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A novel Mn–Ce oxide adsorbent with high sorption capacity for fluoride was prepared via co-precipitation
method in this study, and the granular adsorbent was successfully prepared by calcining the mixture of the
Mn–Ce powder and pseudo-boehmite. High-resolution transmission electron microscopy (TEM) image
showed that the Mn–Ce adsorbent consisted of about 4.5 nm crystals, and X-ray diffraction (XRD) analysis
indicated the formation of solid solution by Mn species entering CeO2 lattices. The surface hydroxyl group
density on the Mn–Ce adsorbent was determined to be as high as 15.3 mmol g−1, mainly responsible for its
efluoridation
luoride
n–Ce oxide adsorbent

dsorption capacity
dsorption mechanism

high sorption capacity for fluoride. Sorption isotherms showed that the sorption capacities of fluoride on
the powdered and granular adsorbent were 79.5 and 45.5 mg g−1 respectively at the equilibrium fluoride
concentration of 1 mg L−1, much higher than all reported adsorbents. Additionally, the adsorption was
fast within the initial 1 h. Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS)
analysis revealed that the hydroxyl groups on the adsorbent surface were involved in the sorption of
fluoride. Both anion exchange and electrostatic interaction were involved in the sorption of fluoride on

nt.
the Mn–Ce oxide adsorbe

. Introduction

Fluoride contamination in groundwater is a worldwide prob-
em, and its concentration in drinking water of many places exceeds
he permissible values [1]. The maximal fluoride concentration of
.5 mg L−1 has been recommended in drinking water by World
ealth Organization [2], while the standard of fluoride concentra-

ion in drinking water is 1.0 mg L−1 in China. Adsorption is one of
he most important methods for water defluoridation, especially for
ndividual homes in rural areas. Many adsorbents such as activated
lumina, bone char, layered double hydroxides, clay, and fly ash
ave been used for fluoride removal [3–6]. Among them, activated
lumina is the most commonly used adsorbent for water defluori-
ation, but its disadvantages including aluminum dissolution and
elatively low sorption capacity prevent it from wide application.
lthough bone char normally has higher sorption capacity for flu-

ride than activated alumina, its application is limited since it is
erived from animal bone and unacceptable for some residents
n religious grounds among various communities. Some natural
dsorbents such as minerals and clay are cost-effective, but their
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sorption capacities for fluoride are not high enough for actual appli-
cation [1,7], and thus much effort has been devoted to develop new
efficient adsorbents in recent years.

To increase the sorption capacity of fluoride, La, Ce, and Zr are
usually doped in some metal oxides or loaded in porous materials
to prepare the efficient adsorbents. The hybrid adsorbents includ-
ing Fe–Zr oxides, Fe–Al–Ce trimetal oxides, La-modified chitosan,
Zr-impregnated collagen fiber, Ce–Al oxides, as well as La and Zr-
loaded zeolite have been reported to have high sorption capacity for
fluoride [8–13]. The enhanced sorption capacities are attributed to
the high affinity of these special elements to fluoride, but the sub-
stantial mechanism is not fully elucidated. Evidently, doping La, Ce,
and Zr in other metal oxides is an efficient method to prepare some
novel adsorbents with high sorption capacity for fluoride.

Although many inorganic adsorbents have been prepared and
used to remove fluoride in the literature, they are normally in the
powder form. In actual water treatment, the granular adsorbents
are required to pack in a column to remove fluoride from water.
Calcination is often used to granulate some powders, but it cannot
be applied to many inorganic adsorbents used for fluoride removal
due to the significant lose of sorption capacity. Other granulation
methods such as the addition of polyvinyl acetate are also not very

satisfactory in terms of sorption capacity and mechanical strength
[14,15]. How to prepare the granular adsorbent with high sorption
capacity for fluoride is crucial for actual water defluoridation.

In this study, the novel Mn–Ce hybrid oxide adsorbent with
high sorption capacity for fluoride was prepared through the co-

dx.doi.org/10.1016/j.jhazmat.2010.12.024
http://www.sciencedirect.com/science/journal/03043894
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recipitation method, and especially the granular adsorbent with
ittle lose of sorption capacity was successfully prepared via calcin-
ng the mixture of pseudo-boehmite and adsorbent powder. The
ptimal adsorbent was characterized by TEM, XRD, and surface
ydroxyl group analysis. The batch experiments including sorp-
ion kinetics and isotherms were studied in detail, and the possible
orption mechanism was also elucidated by the FTIR and XPS anal-
sis.

. Materials and methods

.1. Materials

Ce(NO3)3·6H2O and MnSO4·H2O were purchased from
inopharm Chemical Reagent Co., Ltd. (China) and were of reagent
rade. Pseudo-boehmite was provided by Shandong Branch
ompany, Aluminum Corporation of China Limited. 1000 mg L−1

uoride stock solution was prepared by dissolving NaF in 1 L of
eionized water from a Milli-Q water system.

.2. Powdered adsorbent preparation

A certain amount of Ce(NO3)3·6H2O was added to 0.2 mol L−1

nSO4 solution to prepare solution at a predetermined Ce/Mn
atio. Solution pH was adjusted to 7.4–7.8 by dropwise adding
mol L−1 NaOH under vigorous stirring. The precipitate was
btained by filtration and rinsed with deionized water, followed by
drying process at 80–600 ◦C for 6 h. Finally, the dried adsorbent
as ground into fine powder below 200 mesh.

.3. Adsorbent granulation

The Mn–Ce adsorbent powder and pseudo-boehmite powder
ere mixed at a mass ratio of 3/1 and homogenized by stirring
ith a glass rod. Thereafter, 0.5 mol L−1 HNO3 was added to the
ixture, and the mass of HNO3 added equaled to 20% mass of

seudo-boehmite powder. Deionized water which weight equaled
o 40% weight of dry powder was then added, and the mixture was
omogenized by stirring. The product was squeezed to favorable
hapes and dried at 80 ◦C for 12 h. After that, the dried product was
alcined in a Muffle furnace at 400 ◦C for 40 min. The obtained gran-
lar adsorbent was sieved, and those granules in the size range of
.3–1.0 mm were used for adsorption experiments.

.4. XRD analysis

X-ray diffraction analysis was carried out in D/max-IIIV pow-
er diffractometer using Cu K� radiation at a scanning range of
� = 10–80◦ with a speed of 6◦ min−1 and a scan step of 0.02◦. The
dsorbent samples including the Mn–Ce hybrid oxide, manganese
xide, and cerium oxide dried at 80 ◦C were analyzed.

.5. FTIR spectroscopy

The Mn–Ce adsorbent calcined at 400 and 800 ◦C, as well as
he adsorbent after fluoride sorption at 10, 50 and 100 mg L−1,
ere blended with KBr, and then pressed into disks for FTIR anal-

sis. Scans were repeated 32 times in the wavenumber range of
00–4000 cm−1, and the spectra were recorded on a FTIR spec-
rophotometer (Nicolet 6700, USA) under ambient conditions.
.6. TEM analysis

The Mn–Ce adsorbent powder was observed using a high resolu-
ion TEM (JEOL 2011, Japan), operated at an accelerating voltage of
aterials 186 (2011) 1360–1366 1361

200 kV. The sample was placed into ethanol and dispersed by ultra-
sonic, and then some droplets taken from the supernatant were
placed on a copper net and dried under ambient conditions before
observation.

2.7. Determination of hydroxyl group density

The amount of surface hydroxyl groups on oxide samples was
measured by the titration method described in the literature [16].
Briefly, 0.3 g of oxide was added into 50 mL of 20–90 mM NaOH
solution. After the mixture was shaken at 25 ◦C for 4 h, the solu-
tion was passed through a 0.22 �m cellulose membrane, and HCl
was used to neutralize the residual NaOH in filtrate. The amount
of hydroxyl group on the oxide can be calculated according to the
amount of NaOH consumed.

2.8. XPS analysis

The Mn–Ce adsorbent before and after fluoride sorption was
analyzed using XPS (PHI Quantera 5300X, Japan) with an Al K� X-
ray source (1486.71 eV of photons) to determine the C, O, Ce, and
Mn contents on the adsorbent surface. The operation condition and
data analysis were described in our previous paper [17].

2.9. Sorption experiments

Batch sorption experiments were conducted to examine the
adsorption isotherm and kinetics of fluoride. The sorption experi-
ments were carried out in 250 mL polypropylene flasks containing
100 mL of fluoride solution and 0.01 g adsorbent, and the flasks
were shaken at 150 rpm in a shaker at 25 ◦C for 24 h. In the sorption
isotherm experiment, fluoride solution at different concentrations
was prepared, and solution pH was adjusted to 6, 7 or 8, and kept
relatively constant in the error range of ±0.2 throughout the sorp-
tion experiment by adding NaOH or HCl solution. The adsorption
kinetic experiment was carried out at the initial fluoride concentra-
tion of 10 mg L−1, and the solution pH value was 6. After the sorption
experiments, the adsorbent was separated from the solution by a
filter with a 0.22 �m cellulose membrane, and the residual fluo-
ride concentration in solution was measured by a fluoride meter
equipped with fluoride ion selective electrode (Thermo Orion, USA).

3. Results and discussion

3.1. Adsorbent preparation

In the adsorbent preparation, the Ce/Mn molar ratio and dry-
ing temperature had significant effect on the sorption capacity of
fluoride. As shown in Fig. 1a, the sorption capacities of fluoride on
the Mn–Ce oxide adsorbent dried at 80 ◦C first increased and then
decreased with the increase of Ce/Mn molar ratios from 2/1 to 1/50.
The highest sorption capacity of 85.1 mg g−1 was achieved at the
Ce/Mn molar ratio of 1/1, which was much higher than 36.9 mg g−1

on the cerium oxide and 2.8 mg g−1 on the manganese oxide. This
result verified the synergistic effect of Mn and Ce compounds in the
preparation. The specific surface areas of powdered cerium oxide,
manganese oxide, and Mn–Ce hybrid oxides were measured to be
136, 23, and 41 m2 g−1, respectively, indicating that the specific sur-
face area was not the main reason for the high sorption capacity of
fluoride on the powered Mn–Ce oxide adsorbent. In Fig. 1a, it can

be seen that the adsorbent prepared at the Ce/Mn molar ratio of
1/2 had the sorption capacity very close to the highest value, and
especially less cerium was used in the preparation. Therefore, the
Ce/Mn molar ratio of 1/2 was used in the following preparation and
sorption experiments.
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The (1 1 1) facet interplanar distance of the hybrid adsorbent was
ig. 1. Effect of (a) Ce/Mn molar ratio and (b) drying temperature on the sorption
apacity of fluoride on the powdered Mn–Ce oxide adsorbent with 0.01 g adsorbent
n 100 mL of 10 mg L−1 fluoride solution at pH 6 for 24 h.

Fig. 1b illustrates the effect of drying temperature on the
orption capacity of fluoride on the Mn–Ce adsorbent. The sorp-
ion capacity was almost constant when the drying temperature
ncreased from 80 ◦C to 600 ◦C, but it significantly decreased to

.1 mg g−1 when the adsorbent was calcined at 800 ◦C. The calci-
ation at high temperature might destroy the adsorbent structure
nd decrease the surface hydroxyl group, resulting in the low sorp-
ion capacity [12]. Since the Mn–Ce hybrid adsorbent had high

Fig. 2. TEM image of the powdered Mn–Ce oxide ad
aterials 186 (2011) 1360–1366

thermal stability up to 600 ◦C, it can be granulated by the calci-
nation.

In actual water treatment, granular adsorbents are usually
required to remove fluoride from water. Although many meth-
ods can be used to granulate powdered adsorbents, their sorption
capacities often decrease significantly after granulation. By now,
no satisfactory granulation method can be applied to prepare gran-
ular adsorbents for fluoride removal. In our study, we found that
the novel granular Mn–Ce adsorbent was successfully prepared by
mixing the adsorbent powder with pseudo-boehmite powder and
calcining at 400 ◦C, which was described in the section of adsorbent
granulation. This granulation procedure was similar to the prepa-
ration of porous activated alumina, and activated alumina acted as
a porous carrier for the Mn–Ce adsorbent. The pseudo-boehmite
and Mn–Ce powders were mixed with a little water in the granula-
tion, and thus the pseudo-boehmite (AlOOH) changed to activated
alumina (Al2O3) after the calcination at 400 ◦C. When the granular
adsorbent was used to adsorb fluoride under the same conditions,
the sorption capacity was up to 72 mg g−1, a little lower than that
of the powdered adsorbent. Since activated alumina had low sorp-
tion capacity for fluoride, the loaded Mn–Ce oxide in the porous
particles was responsible for the high sorption capacity. The gran-
ular Mn–Ce adsorbent had large specific surface area (25.3 m2 g−1)
and strong mechanical strength. When the granular adsorbent was
place into water, its strength did not decrease. Evidently, the gran-
ular adsorbent prepared by this novel method had a promising
application in water treatment for fluoride removal.

3.2. Adsorbent characterization

The TEM image of the Mn–Ce adsorbent prepared at the Ce/Mn
molar ratio of 1/2 is shown in Fig. 2. The adsorbent is well crystal-
lized with clear lattice stripes, and the nanocrystalline grain of the
hybrid adsorbent was highlighted in the elliptic region and its diam-
eter was about 4.5 nm. The aggregates of nanocrystalline grains
formed in the preparation, and their sizes ranged from around
20 nm to several microns. The inset on the up right image gave a
closer view of lattice stripes of a single crystal grain whose interpla-
nar distance was estimated to be 0.30 nm, very close to 0.32 nm for
(1 1 1) facet of pure CeO2 [18]. The presence of CeO2 in the hybrid
adsorbent was verified by XRD analysis in the following section.
smaller than that of pure CeO2. This may be attributed to the partial
replacement of larger Ce species with smaller Mn species in CeO2
lattices and the formation of solid solution, which will be further
discussed in the following XRD analysis.

sorbent prepared at Ce/Mn molar ratio of 1/2.
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ig. 3. XRD patterns of the (a) cerium oxide, (b) manganese oxide, and (c) powdered
n–Ce adsorbent prepared at Ce/Mn molar ratio of 1/2.

Fig. 3 illustrates the XRD patterns of the Mn–Ce adsorbent as
ell as manganese and cerium oxides. The diffraction peaks in

ig. 3a were found at 28.55◦, 33.08◦, 47.49◦ and 56.35◦, which
ere the characteristic peaks of CeO2 [12]. The manganese oxide

xhibited the major peaks at 32.52◦ and 36.15◦, indicating that
n3O4 was the dominant species [19]. The XRD pattern of Mn–Ce

dsorbent is shown in Fig. 3c, and the dominant characteristic
iffraction peaks indicated the presence of crystalline CeO2 [12].
anganese oxide phase was hardly detected in the XRD pattern

ecause of either little presence of manganese oxide in the adsor-
ent or the formation of Mn–Ce solid solution in which case the
n species entered the lattices of CeO2. Interestingly, the major

iffraction peaks of Mn–Ce adsorbent were at 28.87◦, 33.33◦, 47.81◦

nd 56.84◦, all showing a progressive shift of diffraction peaks to
igher Bragg angles compared to the pure CeO2. This shift can be
xplained by the contraction of unit cell after Mn species entering
he lattices of CeO2 and forming the Mn–Ce solid solution, since the
adius of Mn ion was smaller than that of Ce ion (Mn2+ = 0.083 nm,
n3+ = 0.0645 nm, Ce4+ = 0.097 nm) [20]. The contraction of unit

ell also led to the decrease of (1 1 1) facet interplanar distance of
n–Ce hybrid adsorbent, which was observed by TEM. Therefore,

his result further verified the formation of Mn–Ce solid solution,
nd the hybrid adsorbent was more than simple mixture of two
inds of oxides. Furthermore, the diffraction peak broadening was
bserved in the Mn–Ce hybrid adsorbent, indicating more defective
eO2 lattices and lower crystallinity.

Surface hydroxyl group density is one critical factor in explain-
ng high sorption capacity of fluoride on the adsorbents since
ydroxyl group is usually responsible for fluoride sorption through
nion exchange [17]. The density of surface hydroxyl group on the
anganese oxide, cerium oxide, powdered and granular Mn–Ce

dsorbent was determined to be 5.9, 2.2, 15.3 and 11.7 mmol g−1,
espectively. Evidently, the powdered and granular Mn–Ce hybrid
dsorbent exhibited much higher surface hydroxyl group than
anganese oxide and cerium oxide, which was consistent with

heir sorption capacities for fluoride. Additionally, the density of
urface hydroxyl group on the Mn–Ce adsorbent prepared at the
e/Mn molar ratio of 1/1 and 1/8 was 15.1 and 12.2 mmol g−1,
espectively, further indicating that the high sorption capacities of
uoride (see Fig. 1a) were related to the high density of hydroxyl
roup on the hybrid adsorbent.
Another important factor responsible for the high sorption
apacity of Mn–Ce adsorbent involves the creation of activated
ydroxyl groups due to the defects of lattices in the hybrid adsor-
ent. According to the XPS and XRD results, Mn(II), Mn(III) and
e(III) species existed in the hybrid adsorbent besides the domi-
t (h)

Fig. 4. Sorption kinetics of fluoride on the powdered and granular Mn–Ce oxide
adsorbent and modeling result using the pseudo-second-order model.

nant Ce(IV) species, and they entered the lattices of CeO2 to form
solid solution. The lower valent ionic substitution created oxide ion
vacancy to balance the charges, thus forming the distorted oxygen
sublattices. The distorted oxygen sublattices consisted of shorter
and longer Ce(Mn)–O bonds [21]. Therefore, the longer Ce(Mn)–O
bonds created by lower valent ionic substitution led to activated
lattice oxygen which later would become activated hydroxyl group
when the hybrid adsorbent was exposed to aqueous solution. These
activated hydroxyl groups were supposed to be easy to exchange
with fluoride, increasing the sorption capacity of fluoride on the
Mn–Ce adsorbent.

3.3. Sorption kinetics and isotherm

Fig. 4 depicts the sorption kinetics of fluoride on powdered and
granular Mn–Ce oxide adsorbent in 10 mg L−1 fluoride solution. It
can be found that most of the sorption took place in the first 1 h, and
then the sorption capacity increased gradually till the equilibrium
was reached. It is interesting that the granular adsorbent required
3 h to reach the equilibrium, while the sorption equilibrium was
achieved after 8 h for the powdered adsorbent. To further under-
stand the sorption kinetics, the pseudo-second-order model was
selected to fit the sorption kinetic data [22]. As shown in Fig. 4, the
adsorption of fluoride on the Mn–Ce oxide adsorbent was fitted well
by this model, and the equilibrium adsorption capacities (qe) were
83.7 and 73.5 mg g−1 on the powdered and granular adsorbent,
respectively. The initial sorption rate (�0) was 550.6 mg g−1 h−1

for the powdered adsorbent, and 489.4 mg g−1 h−1 for the granu-
lar adsorbent. Evidently, the granular Mn–Ce adsorbent still had
fast sorption for fluoride, and the granulation had little effect on
the sorption kinetics, indicating that fluoride can easily access and
diffuse in the granular Mn–Ce adsorbent.

The sorption isotherms of fluoride on the powdered and granu-
lar Mn–Ce adsorbents are shown in Fig. 5. The powdered adsorbent
had higher sorption capacity than the granular one. Their sorp-
tion capacities increased with increasing fluoride concentrations,
and maximum value was achieved at the equilibrium fluoride
concentration above 6 mg L−1 for the powdered adsorbent, and
9 mg L−1 for the granular one. To obtain the maximum sorption
capacity, the Langmuir equation was used to model the sorption
data, and it can be found that this model described the isotherms

well according to the correlation coefficient (see Fig. 5). The maxi-
mum sorption capacities of fluoride on the powdered and granular
Mn–Ce adsorbent were 137.5 and 103.1 mg g−1, respectively. Since
the final fluoride concentration must be below the standard value
in actual water treatment, the sorption capacity at low fluoride
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ig. 5. Sorption isotherms of fluoride on the powdered and granular Mn–Ce oxide
dsorbent at pH 6 and modeling using the Langmuir equation (qe = qmCe/(1/b + Ce)).

oncentration is extremely important. As shown in Fig. 5, the
orption capacity of fluoride on the powdered adsorbent was
9.5 mg g−1, while the granular adsorbent had the sorption capacity
f 45.5 mg g−1 at the equilibrium fluoride concentration of 1 mg L−1.
able 1 lists some adsorbents with high sorption capacities for
uoride reported in the literature. It can be seen that the syn-
hetic hybrid oxides, especially the Ce and Zr modified adsorbents
ignificantly enhanced the sorption capacity. When the equilib-
ium fluoride concentration was 1 mg L−1, the sorption capacities
n the Fe–Al (hydr)oxide (20.1 mg g−1), Ce–Al oxide (27.5 mg g−1),
e–Al–Ce trimetal oxide (12.2 mg g−1), and Zr-loaded collagen fiber
14.5 mg g−1) were higher than the conventional activated alumina
nd bone char [13]. It is obvious that the Mn–Ce oxide adsorbent
ad the highest sorption capacity for fluoride among the reported
dsorbents.

Solution pH had a significant effect on the sorption isotherm of
uoride on the Mn–Ce adsorbent. As illustrated in Fig. S1 (Supple-
entary Information), the sorption capacities of fluoride at pH 7

nd pH 8 on the adsorbent decreased to some extent compared to
hat obtained at pH 6. The sorption capacities at the equilibrium flu-
ride concentration of 1 mg L−1 were also decreased to 48.4 mg g−1

t pH 7 and 14.8 mg g−1 at pH 8. In the sorption of fluoride at pH
, it was found that solution pH increased with increasing sorption
ime, especially at the early sorption stage, and acid must be added
o control the pH value, implying that some hydroxyl groups were
xchanged with fluoride and released into solution.
The decrease of sorption capacity with increasing pH indicated
hat the spent adsorbent might be regenerated in alkaline solution.

hen the spent Mn–Ce adsorbent obtained in Fig. 4 was placed
nto 50 mL of 0.5 M NaOH solution for 4 h, the regeneration rate was

able 1
omparison of sorption capacity of fluoride on some efficient adsorbents.

Adsorbents Particle size (mm) Equilibrium
con. (mg L−1)

Mesoporous alumina Powder 50
Mg–Al–CO3 hydroxides Powder 1
MnO2-coated alumina 0.45–0.90 1
Fe–Al mixed oxides 0.14–0.29 1.5
Fe–Al–Cr oxides 0.14–0.29 1
Fe3O4@Al(OH)3 Powder 1
Fe2O3·Al2O3·xH2O 0.5–1.0 1
Fe–Al–Ce oxides Powder 1
Al–Ce oxides Powder 1
Zr-loaded collagen fiber 0.1–0.25 1

a Calculated from the sorption isotherms or Langmuir equation.
Fig. 6. FTIR spectra of the powdered Mn–Ce oxide adsorbent prepared at Ce/Mn
molar ratio of 1/2 (a) before adsorption and after fluoride sorption at (b) 10 mg L−1,
(c) 50 mg L−1, and (d) 100 mg L−1, as well as (e) the Mn–Ce adsorbent calcined at
800 ◦C.

found to be 92%, indicating that this adsorbent can be regenerated
and reused for fluoride removal. In addition, the Mn–Ce adsorbent
still had high sorption capacity for fluoride in the presence of SO4

2−,
SiO3

2−, HCO3
−, NO3

−, and Cl− (Supplementary Information Fig.
S2). Hydrogen phosphate caused the greatest decrease in fluoride
sorption, while bicarbonate had the moderate effect.

3.4. Sorption mechanism

The FTIR spectra of the Mn–Ce adsorbent after the adsorption
of fluoride at different concentrations are depicted in Fig. 6. For
the pristine adsorbent, the broad band at 3391 cm−1 and the peak
at 1634 cm−1 could be assigned to the stretching and bending
vibration of adsorbed water, and the peak at 1127 cm−1 could be
attributed to the bending vibration of hydroxyl group on metal
oxides [17,30]. After the sorption of fluoride at 10 mg L−1, the
bands at 3391 and 1634 cm−1 were shifted to 3400 and 1626 cm−1,

−1
and diverged to two separate peaks at 1119 and 1060 cm−1, which
were still assigned for bending vibration of hydroxyl group of
metal oxides [30]. It was clearly observed that the intensity of
peaks at 1119 and 1060 cm−1 continued to decrease with increas-

Solution pH Sorption capacity
(mg g−1)a

Ref.

6.0 7.5 [23]
– 9.74 [24]
5.2 5.96 [25]
6.9 12 [26]
5.6 9.29 [27]
6.5 20.1 [28]
4 ∼30 [29]
7.0 12.2 [12]
6 27.5 [13]
5–8 14.5 [10]
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ng fluoride concentration, and they almost disappeared when
he fluoride concentration was 100 mg L−1. Therefore, the surface
ydroxyl groups on the hybrid adsorbent were involved in the
dsorption of fluoride. It should be pointed out that the broad
and at about 3391 cm−1 was attributed to the stretching vibration
f both the hydroxyl group on metal oxides and adsorbed water,
nd thus the peak did not disappear after fluoride sorption, but its
hape changed. When the adsorbent was calcined at 800 ◦C, the
pectrum exhibited no band at around 3400 cm−1 and very low
ntensity of the peaks at 1650 and 1127 cm−1. This finding indi-
ated that the surface hydroxyl groups on the adsorbent almost
isappeared at high calcination temperature, leading to the low
orption capacity for fluoride in Fig. 1b. This result further veri-
ed the involvement of surface hydroxyl group in the sorption of
uoride.

To further explore the sorption mechanism of fluoride on the
n–Ce adsorbent, the adsorbent before and after fluoride adsorp-

ion was used for XPS analysis. Fig. 7 shows their O 1s, Ce 3d, Mn
p XPS spectra. For the pristine adsorbent, the O 1s spectrum was
ivided into three peaks at 529.8, 531.5, and 532.4 eV, which can be
ssigned to metal oxide (M–O), hydroxyl bonded to metal (M–OH)
nd adsorbed water in the adsorbent (H2O), respectively [17,31,32].
fter fluoride adsorption, the area ratio for the peak at 531.5 eV
ttributed to M–OH decreased from 33.3% to 25.0%, and the area

atio of H2O also decreased from 47.2% to 34.3%, while the area ratio
f M–O increased from 19.5% to 40.7%. The decrease of area ratio at
31.5 eV suggested that hydroxyl groups on the adsorbent surface
urely participated in fluoride sorption, which was consistent with
esult of FTIR analysis.
ergy (eV) 

sorbent prepared at Ce/Mn molar ratio of 1/2 before and after fluoride sorption.

Fig. 7b illustrates the Ce 3d spectra of the adsorbent before and
after fluoride adsorption. Each Ce 3d spectrum was composed of
two groups of spin-orbit doublets. The specific peak at 917 eV, aris-
ing from a transition from the 4f initial state to the 4f final state, was
frequently considered as a confirmation of the presence of Ce(IV)
[29]. Both Ce(III) and Ce(IV) were found to exist in the adsorbent.
In the spectrum of pristine adsorbent, the peaks at 882.9, 888.9,
898.6, 901.1, and 907.4 eV were considered to belong to Ce(IV).
Among them, the peaks at 882.9 and 898.6 eV were attributed
to Ce(IV) 3d5/2 and Ce(IV) 3d3/2, respectively [30]. The peaks at
885.6 and 904.8 eV were attributed to Ce(III) 3d5/2 and Ce(III) 3d3/2,
respectively [32,33]. In addition, the molar ratio of Ce(III)/Ce(IV) on
the adsorbent was determined to be 1/1.7. After fluoride adsorp-
tion, the binding energies at 885.6 and 904.8 eV were decreased to
884.9 and 904.1 eV, respectively. Meanwhile, the peak at 882.9 eV
was increased to 883.4 eV. Therefore, the peak shift revealed the
possibility that the hydroxyl groups bonded to Ce(III) and Ce(IV)
participated in the sorption of fluoride.

The Mn 2p spectra of the adsorbent before and after fluoride
sorption are shown in Fig. 7c. Since the binding energies of Mn(II)
and Mn(III) were too close to enable a distinct identification, the
peak at 641.5 eV was considered to be Mn(II) or Mn(III), and the
binding energy at 642.9 eV was attributed to Mn(IV) in the spec-
trum of Mn–Ce adsorbent [34]. This result indicated that Mn(II)

(or Mn(III)) and Mn(IV) were present in the adsorbent, and their
ratio was 1/5.8. A decrease of 0.4 eV both for the binding energies of
Mn(II) or Mn(III) and Mn(IV) was observed after fluoride adsorption
during which their binding energies moved to 641.1 and 642.5 eV,
respectively, indicating the hydroxyl groups bonded to Mn species
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ere also involved in the adsorption of fluoride. Fluoride was possi-
ly adsorbed on the Mn–Ce hybrid adsorbent via the ion-exchange
echanism, which was also verified by other studies [12,13].
Actually, the sorption mechanism of fluoride on the adsorbent is

omplicated. Since the zero point of surface charge on the adsorbent
s at pH 6.5 (Supplementary Information Fig. S3), some hydroxyl
roups are protonated at pH 6, and they may adsorb anionic fluoride
hrough electrostatic attraction. At the same time, some unproto-
ated hydroxyl groups can still exchange with fluoride, resulting in
he release of OH− and increase of solution pH. At higher pH beyond
he isoelectric point where surface is negatively charged, only anion
xchange between fluoride and hydroxyl groups is involved in the
orption, and thus the sorption capacity decreases. The activated
ydroxyl groups formed due to the defects of lattices in the hybrid
dsorbent may be easy to contact and exchange with fluoride, lead-
ng to the high sorption capacity.

. Conclusions

A novel Mn–Ce oxide adsorbent with high sorption capacity for
uoride was successfully prepared via co-precipitation method.
orption isotherms showed that the maximum sorption capaci-
ies of fluoride on the powdered and granular Mn–Ce adsorbent
ere 137.5 and 103.1 mg g−1, respectively, according to the Lang-
uir fitting. At the equilibrium fluoride concentration of 1 mg L−1,

he sorption capacity was 79.5 mg g−1 for the powdered adsorbent,
nd 45.5 mg g−1 for the granular one, much higher that all adsor-
ents reported in the literature. The sorption of fluoride on the
ranular adsorbent was very fast within the first 1 h, and the sorp-
ion equilibrium was achieved after 3 h. The high sorption capacity
f fluoride was related to the high density of hydroxyl groups
15.3 mmol g−1) on the Mn–Ce hybrid adsorbent, which was caused
y Mn species entering CeO2 lattices and the creation of activated
ydroxyl groups. FTIR and XPS analysis further verified that the
ydroxyl groups on the adsorbent were responsible for the sorption
f fluoride through the anion exchange and electrostatic interaction
n the sorption process. The Mn–Ce hybrid adsorbent has a promis-
ng application in the removal of fluoride from aqueous solution in

ater treatment.
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