
R
a

J
a

P
b

c

a

A
R
R
A
A

K
F
A
M
I
S
A

1

w
d
1
[
r
w
n
o
s
i
t
a
n
e
a
[
t
p

0
d

Journal of Hazardous Materials 165 (2009) 218–222

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

emoval of fluoride ions from aqueous solution using modified attapulgite as
dsorbent

ing Zhanga, Shaodong Xiea, Yuh-Shan Hob,c,∗

State Key Joint Laboratory of Environmental Simulation and Pollution Control, Department of Environmental Sciences, College of Environmental Science and Engineering,
eking University, Beijing 100871, People’s Republic of China
Department of Environmental Sciences, College of Environmental Science and Engineering, Peking University, Beijing 100871, People’s Republic of China
Department of Biotechnology, College of Health Science, Asia University, Taichung 41354, Taiwan

r t i c l e i n f o

rticle history:
eceived 5 June 2008
eceived in revised form 24 August 2008
ccepted 25 September 2008
vailable online 2 October 2008

a b s t r a c t

Adsorption of fluoride ions from water using modified attapulgite with magnesium and aluminum salts
was conducted by batch experiments. The effects of temperatures and mass ratios of attapulgite, mag-
nesium and aluminum salts were investigated. Linear and non-linear methods were applied for fitting
the adsorption data with Langmuir, Freundlich, and Redlich–Peterson isotherms. Modified attapulgite
with a mass ratio attapulgite:MgCl2·6H2O:AlCl3·2H2O = 2:1:2 had higher fluoride adsorption capacity. In
eywords:
luorosis
ttapulgite
odification

sotherm

addition, the fluoride adsorption using the modified attapulgite included an anion exchange process.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Although a suitable low concentration of fluoride in drinking
ater is beneficial to health, a high concentration can produce
ental and bone fluorosis, which has been early recognized in the
930s [1,2]. According to the World Health Organization (1993)
3], the acceptable fluoride concentration is generally in the
ange of 0.5–1.5 mg/L. However, the excess of fluoride in ground-
ater is found in many regions of the world [4–6]. Except for
atural dissolution from geologic formations, significant sources
f fluoride in water body are the effluents from the aluminum
melters, electronic device and semiconductor industries [7,8]. It
s, therefore, essential that there are technologies for controlling
he concentrations of fluoride in aqueous emissions. One effective
pproach is to use alternative adsorbents. These are low-cost, often

aturally occurring, products which have good adsorbent prop-
rties. A range of products has been examined preciously, such as
lum sludge [9], fly ash [10], clay [11], calcite [12], montmorillonite
13], and charcoal [14]. It has been concluded that the selection of
reatment materials should be site specific as per local needs and
revailing conditions.

∗ Corresponding author. Tel.: +866 4 2332 3456x1797; fax: +866 4 2330 5834.
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Attapulgite (palygorskite) is a hydrated magnesium aluminum
ilicate present in nature as a fibrillar clay mineral containing rib-
ons of a 2:1 structure [15,16]. Attapulgite has permanent negative
harges on its surface, which enable it to be modified by cationic
urfactants, to enhance contaminant retention and retard contam-
nant migration [17]. Numerous studies have been reported on
he adsorption of toxic metal, inorganic and organic pollutants
rom aqueous solution by natural [18–20] or modified attapulgite
21–23].

In this study, the fluoride removal from aqueous solution by
dsorption onto modified attapulgite was investigated. The mech-
nism, the performance of the fluoride uptake under various
odification mass ratios, initial fluoride concentrations and tem-

erature were examined in detail. Linear and non-linear methods
or Langmuir, Freundlich, and Redlich–Peterson isotherms were
pplied to determine the best fitting adsorption isotherms.

. Materials and methods

.1. Materials and analytical methods
The granular attapulgite samples were of 200 mesh size with a
urity of 80%, obtained from the Longwang Hill in Xuyi, in Jiangsu
rovince of China. Elements were analyzed in the form of oxide
ercentage in Table 1. Attapulgite was modified for the removal

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ysho@asia.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.09.098
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Table 1
The chemical composition of natural attapulgite.

Composition Percent (%)

SiO2 58.38
MgO 12.10
Al2O3 9.50
CaO 0.40
TiO2 0.56
MnO 0.05
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As the linearised form of the experimental data enabled
isotherm constants to be calculated, theoretical plots of each
isotherm were tested for their correlation with the experimental
results. Fig. 1 showed the comparison of three isotherms at the
temperature of 305 K. The amount of fluoride adsorbed per unit
e2O3 + FeO 5.26
a2O 1.10
2O 1.24

f fluoride ions. The samples were dispersed in distilled water,
ith magnesium and aluminum salts (MgCl2·6H2O, AlCl3·2H2O) at
xed ratios. The suspensions were shaken at 180 rpm, 30 ◦C for 4 h,
nd the pH was adjusted several times by addition of dilute 0.1 M
aOH until pH 7 was obtained. After that, the reaction mixtures
ere centrifuged and dried in evaporating dishes. Finally, the solid

hips were roasted in a furnace at 300 ◦C, then ground and screened
hough an 80 mesh sieve (175 �m apertures; B.S. 410/43).

Reagents in all cases were of analytical grade.
The fluoride solutions used in the experiments were prepared by

issolving NaF in deionized water, and placed in polyethene vessels.
stock fluoride solution (1000 mg/L) was prepared, and all work-

ng solutions were prepared by diluting this stock solution with
eionized water.

The concentration of fluoride was determined using a selective
lectrode for fluoride ions. TISAB (Total Ionic Strength Adjust-
ent Buffer) I was added to the solutions to reduce the variation

f the ionic intensity. A calibration curve plotted as fluoride
oncentration (mg/L) versus potential (mV) was obtained using
aF standard solutions with fluoride concentrations from 0.1 to
mg/L.

.2. Experimental procedures

Batch adsorption experiments were carried out at the
esired temperature (20, 32, and 40 ◦C) on a thermostatic
haker at 100 rpm using capped 100 mL polyethene bottles. In
he adsorption isotherm tests, attapulgite (0.20 g) was thor-
ughly mixed with aqueous solutions of fluoride (50 mL),
ith initial fluoride concentrations (C0) ranging from 20 to

00 mg/L. The effects of three modification methods by vary-
ng mass ratios of attapulgite, magnesium, and aluminum salts
attapulgite:MgCl2·6H2O:AlCl3·2H2O = 2:2:1; attapulgite:MgCl2·
H2O:AlCl3·2H2O = 2:1:2; and attapulgite:MgCl2·6H2O:AlCl3·2H2O
4:3:3) were tested. After shaking the flasks for 48 h, the solutions
ere separated from the adsorbent by centrifugation and the fil-

rates were analyzed for pH (recorded as pHe), and the equilibrium
oncentration of fluoride (Ce).

. Results and discussion

.1. Adsorption isotherms

The abilities of three widely used isotherms, the theoretical
angmuir, empirical Freundlich, and Redlich–Peterson isotherms,
o model the adsorption equilibrium data were examined.

Langmuir isotherm [24] is perhaps the best known of all

sotherms, which is often applied in solid/liquid system to describe
he saturated monolayer adsorption. It can be represented as:

e = qmKaCe

1 + KaCe
(1)

F
o
O
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here Ce is the equilibrium concentration (mg/L); qe is the amount
f ion adsorbed (mg/g); qm is qe for a complete monolayer (mg/g);
a is adsorption equilibrium constant (L/mg). The constants qm and
a can be determined from a linearised form of Eq. (1), expressed
y Langmuir-1 [25]:

Ce

qe
= 1

qm
Ce + 1

Kaqm
(2)

angmuir-1 is the most popular of the four linear forms of Langmuir
sotherm, as the minimized deviations from the fitted equation
esult in the best error distribution [25].

The Freundlich isotherm [26] based on adsorption on hetero-
eneous surface is the earliest known relationship describing the
dsorption equilibrium and is given by:

e = KFC1/n
e (3)

here KF and 1/n are empirical constants, indicating the adsorption
apacity and adsorption intensity, respectively. The equation may
e converted to a linear form by taking logarithms:

og qe = log KF + 1
n

log Ce (4)

he Redlich–Peterson isotherm [27] contains three parameters
nd incorporates the features of the Langmuir and the Freundlich
sotherms. It can be described as follows:

e = ACe

1 + BCg
e

(5)

q. (5) can be converted to a linear form by taking logarithms:

n
(

A
Ce

qe
− 1

)
= g ln(Ce) + ln(B) (6)

hree isotherm constants, A, B, and g (0 < g < 1), can be evaluated
rom the linear plot represented by Eq. (6) using a trial and error
ptimization method [28].
ig. 1. Isotherms obtained by the linear method for the fluoride adsorption
nto modified attapulgite (mass ratio for modification: attapulgite:MgCl2·6H2

:AlCl3·2H2O = 4:3:3; T: 305 K).
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The effect of temperature on the adsorption isotherms was

T
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ig. 2. Isotherms obtained by the non-linear method for the fluoride adsorp-
ion onto modified attapulgite (mass ratio for modification: attapulgite:

gCl2·6H2O:AlCl3·2H2O = 4:3:3; T: 305 K).

ass of modified attapulgite, qe, was plotted against the concen-
ration of fluoride remaining in solution, Ce. Both the Langmuir
r2 = 0.994) and Redlich–Peterson (r2 = 0.983) isotherms seemed
o be the better-fitting models than the Freundlich (r2 = 0.976)
sotherm. The adsorption system was more likely monolayer cov-
rage of the modified attapulgite surface by the fluoride ions.

The use of coefficient of determination of linear regression anal-
sis for comparing the best-fitting of different linear isotherms
as found not to be appropriate [29,30]. A further analysis of the
on-linear method was attempted. Application of computer opera-
ion was developed to determine the isotherm parameters using an
ptimization routine to maximize the coefficient of determination
etween the experimental data and isotherms in the solver add-

n Microsoft Excel [28]. Fig. 2 showed that the Redlich–Peterson
nd Langmuir isotherms overlapped, and they seemed to be the
est-fitting models with the same regression coefficient values
r2 = 0.997). Unlike the linear analysis, different isotherm forms
ould affect r2 significantly, and impact the final determination of
arameters while non-linear methods would prevent such errors
28].

Non-linear isotherm parameters for three modified adsorbents
t 313 K were listed in Table 2. The value of Redlich–Peterson g was
lmost unity, which meant the isotherms were approaching the
angmuir but not Freundlich isotherm [31]. Langmuir isotherm is a
pecial case of Redlich–Peterson isotherm when constant g is unity,
nd Redlich–Peterson constant B is the same as Langmuir adsorp-
ion equilibrium constant, K [31]. In addition, it has been reported
a

hat Freundlich isotherm is a special case of Redlich–Peterson
sotherm when constants A and B are much greater than unity [29].

The effect of isotherm shape can be used to predict whether
n adsorption system is ‘favorable’ or ‘unfavorable’. According to

s
F
a
t

able 2
dsorption isotherm constants obtained by the non-linear method (T: 313 K).

odification mass ratio
ttapulgite:MgCl2·6H2O:
lCl3·2H2O

Langmuir Freundlich

qm (mg/g) Ka (L/mg) r2 1/n KF (

:1:2 41.5 0.0143 0.995 0.610 1.51
:3:3 40.1 0.00804 0.997 0.679 0.77
:2:1 27.6 0.00799 0.989 0.650 0.60
ig. 3. Values of the separation factor, KR for the adsorption of fluoride
nto modified attapulgite (mass ratio for modification: attapulgite:MgCl2·6H2O:
lCl3·2H2O = 4:3:3).

all et al. the essential features of the Langmuir isotherm can be
xpressed in terms of a dimensionless constant separation factor
r equilibrium parameter KR which is defined by the following
elationship [32]:

R = 1
1 + KaC0

(7)

here KR is a dimensionless separation factor, C0 the initial fluoride
oncentration (mg/L) and Ka the Langmuir constant (L/mg). The
arameter KR indicates the isotherm shape accordingly:

alues of KR Type of isotherm

R > 1 Unfavorable
R = 1 Linear
< KR < 1 Favorable
R = 0 Irreversible

A figure with a relationship between KR and C0 was presented
o show the essential features of the Langmuir isotherm [28]. Fig. 3
howed the values of KR for modified attapulgite (with a mass ratio
f attapulgite:MgCl2·6H2O:AlCl3·2H2O = 4:3:3) at different exper-
ment temperatures. Favorable adsorption was predicted in the
resent case for higher initial fluoride concentrations but lower
emperature.

.2. Effect of temperature
tudied at 293, 305, and 313 K and the results were displayed in
ig. 4. The Langmuir isotherm was applicable to homogeneous
dsorption where each fluoride ion/modified attapulgite adsorp-
ion process had equal adsorption activation energy [24]. Results

Redlich–Peterson

mg/g) (L/mg)1/n r2 g (L/mg)1/n B (L/g) A r2

0.983 1.00 0.0143 0.593 0.995
6 0.992 0.902 0.0140 0.341 0.997
0 0.981 1.00 0.00799 0.220 0.989
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Table 3
Langmuir isotherm parameters for the adsorption of fluoride onto three modified
attapulgites at different temperatures (by the non-linear method).

Modification mass ratio
attapulgite:MgCl2·6H2O:
AlCl3·2H2O

313 K 305 K 293 K

2:1:2
qm (mg/g) 41.5 44.0 19.1
Ka (L/mg) 0.0143 0.0102 0.0292
r2 0.995 0.996 0.990

4:3:3
qm (mg/g) 40.1 27.3 17.1
Ka (L/mg) 0.00800 0.0140 0.0205
r2 0.997 0.997 0.983

2:2:1
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ig. 4. Langmuir isotherm for the adsorption of fluoride onto modified attapulgite
t various temperatures (mass ratio for modification: attapulgite:MgCl2·6H2O:
lCl3·2H2O = 2:2:1).

ndicated that the capacity of modified attapulgite for adsorption
f fluoride depended on temperature. At an initial concentration
f 210 mg/L, the amount adsorbed by modified attapulgite (mass
atio for modification:attapulgite:MgCl2·6H2O:AlCl3·2H2O = 2:2:1)
ncreased from 8.60 to 14.7 mg/g with an increase in the solution
emperature from 293 to 313 K (Fig. 4). It was clear that the adsorp-
ion of fluoride on attapulgite was an endothermic process.

.3. Effect of modification mass ratio

In order to assess the adsorption efficiency of three modified

ttapulgites by various mass ratios, the typical Langmuir isotherms
t the temperature of 305 K have been shown with the experimen-
al data in Fig. 5. Besides, a comparison of the constants Ka, qm

nd the non-linear coefficients of determination for the Langmuir
sotherms were made and listed in Table 3. Modified attapulgites

ig. 5. Langmuir isotherm for the adsorption of fluoride onto three different modi-
ed attapulgites (T: 305 K).

a
o
a
a

F
(

qm (mg/g) 27.6 21.8 11.1
Ka (L/mg) 0.00800 0.00941 0.0221
r2 0.989 0.998 0.985

ith a mass ratio attapulgite:MgCl2·6H2O:AlCl3·2H2O = 2:1:2 had
he largest adsorption capacity for fluoride uptake at studied tem-
eratures.

.4. Adsorption mechanism

As tested by previous experiments, the adsorption capacity of
he natural attapulgite for fluoride ions from aqueous solution was
ow, even undetected by the instrument (Fig. 6). Obviously the
dsorption capacity of the modified attapulgite was significantly
mproved.

The fluoride adsorption by the natural attapulgite was negli-
ible probably due to negative charges of the attapulgite surface
17,33]. In order to investigate the attapulgite surface charac-
er, a blank experiment was performed with a volume of 50 mL
f distilled water (pH = 6.57) placed in a 125 mL conical flask.

change of pH value from 6.57 to 5.43 showed that hydro-
en ions were released from the attapulgite into solution. The

ttapulgite surface was negatively charged. The approach of a flu-
ride anion would suffer coulombic repulsion from the strong
nionic groups in attapulgite. On this basis, it was expected that
cation would have a strong adsorption affinity for natural atta-

ig. 6. Adsorption capacities for fluoride ions onto nature and modified attapulgite
T: 313 K).
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ig. 7. The relationship between the adsorption capacities and the changes of
ydroxyl ion concentration (T: 293 K).

ulgite. The phenomena for the adsorption of divalent metal ions
uch as Ni(II), Cu(II) and Pb(II) by attapulgite had been reported
19,20].

Fig. 7 illustrated the agreement of the adsorption capacities for
he modified attapulgites and changes in the solution hydroxy ion
OH−) concentration. As more fluoride binded onto the modified
ttapulgite, more hydroxy ions were released from the adsorbent
nto the solution. It was clear that anion exchange between fluoride
ons and hydroxy groups of the modified attapulgite had occurred in
he adsorption system. The anion exchange capacity was influenced
y the factor of the initial fluoride ion concentration in the solution,
hen the temperature and the modified attapulgite dose were fixed

34]. Consequently, higher initial fluoride concentration advanced
he anion exchange potential of the adsorbate and resulted in higher
dsorption capacity.

. Conclusions

The use of three different modified attapulgites in fluoride
emoval from aqueous solution was studied in batch experiments.
wo-parameter Langmuir and three-parameter Redlich–Peterson
sotherms were the best-fitting models for the experimental data
y the non-linear method. An increase in temperature resulted in a
igher fluoride loading per unit weight of the adsorbent, suggesting
hat the adsorption process was endothermic. Fluoride adsorption
apacities changed by modification mass ratios of attapulgite, mag-
esium and aluminum salts. Modified attapulgite with a mass ratio
ttapulgite:MgCl2·6H2O:AlCl3·2H2O = 2:1:2 had higher adsorption
fficiency than the other two. The agreement of the adsorption
apacities and changes of the hydroxy ion concentration indi-
ated that anion exchange reactions occurred in the adsorption
rocess.
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