheet, Microsoft
xcel. In this study, the coefficient of determination, r2, was cal-
ulated using Eq. (3) to test the best-fitting for the linear and
on-linear pseudo-second-order kinetic model to the experimental
ata,

2 =
∑ (qm − q̄t)

2

(qm − q̄t)
2 + (qm − qt)

2
(3)

here qm is the amount of fluoride on the surface of the bead at
ny time, t (mg/g) obtained from the second-order kinetic model,
t is the amount of fluoride on the surface of the bead at any time, t
mg/g) obtained from experiment and q̄t is the average of qt (mg/g).
he coefficient of determination (r2) calculated for both the linear
nd non-linear methods of pseudo-second-order model for PCB is
resented in Table 7 with qe, k and h values. Higher r2 values of
on-linear method indicated a better applicability of non-linear
seudo-second-order method than the linear one.
.9.2. Diffusion-based models
For a solid–liquid sorption process, the solute transfer is usually

haracterized either by particle diffusion [5,53] or by intraparticle
iffusion [54] control. The equations for both the diffusion models
re given in Table 5. The values of kp, ki and r are presented in

ters of PCB based on coefficient of determination (r2)

323 K

13 mg/L 15 mg/L 17 mg/L 11 mg/L 13 mg/L 15 mg/L 17 mg/L

2.237 2.512 2.795 1.925 2.152 2.458 2.736
0.241 0.272 0.228 0.206 0.313 0.311 0.230
1.205 1.715 1.785 0.762 1.449 1.876 1.722
0.999 1.00 1.00 1.00 0.999 1.00 0.999
0.695 0.726 0.740 0.748 0.761 0.781 0.718

2.071 2.381 2.646 1.781 2.049 2.363 2.572
0.236 0.269 0.225 0.201 0.310 0.309 0.227
1.012 1.525 1.575 0.638 1.302 1.725 1.502
0.987 0.997 0.995 0.988 0.993 0.998 0.991

rent initial concentrations with different temperatures

323 K

Intraparticle DMa Particle DMa Intraparticle DMa

ki (mg/g min0.5) r kp (min−1) r ki (mg/g min 0.5) r

.920 0.328 0.942 0.038 0.933 0.316 0.931

.883 0.373 0.917 0.035 0.903 0.357 0.902

.867 0.420 0.904 0.042 0.945 0.406 0.892

.983 0.457 0.897 0.046 0.814 0.459 0.908
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Table 9
SSE values of kinetic models employed for sorption of fluoride onto PCB

Kinetic models 303 K 313 K 323 K

11 mg/L 13 mg/L 15 mg/L 17 mg/L 11 mg/L 13 mg/L 15 mg/L 17 mg/L 11 mg/L 13 mg/L 15 mg/L 17 mg/L

Pseudo-first-order 0.0007 0.0013 0.0037 0.0011 0.0040 0.0013 0.0094 0.0016 0.0082 0.0170 0.0200 0.0110
Pseudo-second-order 0.0005 0.0010 0.0023 0.0008 0.0013 0.0010 0.0032 0.0012 0.0065 0.0024 0.0016 0.0039
Particle diffusion 0.3830 0.3220 0.2670 0.2110 0.4290 0.3540 0.3140 0.2670 0.4690 0.4220 0.3600 0.3210
Intraparticle diffusion 0.0190 0.0210 0.0180 0.0130 0.0350 0.0520 0.0610 0.0680 0.0440 0.0630 0.0700 0.0560

sorption on PCB and its regeneration.
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Table 10
Field trial results of PCB

Water quality parameters Before treatment After treatment

F− (mg/L) 2.33 0.90
pH 9.10 6.21
Electrical conductivity (ms/cm) 0.87 0.65
Cl− (mg/L) 56.80 42.60
Total hardness (mg/L) 70.00 0.00
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Scheme 1. Mechanism of fluoride

able 8, and the higher r values in both the cases indicated the
ossibility of sorption process being controlled by both the particle
nd intraparticle diffusion models.

.9.3. Fitness of the kinetic models
The best-fit among the kinetic models was assessed by the

quared sum of errors (SSE) values. It is assumed that the model
hich gives the lowest SSE values is the best model for the partic-
lar system [5,49]. The SSE values were calculated by the equation,

SE =
∑ (qt,e − qt,m)2

q2
t,e

(4)

here qt,e and qt,m are the experimental sorption capacity of
uoride (mg/g) at time t and the corresponding value that is
btained from the kinetic models. SSE values for all the kinetic
odels were calculated and are summarized in Table 9. It was

nce again confirmed that pseudo-second-order model which had
ower SSE values seemed to be best reaction-based model than the
seudo-first-order model. Among the diffusion-based models, the

ntraparticle diffusion model was found to have lower SSE values
hich indicated that the sorbent removed fluoride by intraparticle
iffusion rather than particle diffusion.

.10. Sorption mechanism

A slight widening of –NH2 stretching band in FTIR spectra of the
uoride treated PCB (cf. Fig. 1c) confirmed the presence of hydrogen
onding between protonated amine (NH3

+) and fluoride suggesting
hat the PCB removed fluoride by means of hydrogen bonding which
s an electrostatic adsorption between positively charged surface
nd negatively charged fluoride ions. The mechanism of fluoride
emoval by PCB is shown in Scheme 1. Moreover, PCB may be con-
idered as hard acid as they possess H+ ion and hence would prefer
o bind with hard base, most preferably with high electronegative
nd low polarisable F− ion [55].

.11. Fluoride desorption
The exhausted PCB was regenerated with eluents like HCl, H2SO4
nd NaOH. All the regeneration experiments were carried out at
oom temperature. Mineral acids elute fluoride from exhausted PCB
s HF and NaOH as NaF (cf. Scheme 1). Desorption efficiency of

s
s
w
t
F

otal dissolved solids (mg/L) 473.00 465.00
a+ (mg/L) 55.10 51.60
+ (mg/L) 8.80 5.90

CB was studied using 0.1 M HCl, 0.1 M H2SO4 and 0.1 M NaOH as
luents. Out of the three eluents, HCl had been identified as the best
luent as it has 94.5% desorption efficiency whereas H2SO4 has 89%
nd NaOH showed a maximum of 85% desorption efficiency.

.12. Field studies

The applicability of PCB in the field condition was tested with
ater samples taken from a nearby fluoride endemic area and the

esults are listed in Table 10. The sorbent reduced the level of fluo-
ide concentration from 2.33 mg/L to the desired level using 0.5 g of
CB for 50 ml of sample, and the time of contact was fixed at 30 min
t room temperature. To some extent PCB also removed other ions
resent in water in addition to fluoride. Even though the sorbent
as influenced by the presence of foreign anions, this factor did
ot affect lowering the fluoride level to the tolerance limit in field
onditions.

. Conclusions

PCB possessed higher DC than the raw chitosan bead. The DC
f PCB was independent of pH and altered in presence of co-
xisting anions. The adsorption pattern followed both Freundlich
nd Langmuir isotherms. The values of thermodynamic parameters
onfirmed the spontaneous and endothermic nature of the fluoride

orption. The rate of reaction of the sorbent followed pseudo-
econd-order kinetics and non-linear pseudo-second-order model
ould be a better way to obtain kinetic parameters. The sorp-

ion of fluoride onto PCB followed intraparticle diffusion pattern.
ield trial results indicated that PCB could be employed as a
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est sorbent for fluoride removal. The PCB is an effective, inex-
ensive and replicable material which could be employed for
efluoridation and it removes fluoride by adsorption mecha-
ism.
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