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h i g h l i g h t s

� CeO2–ZrO2 nanocages with high capacity and affinity for fluoride were prepared.
� The adsorbent kept good adsorption capacity for fluoride around pH 3.0–7.0.
� The adsorption mechanisms involved anion exchange and electrostatic interaction.
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a b s t r a c t

CeO2–ZrO2 nanocages were prepared by Kirkendall effect, and their fluoride removal performance was
investigated in batch studies. The obtained CeO2–ZrO2 adsorbent presented a good adsorption capacity
in the pH range of 3.0–7.0, and the optimum pH range was 3.5–4.5. The adsorption isotherm could be
better described by the Langmuir model than the Freundlich model. The Langmuir maximum capacity
of the CeO2–ZrO2 adsorbent was calculated to be 175 mg/g at pH 4.0, which was much higher than that
of other adsorbents reported previously. The effect of co-existing anions, such as sulfate, chloride, arse-
nate, and bicarbonate, on fluoride adsorption was systematically studied. Furthermore, the as-prepared
adsorbent showed an excellent fluoride removal properties in real underground water. The adsorption
mechanism was investigated by zeta potential measurement, Fourier transform infrared (FTIR), and X-
ray photoelectron spectroscopy (XPS) analysis. Anion exchange and electrostatic interaction play key
roles in fluoride removal.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction alumina oxide [5], activated carbon [6], bone char [7], synthetic ion
Fluoride contamination of groundwater through a combination
of natural processes and anthropogenic activities is a major prob-
lem worldwide [1,2]. It has been reported that more than 200 mil-
lion people worldwide regularly take fluoride contaminated water
for drinking that exceeds the present WHO guideline of 1.5 mg/L
[3,4]. Excess intake of fluoride can cause harmful effects such as
dental/skeletal fluorosis, fetal cerebral function, and neurotrans-
mitters [1,4]. Considering the serious health effects, several tech-
nologies, including precipitation, adsorption, ion exchange,
membrane separation and electrodialysis, have been developed
for fluoride removal. Among these methods, adsorption seems to
be a more attractive method for the removal of fluoride in terms
of cost, simplicity of design and operation. Various adsorbents have
been investigated for the fluoride removal, including metal-doped
exchangers [8], layered double hydroxides [9], and other natural
materials [10]. However, there were several problems associated
with their use, for example, low adsorption capacity, narrow avail-
able pH range and poor selectivity. Thus, much effort has been de-
voted to develop new fluoride adsorbents with good performance
in recent years.

It has been reported that La(III), Ce(IV), Y(III), and Zr(IV) oxides
had high adsorption capacity for fluoride [10,11]. Among these
adsorbents, zirconium-based materials have been paid more atten-
tion in recent investigations due to their high binding affinity with
fluoride [12]. In addition, cerium hybrid materials have been also
reported as showing good fluoride removal performance as well
as having favorable characteristics in terms of cost, environmental
impact and chemical stability [13–15]. In order to benefit from the
advantages of these two kinds of adsorbents, a combination of cer-
ium and zirconium would be expected to study as a novel adsor-
bent for the adsorptive removal of fluoride.

In this study, porous CeO2–ZrO2 nanocages as a novel type of
adsorbent for fluoride removal were prepared. Their uptake
capacity and adsorption kinetics for fluoride were investigated.
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The effects of pH, initial fluoride concentration and co-existing an-
ions were examined. Furthermore, the removal mechanism of fluo-
ride was studied by zeta potential measurement, FTIR and XPS
analysis. The results suggested that both anion exchange and elec-
trostatic interaction were involved in the adsorption of fluoride.
2. Materials and methods

2.1. Adsorbent preparation

Zirconyl chloride octahydrate (ZrOCl2�8H2O), cerium nitrate
hexahydrate (Ce(NO3)3�6H2O) and ethylene glycol (EG) were ob-
tained from Sinopharm Chemical Reagent Co. (China). All chemi-
cals are of analytical grade, and used in this study without
further purification. Milli-Q ultrapure water (18.2 MX cm) was
used for all the experiments. The synthesis of CeO2–ZrO2 nanocag-
es was based on a modified method of that investigated by Liang
et al. [16]. Typically, 4 mL 0.5 mol/L Ce(NO3)3 solution was added
in 60 mL EG with stirring, then the mixture was transferred to a
sealed Teflon-lined pressure vessel and reacted at 180 �C for 16 h.
After the reaction and being cooled down to room temperature,
1.2 mL 0.5 mol/L ZrOCl2 solution was added in the colloid ceria
clusters obtained above. Then the mixture was sealed and heated
at 180 �C for 8 h. The CeO2–ZrO2 nanocages were obtained and
washed by ethanol with centrifugated at 10,000 rpm for 6 min sev-
eral times, and dried under vacuum desiccation oven at 60 �C for
6 h.

2.2. Equipments

The scanning electron microscopy (SEM) images were taken by
using a field-emission scanning electron microscopy (SEM, FEI Siri-
on 200 FEG, operated at 10 kV). X-ray diffraction (XRD) was per-
formed on a D/MaxIIIA X-ray diffractometer, using Cu Ka
(kKa1 = 1.5418 Å) as the radiation source. The Brunauer–Emmett–
Teller (BET) specific surface of CeO2–ZrO2 was measured by the
nitrogen adsorption and desorption isotherms at 77 K. The Fourier
transform infrared (FT-IR) spectra of the obtained samples were re-
corded with a NEXUS-870 FT-IR spectrometer in the range of
4000–400 cm�1. X-ray photoelectron spectroscopy (XPS) analyses
of the samples were conducted on a VG ESCALAB MKII spectrome-
ter using an Mg Ka X-ray source (1253.6 eV, 120 W) at a constant
analyzer. The concentration of fluoride was measured using
expandable ion analyzer with the fluoride ion selective electrode
PF-202-CF (Leici, China) and the study of QA/QC for the fluoride
measurement demonstrated that this measurement method is reli-
able (see Table S1). The concentrations of bicarbonate, chloride,
and sulfate anions were measured by ion chromatograph (ICS-
2000, USA). The concentration of arsenate in the solution was ana-
lyzed using inductively coupled plasma atomic emission spectros-
copy (ICP-AES, Thermo Jarrell-Ash Co., USA). The pH was measured
with a pH electrode (pH S-3C, China). The zeta potentials of the
samples were determined using a zeta potential meter (Zetasizer
2000, Malvern Co., UK).

2.3. Batch adsorption experiments

Before adsorption experiments, standard stock solutions of fluo-
ride (1000 mg/L F) was prepared by dissolving 0.221 g sodium fluo-
ride into 100 mL deionized water from a Milli-Q water system and
stored under dark conditions at 4 �C. Fluoride-bearing solutions
were prepared by diluting the stock solution to given concentra-
tions with deionized water. And the calibration curve was obtained
from the potential of the standard sodium fluoride solutions (0.1–
30 mg/L) at pH 4.0 (see the Supplementary material, Fig. S1).
Kinetics experiments were conducted at room temperature. The
CeO2–ZrO2 nanocages of 0.05 g were immersed in 150 mL fluoride-
bearing solutions with the initial fluoride concentrations of 5, 10
and 40 mg/L, respectively. The mixtures were shaken at 140 rpm
and approximately 5 mL aliquots were taken from the suspension
at predetermined times and quickly separated by centrifugation
and 0.22 lm membrane to measure the corresponding fluoride
concentration, in order to calculate their time-dependant adsorp-
tion capacities.

The adsorption isotherms were studied with a sorbent loading
of 0.2 g/L at pH 4.0. Typically, 0.02 g CeO2–ZrO2 was added to
100 mL fluoride solutions of varying initial concentrations (1–
100 mg/L). The solutions were oscillated at 140 rpm for 24 h to
achieve equilibrium, then separated by centrifugation at
10,000 rpm for 3 min, and filtered with a 0.22 lm cellulose mem-
brane. The residual fluoride concentration in solution was mea-
sured by the fluoride ion selective electrode PF-202-CF. The
adsorption capacity at equilibrium of the adsorbents for fluoride
was calculated according to the following equation:

qe ¼
ðCo � CeÞV

m
ð1Þ

where Co and Ce represent the initial and equilibrium fluoride con-
centrations (mg/L) respectively, V is the volume of the fluoride solu-
tion (mL), and m is the amount of adsorbent (g).

The effect of pH on the fluoride adsorption was investigated
using different initial fluoride concentrations of 10 mg/L, 25 mg/L,
and 40 mg/L, respectively, with 0.2 g/L of adsorbent and a total sus-
pension volume of 100 mL. The effects of co-existing anions (bicar-
bonate, arsenate, chloride, and sulfate) on fluoride adsorption were
performed with an adsorbent dose of 0.2 g/L and an initial fluoride
concentration of 10 mg/L at pH 4. The co-existing anions were set
at five concentration levels of 0, 10, 20, 40 and 50 mg/L, respec-
tively. The mixed suspensions were shaken at 140 rpm for 24 h
at room temperature.
3. Results and discussion

3.1. Sorbent characterization

Fig. 1 shows the SEM images of the as-prepared products. It is
clear that uniform monodisperse nanocages with an apparent inte-
rior void were obtained. The diameter of the obtained nanocages
were about 80–100 nm. The hollow nanostructures could be rou-
tinely achieved using the Kirkendall effect through the reaction be-
tween CeO2 nanospheres and Zr4+ ions. XRD patterns of hollow
nanospheres nanocages can be appointed to the face-centered cu-
bic phase (see Fig. S2) [16]. The N2 adsorption–desorption isotherm
and pore size distribution curve implied the presence of multi-
modal pore structure in the CeO2–ZrO2 nanocages (see Fig. S3).
The BET surface area of the CeO2–ZrO2 hollow nanospheres was
investigated to be 29.61 m2/g.

3.2. Effect of solution pH on fluoride removal

The influence of the pH values on fluoride removal by the CeO2–
ZrO2 nanocages with various initial concentrations was investi-
gated, and the results are shown in Fig. 2a. It is clear that the opti-
mum pH for the fluoride adsorption was in the range of 3.5–4.5.
Thus, the kinetic and isotherm experiments were carried out at
pH 4.0 in this study. At pH 4, with initial fluoride concentrations
of 10, 25 and 40 mg/L, the equilibrium adsorption capacity were
38.1, 77.5 and 112.7 mg/g, respectively. Furthermore, the adsorp-
tion capacities were decreased step by step with the increased
pH values, as shown in Fig. 2a, which might be due to the changes



Fig. 1. SEM images of CeO2–ZrO2 nanocages at different magnifications.
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of pH-dependent electrostatic attraction between the adsorbent
surface and fluoride. So, the influence of the pH value on the sur-
face potential was investigated, and the results are shown in
Fig. 2b. The CeO2–ZrO2 nanocages had a zero point of zeta potential
at about pH 7.5, suggesting that the adsorbent surface was positive
at pH below 7.5. As a results, the low pH value was favorable for
fluoride ions removal owing to the electrostatic attraction. On
the contrary, when the pH value was up to and larger than 7.5,
the adsorbent surface became negatively charged. The higher pH
means the more negative surface, which will result in the strong
electrostatic repulsion between adsorbent and the fluoride ions,
as well as the clearly decreased adsorption capacities, as shown
in Fig. 2a.

In addition, in spite of the increased zeta potential, the adsorp-
tion capacities were also decreased with the decrease of pH from
4.0 to 2.0. This might be due to the formation of hydrofluoric acid:

Hþ ðaqÞ þ F� ðaqÞ ! HF ðaqÞ

which results in lower available fluoride concentration than the
actual concentration for adsorption on the adsorbent. It should be
mentioned that the adsorption capacities were dramatically de-
creased and reduced to almost zero when the pH value reached
to 10. The results were consistent with the ones of other metal
impregnated adsorbents [17,18]. So, the high pH value was benefit
to the desorption of fluoride from the adsorbent. We could take
this experimental phenomenon as an approach for desorption of
fluoride from the adsorbent.

3.3. Kinetic study

The kinetic of adsorption which describes the solute uptake rate
governing the residence time of the adsorption reaction is one of
Fig. 2. (a) Effect of pH on the removal of fluoride by CeO2–ZrO2 nanocages with initi
potential of CeO2–ZrO2 nanocages as a function of pH. Adsorbent dose: 0.2 g/L, tempera
the most important characteristics that define the efficiency of
adsorption. Fig. 3a depicts the adsorption kinetics of fluoride on
the CeO2–ZrO2 at various initial concentrations with a sorbent
loading of 0.2 g/L at pH 4.0 ± 0.2. It can be found that the adsorp-
tion happened rapidly in the first 10 min, and then the adsorption
capacity increased gradually till reached the equilibrium. The
adsorption equilibrium was achieved within 24 h. Therefore, an
optimum shaking time of 24 h was chosen in the subsequent
adsorption tests. To further quantify the changes of fluoride
adsorption with time on the CeO2–ZrO2 nanocages, the pseudo-
first-order and pseudo-second-order kinetic models were used to
simulate the kinetics. The pseudo-second-order model fits better
based on the values of regression coefficients (R2) (Figs. 3b and
S4, Table 1). The equilibrium adsorption capacities (qe) were calcu-
lated as 17.93, 33.13, and 111.6 mg/g when the initial fluoride con-
centrations were 5, 10, and 40 mg/L, respectively. The value of qe,cal

was in agreement with qe,exp based on pseudo-second-order model
(Table 1).

In addition, the time-dependent adsorption kinetics studies of
the CeO2–ZrO2 nanocages were conducted at three different tem-
peratures and analyzed using pseudo-second-order kinetic equa-
tions. As shown in Fig. 4 and Table 2, the constant k2, the initial
adsorption rate h0 and equilibrium adsorption capacity qe,exp val-
ues all increased with the increase of temperature from 25 to
55 �C, which suggested that the increase of temperature is benefi-
cial for fluoride adsorption on the adsorbent.
3.4. Adsorption isotherm

To understand the adsorption performance and the adsorption
mechanism, adsorption isotherm of fluoride adsorption on the
CeO2–ZrO2 nanocages were investigated. Fig. 5a shows the
al fluoride concentrations of 10 mg/L, 25 mg/L and 40 mg/L, respectively. (b) Zeta
ture: 25 �C.



Fig. 3. (a) Adsorption kinetic curves of fluoride adsorption on the CeO2–ZrO2 nanocages with different initial fluoride concentration. Adsorbent dose: 0.2 g/L, temperature:
25 �C, pH 4.0 ± 0.2. (b) Pseudo-second-order kinetic plots for the adsorption of fluoride on the CeO2–ZrO2 nanocages.

Table 1
Kinetics parameters for flouride adsorption on CeO2–ZrO2 nanocages.

First-order kinetics Second-order kinetics
Equations lnðqe � qtÞ ¼ lnqe � k1t t

qt
¼ 1

k2 q2
e
þ t

qe

Co (mg/L) qe,exp (mg/g) k1 (1/min) qe,cal (mg/g) R2 k2 (g/(mg min)) qe,cal (mg/g) R2

5 17.97 2.8 � 10�3 1.11 0.554 2.13 � 10�2 17.93 0.999
10 34.34 2.5 � 10�3 6.16 0.852 2.93 � 10�3 33.13 0.999
40 111.85 3.4 � 10�3 14.36 0.843 1.84 � 10�3 111.6 0.999

Note: k1 is the adsorption rate constant for pseudo-first order reaction (1/min). k2 is the rate constant for pseudo-second order reaction (g/(mg min)). qe and qt are the
amounts of solute sorbed at equilibrium and at any time t (mg/g), respectively. qe,exp is the adsorption capacity evaluated from batch experiment, while qe,cal is the adsorption
capacity calculated on the basis of the pseudo-first-order and pseudo-second-order equations.
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adsorption isotherms at pH 4.0 ± 0.2. Both Freundlich and Lang-
muir models were applied to describe the experimental adsorption
results (Figs. 5b and S5, Table 3) [19,20].

Figs. 5b and S5, Table 3 show that the Langmuir model gave a
better fit to the experimental data than Freundlich isotherm based
on the R2 values. The maximum adsorption capacity of CeO2–ZrO2

calculated from the linear form of Langmuir model was 175 mg/g
(inset of Fig. 5b). To the best of our knowledge, the as-prepared
CeO2–ZrO2 nanocages had a much higher adsorption capacity than
that of the other adsorbents reported previously (Table 4). The BET
surface area of the CeO2–ZrO2 nanocages was not higher than other
adsorbents, but had a much higher adsorption capacity (Table 4),
suggesting that the surface area might not be the dominant factor
in the fluoride adsorption [18]. The abundant surface hydroxyl
groups on CeO2–ZrO2 nanocages and pH effect might be attributed
to the excellent fluoride removal. The superior adsorption capacity
Fig. 4. (a) Adsorption kinetics of fluoride removal by the CeO2–ZrO2 nanocages at differe
ZrO2 nanocages at different temperatures. Adsorbent dose: 0.2 g/L, pH 4.0 ± 0.2.
of the CeO2–ZrO2 nanocages for fluoride indicates that it could be a
potential candidate for water treatment in future practical
application.

3.5. Effect of co-existing ions

Taking the complexity of water source into account, more than
one anion might be present such as sulfate, chloride, bicarbonate
and arsenate. Considering the competition for the binding sites be-
tween fluoride ions and these anions, they might interfere with the
removal efficiency of fluoride. So, the effect of various co-existing
ions upon adsorption of fluoride was investigated, and the results
are shown in Fig. 6. The results indicated that sulfate had little ef-
fect upon fluoride removal when their concentrations were equal
or multiples of the concentration of fluoride. The presence of
HCO�3 significantly affected the fluoride removal. HCO�3 ion is
nt temperatures. (b) Pseudo-second order model for fluoride removal by the CeO2–



Table 2
Fluoride adsorption pseudo-second-order kinetic constants for CeO2–ZrO2 nanocages
at different temperatures with initial fluoride concentration of 40 mg/L.

Initial
temp. (�C)

qe,exp

(mg/g)
h0

(mg/(g min))
k2

(g/(mg min))
qe,cal

(mg/g)
R2

25 111.19 22.85 1.86 � 10�3 110.99 0.9998
40 113.51 27.81 2.17 � 10�3 113.25 0.9998
55 118.18 34.29 2.46 � 10�3 117.92 0.9999

Note: The initial sorption rate, h0 (mg/(g min)) can be defined as:
h0 ¼ k2q2

e ðt ! 0Þ.

Table 3
Langmuir and Freundlich adsorption isotherm parameters for fluoride on CeO2–ZrO2

nanocages.

Langmuir model Freundlich model
Equations Ce

qe
¼ Ce

qm
þ 1

qmkL
ln qe ¼ 1

n ln Ce þ ln k

Parameters KL (L/mg) qm (mg/g) R2 n k R2

Values 0.075 175 0.994 1.44 12.60 0.939

Note: Ce is the equilibrium concentration of fluoride (mg/L); qe is the amount of
fluoride adsorbed on per weight of adsorbent after equilibrium (mg/g); qm repre-
sents the maximum adsorption capacity of fluoride on per weight of adsorbent (mg/
g); kL is the Langmuir constant related to the energy of adsorption (L/mg); qm and kL

were calculated from the slope and intercept of the linear plots of Ce/qe vs Ce. The
Freundlich constant k is correlated to the relative adsorption capacity of the
adsorbent (mg/g), and 1/n is the adsorption intensity.

Table 4
Comparison of adsorption capacity with different adsorbents and the corresponding
parameters.
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hydrolyzed in solution, leading to the increase of pH value (Fig. S6).
As a result, more hydroxyl ions would compete with fluoride on
the active adsorption sites [14], which resulted in the decrease of
adsorption capacity of the CeO2–ZrO2 nanocages for fluoride. This
result was in agreement with the effect of pH discussed above. In
addition, chloride and arsenate only showed some adverse effects
on fluoride adsorption at high concentrations.
Adsorbent Adsorption
capacity (mg/g)

BET
(m2/g)

pH References

Hydrous zirconium
oxide

124 n.a. 4 [12]

Zirconium oxide 19 n.a. 4.75 [21]

ZrO2/SiO2/Fe3O4 14.7 4.6 4.0 [22]

Fe–Al–Ce trimetal oxide 178 90 7.0 [18]

CTAB assisted mixed
iron oxide

40.4 201.9 5.0 [23]

Hydrous ferric oxide 16.5 n.a. 5.0 [24]

Nano-sized goethite (a-
FeOOH)

59 n.a. 5.75 [25]

Zirconium-modified-
Na-attapulgite

24.55 n.a. 4.13 [26]

CeO2–ZrO2 nanocages 175 29.61 4 Present
work

n.a. = not available.
3.6. Removal of fluoride from real sample

To examine the fluoride removal performance by the CeO2–ZrO2

nanocages in the natural water environment, fluoride adsorption
studies of the adsorbent on an underground water sample from In-
ner Mongolia of China were conducted. Table 5 displays the char-
acteristics of the underground water sample, demonstrating the
complexity of substances in the water and high fluoride concentra-
tion exceeding the limit of safe drinking. Fig. 7 shows the effect of
adsorbent dose on the fluoride removal of the water sample after
60-min treatment. The residual fluoride concentration decreased
with the increase in adsorbent dose. At an adsorbent dose of
0.4 g/L, the fluoride concentration in the water sample was re-
duced from 2.82 mg/L to about 1.39 mg/L after the treatment,
which meets the guideline limit of fluoride in drinking water reg-
ulated by the WHO (1.5 mg/L). This application implies that the
adsorbent could be potentially used in practical drinking water
treatment.

Furthermore, in order to evaluate the practical defluoridation
capacity of the CeO2–ZrO2 nanocages in different natural water
environments, several underground water samples with different
fluoride concentrations were collected from different locations in
Inner Mongolia of China. The water characteristics of Sample 2
are shown in Table 5, others can be found in Table S2. The fluoride
concentrations of Samples 1–4 were 3.29, 2.82, 2.35, and 2.00 mg/
L, respectively. Additionally, it is necessary to investigate the re-
moval performance of the adsorbent in high fluoride contaminated
Fig. 5. (a) Adsorption isotherms of fluoride on CeO2–ZrO2 nanocages. Adsorbent dose: 0
fluoride adsorption on CeO2–ZrO2 nanocages. Inset is the linear form of Langmuir mode
waters. We added the standard stock solutions of fluoride into
Samples 1–4 to make new Samples 1*–4* with fluoride concentra-
tions of 13.09, 12.70, 12.30, and 11.92 mg/L, respectively. The
kinetics studies of fluoride adsorption by the adsorbent on these
water samples are shown in Fig. 8. The experimental results dem-
onstrated that the water samples with a higher fluoride concentra-
tion needed a high adsorbent dose to remove fluoride to the
guideline limit regulated by the WHO. The fluoride concentration
of 3.29 mg/L could be decreased to below 1.5 mg/L at pH 7 within
60 min using adsorbent dose of 1 g/L, while the fluoride concentra-
tion of 13.09 mg/L needed an adsorbent dose of 2 g/L. The reason
.2 g/L, temperature: 25 �C, pH 4.0 ± 0.2. (b) Langmuir isotherm models for fitting of
l equation.



Fig. 6. Effects of co-existing anions on fluoride removal by CeO2–ZrO2 nanocages at
pH 4. Adsorbent dose: 0.2 g/L, Initial fluoride concentration: 10 mg/L, temperature:
25 �C.

Table 5
Characteristics of the natural water sample from Xingw-
ang Village in Inner Mongolia of China.

Items Value

Fluoride (mg/L) 2.820
Chloride (mg/L) 119.6
As (mg/L) 0.103
Sulfate (mg/L) 4.740
Hg (mg/L) 0.006
Pb (mg/L) 0.003

Fig. 7. Effect of adsorbent dose on fluoride removal of the water sample from
Xingwang Village in Inner Mongolia. Temperature: 25 �C, pH 7.0 ± 0.2, treatment
time: 60 min.

J. Wang et al. / Chemical Engineering Journal 231 (2013) 198–205 203
might be the complex competing effect from other species in nat-
ural water and pH effect. However, it is important to mention that
the fluoride concentration of 13.09 mg/L could be easily reduced to
below 1.5 mg/L with only a low adsorbent dose of 0.4 g/L at pH 4
(Fig. S8).
3.7. Mechanism of fluoride adsorption

Revealing the adsorption mechanism plays an important role in
understanding the material characteristics and designing the
application purpose of the new adsorbent. It has been reported
the hydrolysis reaction occurring between the metal oxide and
water results in the formation of surface hydroxyl groups. The sur-
face hydroxyl groups on metal oxides are considered as the most
abundant and active adsorption sites for adsorption of anions from
Fig. 8. Kinetics adsorption experiment on (a) water Samples 1–4 with adsorbent dos
temperature: 25 �C.
water [11,27]. So, CeO2–ZrO2 nanocages before and after fluoride
adsorption were characterized by FTIR, and the results are shown
in Fig. 9.

From the IR spectrum of before adsorption, the peak at
1358 cm�1 was assigned to the bending vibration of Zr–OH groups
[12]. It could be seen that after adsorption, the peak at 1358 cm�1

disappeared. This confirms that fluoride has replaced a substantial
fraction of surface hydroxyl groups bound to zirconium. It is inter-
esting that the new peaks at 581 and 1433 cm�1 appeared in the
spectrum of the fluoride-sorbed adsorbent, which may be due to
the M–F bonds formed after fluoride adsorption (M = Ce or Zr)
[14,28]. When the adsorbent was calcined at 800 �C, the peak at
1358 cm�1 almost disappeared, which means only few of surface
hydroxyl groups existing after calcination. Furthermore, the
adsorption properties of the calcined adsorbent was also investi-
gated, and the results suggested that the adsorption properties de-
creased step by step with the increased calcination temperature
(see Fig. S7). So, the results further verified the important roles of
surface hydroxyl group in the adsorption of fluoride.

To further investigate the roles of the surface hydroxyl group,
CeO2–ZrO2 adsorbent before and after fluoride adsorption were
further characterized by XPS, and the results are shown in
Fig. 10. From Fig. 10a, the strong peaks at 685 eV was assigned to
the F1s photoelectron, indicating that F was effectively taken up
by the adsorbent.

The O 1s spectrum was divided into three peaks, that are metal
oxide (M–O), hydroxyl bonded to metal (M–OH) and adsorbed
e of 1.0 g/L and (b) water Samples 1*–4* with adsorbent dose of 2.0 g/L at pH 7,



Fig. 9. FTIR spectra of the CeO2–ZrO2 nanocages before adsorption (a) and after (b)
fluoride adsorption at 40 mg/L, as well as (c) the CeO2–ZrO2 adsorbent calcined at
800 �C.

Table 6
O(1s) peak parameters for before and after fluoride adsorption on CeO2–ZrO2

nanocages.

Sample Peaka B.E. (eV) Percent (%)b

CeO2–ZrO2 O2� 528.87 4.13
M–OH 531.07 64.09
H2O 531.89 31.78

CeO2–ZrO2–F O2� 529.08 14.87
M–OH 531.27 51.56
H2O 531.92 33.57

a Surface species: O2�: oxygen bonded to metal; OH�: hydroxyl bonded to metal;
H2O: sorbed water.

b The percentage represents the contribution of each peak to the total number of
counts under the O(1s) peak. M = Ce or Zr.
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water (H2O), respectively [29], as shown in Fig. 10c–d and Table 6.
Surface hydroxyl, which was proven to be the key factor for F
adsorption by CeO2–ZrO2, occupied 64.09% in CeO2–ZrO2 (Table 6).
After fluoride adsorption, the content of the surface hydroxyl
groups decreased from the 64.09% to 51.56%, which further con-
firmed the important roles of the surface hydroxyl groups in the
adsorption of fluoride, which was consistent with result of FTIR
analysis.
Fig. 10. XPS spectra of (a) CeO2–ZrO2 and (b) O 1s, before and after adsorption; O 1s spe
binding energy is oxide (O2�), the peak with intermediate binding energy is M–OH, and
4. Conclusions

This study demonstrates that the porous CeO2–ZrO2 nanocages
showed excellent fluoride removal performance. The adsorption
isotherm could be described very well by the Langmuir model,
and the maximum capacity was calculated to be 175 mg/g at pH
4.0, which was much higher than that of other adsorbents previ-
ously reported. Co-existence of chloride and arsenate only showed
some adverse effects on fluoride adsorption in high concentrations.
The presence of sulfate has no influence on the fluoride adsorption.
On the contrary, HCO�3 obviously reduced the removal efficiency
owing to its hydrolysis. The adsorption mechanism of the
ctra of (c) CeO2–ZrO2 and (d) CeO2–ZrO2 after F adsorption. The peak at the lowest
the highest energy peak is that of H2O.
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adsorbent for fluoride could involve anion exchange and electro-
static interaction based on zeta potential measurement, FTIR and
XPS. This research results indicated that the as-prepared CeO2–
ZrO2 adsorbent could be a potentially suitable material used in
the fluoride removal. In the future, industrial-grade raw materials
will replace analytical-grade chemicals to synthesize the adsor-
bent. Additionally, in order to better apply the CeO2–ZrO2 hollow
nanospheres for practical water application in the future, we are
planning to use a sol–gel method to embed the adsorbent in a
chitosan matrix to further reduce the cost of the adsorbents and
their application.
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