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Adsorption of ﬂuoride on a chitosan-based magnetic
nanocomposite: equilibrium and kinetics studies
Abdolreza Abri, Mahmood Tajbakhsh and Ali Sadeghi

ABSTRACT
A new derivative of chitosan functionalized with chloroacyl chloride and 2-(2-aminoethylamino)
ethanol was synthesized for the preparation of a magnetic nanocomposite containing Fe3O4@TiO2
nanoparticles. Characterizations were done by Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
vibrating sample magnetometer (VSM). The nanocomposite was examined for the deﬂuoridation of
water, and the effect of contact time, pH, initial ﬂuoride ion concentration, and adsorbent dosage
were investigated. The Langmuir model showed the best agreement with the experimental
data. The maximum adsorption capacity for the ﬂuoride removal from aqueous solutions was
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15.385 mg/g at 318 K and pH ¼ 5.0. The adsorption mechanism matches the pseudo-second-order
kinetic model with a rate constant (k2) of 0.68 g/mg·min. The thermodynamics study of the nature
of adsorption showed that ΔH and ΔS were 13.767 kJ/mol and 0.066 kJ/mol·K respectively.
A mechanism for the ﬂuoride sorption was proposed by considering the electrostatic and hydrogen
bonding interactions.
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INTRODUCTION
Fluoride compounds are used for many purposes in industry

because of its high efﬁciency, low cost and environmentally

including fertilizers, reﬁning metals, ceramic production,

friendly procedure. Various researchers have used different

etc. The ﬂuoride-containing waste may mix with serviceable

adsorbents such as zeolite (Cai et al. ), protonated chit-

water leading to environmental pollution. The ﬂuoride min-

osan (Huang et al. ), and biocomposites (Mahdavinia

eral, found in natural water systems, can enter our body

& Mosallanezhad ) for the deﬂuoridation of water.

through drinking water. According to the report of the

However, some of these adsorbents show low adsorption

World Health Organization (WHO), the maximum accepta-

capacity at low ﬂuoride concentration, and some others

ble concentration of ﬂuoride is 1.5 mg/L (Yao et al. ).

are expensive. A green technique for toxic ion removal is

Therefore, it is essential to maintain ﬂuoride concentration

biosorption. Special attention has been paid to bio-adsor-

at less than 1.5 mg/L in drinking water. Some methods

bents due to their easy availability and properties of being

used for removing the excess ﬂuoride from drinking water

biocompatible and biodegradable (Bektaş & Kara ).

include ion exchange, membrane processes, electrolysis,

Cellulose, chitin and chitosan are cheap and easily available

reverse osmosis, nanoﬁltration and adsorption (Nemade

biopolymers used as bio-adsorbents. Chitosan is an excellent

et al. ; Tor ; Liu et al. ). The adsorption

bio-adsorbent for the removal of heavy metals and ﬂuoride

method is among the most effective removal processes,

from industrial wastewater (Haider & Park ). However,
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some modiﬁcation of chitosan has been applied to improve

immediately and the composite was removed by an external

its adsorption capacity for the removal of cations and

magnet, and washed with deionized water (2 × 1,000 mL)

anions. In addition, reusability of the adsorbents is very

and sodium chloride solution (2 × 20 mL). The black compo-

important especially when the particle size is in nano-

site was dried at 50  C in vacuum for 6 hours.

scale, which may reduce the contact time in each cycle.
The recovery of the magnetic adsorbents from the puriﬁed
water could be facilitated using an external magnetic ﬁeld
in the water treatment application.
The present study focuses on the synthesis and characterization of a modiﬁed magnetic chitosan nanocomposite
for ﬂuoride removal. The performance of this nanocomposite was assessed by kinetics and thermodynamics of
adsorption. Parameters such as contact time, pH and temperature were considered in this study. The best model for the
sorption system was obtained by examining the equilibrium
sorption data with various isotherms. Also, the thermodynamic parameters were determined to ﬁnd the nature of
ﬂuoride sorption.

Preparation of modiﬁed chitosan composite
An amount of 1 g of chitosan was dissolved in NMP (45 mL)
under argon and cooled to 0  C. Chloroacyl chloride (CAC),
dissolved in NMP (7 mL), was then added to the above solution. The reaction mixture was stirred at 0  C for 15 min
and then at ambient temperature for 3 h. After addition of
diethyl ether, the resulting polymer was washed with methanol and dried at 50  C in vacuum. Then, 0.5 g of this polymer
was dissolved in dry DMF (20 mL) and stirred at 80  C for
3 h, followed by the dropwise addition of 1 mL of 2-(2aminoethylamino) ethanol and stirring for 24 h. Finally,
0.1 g of Fe3O4@TiO2 was added and the mixture was stirred
at 80  C for 72 h. The black precipitate was separated by an
external magnet and washed with ethanol and acetone.

MATERIALS AND METHODS

The resulting Fe3O4@TiO2-CACS-AEAE nanocomposite
was dried at 50  C under vacuum for 6 h (Holappa et al.

Chemical reagents

).

Ferric chloride (FeCl3·6H2O), ferrous chloride (FeCl2·4H2O),
ammonium hydroxide (25 wt%), hydrochloric acid, sodium

Adsorption experiments

hydroxide, sodium chloride and methanol were all obtained
from Merck Company. Chitosan (CS) (deacetylation degree

The adsorption experiments were carried out by mixing a cer-

85%), chloroacyl chloride (CAC), 2-(2-aminoethylamino)

tain amount of dry Fe3O4@TiO2-CACS-AEAE, as nano-

ethanol

N,N-

adsorbent, with sodium ﬂuoride solution (40 mL, 2 ppm) at

dimethylformamide (DMF), titanium(IV) oxide, acetone

the desired pH. The pH was adjusted with 0.1 M HCl or

and diethyl ether were purchased from Sigma–Aldrich

0.1 M NaOH. The mixture was shaken (SK-O330-Pro/SK-

Company.

L330-Pro Dragon) with a speed of 300 rpm at room tempera-

(AEAE),

N-methylpyrrolidone

(NMP),

ture. The ﬂuoride concentrations in the solutions were
Preparation of Fe3O4@TiO2

determined at various time-intervals. The effect of contact
time, pH, and adsorbent dosage was investigated on the

The magnetite nanoparticles were prepared using the con-

deﬂuoridation. Different initial ﬂuoride concentrations

ventional co-precipitation method with some modiﬁcations

(2–10 mg/L) were tested at pH ¼ 5 and temperatures of 298,

(Nabid et al. ). Typically, FeCl3·6H2O (2 g, 7.32 mmol)

308 and 318 K. A DR5000 UV-VIS spectrophotometer was

and FeCl2·4H2O (0.73 g, 2.70 mmol), dissolved in deionized

used to measure the ﬂuoride ion concentration. The adsorp-

water (40 mL) containing TiO2 (1 g, 12.53 mmol) was stirred

tion percentage (S%) was calculated as in Equation (1):

at 85  C under nitrogen gas. NH3, H2O (25%, 3 mL) was
then added slowly to the reaction medium and stirred for
20 min. The color of the solution changed to black
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where Ci and Ce are the initial and ﬁnal ﬂuoride concentration

(EDAX). Thermogravimetric analysis of nanoadsorbents was

(mg/L) before and after sorption, respectively. The adsorption

investigated using the LENSES STAPT-1000 calorimeter

capacity qe (mg/g), was calculated as in Equation (2):

(Germany) by scanning up to 700  C with a heating rate of


qe ¼

Ci  Ce
m

10  C/min. The magnetization was determined by a vibrating


×V

(2)

sample magnetometer (VSM) (Daghigh Kavir Corporation,
Iran) in an external ﬁeld up to15 kOe at room temperature.

where m (g) is the mass of nano-adsorbent and V (L) is the
volume of the ﬂuoride solution. All experiments were con-

RESULTS AND DISCUSSION

ducted in triplicate.
Characterization of the sorbent
Characterization method
FT-IR spectra
Fourier transform infrared spectroscopy (FT-IR) was taken
on a Bruker Tensor 27 Spectrometer (Bruker, Karlsruhe,

The FT-IR spectra of Fe3O4@TiO2, chitosan (CS), chitosan

Germany). X-ray diffraction (XRD, Shibuya-ku, Japan) was

chloroacyl chloride (CACS), chitosan chloroacyl chloride-2-

recorded at room temperature on a RigakuD/Max-2550

(2-aminoethylamino)

powder diffractometer with a scanning rate of 5 /min, in

Fe3O4@TiO2-CACS-AEAE before and after ﬂuoride sorption

the 2Ɵ range of 10–70. The surface morphology was exam-

are shown in Figure 1. The characteristic band of Fe3O4 and

ined by a scanning electron microscope (SEM) (Hitachi

TiO2 nanoparticles at 500–600 cm1 are assigned to Fe-O

S4160 model) ﬁtted with an energy dispersive X-ray analyzer

and Ti-O bending vibrations (Galeotti et al. ). The peak at

Figure 1

|

ethanol

(CACS-AEAE),

and

FT-IR spectra of (a) Fe3O4@TiO2, (b) chitosan, (c) chitosan chloroacyl chloride, (d) chitosan chloroacyl chloride-2-(2-aminoethylamino)ethanol, (e) nanocomposite, (f) nanocomposite after ﬂuoride sorption.
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3,434 cm1 conﬁrms the existence of OH on the surface of the

adsorption (Figure 1(f)) is similar to that of the composite

Fe3O4 (Figure 1(a)). The spectrum of chitosan (Figure 1(b))

before adsorption with a slight broadening of vibrations at

1

assigned to overlapped

3,436, 1,655 and 1,590 cm1, which are characteristics of NH

NH and OH stretching vibrations. The C ¼ O stretching

and OH, and C ¼ O stretching and NH bending vibrations,

exhibits a broad signal at 3,458 cm
1

and the NH bending near

respectively (Nunthanid et al. ). This could be due to the

1,590 cm1 are observed only in the spectrum of chitosan

hydrogen bonding between adsorbed ﬂuoride ions with the

(Nunthanid et al. ). The spectrum of chitosan chloroacyl

composite surface (Viswanathan et al. a). The similarity

chloride (Figure 1(c)) displays vibration peaks at 3,100–3,600,

of the two spectra (Figure 1(e) and 1(f)) indicates that the struc-

(amide I) peak near 1,655 cm

1

2,830–2,980, 1,680, 1,530, 1,262, and 1,150–950 cm

attribu-

ture of the nanocomposite is not changed after adsorption.

ted to (O-H,NH), (C-H, pyranose), (amide I, N-chloroacyl),
(amide II, N-chloroacyl), (CH2Cl), and (C-O, pyranose)

XRD

vibrations, respectively (Galeotti et al. ). In Figure 1(d),
the bands at 3,400 and 1,655 cm1 correspond to N-H and

Figure 2 shows the XRD patterns of Fe3O4@TiO2, chitosan

C ¼ O stretching vibrations, respectively. The C-H stretching

chloroacyl chloride-2-(2-aminoethylamino) ethanol (CACS-

and OH bending vibrations are observed at 2,800–3,000 cm1

AEAE), and Fe3O4@TiO2-CACS-AEAE before and after ﬂuor-

1

and 1,400–1,450 cm , respectively. Figure 1(e) and 1(f) rep-

ide adsorption. In Figure 2(a), the characteristic peaks at 2ϴ ¼

resent the spectra of the composite before and after ﬂuoride

24–26, 37–39, 48, 54, 55 and 69–71 are attributed to the tetra-

adsorption. Figure 1(e) shows all the expected vibration

gonal crystal planes of anatase TiO2. Moreover, the peaks at

bands of its constituents, conﬁrming their contribution in the

2ϴ ¼ 30, 35.3, 43–44 and 62–64 are associated with the crystal

ﬁnal composite. The spectrum of the composite after ﬂuoride

planes of Fe3O4. In Figure 2(b), the characteristic peak of

Figure 2

|

XRD patterns of (a) Fe3O4@TiO2, (b) CACS-AEAE, (c) nanocomposite and (d) nanocomposite after ﬂuoride sorption.
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modiﬁed chitosan is observed at 2ϴ ¼ 20–22, representing the

the nanocomposite after sorption, which can be indicative

amorphous structure of chitosan. In the XRD patterns of the

of ﬂuoride adsorption. Also, from the EDAX spectra in

nanocomposite before (Figure 2(c)) and after (Figure 2(d)) ﬂu-

Figure 3(c) and 3(d) the presence of ﬂuoride on the nano-

oride adsorption, all the characteristic peaks of chitosan, Fe3O4

composite after adsorption is clear.

and TiO2 are observed, which could conﬁrm the successful
functionalization of the parent chitosan during nanocomposite

Thermal properties of nanoadsorbent

preparation. However, as shown in Figure 2(d), after ﬂuoride
adsorption no marked changes are observed in the XRD pat-

The thermogravimetric analysis (TGA) of chitosan chloroacyl

terns, indicating that there are no obvious changes in crystal

chloride, 2-(2-aminoethylamino) ethanol (CACS-AEAE) and

structure after adsorption of ﬂuoride (Figure 2(d)).

Fe3O4@TiO2-CACS-AEAE nanocomposite is presented in

SEM and EDAX analyses

below 200  C, which is related to dehydration of surface

Figure 4. Curves show a weight loss of 5–8% at temperatures
water. The weight loss of 30–40% in the second step at
The SEM images together with the EDAX spectra, shown in

280–350  C is due to the structural degradation of the samples.

Figure 3, prove ﬂuoride adsorption on the nanocomposite.

The weight losses of 17% for the modiﬁed chitosan and 12%

Many cavities before the sorption are no longer present on

for the nanocomposite at 350–800  C are because of the

Figure 3

|

SEM micrographs of (a) Fe3O4@TiO2-CACS-AEAE, (b) Fe3O4@TiO2-CACS-AEAE after ﬂuoride adsorption along with the EDAX spectra of (c) Fe3O4@TiO2-CACS-AEAE and (d)
Fe3O4@TiO2-CACS-AEAE after ﬂuoride adsorption.
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Effect of pH on the removal of ﬂuoride
The effect of pH is associated with the solution chemistry
and the ionization state of the sorbent functional groups.
The adsorption experiments were carried out at pHs 3, 5,
7, 9 and 11. The effect of pH on the removal percentage is
depicted in Figure 1S (supplementary data, available with
the online version of this paper). As can be seen, increasing
pH from 3 to 5 leads to an increase of ﬂuoride adsorption
from 58% to 92%. However, above pH ¼ 5 the ﬂuoride
adsorption decreases. This observation indicates that at
Figure 4

|

lower pH values the nanocomposite surface possesses
TGA curves of (a) chitosan chloroacyl chloride-2-(2-aminoethylamino)ethanol
(CACS-AEAE) and (b) Fe3O4@TiO2-CACS-AEAE nanocomposite.

more positive charges resulting in the higher adsorption of
ﬂuoride ions. At higher pH, the removal percentage

pyrolysis of the remaining materials to carbon residue resulting

decreases due to the repulsion between the negative hydrox-

in the char yield of 28% and 48% for the modiﬁed chitosan

ide ions on the surface and ﬂuoride ions. Therefore, pH ¼ 5

and nanocomposite, respectively. These results show a

was considered as the optimal pH for further studies. To

higher thermal stability for the synthesized nanocomposite.

gain more insight about the pH effect on the adsorption
mechanism, the pH of zero point charge, pHzpc, of the sur-

Magnetic properties

face was determined by the drift method (Newcombe et al.
) to be 6 (Figure 2S, available online). This means that

Magnetic hysteresis curves for the synthesized Fe3O4@TiO2

at pH values lower and higher than pHzpc the surface of

nanoparticles and nanocomposite are displayed in Figure 5.

the composite has positive and negative charges, respect-

Both samples are superparamagnetic because both rema-

ively. Therefore, electrostatic interactions are stronger

nence (Mr) and coercivity (Hc) are near zero. The

between the nanocomposite surface and ﬂuoride ions at

Fe3O4@TiO2-CACS-AEAE shows a smaller Hc and Mr com-

pH < pHzpc, in agreement with the results obtained for the

pared with bare Fe3O4@TiO2. This could be due to the

optimal pH of 5.

presence of CACS-AEAE on the surface of the Fe3O4@TiO2
which can reduce the magnetic properties.

Effect of adsorbent dosage on ﬂuoride adsorption
The adsorbent dosage effect on ﬂuoride removal was investigated for different amounts of the adsorbent (5 to 40 mg) in
50 mL of ﬂuoride solution at room temperature and contact
time of 120 min. Fluoride ion adsorption increases with
increasing the amount of nanocomposite (Figure 3S, available online). However, the efﬁciency of ﬂuoride removal
does not change signiﬁcantly for an adsorbent dosage of
more than 20 mg, which might be due to the fewer available
binding sites for the ﬂuoride ions on the adsorbent surface.
Effect of contact time

Figure 5

|

VSM magnetization curves of (a) Fe3O4@TiO2 nanoparticles and (b) Fe3O4@
TiO2-CACS-AEAE nanocomposite.
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Adsorption isotherm parameters for the removal of ﬂuoride by the synthesized
nanocomposite

for the initial ﬂuoride concentration 2 mg/L (Figure 4S,
available online). The adsorption increased to 91% after
30 min and did not change up to 120 min. Therefore, we

|

Temperature (K)
Isotherm mode

Parameters

298

308

318

Langmuir

qm(mg/g)
b(l/g)
r
sd
X2
Rl

14.620
1.834
0.990
0.003
0.015
0.145

14.641
1.876
0.995
0.002
0.011
0.142

15.385
2.097
0.993
0.003
0.008
0.129

Freundlich

n
kf(mg/g)(l/g)1/n
r
sd
X2

2.611
8.198
0.848
0.065
0.279

2.398
8.241
0.957
0.019
0.080

2.525
8.908
0.973
0.023
0.101

Temkin

kT(l/g)
B
r
sd
X2

9.759
9.261
0.960
0.190
0.781

9.666
9.048
0.972
0.167
0.670

20.211
9.455
0.984
0.125
0.538

consider the contact time of 30 min, which has the maximum ﬂuoride adsorption, for further studies.
Effect of the initial ﬂuoride concentration
The effect of the initial ﬂuoride concentration on adsorption is shown in Figure 5S (available online). The
maximum adsorption was found for the initial ﬂuoride concentration of 2 mg/L, and further increasing the initial
concentration lead to lower ﬂuoride removal. This may
be due to the full coverage of active surface sites at high
adsorbate concentration, therefore at higher concentrations, no active surface is available, which results in
the decreasing percentage of ﬂuoride removal.

separation factor or equilibrium parameter is expressed as

The adsorption equilibrium isotherm

in Equation (4):

Three commonly used isotherms, Langmuir, Freundlich and
Temkin, were adopted to evaluate the sorption capacity of
the nanocomposite for ﬂuoride removal from aqueous sol-

Rl ¼

1
1 þ bC0

(4)

ution (Matouq et al. ). The Langmuir equation, which

where C0 is the initial ﬂuoride concentration (mg/L). Rl was

is reliable for monolayer adsorption onto a surface, is

less than 1 at the different temperatures studied (Table 1).

given by Equation (3):

This indicates favorable ﬂuoride sorption conditions at the

 
Ce
1
1
Ce
¼
þ
qmb
qm
qe

different temperatures (Gandhi et al. ).
(3)

where qm is the maximum amount of the ﬂuoride ion
adsorbed (mg/g), b (L/mg) is the Langmuir constant, and

The surface heterogeneity of the sorbent was studied
using the Freundlich model as in Equation (5):
log qe ¼ log Kf þ

 
1
log Ce
n

(5)

qe, is the amount of ﬂuoride adsorbed per unit weight of
the sorbent (mg/g). A linear plot of Ce/qe against Ce is

where kf is a measure of sorption capacity and 1/n is the

shown in Figure 6S(a), from the slope and intercept of

sorption intensity. The values of n and kf can be obtained

which the values of qm and b can be determined, respect-

from the slope and intercept of the linear plot of lnqe vs

ively (Figure 6S is available online). According to Table 1,

lnCe (Figure 6S(b)). These values for the studied magnetic

the increase in qm values with respect to temperature

nanocomposite are listed in Table 1. Values of n in the

shows that the ﬂuoride sorption is an endothermic process.

range of 1–10 conﬁrm favorable conditions for sorption.

The correlation coefﬁcient (r > 0.99) could indicate the

Increasing kf from 8.198 to 8.908 [(mg/g)(l/mg)1/n] with

applicability of the Langmuir isotherm for the sorption of

increasing temperature conﬁrms the endothermic nature of

ﬂuoride ions in aqueous solution. In order to evaluate the

the process, in agreement with the Langmuir isotherm

feasibility of the isotherm, a dimensionless constant

results.
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where qt (mg/g) is the amount of ﬂuoride on the surface of
the nanocomposite at time t, and k1 is the equilibrium rate
constant (1/min). For the pseudo-second-order model the

qe ¼ B ln A þ B ln Ce

(6)

The A (Temkin isotherm constant (l/g)) and B (RT/bt,
where bt is the Temkin constant related to heat of sorption
(J/mol), R is the universal gas constant (8.314 J/mol K) and T

most popular linear form is:
t
1
t
¼
þ
qe k2 q22 q2

(9)

where q2 (mg/g) is the maximum adsorption capacity for the

is absolute temperature (K)) were determined from the slope

uptake and k2 (1/min) is the rate constant of ﬂuoride in the

and intercept of the linear plot of qe vs lnCe (Figure 6S(c))

pseudo-second-order adsorption process; the initial adsorp-

and are listed in Table 1. The applicability of this isotherm

tion rate is k2q22 (mg/g min) (Yurdakoç et al. ). The

can be shown by the high r and the low sd values.

plots of these two models are shown in Figure 7S (available
online). The linearity of the plot, shown in Figure 7S(b), con-

Chi-square analysis

ﬁrms the applicability of the pseudo-second-order kinetic

The chi-square analysis was used to determine the appropri-

under optimal conditions. The values of qe, k1, k2, q2 and r for

ate isotherm. The mathematical equation for chi-square is

the adsorption of ﬂuoride were obtained from the slopes and

shown as Equation (7):

intercepts of the plots and are given in Table 2.

equation for the adsorption of ﬂuoride on the nanocomposite

X2 ¼

X (qe  qe,m )2

(7)

qe,m

Determination of thermodynamic parameters
The values of thermodynamic parameters are reported in

where qe,m is the equilibrium capacity (mg/g) determined

Table 3. The standard free energy change was calculated

from the model. Χ 2 is small if qe,m and qe are close to each

as in Equation (10):

other, and therefore, the corresponding model can predict
the adsorption process more reliably. Hence, it is necessary
to analyze the studied dataset using the non-linear chi2

square test to conﬁrm the best-ﬁt isotherm. Values of Χ for
the ﬂuoride adsorption are presented in Table 1. Χ 2 related

ΔG ¼ RT ln K0

(10)

where ΔG is the standard free energy of sorption (kJ/mol),
T is the temperature (K), R is the universal gas constant
(8.314 J/mol·K), and Ko is the sorption equilibrium coefﬁ-

to the three studied models indicates the reliability of the

cient. The Ko value was obtained from the slope of the

models in the order of Langmuir>Freundlich>Temkin iso-

plot of ln(qe/Ce) against Ce at different temperatures by

therms. The Langmuir isotherm, which is the best-ﬁtting
model, shows that the adsorption is mostly monolayer.

Table 2

|

Comparison between the parameters of pseudo-ﬁrst-order and pseudo-secondorder kinetic models for the adsorption of ﬂuoride on the nanocomposite

The adsorption kinetics

Temperature (K)

Two kinetic models were used to understand the adsorption

Kinetic models

Parameters

298

308

318

mechanism. The pseudo-ﬁrst-order and pseudo-second-

Pseudo-ﬁrst-order

q1(mg/g)
k1 (1/min)
r
sd

4.524
1.588
0.826
0.080

4.505
2.108
0.798
0.110

4.739
0.145
0.960
0.072

Pseudo-second-order

q2(mg/g)
k2 (g mg/min)
r
sd

4.854
0.687
0.990
0.010

4.878
0.723
0.992
0.009

5.025
0.685
0.996
0.006

order models were employed for the kinetic analysis of ﬂuoride sorption on the magnetic nanocomposite. The
pseudo-ﬁrst-order equation is given as Equation (8):

logðqe  qt Þ ¼ log qe 

k1
t
2:303
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Thermodynamic parameters for the adsorption of ﬂuoride on the
nanocomposite

Temperature (K)

ΔG (kJ/mol)

298

5.946

308

6.404

318

7.141
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coefﬁcient may be explained in terms of ΔH and ΔS as a
function of temperature as in Equation (11):

ΔH (kJ/mol)

13.767

ΔS (kJ/mol·K)

0.066

ln K0 ¼

ΔS
ΔH

R
RT

(11)

where ΔH is the standard enthalpy change (kJ/mol) and ΔS
is the standard entropy change (kJ/mol·K). The values of ΔH
and ΔS can be obtained from the respective slope and inter-

extrapolating to zero Ce according to the Khan and Singh

cept of the plot of ln Ko against 1/T. As can be seen in Table 3,

method (Khan & Singh ). The sorption equilibrium

the negative values of ΔG conﬁrm the spontaneous nature of

Figure 6

|

Proposed mechanism of ﬂuoride removal by the nanocomposite.
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ﬂuoride sorption. Furthermore, negatively higher values of
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Fluoride adsorption capacity of some reported sorbents

ΔG are seen at higher temperatures suggesting that the
adsorption becomes more favorable at higher temperatures.

Adsorbent

Adsorption
capacity (mg/g)

The values of ΔH are positive indicating that the sorption

Carboxylated chitosan beads

1.385

Viswanathan et al.
(b)

Nanohydroxyapatite/
chitosan composite

1.560

Sundaram et al.
()

liquid interface during ﬂuoride sorption.

Cerium(III)-loaded silica gel/
chitosan biocomposite

4.821

Muthu Prabhu &
Meenakshi
()

Mechanism of ﬂuoride removal by the nanocomposite

Mixed rare earths modiﬁed
chitosan

3.72

Liang et al. ()

Figure 6 shows the proposed mechanism for ﬂuoride

Chitosan supported mixed
metal oxides beads

4.97

Prabhu &
Meenakshi
()

Chitosan supported mixed
metal oxides

4.58

Prabhu et al. ()

Our modiﬁed chitosan
magnetic nanocomposite

4.635

Present study

process is endothermic in agreement with the discussion on
the above-mentioned studied isotherms. The positive value
of ΔS indicates the possibility of randomness at the solid/

removal by the nanocomposite (Prabhu et al. ). The
positively charged species on the surface of the nanocomposite,

NHþ
3

and

OHþ
2,

attract negatively charged ﬂuoride ions

through electrostatic attractions. The presence of more functional groups

(–NHþ
3

and

OHþ
2)

results in the high

Reference

adsorption capacity of the nanocomposite for ﬂuoride
removal. Furthermore, the synthesized nanocomposite
may be considered as hard acid as it possesses Hþ ions,
and therefore, it prefers to bind with hard bases, such as ﬂuoride with high electronegativity and low polarizability
(Pearson ). Therefore, the high removal capacity of ﬂuþ
2þ
oride can be due to the presence of NHþ
and
3 , OH2 , Fe

Fe3þ species in the studied nanocomposite. To show the
effective ability of our nanocomposite, the ﬂuoride adsorption capacity of some common sorbents available in the
literature is presented in Table 4.

Regeneration and reusability of the nanocomposite

Figure 7

|

Percentage of ﬂuoride removal by the nanocomposite in different cycles.

The regeneration and reusability studies of the magnetic nanocomposite were performed by the sorption, separation,

CONCLUSIONS

washing, regeneration and reuse cycle ﬁve times using 20 ml
of NaOH solution with concentrations of 0.05, 0.1, and

The novel magnetic chitosan-based nanocomposite func-

0.5 M. A maximum desorption of 90.15% was observed by

tionalized

0.1 M NaOH solution. Therefore, 0.1 M NaOH solution is a

aminoethylamino) ethanol showed a good ability for the

suitable eluent for the regeneration of the magnetic nanocom-

removal of ﬂuoride. Factors such as contact time, pH,

posite. As shown in Figure 7, the ﬂuoride sorption efﬁciencies

co-existing

of the nanocomposite from ﬁve cycles were 87.23%, 85.24%,

and temperature affected the ﬂuoride adsorption. The

80.26%, 78.58% and 74.64%, respectively. These efﬁciencies

maximum removal of ﬂuoride by the magnetic nanocom-

suggest that the magnetic nanocomposite is regenerable and

posite was determined at pH 5.0. The thermodynamic

can be effectively used for multiple cycles (Ekka et al. ).

parameters indicated that the sorption of ﬂuoride on the
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chloride

ﬂuoride

and

2-(2-

concentration
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magnetic nanocomposite was a spontaneous process. This
adsorption process was best ﬁtted with the Langmuir isotherm, which shows that the adsorption is mostly
monolayer. The kinetics study conﬁrmed that the adsorption mechanism was based on the pseudo-second-order
kinetic model. Also, the ﬂuoride adsorption was controlled by electrostatic attraction via hydrogen bonding.
The results of this study showed that the synthesized
nanocomposite can effectively decrease the ﬂuoride level
even in the presence of other anions, and therefore, it
can be used as an effective and favorable deﬂuoridating
agent.
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