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In the present work, the hollow MgO spheres were synthesized through a facile wet-chemistry method. X-ray diﬀraction, scanning
electron microscopy, transmission electron microscopy, and energy dispersive spectrum are employed to characterize the as-prepared
sample. Those results indicate that the average size of the as-prepared MgO hollow spheres is about 2 μm. Also, the MgO hollow
spheres have the polycrystalline and porous structure, which would provide large speciﬁc surface area and plenty active sites for
ﬂuoride adsorption. The adsorption properties of the MgO hollow spheres towards ﬂuoride are investigated. The ﬂuoride adsorption
kinetics of the MgO hollow spheres ﬁts well the pseudo-second-order model. Also, the kinetic data revealed that the ﬂuoride adsorption
was rapid, more than 83% of ﬂuoride could be removed within 40 min. The ﬂuoride adsorption capacity of the hollow MgO spheres is
larger than 182.4 mg/g at a pH of 7.0. The as-prepared products maintain excellent adsorption performance in the pH range of 3–11. In
addition, the adsorption mechanism also has been discussed. From the FTIR results, a hydroxyl and carbonate coexchange mechanism
is proposed. It is believed that the hollow MgO spheres are a potential candidate for ﬂuoride removal.

1. Introduction
Excessive ﬂuorine in drinking water is one of the world
problems [1, 2]. Only in the concentration range of
0.5–1.0 mg/L, ﬂuoride-contained water is good for human
health [3]. However, when the concentration of ﬂuorine goes
beyond this range, long-term intake of the ﬂuoride-excessive
water would cause dental and skeletal ﬂuorosis. Thus, the
World Health Organization (WHO) classiﬁed ﬂuoride as
one of the contaminants in ground water [4]. Over 200
million people drink ﬂuoride-excessive water every day [5].
Many methods have been developed to the remove the
excessive ﬂuoride from drinking water, such as precipitation
[6], ion exchange [7, 8], nanoﬁltration [3, 9], reverse osmosis
[10, 11], electrodialysis [12, 13], and adsorption [14,15]. Due
to the low cost and simplicity of operation, adsorption seems
to be the attractive one among those technologies [16, 17].
Various absorbents have been investigated for the ﬂuoride

removal [18–22]. For example, Zhang et al. applied bauxite
in ﬂuoride removal, the adsorption capacity of which is
1.775 mg/g [19]. Ku and Chiou studied the deﬂuoride
property of the alumina and found that the maximum
ﬂuoride removal capacity is 16.3 mg/g when pH � 5 [23].
However, the low adsorption capacity and narrow pH application range largely restrict the applications of those
absorbents [24, 25]. Thus, developing novel ﬂuoride adsorbents with high adsorption capacity, low price, and wide
pH application range is very important.
Magnesium oxide (MgO), as a low-cost absorbent, is
attractive in ﬂuoride removal due to its strong aﬃnity, high
adsorption capacity, nontoxic nature, and limited solubility
in water [22, 26, 27]. It is reported that the MgO absorbents
can eﬃciently remove ﬂuoride in wide pH range. Liu found
that the ﬂuoride adsorption capacity of pure MgO was
4.5 mg/g, and the adsorption performance remained stable
in the pH range of 2–10 [28]. Maliyekkal also found that the
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MgO/Al2O3 composite can eﬃciently remove ﬂuoride in the
pH range of 3–10 [29]. However, the adsorption capacity of
those absorbents is still limited. Many eﬀorts have been
taken to achieve high-performance MgO absorbents [30]. It
is well accepted that the morphology can greatly aﬀect the
corresponding adsorption performance [31]. With the development of science and technology, nanostructures always
exhibit better properties [32, 33]. Among various nanostructures, hollow and porous nanostructures always possess
higher surface area, subsequently bringing more surface
defects. Those defects can work as active sites and accordingly increase the adsorption property [34]. Thus, hollow
and porous structures are favorable for absorbents. Many
pioneer works reported that the hollow-structured MgO
absorbents would exhibit better adsorption properties.
Kuang et al. synthesized spherical-like MgO nanostructures
by calcinate magnesium acetate, which exhibited high adsorption performance for metal ions [35]. Song prepared the
hierarchical ﬂower-like MgO hollow spheres extremely
through a solvothermal method, which are the excellent
arsenic absorbents [36]. However, those methods always
require high temperature, high pressure, and complex operation. It is still a big challenge to obtain the MgO hollow
absorbents through a simple method for high-performance
ﬂuoride removal. In the present work, the MgO hollow
spheres were synthesized through a facile wet-chemical
method. The operation temperature is as lower as 100°C, and
high temperature, high pressure, and autoclave are no longer
needed.
The as-prepared MgO hollow spheres are with the
uniform sizes of 2 μm in average. Also, the MgO hollow
spheres have the polycrystalline and porous structure, which
would provide large speciﬁc surface area and plenty active
sites for ﬂuoride adsorption. The ﬂuoride adsorption kinetics
of the MgO hollow spheres ﬁts well the pseudo-second-order
model. Also, the kinetic data reveal that the ﬂuoride adsorption was rapid, more than 83% of ﬂuoride could be
removed within 40 min. The MgO hollow spheres can efﬁciently remove ﬂuoride at the condition of acid, neutral,
and even weak alkaline. The adsorption capacity is over
182.4 mg/g at neutral condition. The ﬂuoride adsorption
mechanism of the absorbents is also investigated. It is found
that, besides the hydroxyls, the surface carbonates formed
during the synthesis process also can be exchanged with
ﬂuoride.

2. Experimental
2.1. Synthesis. All reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China) with analytical grade. In
the synthesis process, 1 g MgSO4·7H2O and 3 g urea were
added into the mixed solution of 20 mL deionized water and
vigorously stirred for 10 min. Then, the abovementioned
solution was transferred into a 100 mL conical ﬂask, sealed,
and heated at 100°C for 720 min. After reaction, the white
precipitate was collected by centrifugation. The resultant
precipitate was washed and dried at 60°C. After annealing at
500°C for 4 h, the white MgO hollow spheres can be
obtained.
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2.2. Characterization. The morphologies of the samples
were examined by ﬁeld-emission scanning electron microscopy (FE-SEM; JEOL JSM-7500F) and high-resolution
transmission electron microscopy (HRTEM; FEI Talos
F200X). The crystal structure of the samples was determined
by X-ray diﬀraction (XRD; Bruker D8) with Cu Kα radiation. The infrared spectrum of the samples was tested by
Fourier-transform infrared spectrometer (FTIR; Thermo
Scientiﬁc Nicolet 8700).
2.3. Adsorption Experiments. The ﬂuoride stock solution
with the concentration of 1000 ppm was prepared by dissolving NaF in deionized water and stored under dark
conditions at 4°C. The ﬂuoride standard solutions with
diﬀerent concentrations were prepared by rational dilution
of the stock solution. The isotherm adsorption tests were
carried out in a centrifuge tubes containing 10 mg absorbent
and 10 mL ﬂuoride solution. Then, the centrifuge tubes were
shaked in a shaker at 25°C for 12 h. The pH value was not
further adjusted. Then, the upper layer solution was carefully
pipetted and ﬁltered through a 0.45 μm ﬁlter for collection.
The ﬂuoride-ion-selective electrode PF-202-CF was applied
to measure the residual ﬂuoride concentration of the solution. The residual MgO hollow spheres were centrifuged,
washed, and dried in an oven at 60°C.
In the kinetics test, the initial ﬂuoride concentration was
10 mg/L, the dose of adsorbents was 1.0 g/L, and the volume
of the ﬂuoride solution was 100 mL. The samples were
shaken at 150 rpm in the shaker at 25°C. At certain time,
6 mL of supernatant solutions was pipette and centrifuged
for the remaining ﬂuoride concentration determination.
In the experiment of pH eﬀect on ﬂuoride adsorption,
the pH value was adjusted by HCl and NaOH solution. In the
experiment of the coexisting anions’ eﬀects on ﬂuoride
adsorption, the concentration of coexisting anions was set as
300 mg/g.

3. Results and Discussion
3.1. Characterization. Firstly, the morphology of the MgO
hollow spheres was characterized by SEM. Figure 1(a)
presents the SEM image of the MgO hollow spheres. It
can be clearly seen that the MgO hollow spheres are with the
uniform sizes of 2 μm in average. Figure 1(b) shows the highresolution SEM images of the MgO hollow spheres. Obviously, the as-prepared MgO hollow spheres have rough
external surface, which is probably due to the chaos accumulation of small nanoparticles. In the direction of the white
arrow, the broken spheres can be clearly observed, and the
hollow nature of MgO spheres is veriﬁed. During the experimental process, the precursors were ﬁrstly synthesized,
and then, the MgO hollow spheres can be obtained after the
heat treatment. Figure 1(c) presents the XRD patterns of the
precursors and the ﬁnal MgO hollow spheres. All peaks of
the precursors can be indexed to Mg5(CO3)4(OH)2•(H2O)4
hydromagnesium (JCPDS 70-1177) [5]. After annealing at
600°C for 2 h in the air, the XRD pattern has totally changed,
which can be indexed to (111), (200), and (220) planes of the
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Figure 1: (a, b) Low- and high-magniﬁcation SEM images of the hollow MgO spheres; (c, d) XRD patterns and EDX spectrum of the hollow
MgO spheres.

hexagonal structure MgO (JCPDS card no. 89-4248). Also,
no peak for precursor hydromagnesium can be identiﬁed,
indicating that the precursor is fully decomposed to MgO.
Figure 1(d) presents the representative EDS spectra of the
MgO hollow spheres, and the molar ratio of Mg : O is 1 : 1.13,
which is very close to the stoichiometry of MgO. The
structure of the MgO hollow spheres is further investigated
by TEM and SAED. Figure 2(a) is the typical TEM image of
the MgO sphere. The contrast of the deep outside and
shallow inside deﬁnitely conﬁrmed the hollow structure of
the product. The thickness of the shell is about 30 nm.
Figure 2(b) is the high-magniﬁcation TEM image of the shell
and reveals that the sphere is made up of huge number of
nanoparticles. Moreover, there are many tiny mesopores on
the shell, which is beneﬁt to the adsorption performance of
the product. From the HRTEM image presented in
Figure 2(c), the fringe spacing of 0.24 nm can be ascribed to
the (111) planes of the MgO. Figure 2(d) is the SAED pattern
of the MgO spheres. A series of concentric rings with different radii can be seen, indicating the polycrystalline nature
of the MgO hollow spheres.
3.2. Adsorption Properties. The ﬂuoride adsorption performances of the MgO hollow spheres were systematically
studied. Due to the hollow structure and porous surface, the
as-prepared samples are expected with good adsorption
properties. Figure 3(a) presents the ﬂuoride adsorption
kinetics of the MgO hollow spheres. It can be seen that the
adsorption happens rapidly in the ﬁrst 40 min, where over

83% of the ﬂuoride ions can be adsorbed. Then, the adsorption capacity increases gradually until it reaches the
equilibrium, where more than 95% of the ﬂuoride ions can
be removed by the MgO hollow spheres. To further quantify
the changes of ﬂuoride adsorption with time on the MgO
hollow spheres, the Lagergren pseudo-ﬁrst-order Model (1)
[37] and Ho’s pseudo-second-order Model (2) [38] were
used to simulate the kinetics.
ln qe − qt � ln qe − k1 t,

(1)

t
1
t
�
+ ,
qt k2 q2e qe

(2)

where qe and qt are the amounts of adsorbed ﬂuoride at
equilibrium and at any time t; k1 and k2 are the equilibrium
rate constants for pseudo-ﬁrst-order and pseudo-secondorder sorption.
The adsorption kinetic experimental data ﬁtted into the
pseudo-second-order model are presented in Figure 3(b).
Also, Table 1 shows the summarized results ﬁtted by the
pseudo-ﬁrst-order and pseudo-second-order models. The
higher correlation coeﬃcient value of the pseudo-secondorder model (R2 � 0.998) indicates that the ﬂuoride adsorption kinetics of the MgO hollow spheres ﬁt well with the
pseudo-second-order kinetics model. When the initial
ﬂuoride concentration is 10 mg/L, the equilibrium adsorption capacities (qe, cal) can be calculated as 9.54 mg/g, which
is in agreement with experimental equilibrium adsorption
capacities.

4

Advances in Condensed Matter Physics

500 nm

2 nm

(a)

(b)

(111)
0.24 nm
MgO (111)

(200)
(220)
(311)

2 nm
(c)

(d)

Figure 2: (a, b) Diﬀerent magniﬁcation TEM images of the hollow MgO sphere; (c, d) the corresponding HRTEM image and SAED pattern
of the hollow MgO sphere.
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Figure 3: (a) Adsorption kinetics of ﬂuoride removal by the hollow MgO spheres. (b) Pseudo-second-order ﬁtting for ﬂuoride removal by
hollow MgO spheres (pH � 7.0, dosage 1 gL−1).

To further reveal the adsorption performance of the
MgO hollow spheres, the ﬂuoride adsorption isotherm is
employed. The ﬂuoride adsorption isotherm of the MgO

hollow spheres is carried out at pH � 7.0, and the result is
depicted in Figure 4(a). Obviously, when the concentration
of the ﬂuoride solution increases, the adsorption capacity of
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Table 1: Kinetic parameters for ﬂuoride adsorption on the hollow MgO spheres.
Pseudo-ﬁrst-order kinetic model
ln(qe − qt ) � ln qe − k1 t
k1
qe, cal
(1/min)
(mg/g)

Equations
C0
(mg/L)

qe, exp
(mg/g)

10

9.43

0.028

Pseudo-second-order kinetic model
(t/qt ) � (1/k2 q2e ) + (t/qe )
k2
qe, cal
R2
(g/(mg min))
(mg/g)

R2

4.65

0.775

0.015

9.54

0.998

Note: k1 is the adsorption rate constant for the pseudo-ﬁrst-order reaction (1/min). k2 is the rate constant for the 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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Figure 4: (a) Adsorption isotherm of ﬂuoride on the hollow MgO spheres, (b, c) the corresponding Langmuir and Friedrish ﬁtting (pH =
7.0, dosage 1 gL−1).

the MgO hollow spheres increases. The adsorption capacity
of the spheres is 119.3 mg/g when the equilibrium concentration is 80.7 mg/g. As the equilibrium concentration
increases, the adsorption capacity of the MgO hollow
spheres is larger than 182.4 mg/g. Langmuir and Freundlich
models are applied for data ﬁtting, and the results are
presented in Figures 4(b) and 4(c). Table 2 summarizes the
isotherm parameters computed from the Langmuir and
Freundlich models. The R2 value of the Langmuir and
Freundlich ﬁtting model is 0.962 and 0.996, respectively. The

higher value of R2 suggests that the ﬂuoride adsorption
isotherm of the MgO hollow spheres follows the Freundlich
models. The results are similar with the previous reported
MgO ﬂuoride adsorbent [26]. A adsorption capacity comparison of diﬀerent adsorbents is listed in Table 3. It can be
seen that the MgO hollow spheres have a much higher
adsorption capacity than other adsorbents. The excellent
ﬂuoride adsorption performance can be attributed to the
hollow structure and porous surface. The hollow structure would bring relatively large surface area and more
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Figure 5: Eﬀect of initial pH value on ﬂuoride adsorption on the hollow MgO spheres (initial concentration of ﬂuoride was 20 mgL−1; the
dosage of adsorbents was 1 gL−1).
Table 2: Langmuir and Freundlich adsorption isotherm parameters for ﬂuoride on the hollow MgO spheres.
Equations
Parameter
Values

qm (mg/g)
200

Langmuir model
qe � qm kL Ce /1 + kL Ce
kL (L/mg)
0.030

R2

kF (mg/g)

0.962

162.9

Freundlich model
qe � kF Ce 1/nF
nF
2.73

R2
0.996

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
represents 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 3: Comparison of the ﬂuoride adsorption properties of various adsorbents.
Adsorbents
Alumina
Mg-Al bimetallic oxides
Zirconium oxide
Fe-Zr hybrid oxide
CeO2-ZrO2 nanocages
Al-Ce hybrid
Fe2O3·Al2O3·xH2O
Aluminum-modiﬁed hydroxyapatite
MgO/chitosan
Commercial MgO powder
Hierarchical MgO microspheres

Adsorption capacity (mg/g)
83.3
89.3
19
7.5
175
27.7
30
32.57
>4.44
>45.2
>182.4

active sites for ﬂuoride adsorption. Commonly, the adsorbents work when its surfaces contact with the ﬂuoride
solution, indicating that only the outer surface of normal
sphere works during the adsorption process. However,
the MgO hollow spheres have two surfaces, an inner and
outer surface. They both can work during the ﬂuoride
adsorption process, which largely improve the utilization
of the adsorbents. Furthermore, the porous structure can
provide abundant channels for ﬂuoride ion diﬀusion,
which would eﬃciently improve the adsorption performance of the absorbent.
It is well accepted that the pH value of the ﬂuoride
solution can largely aﬀect the performance of the adsorbents. Thus, the ﬂuoride adsorption property of the

Dose (g/L)
1
1
20
1
0.2
0.1
2
5
2
1
1

pH
6
6
4.75
6
4
6
4
7
7
7
7

Ref.
[17]
[39]
[40]
[41]
[42]
[43]
[44]
[15]
[45]
Present work
Present work

MgO hollow spheres were studied under diﬀerent pH
values. It can be seen from Figure 4 that, within 2–10, the
pH value has little inﬂuence on the ﬂuoride removal efﬁciency of the MgO hollow spheres. However, when the
pH value is beyond 11, the ﬂuoride removal eﬃciency of
the absorbent dramatically decreases. The quick reduction
of ﬂuoride removal eﬃciency of the MgO hollow spheres
in the alkaline condition could be attributed to competition of hydroxyl ions with ﬂuoride for adsorption sites
[46].
In practical application, various anions exist in the actual
groundwater; thus, it is useful to investigate the interference
of coexisting ions on the ﬂuoride adsorption of MgO hollow
spheres. As presented in Figure 6, these anions at diﬀerent
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3.3. Adsorption Mechanism. To reveal the adsorption
mechanism, zeta potential analysis was ﬁrstly employed.
Figure 7 presents the zeta potential of the MgO hollow
spheres at diﬀerent pH values. When the pH � 2, the zeta
potential of the sample is 13.8 eV. Under acidic conditions,
as the pH value increases, the zeta potential of the MgO
hollow spheres slightly decreases. However, when the pH
value continuously increases to alkaline, the zeta potential
of the MgO hollow spheres drops sharply. It can be seen
that the zero point of potential of the MgO hollow spheres
is close to pH 10. The higher zero point of the MgO hollow
spheres is beneﬁt to the ﬂuoride adsorption via electrostatic
attraction, subsequently resulting in the good ﬂuoride
adsorption performance in neutral and even weak alkaline
conditions.
Obviously, only zeta potential is inadequate to illustrate
the adsorption mechanism of the MgO hollow spheres; thus,
the FTIR analysis was also employed. Figure 8 indicates the
FTIR spectra of the MgO hollow spheres before and after
ﬂuoride adsorption. There are a broad-band peak located at
3466 cm−1 and a relatively small peak located at 1641 cm−1
existing in both the samples, which correspond to the
stretching vibration modes of OH bands and the bending
vibration of the H-O-H band of the adsorbed water, respectively [43]. After ﬂuoride adsorption, the FTIR peak at
3695 cm−1 become strong, suggesting the formation of
Mg(OH)2 on the surface of MgO hollow spheres during the
adsorption process [47]. Furthermore, before ﬂuoride adsorption, the peak at 429.7 cm−1 can be obviously observed,
which corresponds to the Mg-O stretching vibration.
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eﬀect on ﬂuoride adsorption. However, the CO32− and
HCO3− ions can largely eﬀect the adsorption performance of
the MgO hollow spheres.
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Figure 8: The FTIR spectra of the hollow MgO spheres after treated
in aqueous and ﬂuoride-contained solutions for 12 h.

However, after adsorption, the peak at 429.7 cm−1 vanishes,
and a new peak at 492.7 cm−1 appears. The new peak can be
assigned to the Mg-F stretching vibration, indicating that
MgF forms during the adsorption process. For the MgO
hollow spheres, the peak at 1453 cm−1 can be clearly observed, which corresponds to the asymmetric stretching
vibration of carbonates [48]. MgO, as basic oxide, easily
reacts with the CO2 molecule in the air, forming a magnesium carbonate species on its surface [26]. It is noteworthy
that, after adsorption, the intensity of the peak at 1453 cm−1
largely decreases, indicating the great reduction of the
surface carbonates during the ﬂuoride adsorption process.
The hydroxyl exchange adsorption mechanism is well accepted in ﬂuoride adsorption. In our case, we also found that
the surface carbonates also can be exchanged with F− during
the adsorption process.
As presented in Figure 9, the schematic ﬂuoride adsorption mechanism is proposed on the MgO hollow
spheres. It is well accepted that the MgO can react with
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Figure 9: The ﬂuoride removal mechanism of the hollow MgO spheres.

H2O, forming MgOH on the surface. By exchanging with
the surface hydroxyls, ﬂuoride ions can be adsorbed on
the surface. In acidic condition, the large amount of H+
ions are conducive to the adsorption equilibrium; thus,
the MgO hollow spheres exhibit higher adsorption
property in acidic condition. When the pH value increase,
the redundant hydroxyl ions are not in favor for the
ﬂuoride removal, which will result in the decrease of the
removal capacity. Furthermore, due to the preparation
environment, there is a considerable quantity of carbonates adsorbed on the surface of MgO hollow spheres.
During the adsorption process, those surface carbonates
also can exchange with the ﬂuoride ions in the water,
which is beneﬁt to the adsorption property of the absorbents. The coexchange of the hydroxyls and surface
carbonates would largely increase the adsorption performance of the MgO hollow spheres in neutral and alkaline conditions. In this way, the MgO hollow spheres
the exhibit superior performance in ﬂuoride adsorption
over a wide pH range.

4. Conclusions
In conclusion, the MgO hollow spheres have been synthesized via a facile wet-chemistry method. The hollow
and porous structure endorses the MgO hollow spheres
the good ﬂuoride adsorption property. The removal eﬃciency of the MgO hollow spheres to ﬂuoride is very fast,
and the result can be well ﬁtted into the pseudo-secondorder rate kinetic model. The adsorption capacity of the
MgO hollow spheres is larger than 182.4 mg/g at pH 7.0.
The MgO hollow spheres maintain excellent ﬂuoride adsorption performance over a wide pH range. From the
FTIR results, a hydroxyl and carbonate coexchange
mechanism is proposed. It is believed that the as-prepared
MgO hollow spheres can be a potential candidate for
ﬂuoride removal.
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