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a b s t r a c t

A novel Al–Ce hybrid adsorbent with high sorption capacity for fluoride was prepared through the copre-
cipitation method in this study, and its preparation conditions were optimized. X-ray diffraction (XRD)
and scanning electron microscope (SEM) results showed that the hybrid adsorbent was of amorphous
structure and constituted by some aggregated nanoparticles. As the adsorbent had the zero point of
eywords:
luoride
efluoridation
l–Ce adsorbent
dsorption capacity
dsorption mechanism

� potential at pH 9.6, it was very effective in fluoride removal from aqueous solution via electrostatic
interaction. The results of sorption experiments including sorption kinetics, isotherms, and the effect of
solution pH showed that the sorption of fluoride on the Al–Ce adsorbent was fast and pH-dependent.
Especially, the adsorbent had high sorption capacity up to 27.5 mg g−1 for fluoride at the equilibrium
fluoride concentration of 1 mg L−1, much higher than that of the conventional adsorbents. Fourier trans-
form infrared (FTIR) analysis and zeta potential measurement showed that the hydroxyl groups and the
protonated hydroxyl groups on the adsorbent surface were involved in the fluoride adsorption.
. Introduction

Fluoride in drinking water may be beneficial or detrimen-
al depending on its concentration and total amount consumed.
xcessive fluoride intake can affect the metabolism of elements
n human body and lead to dental and bone fluorosis [1]. The
cceptable fluoride concentration in drinking water is generally
n the range of 0.5–1.5 mg L−1. A guideline value of 1.5 mg L−1

as recommended by World Health Organization (WHO), but this
s not a fixed value and it is intended to be adapted to take
ccount of local conditions [2]. In China, the standard of fluoride
oncentration in drinking water is 1.0 mg L−1. High level of fluo-
ide in groundwater is a world-wide problem. The drinking water
ources in India have been reported with fluoride concentration
s high as 30 mg L−1 [3]. In China over 60 million people in over
0 provinces are influenced by the high fluoride concentration

n drinking water, especially in some rural areas [4]. Therefore,

ecreasing fluoride concentration in groundwater is an important

ssue.
Some treatment techniques such as chemical precipitation,

orption, ion exchange, reverse osmosis, nanofiltration, and elec-
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trodialysis have been studied for defluoridation of water [5–7].
Among these methods, adsorption is one of the important tech-
niques used for fluoride removal from water because of its ease of
operation and cost-effectiveness, especially for individual homes
and small community systems in rural area. Different adsor-
bents including activated alumina [8], bone char [9], synthetic ion
exchangers [10], layered double hydroxides [11], and other nat-
ural materials have been used for fluoride removal [12]. Among
them, activated alumina is the most common sorbent widely used
for defluoridation of drinking water, but its optimal adsorption
often works at low pH values, that increases dissolved aluminum
in treated water. Since the sorption capacity of fluoride on most
conventional adsorbents is not satisfactory, much effort has been
devoted to develop new and cost-effective fluoride adsorbents in
recent years.

It has been reported that La(III), Ce(IV), and Zr(IV) oxides had
high sorption capacity for fluoride [13,14]. Since these metals are
expensive, some cheaper components are commonly mixed with
these metals to prepare the composite adsorbents. The hybrid
adsorbents including the Fe(III)–Zr(IV) hybrid oxide [15], La(III)-
modified chitosan [16], Zr(IV)-impregnated collagen fiber [17], as
well as La(III) and ZrO(II) loaded zeolite [18] were reported to have

high sorption capacity for fluoride. Some other bimetal adsorbents
such as manganese-oxide-coated alumina [3] and Fe(III)–Al(III)
mixed oxide [19] were also prepared and used to remove fluo-
ride from aqueous solution. Wu et al. reported that the Fe–Al–Ce
trimetal oxide adsorbent was very effective in fluoride removal

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dengshubo@tsinghua.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.03.021
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hybrid adsorbents for fluoride is shown in Fig. 1. It can be seen
that the hybrid adsorbents containing Ce, La or Zr had higher sorp-
tion capacity than that of the Al adsorbent, while the Al–Ti hybrid
adsorbent had the lowest sorption capacity for fluoride. This result
H. Liu et al. / Journal of Hazard

20]. However, the Al–Ce hybrid adsorbent has not been reported
o remove fluoride.

In this study, the novel Al–Ce hybrid adsorbent with high
orption capacity for fluoride was prepared through the precip-
tation method. The preparation conditions were optimized, and
he best adsorbent was characterized by FTIR, scanning electron

icroscopy and energy dispersive X-ray spectroscopy (SEM-EDX),
nd XRD analysis. Finally, the sorption experiments including sorp-
ion kinetics, isotherm, as well as the effect of solution pH and
ompeting anions were studied in detail, and the possible sorption
echanisms were also discussed.

. Materials and methods

.1. Materials

The chemicals including Ti(SO4)2, Ce(NO3)3·6H2O, AlCl3·6H2O,
a2(SO4)3·9H2O, and Zr(NO3)4·3H2O were of reagent grade and
ere purchased from Sinopharm Chemical Regent Co., Ltd. (China).

000 mg L−1 of fluoride stock solution was prepared by dissolving
aF in 1 L of deionized water from a Milli-Q water system. The flu-
ride concentration was denoted as the concentration of elemental
.

.2. Adsorbent preparation

Different metallic salts were added into 0.2 mol L−1 AlCl3 solu-
ion at a predetermined M/Al molar ratio of 1/4. NaOH solution
as added dropwise into the mixture solution until the solution pH

eached 6 under vigorous stirring at 25 ◦C. The precipitate obtained
as filtered and rinsed with deionized water, and then dried in an

ven at 80 ◦C for 24 h. Finally, the dried product was ground into
ne powder, and the adsorbent in the size range of 74–150 �m was
sed in this study.

.3. � Potential measurement

A 10 mg aliquot of the Al–Ce adsorbent before and after fluoride
orption was placed into 100 mL of deionized water, and then the
olution pH was adjusted with NaOH or HCl solution to a desired
alue. After 10 h stabilization, the solution pH was recorded, and the
upernatant with small particles was used to conduct � potential
easurements with a zeta potential instrument (Beckman Coulter

nc., USA). All data were determined 10 times, and the average value
as adopted.

.4. XRD analysis

X-ray powder diffraction analysis was carried out in D/max-
IIV powder diffractometer using Cu K� radiation (� = 1.5418 Å)
t a scanning range of 2� = 10–90◦ with a speed of 6◦ min−1 and
scan step of 0.02◦. The adsorbent samples including the Al–Ce

ybrid adsorbent prepared with different drying temperature and
e/Al ratio, aluminum (hydr)oxide, and cerium (hydr)oxide were
nalyzed.

.5. FTIR spectroscopy

The samples of the Al–Ce adsorbent before and after sorption

f fluoride and co-existing ions were blended with KBr, and then
ressed into a disk for FTIR analysis. Pure KBr disk was used as
TIR reference. Scans were repeated 32 times in the wavenumber
ange of 400–4000 cm−1 and the spectra were recorded on a FTIR
pectrophotometer under ambient conditions.
aterials 179 (2010) 424–430 425

2.6. SEM-EDX analysis

The surface morphology of the adsorbents was observed by a
scanning electron microscope (JSM-6460LV). Prior to the SEM mea-
surements, the samples were coated with Au on the surface for
electric conductivity. Energy dispersive X-ray spectroscopy (JSM-
6460LV) was used to measure the element composition on the
adsorbent surface.

2.7. Sorption experiments

Batch sorption experiments were conducted to examine the
adsorption isotherm, sorption kinetics, as well as the effect of solu-
tion pH and co-existing anions on the adsorption. In the sorption
isotherm experiments, 0.01 g adsorbent was added to 100 mL flu-
oride solution at the concentration from 2 to 15 mg L−1, and the
solution pH was adjusted to 6 and controlled constant throughout
the sorption experiment. The flasks were shaken at 150 rpm in a
thermostatic shaker at 25 ◦C for 24 h. The adsorption kinetic exper-
iments were carried out at initial fluoride concentration of 5 or
10 mg L−1, and the solution pH value was 6. In the experiments for
the effect of solution pH, the fluoride concentration was 10 mg L−1,
and the solution pH values were controlled during the sorption pro-
cess. The effects of co-existing anions on the fluoride sorption were
conducted in 10 mg L−1 fluoride solution, and the solution pH val-
ues were adjusted to 6 after the addition of Na2CO3, Na2HPO4, NaCl,
Na2SO4, or Na2SiO3. After the sorption experiments, the adsorbent
was separated from the solution by a filter with a 0.22 �m cellulose
membrane, and the residual fluoride concentration in solution was
measured by a fluoride meter equipped with fluoride ion selec-
tive electrode (Thermo Orion, USA). The sorption capacity of the
adsorbent for fluoride was calculated according to the fluoride con-
centration difference before and after the sorption.

3. Results and discussion

3.1. Preparation optimization

3.1.1. Effect of different metals
Different metallic salts were separately added to AlCl3 solu-

tion to coprecipitate the mixture, and the sorption capacity of the
Fig. 1. Sorption of fluoride on the different hybrid adsorbents prepared by the pre-
cipitation method (sorption conditions: 0.01 g adsorbent in 100 mL of 10 mg L−1

fluoride solution at pH 6 and 25 ◦C for 24 h).
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ig. 2. Sorption of fluoride on the hybrid adsorbents prepared at different Ce/Al
olar ratio (sorption conditions: 0.01 g adsorbent in 100 mL of 10 mg L−1 fluoride

olution at pH 6 and 25 ◦C for 24 h).

s in agreement with the previous finding that La(III), Ce(IV), and
r(IV) oxides had high sorption capacity for fluoride [13,14]. Among
he four hybrid adsorbents, the Al–Ce adsorbent had the highest
orption capacity up to 62 mg g−1, and thus its preparation con-
itions were optimized. The specific surface areas for the Al–Ti,
l–Ce, Al–La, Al–Zr and alumina adsorbents were 136.9, 60.1, 62.7,
21.7, 2.3 m2 g−1, respectively, indicating that their specific sur-
ace area was not a key factor for the sorption capacity. Instead,
he special characteristic of rare earth elements may be responsi-
le for the high sorption capacity of fluoride on the Al–Ce and Al–La
dsorbents.

.1.2. Effect of cerium content
Fig. 2 shows the effect of Ce/Al molar ratio on the sorption of

uoride on the adsorbent. The concentration of AlCl3 was kept
onstant to be 0.2 mol L−1, while the concentration of Ce(NO3)3
as variable from 0.1 mol L−1 to 4 mmol L−1. It can be seen that

he adsorption capacity increased first and then decreased with
ncreasing Ce/Al ratio from 1:2 to 1:50, and the maximum sorption
apacity was achieved at the Ce/Al ratio of 1:4. At the same time, the
ontrol adsorbents prepared with only AlCl3 or Ce(NO3)3 were also
sed to adsorb fluoride under the same conditions. It is noticeable
hat the amount of fluoride adsorbed on the aluminum adsorbent
as 45 mg g−1, comparable to that on the composite adsorbent pre-
ared at the Ce/Al molar ratio of 1:50, while the adsorption capacity
f the cerium adsorbent for fluoride was 34 mg g−1, far below the

aximum sorption capacity on the adsorbent prepared at the Ce/Al
olar ratio of 1:4.
The adsorbents made from aluminum and cerium compounds

ad the specific surface area of 2.3 and 136.8 m2 g−1, respectively.

Fig. 4. SEM micrograph (a) and EDX surfac
Fig. 3. Effect of drying temperature on the sorption of fluoride on the Al–Ce adsor-
bent (sorption conditions: 0.01 g adsorbent in 100 mL of 10 mg L−1 fluoride solution
at pH 6 and 25 ◦C for 24 h)

The Al–Ce adsorbents prepared at Ce/Al molar ratio of 1:4, 1:8, 1:20
had the specific surface area of 60.1, 64.9, 75.7 m2 g−1, respectively.
It can be seen that the specific surface area is not a major factor
affecting sorption capacity. Although the cerium oxide adsorbent
had the highest surface area, its sorption capacity was the lowest.
The above result indicated the synergistic interaction between alu-
minum and cerium compounds in the hybrid adsorbents, and the
specific structure favorable for fluoride adsorption formed in the
hybrid adsorbent.

3.1.3. Effect of drying temperature
Drying temperature in the adsorbent preparation had significant

effect on the sorption of fluoride. After the precipitate was produced
at the Ce/Al molar ratio of 1:4 and filtered, the obtained cake was
dried in an oven at 80–500 ◦C for 10 h. As shown in Fig. 3, the sorp-
tion capacity decreased with increasing drying temperature, and
the adsorbent dried at 80 ◦C and 150 ◦C had high sorption capac-
ity for fluoride, while the sorption capacity was only 10 mg g−1

when the adsorbent was dried at 500 ◦C. In the preparation process,
the obtained precipitate was aluminum and cerium hydroxides,
and they were changed to oxides at high drying temperature. It
was reported that the hydroxyl groups on the metal oxides were
responsible for fluoride adsorption [20], and the decrease or loss
of hydroxyl groups would decrease the sorption capacity on the

adsorbents. It should be pointed out that the surface area of Al–Ce
hybrid adsorbent decreased from 60.1 to 48.2 m2 g−1 when the dry-
ing temperature increased from 80 ◦C to 400 ◦C, which may also
cause the decrease of sorption capacity.

e analysis (b) of the Al–Ce adsorbent.
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.2. Adsorbent characterization

.2.1. Surface morphology
The surface morphology and element composition on the sur-

ace of Al–Ce adsorbent prepared at the Ce/Al molar ratio of 1:4
nd drying temperature of 80 ◦C were investigated by SEM-EDX. As
llustrated in Fig. 4, the micrograph showed that the adsorbent was
onstituted by some aggregated nanoparticles at different sizes,
hich led to the rough surface and porous structure. It is estimated

hat the nanoparticles on the adsorbent surface were in the size
ange of 100–300 nm. The EDX analysis revealed that the elements
f Al, Ce, Au and O were present on the adsorbent surface, and the
l/Ce molar ratio on the surface was about 5.8, a little higher than

hat in the preparation.

.2.2. XRD analysis
The X-ray diffraction (XRD) pattern of the Al–Ce adsorbent pre-

ared at different Al/Ce molar ratio and drying temperature as
ell as the alumina and cerium adsorbents are shown in Fig. 5.

he moderate crystalline peaks can be seen in Fig. 5a, which can
e attributed to boehmite (AlOOH). During the drying process, the
roduced Al(OH)3 precipitate was converted to crystalline AlOOH
t 80 ◦C in this study, and it would further changed to alumina
Al2O3) after being calcinated at 550 ◦C, which had different crys-
alline peaks from that of boehmite [21]. As shown in Fig. 5b, the
erium adsorbent prepared exhibited the distinct peaks at 28.7◦,
3.1◦, 47.6◦, and 56.4◦, indicating the presence of crystalline CeO2

22]. It is interesting to find that no crystalline peaks appeared in
ig. 5c and d for the Al–Ce adsorbent prepared through the copre-
ipitation of Al and Ce compounds at different ratios, suggesting
he amorphous phase in the hybrid adsorbent at the drying tem-
erature of 80 ◦C. As shown in Fig. 5e, the amorphous structure of

ig. 5. XRD patterns of the adsorbents made from (a) aluminum chloride, (b) cerium
itrate, (c) aluminum chloride and cerium nitrate at Al/Ce molar ratio of 4:1, drying
emperature at 80 ◦C, (d) Al/Ce molar ratio of 20:1, drying temperature at 80 ◦C, and
e) Al/Ce molar ratio of 4:1, drying temperature at 400 ◦C.
Fig. 6. Sorption isotherms of fluoride on the Al–Ce adsorbent at 25 ◦C and 10 ◦C.

adsorbent was destroyed at a drying temperature of 400 ◦C. CeO2
(marked black) and Al2O3 (marked green) were found to present
in the adsorbent. The sorption capacity decreased when the drying
temperature increased from 80 ◦C to 400 ◦C. Obviously, the sorption
capacity is related to the amorphous structure of the adsorbents,
while the specific surface area is not a dominant factor for the
sorption capacity according to our previous results.

Wu et al. also reported that the destruction of the amorphous
structure of the trimetallic adsorbent at high calcination temper-
ature caused the decrease of sorption capacity for fluoride [20].
This result also indicates that the hybrid adsorbent was not the
simple mixture of AlOOH and CeO2, and Al and Ce might form the
complex compounds in the adsorbent. Since the hybrid adsorbent
was not calcined, the metal phase should be hydroxide, which was
confirmed by the following FTIR analysis.

3.3. Sorption isotherm

The best Al–Ce adsorbent prepared at Ce/Al molar ratio of 1:4
at drying temperature of 80 ◦C was used to investigate the sorp-
tion behavior of fluoride. The sorption isotherms of fluoride on
the Al–Ce adsorbent at 25 ◦C and 10 ◦C are shown in Fig. 6. It can
be found that the sorption capacity at equilibrium (qe) gradually
increased with increasing equilibrium fluoride concentrations, and
the fluoride amount adsorbed at 25 ◦C was a little higher than that
at 10 ◦C.

Langmuir equation has been successfully applied to model many
sorption processes to evaluate the maximum sorption capacity of
an adsorbate on an adsorbent [23,24]. Fig. 6 shows the modeling
result using the Langmuir equation and the corresponding parame-
ters for the plot are given in Table 1. It can be seen that the Langmuir
model fitted the experimental data well according to the high corre-
lation coefficients (R2). The thermodynamic parameters for fluoride
sorption on the Al–Ce adsorbent were also calculated. The negative
values of �G◦ indicate that the sorption of fluoride on the adsorbent
was spontaneous under the experimental conditions. �S◦ and �H◦

are calculated to be 0.113 kJ (mol K)−1 and 11.473 kJ mol−1, respec-
tively. The positive value of the enthalpy change (�H◦) indicates
that the fluoride sorption process on the adsorbent is definitely
endothermic in nature, while the positive value of the entropy
change (�S◦) suggests that the fluoride adsorption on the adsor-
bent surface occurred with increasing entropy possible due to the

release of lot of molecular water at the solid/liquid interface during
the sorption process [19].

The maximum sorption capacity (qm) of the Al–Ce adsorbent
for fluoride reached 91.4 mg g−1 at 25 ◦C according to the Lang-
muir fitting. It was reported that the adsorption capacities on some



428 H. Liu et al. / Journal of Hazardous Materials 179 (2010) 424–430

Table 1
Calculated equilibrium constants and thermodynamic parameters for fluoride sorption on the Al–Ce adsorbent.

T (◦C) Langmuir constantsA Thermodynamic parametersB

b (L mg−1) qm (mg g−1) R2 �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (kJ (mol K)−1)

10 0.328 93.7 0.994 −20.6 11.473 0.113
25 0.431 91.4 0.994 −22.3

A qe = qmCe/(1/b + Ce) [25].
B �G◦ = −RTln b �G◦ = �H◦ − T�S◦ [26].

Table 2
Comparison of adsorption capacity of some adsorbents for fluoride.

Adsorbents pH Equilibrium concentration (mg L−1) Sorption capacitya (mg g−1) References

Activated carbon 7.0 1 0.075 [9]
Bone char 7.0 1 2.71 [9]
Polymeric resin 7.0 1 3.62 [9]
Activated alumina 7.0 1 0.96 [9]
Ferric hydroxide 6.0–7.0 1 ∼3 [6]
Fe2O3·Al2O3·xH2O 4.0 1 ∼30 [27]
Iron–aluminum mixed oxide 6.9 1.5 12 [19]
MgAl–CO3 double hydroxidesb 6.0 2 10 [11]
Fe–Al–Ce trimetal oxideb 7.0 1 12.2 [20]
Zr-impregnated collagen fiber 5.0–8.0 1 14.5 [17]
Activated kaoliniteb 6.0 1 0.08 [12]
Lateriteb 7.5 2.5 0.3 [28]
Titanium rich bauxitesb 6.0 1 1.2 [29]
Macrophyte biomass 6.0 0.8 0.2 [30]
Al–Ce hybrid adsorbentb 6.0 1 27.5 This study
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a Calculated from the sorption isotherms or Langmuir equation.
b Powder adsorbent.

dsorbents were high at high equilibrium concentration of fluoride
11], but in actual water treatment, the final concentration of flu-
ride must be below 1 mg L−1. Therefore, the sorption capacity at
ow fluoride concentration is extremely important. As plotted in
ig. 6, the sorption capacity of the Al–Ce adsorbent for fluoride was
bout 27.5 mg g−1 at the equilibrium concentration of 1 mg L−1 at
5 ◦C.

For different adsorbents, the adsorption capacity for fluoride can
e compared by calculating the amount of fluoride adsorbed on the
dsorbents at the equilibrium fluoride concentration of 1 mg L−1.
able 2 lists the sorption capacity of some adsorbents reported in
he literature, and it can be found that the sorption capacities of
he commercial available adsorbents such as activated alumina,
one char, and polymeric resin are 0.96, 2.71, and 3.62 mg g−1,
espectively. In recent years, some composite (hydr)oxides with
igh sorption capacity for fluoride have been developed. Wu et al.
eported that the sorption capacity of the trimetallic oxides reached
2.2 mg g−1 at the equilibrium fluoride concentration of 1 mg L−1.

n Table 2, it can be seen that the Zr-impregnated collagen fiber
ad a high sorption capacity up to 14.5 mg g−1 for fluoride, and
ome researchers also reported that the hybrid adsorbents con-
aining La(III), Ce(IV), and Zr(IV) had high sorption capacity for
uoride [15,17], but the addition of these metals in the preparation

ncreased the cost of the adsorbents. As shown in Table 2, some
ost-effective natural adsorbents including activated kaolinite, lat-
rite, titanium rich bauxites, and macrophyte biomass were used
o remove fluoride, but their sorption capacities are not satisfac-
ory. The sorption capacity of the Al–Ce hybrid adsorbent prepared
n this study was up to 27.5 mg g−1, higher than that of almost
ll adsorbents except the Fe2O3·Al2O3·xH2O adsorbent. However,
he sorption capacity of the Fe2O3·Al2O3·xH2O for fluoride was

btained at pH 4, and actually its sorption capacity at pH 6 was
ess than that of the Al–Ce adsorbent. It is notable that the Al–Ce
dsorbent used in this study is in the form of powder, and the sorp-
ion capacity of the granular one for fluoride should be lower than
his value.
Fig. 7. Sorption kinetics of fluoride on the Al–Ce adsorbent at different initial flu-
oride concentration. Symbol: experimental data; curve: modeling results using the
pseudo-second-order equation.

3.4. Sorption kinetics

The sorption kinetics of fluoride at different initial concentra-
tions on the Al–Ce adsorbent is shown in Fig. 7. The sorption
equilibrium was achieved within 5 h when the initial fluoride
concentration was 5 mg L−1, while it required 12 h to reach the
equilibrium for the initial fluoride concentration of 10 mg L−1.

The pseudo-second-order equation (t/qt = 1/�0 + t/qe, �0 repre-
sents the initial sorption rate) is often adopted to evaluate the
sorption rate of adsorbate on an adsorbent, which was used to
describe chemisorption and has been widely applied to the adsorp-

tion of pollutants from aqueous solution in recent years [23,31]. As
shown in Fig. 7, the pseudo-second-order kinetic model described
the data obtained at initial concentration of 5 mg L−1 better than
that at 10 mg L−1. When the initial fluoride concentration was
5 mg L−1, the initial sorption rate (�0) was 328.2 mg (g h)−1.
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ig. 8. Effect of co-existing anions on the sorption of fluoride on the Al–Ce adsorbent.

.5. Effect of co-existing anions

In consideration of some anions commonly existed in actual
roundwater, the effects of phosphate, sulfate, silicate, carbonate,
nd chloride on the sorption of fluoride on the adsorbent were stud-
ed. As presented in Fig. 8, these anions at different concentrations
0.1 and 1 mmol L−1) had different effects on the sorption. Hydro-
en phosphate caused the greatest decrease in fluoride sorption
mong the anions, while chloride had no effect on the sorption.
heir effects on fluoride sorption followed the decreasing order of
PO4

2− > SO4
2− > SiO3

2− > HCO3
− > Cl−. Many studies also showed

hat phosphate ions significantly interfered with fluoride sorption
n chitosan beads and granular ferric hydroxide [6,32]. Fortunately,
hosphate concentration in groundwater is normally low, and its
ffect on the fluoride sorption is limited.

.6. Effect of solution pH

The sorption experiments were conducted in the pH range of
.5–9.7 to investigate the effect of solution pH on the sorption
uoride on the Al–Ce adsorbent. As shown in Fig. 9, the sorption
apacity changed little at pH below 6 and then decreased gradually
ith increasing solution pH when the solution pH was controlled
uring the sorption process. Obviously, this adsorbent had good
orption behavior in acidic solution, but the sorption capacity can

−1
till reached 53.2 mg g at pH 7.8, little less than the highest value
btained at pH 6. In the experiment, it was found that the solu-
ion pH increased during the sorption process in acidic solution
nd the addition of HCl solution was required to maintain the con-
tant solution pH, indicating the exchange of hydroxyl groups on

ig. 9. Effect of solution pH on the fluoride sorption and zeta potentials on the Al–Ce
dsorbent before and after fluoride sorption.
Fig. 10. FTIR spectra of (a) the Al–Ce adsorbent, (b) Al–Ce adsorbent after fluoride
sorption, (c) Al–Ce adsorbent after fluoride sorption in the presence of SO4

2− , and
(d) Al–Ce adsorbent after fluoride sorption in the presence of HPO4

2− .

the adsorbent surface with fluoride or the protonation of hydroxyl
groups on the adsorbent.

The higher sorption capacity at low solution pH was related
to the surface charge of the Al–Ce adsorbent. Fig. 9 also presents
the � potentials of the adsorbent before and after fluoride sorp-
tion. It can be seen that the zero point of � potential of the Al–Ce
adsorbent prepared at the Ce/Al ratio of 1:4 was at pH 9.6, indicat-
ing the positive surface charge of the adsorbent at pH < 9.6. The
higher zero point of � potential of the Al–Ce adsorbent may be
related to the composition of aluminum in the hybrid adsorbent
[8]. Therefore, the positive adsorbent can be expected to provide
better sorption for negative fluoride via electrostatic attraction. It
also can be found that the zero point of � potential of the adsorbent
after fluoride sorption decreased to 6.3, suggesting that the nega-
tive fluoride adsorbed on the positive sites and neutralized some
positive charges on the adsorbent surface.

3.7. FTIR analysis

Fig. 10 shows the FTIR spectra of the Al–Ce adsorbent before
and after fluoride adsorption. The broad band at 3466 cm−1 in the
spectrum of the Al–Ce adsorbent can be assigned to the stretching
vibration of adsorbed water, and the peak at 1641 cm−1 is attributed
to the bending vibration of OH group [19]. The peaks observed
between 1200 and 400 cm−1 were the characteristic vibrations of
mixed metals. The strong peak at 1127 cm−1 can be assigned to the
bending vibration of hydroxyl groups on metal oxides (M–OH) [33].
The strong band at 606 cm−1 is the characteristic of metal–oxygen
vibration, which is attributed to Al–O bond in the adsorbent [34].
After fluoride adsorption, the bands at 3466 and 1641 cm−1 were
shifted to 3501 and 1648 cm−1, respectively, which corroborated
the interaction of fluoride with the hydroxyl groups on the sorbent.
It is interesting that the new peaks at 1517 and 1430 cm−1 appeared
in the spectrum of the fluoride-sorbed adsorbent, which may be
due to the Ce–F and Al–F bonds formed after fluoride adsorption

[35]. The adsorbents after fluoride sorption in the presence of 1 mM
SO4

2− or HPO4
2− obtained in Fig. 8 were analyzed by FTIR. As shown

in Fig. 10c and d, the peaks at 1517 and 1429 cm−1 were weak-
ened after fluoride sorption in the presence of SO4

2−, while the
two peaks almost disappeared after fluoride sorption in the pres-
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nce of HPO4
2−, which was associated with their significant effect

n the sorption of fluoride on the Al–Ce adsorbent.
Based on the zeta potential measurement and FTIR analysis,

he possible sorption mechanisms of fluoride on the Al–Ce adsor-
ent were proposed. At pH < 9.6, especially in acidic solution, the
ydroxyl groups were protonated and the electrostatic interaction
ominated the sorption. The high zero point of � potential and the

ncrease of solution pH after fluoride sorption in the acidic solution
erified this mechanism.

MOH(s) + H+
(aq) � MOH2

+
(s) (1)

MOH2
+

(s) + F−
(aq) � MF(s) + H2O (2)

here M represents the adsorbent surface.
At high solution pH, fluoride ions were possibly adsorbed by

he following ion-exchange mechanism. The excessive amount of
ydroxyl ions can compete for the active sites in the sorption
rocess, resulting in the low sorption capacity for fluoride. Many
esearchers also proposed the similar sorption mechanism of fluo-
ide on the metal oxides [20].

MOH(s) + F−
(aq) � MF(s) + OH− (3)

. Summary

The Al–Ce hybrid adsorbent with high sorption capacity for
uoride was successfully prepared through the coprecipitation
ethod. The optimal adsorbent was obtained by neutralizing the
ixture containing 0.2 mol L−1 AlCl3 and 0.05 mol L−1 Ce(NO3)3,

nd then the precipitate was dried at 80 ◦C. The composite
dsorbent was composed of amorphous aluminum and cerium
hydr)oxides, and the hydroxyl groups on the adsorbent surface
layed an important role in the sorption. As the zero point of �
otential of the Al–Ce adsorbent was at about pH 9.6, the anionic
uoride can easily adsorb on the positive adsorbent via electrostatic

nteraction. The adsorption of fluoride on the adsorbent was fast,
nd the maximum adsorption capacity was achieved at about pH 6.
mong the five competing anions studied, phosphate ions signif-

cantly interfered with fluoride sorption. The Langmuir equation
escribed the sorption isotherms well with a maximum sorption
apacity of 91.4 mg g−1 obtained. The adsorbent had high sorption
apacity up to 27.5 mg g−1 for fluoride at equilibrium fluoride con-
entration of 1 mg L−1, much higher than that of some conventional
dsorbents. The Al–Ce hybrid adsorbent has a promising applica-
ion in the defluoridation of drinking water.
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