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bstract

The magnetic-chitosan particle was prepared and characterized by the SEM, XRD, FT-IR and employed as an adsorbent for removal fluoride from
he water solution in the batch system. The Langmuir isotherms, Bradley’s isotherm, Freundlich isotherm and Dubinin–Kaganer–Radushkevich
DKR) isotherm were used to describe adsorption equilibrium. The kinetic process was investigated using the pseudo-first-order model, pseudo-
econd-order model and intra-particle diffusion model, respectively. The results show that the magnetic-chitosan particle is amorphous of irregular
lumps in the surface with groups of RNH2, RNH3, Fe–O, etc. Bradley’s equation and two-sites Langmuir isotherms were fitted well with the
dsorption equilibrium data; the maximal amount of adsorption of 20.96–23.98 mg/l and free energy of 2.48 kJ/mol were obtained from the Bradley’s

quation, two-sites Langmuir isotherm and DKR modeling, respectively. The pseudo-second-order with the initial adsorption rate 2.08 mg/g min
as suitable to describe the kinetic process of fluoride adsorption onto the adsorbent. In overall, the major mechanism of fluoride adsorption onto

he heterogeneous surface of magnetic-chitosan particle was proposed in the study.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The removal of fluoride from water is one of the most impor-
ant issues due to the effect on human heath and environment.
ut as a necessary dilute element in human body, fluoride in
rinking water may be beneficial or detrimental depending on
ts concentration [1]. The optimum fluoride level in drinking
ater for general good health set by World Health Organiza-

ion (WHO) is considered to be less than 1.5 mg/l. Recently,
emoval fluoride from groundwater and waste water has been
aid more attention in some literatures by the difference tech-
ology. For example, adsorption and biosorption [2–6], chemical
recipitation including electrocoagulation/flotation process [7],
embrane process such as reverse osmosis, nano-filtration and

lectrodialysis and Donnan dialysis [8–12] and others integrated

rocess [13,14] were demonstrated effective method for removal
uoride. Each of the technology has been found to be limited,
ince the membrane processes often have high operational costs
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nd the chemical precipitation may generate secondary wastes
7,9,10]. Among of these methods, adsorption technology as
conomical and efficient method and producing high quality
ater has been widely studied [2,6]. In recent years, many new

ype or traditional adsorbents were tested in different condi-
ions. For example, the active alumina were obtained by deferent

ethods has all been used for fluoride removal practice [15–18]
nd modified chitosan by several process were used as adsor-
ents in the separation of cations and anions [19–24]. To date,
dsorbent of magnetic particle was reported very little, if any, to
emoval fluoride from water solution, whereas magnetic parti-
le adsorbent with excellent and controllable properties can be
eveloped to bio-separation and removal ions from even very
ilute aqueous solutions [21–27]. The main advantages are that
he adsorption process is possible to be easily and simply sepa-
ated using the external magnetic field and the sorbents will be
eused.

In present work, a magnetic-chitosan particle was prepared

nd employed to remove fluoride from synthesized water solu-
ion with analytical grade reagents NaF and deionized water.
ffect of pH values range from 5 to 9 was studied in the batch
ystem and the fluoride removal ration in the adsorption pro-

mailto:mawei@dlut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.09.032
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and S–O, respectively. The peaks at 560–660 cm−1 attribute to
the Fe–O bond vibration of Fe3O4. A broad band can be seen at
3400 cm−1, which attributes to the hydroxyls [22–24,27]. The
X-ray diffraction (XRD) pattern was used to identify the mor-
W. Ma et al. / Journal of Hazar

ess compared by the activated alumina and magnetic particle
t some dosage 1 g/l. In order to better understand adsorption of
uoride characteristic depend on the analysis of the SEM, XRD
nd FT-IR, the Bradley’s equation model, Langmuir equation,
wo-sites Langmuir isotherm and Freundlich isotherms were
mployed to evaluate the sorption process at pH near 7. The
seudo-first-order, pseudo-second-order and intra-particle dif-
usion kinetic model were also used to study the dynamic process
f adsorption.

. Materials and methods

.1. Synthesis of adsorbent

The magnetic-chitosan particle was prepared by developing
he coprecipitation methods. First, 13.6 g FeCl3·6H2O was dis-
olved into 86.4 ml deionized water and 0.579 mol/l of Fe3+

olution was obtained, then 10.0 g FeSO4·(NH4)2SO4·6H2O
as added into 90 ml deionized water for confect the
.283 mol/l of Fe2+ solution. Then the 10% NaOH solution
as added to mixed solution while maintaining a molar ratio
f Fe3+:Fe2+ = 3:2 until pH value was close to 9, the colloid
f ferric/ferrous oxides should be formed [19]. Then chitosan
nd solution of CaCl2 were mixed well with the colloid of
e3O4, Next 2% alginate was added into them at slowly stir-
ing condition until the sol was formed. After that, the sol was
ashed by 50 ml deionized water for 5 times and air-dried,

alcined 12 h at the temperature of 110–120 ◦C. Finally, the
btained solid particle with chitosan was milled and sieved using
.15 mm standard griddles and the magnetic-chitosan particle
as selected by 0.2–0.4 T Nd–Fe–B magnetic field, which was

eady for adsorption experimental test. The chemical agents
ere purchased from Tianjin Chemical agent plant and Chi-

osan was provided by Dalian Chitosan Limited Company of
hina. The sample was characterized by an X-ray diffractometer

XRD) (PW-1830 Philips), which was equipped with a Copper
node generating Cu K� radiation (λ = 1.5406 Å). The surface
tructure, morphology and the elements were measured by scan-
ing electron microscope (SEM) (JSM-5600LV) and Fourier
ransform-infrared spectroscopy (FT-IR) (Avatar-360 Nicolet)
as also conducted on the sample.

.2. Adsorption characteristics

Batch adsorption studies were conducted by contacting ca.
.1 g quantities of adsorbent with 100 ml of solution at vary-
ng fluoride concentrations (5–140 mg/l) in 250 ml Erlenmeyer
asks shaking for ca. 150 min, which had been shown in prelim-

nary study to ensure equilibration to be reached. Temperature
f the adsorption tests was 18–20 ◦C while the pH of the water
olution was adjusted in the range of 5–9 which simulated the pH
evel in typical groundwater using 0.01 M HCl or 0.01 M NaOH.
fter shaking 90 min or needed time depend on the experimen-
al aims, the suspension was subjected for centrifugation and the
nal fluoride ions concentration of the supernatant was deter-
ined using fluoride ions spectrophotometer. The effect of pH,

dsorption isotherms were carried out in batch systems. The
Fig. 1. SEM images of the adsorbent.

inetic experiments were performed in the same system at initial
uoride concentration 100 mg/l at pH 7. The compared exper-

ment of fluoride removal rate with activated alumina, which
rovided by Dalian Water Treatment Company in the fluoride
nitial concentration 5–40 mg/l were also tested. Adsorption val-
es were calculated from the change in solution concentration
sing the equation [28]:

= V (C0 − Ce)

W
(1)

here q is the adsorption amount (mg/g or mmol/kg), C0 and
e the initial and final concentrations (mg/l or mmol/l), V the
olume of solution (l) and W is the mass of biosorbent used (g
r kg).

. Results and discussion

.1. The characteristics of the adsorbent

The magnetic-chitosan particle was milled into powders
nd examined by scanning electron microscope (SEM). SEM
mages show that the powder is irregular clumps (Fig. 1). The
T-IR results show in Fig. 2, as can be seen that peaks at
2300 cm−1 and ∼2920 cm−1 attribute to the stretching vibra-

ions of RNH, RNH2 in the chitosan. The peaks at 1620 cm−1,
420 cm−1 and 1042 cm−1 indicate the vibrations of group C O
Fig. 2. FT-IR spectra of the magnetic-chitosan particle.
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Fig. 3. Effect of pH for adsorbing process.

hological structure of the magnetic-chitosan particles; it cannot
rovide a quantitative peak to showing crystallization forms
hich suggests the magnetic particle is amorphous (figure not

hown here).

.2. The effect of pH and fluoride removal ratio in the
dsorbent dosage 1 g/l

The results of pH effect were shown in Fig. 3, which indicates
hat better adsorption capacity q was obtained at pH 9 than others
nd there was no significant difference in adsorption capacity q
f pH ranges from 5 to 9 at the constant fluoride initial concen-
ration. The adsorption amounts strongly depend on the fluoride
nitial concentration, e.g. it is increasing from about 3 mg/g to
7 mg/g with corresponding initial concentration from 5 mg/l to

40 mg/l. It implies that the wide pH ranges suit to bonding the
uoride onto the absorbent, it due to less affected by the OH−

ons competition on the fluoride adsorption [5,6,16,18].

ig. 4. Fluoride removal ratio in the adsorption process activated alumina and
agnetic particle at adsorbent dose 1 g/l.
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Fig. 4 shows the results of fluoride removal by the adsorption
f activated alumina and magnetic particle at the 1 g/l dosage and
H 7 in the fluoride initial concentration from 5 mg/l to 40 mg/l.
s can be seen that the fluoride removal ration from 24.0% and
8.0% down to 15.4% and 11% with the fluoride concentration
ncreasing from 5 mg/l to 40 mg/l by the magnetic particle and
ctivated alumina as adsorbents, respectively. The removal ratio
s evidently depended on the adsorbents dosages [3,16,18] and

ore effect removal fluoride using the magnetic particle in the
ome conditions. It implies that the magnetic particle has lager
dsorption amount per unit than the activated alumina [15,16,18]
nd was found to be superior to activated alumina in fluoride
ptake in the water and wastewater treatment.

.3. The adsorption equilibrium isotherm

In this work, the Langmuir isotherm, two-sites Langmuir
sotherm, Bradley’s equation and Freundlisch isotherm which
xpressed in Eqs. (2)–(5), respectively, were used for modeling
iosorption equilibrium data. The details of the above isotherm
re available in the literature [3,4,16,21,28,29]:

e = qmaxbCe

1 + bCe
(2)

2e = q1b1Ce

1 + b1Ce
+ q2b2Ce

1 + b2Ce
(3)

e = qmax(KCe)m

(1 + KCe)m
(4)

e = kCe
1/n (5)

here q (qe, or q2e) is the amount of adsorbed fluoride ion per
nit weight of biosorbent, qmax the maximum amount of adsor-
ate per unit weight of biosorbent (mg/g) and Ce is the remaining
r equilibrium fluoride ion concentration in bulk solution (mg/l).
he magnitude of b reflects the slope of the adsorption isotherm
hich is a measure of adsorption affinity coefficient (mg−1).
he K is a constant that is related to a Langmuir isotherm affin-

ty (mg−1) and m is a fitting exponent in the Bradley’s equation
odel. The k (l/g) and 1/n are adsorption constants of Freundlich

sotherm; q1 and q2 are the maximum capacity of the surface
dsorbents sites 1 and 2 in the two-sites Langmuir isotherm
mg/g), and the total maximum capacity is (q1 + q2) (mg/g); b1
nd b2 are the corresponded affinity coefficients in the two-sites
angmuir isotherm (mg−1). Using above provided isotherm fit

he experimental data at pH of 7.0 ± 0.2, the results were shown
n Fig. 5 and Table 1.

By comparing the correlation coefficients R2 values and
rrors, we can see the correlation coefficients are more than 0.95
nd the error value of Freundlich isotherm is larger than 10%,
thers error value loss than 10%. The Langmuirs isotherm and
radley’s equation were better than the Freundlich isotherm.

t implies the adsorption experimental data were fitted well by

he Bradley’s equation and the Langmiur isotherm of the flu-
ride adsorption on the magnetic-chitosan particle. The results
f two-sites Langmuir and Bradley’s isotherm are similar and
etter than the classical Langmiur isotherm. The two-site Lang-
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Fig. 5. The adsorption experimental data and modeling at pH 7.0 ± 0.2.

uir isotherm is modification of classical Langmuir isotherm
odel and is used to describe sorption on two sites with dif-

erent binding energies. In this case, it indicates that there are
ifferent active groups with fluoride in the surface of the mag-
etic particle and q2 value (15.08 mg/g) was close to two times
alue of q1 (8.85 mg/g), which implies some groups have better
onding capacity then others. Considering the b1 and b2 values,
hich are closed, the adsorption intensity should be similar in all
onding site. The two sites capacity q1 + q2 is 23.98 mg/g more
han the simple capacity 22.49 mg/g which obtained by classical

angmuir. As know that the Langmuir isotherm was based on

he assumption of a structurally homogeneous adsorbent where
ll sorption sites are identical and energetically equivalent. So
nce the fluoride occupies a site, no further adsorption can take

able 1
ummary of equilibrium model application to fluoride adsorption onto magnetic
article at pH 7.0 ± 0.2

. Langmuir isotherm constants
qmax (mg/g) 22.49
b (mg−1) 0.0338
R2 0.987
�q (%) 9.23

. Two-sites Langmuir isotherm constants
q1 (mg/g) 8.85
q2 (mg/g) 15.08
b1 (mg−1) 0.0288
b2 (mg−1) 0.0289
R2 0.990
�q (%) 8.23

. Bradley’s equation constants
qmax (mg/g) 20.96
K (mg−1) 0.996
n 2.017
R2 0.994
�q (%) 8.22

. Freundlich isotherm constants
Kf (l/g) 1.895
n 2.083
R2 0.950
�q (%) 17.30
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lace at the same one. Where as from the two-sites Langmuir
esults, there different active sites in the adsorbent surface, so
he heterogeneous monolayer adsorption was considered in the

agnetic-chitosan particle. The sameness was obtained from the
esults of Bradley’s isotherm model. The values obtained from
he Bradley’s equation were found to be, qmax = 20.96 mg/g and
= 2.017. The exponent value n suggests that the adsorption
ccurs on a heterogeneous surface [29], which is already stated
bove. This is consistence with an adsorption on an amorphous
olid particle.

.4. Dubinin–Kaganer–Radushkevich (DKR) adsorption
sotherm

Although two-site Langmuir and Bradley’s isotherms pro-
ide that adsorption of fluoride onto the magnetic-chitosan
article was occurred at the monolayer region of heterogene-
ty surface and the maximum uptake value was obtained, it
ould not reveal the information of adsorption energy. The
ubinin–Kaganer–Radushkevich (DKR) equation has been
idely used to explain energetic heterogeneity of solid surface

t the monolayer region in micro-pores [30]. In order to better
nderstand and clarify the adsorption process, equilibrium data
ere evaluated by DKR isotherm with Eq. (6):

n qed = ln qmd − kε2 (6)

here qed is the amount of fluoride adsorbed per unit weight
f adsorbent (mmol/g), qmd the DKR monolayer adsorption
apacity (mmol/g), k a constant related to adsorption energy
mol2/kJ2). The adsorption energy E (kJ/mol), can be obtained
y Eq. (7):

= − 1√−2k
(7)

t means energy for per mol adsorbate in transfer from infinity
n solution to the surface. Where ε is Polanyi potential; can be
btained from Eq. (8):

= RT ln

(
1

Ce

)
(8)

here T is temperature (K), R the gas constant (J/mol K) and Ce
s the equilibrium concentration of fluoride (mmol/l).

The qmd and k values of magnetic particle adsorption of fluo-

ide were obtained by plotting ln qed versus ε2 (Fig. 6) according
o experimental data. The slope of line yields k (mol2/kJ2) and
he intercept is equal to ln qmd. The fitting results were presented
n Table 2.

able 2
ubinin–Radushkevich parameters for fluoride on magnetic particle

ample Magnetic particle
(◦C) 17

m (mmol/g) 0.72 (13.68 mg/g)
(×10−8 mol2/kJ2) 6.27
2 0.934
E (kJ/mol) 2.84
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Fig. 6. Plot of ln qe vs. ε2 (×10−8 mol2/J2) for Fluoride adsorption.

From Table 2 it can be seen DKR parameters correlation
oefficient (R2) is 0.934. The magnitude of free energy was
sed for estimating the type of adsorption [30,31]. The free
nergy E of 2.84 kJ/mol was obtained using Eq. (7). Since E
alues found in this work are less than 8 kJ/mol, the type of
dsorption is physical adsorption due to weak Van Der Waals
orces. The result is a good agreement with findings reported
y Hu et al. [27] in which the physical adsorption of anionic
exachromium adsorption onto the magnetic particle. The max
apacity are 0.72 mmol/g, i.e. 13.68 mg/g, which is lesser than
he value from Langmuir and Bradley’s isotherms; it may be due
o the DKR modeling appropriate to the condition of lower initial
oncentration.

.5. The adsorption kinetics

With regards to further adsorption characteristics of fluoride
nto the magnetic-chitosan particle surface, the effect of con-
act time on the amount of fluoride adsorbed was examined at
H 7 and concentration of 100 mg/l of fluoride. The results pre-
ented in Fig. 7, as can be seen the maximum uptake of fluoride
as observed at about 80–90 min. There was almost no further

ncrease of adsorption after 90 min.
Several kinetic models have been applied to find out the
dsorption mechanism [2,30–33]. The pseudo-first-order equa-
ion, pseudo-second-order equation and the intra-particle diffu-
ion model with equations from (9) to (11) were employed to the

Fig. 7. Effect of reaction time to the adsorbing process.

t
c
a
a

Fig. 8. The linear plot of 1/qe vs. 1/t.

inetic analysis of fluoride onto magnetic particle, respectively:

1

qe
= k1

q1

1

t
+ 1

q1
(9)

t

qe
= 1

k2q
2
2

+ t

q2
(10)

e = kpt
1/2 + C (11)

here qe (mg/g) is the uptake of fluoride at time t, q1 (mg/g)
he maximum adsorption capacity for pseudo-first-order, and
1 (min−1) is the pseudo-first-order rate constant for fluoride in
dsorption process, respectively. The q2 (mg/g) is the maximum
dsorption capacity for the uptake and k2 (min−1) is the rate
onstant of fluoride in the pseudo-second-order adsorption
rocess, the initial adsorption rate is k2q

2
2 (mg/g min). The kp

mg/g min0.5) is the intra-particle diffusion rate constant and C
f adsorption constant is the intercept.

By plotting 1/qe was versus 1/t according to
seudo-first-order model, a straight line with equation
/qe = 0.768(1/t) + 0.0479 was obtained in Fig. 8 and related
arameters are shown in Table 3. The correlation coefficient
as given 0.928 and q1 value was 20.88 mg/g, which closes

o the obtained qmax from Langmuir isotherm and Bradley’s
quation.

Fig. 9 was obtained by plotting t/qe versus t, in which

he linear equation was t/qe = 0.0546t + 0.480 and correlation
oefficient was 0.997. The linearity of the plots implies the
pplicability of the pseudo-second-order kinetic equation for
dsorption of fluoride onto magnetic-chitosan particle under

Fig. 9. The linear plot of t/qe vs. t.
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Table 3
The kinetic parameters of first-order, second and inter-particle model

Model Rate constant Adsorption constant (mg/g) Coefficient R2

F −1 q1: 20.88 0.928
S q2: 18.32 0.997
I 0.770
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irst-order model k1 (min ): 16.03
econd-order model k2 (mg/mg min): 6.21
ntra-particle diffusion model kp (mg/g min0.5): 1.31

xperimental conditions. The parameters of k2 and q2 for the
dsorption of fluoride were obtained from the slopes and inter-
epts of the pseudo-second-order plots and were given in Table 3.

The plots of qt versus t1/2 for the intra-particle diffusion model
iven in Eq. (11) were tested by fitting experimental data. Corre-
ation coefficient for intra-particle diffusion value was 0.770. No
lots were given for the intra-particle diffusion model due to their
ow coefficient, and the parameters calculated were presented in
able 3. It gives an indication of an intra-particle diffusion is not

he rate-controlling step and others process may control the rate
f adsorption [33].

The results show that the pseudo-second-order model was
ore approached describing the kinetic process of fluoride

dsorption onto the magnetic-chitosan particle. The max capac-
ty was less than the values from Langmuir isotherm and
radley’s equation, which may be due to the fluoride initial
oncentration was lower than the initial concentration previous
xperiment. The results agree with the literature [23], which has
ointed out that as pseudo-second-order equation agrees control-
ing mechanism in the studies adsorption of Cu2+ onto chitosan.
he adsorption of Fluoride onto the magnetic-chitosan parti-
le may be considered to consist of two processes with initial
dsorption rate 2.08 mg/g min was obtained.

As concerning adsorption characteristics of fluoride on the
urface of the magnetic particle, the results of FT-IR of exper-
mental sample show that the main groups are amino groups
RNH2, RNH3), Fe–O, etc., that is useful in determining adsorp-
ion of fluoride mechanism. The authors of literatures [19–21]
ave been noted the capacity of adsorption anions onto the chi-
osan depended on the amino groups, and Fan et al. [2] presented
he ferric ions could act as a bridge to connect fluoride onto sor-
ent surface and enhance the adsorption of fluoride. The others
esearchers also indicated that metal oxides can be act with fluo-
ide [3,5,17]. Therefore, in this study, it is reasonable to speculate
hat the fluoride is adsorption on the surface of the magnetic par-
icle main acted with the –NH (RNH2, RNH3) and Fe–O groups
y the physical forces. The fluoride ions may be in order dis-
osed onto the groups of surface of magnetic particle by the
nlikeness amount of fluoride ions.

In overall, the major mechanism of fluoride ions adsorp-
ion by the magnetic particle may be proposed schematic as
n Fig. 10.

Although group of amine and metal oxides may be major
cted role, it should be pointed out that the others groups also
ffect on the fluoride adsorption due to it is a surface com-

lexation reaction. Regeneration studies demonstrated that the
oading fluoride magnetic particle was recovered by 0.8–1%
aOH washing-water rinsing-heating and the reused sorbents

dsorption capacity was achieved to 98–99% (data no show).

r
a
2
t

Fig. 10. Schematic description of adsorption mechanism.

The affect of co-exist ions such as chloride, phosphate,
itrate, sulphate, etc., anions and other cations, which were noted
n literature [8–12,19,21,26], are also important for the further
pplication in practice. Current work in our laboratory involves
evelopment of present study to address competition effects and
xtension to adsorption behaviors in multi-system.

. Conclusion

Magnetic-chitosan particles were prepared by the copre-
ipitation methods and character using the SEM, XRD, and
T-IR, and characteristics of equilibrium, kinetics which used
s adsorbents of defluoridation were tested. This work con-
rms that magnetic-chitosan particle is suitable adsorbent for

he removal fluoride from water and waste water. The uptake
s 20.96–23.98 mg/g and it is depended the fluoride initial
oncentration and the pH. The character of magnetic particle
as analysis by the SEM, XRD, and FT-IR, which indi-

ate that it is amorphous with the groups of RNH2, RNH3,
e–O, etc. The two-sites Langmuir isotherm and Bradley’s
quation were fitted well with the experimental equilibrium
ata and noted that the adsorption of fluoride occurred at the
eterogeneity surface by the physical adsorption due to the
dsorption free energy was 2.48 kJ/mol, which obtained by the
ubinin–Kaganer–Radushkevich (DKR) model. The results of
inetic modeling show that the pseudo-second-order kinetic
odel was better described the time effect on the fluoride

dsorption than the pseudo-first-order model and intra-particle
iffusion model. It presented the rate determining step of fluo-

ide adsorption onto the major sites of amino and Fe–O groups
nd it controlled by two processes with initial adsorption rate
.08 mg/g min. These preliminary results warrant further inves-
igations for application of magnetic particle in practice.
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