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a b s t r a c t

The article describes a convenient method for the modification of Amberlite XAD-4TM resin by introducing
thio-urea binding sites onto the aromatic rings. The modified (ATU) resin has been employed for the
quantitative sorption of fluoride ions in batch as well as column experiments. The parameters (i.e. pH,
contact time, etc.) were optimized and desorption of fluoride ions was fulfilled by using 0.01 M HCl
vailable online 10 November 2009

eywords:
luoride remediation
orption isotherms
olid phase extraction

solution. The equation isotherms such as Langmuir, Freundlich, Dubinin–Radushkevich (D–R) and Temkin
were also successfully applied to model the experimental data. The sorption capacity of the ATU resin
was found as 3.286 mmol g−1. From the D–R isotherm parameters, it has been calculated that the uptake
of fluoride ion by ATU resin occurs through ion exchange sorption mechanism. The study will contribute
toward the remediation of fluoride polluted areas as well as in the various fields of materials science.
on chromatography
on exchange resin

. Introduction

The toxic ions contamination in drinking water is hazardous to
uman health as well as to the aquatic life. Among the most haz-
rdous contaminants, the fluoride ion has major effects in terms of
ental and skeletal fluorosis. The fluoride ion demonstrates versa-
ile nature, as its concentration in optimum dose (0.5–1.0 mg L−1)
n drinking water is beneficial to health and excess concentration
>1.0 mg L−1) causes serious health effects on human being. Nor-

ally, the fluoride exposure in the environment and human body
as been observed through water, food, industrial effluents, drugs,
osmetics, etc. However, drinking water is the major source of daily
ntake of fluoride [1,2]. The long-term intake of excess of fluoride
hrough food and beverages may be one of the causes of dental
nd skeletal fluorosis. Ground water is the major source of drink-
ng water in rural areas of Pakistan and in some parts of the country,
t is contaminated with excess of fluoride ion (>1.5 mg L−1), which
s a great concern to the public health [2]. Moreover, some seri-
us effects were also observed in different countries, such as China
3,4], India [5–7], Mexico [8] and Africa [9]. Due to its detrimental
ffects, it is essential to remove the excessive amount of fluoride

ons from drinking water. Various methods have been reported for
he removal of fluoride from water [10–21]. Consequently, different
orbent materials such as natural, synthetic, and biomass have been
nvestigated for the removal of fluoride from the aqueous solutions.
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Among them chitosan beads [22–26], bed laterite [27], waste fun-
gus [28], granular red mud [29], hydrated cement [30], Attapulgite
[31], geomaterials and acid treated spent bleaching earth are well
reported [32,33].

Recently, impregnated resins have also been used to investi-
gate the sorption efficiency of anions [34–37]. However, for the
impregnation of chelating reagents, macroporous organic-polymer
beads of Amberlite XADs are regarded as an excellent support
material because of their high surface area and good mechanical
stability [38–43]. The Amberlite XAD-4TM resin is commercially
cheap material and could be modified conveniently to seek an effi-
cient ion exchange resin as reported previously [44]. However, the
present work is an extension of previous studies [44] concerning
the removal of fluoride ion from aqueous environment by modified
Amberlite XAD-4TM resin. Herein, we report the thio-urea modified
ATU resin for the same purpose in order to overcome insignificant
effects of the previously reported resin.

2. Materials

The Ion-Chromatography (�Metrohm, Switzerland) instrument
model 861 Advance Compact with 833 IC liquid handling unit
equipped with self regenerating suppressor, which consists a dou-
ble gradient peristaltic pump along with conductivity detector has
been used. The I.C. anion column (4.0 mm × 250 mm) METROSEP A

SUPP 4–250 (6.1006.430) was used to quantitate the anions in the
aqueous media. The pH measurements were made on 781-pH/Ion
meter, Metrohm with glass electrode and internal reference elec-
trode. Janke & Kunikel automatic shaker model KS 501 D, Singapore,
was used for the batch experiments at ambient temperature (ca.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:memons@ceacsu.edu.pk
mailto:shahabuddinmemon@yahoo.com
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3.2.1. pH effect on the sorption of fluoride ions
The influence of pH plays a significant role on sorption phe-

nomenon, to recognize the effect of pH, sorption studies were
carried out at different pHs (1–10). In this study the sorption of
fluoride ions onto ATU resin was explored at fixed concentration of
Scheme 1. Structural representation of modified Amberlite XAD-4.

5 ◦C). IR spectra were recorded on a Thermo Nicollet 5700 FT-
R spectrometer as KBr pellets. The scanning electron microscope
SEM) images were taken by using JSM-6490 model instrument.
or the clarification of surface analysis, the SEM images were taken
y applying 15 kV voltage with 40 and/or 500 times magnification.
ll chemicals used were of analytical or equivalent grade. Stock
tandard solutions of fluoride (1000 mg L−1) have been prepared.
he pH (1–10) of the solution was adjusted by mixing appropriate
mount of 0.1 M HCl/NaOH.

Amberlite XAD-4TM (surface area of 825 m2 g−1, pore diameter
4.4 nm and bead size 20.50 mesh) was procured from Fluka, Ger-
any. The surface area, pore diameter and mesh size were quoted

y the supplier.

.1. Synthesis

Amberlite XAD-4TM has been modified to 2 and 3 according to
he previously reported methods [44] as illustrated in Scheme 1.
urther derivatization of 3 was carried out as follows:

10 g of Amberlite XAD-4TM amine derivative (3) has been taken
n 20 mL glacial acetic acid in 100 mL flask and stirred for 30 min.
hen, 15 mL of 0.1 M NaSCN were added with continuous stirring
ollowed by 1 h stirring at room temperature. Finally, the contents
ere cooled in ice bath for 30 min, then filtered and washed with
eionized water till neutralization. The resulting resin beds were
ried in oven at 100 ◦C and characterized by FT-IR spectroscopy and
lemental analysis. IR (KBr) 2059 cm−1 (–C S). Found: C, 62.31; H,
.21; N, 7.78; S, 8.79%. Calculated for C19H22N2SCl·2H2O: C, 62.36;
, 7.16; N 7.66; S, 8.76%.

.2. Sorption procedures

.2.1. Static method for the sorption of fluoride ion
Batch-wise sorption study was carried out for fluoride at room

emperature, i.e. 25 ± 1 ◦C. The sample solution (10 mL) containing

uoride ion (16 mg L−1) was taken in a 50 mL erlenmeyer flask. The
odified resin (100 mg) was added and the mixture was equili-

rated for 40 min. The resin was filtered and the adsorbed fluoride
on was determined by IC. The % sorption of fluoride ion was calcu-
Fig. 1. FT-IR spectra (a) XAD-4TM amino derivative 3 and (b) XAD-4TM thio-urea
derivative 4.

lated as follows:

% adsorption = Ci − Cf

Ci
× 100 (1)

where Ci (mol L−1) is initial concentration of solution before the
sorption and Cf (mol L−1) is the final concentration after the sorp-
tion of the fluoride ion.

2.2.2. Dynamic method for sorption of fluoride ion
The modified resin (2 g) was poured into a Pyrex glass column

(0.8 mm Ø × 50 mm). A small amount of glass wool was placed at
the bottom and top of resin in order to prevent any loss of the resin
beads during the sample loading. A solution of fluoride was passed
through the column at flow rate of 1 mL min−1. The concentration
of fluoride in the column effluents was determined by IC.

3. Results and discussion

3.1. FT-IR spectra

The FT-IR spectrum of Amberlite XAD-4TM and its nitro and
amino derivatives are previously interpreted [44,45]. The Amber-
lite XAD-4TM thio-urea derivative (ATU resin) was characterized
by FT-IR as in Fig. 1. At the end of reactions the new band was
observed at 2059 cm−1 for C S, which conforms the conversion
of amino to thio-urea derivative of Amberlite XAD-4TM.

3.2. Evaluation of different parameters
Fig. 2. Sorption of fluoride ions onto resin 1 (�) and 4 (�) at pH 1–10.
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Table 1
Reagents used for the elution of fluoride ion: reagenta, concentration (M), % recovery.

Reagentsa Concentration (M) % Recovery

HCl 0.001 75.7
HCl 0.01 99.9
H2SO4 0.001 42.4
H2SO4 0.01 77.6
HNO3 0.001 13.2
HNO3 0.01 32.2
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NaOH 0.001 19.5
NaOH 0.01 60.8

a Volume of each reagent used = 5 mL.

uoride ions (Fig. 2). The % sorption of fluoride increases by increas-
ng pH of the solution and attains maximum value at pH 7; may be
ue to the absence of interfering competitive ions (i.e. Cl− or −OH)
t this neutral pH. However, the effectiveness of ATU resin is in the
ange of 6–8 pH (i.e. ideal range for the ground waters); it means
hat the smaller quantity of interfering ions does not affect the
orption capacity of ATU resin. It has also been noticed in the inter-
erence study of other ions in Section 3.4. Obviously, if the quantity
f other anions increases, it may cause the disturbance among the
ydrogen bond formation between the sites of ATU resin and flu-
ride that ultimately results in low sorption. The higher affinity
oward fluoride as compared to other ions is may be due to the high
lectronegativity of fluoride as well as the best fit of ionic radii of
uoride with the cavity size of the resin.

.2.2. Optimum shaking time
The effect of shaking time on sorption of fluoride ion onto 4 was

tudied over a range of 0–40 min, at pH 7, using 10 mL of 16 mg L−1

uoride ion solution and 100 mg of sorbent. For the equilibrium
tudy, the pH of the fluoride ion solution was maintained during
he sorption experiment. Sorption increases with the increase of
haking time, the equilibrium was established within 30 min and
here was only a slight increase in percent sorption up to 40 min.
hus, further experimental work was carried out at 40 min shaking
ime in order to avoid sorption error.

.2.3. Recovery of fluoride ion
Desorption of fluoride ion from ATU resin (4) was evaluated by

sing 5 mL of different concentrations of HNO3, H2SO4, HCl and
aOH. For this purpose, 100 mg of used ATU resin (on which fluo-

ide ions have been adsorbed) was agitated for 40 min with 5 mL of
ach reagent (discussed above) of desired concentration. The per-
ent recoveries of fluoride ions are given in Table 1. The maximum
desorption of fluoride ion was found to be quantitative (99.9%)

ith 5 mL of 1 × 10−2 M HCl.

.2.4. Comparison of F− sorption with other sorbents
The maximum fluoride sorption capacity of ATU resin at pH

and 25 ◦C has been calculated as 3.286 mmol g−1 of resin. A

able 2
omparison of fluoride sorption capacity of ATU resin with other sorbents.

Name of sorbent pH Tem

Protonated chitosan beads 7 303
Carboxylated cross-linked chitosan beads 7 303
Fe(III) loaded carboxylated chitosan beads 7 303
Laterite bed ≥9.8 313
Waste fungus (Pleurotus ostreatus 1804) 2 303
Granular red mud 4.7
Hydrated cement 3–10
Orissa Mining Corporation (OMC) 5–6 303
Spent bleaching earth 3.5
ATU resin 7 303

Qm stands for Langmuir sorption capacity of sorbent.
s Materials 176 (2010) 186–192

comparison of maximum fluoride sorption capacity Qm of newly
synthesized ATU resin with other sorbents reported in the litera-
ture [22–24,27–30,32,33] is given in Table 2. The data show that
the sorption capacity of ATU resin is relatively high when com-
pared with other sorbent materials. It may be explained by the fact
that the ATU resin has more efficient binding sites present on the
surface for the coordination of fluoride ions.

3.2.5. Sorption mechanism
The mechanism of fluoride removal by ATU resin is shown in

Scheme 2. The ATU resin framework possesses thio-urea groups
onto its surface and has been confirmed as ion exchange resin
according to the Temkin isotherm. Since, the resin possesses two
amide groups in thio-urea moiety having ability to accept pro-
ton and enhance the probability of hydrogen bond formation with
halide ions. The environment is feasible for hard acid and hard base
interaction as demonstrated by Pearson [46]. Herein, in this case
the interaction between hydrogen bond forming sites and the chlo-
ride/fluoride may result in overall sorption phenomenon as shown
in Scheme 2.

3.2.6. Sorption isotherms
The experimental data was validated by using Fruendlich, Lang-

muir, Dubinin and Radushkevich (D–R), and Temkin isotherm
models.

The linear forms of Freundlich, Langmuir, D–R and Temkin
isotherm equations are as;

log Cads = log A +
(

1
n

)
log Ce (2)

(
Ce

Cads

)
=

(
1

Qb

)
+

(
Ce

Q

)
(3)

ln Cads = ln Xm − ˇε2 (4)

Cads = B1 ln KT + B1 ln Ce (5)

where, Cads is the amount of fluoride ion sorbed per unit mass of
the sorbent and Ce is the amount of fluoride ion in liquid phase at
equilibrium. A, n, Q, b, Xm, ˇ, B1 and KT are Freundlich, Langmuir,
D–R and Temkin constants respectively. These equation are applied
to correlate the amount of the fluoride sorbed per unit amount of
the sorbent and can be calculated from slope and intercept, the
initial concentration of sorbate is in the range of 6.95 × 10−4 to
1.73 × 10−3 mol dm−3 using 100 mg sorbent per 10 mL of sorbate
and 40 min shaking time at 25 ◦C.

In Fig. 3 plot of Ce/Cads (mol g−1) versus Ce (mol dm−3) shows

straight line which demonstrates that sorption data followed
by Langmuir sorption equation very well. The value of Q is
3.21 mmol g−1 and the Langmuir constant b is 1.04 × 104 mol dm−3.

The essential characteristic of the Langmuir isotherm can
be expressed by the dimensionless constant called equilibrium

perature (K) Qm
*(mmol g−1) Reference

0.385 [22]
0.585 [23]
0.810 [24]
0.032 [27]
0.067 [28]
0.470 [29]
0.141 [30]
0.798 [32]
0.408 [33]
3.210 In current study
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Scheme 2. Mechanism of fluoride sorption phenomenon on ATU resin.
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Fig. 3. Langmuir plot for the sorption of fluoride.

arameter, RL, calculated as;

L =
(

1
1 + bCi

)
(6)

here b is the Langmuir constant and Ci is the initial concentration
f sorbate (mol dm−3), the RL values indicate the type of isotherm
44,47].

RL = 0: irreversible isotherm
0 < RL < 1: favorable isotherm
RL = 1: linear isotherm
RL > 1: unfavorable isotherm

In Fig. 4 plot of log Cads (mol g−1) versus log Ce (mol dm−3) shows
traight line which demonstrates the applicability sorption data
hich follows the Freundlich sorption equation. In Table 2 the

onstant values 1/n and A (i.e. 0.194 and 9.981 mmol g−1) were cal-
ulated. From the linear graph the correlation coefficient R2 value
nd sorption capacity were found 0.89 and 9.981 mmol g−1 respec-

ively. The experimental data observed is well to fit the Fruendlich
sotherm model. The condition for the validity of a Freundlich type
orption model is sorption on heterogeneous surfaces [34].

Fig. 4. Freundlich plot for the sorption of fluoride.
Fig. 5. D–R plot for the sorption of fluoride.

The characteristic of another equation used in the analysis of
D–R isotherms is ε, i.e. the Polanyi potential which is described as;

ε = RT ln
(

1 + 1
Ce

)
(7)

where R is the gas constant and T is the temperature in Kelvin.
The mean sorption energy, E (kJ/mol) can be calculated by Eq. (8)
[48–50];

E = 1√
−2ˇ

(8)

Fig. 5 plotted ε2 versus ln Cads (mol g−1) which shows the lin-
ear graph with correlation coefficients R2 0.88 for the sorption of
fluoride and the corresponding constants are calculated from slope
and intercept respectively and presented in Table 3. The R2 for the
D–R isotherm is the lowest in comparison to the values obtained
for the Freundlich, Langmuir and Temkin isotherms. Therefore, the
D–R isotherm is the lowest-fit isotherm for the sorption of flu-
oride onto this sorbent under the experimental conditions used
in this study. The monolayer sorption capacity (Xm) was evalu-
ated as 4.53 mmol g−1. The mean sorption energy (E) was found

to be 16.22 kJ/mol for the sorption of fluoride on the sorbent. The
E value ranges from 1.0 to 8.0 kJ/mol for physical sorption and
from 9.0 to 16.0 kJ/mol for chemical sorption [49,51]. The value of
E, which is nearly 16.22 kJ/mol, may suggest that, the mechanism

Fig. 6. Temkin isotherm plot for the sorption of fluoride.
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Fig. 7. SEM images of ATU resin: (a and b) before the

or the sorption of fluoride on the sorbent is of purely chemical in
ature.

Fig. 6 shows the Temkin isotherm plotted. A linear relationship
etween qe and ln Ce indicates the applicability of this model. The
emkin isotherm constant can be calculated by Eq. (9) given as;

1 = RT

b
(9)

Temkin isotherm contains a factor that clearly takes into the
ccount sorbing species and sorbent interactions. The heat of sorp-
ion of all the molecules in the layer would decrease linearly with
overage due to sorbate–sorbate interactions [50]. This isotherm
ssumes that (i) the heat of sorption of all the molecules in the
ayer decreases linearly with coverage due to sorbent and sorbate
nteractions, and that (ii) the sorption is characterized by a uniform
istribution of binding energies, up to some maximum binding

nergy [52].

From the results it is apparently clear that the precursor Amber-
ite XAD-4TM resin (1) is poor extractant for fluoride at different pH
Fig. 1). It is in agreement with the literature results [53,54] that the
ure XADs are non-ionic in nature and are good sorbents only for

Fig. 8. Breakthrough curve with respect to volume (mL).
on of fluoride; (c and d) after the sorption of fluoride.

neutral molecules, while modifications on 1 may convert them as
a good sorbent for ionic species [44]. In this study, Amberlite XAD-
4TM amino derivative 3 was further modified to thio-urea derivative
4 having thio-urea binding sites directly attached onto the aromatic
core of copolymer backbone. The amide groups of these binding
sites are capable of forming hydrogen bonds with fluoride. Thus,
the strategy adopted in this Scheme 1 fits well in this process based
on ion exchange mechanism and it has been proved that the ATU
resin is a good sorbent particularly for the removal of fluoride from
the ground water of Thar Desert at an acceptable range of pH (i.e.
6–8).

3.2.7. SEM
The scanning electron microscope (SEM) images were used for

the evaluation of surface analysis of fluoride treated and untreated
ATU resin as shown in Fig. 7(a–d). The SEM images shown in Fig. 7a

and c were taken by applying 15 kV voltage with 40 times magni-
fication; while the SEM micrographs of Fig. 7b and d were taken at
500 times magnification for the clarification of surface. The Fig. 7a
demonstrates that the beads of modified resin are spherical with

Fig. 9. Elution curve for the desorption of fluoride with 0.01 M HCl.
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Table 3
Freunlich, Langmuir, D–R and Temkin characteristic constants for fluoride ions sorption.

Langmuir Freundlich D–R Temkin

/n

.41
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Q (mmol g−1) b × 104

(mol dm−3)
RL R2 A (mmol g−1) n 1

3.21 1.08 0.198–0.042 0.99 9.981 2.44 0

niform in shape. It has been noticed from the images (Fig. 7a and
) of untreated ATU resin that all the beads have a smooth surface.
ough and irregular shapes of all the beads of treated resin (Fig. 7c
nd d) have been observed after the sorption of fluoride onto modi-
ed ATU resin, i.e. covered by external material. Thus, these images
onfirm the fluoride sorption onto the ATU resin.

.3. Dynamic sorption studies

The sorption performance of ATU resin for fluoride was also
tudied in a column experimental set up (Fig. 8). The sorption effi-
iency of the sorbent was confirmed as a point on a breakthrough
urve of the sorbed fluoride. Thus, a breakthrough curve is a plot of
/CO (fraction of initial influent and effluents) versus fluoride con-
ent solution (mL) passing through packed beads of resin. In Fig. 8, it
as observed that the breakthrough volume starts at 50 mL and the
acked ATU resin was completely saturated at 120 mL. The break-
hrough sorption capacity of ATU resin is calculated as 2.63 mmol/g.
owever, the breakthrough curve shows that the ATU resin can
e efficiently used for the removal of fluoride from aqueous
edia.

.4. Elution experiment

The elution experiment by packed column has also been carried
ut by using optimized desorption reagent (Table 1). During the
esorption process the fluoride was eluted by the constant flow
ate of 1 mL/min. The maximum percent recovery of fluoride was
bserved as 92.3%. The elution curve of fluoride with respective to
luted volume is given in Fig. 9.

.5. Interference of other ions

The polluted waters as well as industrial effluents contain vari-
us other co-existing anions, which may participate with fluoride
orption onto ATU resin. However, the investigation of interfer-

− − − 2− 3− 2−
nce of selected ions (Br , NO3 , NO2 , SO4 , PO4 , CO3 ,
CO3

−) was conducted. The interference of co-existing ions on
he fluoride sorption onto ATU resin was evaluated by IC tak-
ng 1:5 (fluoride:other ion) mole ratio at optimized conditions.

little interference of bromide, nitrite and phosphate ions has

ig. 10. Effect of interfering ions onto the sorption behavior of fluoride by ATU resin.

[

[

[

[

[

[

R2 Xm

(mmol g−1)
E (kJ mol−1) R2 KT

(mol g−1)
B1 × 10−4

(mol dm−3)
R2

0.89 4.53 16.22 0.88 442.41 4 0.93

been noticed as shown in Fig. 10, may be due to the competi-
tion among them for the sites on the sorbent surface, which is
determined by the change in pH, concentration, charge and size
of anions. The interference of these ions is insignificant thus; ATU
resin can be effectively used for the removal of fluoride ions from
water.

4. Conclusion

The current study highlights the convenient modification of
Amberlite resin and its application in fluoride removal from the
aqueous environment. It has been noticed that the modified resin
has high efficiency for the removal of fluoride from water at a wide
range of pH mainly at pH 7. The resin can be regenerated several
times with 0.01 M HCl and may be used as an ion exchange material
in filters for the removal of fluoride from drinking water. The study
will be extended to evaluate the efficacy of the resin toward the real
samples of drinking water from the Thar Desert of Pakistan with
high fluoride content, as well as its applicability for the removal
of other ions (cations/anions) from the aqueous media, which will
explore its applicability in analytical and environmental sciences.
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