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ABSTRACT

A novel Mg–Ce–La adsorbent was prepared by a facile co-precipitation method and was
used for fluoride removal. The as-obtained adsorbent has a large specific surface area of
118.6 m2/g and exhibited high fluoride removal efficiency of 97.5%, which may be attribu-
ted to the ion-exchange between the hydroxyl ion and fluoride ion. The fluoride adsorption
over the Mg–Ce–La adsorbent could reach its equilibrium in about 40 min and follow the
Freundlich model and the pseudo-second-order model. In addition, the Mg–Ce–La adsor-
bent showed high adsorption performance over a wide pH range from 3.0 to 8.0 for fluoride
removal, which would be beneficial for practical application. Finally, the Mg–Ce–La
adsorbent still exhibited high fluoride removal rate after four reused cycles.
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1. Introduction

Fluoride is one of the most abundant elements in
the earth. Fluoride contamination is a major problem
worldwide, which mainly results from natural reasons
and human activities [1]. Fluoride is related to the
human health. Excess fluoride in drinking water can
cause fluorosis, dental, and skeletal [2,3]. WHO has
recommended a guidance value of 1.5 mg/L for fluo-
ride in drinking water, and the permissible concentra-
tion of fluoride ions is less than 1.0 mg/L in China [4].

There are many methods for fluoride removal from
drinking water, such as reverse osmosis, nanofiltration,
electrodialysis, electrocoagulation, Donnan dialysisi,

and ion-exchange [5–12]. Although they have already
been modernized, these methods are still tedious and
time-consuming [13]. Adsorption is a more acceptable
defluoridation method and is extensively used because
of the simplicity of design, environmental considera-
tions, effectiveness, and convenience as compared to
other methods [14,15]. Recently, many adsorbents have
been investigated for fluoride removal [16,17], such as
activated alumina [18,19], clay [20], geomaterials [21],
and quicklime [22]. Among these adsorbents, activated
alumina, as the most common adsorbent, is often used
to remove excess fluoride ions from water because it is
readily available [18,23]. However, its optimal adsorp-
tion works at a narrow range of pH and excess alu-
mina may result in extra operation difficulty and
secondary pollution problems. The adsorption capacity*Corresponding author.
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of most conventional adsorbents is not very satisfac-
tory [24,25]. Therefore, it is important to develop novel,
high adsorption capacity and high-effective fluoride
adsorbents.

La(III), Ce(IV), and Zr(IV) oxides have high
adsorption capacity for fluoride because of their
strong affinity to fluoride [26,27]. Raichur reported
that a mixed rare earth metal oxide is very effective
for removing fluoride [26]. Mixing rare earth metal
elements with cheaper components would keep high
fluoride adsorption capacity [28], such as Ce-Fe oxide
[29,30]. In addition, the hybrid adsorbents are effective
on defluoridation, such as the Fe(III)-Zr(IV) hybrid
oxide [28] and Zn-Al layered double hydroxides [31].
Furthermore, some bimetal adsorbents and trimetal
oxide adsorbent also present very promising potential
for fluoride removal, such as the Mg-Al bimetallic oxi-
des [32] and Fe–Al–Ce trimetal oxide adsorbent [1,25].

In this paper, the novel Mg–Ce–La adsorbent with
high adsorption capacity was prepared by a facile pre-
cipitation method. The preparation conditions and the
adsorption parameters were investigated in detail.
Finally, the adsorption mechanism of the Mg–Ce–La
adsorbent was proposed, and reuse of the Mg–Ce–La
adsorbent was evaluated.

2. Experimental

2.1. Materials and methods

All chemicals used in this paper study were of
analytical reagent grade. Standard stock fluoride solu-
tion (100 mg/L) was prepared by dissolving 0.2210 g
anhydrous sodium fluoride to 1000.00 mL of distilled
water at ambient condition. The working solutions of
required concentration were prepared by appropriate
dilutions of the stock solution.

A series of Ce(NO3)3·6H2O, Mg(NO3)2·6H2O, and
La(NO3)3·nH2O were dissolved in 200 mL of distilled
water to form a mixed solution under a temperature
of 343 K with magnetic stirrers. The pH of the mixed
solution was adjusted to 8.5 by dropwise adding 3-M
NaOH solution, and then the solution was stirred for
2 h. The precipitate was then centrifuged and washed
with distilled water until the pH of the filtrate was
7.0 ± 0.2. The residual solid was collected, treated at
different temperature (343, 353, 473, 573, and 773 K)
for 6 h. Finally, it was ground to fine powder.

2.2. Characterization

X-ray diffraction analysis was carried out in a
Japan D/MAX-RB powder diffractometer equipping
with Cu Kα radiation (40 kV and 50 mA) at a scanning

speed of 15˚/min from 3˚ to 70˚. The chemical bonds
of the surface on Mg–Ce–La adsorbent before and
after defluoridation were examined by Fourier trans-
form infrared (FT-IR) spectroscopy at wavenumber
from 400 to 4,000 cm−1. N2 adsorption and desorption
experiments were conducted in order to calculate the
specific surface area using BET model. The surface
bonding analysis of the Mg–Ce–La adsorbent before
and after adsorption of fluoride was carried out using
X-ray photoelectron spectroscopy (XPS) (VG Multilab
2000, America). The element composition was mea-
sured by energy-dispersive X-ray spectroscopy (EDX,
JSM-5610LV).

2.3. Fluoride adsorption experiments

About 100 mL of fluoride solution with concentra-
tion of 10 mg/L and 1.0 g/L of adsorbent were added
into conical flask, and then the flasks were shaken at
180 rpm and kept at 303 K for required time. The
effects of the Mg–Ce–La adsorbent dose (0.2–2.0 g/L),
initial fluoride pH (3.0–10.0), temperature (293–323 K),
and concentration (10–50 mg/L) were investigated by
batch adsorption experiments. The effects of coexisting
anions such as chloride, nitrate, carbonate, bicarbon-
ate, and sulfate were tested on fluoride adsorption.
For examining the adsorption isotherm and kinetic of
fluoride on the Mg–Ce–La adsorbent, a series of
adsorption experiments were conducted using 1.0 g/L
of adsorbent at pH 5.0–6.0.

The adsorption capacity of fluoride and removal
rate were calculated using follow equations:

qe ¼ ðC0 � CeÞðV=mÞ � 100 (1)

u ¼ ðC0 � CeÞ
C0

� 100% (2)

In Eqs. (1) and (2), qe and u are the adsorption capac-
ity (mg/g) and removal ratio (%) separately; C0 and
Ce are initial and equilibrium concentrations of fluo-
ride (mg/L), respectively; V is volume of the aqueous
solution (L) and m is the mass (g) of the Mg–Ce–La
adsorbent used in the experiment.

2.4. Desorption and cycle experiments

Desorption experiments were carried out in order
to examine the desorption capacity of the Mg–Ce–La
adsorbent. About 0.1 g of the Mg–Ce–La adsorbent
was added into 100 mL of 10 mg/L fluoride solution,
and the adsorption process was conducted with shak-
ing speed of 180 rpm and temperature of 303 K for
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2 h. Then, the suspension was centrifuged and the
used adsorbent was collected. The used adsorbent was
suspended in 100 mL of NaOH solution (0.25 M). The
reaction was conducted with vigorously shaking for
4 h. Then the precipitate was centrifuged and washed
with distilled water until the pH of the filtrate was
7.0 ± 0.2, and then dried at 353 K for 5 h. Finally, the
regenerated adsorbent was obtained.

For examining the adsorption potential of the
regenerated adsorbent, cycle experiments were con-
ducted at the same initial conditions.

3. Results and discussion

3.1. Optimization of preparation conditions for the
Mg–Ce–La adsorbent

3.1.1. Effect of Mg/La/Ce molar ratio

Fig. 1(a) shows the fluoride removal over the as-
obtained samples under different molar ratios of Mg
(II), La(III), and Ce(III). The fluoride removal rate on
the samples with 0.5:4:2, 1:4:2, 1.5:4:2, 1:3:2, 1:5:2, 1:4:1,
and 1:4:3 molar ratio of Mg(II), La(III), and Ce(III) was
of 90.5, 97.8, 90.2, 62.1, 75.3, 84.5, and 85.7%, respec-
tively. Obviously, the sample with 1:4:2 molar ratio of
Mg/Ce/La exhibited the higher fluoride removal
property. Thus, the fluoride removal can be affected
by the proportion of La(III), Ce(III), and Mg(II).

3.1.2. Effect of treatment temperature

The removal of fluoride by the Mg–Ce–La adsor-
bent treated under different temperatures is shown in
Fig. 1(b). Obviously, the fluoride removal efficiency of
the obtained adsorbents increased with increasing
treatment temperature from 343 to 353 K, and then
decreased with further increasing the temperature
from 353 to 773 K. From the XRD patterns, lanthanum
hydroxide was transformed into lanthanum oxide at
high temperature, and the decrease in hydroxide may
result in the decrease in fluoride adsorption capacity.
The specific surface area of the samples obtained at
343, 473, and 573 K was 74.9, 68.8, and 64.4 m2/g,
respectively. The Mg–Ce–La adsorbents treated at
below 573 K exhibited higher fluoride removal effi-
ciency due to its high specific surface area.

3.2. Characterization

3.2.1. XRD analysis

The XRD patterns of the Mg–Ce–La adsorbent
samples treated at different temperatures are showed

in Fig. 2(a). The diffraction peaks of 2θ = 8.6˚ match
well with that of La(NO3)(OH)2·H2O (JCPD 46-0,346).
The peak at 2θ = 9.1˚ at temperature 353 K
corresponds to La(OH)2(NO3) (JCPDS 26-1146). A
shifting of the peak of 2θ = 8.6˚ occurred when the
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Fig. 1. Fluoride adsorption by the samples prepared at (a)
different Mg(II)/La(III)/Ce(III) molar ratios and (b) differ-
ent temperatures (preparation condition: pH 8.5; adsorp-
tion condition: natural pH, shaken at 180 r/min, contact
time 40 min, temperature 303 K, adsorbent dose 1.0 g/L);
(c) EDX analysis of the Mg–Ce–La adsorbent.
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temperature increased from 343 to 353 K which could
be ascribed to the evaporation of H2O with the
increase in temperature. In addition, the other
diffraction peaks of 2θ = 28.8˚, 35.5˚, 47.4˚, and 56.7˚
are indexed to pure CeO2 (JCPDS 43-1002) [33]. While
the peak at 2θ = 9.1˚ at 773 K disappeared, implying
the decomposition of La(OH)2(NO3). No peaks
correspond to Mg element can be observed in the
pattern, which might be attributed to the low content
of Mg in the Mg–Ce–La adsorbent. The EDX analysis
(Fig. 1(c)) shows that the presence of Mg, Ce, La, and
O on the surface of the Mg–Ce–La adsorbent and the
raw adsorbent is composed of MgO, La(OH)2(NO3),
and CeO2.

3.2.2. FTIR analysis

The FTIR spectra of the Mg–Ce–La adsorbent
before and after fluoride adsorption are depicted in
Fig. 2(b). The band at 3,420 cm−1 was assigned to the
stretching and bending vibration of H2O in the surface
of the adsorbent [34]. The band at 1,680 cm−1 was
characteristic of hydroxide radical (–OH) stretching
vibration and the bands at 490 and 856 cm−1 were
assigned to metal-oxygen stretching vibration [34,35].
Moreover, the band at 1,380 cm−1 was attributed to
the asymmetric NO�

3 stretching vibration [36]. NO�
3

may come from the nitrates in the preparation process.
The peak intensity at 1,680 cm−1 decreased, suggesting
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Fig. 2. (a) XRD patterns of the Mg–Ce–La adsorbents at different temperatures, (b) FTIR spectra of the Mg–Ce–La adsor-
bents before and after adsorption, (c) N2 adsorption desorption isotherm and pore size distribution of the Mg–Ce–La
adsorbent, and (d) High-resolution XPS spectrum of F 1s on the surface of the Mg–Ce–La adsorbent after adsorption.
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that the hydroxide radical (–OH) on the surface of
adsorbent was involved in the adsorption reaction
[2,37]. It is worth noting that the new bands at 1,070
and 1,490 cm−1 appeared, indicating the formation of
new chemical bond after fluoride adsorption. The
decrease in the peak at 1,680 cm−1 may diverge to two
separate peaks at 1,490 and 1,070 cm−1 after fluoride
adsorption [30].

3.2.3. Nitrogen adsorption–desorption analysis

Fig. 2(c) shows the result of N2 adsorption–desorp-
tion analysis. N2 adsorption–desorption isotherm of
the Mg–Ce–La adsorbent is the type IV (IUPAC) with
obvious hysteresis hoops of type H3 and exhibits a
sharper mesoporous condensation behavior, as
reflected in the pore size distribution calculated
(Fig. 2(c), inset). The specific surface area of the
Mg–Ce–La adsorbent was 118.6 m2/g calculated by
BET model.

3.2.4. XPS and SEM analyses

Fig. 2(d) shows F 1s high-resolution XPS spectrum
of the Mg–Ce–La adsorbent after adsorption. A new F
1s peak of the adsorbent after fluoride adsorption is
found at binding energy of 684.45 eV, indicating the
successfully adsorption of fluoride onto the adsorbent
surface [38]. The high fluoride removal rate of the
Mg–Ce–La adsorbent can be attributed to the ion-
exchange on the adsorbent [39–41].

The SEM images of the raw adsorbent and the
adsorbent after adsorption were presented in Fig. 3(a)
and (b). The SEM images reveal that the Mg–Ce–La
adsorbent has smooth surface and is formed of irregu-
lar aggregates. The surface of the Mg–Ce–La adsorbent

after adsorption is coarse and shows spongy structure
on the surface.

Fig. 3. The SEM images of (a) the raw adsorbent and (b) the adsorbent after adsorption.
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Fig. 4. Effect of (a) adsorbent dose and (b) solution pH on
fluoride removal (shaken at 180 r/min, contact time
40 min, adsorbent dose 1.0 g/L).
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3.3. Adsorption studies

3.3.1. Effect of adsorbent dosage on fluoride removal

The influence of adsorbent dosage on fluoride
removal is depicted in Fig. 4(a). The results reveal that
the uptake of fluoride was significantly influenced by
the adsorbent dose. The fluoride removal sharply
increased from 63.2 to 97.8% after 40 min reaction
with an increase in adsorbent dose from 0.2 to
1.0 g/L, which more active sites were available for
fluoride removal. However, the fluoride removal effi-
ciency dropped slightly when the adsorbent dose was
increased to 2.0 g/L, which could be due to the inhibi-
tion effect by excess adsorbent dose. The results are
consistent with the theory of heterogeneous surface
sites of oxide systems [42].

3.3.2. Effects of solution pH and solution temperature
on defluoridation

The effects of initial solution pH on defluoridation
are given in Fig. 4(b). Obviously, the fluoride removal
rate by the Mg–Ce–La adsorbent increased over the
pH range of 3.0–6.0, then decreased significantly with
further increasing pH to 10.0. However, the fluoride
removal rates could reach above 90% over pH range
of 3.0–8.0, which indicates its practical application
potential. At higher pH, OH groups would compete
with fluoride, which resulted in the decrease in
fluoride removal rate.
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The influence of solution temperatures onto
fluoride removal by the Mg–Ce–La adsorbent is
showed in Fig. 5(a). The fluoride removal rate was
increased with increasing the solution temperature
from 293 to 303 K. However, the fluoride removal rate
was not obviously affected with further increasing the
temperature to 323 K. Defluoridation efficiency of
the Mg–Ce–La adsorbent maintained about 90% in the
temperatures range from 293 to 323 K.

3.3.3. Effect of coexisting anions on defluoridation

Natural water which was polluted by fluoride
contaminant simultaneously contains many types of
coexisting anions, such as chlorine ion, nitrate ion, car-
bonate ion, bicarbonate ion and sulfate ion, and these
ions may affect the uptake of fluoride. The effects of
different coexisting on fluoride removal by the Mg–
Ce–La adsorbent are shown in Fig. 5(b). There is slight
influence of fluoride adsorption with increasing chlo-
rine ion concentrations from 0 to 500 mg/L. When the
concentrations of NO�

3 and SO2�
4 were increased from

0 to 500 mg/L, the defluoridation rates were only
reduced by 1 and 5%, respectively. The fluoride
removal apparently decreased from 97.5 to 47.5%
with increasing the carbonate and bicarbonate
concentrations from 0 to 500 mg/L. Therefore, the flu-
oride removal rate of the Mg–Ce–La adsorbent can
significantly be affected by carbonate and bicarbonate

ions. The influence extent of different anions is
associated with the concentrations and their affinities
for the adsorbent. The reduction in fluoride removal
in the presence of carbonate and bicarbonate ions
may be due to competition from these ions on
active sorption site [43]. Therefore, the fluoride
adsorption was inhibited in the following order:
CO2�

3 > HCO�
3 > SO2�

4 > NO�
3 > Cl−.

3.3.4. Adsorption isotherm

The experimental data were fitted with the
Freundlich model and the Langmuir model. The
fluoride adsorption capacity of the Mg–Ce–La adsor-
bent was calculated using the Freundlich [44] or the
Langmuir isotherm [45].

The Freundlich isotherm equation is

ln qe ¼ lnK þ 1

n
lnCe (3)

In Eq. (3), K and n are the Freundlich isotherm con-
stants and n is associated with the temperature. The
adsorption capacity increases with the increase of n
values, and n lying between 2 and 10 indicates that
the environments are favorable for adsorption. The
plots of ln qe versus ln Ce are shown in Fig. 6(a). K
and n are calculated from the slope and intercept of
plots, respectively.

Table 1
Calculated equilibrium parameters of Langmuir and Freundlich isotherms for fluoride adsorption on the Mg–Ce–La
adsorbent

T (K)

Langmuir isotherms Freundlich isotherms

qmax (mg/g) b (L/mg) R2 RL K ((mg/g)(L/mg)1/n) n R2

293 6.446 0.1465 0.9955 0.4057 2.9660 2.8819 0.9994
303 9.140 0.0790 0.8380 0.5587 6.3038 3.9557 0.9995
313 7.957 0.3214 0.9968 0.2373 5.7218 3.5989 0.9983

Table 2
A comparison of adsorption capacity of the Mg–Ce–La adsorbent with other adsorbents in literatures

Adsorbent Adsorption capacity (mg/g) Reference

Activated alumina 2.14 [18]
Fe(III)-Zr(IV) hybrid oxide 8.21 [28]
Iron(III)-tin(IV) mixed oxide 10.47 [24]
Fe–Al–Ce adsorbent 2.22 [33]
Ca–Al–La composite 29.30 [39]
Zn-Al layered double hydrosides 4.16 [31]
Mg–Ce–La adsorbent 37.43 In present paper
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The Langmuir isotherm equation is

Ce

qe
¼ 1

Qb
þ Ce

Q
(4)

In Eq. (4), Q and b are the Langmuir isotherm con-
stants, and Q is associated with the temperature. The
adsorption capacity increased with increasing the
value of Q. The plots of Ce/qe vs. Ce are shown in
Fig. 6(b). Q and b are calculated from the slope and
intercept of plots. The parameters of Freundlich iso-
therm and Langmuir isotherm are summarized in
Table 1.

The Fig. 6 illustrates that the Freundlich isotherm
(R2 = 0.9983–0.9995) better describes the experimental
data than the Langmuir isotherm (R2 = 0.8380–0.9968).
From the Table 1, n is lying between 2 and 10, sug-
gesting that the adsorbent is effective on defluorida-
tion. In addition, adsorption capacity of the Mg–Ce–La
adsorbent was also compared with other adsorbents
reported in literatures (Table 2). The Mg–Ce–La adsor-
bent showed the higher adsorption capacity as com-
pared to other adsorbents, which indicates that the
Mg–Ce–La adsorbent could be a potential material for
fluoride removal.

3.3.5. Adsorption kinetics

It is greatly important to determine the
adsorption kinetics of fluoride onto the adsorbent
for its practical application. The results of adsorption
kinetics are given in Fig. 7(a). The fluoride
adsorption rapidly increased in 20 min, and approxi-
mately 80% of fluoride removal rate was reached. In
the following period, the fluoride adsorption capac-
ity slowly increased and the adsorption process
finally reached the adsorption equilibrium within
40 min.

Pseudo-first-order rate model and pseudo-second-
order rate model are applied to analyze the kinetic
data. The Eqs. (5) and (6) describe pseudo-first-order
rate model and pseudo-second-order rate model
[46,47].

lnðqe � qtÞ ¼ ln qe � k1t (5)

t

qt
¼ 1

k2q2e
þ t

qe
(6)
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second-order kinetic model for the fluoride adsorption
with different fluoride concentrations (natural pH,
T = 303 K, adsorbent dose 1.0 g/L).
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where qe and qt (mg/g) are the adsorption capacity at
equilibrium and time t; k1 (min−1) and k2
(g mg−1 min−1) are the rate constant of pseudo-first-
order rate model and pseudo-second-order rate model.
The kinetic results are shown in Fig. 7(b) and (c) and
Table 3.

As shown in the Fig. 7 and Table 3, the adsorption
process is fitted better with the pseudo-second-order
rate model (the value of correlation coefficient,
R2 = 0.9997) as compared to the pseudo-first-order rate
model (R2 = 0.9599). In addition, the experimental
adsorption capacity value (qe,exp, 9.78 mg/g) is similar
to the calculated adsorption capacity (qe,cal, 9.84 mg/g).
These results also indicate that fluoride adsorption is
well described by the pseudo-second-order model.

3.4. Adsorption thermodynamics

In order to evaluate the thermodynamic behavior
of fluoride adsorption onto the Mg–Ce–La adsorbent
has been studied. Thermodynamic parameters, such
as standard Gibbs free energy change (ΔG), standard
enthalpy change (ΔH), and standard entropy change
(ΔS) were obtained by the following equations:

Kd ¼ CAe

Cse
(7)

DG ¼ �RT lnKd (8)

DG ¼ DH � TDS (9)

In Eqs. (7), (8), and (9), Kd is the distribution coeffi-
cient (L/g), CAe is the adsorption amount (mg/g), Cse

is the equilibrium concentration of fluoride ions, and
R is the universal gas constant (J/mol K).

The values of ΔG, ΔH, and ΔS are represented in
Table 4. The ΔG was found to be –3.64, –3.89, –3.74,
and –3.70 kJ/mol at 293, 303, 313, and 323 K, respec-
tively. The values of ΔG were negative at all tempera-
ture (293–323 K), displaying the spontaneous nature of
fluoride adsorption by the Mg–Ce–La adsorbent. ΔG
value decreased and then increased with increasing
the temperature, suggesting less adsorption feasibility
at higher temperature and 303 K favors fluoride
adsorption. The value of ΔH was positive, further con-
firming the endothermic nature for fluoride adsorption
on the Mg–Ce–La adsorbent. The value of ΔH ranging
from 20.9 to 418 kJ/mol showed that the fluoride
uptake by the Mg–Ce–La adsorbent occurred via
chemisorption.

3.5. Reuse and stability of the adsorbent

The recycled fluoride adsorption experiment was
conducted with the original and regenerated adsor-
bent to detect the reusability and stability of the adsor-
bent. The results are given in Fig. 8. The fluoride
removal rate of original Mg–Ce–La adsorbent was
97.8%, and then defluoridation rate was 94.6, 90.6,
90.0, 88.5, 86.8, and 83.4% with increasing the cycle
numbers, respectively. The regenerated adsorbent still
showed high fluoride removal rate after four cycles of
desorption–adsorption, suggesting the good reusability

Table 3
Calculated kinetics parameters of pseudo-first-order and pseudo-second-order models for fluoride adsorption process on
the Mg–Ce–La adsorbent at different fluoride concentrations

C0 (mg/L) qe,exp (mg/g)
Pseudo-first-order Pseudo-second-order

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

10 9.78 3.43 0.03668 0.9599 9.8328 0.1415 0.9997
20 17.58 4.48 0.03464 0.9047 17.6991 0.0731 0.9989
50 37.00 9.07 0.03784 0.9770 37.4268 0.0085 0.9930

Table 4
Calculated thermodynamic parameters for fluoride adsorption on the Mg–Ce–La adsorbent

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K)

293 −3.64
303 −3.84 3.89 24.02
313 −3.58
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and stability of Mg–Ce–La adsorbent. In addition, the
adsorbent can be separated easily and recycled by a
facile method.

Furthermore, the result of AES analysis showed
that there are no metal ions leaching into the solution
after adsorption, suggesting the stability of the Mg–
Ce–La adsorbent. Therefore, the Mg–Ce–La adsorbent
would be stable on the uptake of fluoride. In order to
further confirm the stability of the Mg–Ce–La adsor-
bent, Ce 3d and La 3d high-resolution XPS spectra of
the Mg–Ce–La adsorbent before and after adsorption
are shown in Fig. 9(a) and (b). As seen in the Fig. 9
(a), the Ce 3d spectra prominently can be divided into
six peaks. The binding energy of Ce (III) 3d5/2 is
located at 882.90, 888.60, and 898.30 eV, and the bind-
ing energy of Ce (IV) 3d3/2 is located at 903.00, 908.10,
and 917.30 eV [48]. As seen in the Fig. 9(b), the bind-
ing energy of La (III) 3d3/2 is located at 852.10 and
856.83 eV, respectively. The binding energy of La (II)
3d5/2 is located at 835.31 and 838.10 eV, respectively
[49]. The XPS spectra of the Mg–Ce–La adsorbent
before and after adsorption show little difference,
which confirms that the Mg–Ce–La adsorbent is very
stable.

4. Conclusion

An effective and novel Mg–Ce–La adsorbent was
prepared by a facile co-precipitation of Mg(II), La(III),
and Ce(III) nitrates for fluoride removal. A high fluo-
ride adsorption capacity of 38 mg/g was acquired
under an initial fluoride concentration of 50 mg/L,
1.0 g/L adsorbent and 303 K temperature condition.
The Mg–Ce–La adsorbent displayed good adsorption
property of fluoride over a wide pH range from 3.0 to
8.0 and the optimum pH range was between 5.0 and
6.0. In adsorption studies, the adsorbent reaction
reached its equilibrium in about 40 min. The adsorp-
tion isotherm could be better described by the Fre-
undlich model than the Langmuir model. Kinetic
study results indicate that the fluoride adsorption by
the Mg–Ce–La adsorbent followed the pseudo-second-
order model. The fluoride adsorption cannot be
affected by temperature, sulfate, nitrate, and chloride
ions. In addition, the Mg–Ce–La adsorbent still
showed high fluoride removal efficiency after being
reused for four cycles, indicating that the adsorbent is
a promising material for fluoride removal from water.
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