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ABSTRACT: Chitosan beads (CB) possesses low defluor-
idation capacity (DC) have been suitably modified by car-
boxylation followed by chelation with Ce(III) to enhance
its DC. The carboxylated chitosan beads (CCB), which has
a desirable DC of 1385 mgF�/kg, has been further chemi-
cally modified by incorporating Ce3þ ion into CCB (Ce-
CCB) and its DC was found to be 4798 mgF�/kg, whereas
raw chitosan beads (CB) possesses 52 mgF�/kg only. The
maximum DC of Ce-CCB was observed at pH 7 and
showed selectivity toward fluoride in presence of other
coanions. The sorbent was characterized using FTIR and

SEM with EDAX analysis. The sorption data was fitted
with Freundlich and Langmuir isotherms and kinetic mod-
els. The calculated thermodynamic parameters, viz., DG�,
DH� and DS� indicate the nature of fluoride sorption. A
field trial was carried out with fluoride water collected
from a nearby fluoride-endemic village to test the suitabil-
ity of Ce-CCB at field conditions. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 112: 1114–1121, 2009
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INTRODUCTION

Fluoride, a potent toxic ion, enters the soil and so as
to water by natural as well as anthropogenic sour-
ces. An excess amount of fluoride ion in drinking
water has been known to cause adverse effects on
human health.1 The World Health Organization has
specified the tolerance limit for fluoride content in
drinking water as 1.5 mg/L.2 Fluorosis is a chronic
disease manifested by mottling of teeth in mild cases
and softening of bones, ossification of tendons and
ligaments, and neurological damage in severe cases.
Fluorosis is prevalent in the areas where people are
mostly dependent on naturally occurring ground-
water for potable use. The preferred option for the
preventive measure is to find a supply of safe drink-
ing water with safe fluoride levels and one such
option is defluoridation.

Many methods have been successfully proposed for
removing excessive fluoride in water which includes
chemical precipitation, ion exchange, adsorption, and
electrolysis.3–6 Among the methods reported, adsorp-
tion seems to be the most attractive, selective, and
promising technique for fluoride removal. So far,

many adsorbents have been successfully used for the
removal of fluoride which includes activated alu-
mina,1 magnesia,7 cotton cellulose,8 hydroxyapatite,9

zeolite,10 composite,11 clay,12 etc. Recently, consider-
able work has been conducted in developing new
adsorbents loaded with metal ions especially with
rare earth metals, viz., La3þ, Ce3þ ions, etc., for the
purpose of fluoride removal.13 Chitosan is a biopoly-
mer produced from the deacetylation of chitin. The
high proportion of amine groups in chitosan has
novel binding properties for metal ions and has been
extensively studied for heavy metal removal.14,15

Only few reports are available about its capacity to
remove anions.16,17 To increase its defluoridation
capacity (DC), it has been suitably modified by intro-
ducing selective functional groups in the chitosan
polymeric matrix.
In this study to enhance the DC of chitosan, it was

treated with chloroacetic acid, to introduce carboxyl
groups in hydroxyl groups of chitosan beads, fol-
lowed by Ce (III) incorporation by chelating the reac-
tive amine groups of chitosan. A comparison of DC of
Ce (III)-loaded carboxylated chitosan beads (Ce-CCB)
with that of CCB and CB was made. Defluoridation
study was carried out under various equilibrating
conditions like contact time, pH, and in the presence
of competitor coanions. The reasonable mechanism of
fluoride removal by this sorbent was also suggested.
The experimental data were fitted with isotherms and
the kinetic models. The sorbent was tested with a field
sample collected from a nearby fluoride-endemic vil-
lage for its suitability under field conditions.
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EXPERIMENTAL

Materials

Chitosan (85% deacetylated) was supplied by Pelican
Biotech and Chemicals Labs, Kerala (India). The vis-
cosity of the chitosan solution was determined to be
700 (mPa�s) by Brookfield Dial Reading Viscometer
using electronic drive-RVT model (USA) and this
viscosity of chitosan solution was maintained as con-
stant for the beads preparation. NaF, NaOH, HCl,
glacial acetic acid, glutaraldehyde, chloroacetic acid,
Ce(NO3)3.6H2O, and all other chemicals and reagents
used were of analytical grade. All the solutions were
prepared using double distilled water. For the field
study, water containing fluoride was collected from a
nearby fluoride endemic village.

Synthesis of Ce (III)-loaded carboxylated
chitosan beads

Chitosan beads (CB) were prepared and cross-linked
with glutaraldehyde as suggested by Jeon and Holl.14

The CCB was prepared by treating the wet CB with
aqueous 0.5M chloroacetic acid maintained at pH 8.0
using 0.1M NaOH for 10 h at room temperature to
convert hydroxyl groups of chitosan to carboxyl
groups. The CCB was washed with distilled water to
pH 7 and then dried at room temperature. To effec-
tively utilize the reactive amino groups of chitosan
beads for fluoride sorption, the amine groups in CCB
were chelated using Ce(III) by treating CCB with 5%
(w/v) Ce(NO3)3.6H2Osolution for 24 h and then
washed in distilled water to pH 7 and then dried at
room temperature. The dried beads were used for
sorption studies.

Sorption experiments

Defluoridation experiments were carried out by batch
equilibration method in duplicate. In a typical case,
0.1 g of fixed sorbent dose was added to 50 mL of
NaF solution whose initial concentration was fixed as
10 mg/L with a desired pH at room temperature. The
contents were shaken thoroughly using a thermo-
stated shaker rotating at a speed of 200 rpm. The ki-
netic studies were carried out in a temperature
controlled batch sorption system. The effect of differ-
ent temperatures, viz., 303, 313, and 323 K on sorption
was studied with different initial fluoride concentra-
tions, viz., 11, 13, 15, and 17 mg/L by keeping the
mass of sorbent as 0.1 g and volume of solution as
50 mL at pH 7. The solution was then filtered and the
residual fluoride ion concentration was measured.

Analysis

The concentration of fluoride was measured using ex-
pandable ion analyzer EA 940 and the fluoride ion

selective electrode BN 9609 with the relative accuracy
of �1 significant digit (Orion, MI). Most of the cations
and anions do not interfere with the response of the
fluoride electrode to fluoride.18 The pH measurements
were carried out with the same instrument with pH
electrode. All other water quality parameters were an-
alyzed by using standard methods.19 The pH at zero
point charge (pHzpc) of the sorbent was measured
using the pH drift method.20

Scanning electron microscope (SEM) images were
recorded with HITACHI-S-3400 model fitted with an
energy dispersive X-ray analyzer (EDAX) allows a
qualitative detection and localization of elements in
the beads. The X-ray elemental mapping represents
the distribution of a specific element on a micrograph.
FTIR spectra of the beads were recorded with

JASCO-460 plus model using KBr pellets prepared
by mixing beads with KBr. The results of FTIR were
used to confirm the functional groups present in the
beads.
Computations were made using Microcal Origin

(Version 6.0) software. The goodness of fit was dis-
cussed using error bar plot, regression correlation
coefficient (r), chi-square analysis, and standard
deviation.

RESULTS AND DISCUSSION

Effect of contact time

The effect of contact time of sorbents was studied in
the range of 10–60 min with 10 mg/L as initial fluo-
ride concentration with neutral pH at room tempera-
ture to find out a minimum time of contact needed to
attain maximum DC. Figure 1 shows the variation of
DC of sorbents with time and indicates that the DC of

Figure 1 Effect of contact time on the DC of sorbents.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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both CCB and Ce-CCB increases with increasing time
and finally reached saturation. All the sorbents reached
saturation after 40 min and hence, it was fixed as con-
tact time for subsequent measurements. The DC of
Ce-CCB was found to be 4798 mgF�/kg, whereas for
CCB and raw CB it was 1385 and 52 mgF�/kg (not
shown in Fig. 1), respectively. Therefore, further stud-
ies were limited to Ce-CCB only.

Effect of pH

The fluoride removal by Ce-CCB was studied at
five different pH levels, viz., 3, 5, 7, 9, and 11 by
keeping other parameters as constant. The DC of
sorbent as a function of pH was shown in Figure 2.
Though it appears that the DC of the sorbent was
slightly influenced by pH of the medium, the differ-
ences are not so significant and hence, it can be con-
cluded that there is no dependence on DC of the
sorbent by pH of the medium studied. Hence for
further experiments, neutral pH was fixed as the
optimum pH.

Influence of coexisting anions

The contaminated water may contain the other anions
like Cl�, SO2�

4 , HCO�
3 , and NO�

3 in addition to fluo-
ride. To study the interfering role of other common
anions, the sorption studies were carried out in the
presence of Cl�, SO2�

4 , HCO�
3 , and NO�

3 separately
with a fixed initial concentration of 200 mg/L by
keeping all other parameters as constant. Figure 3
shows the effect of DC of Ce-CCB in the presence of
coanions. It is evident from the graph that the overall
DC of the sorbent was not significantly altered by the

presence of coexisting anions which indicates the se-
lectivity of fluoride by the sorbent.

Characterization of sorbents

Figure 4(a,b) represent the FTIR spectra of Ce-CCB
and fluoride-sorbed Ce-CCB. A sharp band at
1630 cm�1 confirms the presence of carbonyl group in
Ce-CCB. The presence of AOH group is confirmed by
having a band at 3420 cm�1. The slight broadening of
band at 3420 cm�1 in the fluoride-sorbed Ce-CCB
may be taken as an indicative of electrostatic adsorp-
tion between the sorbent and the fluoride.21,22

Figure 2 Influence of pH on DC of Ce-CCB. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 3 Effect of foreign anions on DC of Ce-CCB.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4 FTIR spectra of (a) Ce-CCB and (b) Fluoride
treated Ce-CCB. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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SEM images of Ce-CCB and fluoride-sorbed CCB
are shown in Figure 5(a,b), respectively. Fresh
Ce-CCB has many pores on the surface of the bead.
Figure 5(b) shows that there is a mass transfer of fluo-
ride ions onto the sorbent surface of fluoride-sorbed
Ce-CCB. It means reduction of pores which was
thought as mainly due to sorption of fluoride onto the
sorbent. This is further supported by EDAX analysis.
The EDAX spectra of Ce-CCB confirm the presence of
respective ions in their corresponding beads [cf. Fig.
5(c)]. The fluoride sorption on Ce-CCB was confirmed
by the presence of fluoride peak in EDAX spectra of
fluoride-treated Ce-CCB [cf. Fig. 5(d)].

The surface morphological change of chitosan
beads was confirmed by the shifting of pHzpc val-
ues.23 The pHzpc of CB is 7.88 was shifted to 3.90 for
Ce-CCB which clearly indicates the occurrence of
structural changes in Ce-CCB.

Sorption isotherms

To quantify the sorption capacity of Ce-CCB stud-
ied for the removal of fluoride, two common iso-

therms, viz., Freundlich and Langmuir have been
adopted.

Freundlich isotherm

The linear form of Freundlich isotherm24 is repre-
sented by the equation,

log qe ¼ log kF þ 1

n
logCe (1)

where, qe is the amount of fluoride adsorbed per
unit weight of the sorbent (mg/g), Ce is the equilib-
rium concentration of fluoride in solution (mg/L), kF
is a measure of sorption capacity, and 1/n is the
sorption intensity are listed in Table I. The linear
plot of log qe versus log Ce indicates the applicability
of Freundlich isotherm. The values of 1/n are lying
between 0 and 1 and the n value lying in the range
of 1–10 confirms the favorable conditions for sorp-
tion. With rise in temperature, the kF values get
increases indicates that the fluoride uptake by Ce-
CCB is an endothermic process.

Figure 5 SEM pictures of (a) Fresh Ce-CCB and (b) Fluoride-sorbed Ce-CCB. EDAX spectra of (c) Fresh Ce-CCB and
(d) Fluoride-sorbed Ce-CCB.

TABLE I
Isotherm Parameters of Ce-CCB

Temp (K)

Freundlich isotherm Langmuir isotherm

1/n n
kF (mg/g)
(L/mg)1/n r v2 Q� (mg/g) b (L/g) RL r v2

303 0.306 3.268 5.224 0.972 6.22 E-3 9.009 1.306 0.065 0.985 1.29 E-2
313 0.272 3.676 5.768 0.981 3.81 E-3 8.850 1.915 0.045 0.992 1.14 E-2
323 0.279 3.584 6.383 0.999 2.92 E-5 9.091 2.558 0.034 0.998 2.21 E-3

ENHANCED AND SELECTIVE FLUORIDE SORPTION ON Ce-CCB 1117

Journal of Applied Polymer Science DOI 10.1002/app



Langmuir isotherm

Langmuir isotherm25 model can be represented by
the equation,

Ce

qe
¼ 1

Q�b
þ Ce

Q� (2)

where, Q� is the amount of sorbate at complete mono-
layer coverage (mg/g), which gives the maximum
sorption capacity of sorbent, and b (L/mg) is the
Langmuir isotherm constant that relates to the energy
of sorption. A linear plot is obtained for the sorbent
when Ce/qe is plotted against Ce which gives Q� and b
values from the slope and intercept, respectively, and
the calculated results are listed in Table I. There is no
significant increase in the values of Q� with increase
in temperature which estimates that sorption capacity
of the sorbent is high at lower temperature.5

To find out the feasibility of the isotherm, the essen-
tial characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant sepa-
ration factor or equilibrium parameter,26 RL

RL ¼ 1

1þ bC0
(3)

where, b is the Langmuir isotherm constant, and Co

is the initial concentration of fluoride (mg/L). The
RL values of the sorbent lies between 0 and 1 indi-
cate favorable conditions for sorption at all the tem-
peratures studied (cf. Table I).

Chi-square analysis

To identify a suitable isotherm model for the sorp-
tion of fluoride on Ce-CCB, this analysis has been
carried out.5,9 The equivalent mathematical state-
ment is given as follows,

v2 ¼
X ðqe � qe;mÞ

qe;m

2

(4)

where, qe,m is equilibrium capacity obtained by calcu-
lating from the model (mg/g), and qe is experimental
data of the equilibrium capacity (mg/g). If data from
the model are similar to the experimental data, v2 will
be a small number, whereas if they differ, v2 will be a
bigger number. The results of chi-square analysis are
presented in Table I. The lower v2 values of Freund-
lich isotherm indicate that it is the best fitting iso-
therm for the sorption of fluoride onto Ce-CCB.

Thermodynamic treatment of the sorption process

Thermodynamic parameters associated with the
sorption, viz., standard free energy change (DG�),
standard enthalpy change (DH�), and standard en-
tropy change (DS�) were calculated as follows.

The free energy change of sorption process, con-
sidering the sorption equilibrium coefficient Ko, is
given by the equation,

DG
� ¼ �RT lnKo (5)

where, DG� is the standard free energy of sorption
(kJ/mol), T is the temperature in Kelvin, and R is the
universal gas constant (8.314 J mol�1 K�1). The sorp-
tion distribution coefficient Ko, was determined from
the slope of the plot ln (qe/Ce) against Ce at different
temperatures and extrapolating to zero Ce according
to the method suggested by Khan and Singh.27

Other thermodynamic parameters such as DH�

and DS� are evaluated using van’t Hoff equation,5,9

lnKo ¼ DS
�

R
� DH

�

RT
(6)

where, DH� is the standard enthalpy change (kJ/mol)
and DS� is standard entropy change (kJ/mol. K). The
values of DH� and DS� can be obtained from the slope
and intercept of a plot of ln Ko against 1/T.
The calculated values of thermodynamic parame-

ters are shown in Table II. The negative values of
DG� confirm the feasibility and spontaneous nature
of fluoride sorption. The positive value of DH� and
DS� indicates the sorption process is endothermic
and stable.

Sorption dynamics

The two main types of sorption kinetic models
namely reaction-based and diffusion-based models
were adopted to fit the experimental data.

Reaction-based models

The most commonly used pseudo-first-order and
pseudo-second-order models were employed to
explain the solid/liquid sorption.
A simple pseudo-first-order kinetic model28 is

given as follows,

logðqe � qtÞ ¼ log qe � kad
2:303

t (7)

where, qt is the amount of fluoride on the surface of
the sorbent beads at time t (mg/g), and kad is the equi-
librium rate constant of pseudo-first-order sorption

TABLE II
Thermodynamic Parameters of Ce-CCB

Temp. (K) DG� (kJ mol�1) DH� (kJ mol�1) DS� (kJ mol�1K�1)

303 �1.39 14.1 41.6
313 �1.20
323 �0.57
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(min�1). The slope of the straight-line plot of log
(qe�qt) against t for different experimental conditions
give the value of the rate constant (kad) and are given
in Table III. Linear plots of log (qe�qt) against t gives
straight line indicate the applicability of Lagergren
equation. The pseudo-first-order model seems to be
liable because of the higher correlation coefficient (r).
In addition, the pseudo-second-order model is

also widely used. There are four types of linear
pseudo-second-order kinetic models,29 the most pop-
ular linear form is given as follows,

t

qt
¼ 1

h
þ t

qe
(8)

where, qt ¼ q2e kt
1þqekt

, amount of fluoride on the surface

of the bead at any time, t (mg/g), k is the pseudo-
second-order rate constant (g/mg min), qe is the
amount fluoride ion sorbed at equilibrium (mg/g),

and the initial sorption rate, h ¼ kq2e (mg/g min).
The value of qe (1/slope), k (slope2/intercept), and h
(1/intercept) of the pseudo-second-order equation
can be found out experimentally by plotting t/qt
against t. The fitness of the data and the values of qe,
k, and h were obtained from the plots of t/qt versus
t for fluoride sorption at different temperatures, viz.,
303, 313, and 323 K of Ce-CCB are presented in
Table III. The plot of t/qt versus t gives a straight
line with higher correlation coefficient r values
which is higher than that observed with pseudo-
first-order model indicating the applicability of the
pseudo-second-order model.

Diffusion-based models

For a solid-liquid sorption process, the solute trans-
fer is usually characterized either by particle diffu-
sion or intraparticle diffusion control. Both particle
and intraparticle diffusion models were used to
describe the fluoride removal by Ce-CCB.
A simple equation for the particle diffusion con-

trolled sorption process30 is given as follows,

ln 1� Ct

Ce

� �
¼ �kpt (9)

where, kp is the particle rate constant (min�1). The
value of particle rate constant is obtained by the
slope of the plot ln (1�Ct/Ce) against t

0.5.
The intraparticle diffusion model used here refers

to the theory proposed by Weber and Morris31 and
its equation is given as follows,

qt ¼ kit
1=2 (10)

where, ki is the intraparticle rate constant (mg/g
min0.5). The slope of the plot of qt against t0.5 will
give the value of intraparticle rate constant.
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The straight line plots of ln (1�Ct/Ce) versus t and
qt versus t0.5 indicates the applicability of both parti-
cle and intraparticle diffusion models. The kp, ki, and
r values of both particle and intraparticle diffusion
models are illustrated in Table III. The higher r val-
ues obtained for both particle and intraparticle diffu-
sion models suggest that the fluoride diffusion on
Ce-CCB follows both the models.

Standard deviation (sd) values of all the kinetic
models were summarized in Table III. Smaller sd
values were observed for pseudo-second-order (reac-
tion-based) and intraparticle diffusion (diffusion-
based) models indicate that these two models are
significant in defining the fluoride sorption process
and suggesting that the sorption of fluoride occurs
on internal diffusion of the sorbent.

Mechanism of fluoride removal

During carboxylation of cross-linked chitosan bead,
the ACOOH group has been introduced in the place
of hydroxyl group of the chitosan. Then, the reactive
amino groups of chitosan have formed a chelated
complex with the added Ce3þ ion, simultaneously
there is a possibility of exchange of Ce3þ ion for Hþ

ion in carboxyl group of CCB. The possible mecha-
nism of fluoride removal by Ce-CCB is shown in
Figure 6. Both CCB and Ce-CCB removes fluoride
by means of electrostatic adsorption and strong
Lewis acid-base interaction.32,33 In case of Ce-CCB,
F� ion is trapped from the solution due to electro-

static adsorption, whereas CCB removes fluoride by
hydrogen bonding. Simultaneously, Ce(III)-chelated
amino groups (Ce-CCB) also form a complex with
fluoride. Therefore, Ce-CCB removes fluoride by
complexation in addition to adsorption and hence, it
shows an enhanced DC than the CCB which in turn
is higher than raw chitosan bead. In presence of
coions, Ce-CCB shows a higher promising DC con-
firms, its selectivity toward fluoride as fluoride is
the hardest Lewis base among other anions studied.

Field applications

Ce-CCB was also tested with a field sample taken
from a nearby fluoride-endemic village. About 0.25
g of the sorbent was added to 50 mL of fluoride
water sample and the contents were shaken for 30
min at room temperature and the results are pre-
sented in Table IV. In addition to fluoride, there is a

Figure 6 Mechanism of fluoride sorption.

TABLE IV
Field Trial Results of Ce-CCB

Water quality parameters
Before

treatment
After

treatment

F� (mg/L) 4.130 0.27
pH 9.60 7.60
Cl� (mg/L) 85.2 82.0
Total hardness (mg/L) 140.0 90.0
Total dissolved solids (mg/L) 1350.0 1250.0
Naþ (mg/L) 173.0 130.0
Kþ (mg/L) 23.0 6.0
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significant reduction in the levels of other water
quality parameters. It is evident from the result that
Ce-CCB could be effectively employed as promising
defluoridating agent.

CONCLUSIONS

Ce-CCB possesses higher DC than CCB and raw chi-
tosan bead. Fluoride removal by the sorbent is inde-
pendent of pH of the medium and not affected in
the presence of coanions. Ce-CCB removes fluoride
by both adsorption and complexation mechanism.
The fluoride sorption process follows Freundlich iso-
therm. The values of thermodynamic parameters
indicate that the nature of fluoride sorption is spon-
taneous and endothermic. The kinetics of Ce-CCB
follows pseudo-second-order and particle diffusion
models. The results of field trial indicate that Ce-
CCB could be effectively employed as promising
defluoridating agent.

The first author likes to thank Council of Scientific and Indus-
trial Research (CSIR), NewDelhi, India for awarding the Sen-
ior Research Fellow.

References

1. Meenakshi, S. Ph.D. Thesis, Gandhigram University, Tamil-
nadu, India,1992.

2. WHOReport. Fluoride and Fluorides: Environmental Health
Criteria; World Health Organization, Geneva, 1984.

3. Huang, C. J.; Liu, J. C. Water Res 1999, 33, 3403.
4. Popat, K. M.; Anand, P. S.; Dasare, B. D. React Polym 1994, 23, 23.
5. Meenakshi, S.; Viswanathan, N. J Colloid Interface Sci 2007,

308, 438.
6. Adihikary, S. K.; Tipnis, U. K.; Harkare, W. P.; Govindan,

K. P. Desalination 1989, 71, 301.
7. Thergaonkar, V. P.; Nawalakhe, W. G. Ind J Environ Health

1971, 16, 241.

8. Zhao, Y.; Li, X.; Liu, L.; Chen, F. Carbohydr Polym 2008, 72,
144.

9. Sairam Sundaram, C.; Viswanathan, N.; Meenakshi, S. J Haz-
ard Mater 2008, 155, 206.

10. Onyango, M. S.; Kojima, Y.; Aoyi, O.; Bernardo, E. C.; Mat-
suda, H. J Colloid Interface Sci 2004, 279, 341.

11. Sairam Sundaram, C.; Viswanathan, N.; Meenakshi, S. Biore-
sour Technol 2008, 99, 8226.

12. Meenakshi, S.; Sairam Sundaram, C.; Rukmini, S. J Hazard
Mater 2008, 153, 164.

13. Viswanathan, N.; Meenakshi, S. J. Fluorine Chem 2008, 129,
645.
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