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a b s t r a c t

The water containing high fluoride ions could do harm to human and environment. In this work, the
applicability of neodymium-modified chitosan as adsorbents for the removal of excess fluoride ions from
water was studied. The effect of various physico-chemical parameters such as temperature (283–323 K),
pH (5–9), adsorbent dose (0.2–2.0 g L−1), particle size (0.10–0.50 mm) and the presence of co-anions

− − 2−
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(NO3 , Cl and SO4 ) on removal of fluoride ions were studied. The equilibrium sorption data were
fitted reasonably well for Langmuir isotherm model, the maximum equilibrium sorption had found to be
11.411–22.380 mg g−1. Sorption dynamics study revealed that the pseudo-second-order was suitable to
describe the kinetics process of fluoride ions sorption onto the adsorbent with the initial sorption rate
1.70, 2.10 and 2.67 mg g−1 min−1 at 283, 303 and 323 K, and the sorption process was complex, both the
boundary of liquid film and intra-particle diffusion contributed to the rate-determining step. The used
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. Introduction

Fluorosis, an endemic public health problem, prevails in 22
ations around the globe. It is a crippling disorder known to occur
ue to the entry of fluoride ions into the body [1]. But as a nec-
ssary dilute element in human body, fluoride ions in drinking
ater may be beneficial or detrimental depending on its concen-

ration. The excessive ingestion of fluoride ions through drinking
ater causes dental, skeleton, and nonskeletal forms of fluorosis

2,3]. According to the World Health Organization (WHO) the max-
mum acceptable concentration of fluoride ions in drinking water
ies below 1.5 mg L−1 [4]. Also the Ministry of Water Resources in
hina on the bases of economical, practical and technical consid-
rations proposed guideline for drinking water quality of fluoride
ons at 1.0 mg L−1 (GB5949-2006, China).

Traditional treatment technologies, based on the principle of
recipitation, ion exchange, electrolysis, membrane and sorption
rocess have been proposed and tested for removal efficiency of
xcess of fluoride ions from drinking water and industrial effluent
5–12]. Among various processes, sorption is reported to be effec-

ive [13]. Sorption process involves the passage of the water through
contact bed where fluoride ions are removed by ion exchange

r surface chemical reaction [14]. The efficiency of this technique
ainly depends on adsorbents. Among them, ion exchange, and

∗ Corresponding author. Tel.: +86 532 66781823/66782875;
ax: +86 532 66782875.
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d in 24 h by 4 g L−1 of sodium hydroxide.
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embrane processes are effective and can remove the fluoride
ons to a suitable level, but they are too expensive and the residual
uoride ions are always over 1.5 mg L−1 [15].

Many adsorbents have been used for fluoride ions removal, such
s clay, bleaching earth, red mud, limestone reactor and activated
lumina [5,16–18]. Among the different adsorbents, adsorbents of
are earth element are attracting more and more attention for
heir selective affinity to fluoride ions, high sorption capacity, lit-
le pollution, easy operation and other merits [12]. In recent years,
onsiderable amount of work has been done on developing adsor-
ents based on rare earth elements for sorption of fluoride ions.
d3+ and Y3+-impregnated alumina [19], La3+-loaded fiber [20], and
a3+ loaded chelating resins [21] have been used for sorption of flu-
ride ions successfully. Rare earth element impregnation of porous
dsorbents or carrier materials has shown very promising results
or preparing new adsorbents to remove fluoride ions from aqueous
olutions.

The cost of adsorbent is a vital factor, which will restrict the
road application of adsorbent in industrial sectors. So, recently,
umerous approaches have been studied for the cheaper and
ore effective adsorbents containing natural polymers, especially

sing chitosan obtained from seafood processing wastes. Chitosan
epresents attractive adsorbents because of its unique properties
ike biodegradability, biocompatibility and low cost biomaterial of

roperties, in addition to its particular physical and mechanical
roperties, resulting from the presence of chemical reactive groups
hydroxyl, acetamido or amino functions) in polymer chains [22].

oreover, it is well known that polysaccharides which are abun-
ant, renewable resources have a capacity to associate by physical

ghts reserved.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fanpingm@tom.com
mailto:oucyrh@163.com
dx.doi.org/10.1016/j.jhazmat.2008.10.052
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lowered and the C O bond is weakened too. The presence of –OH
group is confirmed by having a band at −3414 cm−1. Although
there is a possibility of overlapping between the –NH2 and the
–OH stretching vibrations, the band at −3414 cm−1 corresponding
to –NH2 stretching vibration of amino group [25]. The N–H group
R. Yao et al. / Journal of Hazard

nd chemical interactions with fluoride ions. Ma et al. [23] studied
orption of fluoride ions on magnetic-chitosan particle from the
ater solution in the batch system. The different types of sorption

sotherms were used to describe sorption equilibrium. The effect
f temperature and kinetic of sorption were also studied. Kamble
t al. [24] studied the removal of fluoride ions by chitin, chitosan
odified by lanthanum nitrate as adsorbent, the effect of various

hysico-chemical parameters such as pH, adsorbent dose, initial
uoride concentration and the presence of co-anions on sorption
f fluoride ions were studied. The biosorbent derived from shellfish
rocessing waste is considered to be one of the key aspects of eco-

ogical engineering to suit domestic, biological and environmental
onditions.

In the present work, chitosan was modified by neodymium(III)
nd employed to remove fluoride ions from synthesized water solu-
ion with analytical grade reagents NaF and double distilled water.
he effect of various physico-chemical parameters such as tem-
erature, pH, adsorbent dose, particle size and the presence of
o-anions on removal of fluoride ions were studied. The Langmuir
sotherms and Freundlich isotherms were employed to evaluate the
orption process. The pseudo-first-order, pseudo-second-order and
ntra-particle diffusion kinetic model were also used to study the
ynamic process of sorption.

. Experimental

.1. Materials

All chemicals used in the present study were of analytical
eagent grade. Chitosan was purchased from Qingdao Haihui Bio-
ogical Co. Ltd. (China). Neodymium nitrate was supplied by
inopbarm Chemical Reagent Co. Ltd. (China).

.2. Synthesis of neodymium incorporated chitosan

One gram of chitosan (85% deacetylated) was stirred with aque-
us solutions with 50 mL 0.5 g L−1 of neodymium ions loading on
magnetic stirrer for 8 h at a agitation speed was 500 rpm. The

eodymium-modified chitosan was then filtered using filter paper
nd washed with double distilled water and dried at 333 K in oven.
inally, the neodymium-modified chitosan was milled and sieved
sing standard griddles, it could be kept in desiccator, which was
eady for sorption experimental test.

.3. Sorption experiments

Fifty milliliters 20 mg L−1 of the fluoride ions solution was taken
n a PVC conical flask and known weight of adsorbent material was
dded into it and then kept on a magnetic stirrer for 24 h in order
o attain the complete equilibrium. The solution was analyzed for
quilibrium fluoride ions concentration by ion selective electrode.
he removal efficiency of fluoride ions and equilibrium sorption
ould be obtained by the following equations:

= C0 − Ce

C0
× 100% (1)

V(C0 − Ce)

e =

W
(2)

here � (%) is the removal efficiency of fluoride ions, qe the equilib-
ium sorption (mg g−1) in the solid at equilibrium, C0, Ce the initial
nd equilibrium concentrations of fluoride ions (mg L−1), respec-
ively, V (L) the volume of the aqueous solution and W is the mass
g) of adsorbent used in the experiments.
aterials 165 (2009) 454–460 455

.4. Sorption isotherms studies

The equilibrium sorption studies at initial pH 7.0 were
onducted at 283, 303 and 323 K, with varying fluoride ions con-
entration (10–100 mg L−1), and treatment time was 24 h.

.5. Desorption studies

The adsorbent that was used for the removal of 20 mg L−1 of flu-
ride ions solution was separated from solution by filtration. The
ltered samples were dried and weighted for further desorption
tudy. It was agitated with 4 g L−1 of sodium hydroxide at the ratio
f 1:10, the concentration of fluoride ions was measured after con-
inuing stirring 24 h at agitation speed of 500 rpm. The efficiency
f desorption was obtained by m2/m1. Where m1 was the mass of
uoride ions linked firstly, and m2 was the mass of fluoride ions in
esorption solution.

.6. Method of analysis

The concentration of fluoride ions was analyzed by ion selec-
ive electrode using F-1 fluoride ion electrode supplied by Jiangfen
lectroanalysis Corporation (China). The pH value was analyzed by
HS-3C precision pH/mv meter supplied by Shanghai Lida Instru-
ent Company (China). The griddle was provided by Shangyu
ujiang Voile Company (China). FT-IR experiments were recorded

n a Nicolet FT-IR Avatar-360 Spectrophotometer. The concentra-
ion of neodymium was estimated by inductively coupled plasma
tomic emission spectrometer (ICP-AES, PerkinElmer, Optima
300DC).

. Results and discussion

.1. Synthesis of neodymium incorporated chitosan

The FT-IR results show in Fig. 1, where it as can be seen that
eaks at −1080 cm−1 attribute to the oxygen atom of hydroxyls
oordinate with Nd(III), the electron density of oxygen atom is
Fig. 1. FT-IR spectra of the Nd(III) incorporated chitosan and chitosan.
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s the main complex site with Nd(III), the peaks at −1580 cm−1

ave changed to at −1530 cm−1 which contribute to the N–H bond
ending under spacial steric influence. A broad band can be seen
t −1637 cm−1, which attribute to the acetamido I.

.2. Effect of pH and temperature

According to WHO guideline, the normal range for pH value in
rinking water lies between 6 and 8.5; the normal temperature is
elow 323 K, therefore, the two factors were considered and the
reatment was optimum condition by orthogonal process.

Initial pH of solution was one of the most important parame-
ers in the sorption process. In acidic pH, chitosan was not stable
nd hence sorption studies were carried out in the pH ranges of
–9, which was also of practical importance. Effect of pH on equi-

ibrium sorption of fluoride ions was presented in Fig. 2. This could
e explained by the fact that at low pH, more protons would be
vailable to protonate amine groups to form groups –NH3

+, reduc-
ng the number of binding sites for the sorption of Nd(III). While,
t higher pH sorption of Nd(III) increased due to the inhibitory
ffect of H+ decreased with the increase in pH [19,26]; but at
H higher than 7, Nd(III) precipitation occurred, OH− could com-
ete the sorption sites with fluoride ions simultaneously [27].
hus pH 7 was chosen for the sorption of Nd(III) ions reason-
bly.

Temperature was an important parameter for the sorption pro-
ess. Fig. 2 revealed that the fluoride ions removal efficiency
ncreased with increasing temperature. The removal of fluoride ions
as found to be greater than that at lower temperature. It indicated

he strong tendency for the process for monolayer formation pro-
ess to occur [28]. The increase in temperature would increase the
obility of the fluoride ions as well as produce a swelling effect
ith in the internal structure of the chitosan, thus enabling fluo-

ide ions to penetrate further [29]. Therefore, the sorption capacity
hould largely depend on the chemical interaction between the
unctional groups on the adsorbent surface and the adsorbate, and
hould increase as the temperature rised. This could be explained
y an increase in the diffusion rate of the adsorbate into the pores.
t higher temperatures the adsorbent might contribute to the sorp-
ion of fluoride ions, as diffusion was an endothermic process, so,
23 K was the best temperature in the investigation area. Sorption
emoval of fluoride ions from aqueous phase using waste fungus
ad obtained the same result [30].

ig. 2. Effect of pH and temperature on removal efficiency of F− (dosage of sorbent
as 2.0 g L−1; initial concentration was 20 mg L−1; contact time was 50 min; stirring

peed was 500 rpm).
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ig. 3. Effect of adsorbent particle size on the adsorption of F− (dosage of sorbent
as 2.0 g L−1; initial concentration was 20 mg L−1; temperature was 323 K; pH value
as 7; contact time was 50 min; stirring speed was 500 rpm).

.3. Effect of adsorbent particle size

Sorption was a surface phenomenon, the extent of removal was
roportional to specific surface area, to that portion of the total sur-

ace area that was available for sorption [31]. The effect of particle
ize was determined by conducting the sorption process with chi-
osan of different particle sizes, namely, <0.10, 0.1–0.15, 0.15–0.25,
.25–0.3 and 0.3–0.5 mm. Fig. 3 illustrated the effect of adsorbent
article size on fluoride ions removal efficiency for five different
article sizes. The equilibrium sorption of fluoride ions increased
s the particle size decreased. It was obvious that for smaller parti-
les, which had a higher solid–liquid interracial area, the removal
fficiency and equilibrium sorption would be better. A similar phe-
omenon in relation to the sorption of certain dyes on various
dsorbents had been reported previously [32]. This was due to the
arger surface area made available for sorption. The increase in equi-
ibrium sorption with decreasing the particle size during sorption
rocess is reported [33].

.4. Effect of adsorbent dose

The effect of adsorbent dose on fluoride ions removal effi-
iency at fixed initial fluoride concentration was shown in Fig. 4.
t was observed that removal efficiency of fluoride ions increased

ith the increase in adsorbent dose while loading capacity gradu-
lly decreased for the same [16]. When the initial concentration
f fluoride ions was 20 mg L−1, the removal efficiency of fluo-
ide ions was 26.97% at an adsorbent dose of 0.2 g L−1; while
he removal efficiency of fluoride could increase up to 98.15%
t an adsorbent dose of 2.0 g L−1; qe decreased from 16.07 to
.73 mg g−1. It could also be seen that the fluoride ions removal
arkedly increased up to adsorbent dose of 1.2 g L−1 due to

ncrease in adsorbent/F− ratio however further increased in adsor-
ent dose not show any appreciable improvement in fluoride

ons removal. This might be because of the very low equilib-
ium concentration of fluoride ions, driving force responsible for
orption becomes negligible. When the concentration of fluo-

ide ions was 20 mg L−1 in underground water, the residual of
uoride ions was 0.37 mg L−1 at the dosage of adsorbent was
.0 g L−1, which was lower than the WHO’s acceptable concentra-
ion (1.5 mg L−1).
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ig. 4. Effect of sorption dosage on removal efficiency of F− (initial concentration
as 20 mg L−1; temperature was 323 K; pH value was 7; contact time was 50 min;

tirring speed was 500 rpm).

.5. Effect of the presence of other co-anions

Groundwater contains other anions such as sulfate, nitrate and
hloride in addition to fluoride ions. The initial concentration of
uoride ions was fixed at 20 mg L−1 while the concentrations of
ther anions varied from 2 to 500 mg L−1. The impact of other
nions over the efficiency of fluoride ions sorption by present adsor-
ent is shown in Fig. 5. The efficiencies of fluoride ions sorption
ere (of course little) found decreasing with increasing the initial

oncentrations of Cl− and SO4
2− co-anions. The pH of fluoride solu-

ion was 7.54, 7.32 and 7.16, respectively, for Cl−, SO4
2− and NO3

−

hile the pH of the fluoride solution was 6.95 without addition of
alt/anions. This indicted that addition of salt resulted in increased
H of fluoride solutions. From our experiments of effect of pH it
as observed that the sorption of fluoride decreased in alkaline pH

s also explained.
The presence of anions (chloride, sulfate and nitrate) has no sig-

ificant effect within the concentration range tested. The results are

n good agreement with the similar work done by Shihabudheen for

agnesia-amended activated alumina. It was found that fluoride
ons removal efficiency of magnesia-amended activated alumina is
ot significant affected by chloride, sulfate, nitrate and other co-

ig. 5. Effect of the co-anions on removal efficiency of F− (dosage of sorbent was
.0 g L−1; initial concentration was 20 mg L−1; temperature was 323 K; pH value was
; contact time was 50 min; stirring speed was 500 rpm).
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ig. 6. Correlations of Langmuir and Freundlich isotherm models with the experi-
ental data.

xisting ions [18]. The sorption of fluoride ions is not adversely
ffected by the presence of other ions in solution thus making the
are earth oxide adsorbent selective to fluoride ions [12].

.6. Sorption isotherm

Analysis of equilibrium data is important for developing an
quation that can be used to compare different biomaterials under
ifferent operational conditions and to design and optimize an
perating procedure. The sorption isotherms of fluoride ions were
imulated by the mathematical equations of Langmuir and Fre-
ndlich. Using these two isotherms fit the experimental data at
H of 7.0, the results were shown in Fig. 6 and Table 1.

The Langmuir isotherm has higher correlation coefficients R
alues than the Freundlich isotherm, which indicates that the Lang-
uir isotherm fits well for the sorption of fluoride ions on the
d-chitosan. The general shape of the isotherm curve including

harp curvature near to the saturation point and short equilibrium
ime are also very characteristics of a Langmuir equilibrium with
igh sorption capacity. In the Langmuir model, slope of the curve
max represents the theoretical monolayer saturation capacity of
he adsorbet on the adsorbent and KL is related to the sorption
nergy. High value of KL at 303 K obtains in the present case indi-
ates strong binding and with rise in temperature; the value of
L reduces significantly indicating the binding force weakened at
igher temperature. The experimental findings also corroborate the
aturation capacities predicted by Langmuir equation at different
emperatures. The qmax of adsorbent for fluoride ions is found to be
1.411, 22.380 and 19.795 mg g−1 at 283, 303 and 323 K.

.7. Sorption dynamics
The kinetics of sorption of fluoride from synthetic solutions was
arried out at pH 7.0 and 20 mg L−1 of fluoride ions, and the results
re shown in Fig. 7. It can be seen that the sorption kinetics is very

able 1
sotherm parameters for the removal of F− by the Nd(III) incorporated chitosan.

/K Langmuir constants Freundlich constants

qmax/mg g−1 kL/mg−1 R KF/g−1 n R

83 11.411 2.945 0.991 8.244 10.979 0.751
03 22.380 1.437 0.987 12.812 6.492 0.723
23 19.795 1.425 0.981 10.454 5.631 0.875
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ig. 7. Equilibrium contact time for the Nd(III) incorporated chitosan (dosage of
orbent was 2.0 g L−1; initial concentration was 20 mg L−1; temperature was 323 K;
H value was 7; stirring speed was 500 rpm).

ast, i.e. in the first 5 min most of fluoride ions is adsorbed. With
urther increase in time, a marginal increase in sorption is observed
p to 50 min after which it is essentially constant. The kinetics of
orption was much faster compared to those of other commonly
sed adsorbents such as activated alumina.

Several kinetic models had been applied to express the
echanism of solute sorption onto a sorbent [19,21,32,33]. The

seudo-first-order equation (Lagergren and Svenska), pseudo-
econd-order equation (Ho et al.) and the intra-particle diffusion
odels with equations from (3) to (5) were employed to the kinetic

nalysis of fluoride ions onto adsorbent particle at 283, 303 and
23 K, respectively.

Pseudo-first-order model:

dqt

dt
= k1(q1 − qt) ⇒ lg(q1 − qt) = lg q1 − k1t

2.303
(3)

Pseudo-second-order model:

dqt

dt
= k2(q2 − qt)

2 ⇒ t

qt
= 1

k2q2
2

+ t

q2
(4)

Intra-particle diffusion model:

qt = ktt
0.5 + C (5)

where qt (mg g−1) is the uptake of fluoride ions at time t, q1
(mg g−1) the maximum sorption capacity for pseudo-first-order,

−1
and k1 (min ) is the pseudo-first-order rate constant for fluo-
ride ions in sorption process, respectively. And k2 (min−1) is the
rate constant of fluoride ions in the pseudo-second-order sorption
process, q2 (mg g−1) is the maximum sorption capacity for pseudo-
second-order, and the initial sorption rate is k2q2

2(mg g−1 min−1).

a
s
a
i
i

able 2
he kinetics parameters of first-order, second-order and intra-particle models.

/K qe,exp/mg g−1 Pseudo-first-order Pseud

k1/min−1 qe,cal/mg g−1 R k2/mg

83 11.411 0.16 20.597 0.992 1.70
03 22.380 0.17 21.341 0.899 2.10
23 19.795 0.28 18.834 0.959 2.67

e,exp was determined in equilibrium experiments.
e,cal was determined by fitting model parameters to the kinetics data.
aterials 165 (2009) 454–460

The kt (mg g−1 min−0.5) is the intra-particle diffusion rate constant
and C of sorption constant is the intercept.

Linear form of pseudo-first-order and second-order kinetic rate
odels, were studied with the dynamic experimental data to

xamine the controlling mechanism of sorption [18,32]. Table 2
howed that correlation coefficient for both forms of rate mod-
ls were almost same but calculated and experimental equilibrium
ptake as well as linearity of the experimental data fit well to
seudo-second-order model. This had further been confirmed by
xperimental and generated kinetic rate profiles. Chitosan bead was
n open porous system; as such there was every possibility that
he fluoride ions might be transported within the bead through
ts porous network. However, cross-section of F−-sorbed beads
howed no sign of intra-particle diffusion. Molecular shape and size
ere the prime parameters in the intra-particle diffusion process.
eported studies showed that the pseudo-second-order rate equa-
ion was a reasonably good fit of the data over the entire fractional
pproach to equilibrium and therefore was employed extensively
n the study of sorption kinetics [12–14]. The applicability of intra-
article diffusion model suggested that sorption process of fluoride

ons onto adsorbent was rather a complex process involving both
oundary layer and intra-particle diffusion [15]. It indicated intra-
article diffusion was not the only rate-controlling step and other
rocess might affect the rate of sorption [33].

Compared the Qmax values obtained from Langmuir equa-
ion and that from pseudo-second-order at different temperature,
hey are comparable (Table 2). The difference may be due to
he initial fluoride ions concentration, the initial concentration of
inetics equation was only 20 mg L−1, and the equilibrium sorp-
ion studies were conducted with varying fluoride concentration
10–100 mg L−1). The adsorption capacity increases with increas-
ng initial fluoride ions concentration, which can be attributed to
he utilization of less accessible or energetically less active sites,
ecause of increased diffusivity and activity of fluoride ions upon
he increased concentrations [15].

.8. Mechanism of sorption of fluoride on Nd-modified chitosan

During the synthesis of neodymium incorporated chitosan, the
eodymium ions and chitosan are the main component, the for-
er act as a bridge to connect fluoride ions onto sorbent surface

nd enhance the sorption of fluoride. Also, the main characteristic
f latter is the ability to coordinate metal ions because of its high
oncentration of amine functional groups and low-cost, non-toxic,
iodegradable and biocompatible material.

As concerning sorption characteristics of fluoride ions on the
urface of the neodymium incorporated chitosan particle, IR spec-
roscopy of experimental sample (Fig. 1) show that the main groups

re amino groups (RNH2, RNH3), etc., that is useful in determining
orption of fluoride ions mechanism. Although group of amine play
major role in the synthesis of neodymium incorporated chitosan,

t should be noted that the others groups also effect the fluoride
ons sorption due to it is a surface complexation reaction.

o-second-order Intra-particle diffusion

g−1 min−1 qe,cal/mg g−1 R kt/g mg−1 min−0.5 R

11.136 1 0.031 0.970
21.827 1 0.114 0.982
19.335 1 0.083 0.957
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The maximum removal efficiency of fluoride ions was at pH 7.
he amount of fluoride ions adsorbed decreased with the increase
f pH. This result could be interpreted in terms of the ligand
xchange mechanism between fluoride ions and hydroxide ions
oordinated on Nd(III) immobilized on the adsorbent according to
he reaction shown below with equations from:

-NH2 + Nd(H2O)3+
n ⇔ R-+NH3-Nd(H2O)2+

n (6)

R-+NH3-Nd(H2O)2+
n ⇔ R-+NH3-Nd(H2O)n−m(OH)(n−2)

m + mH+

m = 1 or 2 (7)

R-+NH3-Nd(H2O)n−m(OH)(n−2)
m + qF−

⇔ R-+NH3-Nd(H2O)n−m(OH)m−qF (m−2)−
q + q(OH)− q = 1 or 2

(8)

= chitosan (9)

On dissolution of neodymium nitrate in water the pH is about
.0. When chitosan was suspended in this solution of Nd3+ then the
NH2 were protonated. The Nd3+ also undergone coordination with
2O to form Nd(H2O)n

3+, which then coordinated with protonated
mino groups Eq. (6). The water molecules coordinated with Nd3+

eprotonate to release some H+ to form OH− coordinated on the
d3+ Eq. (7). The pH value of synthesis solution is about 4.2.

When the fluoride ions were absorbed onto Nd-modified chi-
osan at pH 7.0, OH− was further substituted by fluoride ions
ccording to the ligand exchange mechanism and OH− was released
nto solution Eq. (8). At the sorption equilibrium was reached, the
H value increased to 7.5. According to the ligand exchange reac-
ion expressed by Eq. (8), the removal efficiency of fluoride ions
ecreased as the pH increased when pH was over 7.0, the result
ohered to the effect of pH on the removal of fluoride ions.

.9. Desorption studies

Desorption studies helped to elucidate the mechanism and
ecovery of the adsorbate and adsorbent. Under the situation of pH
alue was 7, temperature was 323 K, agitation speed was 500 rpm,
ontact time was 50 min, a salt rejection against the 50 mL water
ontaining fluoride ions of 20 mg L−1 was 98.15% at the dosage of
dsorbent was only 2.0 g L−1, m1 was 0.9815 mg; after desorption
xperiment by 5 mL 4 g L−1 of sodium hydroxide in 24 h, the concen-
ration of fluoride ions was 176.68 mg L−1, m2 was 0.8834 mg, the
atio of desorption was over 90%. The adsorbent could be recov-
red and reused in the removal of fluoride ions [19,24]. Also, the
esorption solution could be re-used for the production of sodium
uoride chemical reagent.

. Conclusion

In the present study, a new adsorbent was studied for removal
f fluoride ions from synthetic solution. The method is simple and
as shown great potential for removal of fluoride ions. The main
onclusions that can be drawn from the above study are given
elow:
1) The treatment conditions were optimized: pH value was 7,
water temperature was at 323 K, particle size was 0.10 mm.

2) A salt rejection against the water containing 20 mg L−1 of
fluoride ions was 98.15% at the dosage of adsorbent was
only 2.0 g L−1. 500 mg L−1 of chloride, 500 mg L−1 of sulfate,

[

[
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50 mg L−1 of nitrogen of nitrate in water respectively, it had no
significant effect on the removal rate of fluoride.

3) The equilibrium sorption data were fitted reasonably well for
Langmuir isotherm model. The maximum equilibrium sorption
was 22.380 mg g−1 at 303 K.

4) Sorption dynamic study reveled that the sorption process fol-
lowed pseudo-second-order equation; the sorption process
was complex, both the boundary of liquid film and intra-particle
diffusion contributed to the rate-determining step.

5) The used adsorbents could be regenerated by 4 g L−1 of sodium
hydroxide in 24 h.

cknowledgements

The author gratefully acknowledges financial support received
rom the (No. BS03124) and encouragement fund of outstanding
cience research in Shandong, China. Sincere thanks are given to
he reviewers for their valuable comments to improve the paper.

eferences

[1] S. Ayoob, A.K. Gupta, Fluoride in drinking water: a review on the status and
stress effects, Crit. Rev. Environ. Sci. Technol. 36 (2006) 433–487.

[2] A.K. Susheela, A. Kumar, M. Betnagar, Prevalence of endemic fluorosis with
gastro-intestinal manifestations in people living in some north-India villages,
Fluoride 26 (1993) 97–104.

[3] Sangam, Combating fluorosis with household filters, Newsletters of UN inter
agency-working group on water and environment sanitation in India (UNICEF),
2003, 1–2.

[4] World Health Organization (WHO), Guidelines for Drinking Water Quality, vol.
1, no. 1, World Health Organization, Geneva, 1993, pp. 45–46.

[5] E.J. Reardon, Y. Wang, Limestone reactor for fluoride removal from waste water,
Environ. Sci. Technol. 34 (2000) 3247–3253.

[6] S. Meenakshi, N. Viswanathan, Identification of selective ion-exchange resin for
fluoride sorption, J. Colloid Interf. Sci. 308 (2007) 438–450.

[7] N. Mameri, H. Lounici, D. Belhocine, H. Grib, D.L. Piron, Y. Yahiat, Defluorida-
tion of sahara water by small plant electrocoagulation using bipolar aluminium
electrodes, Sep. Purif. Technol. 24 (2001) 113–119.

[8] C.L. Yang, R. Dluhy, Electrochemical generation of alumina sorbent for fluoride
adsorption, J. Hazard. Mater. 94 (2002) 239.

[9] M. Hichour, F. Persin, J. Sandeaux, C. Gavach, Fluoride removal from water by
Donnan dialysis, Sep. Purif. Technol. 18 (2000) 1–11.

10] Z. Amor, B. Bariou, Fluoride removal from brackish water by electrodialysis,
Desalination 133 (2001) 215–223.

11] P.I. Ndiaye, P. Moulin, L. Dominguez, J.C. Millet, F. Charbit, Removal of fluoride
from electronic industrial effluent by RO membrane separation, Desalination
173 (2005) 25–32.

12] A.M. Raichur, M.J. Basu, Adsorption of fluoride onto mixed rare earth oxides,
Sep. Purif. Technol. 24 (2001) 121–127.

13] S.V. Mohan, N.C. Rao, J. Karthikeyan, Adsorption removal of direct dye aqueous
phase onto coal based sorbents—a kinetics and mechanistic study, J. Hazard.
Mater. 90 (2002) 189–204.

14] M. Islam, R.K. Patel, Evaluation of removal efficiency of fluoride from aqueous
solution using quick lime, J. Hazard. Mater. 143 (2007) 303–310.

15] V. Gopal, K.P. Elango, Equilibrium kinetics and thermodynamic studies of
adsorption of fluoride onto plaster of paris, J. Hazard. Mater. 141 (2007) 98–105.

16] W. Nigussie, F. Zewge, B.S. Chandravanshi, Removal of excess fluoride from
water using waste residue from alum manufacturing process, J. Hazard. Mater.
126 (2007) 1–10.

17] M.S. Onyango, Y. Kojima, O. Aoyi, E.C. Bemardo, H. Matsuda, Adsorption equi-
librium modeling and solution chemistry dependence of fluoride removal
from water by trivalent-exchanged zeolite F-9, J. Colloid Interf. Sci. 279 (2004)
341–350.

18] S.M. Maliyekkal, S. Shukla, L. Philip, I.M. Nambi, Enhanced fluoride removal
from drinking water by magnesia-amended activated alumina granules, Chem.
Eng. J. 140 (2008) 183–192.

19] S.A. Wasay, S. Tokunaga, S.W. Park, Removal of hazardous anions from aqueous
solutions by La(III)- and Y(III)-impregnated alumina, Sep. Sci. Technol. 31 (1991)
1501–1514.

20] R.X. Li, H.X. Tang, Adsorptive properties of fluoride ion on lanthanum-loaded
fibrous sorbent, Environ. Sci. 21 (2000) 34–37.

21] Y.M. Zhou, C.X. Yu, Y. Shan, Adsorption of fluoride from aqueous solution on

La3+-impregnated cross-linked gelatin, Sep. Purif. Technol. 36 (2004) 89–94.

22] G. Crini, Recent developments in polysaccharide-base materials used as adsor-
bents in wastewater treatment, Prog. Polym. Sci. 30 (2005) 38–70.

23] W. Ma, F.Q. Ya, M. Han, R. Wang, Characteristics of equilibrium, kinetics studies
for adsorption of fluoride on magnetic-chitosan particle, J. Hazard. Mater. 9
(2006) 1–7.



4 ous M

[

[

[

[

[

[

[

[

60 R. Yao et al. / Journal of Hazard

24] S.P. Kamble, S. Jagtap, N.K. Labhsetwar, D. Thakare, S. Godfrey, S.
Devotta, S.S. Rayalu, Defluoridation of drinking water using chitin, chi-
tosan and lanthanum-modified chitosan, Chem. Eng. 297 (2006) 38–
45.

25] N. Viswanathan, S. Meenakshi, Enhanced fluoride sorption using La(III) incor-
porated carboxylated chitosan beads, J. Colloid Interf. Sci. 322 (2008) 375–
383.

26] J.P. Li, W.W. Xing, D.J. Yang, Y.Q. Lin, Study of the lanthanide metal ions

adsorption capacity on chitosan, J. Liaoning Normal Univ. China 24 (2001) 54–
56.

27] J.P. Li, J.H. Han, L.M. Song, Study on adsorption capacity of La(III) ion on chitosan,
Liaoning Chem. Ind. 31 (2002) 469–471.

28] X.L. Hu, Principle and Technology of Chemical Separation, Chemical Industry
Press, Beijing, China, 2006, p. 248.

[

[

aterials 165 (2009) 454–460

29] A.K. Meena, G.K. Mishra, P.K. Rai, C. Rajagopal, P.N. Nagar, Removal of heavy
metal ions from aqueous solutions using carbon aerogel as an adsorbent, J.
Hazard. Mater. 122 (2005) 161–170.

30] S.V. Ramanaiah, S.V. Mohan, P.N. Sarma, Adsorption removal of fluoride from
aqueous phase using waste fungus (pleurotus ostreatus 1804) biosorbent:
kinetics evaluation, Ecol. Eng. 5 (2007) 1–10.

31] A. Daifullah, B. Girgis, H. Gad, A study of the factors affecting the removal of
humic acid by activated carbon prepared from biomass material, Colloid Surf.

235 (2004) 1–10.

32] R.S. Juang, R.L. Tseng, F.C. Wu, S.H. Lee, Adsorption behaviour of reactive dyes
from aqueous solution on chitosan, J. Chem. Technol. Biotechnol. 70 (1997)
391–399.

33] R. Matthews, Adsorption of Dyes Using Kudzu Peanut Hulls and MDF Sawdust,
Queen’s University Belfast, Belfast, UK, 2003.


	Defluoridation of water using neodymium-modified chitosan
	Introduction
	Experimental
	Materials
	Synthesis of neodymium incorporated chitosan
	Sorption experiments
	Sorption isotherms studies
	Desorption studies
	Method of analysis

	Results and discussion
	Synthesis of neodymium incorporated chitosan
	Effect of pH and temperature
	Effect of adsorbent particle size
	Effect of adsorbent dose
	Effect of the presence of other co-anions
	Sorption isotherm
	Sorption dynamics
	Mechanism of sorption of fluoride on Nd-modified chitosan
	Desorption studies

	Conclusion
	Acknowledgements
	References


