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A new uniform-sized CeCO30H nanosphere adsorbent was developed, and tested to establish its effi-
ciency, using kinetic and thermodynamic studies, for fluoride removal. The results demonstrated that
the CeCO50OH nanospheres exhibited much high adsorption capacities for fluoride anions due to electro-
static interactions and exchange of the carbonate and hydroxyl groups on the adsorbent surface with flu-
oride anions. Adsorption kinetics was fitted well by the pseudo-second-order model as compared to a
pseudo-first-order rate expression, and adsorption isotherm data were well described by Langmuir model
with max adsorption capacity of 45 mg/g at pH 7.0. Thermodynamic examination demonstrated that flu-
oride adsorption on the CeCO30H nanospheres was reasonably endothermic and spontaneous. Moreover,
the CeCOsOH nanospheres have less influence on adsorption of F~ by pH and co-exiting ions, such as
S0%-, CI-, HCO3, CO3~, NO3 and PO3~, and the adsorption efficiency is very high at the low initial fluoride
concentrations in the basis of the equilibrium adsorption capacities. This study indicated that the
CeCO50H nanospheres could be developed into a very viable technology for highly effective removal of
fluoride from drinking water.
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1. Introduction

Fluoride can be present in drinking water, and it is considered
beneficial at levels about 0.7 mg/L but hazardous if it exceeds
1.5 mg/L recommended by World Health Organization (WHO)
[1]. Over the past decades, great efforts have been dedicated to
searching for efficient alternative materials to improve their
fluoride-adsorption capacity in water treatment [2]. Various mate-
rials, including layered double hydroxides [3,4], hydroxyapatite
[5-7], activated alumina [8-10], zeolites [11,12] and ion-
exchange resins [13,14], have been developed for the removal of
fluoride. Among these materials, activated alumina is the most
common adsorbent for defluoridation, but its disadvantages such
as aluminum dissolution and relatively low adsorption capacity
prevent it from wide application [15].

To increase the adsorption capacity of fluoride, rare earth, such
as La, Ce or Zr, is usually used to prepare the efficient adsorbents,
which is widely used in photocatalysis [16], catalysis [17], fuel cells
[18], and especially the area of environmental management due to
its special rare earth element properties [19]. For example, a novel
Al-Ce hybrid adsorbent was prepared through the co-precipitation
method. The defluoridation test demonstrated that high sorption
capacity for fluoride was 27.5 mg/g at the equilibrium fluoride con-
centration of 1 mg/L for pH = 6 [20]. In addition, a granular Mn-Ce
oxide adsorbent was prepared via co-precipitation method. Sorp-
tion isotherm showed that the sorption capacity of fluoride on
the granular adsorbent were 45.5 mg/g at the equilibrium fluoride
concentration of 1 mg/L for pH = 6 [21]. Besides, extensive research
has been carried out in the design and preparation of nanostruc-
tures with different shapes and sizes because of their correspond-
ing novel properties and potential applications for a few decades.
Ce0,-ZrO, nanocages were prepared by Kirkendall effect, and their
fluoride removal performance showed that the Langmuir maxi-
mum capacity reached to 175 mg/g and the optimum pH range
was 3.5-4.5 [22]. Consequently, cerium compounds showed high
removal capacities for fluoride due to its special properties, though
these had narrow pH range. In general, anions are adsorbed on
metal oxide based nanomaterials through electrostatic attraction
and/or ion exchange. Surface hydroxyl groups are mainly reported
to be involved in the ion exchange step. However, the synthesis of
aluminium carbonate hydroxide nanospheres has been attempted,
which had abundant carbonate groups on the surface area, and
showed superb adsorption properties for AsO3~ and Cr,03~ at pH
7, respectively [23]. This study confirmed a new adsorption
mechanism involving ion exchange between carbonate groups
and AsO3~ or Cr,0%~ species.

Apart from the above mentioned considerations, a one-step
preparation without any following modification is regarded as an
effective, energy-saving and labour-saving approach, in consider-
ing the direct formation of uniform-sized nanospheres during the
synthesis process. However, one-step synthetic procedures for
the synthesis of monodisperse CeCO3;0H nanospheres are still a
challenge because of the difficulty in manipulating the homoge-
neous nucleation and crystal growth. In this paper, we for the first
time synthesized uniform-sized CeCOsOH nanospheres with a
given amount of polyvinylpyrrolidone (PVP) by one-step
hydrothermal procedure, which were characterized by SEM, XRD
and XPS. Their defluoridation capacity and adsorption kinetics for
fluoride were examined. The effects of pH, initial fluoride concen-
tration and co-existing anions were investigated. The results show
that the adsorbent possesses wide available pH range, high selec-
tivity and excellent adsorption capacity for fluoride removal at
the low initial fluoride concentrations. The fluoride removal mech-
anism indicated that the fluoride adsorption mainly resulted from
the exchange of the carbonate and hydroxyl groups on the surface

of the CeCO30H nanospheres with fluoride anions and electrostatic
interaction.

2. Experimental section
2.1. Synthetic details of the CeCOsOH nanospheres

All of the chemicals used for the synthesis of the CeCOs;0H
nanospheres were of analytical grade, which were received from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Double
distilled water was used throughout the experiment. The synthesis
of the CeCO30H nanospheres was based on a modified method of
that investigated by Du et al. [24]. In a typical synthesis protocol,
2.5 mmol of Ce(NOs);-6H,0, 37.5 mmol of urea and 12.6 pmol of
PVP were dissolved in 90 mL deionized water with vigorous mag-
netic stirring at room temperature. The mixture was stirred contin-
uously by using a magnetic stirrer for 6 h to form the transparent
solution. And then the homogeneous solution was transferred into
a 125 ml Teflon-lined stainless steel autoclave and maintained at
120 °C for 24 h. After the autoclave was cooled to room tempera-
ture naturally, the precipitates were collected by centrifugation
and washed thoroughly with deionized water and ethanol for sev-
eral times, and dried in an oven at 80 °C for 5 h. Thereafter the final
products were characterized.

2.2. Materials characterizations

X-ray diffraction (XRD) patterns were obtained on an X'Pert-
ProMPD diffractometer with Cu Ka radiation (1 =0.15418 nm) at
40kV and 200 mA. The scanning electron microscopy (SEM)
images were taken by a field-emission scanning electron micro-
scopy (FE-SEM, FEI Sirion 200 FEG, operated at 10 kV). For SEM
characterization, 0.2 g CeCO30H nanospheres were dispersed in
10 mL absolute ethyl alcohol, and then dripped onto the silica pel-
let and dried in the air for use. Thermo-gravimetric analysis (TGA)
was tested on a SDT-Q600 DTG-TGA instrument by heating rate
10 °C/min in nitrogen flow. The nitrogen adsorption and desorp-
tion isotherms with a degassing temperature of 70 °C were carried
out with a Micromeritics ASAP 2020 M + C analyzer. The Brunauer-
Emmett-Teller (BET) specific surface and pore size distribution of
adsorbent were tested by the nitrogen adsorption and desorption
isotherms at 78 K. The adsorbent before and after fluoride adsorp-
tion was analyzed using X-ray photoelectron spectroscopy (XPS,
VG ESCALAB MKII spectrometer, Mg K, X-ray source, 1253.6 eV,
120W) and Fourier transform infrared (transmission FT-IR,
NEXUS-870 FT-IR spectrometer, KBr pellet) spectra in the range
of 4000-400 cm™'. The co-existing anions (bicarbonate, chloride,
phosphate, nitrate and sulfate) concentration was measured by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). Surface charge measurements were performed on a Zeta
Potential Analyzer (DelsaNano C/Z, Beckman, Coulter, USA, electro-
mobility: —1.2 x 1073 cm?/V s ~ +1.2 x 107> cm?/V s). Before mea-
surement, 1 mg sample was diluted in 30 mL deionized water with
different pH values and ultrasonicated for 3 min.

2.3. Fluoride adsorption

Fluoride anions (F~) stock solution with a concentration of
1000 mg/L was prepared by dissolving 2.21 g sodium fluoride into
1000 mL deionized water. Fluoride-bearing solutions were
obtained by diluting the stock solution to given concentrations
with ultrapure water. The pH values were tested by pH electrode
pH S-3C (Leici, China). The measurements of fluoride concentration
were carried out using expandable ion analyzer with the fluoride
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ion selective electrode PF-202-CF (Leici, China). Fluoride-bearing
solutions were obtained by diluting the stock solution to given
concentrations with ultrapure water and the calibration curve
was calculated by the potential of the standard sodium fluoride
solutions (0.1-60 mg/L) at pH =5.0 (Fig. S1, see Supplementary
material). The pH value was adjusted by using 0.1 mol/L HCI or
NaOH.

The CeCO30H nanospheres of 0.05g was added into 50 mL
fluoride-bearing solutions with the different initial fluoride
concentrations (10, 20 and 30 mg/L, respectively). Kinetics experi-
ments were conducted at 25 °C and pH =7.0 in a shaker for 24 h.
The mixtures were shaken at 150 rpm and approximately 5 mL
aliquots were taken from the suspension at predetermined times.
The residual adsorbent was quickly separated by centrifugation
at 6000 rpm for 10 min and filtered with a 0.22 um cellulose
membrane and the corresponding residual fluoride concentration
was measured by the fluoride ion selective electrode, in order to
calculate their time-dependant adsorption capacities.

The adsorption isotherms were conducted with an adsorbent
dose of 1g/L at pH=7.0 and 25 °C. Typically, 0.05 g adsorbent
was added to 50 mL fluoride solutions of varying initial concentra-
tions (10-100 mg/L). The solutions were oscillated at 150 rpm for
24 h with the constant stirring to achieve equilibrium. And then
the residual adsorbent was separated by centrifugation and filtered
with a 0.22 pm cellulose membrane. The residual fluoride concen-
tration in solution was tested by the fluoride ion selective
electrode. The defluoridation capacity at equilibrium of the adsor-
bents was calculated according to the following equation:

g =0tV 1)

m

where Cy and C, represent the initial and equilibrium fluoride con-
centrations (mg/L) respectively, V is the volume of the fluoride solu-
tion (L), and m is the amount of the CeCOs0H nanospheres (g). The
effect of pH and co-existing anions on the fluoride adsorption was
studied at 25 °C for 24 h. The effect of pH on the fluoride adsorption
was conducted using different initial fluoride concentrations (10,
20, and 30 mg/L, respectively), with 1 g/L of adsorbent and a total
fluoride solution volume of 50 mL. The pH values were adjusted
by using 0.1 mol/L HCI or NaOH solution. The effects of (bicarbon-
ate, carbonate, nitrate, chloride, phosphate and sulfate) on fluoride
adsorption were performed with an adsorbent dose of 1 g/L and an
initial fluoride concentration of 10 mg/L at pH = 7.0. The co-existing
anions were set at several concentration levels of 0, 0.25, 0.5, 1 and
2mM, respectively. The mixed suspensions were shaken at
150 rpm. The method of testing the adsorption capability of the
adsorbent was the same as the experiments above.

3. Results and discussion
3.1. Synthesis of the CeCO30H nanospheres

When a given amount of PVP was introduced to the system, the
size of the product could be nontrivially changed. From Fig. 1 the
morphology of the as-prepared CeCOsOH nanospheres was
observed by SEM, which is composed of many uniform nano-
spheres with an average diameter of 250 nm. High-magnification
SEM image (inset in Fig. 1a) indicates that the surface of entire
sphere is very smooth and size distribution (Fig. 1b) fits well with
Gaussian distribution.

As we known, crystal growth at the nanoscale is an intricate
process, governed by various factors, such as growth temperature,
reactant pressure, monomer concentration, as well as surfactant
[25]. To investigate the effect of the surfactant of PVP in the
reactant solution on the morphology, samples were further

synthesized by the same method but with different feeding
amount of PVP in the reactant solution. Generally, the synthesis
of the CeCO30H nanospheres at the nanoscale is largely governed
by the surfactant of PVP. When different feeding amount of PVP
(0 mM, 0.06 mM, 0.14 mM, 0.22 mM, 0.28 mM, respectively) was
introduced to the system, the morphology of the prepared prod-
ucts further investigated by SEM shown in Fig. S2, indicating that
a given amount of PVP (0.14 mM) has played a pivotal role during
the growth process of the CeCO30H nanospheres. The synthesis
method is simple and environmentally benign and the yield is
nearly 100% based on the amounts of Ce(NOs)s-6H,0, and the
method is quite easily scaled up to produce more than 20 g of
the product in one batch using a big Teflon-lined stainless steel
autoclave (Fig. S2f).

The crystal structure of the CeCOsOH nanospheres was exam-
ined by powder X-ray diffraction (XRD) shown in Fig. S3. As we
can see, the product obtained from the hydrothermal method is
single-phase. The diffraction peaks can be indexed to face-
centered cubic phase Cerium Carbonate Hydroxide, CeCO30H
(JCPDS 041-0013) (Fig. S3).

To further study and quantify the pore structure of the CeCO5-
OH nanospheres, the nitrogen adsorption-desorption isotherms
for adsorbent samples are shown in Fig. 2. The BET surface area
and the pore volume of the as-preparedCeCO3;0OH nanospheres
were 10.60 m?/g and 0.041 cm?®/g, respectively.

The thermal stability of the CeCOs0H nanospheres was charac-
terized by TG analysis, which was shown in Fig. 3. The TGA curve
for the pyrolysis of as-prepared cerium carbonate hydrate was
recorded in nitrogen atmosphere with a heating rate of 10 °C/
min. The first weight loss at temperatures below 100 °C indicates
the evaporation of H,0. The drastic weight loss at temperatures
from 220 to 450 °C is estimated to be 23.88 wt%, which is close
to the theoretical weight loss (ca. 20.70 wt%) calculated on the fol-
lowing reaction.

4CeCO30H + 0, — 4Ce0, + 4C0, + 2H,0

Above 450 °C, CeCO30H has been converted to CeO,. Based on
the above results, we concluded that the obtained samples are
the CeCO30H nanospheres, which was consist with result of XRD
analysis. The results are confirmed by Du et al. [26], who concluded
that a large weight loss is observed to start at 270 °C and finish at
500 °C and the total weight loss between 270 and 500 °C is mea-
sured to be about 23.80%, which is closed to the theoretical value
calculated from the above reaction. Moreover, weight loss attribu-
ted to the burning of PVP was not detected, which means that PVP
was almost completely removed by washing several times.

3.2. Fluoride adsorption property

The CeCO30H nanospheres are tested for the adsorption of flu-
oride anions for water purification. In this study, the fluoride
adsorption kinetic was conducted to investigate the adsorption
rate, which governed the residence time of the adsorption reaction.
Fig. 4 depicts the adsorption kinetics of fluoride on the CeCOs0OH
nanospheres at various initial concentrations with an adsorbent
loading of 1 g/L at pH 7.0. It can be found that the adsorption hap-
pened rapidly in the first 3 h, more than 85% of fluoride could be
removed, and then the adsorption capacity increased gradually
until the adsorption equilibrium was achieved within 4 h. There-
fore, an optimum shaking time of 4 h was chosen in the subsequent
adsorption processes.

To further quantify the efficiency of fluoride adsorption with
time, the kinetics processes were simulated by the pseudo-first-
order and pseudo-second-order kinetic models. The pseudo-first-
order model is expressed by the following equation, which is
developed for irreversible adsorption of solid-water systems [27]:
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Fig. 3. The TGA curves of the as-prepared CeCO30H nanospheres.

G = q.(1-e) (2)
where ¢, and g, are the amount of fluoride adsorbed (mg/g) at any
time and at equilibrium, respectively. k; (min~') is the rate constant
of the pseudo-first-order reaction. The pseudo-second-order model
is described by following equation, which is based on the assump-
tion that chemical adsorption is only one factor or one of the factors
controlling the adsorption kinetics:

t 1 t

= +—
4 kq q.

€)

where ¢, and ¢. denote the amounts of fluoride adsorbed (mg/g) at
any time and at equilibrium, respectively. k, is the rate constant for
pseudo-second order reaction (g/(mg min)).

According to numerical simulation, the pseudo-second-order
model fits better than pseudo-first-order model based on the val-
ues of determination coefficients (R?) (Fig. S4). This suggested that
the overall rate of the adsorption process was controlled by
chemisorption which involved valency forces through sharing or
exchange of electrons between the adsorbent and adsorbate [28].
Based on pseudo-second-order model, the equilibrium adsorption
capacities (qe.ca) Were calculated as 9.78, 16.81, and 25.30 mg/g
when the initial fluoride concentrations were 10, 20, and
30 mg/L, respectively, which were in agreement with the corre-
sponding experimental values (ge,xp) (Table 1).

To understand the performance of fluoride adsorption, adsorp-
tion isotherm of fluoride on the CeCO30H nanospheres was shown
in Fig. 5. The adsorption capacities increased with increasing
fluoride concentrations. The experimental data was simulated with
the Langmuir (q,=¢q,, ki-Ce/(Ce-k+1)) and Freundlich
(g =k - C;/") models, respectively (Fig. 5 and Fig. S5) and the rela-
tive parameters calculated with the two models were listed in
Table 2. Langmuir isotherm assumes monolayer adsorption onto
a surface containing a finite number of adsorption sites of uniform
strategies of adsorption with no transmigration of adsorbate in the
plane of surface [29]. Freundlich model is an empirical equation
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kinetic plots of fluoride adsorption at different initial concentrations. (Adsorbent dose: 1 g/L, pH: 7.0 £ 0.2, temperature: 293 K).

Table 1

Kinetics parameters for fluoride adsorption on the CeCOs0H nanospheres with various initial fluoride concentrations.

Equations Pseudo-first-order equation Pseudo-second-order equation

In(q. — q;) = Inq, — kst i = kzqu + i
CO (mg/L) qe,exp (mg/g) k1 (1/mln) Ge,cal (mg/g) Rz k2 [g/(mgmln)] Ge,cal (mg/g) Rz
10 9.30 0.01196 9.78 0.941 6.02 x 107 9.73 0.990
20 19.36 0.01134 16.81 0.993 8.17 x 1074 19.20 0.999
30 27.30 0.01589 25.30 0.994 8.06 x 107~ 27.48 0.998

based on sorption on a heterogeneous surfaces or surfaces support-
ing sites of varied affinities. It is assumed that the stronger binding
sites are occupied first and that the binding strength decreases
with the increasing degree of site occupation [30]. According to
the calculated results, the Langmuir model gave a better fit to
the experimental data than Freundlich model with a determination
coefficient value (R?) of 0.999, which suggested that this process is
monolayer adsorption onto the surface of adsorbent. The max
adsorption capacities of fluoride could reach to 40.13, 43.73 and
48.15 mg/g at different temperatures, respectively. When equilib-
riums concentration was 1.5 mg/L (WHO guideline), the adsorption
capacities of fluoride could be 17.36, 18.57, 20.89 mg/g, respec-
tively. To the best of our knowledge, the as-prepared CeCO30H

(a)

50
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10 A

T T T

0 20 40 60
Ce (mg/L)

nanospheres adsorbent achieved very good adsorption properties
towards fluoride and they have much higher adsorption capacities
than other defluoridation materials at equilibriums concentration
of 1.5 mg/L (listed in Table 3). Besides, it could be found that the
adsorption efficiency is very high at the low initial fluoride concen-
trations in the basis of the equilibrium adsorption capacities. For
example, the fluoride removal ratio could reach up to 93.0%,
96.8% and 91.0% at room temperature and pH =7 £ 0.2, when the
initial fluoride concentration is 10 mg/L, 20 mg/L and 30 mg/L,
respectively. Moreover, the thermodynamic parameters (AH°,
AS°, and AG®) for fluoride adsorption on theCeCO3;0H nanospheres
can be calculated from the temperature-dependent adsorption
isotherms (Figs. S5, S6 and Table S1 in Supplementary material).
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Fig. 5. (a) Adsorption isotherms of fluoride and (b) Langmuir isotherm models for fitting adsorption of fluoride by the CeCO30H nanospheres at different temperatures (293 K,

303 K, 313 K, respectively) with adsorbent dose of 1 g/L at pH 7.0 + 0.2.
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Table 2
Langmuir and Freundlich adsorption isotherm parameters for fluoride adsorption by
the CeCOs0H nanospheres.

Equations Langmuir model Freundlich model

ge = {2C g = kC;"
Temperature (K)  k; (L/mg) qm(mg/g) R? n k R?
293 0.5083 40.13 0999 3496 14.77 0.786
303 0.4923 43.73 0.999 3665 16.61 0.840
313 0.5111 48.15 0.998 3.677 18.18 0.848

Note: C. is the equilibrium concentration of fluoride (mg/L); q. is the amount of
fluoride adsorbed on per weight of adsorbent after equilibrium (mg/g); qn, repre-
sents the maximum adsorption capacity of fluoride on per weight of adsorbent (mg/
g); ki is the Langmuir constant related to the energy of adsorption (L/mg). The
Freundlich constant k is correlated to the relative adsorption capacity of the
adsorbent (mg/g), and 1/n is the adsorption intensity.

Table 3
Comparison of adsorption capacity of some adsorbents for fluoride at equilibriums
concentration of 1.5 mg/L.

Adsorbents pH Adsorption References
capacity (mg/g)
UiO-66(Zr) 6.8 8.60 [31]
Ca020@Al,05 6.8 15.33 [32]
CeO,/Mg-Fe 6-7 7.42 [33]
layered double hydroxides
Cellulose@hydroxyapatite N.A. 3.44 [5]
Ce0,-ZrO, nanocages 4 17.69 [22]
Hydrous ferric oxide doped 7 1.93 [34]
alginate beads
Manganese oxide coated 6-7 1.13 [35]
graphene oxide
Al (III) modified calcium 5 4.54 [36]
hydroxyapatite
Granulated Fe-Al-Ce 7.0£0.2 7.82 [37]
CeCO50H nanospheres 7+0.2 17.36 This work
100 ﬁ § ﬁ
MK
:\; %
©
3 60
€
o)
14
o 407
b
S
=
w 20_
o T T T T T
2 4 6 8 10 12
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Fig. 6. Effect of pH on fluoride adsorption by the CeCO30OH nanospheres. Initial
fluoride concentration: 10 mg/L, adsorbent dose: 1 g/L, temperature: 293 K.

The result indicates that the adsorption on the CeCO30H
nanospheres is an endothermic and spontaneous process.

The effect of the pH value for defluoridation by the CeCO;0H
nanospheres with different initial pH values was investigated, as
shown in Fig. 6. In this study, it is clear that the wide optimum
pH values for the fluoride removal were at different pH ranging
from 3 to 10 and the defluoridation capacities decreased with pH
values increasing. To our knowledge, this is one of the widest pH
ranges of today’s materials for F~ adsorption. The maximum fluo-

ride removal efficiency even reached up to 98% at pH 3 and the
minimum one downed to 13% at pH 12 for initial fluoride concen-
trations of 10 mg/L. Such high removal ratio and wide alkaline pH
range for fluoride adsorption are much better than that of any prior
reports so far. The carbonate ions and hydroxyl groups exchanged
with F~ are considered to be mainly responsible for the fluoride
removal at the aqueous interface with the adsorbent. In most of
the solid/liquid adsorption process, the solution pH has great effect
in the adsorption capacity of the adsorbent due to the competition
for the active sites by hydroxyl ions. However, exchange of the car-
bonate groups on the adsorbent surface could bring about wide pH
range for fluoride removal, which was studied as the same as in our
previous study [27].

Considering the complexity of water source, many anions might
be present, such as SO3~, CI-, HCO3, CO3~, NO3 and PO3~. Thus, to
reveal the effect of various co-existing anions upon adsorption of
fluoride, these anions were added at different concentration levels
(0, 0.25, 0.5, 1 and 2 mM, respectively) into fluoride solutions, and
the fluoride removal efficiency was studied, as shown in Fig. 7. The
results indicated that SOZ~, Cl-, NO3 and PO3~ had little effect
upon fluoride removal. The presence of HCOsand CO%~ signifi-
cantly affected the fluoride with the increase of their concentra-
tion. That is because HCO3 groups are hydrolyzed or ionized in
solution, leading to the increase of pH value in the alkaline range
and the increase of CO3™ concentrationsin the acidic pH range. As
a result, more hydroxyl ions and CO3~ would compete with fluo-
ride on the active adsorption sites, which resulted in the decrease
of adsorption capacity of the CeCO30H nanospheres for fluoride.

3.3. Adsorption mechanism

To further characterize the adsorption behavior of the obtained
CeCOs0H nanospheres with F~, Energy dispersive spectroscopy
(EDS) analysis and EDS mapping before and after fluoride adsorp-
tion were performed and shown in Fig. 8 and S7. From Fig. 8, the
strong peaks for the F~ were observed, indicating that F~ was effec-
tively taken up by the adsorbent. Furthermore, the corresponding
EDS mapping provides a direct elemental distribution on the sur-
faces of CeCOs0H nanospheres, and demonstrates that the CeCOs-
OH nanospheres are composed of Ce, O and C. EDS mapping further
confirm that the F~ are uniformly adsorbed on the surface of the
microsphere, which corresponds to result of the following FTIR
and XPS analysis. In addition, the nanoparticles were not destroyed
according to SEM images (Fig. 8a) after fluoride adsorption.
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Fig. 7. Effects of co-existing anions on fluoride removal at fixed initial fluoride
concentration of 10 mg/L. Adsorbent dose: 1 g/L, pH: 7.0 £ 0.2, temperature: 293 K.
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Fig. 8. (a) SEM image of the obtained CeCO3;0H nanospheres after F~ adsorption; (b) EDS of the plotted area and EDS mapping of C, O, Ce and F for the CeCO;OH nanospheres
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Fig. 9. FTIR spectra of the obtained CeCO50H nanospheres before and after fluoride
adsorption.

The FT-IR spectra of the CeCOs0H nanospheres before and after
fluoride adsorption are shown in Fig. 9. The strong FT-IR peak at
1425 cm™! is assigned to C-O stretching vibration of carbonate
groups, the sharp peaks at 723 and 840 cm ™! are due to carbonate
groups bending vibration, and the peak at 3450 cm™! is due to
—OH groups, as reported in other works [38-40]. Peaks at 2800-
2900 cm™~! can be ascribed to the stretching bonds of C—H groups,
which come from the adsorbed ethanol. These results are similar to
Zhai's research [41], which concluded that the peaks at 1490 and
1410 cm™! are assigned to the bending vibration of C—H bands
and 0—C—O stretching of the surfactant, and the peaks at 1070,
840, 723 cm™! are attributed to vC—0, 5C03%~ and V,,CO,, respec-
tively. After fluoride removal, the peaks at 723, 840 and
1425 cm™!, turn very weak indicating carbonate groups partly lost,
which verified the important roles of carbonate groups in the
adsorption of fluoride. Moreover, the peak of 3450 cm™' became

weak after fluoride adsorption, thus, we can conclude that carbon-
ate and hydroxyl groups exchanged with fluoride ions was
involved in the adsorption of fluoride.

To further reveal the fluoride adsorption mechanism, the
CeCO50H nanospheres before and after fluoride adsorption were
characterized by XPS. From the survey spectra shown in Fig. 10a,
it is clear that the peak located at 684 eV was detected after fluo-
ride adsorption. This was further confirmed by the F1s spectrum,
as shown in Fig. 10b. The results suggested that the fluoride was
successfully absorbed by the CeCO30H nanospheres adsorbent.
Quantitative analysis shows the fluoride molar ratio in the CeCOs-
OH nanospheres is 14.98% after adsorption. Fig. 10c and d presents
the O1s spectra before and after fluoride adsorption, respectively.
O1s spectra of the CeCO;0H nanospheres before fluoride adsorp-
tion suggests that three peaks located at 530.8, 531.7 and
532.4 eV can be are assigned to surface hydroxyl, carbonate groups
and adsorbed water, respectively [22,42]. The surface hydroxyl and
carbonate groups, which were proven to be the key factor for fluo-
ride adsorption, occupied 87.39% in the CeCO30H nanospheres.
After fluoride adsorption, the content of the surface hydroxyl
groups decreased from 34.37% to 33.01%, and carbonate groups
decreased from 53.02 to 51.02%. The results further confirm an
important role of the surface hydroxyl groups and carbonate
groups in the adsorption of fluoride, which is consistent with the
result of FT-IR analysis.

In addition, the zeta potential of the CeCO30H nanospheres at
different pH was depicted in Fig. 11, it can be found that the values
of zeta potential decrease with the increase of pH. When the pH
value is less than 10, the CeCO30H nanospheres are positively
charged, resulting in the improvement of fluoride removal. When
the pH value is 6-10, the values of Zeta potential became stable,
the fluoride removal is stabilized. When the pH value is more than
10, the CeCO30H nanospheres are negatively charged, resulting in
the reduction of fluoride removal. Therefore, we can conclude that
electrostatic interaction was also involved in the adsorption of flu-
oride. This result was in agreement with the effect of pH discussed
above.
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Fig. 11. Zeta potential of theCeCO3;0H nanospheres at different pH values.

4. Conclusions

In summary, we have described a one-step approach to CeCOs-
OH nanospheres with uniform size, and demonstrate that the
CeCOs0H nanospheres show excellent fluoride removal perfor-
mance due to electrostatic interaction and exchange of the carbon-
ate and hydroxyl groups on the adsorbent surface with fluoride
anions according to EDS, FT-IR, XPS and zeta potential analysis.
In addition, adsorption kinetics fit well the pseudo-second-order
model and the adsorption isotherm could be described very well
by the Langmuir model. The adsorption efficiency even reaches

up to 93.0%, 96.8% and 91.0% at pH =7 + 0.2 for initial low fluoride
concentrations of 10, 20 and 30 mg/L, respectively. Moreover, this
adsorbent possesses a considerable wide pH range (3-10) and has
less influence on adsorption of F~ by co-exiting ions. This research
results indicate that the fluoride removal ratio is very high at the
low initial fluoride concentrations in the basis of the equilibrium
adsorption capacities and the adsorbent could be a potentially suit-
able material used in the fluoride removal.
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